Clinical
Applications
of SPECT-

Hojjat Ahmadzadehfar
Hans-Jiirgen Biersack
Ken Herrmann

Editors

Second Edition

@ Springer



Clinical Applications of SPECT-CT



Hojjat Ahmadzadehfar
Hans-JUrgen Biersack « Ken Herrmann
Editors

Clinical Applications of
SPECT-CT

Second Edition

@ Springer



Editors

Hojjat Ahmadzadehfar Hans-Jiirgen Biersack
Department of Nuclear Medicine Department of Nuclear Medicine
Klinikum Westfalen University Hospital Bonn
Dortmund, Germany Bonn, Germany

Ken Herrmann

Deptartment of Nuclear Medicine
Universititsklinikum Essen
Essen, Germany

ISBN 978-3-030-65849-6 ISBN 978-3-030-65850-2  (eBook)
https://doi.org/10.1007/978-3-030-65850-2

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2022

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher,
whether the whole or part of the material is concerned, specifically the rights of translation,
reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilms or in any
other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, expressed or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-65850-2

10

11

12

13

Physics and Technology of SPECT/CT . ....................
Dale L. Bailey and Kathy P. Willowson

SPECT Radiomics: The Current Landscape,
Challenges, and Opportunities ...........................
Faiq Shaikh and Francisca Mulero

SPECT/CT for Dosimetry ...............................
Stephan Walrand and Michel Hesse

SPECT/CT Imaging in Hyperparathyroidism
and Benign Thyroid Disorders. . ..........................
Nicolas Aide, Elif Hindi¢, Stéphane Bardet, and David Taieb

SPECT/CT for Thyroid Cancer Imaging . ..................
Anca M. Avram and Hatice Savas

SPECT/CT in Neuroendrocrine Tumours ..................
Torjan Haslerud

LYIT.MIBG SPECT/CT for Tumour Imaging ..............
Hojjat Ahmadzadehfar and Marianne Muckle

Bone SPECT/CTinOncology . ...........................
Kanhaiyalal Agrawal and Gopinath Gnanasegaran

Bone SPECT/CT in Orthopaedics. . .......................
Kanhaiyalal Agrawal, Girish Kumar Parida,
Hans Van der Wall, and Gopinath Gnanasegaran

SPECT/CT for Imaging of Coronary Artery Disease . ........
Jan Bucerius

SPECT/CT in Sentinel Node Scintigraphy..................
Renato A. Valdés Olmos and Sergi Vidal-Sicart

Lung SPECT/CT. ... .. ... . i
Paul J. Roach

Therapy Planning with SPECT/CT in
Radioembolization of Liver Tumours......................
Hojjat Ahmadzadehfar and Martha Hoffmann



vi Contents

14 Bremsstrahlung SPECT/CT ............................. 293
Stephan Walrand and Michel Hesse

15 Miscellaneous: SPECT and SPECT/CT for Brain and
Inflammation Imaging and Radiation Planning ............. 305
Sanaz Katal and Ali Gholamrezanezhad



®

Check for
updates

Physics and Technology

of SPECT/CT

Dale L. Bailey and Kathy P. Willowson

1.1 SPECT/CT: Combining Form

with Function

The introduction of combined SPECT (single
photon emission computed tomography) and
X-ray CT (computed tomography) scanners has
changed the practice of single photon imaging in
nuclear medicine forever. The original motivators
to produce a combined SPECT/CT system were
to provide improved anatomical localisation of
the distribution of the SPECT radiopharmaceuti-
cal and to improve the capability of the SPECT
scanner to produce images that can be corrected
for the photon scattering and attenuation that
cause degradation of the image.

The functional information contained in the
SPECT images is complemented by the anatomi-
cal information (the ‘form’) provided by the CT
scanner in numerous ways, including:

e Anatomical localisation of the SPECT radio-
pharmaceutical distribution.

e Correction for photon attenuation.

e Correcting for scattered radiation.

D. L. Bailey (><) - K. P. Willowson

Department of Nuclear Medicine, Royal North Shore
Hospital, Sydney, NSW, Australia

e-mail: dale.bailey @sydney.edu.au;
kathy.willowson @sydney.edu.au

* Ability to determine the impact of the partial
volume effect (PVE) due to the limited spatial
resolution of the SPECT camera.

e The ability to calibrate the SPECT images in
absolute units of radioactivity (kBq ml™).

e Introducing new clinical applications based
on quantitative imaging in SPECT that require
absolute radioactivity measures.

e The ability to convert the quantitative SPECT
images into standardised uptake values (SUV).

This chapter will concentrate on the physics
and technology relevant to combined SPECT and
X-ray CT imaging.

1.2  The Development
of Multimodality SPECT/CT

Imaging

The first multimodal imaging performed with
SPECT was developed to provide more accurate
attenuation correction methods. In the 1980s, a
number of groups were actively producing crude
CT-like measurements on the gamma camera
using radionuclide transmission sources such as
Gadolinuiom-153 (Gd-153) [1-4]. The radionu-
clide sources were used to produce external
photon beams with which the patient could be
irradiated to produce a transmission image. The
advantage of these measurements is that they
could be performed on the gamma camera thus
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obviating the need for a separate second detector.
When a transmission radionuclide of different
photon energy to the emission radionuclide’s
y-ray energy was used, the emission and trans-
mission measurements could be made simultane-
ously [1]. An example is shown in Fig. 1.1. For
further discussion about these systems, the reader
is referred to the review article by Bailey [5].
This technology found extensive use in SPECT
myocardial perfusion imaging for correcting
photon attenuation and has been incorporated
into imaging guidelines issued by professional
organisations [6].

.SLICE UEZDOMN, OR HELP

:
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Fig. 1.1 An example from the mid-1980s of a simultane-
ous emission and transmission scan acquired with a gamma
camera in a subject with a locally advanced cancer of the
base of the tongue, intended for treatment with catheter-
directed intra-arterial chemotherapy. The low resolution
anatomical image is produced using a Gd-153 external
radionuclide source. Gd-153 has two y photons of energies
97 and 103 keV and thus is readily separated by pulse
height discrimination from Tc-99 m (140 keV). The image
shows an example of intra-arterially administered [*™Tc]-

D. L. Bailey and K. P. Willowson

However, even while these developments
were being implemented others were starting to
explore the use of CT with SPECT. Moore used
a CT scan as the ‘true’ density distribution for
attenuation correction in the early 1980s [7],
and Fleming showed how a CT scan could be
used in an iterative algorithm to produce quanti-
tative SPECT reconstructions [8]. Hasegawa led
a group in the early 1990s that sought to inte-
grate many of these developments by producing
a single detector that could record the X-rays
from a CT source as well as the y photons emit-
ted by an in vivo radiopharmaceutical [9]. The

DISTRIBUTION + ALTENUATION

MAA (“RADIONUCLIDE DISTRIBUTION” in lower
right corner) and the reconstruction from the Gd-153 trans-
mission source (“ATTENUATION SCAN” bottom left) in
the sagittal plane. The fused image is shown in the top right
corner and a reference image, a transaxial section, in top
left corner. The red arrow on the fused image shows the
approximate location of the tumour, indicating that the cur-
rent location of the catheter needed to be revised for better
tumour targeting. For further information, see Butler et al.
[33]
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Fig. 1.2 An example from a contemporary SPECT/CT
system demonstrating focally increased uptake on a *“™Tc
bone scan around an orthopaedic screw 3 years after knee

original detector was made from high-purity
Germanium but they explored other detectors at
a later stage [10]. In addition, the same group
combined a diagnostic CT scanner with a con-
ventional gamma camera [11] using standard
detectors. The combined clinical scanners
shared a common patient table for sequential
SPECT and CT imaging. In the late 1990s, a
combined gamma camera and X-ray CT system
became commercially available based on a low
beam current (1.0-2.5 mA) X-ray tube (GE
Discovery VG Hawkeye) [12]. Having demon-
strated the benefits of combined multi-modal
SPECT/CT imaging on this platform, which
was enormously successful commercially, other
groups and vendors explored the added value of
integrating a fully capable diagnostic CT scan-
ner with dual-head SPECT gamma cameras
(e.g., see [13]).

Today, combined SPECT and CT scanners are
available in a variety of configurations with dif-
ferent CT scanner performance from flat panel
detectors using cone-beam CT geometry, origi-
nally developed for on-board imaging on radio-
therapy LINACs, to high-end conventional fast
multi-detector (e.g., 2, 4, 6, 16, and 64 slice) sys-

replacement. The potential causes include infection, loos-
ening or bony reaction to the screw

tems. Figure 1.2 shows a recent clinical example
from such a device.

Radiation and Interaction
with Matter

13

The ability to produce cross-sectional images of
the human body, whether using an external source
of X-ray photons or from an internal source of y
photons, utilises radiation that can penetrate the
body’s tissues. Radiation can be divided into par-
ticulate radiation, such as alpha, beta and posi-
tron, or electromagnetic radiation, that is,
mass-less quantised energy. Examples of differ-
ent types of electromagnetic radiation that the
reader would be more familiar with include radio
waves, visible light, infrared radiation (heat), and
microwaves as well as the high energy radiations
which can cause ionisation of atoms such as
X-rays, y-rays, and cosmic (y) radiation. Table 1.1
lists some properties of some of the ionising radi-
ation encountered in nuclear medicine.

In general, nuclear medicine utilises y radia-
tion to form images with a gamma camera, anni-
hilation radiation emitted after positron-electron
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Table 1.1 Types of radiation and properties used in nuclear medicine imaging and therapy

Type of radiation Symbol Mass (kg) Origin Typical energy (MeV)
Alpha o 6.64 x 1077 Nucleus >2

Beta p- 9.11 x 1073 Nucleus 0.2-4.0+

Positron B* 9.11 x 103! Nucleus 0.2-4.0+

X-ray X 0 Electron shells 0.04-0.10

Gamma Y 0 Nucleus 0.05-0.5
Annihilation Y+ 0 Outside atom 0.511

Bremsstrahlung - 0 Outside atom 0.2-4.0+

Auger - 9.11 x 103! Electron shells <0.05

The radiations without mass are all electromagnetic

annihilation with a PET camera, X-rays to mea-

sure tissue density using a CT scanner, and alpha Ky o

or beta radiation for radionuclide therapy. A fur- haracteristic X-rays
ther secondary form of radiation, Bremsstrahlung, >

is produced as an electron path deviates due to %

the influence of a nearby charged particle (usu- £ Bremsstrahlung
ally the nucleus of an atom). From classical phys- e

ics, we know that any force acting on a charged

particle causing acceleration will result in radia- : : .
tion being produced. As an electron, in an X-ray 0 50 100 150

tube or produced as a result of f~ decay, passes
through matter, it will experience many devia-
tions and collisions resulting in a continuous
spectrum of radiation being emitted, the
Bremsstrahlung, literally ‘braking radiation’ in
German. Superimposed onto this continuous
spectrum is the characteristic radiation emitted
when electrons drop down from outer shells to
fill the vacancies caused by ionisation, resulting
in a polychromatic spectrum of energies (Fig. 1.3)
as opposed to the monochromatic radiation seen
with most y-emitters used in nuclear medicine
imaging.

Electromagnetic radiation interacts with mat-
ter by three principal mechanisms: the photoelec-
tric effect, Compton scattering, and pair
production. The photoelectric effect is the pre-
dominant mechanism by which X-rays interact
with matter, and for the y-ray energies used in
nuclear medicine, the predominant mode of inter-
action is Compton scattering. This distinction has
implications when using X-ray CT datain SPECT
attenuation correction algorithms as the absorp-
tion profile is different.

Photon energy (keV)

Fig. 1.3 A hypothetical X-ray spectrum is shown illus-
trating the polychromatic nature of the photons produced
by the continuum of Bremstrahlung radiation superim-
posed with the characteristic radiation corresponding to
different transitions within the electron shells

X-rays, being in general of lower photon
energy than y-rays, tend to be totally absorbed by
the photoelectric interaction with inner shell
orbital electrons in the tissues of the body. The
higher energy y-rays are more likely to interact
with a weakly bound outer shell electron in a
Compton interaction whereby they lose some
energy in the elastic scattering and change direc-
tion. The two effects are illustrated in Fig. 1.4.

The energy of the scattered photon can be
found from the Compton equation:

E = 5

4 E
1+ m;ﬂ [1-cos(6,)]

(1.1

where E, and E, are the incident and scattered
photon energies, respectively, m, is the non-
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o

Fig. 1.4 The photoelectric effect (left) is where an inci-
dent photon (X) displaces an inner shell electron thereby
leaving a vacancy and ionising the atom. X-rays and
Auger electrons may be produced after as the vacancy is
filled by an outer shell electron. Compton scattering

relativistic rest mass of the electron, c is the speed
of light (m.c* = 0.511 MeV), and 6 is the angle
through which the photon has been scattered (the
‘Compton angle’).

1.3.1 Photon Attenuation

For a well-collimated source of photons and
detector, attenuation takes the form of a mono-
exponential function, i.e.,

I =1e™ (1.2)

where [ represents the photon beam intensity,
the subscripts ‘0" and ‘x’ refer, respectively, to
the unattenuated beam intensity and the inten-
sity measured through a thickness of material
of thickness x, and u refers to the attenuation
coefficient of the material (units:cm™!).
Attenuation is a function of the photon energy
and the electron density (Z number) of the
attenuator. The attenuation coefficient is a
measure of the probability that a photon will

(right) is more probable at higher photon energies. The
incoming photon (E,) elastically scatters off a weakly
bound outer shell electron changing direction and result-
ing in a photon of slightly lower energy (E,)

be attenuated by a unit length of the medium.
The situation of a well-collimated source and
detector is referred to as narrow-beam
condition.

However, when dealing with in vivo imaging,
we do not have a well-collimated source, but
rather a source emitting photons in all directions
equally. Under these uncollimated conditions,
photons whose original emission direction would
have taken them out of the acceptance angle of
the detector may be scattered such that they are
detected. This is known as ‘broad-beam’ condi-
tions indicating increased acceptance of scattered
photons leading to an overall lower effective
attenuation coefficient (Fig. 1.5). A table of
broad- and narrow-beam attenuation coefficients
for radionuclides commonly used in nuclear
medicine is given in Table 1.2. This distinction
between the broad and narrow-beam cases is
important when it comes to applying attenuation
and scatter correction in SPECT reconstruction
as it will have a large impact on the reconstructed
data.
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Fig. 1.5 An illustration
of the difference
between narrow-beam
and broad-beam
geometry is shown. In
the broad-beam cause,
more photons are
detected compared to
the narrow-beam
situation so that the
effect of attenuation
appears to be lessened.
When the source is
internally distributed
within the body and
radiation is being given
off in all directions, it is
a broad-beam situation

Detector

Table 1.2 Attenuation Coefficients for commonly used
single photon radionuclides in water

Narrow | Broad
NIST | beam beam
Radionuclide| Peak (keV) |XCOM | (cm™) |(cm™)
Tc-99 m 140 0.151 |0.149 0.121
1-131 364 0.110 |0.099 i
In-111 171 0.142 |0.135 0.103
245 0.127 |0.121 0.104
Ga-67 93 0.169 |0.171 0.153
185 0.139 0.143 0.107
300 0.118 [0.123 0.099
1-123 159 0.137 0.138 0.114
TI1-201 75-80, 167 | — 0.159, 10.123
0.137

These are values that we have compiled from a variety of
sources. The NIST (US National Institute of Standards &
Technology) XCOM values are available in an on-line
resource  (see:  http://physics.nist.gov/PhysRefData/
XrayMassCoef/ComTab/water.html  accessed ~ March
2013). The narrow and broad beam values have been mea-
sured on the gamma camera and are those used in our
practice [18]. (f — not measured to date)

1.4 SPECT Instrumentation

1.4.1 Gamma Camera

The workhorse imaging device for SPECT today
remains the gamma camera (Fig. 1.6). New solid-
state devices have been introduced clinically and
will be discussed later. The gamma camera has
remained virtually unchanged since its introduc-
tion by Anger in the late 1950s. It consists of an

Detector

Collimator

Single slit
collimator

Photon source

inorganic scintillator crystal, sodium iodide
doped with small amounts of thallium (Nal(T1))
to enhance light production, to which is coupled
a close packed array of photomultiplier tubes
(PMTs) which converts the light produced by the
scintillator into an electrical signal. The electrical
signal produced contains information about the
location of the photons’ interaction with the crys-
tal plus pulse height spectroscopy (energy depos-
ited in crystal) information.

The most common configuration for a SPECT
camera today is a dual-detector device. This is
because this configuration affords the most flexi-
bility in general nuclear medicine imaging, per-
mitting static planar imaging, moving bed
whole-body planar scanning, and SPECT with
the heads at various relative angles to each other,
e.g., 90°, 120°, and 180°. While the gamma cam-
era has retained the same basic design for over
50 years, refinements and improvements in the
instrumentation, especially increased digitisation
of the signals, have resulted in an extremely sta-
ble device suitable for rotation and translation
without impacting on image quality.

As the y-photons are emitted from the subject
in all directions, a lead collimator is required
between the scintillation crystal and the source to
define the parallel lines of response that the pho-
tons have taken. The collimator has requirements
such as high attenuation (lead is almost always
used), thickness, hole shape, length and width to
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Fig. 1.6 Photons emitted from the subject travelling in a
direction orthogonal to the detector pass through the holes
of the collimator while the photons from other angles are

attenuate the photons that need to be excluded
when imaging at a particular orientation to the
subject. The resolution of the gamma camera is
primarily limited by the geometric resolution of
the collimator, which is of the order of 6-9 mm at
a distance of 10 cm from the collimator. Overall
resolution for the gamma camera is a function of
a number of factors including the detector (intrin-
sic) and collimator (geometric) resolution, the
distance from the emitting source to the collima-
tor, the energy of the radionuclide, and the size
and density of the object or body being imaged.
The sensitivity of the gamma camera is primarily
limited by the collimator. The absolute sensitivity
in air for a typical gamma camera to a non-
attenuating source of 140 keV y-rays is around
100-200 detected events (counts) per second per
MBq (ct.s"!-MBq™), or around 0.01-0.02% of all
emitted events. The collimator is the component
of the imaging chain which places the greatest
restriction on gamma camera performance—it
has very low sensitivity given the available pho-
ton flux and its geometry imposes limits on the
spatial resolution achievable. To compound this,
sensitivity and spatial resolution have to be traded
against each other to achieve a compromise—
high sensitivity giving poor spatial resolution and
higher resolution coming with decreased
sensitivity.

The energy resolution of the Nal(TI) scintilla-
tor is limited to around 10% FWHM (Full Width

attenuated. The photons emit a burst of light which is pro-
portional in intensity to the energy absorbed in the crystal,
which is then localised by the photomultiplier tube array

at Half Maximum) in the range 0.1-1.0 MeV. This
precludes discriminating against photons that
have undergone a scattering interaction within
the body from which they originate, with a con-
comitant loss of energy. The net effect is that
around 20-50% of all events detected by the
gamma camera have been scattered within the
body, accompanied by a change of direction,
which gives rise to mispositioning. This degrades
image quality by contributing to an increased
background level and therefore decreased con-
trast. It also confounds attempts to quantify the
radionuclide distribution. It is for this reason that
scatter correction methods are required for quan-
titative SPECT reconstructions.

1.4.2 Solid-State Detectors

Recently, dedicated organ-specific SPECT sys-
tems with fundamentally different designs to the
gamma camera have been introduced. Rather
than using a conventional scintillator crystal for
photon detection, these new systems use solid-
state detectors which are able to convert the
absorbed energy from the photon directly into an
electrical signal. Due to the cost of these detec-
tors at present, they are being developed for very
specific applications such as cardiac imaging.
The design for the systems includes a large num-
ber of small detectors (~10-30) which are located



D. L. Bailey and K. P. Willowson

in a fixed position. These systems are SPECT-
only devices not capable of forming planar
images. Collimation is usually done using simple
pinhole designs, and the reconstruction is tailored
to the unique geometry of the system. Among the
attractive features of these systems are high sen-
sitivity due to the large number of detectors
focused on a small field of view and improved
energy resolution compared with Nal(Tl). The
improved energy resolution presents the possibil-
ity of simultaneous imaging of different radionu-
clides with similar photon energies (e.g., *™Tc
(140 keV) and "I (159 keV)). The systems can
be used for more rapid image acquisition due to
the improved sensitivity with reductions of 4—10-
fold reported. Alternately, the improvement in
sensitivity can be used to reduce the amount of
radioactivity injected and hence reduce the radia-
tion dose received by the subject.

1.5  SPECT Acquisition
and Reconstruction
1.5.1 Projections and the Radon

Transform

Tomographic imaging is the art of reconstructing
the internal distribution of the signal of interest
from external measurements. The same princi-
ples for image formation are employed in CT,
SPECT, and PET as well as in other imaging
modalities such as con-focal microscopy. High
energy photons are used because of their ability
to pass through the body with subsequent detec-
tion by an external device.

The tomographic imaging process for SPECT
is shown in Fig. 1.7. Photons are emitted from the
subject at all angles but the collimator on the
gamma camera selects only those travelling in
the required direction at a particular angle of the
detector relative to the subject. As seen in the fig-
ure, each row on the detector is composed of a
series of parallel projections. The projections are
proportional to the sum of the intensities of the
radionuclide concentration along the particular

line of sight through the subject. This can be writ-
ten (ignoring photon attenuation at present) as:

p(x.8)= [ f(xy)dy, (1.3)
where p(x,, ¢) is the one-dimensional projection of
the two-dimensional function f{x,y) in a rotating
frame of reference (indicated by the subscript ‘7’) at
the angle ¢. This is known as a Radon (or ‘X-ray’)
transform—p(x,, ¢) is the Radon transform of f{x,y)
at angle ¢b. The reconstruction of f{x,y) from the pro-
jections is known as an ‘inverse problem’. Note that
the dimensionality of the original function f{x,y),
2D, is reduced by one in the projection to a 1D pro-
file. However, if multiple 1D projections at different
angles over 180° or 360° are acquired, rotating
about the z-axis, the 2D function f{x,y) can be recov-
ered using the solution provided by the Central
Slice Theorem. This relates the projections and the
original distribution f{x, y) as the Fourier transform
of a projection p(x,, ¢) of a distribution f{x, y) are
equal to a section through the Fourier transform of
the distribution f{x, y) at the same angle (¢) as the
projection. For a more detailed discussion of this
important concept, the reader is referred to one of
the following texts on the topic [14—-16].

The SPECT reconstruction problem is com-
plicated by the fact that there are extra terms
which were ignored, for clarity, in Eq. (1.3). A
more complete description of the projection p(x,,
¢) is shown below where there is an additional
attenuation term in the integrand, and there are
additive terms to account for scatter (S) and
Poisson (random) noise (7).

Jonto

p(x.0) =] f(xy)-e dy, +S(x,.4)+n

(1.4)

1.5.2 Image Reconstruction:

Filtered Back-Projection (FBP)

The classical method for image reconstruction in
emission tomography is the filtered back-projection
algorithm (Fig. 1.8). The advantages of the filtered
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p(x)

3D object 2D detector 1D profile

Fig. 1.7 The acquisition geometry is defined for SPECT  bution in the subject (f(x, y)) is recorded by the detector as
acquisitions. The (x, y) co-ordinate system rotates about a 2D Radon transform. Each 1D profile in the planar
the z-axis to acquire projection (p(x)) at different angles. ~ image is then treated independently in the reconstruction
A section through the 3-dimensional radionuclide distri-  process

Projection data Select same row from all angles
j' i i r and stack to form sinogram
3 I i Filter sinogram with

selected window

L : L fi;

Back project
each row into
reconstruction matrix

(mid-reconstruction shown)
Reconstructed data

Fig. 1.8 The steps in reconstruction by filtered back-projection
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back-projection approach are that it is computa-
tionally efficient and well-suited to optimisation
using vector-based hardware (i.e., array proces-
sors). The alternative methods, such as iterative
methods like Simultaneous Iterative
Reconstruction Technique (SIRT), Algebraic
Reconstruction Technique (ART), Iterative Least-
Squares Techniques (ILST), or direct analytical
methods (e.g., two-dimensional Fourier recon-
struction), and statistical approaches (e.g., maxi-
mum-likelihood expectation-maximisation
algorithm—ML-EM), are, in general, far more
computationally expensive. In filtered back-
projection, the projection data are firstly filtered,
row by row (i.e., 1D filtering) and then back-
projected. The pre-back-projection filtering is
done to mitigate the blurring inherent in the back-
projection operation.

Filtered back-projection was originally
applied to reconstructing two-dimensional
images from one-dimensional projection data
recorded at many angles about the object in
radioastronomy and electron microscopy. Back-
projection involves projecting the acquired data
back across the reconstruction matrix. At each
angle, the detected events from each projection
are evenly distributed between each element on
the ray. After doing this from a large number of
angles, the elements with the highest detected

<

event rates will have the highest reconstructed
intensity, but unfortunately elements that did not
contain any signal also have an unwanted ‘back-
ground’ contribution from the blurring in
back-projection.

In order to understand this process, we start
with a simple object, a point source. The back-
projected image of a point source from multiple
angles has the appearance of a star. The distance
between the lines of the star increases with
increasing distance from the point source. If the
distance from the point source is 7, then the value
of the final back-projected value is 1/r. If there
are a lot of projection angles, then it makes sense
to say that the density of the lines in a region is
proportional to 1/r (Fig. 1.9). All of these extra
lines lead to a very blurred reconstruction. We
consider that each point in the image acts inde-
pendently of those around it, and so each pro-
duces a star-like pattern. The combined effect of
all of these star artefacts is to produce a very
blurred image of little use. However, this can be
corrected by filtering the data, usually before
back-projection. The filter which corrects for this
blurring is called the ramp filter due to its shape
(Fig. 1.10).

Conventional filtered back-projection has
been the traditional choice for reconstructing the
internal distribution of a radiopharmaceutical in

f(r)

-

-

Fig. 1.9 Te ‘star artefact’ pattern seen on the left demon-
strates the increase in density of the lines in simple back-
projection that would be seen for a point source located at

>

the centre of the matrix. The graph on the right shows
diagrammatically how the density decreases rapidly at
increasing radial distance from the origin
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Fig. 1.10 Ramp filter in the Fourier (frequency) domain.
The independent variable on the horizontal axis is the spa-
tial frequency, w, and the dependent variable on the verti-
cal axis is the value that the function F(w) takes for each
value of @. The ramp filter is truncated at a critical fre-
quency, .. The ramp filter corrects for the blurring in the
back-projection process

emission tomography due to its speed. As for all
radionuclide emission modalities, the recorded
events for a particular line-of-response (LOR,
one projection bin in a parallel acquisition geom-
etry) consist of the integrated, attenuated contri-
butions from all emission sources along the
line-of-sight. Without applying any correction for
attenuation, the contributions from locations
deeper in the object will be relatively decreased
due to attenuation compared with more periph-
eral emission origins. Filtered back-projection
reconstruction does not handle this type of incon-
sistency well, as the relationship between attenu-
ation and emission is inseparable. This is not the
case in PET, where attenuation correction using
measured transmission data is a simple and accu-
rate correction. Correction for attenuation has
been the major restriction on quantitative SPECT
studies, to the point where SPECT was previ-
ously considered non-quantitative. Considerable
progress on this topic has been made in recent
years.

The disadvantages of filtered back-projection
are:

e Due to the random nature of radioactive decay
and the statistical uncertainties (‘noise’) that
this introduces, plus attenuation and scatter-
ing, the projection data are inconsistent with

respect to each other, and this causes artefacts
in the reconstructed image if not corrected for
prior to reconstruction.

e The filtering step before back-projection done
to remove the blurring inherent in back-
projection amplifies the high-frequency com-
ponents of the projection data, and in doing
so, greatly increases the statistical noise in the
projections as this is a high frequency compo-
nent of the data. Thus, filtered back-projection
can be thought of as a noise-amplification
process.

e It is not possible to build into the reconstruc-
tion process models of the data acquisition
process which affect the final reconstruction,
and which are well-understood and easily
characterised, such as differences in resolu-
tion at different depths in the object, attenua-
tion, and scattering. In this sense, filtered
back-projection is a naive approach to recon-
structing an image from projection data.

1.5.3 Image Reconstruction:

Iterative Techniques.

In recent years, the reconstruction algorithm of
choice in emission tomography has moved from
filtered back-projection to an approach based on
one of the statistical iterative methods, with many
applications using the block-iterative, Ordered
Subset EM algorithm (OSEM) [17]. This
approach has numerous attractive features includ-
ing the ability to model physical characteristics
of the acquisition process in the reconstruction in
order to enhance image quality and accuracy and
to better control the signal:noise ratio (SNR) of
the final image. Most reconstruction software
today includes optional scatter and attenuation
correction and, increasingly, depth-dependent
resolution recovery (referred to as PSF (point
spread function) correction).

In an iterative reconstruction, an estimate of
the original distribution f{x,y) is formed based
on the measured projection data. This estimate
is then Radon transformed and compared with
the acquired projection data, which is a Radon
transform of the actual distribution flx, ).
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Differences are determined, and a new estimate
of f(x, y) is produced. This is again Radon trans-
formed and compared with the acquired projec-
tion data. This process is carried out a number
of times with each iteration hopefully converg-
ing towards a closer match between the Radon
transform of the current estimate of f(x, y) and
the acquired projection data. When the differ-
ences fall below a pre-determined threshold, the
reconstruction is considered to have found a
solution. A schematic diagram of the process is
shown in Fig. 1.11.

1.5.4 Corrections for Photon
Attenuation and Scattering

CT data from SPECT/CT can be used to correct
for photon attenuation and scattering, usually in
separate steps, after scaling the voxel values from
CT (or Hounsfield) units to linear attenuation
coefficients (i) appropriate for the radionuclide
that was used, as the energy of the X-ray photons
and the y photons will be different. It has been

shown that the conversion from the CT numbers
to the higher energy y photon attenuation has a
bi-linear relationship [18] (Fig. 1.12). The CT
number is a relative number that is referenced to
the attenuation of water in a calibration proce-
dure. It is defined as:

CTi -K Hi = Hyager
Hyarer
where i refers to the ith element of the data, and
K is a scaling factor that accounts for the operat-
ing conditions of the CT scanner (tube voltage,
etc.).

The implementation of this bi-linear scaling
requires the CT image to be pre-processed into
two distinct data sets—one data set containing
the CT values below the pre-determined thresh-
old value where the relationship changes, and
the other above the threshold. In practice, this
is easily achieved by segmenting the CT image
on the basis of the CT values into two separate
images, applying a different regression equa-
tion to each to scale to the appropriate values
for the radionuclide being used, and then

(1.5)

If 3
Start
Starting Measured
estimate projections
Forward Yes
project to . — — Final

compute

projectiors

New

image

Backproject
ratio and

estimate

Fig. 1.11 General scheme used in iterative reconstruc-
tions is shown. Successive estimates of the reconstruction
are updated until a criteria such as sum of squared differ-

update
estimate

ences (SSD) between acquired data and estimated recon-
struction are below a threshold (7)
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Fig.1.12 The
conversion curves for
attenuation coefficients
measured experimentally
between commonly used
radionuclides in SPECT
imaging and CT
(Hounsfield) numbers
are shown for a variety
of materials of different
density. Note that the
bi-linear nature
increases with
increasing photon
energy, as the photon
energies move further
away from those
dominated at low energy
by photo-electric
interaction

Lincer attenuation coefficient (/cm)

—e—T1-201 (70-80keV)
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-1,000 =500

recombine. The majority of the pixels in the
image above the threshold tend to be from
bony structures only. The process for convert-
ing a CT image to an attenuation map is shown
in Fig. 1.13.

If the reconstruction algorithm used for the
SPECT data is filtered back-projection then CT
data can be used in a post-reconstruction correc-
tion such as a modification of the Chang method
[19] using measured attenuation data rather than
assuming a ellipse containing a uniform attenua-
tion coefficient [1]. The correction for photon
attenuation can be included in the iterative recon-
struction process as the forward-projection/back-
projection steps model the image formation
process.

Scatter correction can also use the CT data to
improve the accuracy of the correction. The main
techniques that have been validated for SPECT
scatter correction are the energy window-based
triple energy window (TEW) method [20], the
convolution-based  Transmission = Dependent
Scatter Correction (TDSC) [21], and the direct
calculation methods based on the physics of scat-
tering [22, 23]. The latter two methods can both
use CT to improve the accuracy of the
correction.

1,000 1,500

0o 500

CT (HU)

1.5.5 Corrections for Resolution

Current generation SPECT reconstruction algo-
rithms based on iterative techniques commonly
employ correction for resolution losses by imple-
menting a PSF model at the re-projection step of
the iterative algorithm. This effectively creates
reconstructed data that is corrected for the effects
of the system PSF; however, noise propagation
can be an issue, as can artefacts introduced in the
reconstructed image, particularly at boundaries
of high contrast. The system PSF should ideally
be modelled at varying source—to—collimator dis-
tances for each radionuclide and collimator.

The poor resolution of SPECT reconstructed
data has also been addressed for the specific sce-
nario of bone imaging in the Siemens xSPECT
Bone™ algorithm, which makes use of the
ordered subset conjugated gradient minimisation
(OSCGM) approach. This reconstruction algo-
rithm uses the accompanying CT data which gets
segmented into five distinct zones based on HU:
air, fat, soft tissue, medullary bone, and cortical
bone. The zones are used to inform and enhance
the resolution of the reconstructed bone SPECT
data, creating SPECT images with sharp foci of
uptake in anatomical bone areas (see Fig. 1.14).
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Fig. 1.13 The process to convert a CT image to an atten-
uation map is shown. The data are firstly classified and
segmented based on the point t at which the shape of the
bi-linear relationship in Fig. 1.12 between CT number
(Hounsfield Unit, HU) and the attenuation coefficients
change (usually around 0-50 HU). Each segmented data

1.6  CT for SPECT/CT

The use of X-rays to produce three-dimensional
(3D) anatomical mapping of body density relies
on technology analogous to that of SPECT, where
computed tomography is performed via recon-
struction of a series of one-dimensional (1D) pro-
jections acquired throughout 180°. At the most
basic level, a single projection image is formed
by the detection of X-rays transmitted through
the patient, where the changing density or con-
trast across an image is representative of the dif-
fering attenuation properties within the patient

set is then converted using the appropriate regression
equation (the ‘HU — p’ step in the figure) and the data are
subsequently recombined by adding together and blurred
to approximately match the spatial resolution of the
SPECT images, so as not to introduce any sharp boundar-
ies or artefacts into the resultant reconstruction

due to different tissue thickness and densities that
the beam must traverse. Given the loss of infor-
mation in the dimension parallel to the direction
of the beam (the Radon transformation), rotation
of the beam and detector arrangement to acquire
transmission images through many projection
angles allows for the reconstruction of the 2D
slice-oriented data.

Generally speaking, X-ray CT image quality
is determined by a number of factors, some of
which are under the operator’s control, others
which are governed by the hardware. Table 1.3
summarises the most common factors and their
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Fig. 1.14 A comparison of the Siemens standard OSEM algorithm (Flash3D) (left) and the skeletal zoning reconstruc-
tion (xSPECT Bone) (right) on a two-bed bone SPECT/CT

Table 1.3 Factors affecting CT image quality, related directly to the contrast and spatial resolution of the resulting

reconstruction
Contrast resolution (CR) Dose Spatial resolution (SR)
mAs Increasing the mAs SNR> Detector spacing | Influences sampling —
increases the number of Do AT and width Smaller detectors increase
photons contributing to the the cut-off (Nyquist)
image Where D iS_ frequency and improve SR
Dose Dose increases linearly dpse, SNR 1s Number of Increasing the number of
with mAs 51gpal “? NOISE | hrojections views allows higher spatial
ratio, A is the frequencies in the image to
pp(el . be displayed without aliasing
Pixel and FoV | Increasing pixel dlmenslon, Pixel and FOV The size of the FoV will
size dimensions to incorporate and T'is the size determine the pixel

a larger FoV will increase
the photons in each pixel

Slice thickness

Increasing slice thickness
increases the number of
photons to produce the
image

Reconstruction
filter

Low pass filters improve
CR at the loss of spatial
resolution

Patient size

Larger patients attenuate
more x-rays, reducing the
number of photons and so
the signal and CR

Gantry rotation
speed

Faster rotation reduces the
mAs used to produce each
image, reducing CR

slice thickness

dimensions for a given
reconstruction matrix

Slice thickness

Increased slice thickness
reduces SR and may blur
edges in the transaxial plane

Reconstruction
filter

Kernel shape affects SR —
High pass filters give the best
SR, at the expense of
increasing noise

Number of rays

Reducing the number of rays
is analagous to increased
spacing between detectors
along an array, and
deteriorates SR

Helical pitch

Increasing pitch will
deteriorate the SR
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impact on image quality, defined by both contrast
resolution (CR) and spatial resolution (SR).
Improvement of image quality requires a balance
of both CR and SR, which must always be con-
sidered under the premise of keeping radiation
dose as low as reasonably achievable (ALARA).
The current (mA) provided to the X-ray source
will determine the intensity of the photon flux
which is available to contribute to the image, and
the tube voltage (kV,) will determine the energy
of the flux and quality of the X-ray beam. A beam
of poor quality will result in noisy projection and
reconstructed data and will limit the contrast in
the image. Beam current and voltage are adjust-
able parameters which the operator has, to some
extent, control over, allowing modification
depending on patient thickness and age (to limit
dose). Other related factors which the operator
has some control over are the size of the FoV and
the matrix size or pixel dimensions. For the same
FoV, if the pixel size is reduced to improve SR for
a given mA and kV,, (same dose), fewer photons
will be contributing to the data in each pixel of
the image, resulting in a deterioration in the sig-

X-ray source

Table translation

Single detector array

Table translation

Multiple detector arrays

Fig. 1.15 Principles behind single slice and multi slice
x-ray CT acquisition. Slice thickness is determined by the
collimation of the beam, the detector width and the pitch

nal to noise ratio (SNR) and CR. As such, the
SNR, pixel dimensions, slice thickness, and radi-
ation dose are all related.

The thickness or collimation of the beam itself
will depend on whether or not the system is pro-
jecting on to a single row of detectors, or a series
of multiple rows of detectors, allowing for mul-
tiple slices to be acquired simultaneously (see
Fig. 1.15). A thicker beam collimation results in a
larger volume of the patient being scanned at one
time, at the cost of decreased image resolution.
Due to the fact that single-slice technology
requires a beam that is highly collimated relative
to the size of the detector array, a large percent-
age of X-rays emitted by the tube do not contrib-
ute to the image, and only a single slice is
acquired for every rotation of the tube. The effec-
tive slice thickness is influenced by both the
width of the fan beam and the speed of the patient
table (helical or spiral CT), or the pitch (the ratio
between the distance that the CT table moves
during one revolution of the tube to the total col-
limation). Ideal image quality is reached when
the distance the table travels during one revolu-

Single slice produced
with one rotation

Individual detector
element

Multiple slices produced
with one ratation

(related to the speed at which the patient table feeds in to
the scanner, and so the ‘tightness’ of the spiral ray traced
by the rotating beam)
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tion is equal to the beam collimation or slice
thickness. Increasing the pitch will increase vol-
ume coverage (and reduce patient dose) but
affects image quality. Image quality is also deter-
mined by reconstruction parameters, such as fil-
tering, the interpolation algorithm used, and the
reconstruction increment, or the degree of overlap
between slices, which improves image quality
when kept to a minimum at the cost of increased
image storage space and computing time.

Alternatively, multi-slice scanners allow for
faster image acquisition of the same volume with
no compromise on image quality. The effective
slice thickness is determined by the number of
detector arrays available, the collimation of the
beam, and the binning of detector elements.
Since the beam is pre-collimated to fall on an
entire row of detector arrays, the fan beam
extends to a cone-beam geometry, which also has
implications for the reconstruction algorithm and
requires corrections for beam divergence.

Both the hardware and software components
of CT scanners have undergone many develop-
ments since the introduction of X-ray CT scan-
ning in the 1970s. In terms of the role of CT
scanners in nuclear medicine hybrid imaging, the
first commercial SPECT/CT system was intro-
duced in 1999 (GE Discovery VG Hawkeye).
This saw the combination of a dual-head SPECT
system with a low-powered X-ray CT sub-
system, equivalent to a dental tube, operated at
140 kV, and 2.5 mA. The Discovery Hawkeye
employed slip-ring technology for continuous
CT acquisition during patient translation through
the gantry, with a rotating fan beam from an
X-ray tube coupled to a single-curved detector
array. The X-ray CT component of the hybrid
Hawkeye system was initially single-slice tech-
nology, requiring a slow 20 s rotation time and
resulting in 2.5 mm in-plane resolution for non-
diagnostic quality CT data, however was ade-
quate for the purposes of attenuation correction
of the SPECT data and low-resolution anatomi-
cal localisation. The Discovery Hawkeye system
was updated to the Infinia Hawkeye 4 SPECT/CT
with four-slice CT, each of 5 mm thickness,
improving axial resolution. It also introduced spi-
ral acquisition which improved (i.e., reduced)

total CT scanning time. Such systems offered
cost-effective tools for hybrid imaging where
diagnostic quality CT was not required and were
also favourable in the nuclear medicine commu-
nity due to their ‘low-dose’ status and small
installation footprint.

Fully diagnostic CT scanners were integrated
into commercial hybrid scanners in 2004 in the
form of the Siemens Symbia T series and the
Philips Precedence, which incorporate dual-head
SPECT systems with diagnostic-performance
multi-slice CT scanners comparable with con-
ventional CT scanners. The Siemens Symbia T
series, available with a 1-, 2-, 6-, or 16-slice CT,
uses a diagnostic quality CT operating at up to
130 kVp and 345 mA (T16) with a rotation speed
of as little as 0.5 seconds. Both high-end and low-
end CT performance components from various
generations of SPECT/CT systems can be used
for attenuation correction; however, the high-end
systems see an improvement in signal-to-noise
characteristics in the reconstructed data, and
highly detailed anatomical data are available with
the multi-slice options due to improved spatial
resolution and scan speeds. Current models of
scanners that employ up to 64-slice CT in con-
junction with SPECT allow for short scan times
that are adequate for high-speed studies involv-
ing iodinated contrast and coronary angiography
studies [24].

An alternative CT technology was introduced
to hybrid scanners in 2008 with the launch of the
Philips Brightview XCT, which saw a flat panel
cone-beam CT component (CBCT) mounted on
the same rotatable gantry as the SPECT compo-
nent, in a co-planar geometry. This co-planar
configuration offers the advantage of reduced
room size requirements and reduced system
weight compared to traditional hybrid systems,
and the extended geometry of the flat panel detec-
tor along the longitudinal axis has the potential to
reduce dose required for a given image quality
and volume. The CT component was still rela-
tively slow when compared to conventional CT
scanners (minimum rotation time of 12 seconds),
and of low power, operating on tube characteris-
tics of 120 kV, and 80 mA (maximum). The
CBCT technology consists of an X-ray source
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and flat panel detector mounted on opposite sides
of the gantry with a lateral offset such that a sin-
gle projection covers slightly more than half the
CT field of view (FoV). The use of flat panel
detectors enables 1 mm isotropic reconstructed
voxel size for the entire FoV and can be as small
as 0.33 mm isotropic for high-resolution sub-
volume reconstructions. The different geometry
of the CBCT system requires some additional
processing steps to be performed at reconstruc-
tion. As a result of the lateral offset between the
X-ray source and detector, each X-ray projection
corresponds to only a half-field projection of the
object, resulting in truncation that must be com-
pensated for by combining the projections from
the opposite side of the gantry. The combined
projections must in turn have a weighting factor
applied to correct for the central overlap region.
Alternatively, the cone-beam geometry can be
accurately modelled in iterative reconstruction
algorithms to directly account for the truncation
of projection data.

Due to the fact that the primary X-ray beam
for the CT component of hybrid systems can pro-
duce large amounts of X-ray scatter, significantly
higher than that emitted by the radiopharmaceuti-
cal used for emission imaging, multimodality
systems typically have the imaging planes of the
X-ray source and the gamma camera separated
by an axial distance of 50 cm or more. The future
of SPECT/CT scanners lies in the possibility of
truly simultaneous SPECT and CT imaging, with
a common detector capable of discriminating
between primary emission photons and both scat-
tered photons and the X-ray source, which would
require superior temporal and energy resolution
[25].

As is the case with standard clinical CT scan-
ning, the CT component of multimodality imag-
ing can suffer from image artefacts. Beam
hardening is a phenomenon due to the use of a
polychromatic X-ray spectrum. Since X-ray
attenuation coefficients are energy dependent,
lower energy X-rays will be attenuated more than
higher energy X-rays when passing through the
same thickness of tissue. As a result, as the beam
propagates through the patient, the shape of the
spectrum is skewed towards higher energies, and
the average energy of the beam becomes

increased (or ‘harder’). Artefacts are produced in
reconstructed CT data due to the fact that differ-
ent degrees of beam hardening occur at different
projection angles, thus rendering the data incon-
sistent between different projections. Corrections
for beam hardening are required during recon-
struction of the CT data. Motion artefacts can
also be a problem in CT reconstruction and may
produce ghosting in the resulting image. The
other primary artefact seen in CT reconstruction
is partial volume averaging. CT numbers for a
given voxel in the reconstructed data are propor-
tional to the attenuation coefficient in the corre-
sponding volume of the patient. If voxels contain
only one type of tissue, then this representation is
not problematic. However, if multiple tissue
types are viewed within a single voxel (such as
bone and soft tissue), the CT number is no longer
an accurate representation of the corresponding
tissue volume, but is instead an average value.
Partial volume effects can be reduced with the
use of thinner CT slices, and multiple reconstruc-
tions at different positions (e.g., 1.25 mm thick
and 3 mm thick slices) may be useful.

In addition to CT artefacts, some information
on the CT image can potentially result in further
artefacts on the reconstructed SPECT data when
used for attenuation correction. Attenuation cor-
rection artefacts lead to an artificial over- or
under-estimate of counts in the reconstructed
SPECT data. One common issue arises through
the use of contrast media. High-density contrast
media may result in erroneously high counts in
the corresponding region on the attenuation
corrected SPECT data due to the false high-
density voxel values on the co-registered CT data
used to derive the attenuation correction map.
While contrast media exhibits high attenuation
and hence signal intensity for low energy X-rays,
absorbed by the photo-electric effect, at the
higher energies of most y photon energies, it has
an attenuation coefficient close to water. Thus,
contrast in a CT scan can lead to erroneously
high attenuation coefficients for correcting in
SPECT if it is not recognised and scaled sepa-
rately. Attenuation correction artefacts may be
accompanied by streaking in the image and can
often be resolved by comparing to the non-
attenuation corrected data. Truncation can also be
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a potential source of image artefacts. If the
SPECT and CT FoV are not the same size, areas
of the emission image outside that covered by the
CT image will not be corrected for attenuation by
the reconstruction algorithm. This often occurs in
the ‘arms-down’ imaging position. Also, mis-
registration between the two modalities will lead
to incorrect compensation in various parts of the
reconstructed image, particularly noticeable at
boundaries of variable tissue densities, for exam-
ple, between liver and lung. In terms of cardiac
and respiratory motion, even when diagnostic
quality CT is used in hybrid systems, SPECT
acquisition is of the order of minutes, as opposed
to the CT acquisition in seconds or sub-seconds.
As such, using the CT data for attenuation cor-
rection requires blurring to match the resolution
of the SPECT data so as to avoid attenuation cor-
rection artefacts.

The radiation dose from the X-ray CT compo-
nent of hybrid imaging is often seen as a limiting
factor in multimodality imaging. Vendors have
been continuously striving to reduce radiation
dose to patients through improvements in both
hardware and software. Certainly, the power of
the beam is a big factor when considering patient
dose, yet beam intensity and quality must always
be balanced against patient size to achieve ade-
quate image quality and signal-to-noise. Faster
patient scanning is desirable, yet reducing slice
overlap too much can introduce image artefacts.
Furthermore, in terms of avoiding respiratory and
cardiac motion, if the primary goal of the CT
acquisition is for attenuation correction and ana-
tomical localisation, such scan speeds may not be
necessary. The major vendors have introduced
X-ray CT systems which use automated tube cur-
rent modulation, such that the beam current is
varied during the scan depending on the thick-
ness of the patient at a given slice, as determined
by the scout or topogram. Furthermore, the recent
introduction of statistical iterative reconstruction
of X-ray CT data, as opposed to conventional fil-
tered back-projection, has resulted in a new
meaning of the phrase ‘low-dose CT’. Iterative
algorithms are based on the principle that, unlike
FBP, it is not assumed that noise is evenly distrib-
uted across the entire image, and it is instead
selectively identified and minimised during

reconstruction based on a mathematical model.
The ability to selectively reduce image noise
allows higher quality image data at lower radia-
tion dose compared to FBP to be generated. Dose
reductions of the order of 60% are typical, at no
cost to temporal or spatial resolution in the recon-
structed image [24]. Statistical modelling of the
reconstruction process is ideal for incorporating
non-standard geometries and corrections; how-
ever, it does in turn result in increased computa-
tion time due to complex modelling in software.
In terms of hybrid scanners in nuclear medicine
clinics, this may not be an issue, given that the
CT data can be acquired prior to the SPECT
study, and reconstruction can take place during
the acquisition of emission data.

1.7  Quantitative SPECT/CT

The requirements for producing quantitative data
in emission tomography, in general, are: (i) a
reconstruction algorithm that behaves in a linear
fashion in terms of the reconstructed radioactiv-
ity concentration, (ii) an algorithm to compensate
for photon absorption within the body, (iii) an
algorithm to remove scattered radiation from the
data, and (iv) the ability to calibrate the recon-
structed data in kBq.cc™!. There are several other
factors that may influence the quantitative accu-
racy of reconstructed SPECT data including
decreased apparent radioactivity concentration in
objects less than approximately three times the
spatial resolution of the system and therefore
affected by the partial volume effect, count rate
losses due to dead time within the instrumenta-
tion, radioactive decay during the acquisition
process, and corrections and normalisations for
spatial and temporal variations in detector
response.

Historically, quantification in SPECT has
been challenging due to the source-depth depen-
dent nature of attenuation, and the fact that the
requirements listed above must be individually
determined for each different radionuclide
(gamma energy) and can be affected by window
width, detector crystal thickness, and collimator
choice. For these reasons, much of the quantita-
tive SPECT techniques were first developed in-
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house by specialised groups around the world. A
number of clinical studies demonstrating in vivo
validation of the accuracy of reconstruction in
quantitative SPECT using **™Tc-labelled radio-
pharmaceuticals have recently appeared [26-28].
The data are presented as radioactivity concentra-
tions (in kBq.cm™). From this it is straight-
forward to display the data as SUV units, as is
done in PET. Increasingly, other radionuclides
are being investigated for quantitative SPECT
reconstruction, including '"'In, '?I, B, '"Lu,
18Re, and 2°'T1.

In 2013, quantitative SPECT became avail-
able through vendor-based software, initially by
Siemens (xSPECT and Broad Quant algorithms)
and followed shortly by GE (Q.Metrix software).
The current vendor release software can allow for
SPECT quantification and the display of data in
SUVs, equivalent to that which we see in PET. A
range of radionuclide reconstructions are avail-
able; however, " Tc¢ bone imaging and theranos-
tics applications such as '""Lu-DOTATATE and
7Lu -PSMA imaging for dosimetry estimates
have featured prominently in the literature.

For further reading on the clinical applications
of SPECT and the potential for quantitative
SPECT/CT, the reader is referred to some recent
review articles [29-31].

Radiation Dose
from SPECT/CT

1.8

The addition of a CT scan to a conventional
SPECT study will increase the total radiation
dose to the subject from the procedure. Any
increase in the radiation dose must be balanced
against the perceived benefit to the subject.
However, it is useful to view this increase in
dose relative to the dose from the radiopharma-
ceutical. It is worth remembering that previ-
ously in nuclear medicine attempts to better
localise foci of uptake of the radiopharmaceuti-
cal were often done by augmenting the original
scan with a second radiotracer to aid in localisa-
tion. For example, adrenal imaging was often
augmented with a *"Tc renal scan to ascertain
the likelihood of the focal uptake being intra-
adrenal or in a separate mass anatomically sepa-
rated from the kidney [32]. In this case, very

little extra information may be achieved with
the second scan, but there is a not insignificant
radiation dose associated with the extra proce-
dure. We would argue that an additional CT
scan in this example provides a lot more infor-
mation about the anatomy of the subject for a
comparable or lower effective dose of radiation,
especially when using Automated Exposure
Reduction (AER) on the CT scanner.

Table 1.4 contains estimates of effective dose
(ED) from a variety of radiopharmaceutical and
CT procedures as they are used routinely in
nuclear medicine.

1.9 QCfor SPECT/CT

In addition to the quality control (QC) required
for performing optimal SPECT studies, SPECT/
CT introduces a number of extra procedures nec-
essary to maintain high-quality clinical studies.
Principal among these is testing the accuracy of
the co-registration between the SPECT and CT
data. As the systems are physically distinct, the
physical offset between the systems needs to be
determined for application when combining the
data. The different manufacturers have different
approaches to this adjustment, but all systems
require validation of the accuracy of the
co-registration which should be performed at
regular intervals including after any service or
maintenance procedure which has the potential to
modify the offset.

The QC requirements for quantitative SPECT
are still to be developed. These will need to
include a regular check of the agreement between
the measured dose calibrator readings and recon-
structed SPECT values of radioactivity. As there
will potentially be a variety of different SPECT
radionuclides used, with different photon ener-
gies necessitating different collimators, adjust-
able PHA energy windows, efc., separate
calibrations and checking will be required for
each. With the co-operation and implementation
by the manufacturer of the SPECT/CT systems,
many of the required parameters (such as required
for scatter correction) could be pre-defined and
fixed for a particular radionuclide/collimator/
PHA setting. Strict adherence to the pre-
determined operating conditions and regular vali-
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Table 1.4 A comparison of effective dose from CT procedures used in association with SPECT/CT and conventional
radiation dose from a variety of radiopharmaceuticals

Procedure ED (mSv) | Comment and reference

CT head Hawkeye Infinia 4 0.1 Not diagnostic quality — for AC and anatomical

CT chest Hawkeye Infinia 4 0.9 localisation only [34]

CT abdo/pelvis Hawkeye Infinia 4 1.5

CT head Symbia T6 0.7 Diagnostic quality. Operating at a 130 kV,

CT chest Symbia T6 7.4 with variable tube current 20-345 mAs [35]

CT abdo/pelvis Symbia T6 6.1-8.6

Ventilation lung scan with [*"Tc]-DTPA 0.3 Assumes normal clearance from lung [36]

V/Q lung scan 2.5 40 MBq Technegas (no clearance), 200 MBq
[*™Tc]-MAA [36]

[*"Tc]-MAGS3 for renal localisation (300 MBq) 3.7 Assumes normal renal function [36]

['*1]-mIBG (4 MBg-kg™") 5.8 Assumed 80 kg person [36]

[*™Tc]-MDP bone scan (800 MBq) 4.6 Assumes normal renal clearance [37]

["*F]-FDG PET scan (370 MBq) 7.0 Without CT [37]

[*™Tc]-SestaMIBI (1100 MBq) 9.0 [36]

‘Low-dose’ FDG PET/CT scan (250-300 MBq and | ~15 [38]

130 kVp/80 mA with AER?®)

20IT1 brain SPECT (120 MBq) 26.4 [36]

9"Ga (400 MBq) 48.0 [36]

*AER — Automated Exposure Reduction

Fig.1.16 A S
contemporary SPECT/
CT system. The
diagnostic quality CT is
contained in the large
“doughnut” gantry with
the two variable angle
gamma camera detectors
fixed to the front of this
(image courtesy of
Siemens Healthcare)

\\

dation will be an essential feature when deploying provide both for image interpretation and for
quantitative SPECT. improving the quality and accuracy of SPECT
images. The near-simultaneous acquisition, in a
single imaging session on the same scanning
1.10 Combined SPECT and CT bed, of the emission and transmission (CT)

measurements creates the possibility to rou-
It is our view that combined SPECT/CT multi- tinely provide quantitative SPECT data, that is,
modality imaging is a game-changer in terms of images reconstructed in units of kBq.cm™.
the evolution of SPECT for clinical applica- Clinical applications of this are now being
tions. As listed at the beginning of this chapter, developed. An example of a dual-head SPECT/
there are numerous benefits that the CT data CT is shown in Fig. 1.16.
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SPECT Radiomics: The Current
Landscape, Challenges,
and Opportunities

Faig Shaikh and Francisca Mulero

2.1 Introduction

Radiomics as a medical image analysis technol-
ogy is coming of age in the realms of clinical
practice and clinical development. Quantitative
image analysis has been used as a methodology
to evaluate disease processes using medical
images for a few decades now; radiomics is a
newer approach that involves intricate feature
extraction and classification techniques and
leverage sophisticated statistical approaches,
such as machine learning (ML). Standard struc-
tural imaging modalities, such as computed
tomography (CT) and magnetic resonance imag-
ing (MRI), were first to be used for radiomic
analysis efforts and still comprise the majority of
scientific work being done in this space. More
recently, a significant body of scientific literature
has been accumulating for radiomics performed
on positron emission tomography (PET) images.
Meta-analysis of these early PET studies has
shown that radiomic analysis lacked in reproduc-
ibility given its high sensitivity to variations in
voxel size, segmentation and reconstruction algo-
rithms used, which is why standardized uptake
value (SUV) still remains the gold standard for
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PET signal measurement [1]. Single photon
emission computed tomography (SPECT) is
another functional imaging modality where
radiomics can play a role in extracting more
information than what meets the eye. However,
there are concerns with the reproducibility and
reliability of SPECT-based radiomic analysis
similar to those seen with PET. This is both a
challenge and an opportunity. And while
Al-driven approaches, of which radiomics is one,
can be very promising for all imaging, including
SPECT, the challenges related to data availabil-
ity, annotation, and medicolegal considerations
thereof need to be addressed for the application
of radiomics to become mainstream [2]. In this
chapter, we review the landscape of the recent
efforts in SPECT radiomics and discuss the chal-
lenges and opportunities that abound its applica-
tions in clinical practice and development.

2.2 Radiomics as a Methodology

Conceptually, radiomics is an analytical process
of using medical images to extract microstructural
or “microfuncitional” information by extracting
data from each boxes, which may then be useful
for disease classification, stratification, therapy
response assessment, and prognostication. In that
sense, it is a non-invasive alternative to molecular
and other histopathology-based disease assess-
ments. Developing imaging-based biomarkers for
these purposes is a sophisticated process that
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involves choosing the right medical images and
employing adequate ML approaches that deliver
useful radiomic signatures of clinical significance.
Typically, these radiomic signatures are based on
the morphology and tissue heterogeneity, but
when using functional modalities, such as PET
and SPECT, these signatures provide insights into
the physiologic or biochemical processes and per-
turbations there of [3]. AI/ML models developed
for radiomic analysis are improving in their accu-
racy and predictive power when compared to con-
ventional interpretive approaches. Radiomics is
being considered as a potential quantitative analy-
sis methodology to be applied to SPECT imaging
in the realm of neurologic, cardiac, oncologic,
and immunologic diseases [4].

The basic steps involved in the radiomics
methodology (see Fig. 2.1) are as follows:

Image acquisition: This is the first step in this
process. In most settings, radiomic analysis
can be performed on medical images acquired
as per standard clinical protocols. However,
modified protocols that render higher spatial

Extract and Curate
Features

Acquire and
Store Images

Segment Anatomy
and Identify ROls

Standardized protocols for
radiomnics-ready image Bcquisiion
and presequestration data salvage.

£J

Standardization of algorithm
classifier development and
curation of applicable plugins.

L 4

Automated systems and novel CS
tools for segmentation, with
standardized evaluation metrics.

<2

Big data repository with
integration into existing clinical
databases.

Fig. 2.1 Typical radiomics workflow. The basic steps
include image sequestration and preacquisition data sal-
vage, data transfer and repository maintenance, image
segmentation, feature extraction and classification, cova-
riance matrices and data modelling, integration into clini-
cal decision support systems, and biostatistic and outcome
analysis. ROI, region of interest. (Used under CC license

Integrate and
Transform Data

Universal integration across
multiple data silos snd platforms,
aliowing the combination of many
clinical feature sets.

resolution or “richer” raw data can be useful.
The main concern is to have a standardized
acquisition protocol across the cohort in order
to minimize variations in the feature extrac-
tion process [1]. Furthermore, post-acquisition
processing, including filtering techniques and
iterative reconstruction, should also be stan-
dardized in order to minimize inter- and even
intra-centre variability. Filtering techniques
are used to improve results [1].

Lesion detection and segmentation: This is a
key requisite step in this methodology. It is
critical to identify the right lesion(s) and seg-
ment them in a way to include the whole lesion
while removing the surrounding or background
tissue [5]. The process of segmentation may be
manual, whereby a radiologist identifies the
lesion and drawing a region/volume of interest
(ROI/VOI). Alternatively, it may be semiauto-
mated, whereby the lesion is manually selected
and the algorithm identifies its boundaries and
draws a VOI. There are also fully automated
segmentation software programs that can iden-
tify the lesion and draw an ROI/VOI. All these

Build and Validate
Models

Leverage Knowledge
and Provide Feedback

Development of decision support,
‘workflow managemant, and
therapy-guidance tools that aid in
the interpretation and use of
algorithm results by those in many

EHR DOCUMENTS O O
3o@
BEOR M L 4
d .
£ Bessmn,
ﬂ :nu“lDlel scenarios and institutions. % r% a % 2
-~
GENOMICS 2 a g
User-driven refinement of
algorithm models,

from Technical Challenges in the Clinical Application of
Radiomics. Faiq A. Shaikh, Brian J. Kolowitz, Omer
Awan, Hugo J. Aerts, Anna von Reden, Safwan Halabi,
Sohaib A. Mohiuddin, Sana Malik, Rasu B. Shrestha,
Christopher Deible. JCO Clinical Cancer Informatics.
2017;1:1-8.)


https://ascopubs.org/doi/abs/10.1200/CCI.17.00004
https://ascopubs.org/doi/abs/10.1200/CCI.17.00004

2 SPECT Radiomics: The Current Landscape, Challenges, and Opportunities 27

methods allow for manual readjustment to
ensure correct lesion demarcation with human
oversight. Whichever method adopted, precise,
consistent, and accurate segmentation of all
lesions is critical for a reliable and reproduc-
ible delta radiomics assessment.

e Feature extraction: This is the core step of the
radiomics technique in which a large set of fea-
tures (which are mathematically determined
based on the values within a voxel) are
extracted from these images. The size of the
feature set depends on the modality, and there
are a variety of libraries available for each. The
radiomic signatures can be created using fea-
tures extracted in a “pre-engineered” or “hand-
crafted” fashion or through a “black-box”
approach that depends on ML [6-8]. Radiomic
features are based on the morphology, histo-
gram, or texture analysis. These features may
be semantic (providing description about
shape, size, tissue relation to surrounding
material, surface area and volume) or agnostic
(providing histograms and texture-based fea-
tures). These extracted features are highly vari-
able, and feature reduction is applied to reduce
redundancy. LASSO (least absolute shrinkage

and selection operator) is a regression analysis
technique that performs variable selection and
regularization to improve prediction and accu-
racy and can be employed in this step to extract
a smaller subset of features that is more likely
to yield the radiomic signature of interest [8].
Second-order radiomic analysis has been most
commonly applied across all modalities as it
provides valuable information regarding the
local spatial distribution of voxel values, cal-
culating local features at each voxel within the
in-plane image and deriving parameters from
the distributions of the local features. A num-
ber of texture features can be derived that pro-
vide a measure of intralesional heterogeneity.
e Feature classification and model develop-
ment: The extracted radiomic features are
“raw data” that needs to be classified into sig-
natures of statistical value. These signatures
are critical in the development of non-inva-
sive biomarkers that can quantify tissue-level
changes otherwise not visualized in the medi-
cal image. Correlation heat maps of the
extracted radiomic features are created and
those with high variance are used (see
Fig. 2.2). Feature classification is performed

Fig. 2.2 Correlation analysis heatmap showing blocks of
highly correlated radiomic features (black frames on the
left and positive with red color or negative correlation
with blue color on the right). When identifying such
groups of highly correlated features, all but the one with
the highest variance are removed from further analysis. In

this case, the correlation coefficient was set to 95%. (Used
under the creative commons license from Papanikolaou
N, Matos C, Koh DM. How to develop a meaningful
radiomic signature for clinical use in oncologic patients.
Cancer Imaging. 2020;20:33.)
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using computational techniques that can
involve machine learning approaches, such as
random forest (RF) or support vector machine
(SVM). In scenarios with complex data (from
radiomics and other non-radiological
sources), more complex techniques, such as
convolutional neural network (CNN) or deep
learning neural network (DLNN), may be
employed to derive insights for important go/
no-go decisions or predict/assess therapy
response [9]. These algorithms need to have
high accuracy rates when tested using a test
set. The true “test” of a radiomic model is the
assessment of its performance across various
centers in a clinical trial or practice. While
radiomic models cannot be fully transferable
to all types of populations and disease sub-
types, it should have reasonable applicability
in similar clinical settings, using similar
equipment and protocols, and in relatable
cohorts.

2.3  Clinical Application
of Radiomics Using SPECT
2.3.1 Oncologic SPECT Radiomics

While still niche, the most salient application of
SPECT radiomics has been in the field of oncol-
ogy. This trend follows the momentum seen in
the realm of PET radiomics. As SPECT plays an
important role in the clinical management of a
number of malignant diseases, radiomics-based
studies have been performed with encouraging
results in this space. The main areas of potential
application of SPECT radiomics in oncology
would be:

» Disease detection and classification.

e Clinical course prediction
prognostication.

e Therapy response prediction/assessment.

e Complimenting or as an alternative to nonim-
aging biomarkers.

e Pharmacokinetic and pharmacodynamic
assessment for the clinical development of
novel therapeutics.

and

Technetium-99 m albumin nanoparticle stud-
ies are performed for the evaluation of primary
and secondary hepatic malignancies in clinical
practice. Radiomic analysis of these scans has
been performed that yielded signatures consist-
ing of skewness, kurtosis, and distribution histo-
grams to study the intra-tumoral tissue
heterogeneity [10] (see Fig. 2.3). This enables
qualitative and quantitative assessment of patho-
physiologic processes, such as fibrosis, necrosis,
metaplasia, and vasculogenesis. This, in turn,
allows for quantification of the extent of cirrho-
sis, metastatic potential, or response to therapy.
The hepatic tissue density changes detected
through radiomic analysis can prove to be a har-
binger of liver tumors that would be otherwise
detected at a later stage through conventional
imaging methods. In small animal studies,
radiomic approaches have been used to study the
varying patterns of radiotracer distribution,
which can help distinguish between healthy and
tumoral livers, which can be helpful to assess the
extent of invisible tumor burden in a patient [10].
Other related approaches in this domain include
the radiomic analysis of Tc-99 m sulfur colloid
SPECT to predict the Child-Pugh class in hepato-
cellular carcinoma (HCC) patients [11, 12].

These approaches have yielded promising
results in animal models and can be potentially
translated for clinical use eventually. In humans, a
biomarker that quantifies hidden tumor burden in
the liver can be a tremendously useful endpoint
for patients with HCC as well as metastatic liver
disease. Skewness is a direct imaging-based
parameter that correlates with the inhomogeneous
distribution of macrophage cells and can be quan-
tified to show the altered tissue function even
before the visual manifestation of liver tumor foci
on standard imaging. This can be developed as a
prognostic biomarker of malignant disease pro-
gression in HCC patients [10, 11].

Novel Al approaches have been introduced
that use SPECT data in oncologic imaging inter-
pretation. One such example is that of PSMA-AI
that uses DLNN to anaylze and interpret PSMA-
targeted Tc99m-MIP-1404 SPECT/CT images
[13]. The results shows that PSMA-AI generated
reproducible results and could compliment
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Fig. 2.3 The result of 99mTc-protein nanoparticle
whole-body SPECT scan. b—e Selected projections of the
segmented liver in control, obese, metastatic, and primary
tumor groups, respectively, from top to bot (Used under

human interpretation. Radiomic analysis can be
added in this approach as an additional layer of
rich data generation that the PSMA-AI can use to
improve its predictive values as compared to
human interpretation.

Tc99m-Sestamibi SPECT/CT has been used
to differentiate between oncocytomas (hot
lesions) and renal cell carcinoma (cold lesions).
Radiomic analysis of these cold spots has been
performed in an attempt to differentiate between

Creative Commons license from Veres DS, Mithé D,
Hegedtis N. et al. Radiomic detection of microscopic
tumorous lesions in small animal liver SPECT imaging.
EJNMMI Res. 2019;9:67.)

various subtypes of RCC [14]. While there were
challenges related to mis-segmentation and high
variation, this approach highlights the potential
of radiomics for clinically performed SPECT
studies.

SPECT imaging plays a critical role in the
successful planning and monitoring of antibody-
targeted radionuclide imaging and therapy (radio-
immunotherapy). ''In-ibritumomab tiuxetan is a
SPECT agent that is used prior to the administra-
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tion of *Y-ibritumomab tiuxetan radioimmuno-
therapy to determine eligibility for its treatment
by determining whether there is sufficient and
uniform antibody retention within the tumor.
Features extracted using radiomic texture analy-
sis that describe the relationships between gray-
level intensity and position of pixels from these
images can help assess the underlying biological
complexity and tissue heterogeneity.

Longitudinal SPECT imaging is also used to
monitor antibody biodistribution and dosimetry
in patients. This has been performed in patients
receiving anti-carcinoembryonic antigen (CEA)
BI-A5B7 antibody in combination with the vas-
cular disrupting agent (VDA), combretastatin
Ad4-phosphate for gastrointestinal carcinoma
[15]. Performing texture analysis on these SPECT
images would allow the quantification of the het-
erogeneity of antigen distribution noninvasively,
before and after therapy. This strategy can be use-
ful in the clinical trials as it can speak to the resis-
tance of some tumors to antigen-targeted therapy.
It has been demonstrated in animal studies that
texture analysis (using gray-level co-occurrence
matrix feature extraction) of '»I-A5B7 SPECT
can show spatial heterogeneity variations of anti-
body distribution between well- and poorly dif-
ferentiated liver metastases before antivascular
treatment [16].

For radionuclide therapies of cancer, the con-
cept of intra-tumoral heterogeneity is important
as it can determine the treatment response to
radionuclide therapy, especially when the
bystander effect is required to kill neighboring
cells that do not express the target. In a study
using preclinical colon tumor models that express
carcinoembryonic antigen (CEA), treatment
response to !*'I-labeled anti-CEA antibody has
been shown to depend on the vascular supply and
CEA distribution [17].

2.3.2 Neurologic SPECT Radiomics

SPECT imaging has a number of applications in
the management of neurologic diseases. For the
radiomic analysis of neurologic SPECT images,

the lesion identification and segmentation are
performed on the MR images co-registered with
the SPECT images.

Imaging of the dopaminergic system with
1Z]-joflupane-dopamine transporter (DAT) is a
widely used SPECT study in the clinical workup
for Parkinson’s disease. DAT SPECT images are
typically assessed visually; however, adding
radiomics can provide a new set of information
that can help predict clinical outcomes (see
Fig. 2.4) [18]. Such a noninvasive biomarker
could be useful for the purposes of prognostic
assessment and would be crucial in designing
clinical trials [19]. Radiomic models can provide
a more accurate and objective alternative to the
clinical metrics, such as (i) the UPDRS (part
III—motor) score, disease duration as measured
from (ii) time of diagnosis (DD-diag.) and (iii)
time of appearance of symptoms (DD-sympt.), or
(iv) the Montreal Cognitive Assessment (MoCA)
score [19]. However, in order to do that, the
radiomic models will require reference regions
for normalization.

The radiomic features extracted from the cau-
date, putamen, and ventral striatum of DaTscan
images at different timepoints of disease evolu-
tion could serve to quantify heterogeneity and
texture in radiotracer uptake [20]. Quantifying
feature eccentricity from the more affected ven-
tral striatum may provide a useful predictor [20].
Thus, a combined approach involving standard
SPECT interpretation and radiomic analysis per-
formed on DAT SPECT imaging can improve the
overall prediction of clinical outcomes.

Radiomics-based Haralick texture metrics
extracted from striatal DAT SPECT have been
shown to have a greater sensitivity to PD
symptoms as compared to the routine mean
uptake analysis [21]. These metrics may serve as
a noninvasive imaging biomarker for disease
progression.

These efforts in DAT SPECT radiomics are
consistent with the aims of the Parkinson’s
Progressive Marker Initiative (PPMI), which
emphasizes on the promotion of quantitative
measurement and analysis of imaging used in the
management of Parkinson’s disease.
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Fig.2.4 3D volume rendering of six segmentations (cau-
date, putamen and VS; both right and left) for a typical
study, as well as trans axial, coronal, and sagittal slices
through the DAT SPECT image with superimposed seg-
mentations. (Used under the Creative commons license

2.3.3 Cardiac SPECT Radiomics

Myocardial perfusion imaging (MPI) using
SPECT 1is an established diagnostic test for
patients suspected with coronary artery disease
(CAD). 99mTc-Sestamibi is one of the preferred
radiotracers used for this indication. Clinically,
these studies are analyzed and interpreted manu-
ally with some support from a computer-aided
diagnosis (CAD) program. Radiomics has the
potential to improve the diagnostic and prognos-
tic yield of MPI SPECT by way of providing bio-
markers  that correlate  with  perfusion
heterogeneity [22].

In a standard MPI SPECT study, most features
are not reproducible due to the low resolution. In
studies where radiomic analysis was performed
on MPI SPECT, it was observed that the most

from Rahmim A, Huang P, Shenkov N, Fotouhi S,
Davoodi-Bojd E, Lu L, Mari Z, Soltanian-Zadeh, H, Sossi
V. Improved prediction of outcome in Parkinson’s disease
using radiomics analysis of longitudinal DAT SPECT
images. Neurolmage: Clinical. 2017 Jan 1;16:539—44.)

significant features were the intensity skewness
and GLCM cluster shade for the right coronary
artery (RCA), and intensity at 90% volume histo-
gram for left circumflex artery (LCX). It has also
been shown that left anterior descending artery
(LAD) and RCA extracted from the vascular plot
had more significant correlation than bull’s eye
plot, while LCX from the latter plot was noted to
be more significant [23].

Radiomic analysis, regardless of the modality
and indication, is highly sensitive to these fac-
tors, which impact the results even more pro-
foundly in case of MPI SPECT. It is critically
important to assess the robustness of cardiac
SPECT radiomics features against variations in
image acquisition and reconstruction parameters.
For this purpose, the coefficient of variation
(COV), which is a widely adopted metric, needs
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to be measured for each of the radiomic features
for all imaging settings. It has been noted that the
repeatability and reproducibility of SPECT/CT
cardiac radiomic features under different imag-
ing settings are feature-dependent. The radiomic
features that exhibited low COV against changes
in all imaging settings included the Inverse
Difference Moment Normalized (IDMN) and
Inverse Difference Normalized (IDN) features
from the Gray Level Co-occurrence Matrix
(GLCM), Run Percentage (RP) from the Gray
Level Co-occurrence Matrix (GLRLM), Zone
Entropy (ZE) from the Gray Level Size Zone
Matrix (GLSZM), and Dependence Entropy
(DE) from the Gray Level Dependence Matrix
(GLDM) [24]. Of these image acquisition param-
eters, matrix size has been found to have the larg-
est impact on feature variability [24].

123-iodine meta-iodobenzylguanidine
("*I-mMIBG) SPECT imaging is a study per-
formed clinically in the management of cardio-
myopathy, and its interpretation is largely
manual. However, texture analysis performed to
study regional washout from non-infarcted tissue
can improve the predictive capability of cardiac
events using multivariate analysis of regional
washout associated with territories adjacent to
myocardial infarction [25]. In a study by Currie
et al., artificial neural network (ANN)-based
analysis was performed on the '**I-MIBG images,
and the calculated planar global washout of
>30% was shown to be the best indicator for risk
of cardiac event when accompanied by a decline
in left ventricular ejection fraction of >10% [25].
This is encouraging for new ML-driven
efforts (such as radiomics) for automated feature
extraction from raw image datasets in nuclear
cardiology.

2.3.4 Other Applications of SPECT
Radiomics
Preclinical studies have demonstrated that

changes in opacity in SPECT/CT with
Tc-99 m-MDP can be used for the assessment of
bone remodeling. One such study compared the
increase of bone opacity and decrease of

Tc-99 m-MDP activity variables [26]. Radiomics
can be applied here to study bone healing, bone
grafting, and bone replacement, which can
improve the prognostic value of these studies
(see Fig. 2.5).

Theranostics is a molecular imaging tech-
nique that involves specific molecular targeting
for the purposes of diagnostics and therapy [27].
One example of a theranostic approach using
Mn/Y-ibritumomab  tiuxetan  has  been
described above (in the oncologic SPECT
radiomics section). Visualization of the potential
target for a specific therapeutic is a tremendously
powerful tool that minimizes untoward effects
and improves therapeutic efficacy. Radiomics
approaches can increase the range of information
revealing the tissue processes that can guide
treatment and those that reflect changes second-
ary to treatment. This way, radiomics can impact
both the diagnostic and therapeutic arms of ther-
anostics, respectively. Texture analysis-based
radiomic features can identify and target activity
of the theranostic agents and study the cellular-
and tissue-level changes induced by their action.
Quantification of involved processes such as
T-cell recruitment and resulting apoptosis/necro-
sis as features extracted from the SPECT study
performed as a part of the theranostics can be
highly useful in patient selection and therapy
response assessment in clinical studies [28].
When using radiomics for such sophisticated
approaches, which may involve multimodal
imaging, it is important to implement image-
quality harmonization and perform optimal inte-
grative analysis (by choosing the right ML
methods) [29].

24  Challenges
and Opportunities of SPECT

Radiomics

While reviewing the current landscape of
radiomics-related work using SPECT, it becomes
quite apparent that the field of SPECT radiomics
is still in its infancy. Most of the studies are pre-
clinical, using animal models. Furthermore, only
a few indications within each specialty have been
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Fig. 2.5 Tc-99m-MDP activity in caudal vertebrae of
treated rats after 8 weeks. The C5 vertebrae (down) were
treated and filled with a bone graft which was selected as
VOI in SPECT at 8 weeks after surgery. The color inten-
sity shows the activity of Tc-99 m-MDP in the last region
of vertebra. The upper bones are C4 control vertebrae.

the focus of such efforts. Having said that, the
initial results are encouraging. Learning from the
experience with PET radiomics, one can expect
an expansion of the breadth and scope of such
studies, both in terms of indications and technical
advancements that will make SPECT radiomics
ready for prime time in human studies and even-
tual clinical practice.

The main challenges in this path include the
availability of high-quality data to develop such
models. SPECT is not as ubiquitous in clinical
use the way CT or even PET is. This poses a limi-
tation in the development of ML-based radiomic
models that require large training and validation
sets. Another major challenge, which has been
alluded to above, is that of the robustness of
SPECT models being affected by the variations
in the imaging parameters (related to acquisition
protocol, scanner types, patient preparation, and
other factors). This limits the way radiomics
could be applied as a reproducible and reliable

T-sum[21.7+4.5mm)]

'J-

(Used under the creative commons license from Budan F,
Szigeti K, Weszl M, et al. Novel radiomics evaluation of
bone formation utilizing multimodal (SPECT/X-ray CT)
in vivo imaging. PLoS One. 2018;13(9):e0204423.
Published 2018 Sep 25. doi: https://doi.org/10.1371/jour-
nal.pone.0204423.)

methodology across multiple centers with rea-
sonably similar imaging parameters and patient
populations. One way to address this problem is
to design large-scale studies in which all vari-
ables are represented. This goes back to our ini-
tial challenge of data paucity for SPECT studies.
However, smarter trial designs, multicenter col-
laborations, improved data liquidity and avail-
ability, and leveraging the power of Al can help
overcome this challenge. Furthermore, designing
radiomic models that address multimodal imag-
ing (SPECT/CT, SPECT/MR) and other -omics
(genomics,  transcriptomics,  metabolomics,
pathomics, etc.) will improve the specificity and
predictive values of these methods.

Having a well-articulated clinical question
based on a real-world need and designing a
radiomic methodology that attempts to answer
thst question by using a rich data set is critical to
the success of a radiomics-based application.
Optimizing each step of the workflow, including
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Fig. 2.6 A multidisciplinary radiomics workflow. and time-consuming processes like tumor segmentation

Initially a group of clinicians should define the clinical
problem that the proposed model should deal with and
make decisions on what kind of imaging modalities
should be recruited. Imaging scientists need to make sure
that acquisition protocols are optimally designed produc-
ing high-quality images, as well as for the preprocessing
of the images. Then depending on the size of the available
imaging studies, we need to decide which pipeline to use.
In case of big data (in the order of thousands), a deep
radiomics approach can be suggested avoiding tedious

preprocessing the data prior to analysis and
applying the most suitable statistical/ML strate-
gies, will render high accuracy rates (see Fig. 2.6)
[30]. Testing these models in real-world is
another key step that ensures that a radiomic
model is ready for clinical use.

This is an exciting time to be involved in the
fields of functional/molecular imaging and infor-
matics, as recent and ongoing advancements have
enabled us to merge these fields to devise
advanced quantitative image analysis approaches
that make help revive and promote modalities,
such as SPECT in the era of precision medicine.
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SPECT/CT for Dosimetry

Stephan Walrand and Michel Hesse

3.1 Introduction

Likely, most nuclear clinicians will naturally
acknowledge that SPECT/CT is the best tool
beside PET/CT to get an accurate individual
dosimetry in internal radiotherapy. But is it really
needed? Often, internal radiotherapies are per-
formed without any real individual dosimetry
assessment. So why should we use the state-of-
the-art SPECT/CT system?

This practice is linked with two wrong beliefs
commonly spread in the nuclear medicine com-
munity: increasing the tumours absorbed dose a
little bit can just improve a little bit the patient
outcome, and the efficacy of external photon
beam radiotherapy improved because the irradia-
tion devices improved, so our only option is also
to improve our tumour tracers.

The first belief comes from the way we are
used to assess the efficacy of internal radiothera-

Preamble

Versus the previous 2013 version, recent breakthroughs in
the field lead to add 6 new subsections to the “SPECT/CT
based dosimetry studies” section, while two new sections
have been added to the chapter. The conclusion has thus
been fully re-written.
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pies, i.e. by measuring the change in tumour size
or in metabolism a few months after the therapy.
And indeed, in this case, increasing a little bit the
absorbed dose just increases a little bit the
response, as early tissue (organ or tumour) toxic-
ity is a smooth function of the absorbed dose [1-
5]; killing a fraction of the tissue cells reduces the
tissue metabolism by a similar fraction.
However, late tissue toxicity owns an absorbed
dose threshold [6-8]; above a critical fraction of
cells killed, the tissue will not be able to recover,
and will ‘die’. Decay, production of free radicals
by ionisation, hits of the radicals to the DNA are
all random process. The recovering capacity of a
tissue depends on its state. As a result, the normal
tissue complication probability (NTCP) and the
tumour control probability (TCP) are not step
functions, but are quite steeply S-shape func-
tions, i.e. going from O to 1 within a few Gy. In
addition, the dosimetry of critical organs is highly
patient dependent [1]. It is thus of paramount
importance to give the maximal activity to the
patient that is still safe for him. Indeed, for some
patients, the resulting increase in the tumour
absorbed dose, even small, could be sufficient to
shift from a cancer relapse to a controlled dis-
ease. In external beam radiotherapy (EBRT), this
feature is called the therapeutic window.
Figure 3.1 illustrates this concept applied to
Y-DOTATOC used in peptide receptor radio-
therapy (PRRT). Even if dosimetry assessments
are not accurate enough to ensure being in nar-
row therapeutic windows, the maximal chance
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Fig. 3.1 TIllustration of the therapeutic windows (TW)
concept applied to “Y-DOTATOC PRRT. The disease
control probability (DCP) and kidney NTCP were com-
puted for their respective minimum, median, and maxi-
mum dosimetry measured by *Y-DOTATOC PET in the
phase 1 clinical study using amino acid infusion [1, 9].
The curves were computed for a disease owning five
tumours, and the tissue radiation tolerance parameters
were extracted from [6, 10]. For a patient owning both the

for the patient outcome is to be as close as possi-
ble to his individual therapeutic window.

During the last decades, the efficacy of EBRT
and the sophistication of the devices used have
increased together. From these points of view, the
recent CyberKnife system is really impressive
[11]. In reality, there is no real innovation regard-
ing the CyberKnife hardware (the knife part); it is
the combination of a linear accelerator and of a
standard industrial 6-axis robot used in car manu-
facturing, both existing since three decades. So
why did this system appear only recently? The
major benefit of the CyberKnife is to allow
decreasing the absorbed dose to the critical tis-
sues by increasing the number of different beam
paths crossing the patient body to target the
tumour. This (the cyber part) required motion
tracking and an accurate individual treatment
planning that uses state-of-the-art multimodality
imaging [12-14] including elaborated Monte
Carlo simulations of the absorbed dose spreading
along the beam paths. This feasibility results

1

|

10 12

14 16

median tumour and median kidney dosimetry, W3 is a
good TW choice giving a probability of 90% to be cura-
tive and of 10% to get a late renal failure. If his tumour
dosimetry is the maximal one observed, then W2 is a bet-
ter choice avoiding any risk of late renal failure. A patient
with the maximal kidney dosimetry observed can be cured
only if he also owns the maximal tumour dosimetry
observed (W1)

from the continuous development of such treat-
ment planning assessment in EBRT during the
last decades [15].

Internal radiotherapy had the good fortune to
begin with two pathologies owning a large thera-
peutic window: the radio-synovectomy and the
thyroid cancer *'I radio-ablation. These two ther-
apies were used with success by simply injecting
a standard activity. Sometimes, an early success
durably formats the behaviours, and despite a lot
of efforts spent during two decades, no such ideal
radio-compound was found for the other cancers.
For the patient benefit and also for the long-term
future of nuclear medicine, we have to push the
available internal radiotherapies to their optimal
efficiency by performing an individual treatment
planning at the same quality level than that rou-
tinely performed in EBRT. This was formalized
by the European Union Council in its 2013/59/
Euratom directive [16]. That directive equates
radionuclide therapies with EBRT regarding the
necessity to get dosimetry as precise as possible
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to treat patient lesions in an optimized way while
preserving healthy tissues. Let emphasize that a
dosimetry method displaying a good dose—toxic-
ity correlation on a patient’s sample is not suffi-
cient; as the goal is to inject to the patient the
maximal activity that he can safely receive, the
dosimetry has to be accurate on a patient per
patient basis.

3.2 SPECT Versus Planar

There are four effects which definitely disqualify
the use of planar-based dosimetry in most of
internal radiotherapies: (1) y-rays attenuation-
scatter, (2) tissues overlapping, (3) multi-
compartment organ and (4) heterogeneous organ
uptake.

1. There is no way to accurately correct gamma-
ray attenuation in planar acquisition; use of
conjugated planar views, even jointly with a
planar transmission scan, is a crude approxi-
mation. This method is only valid for an infi-
nitely thin organ without any other activity
overlapping. Use of a point scatter kernel to
correct for the organs cross-contamination is
hampered by the lack of information about the
activity depth distribution. This cross-
contamination is very cumbersome regarding
that biological half-life of the organs is differ-
ent and that the critical organs can be located
close to tissue owning higher activity, such as
liver, spleen, tumour, bowels close to the kid-
neys in PRRT.

2. The critical organs can partially or fully be
overlapped by higher taking up tissues. Often,
this problem is casually considered and sev-
eral papers proposed patient dosimetry assess-
ment based on planar views using correction
method for the overlapping issues. But to our
knowledge, only one [17] presented a valida-
tion on phantoms, which should be done for
all proposed methods. However, these phan-
toms were simple: no full overlap, identical
effective half-life for the different tissues and
no appearing and disappearing activities
(bowel in PRRT). Let emphasize that such
overlap correction methods have to accurately

work for the worst patient case to whom it is
not ethically defendable to tell that we cannot
do an accurate treatment planning, because
we chose to not use the best tool.

Sandstrom et al. [18] compared the
absorbed dose assessed from conjugate planar
views and SPECT/CT in 24 patients imaged
1, 24, 96 and 168 h post '"Lu-DOTATATE
therapy. Both modalities were corrected for
attenuation; a ’Co transmission scan was per-
formed with the planar modality for this pur-
pose. The planar view to SPECT total kidney
absorbed dose ratio ranged from 0.8 to 5.4.
Six patients out of 24 had a relative deviation
higher than 40%. This clearly disqualifies pla-
nar imaging in PRRT pre-therapy planning.
Garkavij et al. [19] observed the same prob-
lem, in 16 patients also treated with ""Lu-
DOTATATE, although with a lower maximal
planar view to SPECT total kidney absorbed
dose ratio of 1.8. The reason explaining this
huge discrepancy between planar and SPECT
based dosimetry, in both studies, originated
from significant radioactivity overlap as illus-
trated in Fig. 3.2. In an older **Y-DOTATOC
study, Valkema et al. reported that organs
overlapping prevent accurate planar dosime-
try assessment underwent in 6 out of 43
patients [20].

. Some critical organs own several compart-

ments displaying different uptakes, biological
washouts, and radiosensitivities. For example,
in PRRT, the renal cortex and medulla repre-
sent about 70% and 30% of the kidney activ-
ity, respectively [21]. The critical tissue, i.e.
the glomerular, is located into the cortex. The
medulla to cortex S-factor is about one-fourth
of that from the cortex to the cortex [22]. The
volume, uptake, and biological washout of
these compartments are also patient-
dependent [1, 23]. These three points require
separately assessing the number of decays
occurring in the medulla and in the renal cor-
tex, which cannot be done in planar view.

. Even if the organ has a homogeneous radio-

sensitivity, i.e. the spatial variations of the
radiosensitivity are smaller than the ionizing
particle range, such as the liver in
Y-radioembolization, assessing the intra-
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Intestinal activity

Kidneys :

Fig. 3.2 Two images illustrating an imaging situation
that results in an overestimated absorbed dose to the kid-
neys. The activity uptake in the contents of the intestine
that overlaps the kidney in the planar image (as indicated
by dashed lines) contributes to the absorbed dose, which

organ absorbed dose distribution 1is still
needed. Indeed, studies have shown that the
NTCP does not depend only on the mean
organ absorbed dose but also on its distribu-
tion [24, 25]. NTCP can be calculated using
the equivalent uniform dose (EUD) formalism
that account for the absorbed dose distribution
[10]. For homogeneous density organs, the
EUD can be computed based on a fast convo-
lution of the SPECT image by a dose deposi-
tion kernel, preferably deconvolved by the
SPECT system spatial resolution [26].

Lastly, the argument, which is still sometimes
advanced nowadays [17], that planar views have
to be used because SPECT is too much time con-
suming, is not relevant. Irradiating a patient from
the inside is a medical act as serious as irradiating
him from the outside and should be done in the
same sophisticated way.

3.3  SPECT/CT Versus SPECT

Hybrid SPECT/CT system allows a better co-
registration accuracy of the two modalities than
that obtain by trying to acquire the patient with
exactly the same geometry in two different sys-
tems or than to use delicate non-rigid fusion. This
favourably impacts the activity quantification.

is not the case in the single-photon emission computed
tomography image. Note that the overlapping activity is
difficult to detect in the planar images. Reprinted from
[19] with permission of John Willey and Sons

Regarding dosimetry assessment, this also helps
to link the activity observed to the tissue owning
it.

Activity quantification requires the knowledge
of the patient attenuation map. SPECT systems
equipped with a gamma-ray transmission source
are rare. The attenuation map can be derived
from the CT Hounsfield values using appropriate
rescaling [27]. The issue regarding the additional
irradiation received by the patient from the CT
performed at the different SPECT time points
needed to assess the pharmacokinetics is purely
philosophical regarding the four higher order of
magnitude of the absorbed dose received during
the therapy.

Recent literature review showed that SPECT/
CT performed better in absolute quantification
than conventional SPECT system [28]. On acqui-
sitions of a torso phantom, Shcherbinin et al. [29]
reported errors between 3% and 5% for the iso-
topes #™Tc, 21, B'T, and ""'In. The phantom con-
tained two sources centrally and peripherally
placed with no surrounding activity. For *™Tc in
a cardiac torso phantom, Vandervoort et al. [30]
reported an error of 8% in simulation and within
4% for the acquisition. Both studies included
attenuation, scatter and collimator PSF in the
iterative reconstruction.

Willowson et al. [31] evaluated SPECT/CT
quantification for *"Tc¢ in phantoms and in
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patients. The acquisitions were first corrected for
scattering using a transmission-dependent scatter
correction (TDSC) method developed on site,
and afterwards reconstructed with a commercial
OSEM software. The scatter-corrected data, the
associated  reconstructed data and the
co-registered attenuation map were then passed
to an iterative Chang attenuation correction algo-
rithm using the CT-derived attenuation correction
map. Last, a dead-time correction was performed.
In the torso phantom, the relative deviation of the
total liver-specific activity assessment was 2%.
Clinical evaluation in 12 lung ventilation/perfu-
sion studies after injection of calibrated **™Tc-
MAA activity gave a relative deviation ranging
from —7.4 to 3.7% (mean absolute relative devia-
tion of 2.6%).

Beauregard et al. [32] evaluated a commer-
cially available SPECT/CT system in quantita-
tive '”’Lu imaging using the manufactory iterative
reconstruction algorithm that included CT-based
attenuation correction, scatter correction using a
triple energy acquisition window and collimator
PSF. In addition, they added a camera sensitivity
calibration function of the count rate in order to
correct for the dead time. They performed seven
acquisitions of a 20 cm-diameter phantom with
background activity ranging from 0 to 1 GBq
including two cylindrical active sources indepen-
dently ranging from 0 to 0.7 GBq. The deviation
activity ranged from —9.5% to 4.1% and from
—14.9% to 4.3%, for the whole phantom and for
the sources, respectively. The total body activity
deviation on five treated patients versus the
injected activity (mean =+ std. activ-
ity = 8.9 £ 0.9 GBq) ranged from —4.9% to 0.0%
with dead time correction (from —15.2% to
—10.2% without).

Those studies show that SPECT/CT can be
used for individualized dosimetry treatment plan-
ning. The maximal safe activity found to be
injected can be reduce by 10% in order to account
for the current quantification accuracy.

Ahmadzadehfar et al. [33] evaluated the
impact of *"Tc-MAA SPECT/CT on SIRT treat-
ment planning and its added value to angiogra-
phy in 90 studies performed on 76 patients. The
accurate co-registration of the two modalities

obtained with a hybrid SPECT/CT system allows
determining in a robust way which tissue corre-
sponds to the activity observed (Fig. 3.3).
Extrahepatic accumulation was detected by pla-
nar imaging, SPECT and SPECT/CT in 12%,
17% and 42% of examinations, respectively. The
sensitivity for detecting extrahepatic shunting
with planar imaging, SPECT and SPECT/CT was
32%, 41% and 100%, respectively, all with a
specificity higher than 93%. They concluded that
9mTc-MAA SPECT/CT is valuable for identify-
ing extrahepatic visceral sites at risk for postra-
dioembolization complications.

3.4  Choice of a Surrogate

Y is the majorly used radionuclide in internal
radiotherapy which does not own any isotope
having an appropriated half-life and emitting
y-rays that can be imaged by SPECT. The choice
of the good SPECT surrogate is a crucial point
which has not yet been sufficiently investigated.
Y is mainly used in PRRT, radioimmunother-
apy and liver radioembolization.

When introducing PRRT, the community
thought that tissues uptake should mainly depend
on the peptide, perhaps a little bit on the chelator
and marginally on the radionuclide which is con-
fined in the chelator cage. Later, Reubi et al.
showed that receptor affinity for a same chelator-
peptide also strongly depends on the labelled
radionuclide [34], e.g. by a factor 2 when replac-
ing Y by Ga in DOTATATE labelling. However,
contrary to tumours, organ uptakes are not always
only receptor-dependent. For example, an impor-
tant part of the **Y-DOTATOC kidney uptake is
not receptor-dependent, and !''In-DOTATOC-
based dosimetry has shown a good correlation
with kidney toxicity post therapy [6].

Howeyver, this shows that the choice of a radio-
nuclide surrogate for individualized treatment
planning in PRRT requires an initial validation
proving identical pharmacokinetics along a
patient-per-patient basis. Such studies in PRRT
are still lacking. This validation can be performed
by imaging the *°Y therapy by bremsstrahlung
SPECT or by PET imaging of the compound
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Fig. 3.3 Duodenal accumulation (arrows) in a patient
with colorectal cancer, not definable on planar images:
planar scan (a), SPECT/CT coronal view (b), and CT

labelled with %°Y [35]; however, both modalities
require state-of-the-art correction methods.

In radioimmunotherapy, Minarik et al. [36]
compared in three patients the absorbed doses
obtained from a pretherapeutic 300 MBq
n-ibritumomab SPECT/CT to those obtained
post *°Y-ibritumomab therapy by bremsstrahlung
SPECT/CT using corrections developed on site
(see Bremsstrahlung SPECT/CT chapter). The
absolute relative differences between absorbed
dose computed from '''In and Y SPECT/CT
were 8.8 = 13.7 and 8.9 + 4.0 (mean = std. in %),
for the liver and kidneys, respectively. This sup-
ports considering "'In as a surrogate of Y in
radioimmunotherapy. Compared to peptides, the
active site in antibodies is located farther from
the radionuclide which likely reduces its impact.

coronal view (c). Reprinted from [33] with permission of
the Society of Nuclear Medicine

However, a validation on a larger patient series is
still needed.

For *Y-loaded glass spheres, Chiesa et al. [25]
performed in 35 patients a co-registering of the
#mTc-MAA SPECT with the °Y bremsstrahlung
SPECT. In the 29 patients treated with the same
intentional catheter positioning that in the pre-
therapeutic study, the biodistribution was mark-
edly different between the two modalities in two
patients (7%) and seems only attributable to the
different physical properties of spheres and
MAA.

For °Y resin spheres, Jiang et al. [37] con-
ducted an interesting study in 81 paired *™Tc-
MAA and *°Y bremsstrahlung SPECT performed
in 75 patients, the catheter being intended to be
set in the same position in the two radioemboliza-
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Fig. 3.4 Summary of results from [37] that analyzed in
the angiograms the catheter tip position in paired studies
showing a segmental perfusion difference (SPD) between
#mTc-MAA and Y SPECT, i.e. 31 out of 81 resin spheres
radioembolizations

tions using angiography. They observed a seg-
mental perfusion difference (SPD) between the
two SPECT modalities in 31 patients. Analyzing
the position of the catheter tip on the two angio-
grams performed, they noted that 24 SPDs cor-
respond to a different tip position between the
two radioembolizations, 2 SPDs occurred with
the same tip position, but close to an arterial
bifurcation or close to a small branch (Fig. 3.4).
However, in 5 SPDs, no particular specificity was
evidenced besides the physical properties of the
particles.

The correlation dependence on the distance
between the catheter tip and the first arterial
branch was recently confirmed for *Y-loaded
glass spheres radioembolization in 23 patients
[38]. A better correlation was also observed for
non-tumoral tissue versus tumours [39, 40].

In a recent study, Smits et al. [41] showed
that a 'Ho-scout SPECT/CT performed in the
morning of the therapeutic '**Ho radioemboli-
zation, itself performed in the afternoon, pro-
vided better tumour dose estimation than a
#mTc-MAA SPECT/CT preformed 4 days ear-
lier. However, it is not clear whether this
improvement is attributable to the use of the
same device or to the shorter delay with the
therapeutic procedure. Good agreement was
obtained for both procedures for the non-
tumoral dose prediction.

The same team also observed a good agree-
ment for the LSF [42], while ®™"Tc MAA system-
atically exhibited an LSF overestimation likely
related to the physical differences between the
two devices. Similar overestimation is observed
in Y-loaded glass spheres radioembolization
using #"Tc-MAA SPECT/CT [43], with the
overestimation still being larger using planar
imaging [44, 45]. In a phantom study, Kunnen
et al. [46] proved dosimetry feasible using a safe
100 MBq Y scout activity.

The readers can find a detailed discussion
about the challenges of individualized radioem-
bolization therapy using *"TC-MAA SPECT/CT
[47].

3.5 SPECT/CT-Based Dosimetry
Studies
3.5.1 Yttrium-90 Spheres

Dose-Response

Garin et al. [7] performed a dose-response retro-
spective study in 36 patients for HCC treated
with Y-loaded glass spheres. The absorbed
doses to liver and tumours were assessed using
the *"Tc-MAA SPECT/CT performed within
1-2 weeks before the therapy and iteratively
reconstructed with attenuation and with dual-
energy windows scatter correction. The catheter
line was counted after therapy in order to esti-
mate the actual injected activity. The planned
absorbed dose to the targeted liver volume was
120 Gy based on the MAA, without exceeding
30 Gy for the lungs. Compared to the planning
only using the lung shunt and the targeted liver
volume, this dose assessment allowed increasing
the injected activity in four patients owning large
lesions. Mean absorbed doses for non-responding
and responding tumours were 124 + 63 Gy and
328 + 107 Gy, respectively. The 30 months over-
all survival evidenced a 205 Gy tumour absorbed
dose responding threshold.

Chiesa et al. [48, 49] retrospectively analyzed
treatment with *Y-loaded glass spheres in 52
patients (36, 7 and 9 Child Pugh AS, A6 and B7,
respectively). Voxel dosimetry was computed
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from the *"Tc-MAA SPECT performed within
3—4 weeks before the therapy and corrected for
attenuation using CT co-registration. All the
administrations were lobar, aiming to deliver a
mean absorbed dose of 120 Gy to the target lobe
including tumour based on the lobe mass mea-
sured on CT. There was an overlap in the absorbed
doses of the non-responding tumours
(0 — 500 Gy) and of the responding tumours
(250 — 1500 Gy). Kappadath et al. [50] using
Y-bremssthralung SPECT/CT-based dosimetry
for glass spheres HCC radioembolization in 34
patients also observed such large doses overlap
between non-responding and  responding
tumours.

Strigari et al. [8] retrospectively analyzed
HCC treatment with °°Y-resin spheres in 73
patients. The administered activity was deter-
mined using the BSA method. Entire liver was
treated in 35 patients, a right and left lobar
approach was used in 35 and 3 patients, respec-
tively. The liver and tumour dosimetry was
assessed on the fusion of the pre-therapeutic
#mTc-MAA SPECT with a CT using a dedicated
software. An elliptical constant attenuation map
was used in the SPECT reconstruction with an
effective attenuation coefficient of 0.11 cm™! to
account for the scatter. The TCP fit, based on
RECIST or EASL criteria, showed that two dif-
ferent radio-resistant tumour populations coex-
isted: 60 and 40% of the tumours had a TDs,
around a BED of 50 and 130 Gy, respectively.
Complete response was observed in all tumours
above BED =200 Gy (AD = 145).

This much higher threshold for tumour
response observed in liver-radioembolization
studies compared to the traditional 40 Gy
observed in EBRT is partly explained by the fact
that in internal therapy due to the beta range, the
outer shell of the tumour receives about half of
the mean absorbed dose.

3.5.2 Yttrium-90 Spheres
Dose-Toxicity

In the study [8] summarised here above, Strigari
et al. measured a median liver dose of 36 Gy

ranging from 6 to 78 Gy. 58, 13 and 2 patients
were classified Child-Pugh A, B and C, respec-
tively. The liver was considered as a purely paral-
lel organ (n = 1 in the Lyman—-Burman Kutcher
model). Liver BED was computed with
alfp = 2.5 Gy and using 2.5 h for the sublethal
damage repair half-time. The common terminol-
ogy criteria for adverse events (version 4 National
Cancer Institute, Cancer Therapy Evaluation
Program) was used to qualify late liver toxicity
(4.5 months follow-up). Figure 3.5 shows the
liver toxicity—dose relationship considering
grades >2 as liver toxicity threshold, i.e. at least
severe or medically significant.

In the study [48, 49] summarised in the previ-
ous section, Chiesa et al. assessed the liver toxic-
ity as the occurrence, during the first 6 months
after therapy, of any of: clinically detectable asci-
tes, hepatic encephalopathy, bleeding from
oesophageal varices, total bilirubin >3 mg/dL
and prothrombin time INR (international normal-
ized ratio) >2.2. Figure 3.6a shows that the NCTP
strongly depend on the Child Pugh status.
Figure 3.6b shows that for Child Pugh A, the
NCTPs, occurred around AD = 100 Gy, twofold
higher than the AD = 50 Gy observed by Strigari
et al. (Fig. 3.5).

Compared to resin spheres, the lower toxicity
and efficacy per Gy of the glass one result from a
much higher dose distribution heterogeneity as
proved by Monte Carlo simulations of spheres
transport in hepatic arterial tree [51-53]. d‘Abadie
et al. [54] taking this heterogeneity into account,
using Y TOF-PET-based EUD, reunified
observed dose-responses between glass spheres,
resin spheres and EBRT together.

3.5.3 Yttrium-90 PRRT

Pretherapy dosimetry with 3Y-DOTATOC PET
gave impressive renal and bone marrow dose—
toxicity correlation in *Y-DOTATOC therapy [,
2]. However, its cost, and also the need to infuse
amino acids to mimic the therapy, prevent its use
in clinical therapy. Fortunately, *Y-DOTATOC
therapy is performed in several cycles in order to
reduce the organs toxicity, and thus dosimetry
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performed after one cycle can be used to opti-
mize the activity to be injected in the next one.

Menda et al. [55] conducted a prospective post
cycle renal dosimetry using *°Y-bremss. SPECT/
CT in 25 patients having neuroendocrine
tumours. A *°Y TOF-PET/CT [56] was used at
the first time for BREMSS for SPECT/CT
calibration purpose. The study confirmed the
very high variability of inter-patient renal dosim-
etry as already observed using 3¢Y-DOTATOC
PET [1], advocating the interest to individually
optimize the injected *°Y activity.

3.5.4 Holmium-166

Smits et al. [57] conducted a phase 1 dose-
escalation study in '*Ho liver radioembolization
with a state-of-the-art design. 6, 3, 3 and 3
patients received activities in order to get a
whole-liver absorbed dose of 20, 40, 60 and
80 Gy, respectively, calculated assuming a homo-
geneous distribution of the activity in the whole
liver, i.e. neglecting the tumour liver burden.
After coil embolization of undesirable artery
branch, #"Tc-MAA was injected and followed
by a SPECT or SPECT/CT imaging. Within
2 weeks, a second angiography was performed
with injection of a 250 MBq scout activity of
166Ho spheres followed by a SPECT or SPECT/
CT imaging. The same day, a third angiography
was performed with injection of the therapeutic
166Ho spheres activity. Both '*Ho radioemboliza-
tions intended with the same catheter positioning
than that in the *"Tc-MAA one. SPECT or
SPECT/CT and MRI imaging were performed
3-5 post therapy. In all patients, the three SPECT
modalities showed similar patterns of the pres-
ence or absence of extrahepatic deposition of
activity. Regarding the adverse events, the authors
concluded that 'Ho radioembolization with a
whole-liver dose of 60 Gy is feasible.

In a recent study, the same team showed that it
is advocated to use '*Ho-scout SPECT/CT to
select patients and to personalize the adminis-
tered activity in order to target a mean tumour-
absorbed dose >90 Gy and a parenchymal dose
<55 Gy [58]. In this 40 patients study, only one

CTCAE grade 5 related to the radioembolization
was observed within the 3 months follow-up,
while 90 Gy was the tumour threshold giving a
significantly better patients outcome.

Identifying on *"Tc-MAA SPECT/CT
whether the uptake is located in normal liver or
tumoral tissue can be highly challenging. Stella
et al. [59] conducted a prospective study on 65
1%Ho liver radioembolizations for neuroendo-
crine metastases. Patients were radioembolized
with a scout (n = 29) or a therapeutic (n = 36)
16Ho activity. After the '®Ho SPECT/CT, the
patients remained on the camera table and were
immediately injected with 50 MBq *™Tc-
stannous phytate which accumulates in Kupffer
cells, present in healthy liver tissue, but not in
tumorous tissue. Ten minutes after the injection,
a triple-energy window SPECT/CT was per-
formed. Dosimetry performed on the '*Ho win-
dow SPECT/CT, corrected for °™Tc cross
scattering, was proven sufficiently accurate in
VOIs >25 mL for clinical purpose.

3.5.5 Lutetium-177 Antibody

Woliner-van der Weg et al. [60] calculated the
bone marrow dosimetry for 13 colorectal cancer
patients in 'Lu-labeled di-HSG-peptide ther-
apy. 3D dosimetry was performed on lumbar
vertebrae imaged by SPECT/CT at 3, 24 and
72 h after '"Lu administration. 3D dosimetry
proved superior in identifying patients at risk of
developing any grade of bone marrow toxicity
compared to blood- or 2D image-based
methods.

In a more recent trial, Blakkisrud et al. [61]
studied the bone marrow absorbed dose for 8
non-Hodgkin lymphoma patients treated with
"Lu-lilotomab satetraxetan, with or without
additional cold lilotomab. Using SPECT/CT
imaging of the L2-L.4 vertebrae, they observed
that cold lilotomab administration reduced the
red-marrow absorbed dose. They also obtained a
clear correlation between red-marrow absorbed
dose and hematologic toxicity. They concluded
that, contrary to some non-imaging method, esti-
mations of bone marrow absorbed dose by
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SPECT/CT imaging could be predictive of hema-
tologic adverse events.

3.5.6 Lutetium-177 PRRT

Santoro et al. [62] evaluated the organs at risk in
12 patients treated with '"Lu-DOTATATE using
4 SPECT/CT performed after the first and second
cycles. The mean dosimetry for kidney and red
marrow was 043 = 0.13 mGy/MBq and
0.04 + 0.02 mGy/MBq, respectively. As the max-
imal tolerated dose for red marrow is about ten-
fold lower than that of kidney [2], this explains
why haematological toxicity is the limiting factor
in 26% of individually optimized "Lu PRRT
[63].

Hagmarker et al. [64] using the thoracic verte-
bra activity in ”Lu-DOTATATE SPECT/
CT-planar hybrid method found similar red-
marrow dosimetry, i.e. 0.06 (0.02-0.12) mGy/
MBq in 22 patients without skeletal metastasizes.
They observed a dose—toxicity relation (Fig. 3.7)
in line with that observed in *Y-DOTATOC trial
using *Y-DOTATOC PET-based red-marrow
dosimetry [2]. In 200 patients, Garsk et al. [63]
observed fourfold lower mean blood-based red-
marrow dosimetry, i.e. 0.016 mGy/MBq, which
was unable to predict the haematological toxicity
observed in 40 patients.

Transferrin transchelation [4, 65] is likely the
origin of this difference. Indeed, in this binding
competition, human transferrin benefits from two
major assets versus inorganic chelators:

Fig. 3.7 Blue solid F
circles: relative platelet
counts decrease as a
function of the hybrid
SPECT/CT-planar-based
red-marrow dose in
7Lu-DOTATATE
therapy (reprinted from
[64] with courtesy of Dr.
P Bernhardt). Red empty
circles: decrease
observed in the
“Y-DOTATOC trial
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— Transferring is an active protein: it has two
domains, each one containing an anion and a
metal binding site. The anion sites act as pad-
locks: when the metal enter into the metal
binding site, the protein geometry changes to
enclose the metal which can be released only
if a synergic anion binds the appropriate anion
binding site [66]. This mechanism ensures
that the metal will only be released at an
appropriate cell target, e.g. in the red marrow.

— Inorganic chelators have to wait the release of
a metal ion by another chelator in order to
bind it, which is rare from a good competitor.
In contrary, kinetics and spectrometry studies
evidenced that transferrin is able to make a
ternary (or mixed) complex with the initial
metal—chelator complex [67]. During the life
of this ternary complex, the metal ion is trans-
ferred from the chelator to the transferrin
metal binding site.

A recent study in human [68] showed that
only 23% and 2% of '"Lu-DOTATATE remain
intact after 24 h and 96 h post injection,
respectively.

The results of these five studies [60—64] urge
for using SPECT/CT in red-marrow dosimetry
for all ""Lu therapies and clearly discard the
unsuitable blood-based estimation which was
although recently used to advocate the useless of
dosimetry therapy planning [69].

Ilan et al. [70] observed in "Lu-DOTATATE
therapy of 24 patients, a correlation between
tumour volume reduction and three time points

L-SPECT
Patients w/o mets.

using **Y-DOTATOC
PET-based dosimetry
added by the authors [2]
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Bone marrow absorbed dose (Gy)
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SPECT/CT-based absorbed dose. The correlation
was remarkably impressive when excluding
tumours smaller than 4 cm.

Advances in computational techniques open
the way to improved corrections methods for
7Lu SPECT/CT: analytical [71] or MC code
[72] to correct for attenuation-scattering and col-
limator penetration; deep learning algorithm in
order to reduce the acquisition time [73].

3.5.7 lodine-131

Gregory et al. [74] studied the quantitative imag-
ing of %I and 'T with different SPECT/CT sys-
tems. Cylindrical phantoms were used for
calibration factors, and 3D-printed phantom
mimicking patient’s activity distributions were
then used to analyze SPECT/CT quantitative
imaging. Their results showed that dead-time and
calibration factors varied between systems, but
that global calibration factors might be used for
SPECT/CT from the same manufacturer and with
the same crystal size.

Dewaraja et al. [75] in 39 patients with
relapsed or refractory non-Hodgkin lymphoma
treated with "*'I-tositumomab observed a clear
separation of progression-free survival for a
tumour dose threshold of 2 Gy. Doses were esti-
mated on three time points SPECT/CT using a
dose planning MC code. This low-dose threshold
is explained by the high radiosensitivity of fol-
licular lymphoma.

3.5.8 Alpha Emitters

Benabdallah et al. [76] evaluated the absolute
quantification of 22*Ra in bone metastasis therapy.
To evaluate the calibration factors, they used the
NEMA IEC body phantom with the spheres filled
with ?2Ra activity concentration ranging from
1.8 to 22.8 kBgq/mL. SPECT/CT was performed
with a camera equipped with a 5/8” crystal and
triple-energy windows around 85, 154 and
270 keV together with three additional windows
for scatter corrections. A TORSO phantom was
then used to simulate tumours with tumour to

normal tissue ratio close to clinical conditions.
They so achieved a quantification of the **’Ra
activity with an error smaller than 19%.

3.5.9 SPECT/CT-Based
Individualized Therapy
Planning

Obsolete medical dogmas are often extremely
hard to clear, the most sad stories being the
numerous decades needed to implement asepsis
in surgery [77] or to treat helicobacter infection
in peptic ulcers [78]. Even Louis Pasteur, show-
ing with his microscope the bacteria’s present on
the lancets, was not able in his lifetime to con-
vince the surgeons to wash their hands and tools
between each patient surgery. Nowadays, despite
clear evidences [79-81] and in infringement of
international authorities recommendations (ICRP
140: first main point, [82]) and rules (Directive
2013/59 Euratom: art. 56, [16]), EANM continue
to claim that radionuclide therapy is just similar
to chemotherapy, avoiding to mention SPECT/
CT in its argumentation [83].

In spite of the abundant literature evidencing
strong dose—response and toxicity relationships
joined to highly patient-dependent pharmacoki-
netics here above discussed, this persistent
dogma prevented up to recently any randomized
trial of individualized therapy planning in molec-
ular radiotherapy. Hopefully, the dynamic and
proactive radioembolization community has seri-
ously considered SPECT/CT and, by using it in
individualized therapy planning, has evidenced
impressive patient outcome improvements [84,
85].

Levillain et al. [84] performed a multicentre
retrospective analysis on 58 patients with intra-
hepatic  cholangiocarcinoma  treated  with
%Y-loaded resin spheres, 47% of them using the
empirical BSA methods and 53% using the
PmTc-MAA SPECT/CT-based partition model.
Median overall survival was 14.9 months using
the partition model, while was only 5.5 months
using the BSA method (Fig. 3.8a). They con-
cluded that SPECT/CT-based personalized activ-
ity prescription should be performed.
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Activity prescription method

— Standard dosimetry group
— Personalised dosimetry group

Personalised dosimetry median
26.6 months (95% Cl 11.7-NR)

Standard dosimetry median
10.7 months (95%Cl 6.0-16.8)

HR 0.421 (95% CI 0.215-0.826), p=0.0096

100
- BSA

—_ — Partition model — ]

S
2 50

3

)

©
o 25—

>

o

0 T T T T T T T T T 1
0 6 12 18 24 30 36 42 48 54 60 0

Time after SIRT (month) 0

Fig. 3.8 Patients’ survival after different liver radioem-
bolization planning. (a) Comparison between empirical
BSA planning and *“*Tc-MAA SPECT/CT-based parti-
tion model (reprinted from [84] with authorization of
Springer). (b) Comparison between standard dosimetry

Garin et al. [85] went one step further in con-
ducting a prospective randomized multicentre
phase 2 trial using *°Y-loaded glass spheres in
patients with HCC. Outcomes were compared
between standard dosimetry aiming 120 Gy to
the perfused lobe and personalised dosimetry
aiming to deliver at least 205 Gy to the largest
treated lesion, both using *"Tc-MAA SPECT/
CT-based dosimetry. The prespecified statistical
criterion for stopping early for efficacy occurred
after 29 and 31 patients being treated with stan-
dard and personalized dosimetry, respectively.
Median overall survival was 26.6 months in the
personalised dosimetry group, while was only
10.7 months in the standard dosimetry group
(Fig. 3.8b).

In parallel to these comparison studies, Del
Petre et al. [86], Sundlov et al. [87] and Garske-
Roman et al. [63] performed SPECT/CT-based
individualized planning ""Lu-DOTATATE ther-
apy in 52, 51 and 200 patients aiming a renal
BED = 27Gy, D = 23Gy and D = 23Gy, respec-
tively. They evidenced that applying the standard
recommendation of four 7.4GBq-cycles results
in undertreating 85, 73 and 49% of the patients.

Garske-Roman et al. [63] observed an impres-
sive progression-free survival (PFS) and overall
survival (OS) improvement of patients who were
able to reach the 23Gy renal dose limit (n = 114)
versus those who cannot due to haematological
toxicities (n = 40) (Fig. 3.9).

T T
5 10 15 20 25 30

aiming 120 Gy to the perfused lobe and personalized
dosimetry aiming at least 205 Gy in the largest treated
tumour, both using *“"Tc-MAA SPECT/CT. (reprinted
from [85] with permission of Elsevier)

The patient outcome improvement observed
in these individualized therapy planning studies
clearly proves the inadequacy of the EANM posi-
tion on radionuclide therapy [83, 88].

3.5.10 Perspectives: Compton
Cameras

Electronic collimation of dual photons emitted
in opposite directions makes PET sensitivity
and spatial resolution better than those of
SPECT by a factor of about 100 and 3, respec-
tively. Early in 1974, such electronics collima-
tion was also proposed for single photon by
using a two layers detector [89]. The first layer
is optimized to favour Compton scattering
while the second is a conventional y camera
that records the scattered gamma-ray. The
Compton relation allows deriving information
about the incoming direction and energy of the
primary gamma-ray (see [90] for a detailed
description of camera principles and recent
developments).

Compared to SPECT using conventional y
camera, Compton camera has the benefit of a
usable wide range of gamma energies from
100 keV to several MeV, of a very large FOV and
of allowing SPECT using a few camera positions,
and in theory even from a single camera
position.
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Fig. 3.9 Progression-free survival (a) and overall sur-
vival (b) in ""Lu-DOTA-octreotate therapy in relation to
absorbed dose to the kidneys, best morphological response
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according to RECIST 1.1, and proliferation rate (Ki-67
index) (reprinted from [9] with courtesy of Dr. Sundin)

Fig. 3.10 Image of a patient injected with 2.9 MBq of
223Ra (reprinted from [92] with permission of Elsevier).
(a): 30 min planar acquisition with a MGEP Anger cam-
era. b: whole-body reconstructed slice from a 10 min

However, during three decades, Compton
camera development was hampered by the lack
of electronics readout sufficiently transparent to
gamma rays in order to use efficient crystals in
the first detector layer. This bottle neck was bro-
ken in 2002 by the development of thin multi-
pixel photo counter (MPPC) [91]. Due to their
capability to image a very large FOV in once,
compact and mobile Compton cameras develop-
ment was boosted after 2011 for the Fukushima
plan survey using helicopters or drones.

Figure 3.10 shows a whole-body SPECT slice
performed post ***Ra therapy using a 22 x 22 cm?
handheld Compton camera developed for the
Fukushima plan survey [92]. A single central
camera position of 10 min and 20 cm below the
patient table was used. Simultaneous use of sev-
eral cameras will significantly increase the imag-

acquisition using a 22 x 22 cm? handheld Compton cam-
era (the left image (a) was rotated to respect orientation,
and dashed square was added to (b) by the authors to visu-
alize the size and position of the camera)

ing quality by increasing the sensitivity and the
range of sampled gamma-ray directions. As most
therapeutic o-emitters, such as ?*’Ra, »Ac and
21As, have high energy gamma-ray emitters in
their daughters cascade, Compton camera will be
the detector of choice in order to perform whole-
body 3D dosimetry post a-therapy cycle [93, 94],
allowing activity optimization for the next cycles.
Obviously, Compton cameras will also be useful
for whole-body 3D dosimetry using conventional
p-emitters.

3.6 Conclusions

These last 3 years, several dynamics teams imple-
mented SPECT/CT-based individualized plan-
ning in *°Y radioembolizations [84, 85] and in
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7TLu therapies [63, 86, 87]. Their results clearly
proved the high-interpatient dosimetry varia-
tions. Impressive patient outcome improvements
were also observed. It is extraordinary to notice
that all these teams are European, while the
EANM persists in claiming that radionuclides
therapy is similar to chemotherapy [83], even
claiming in infringement of international rules
that these therapies can be performed by ‘just
giving a net activity according to the package
insert’ [84], i.e. as such as for conventional drug
therapies.

Other recent SPECT/CT studies [62, 64] also
cleared the persistent assumption that 7’Lu can-
not be taken up by the bone marrow in
"TLu-DOTATATE therapy. Indeed, these studies
evidenced that the bone marrow dosimetry is
about fourfold higher than that estimated using
the blood-based method. Such difference was
already observed 10 years ago in **Y-DOTATOC
therapy using 3¢Y-DOTATOC PET-based dosim-
etry [2, 4]. However, this observation was com-
pletely overlooked in the Erasmus phase I/II or in
NETTER-1 phase III study, which both consid-
ered to only use the inappropriate blood-based
method.

No doubt that these breakthroughs in radionu-
clide therapies will stimulate other teams to move
to state-of-the-art dosimetry planning, a strategy
which made the success of the external beam
radiotherapy.
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4.1 Hyperparathyroidism

4.1.1 Embryology
The superior parathyroid glands (also called PIV)
are derived from the fourth branchial pouch. The
third branchial pouches give rise to the inferior
parathyroid glands (also called PIII) and the thy-
mus. The superior parathyroid glands are most
commonly found at the upper and middle third of
the thyroid lobes. The inferior parathyroid glands
are more varied in location and are usually found
near the lower pole of the thyroid lobe below the
lobe in the thyrothymic ligament. In some cases,
the migration patterns are aberrant (insufficient
or excessive), with clinical implications.
Depending on the underlying causal mecha-
nism, ectopic pathological parathyroid glands
can be found in various situations and locations.
The detection of ectopic glands by nuclear physi-
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cians, radiologists, and surgeons requires a thor-
ough knowledge of anatomy and a comprehensive
understanding of the embryological evolution.

(a) Glands located in aberrant situations due
to congenital ectopia: This is typically
observed in PIII glands that can be located in
upper (undescended thyrothymic complex)
or lower positions. Undescended PIII glands
can be located on the lateral and cranial side
of the upper thyroid lobe pole, adjacent to the
carotid sheath on its anteromedial side, and
are associated with a rudimentary thymus.
PIII glands can also be pulled down with the
thymus, into the anterior mediastinum near
the great vessels. Congenital ectopias of PIV
are rarely major ectopias that can be found
on the posterior aspect of the superior thy-
roid lobe pole in a latero-cricoid, latero-
pharyngeal, or inter-cricothyroid position.
Acquired gland ectopias: This mechanism of
migration is more commonly observed with
PIV glands and is most likely related to dis-
placement by gravity of large adenomas
against the prevertebral plane into the posterior
mediastinum. During this course, the glands
remain in very close contact with the oesopha-
gus and can even pass behind the oesophagus,
with exceptional crossing of the midline.
Supranumerary parathyroid glands:
These are mainly located in the thymus due
to fragmentation of PIII glands during
embryogenesis. They can also be located

(b)
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alongside the vagus nerve in the carotid
sheath of the neck or at lower limit sites
where the inferior laryngeal nerves recur (i.e.
subclavian artery on right side and in aorto-
pulmonary window on left side). Parathyroid
lesions can be found in close contact with the
vagus nerve or within its fibres (para or
intravagal).
Intrathyroidal: Ectopic glands may be
found in the thyroid gland, parathyroid tissue
that originated from PIV (due to excess of
migration of the gland with ultimobranchial
body), or less frequently, from a supranumer-
ary gland or a PIII gland.

(e) Parathyroid ectopia due to autotransplant
or cell dispersal: This occurs when there is
an autotransplant into the forearm (as part of
a parathyroidectomy procedure for second-
ary HPT or MEN1 syndrome) or accidental
cell grafting with subsequent parathyromato-
sis (e.g. rupture of the parathyroid capsule,
with spillage of parathyroid cells in the sur-
gical field).

(f) Metastasis from a parathyroid carcinoma.
This is usually to the lung.

(d)

4.1.2 Pathophysiology, Treatment
Goals, and Strategies

4.1.2.1 Primary Hyperparathyroidism
Sporadic primary hyperparathyroidism (pHPT)
is only rarely diagnosed before the age of 50 and
is mostly caused by solitary parathyroid adeno-
mas. Parathyroid adenomas are monoclonal
tumours which are probably related to defects in
a set of specific genes that control parathyroid
cell growth. Double adenomas are seen in about
5% of cases. Diffuse parathyroid hyperplasia
may occur in up to 10% of sporadic cases and in
all patients with MEN1 disease or with familial
hypocalciuric hypercalcaemia. Carcinomas are
rare and frequently related to mutations in
HRPT2 gene.

In sporadic cases, a clear indication for sur-
gery is most obviously for symptomatic patient.
The controversy arises with the asymptomatic
patient, and criteria have been defined by

International Workshops by the NIH taking into
account patient’s age, renal function, and bone
mineral density.

4.1.2.2 Secondary
Hyperparathyroidism

Secondary hyperparathyroidism (sHPT) is a fre-
quent and major complication for patients on
long-term haemodialysis or peritoneal dialysis.
With the decline of kidney function, sHPT devel-
ops due to a cascade of metabolic abnormalities:
(1) phosphate retention, (2) increased FGF23
(fibroblast growth factor-23) which inhibits
la-hydroxylase and calcitriol synthesis [1], (3)
the negative net calcium balance stimulates PTH
release, and (4) chronically stimulated parathy-
roid cells lose their expression of VDR (vitamin
D receptor), CaR (calcium-sensing receptor),
klotho, and FGFR1-3 and become resistant to the
inhibitory effect of vitamin D, calcium, and
FGF23 [1]. In patients on long-standing dialysis,
parathyroid growth progressively shifts from dif-
fuse hyperplasia of all parathyroid glands to
asymmetrical nodular and tumour-like monoclo-
nal growth.

The arsenal of medical treatment includes
dietary phosphorus restriction, phosphate bind-
ers, vitamin D sterols and analogues, and calci-
mimetics. Patients with intact parathyroid
hormone (iPTH), calcium and phosphate levels
within the targets set by the National Kidney
Foundation’s Kidney Disease Outcomes Quality
Initiative (NKF-K/DOQI™), have a lower risk
of mortality [2]. When medical treatment fails
to control the disease, patients with severe sHPT
are typically referred for parathyroidectomy
(PTx), which usually improves biological
parameters, as well as clinical signs and symp-
toms [3]. The success of PTx depends strongly
on the skill and experience of the surgeon,
whose goals include suppressing HPT for as
long as possible while avoiding hypoparathy-
roidism. The two most widely accepted surgical
techniques are subtotal PTx and total PTx with
autotransplantation. Neither technique has
established superiority over the other in terms of
surgical complications, or disease persistence or
recurrence [4].
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4.1.2.3 Tertiary Hyperparathyroidism

The hypercalcaemia that develops after renal
transplantation is usually transient and gradually
resolves with the involution of parathyroid hyper-
plasia. However, in about 10% of patients, HPT
persists and is also called tertiary hyperparathy-
roidism. PTx may also be necessary in a small
subset of kidney transplant patients in whom ter-
tiary hyperparathyroidism (tHPT) did not resolve
spontaneously [5].

4.1.3 Role of Parathyroid
Scintigraphy

4.1.3.1 Primary Hyperparathyroidism

Initial Surgery for pHPT

For many years, bilateral cervical exploration
with identification of the four parathyroid glands
remained the gold standard for parathyroid sur-
gery with a 95-98% long-term success rate [6].
In experienced hands, immediate failures are
mainly due to ectopic glands located inferiorly
in the mediastinum (<2% of cases) where they
are virtually inaccessible from the neck [7] or
some other major ectopy (undescended glands,
within the sheath of carotid artery, and
intrathyroidal).

In the recent years, surgical management of
patients with sporadic pHPT has moved towards
the development of focused minimally invasive
approaches, and the use of preoperative imaging
has become essential for selecting best candi-
dates [8—11]. Parathyroid ultrasonography and
scintigraphy are the imaging modalities com-
monly used for this purpose [12]. In MENI1
patients, the role of imaging is more limited since
all glands are affected by parathyroid hyperpla-
sia, and bilateral surgery is the rule. Nevertheless,
the possibility that one of the affected glands be
ectopic should not be underestimated.

Persistent or Recurrent HPT

Preoperative imaging is mandatory in the man-
agement of patients with persistent or recurrent
HPT and may include noninvasive and invasive
investigations [13—16].

4.1.3.2 Renal Hyperparathyroidism

Initial Surgery for rHPT
Unfortunately, the rate of persistent or recurrent
disease after PTx in patients with renal hyper-
parathyroidism (rHPT) is far from negligible [4,
17, 18]. Parathyroid reoperation is challenging in
this population because the rate of associated
morbidities is particularly high [17]. Some early
reports showed that parathyroid scintigraphy
could be useful before initial PTx, providing both
anatomic and functional information on individ-
ual parathyroid glands [19-21]. However, the use
of parathyroid scintigraphy prior to the initial
surgery is still debated [22, 23].

The use of parathyroid scintigraphy offers
several potential advantages:

1. Identification of the four orthotopic glands:
Identifying all four parathyroid glands in
patients with rHPT can be difficult due to the
high prevalence of nodular goitre in this
patient population and the gross appearance
of hyperplastic glands that may mimic thyroid
tissue. Failure to identify all parathyroid
glands usually results in persistent HPT [18].
Missing a parathyroid gland in the neck might
further entail a difficult and extensive
reoperation.

2. Localisation of ectopic and supernumerary
glands: When PTx is performed by an experi-
enced surgeon, the inability to identify an
ectopic or supernumerary parathyroid is the
main cause of persistence or early recurrence
[17]. The high sensitivity to visualise ectopic
parathyroid glands is considered the main
advantage of scintigraphy over ultrasound
[24].

3. Choice of the gland to be preserved: The
choice of the gland depends on its gross
appearance (the gland should be less likely to
have severe nodular hyperplasia) as well as its
anatomical situation. It is important to note
that the functional information provided by
parathyroid scintigraphy may guide surgeons
towards the most suitable gland for preserva-
tion (least active/autonomous) [19, 20, 24,
25]. However, this requires further studies.
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Persistent or Recurrent rHPT
Persistent rHPT diagnosed in the early postoper-
ative period, or during the first 6 months, results
from missed orthotopic glands, too large rem-
nant/grafts or ectopic or supernumerary macro-
scopic parathyroid glands. In patients who
undergo PTx + AT, the diagnosis of surgical fail-
ure is easy because parathyroid grafts are not
immediately functional. Delayed recurrences due
to growth of the remaining parathyroid tissue
(from remnant/grafts) or supernumerary glands
are sometimes observed after an appropriate ini-
tial PTx; this rate can reach 30% after 10 years of
continuing dialysis [4]. Recurrence may also
rarely develop from parathyromatosis, which is
caused by inadvertent rupture of the parathyroid
capsule, with spilling of parathyroid cells in the
surgical field.

Preoperative imaging is considered manda-
tory before reoperation for persistent or recurrent
disease [17, 26].

4.1.4 Planar Parathyroid
Scintigraphy

Whatever the functional imaging protocol, the
imaged field should be from the angle of the
mandible to the heart, because ectopic glands
may be widely distributed along the parathyroid
cell migration routes. In patients with recurrent
sHPT treated by PTx + AT in a muscle of the
forearm, imaging protocol should also include
acquisition over the parathyroid graft at the
forearm.

4.1.5 Dual-Phase Protocol

This approach is based on differential sestaMIBI
retention between parathyroid and thyroid tissue
[19]. SestaMIBI retention is prolonged in para-
thyroid lesions, whereas the tracer washes out
more rapidly from normal thyroid tissue.

4.1.6 Subtraction Protocol

In this protocol, *"Tc-MIBI is used in con-
junction with another tracer specific to the thy-
roid. Either technetium-99 m-pertechnetate
(**TcO,") or iodinel23 ('**I) can be used for
thyroid scintigraphy. When using *"TcO,", the
thyroid image is acquired either before or after
the *"Tc-MIBI acquisition. Patient motion
may lead to artefacts on subtraction images.
The main advantage of using '*I is that thyroid
and parathyroid images can be acquired simul-
taneously in a dual-energy window set-up
(such as 140 = 7 keV for *"TcO,~ and
164 = 7 keV for '2I). A typical protocol
includes a magnified view of the thyroid/para-
thyroid area with a pinhole collimator [20] fol-
lowed by a parallel-hole collimator large field
of view over the neck and the mediastinum.
After normalisation, '>*I (or *"TcQ,") thyroid
images are digitally subtracted from *™Tc-
MIBI images. The residual image corresponds
to the parathyroid image.

4.1.7 Sensitivity and Specificity

In pHPT, overall sensitivity of parathyroid
scintigraphy ranges from 68 to 86% [27-31],
mainly depending on gland weights and serum
PTH levels [31-38]. Subtraction method offers
at least 20% higher sensitivity than single-
tracer “dual-phase” imaging in studies with
intra-patient analysis [39—42]. Based on pub-
lished literature, the superiority of subtraction
technique is especially true as regards detec-
tion of multiple parathyroid gland disease. It
has been also suggested that secondary hyper-
plastic parathyroid glands were better detected
by dual-tracer ‘“subtraction” techniques with
sensitivities ranging between 65 and 90%
(Fig. 4.1) [13]. Studies that compared single-
tracer and dual-tracer techniques in the setting
of reoperation also found higher sensitivity for
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Fig.4.1 Subtraction protocol. Injection of 12 MBq of %I
at T = =2 h, injection of 740 of *"Tc-MIBI at TO, dual-
tracer planar pinhole acquisition (20 min acquisition).
9mTc-MIBI pinhole planar image (left), '*I pinhole planar
image (middle), and subtraction image (*"Tc-MIBI-'>T)

dual-tracer techniques [43]. False-negative
results are mainly attributed to small parathy-
roid lesions (limit of detection about 100-—
200 mg) and cystic adenomas (after necrosis or
cystic degeneration). Thymoma, metastatic or
inflammatory lymph nodes, and skeletal brown
tumours may represent rare potential false-
positive lesions.

(right). (a) Parathyroid adenoma located at the tip of the
inferior pole of the left thyroid lobe (arrow). (b)
Parathyroid adenoma located at the inner part of the right
thyroid lobe (arrow). (c¢) Typical diffuse hyperplasia
related to chronic renal failure (arrows)

4.1.8 SPECT/CT

4.1.8.1 Primary Hyperparathyroidism

SPECT/CT may provide improvement in sensi-
tivity in comparison to single-tracer planar imag-
ing, especially for posterior adenomas. In our
opinion, the use of subtraction method using '*I
and *Tc-MIBI with pinhole planar acquisition
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Fig. 4.2 PIV adenoma. (a) *"Tc-MIBI pinhole image,
(b) '>I pinhole image, (¢) subtraction, (d) Dual-isotope
SPECT/CT images (*™Tc-MIBI upper row; '’I lower
row). Planar pinhole subtraction images reveal a focal
accumulation of *"Tc-MIBI located in the inner and
lower pole of the right thyroid lobe. Note a right thyroid

(neck) followed by SPECT/CT (neck and medi-
astinum) is the most sensitive approach to detect
and localise hyperfunctioning glands. SPECT
can be performed as single-tracer imaging or as a
dual-tracer technique with simultaneous acquisi-
tion (Figs. 4.2, 4.3 and 4.4). The energy windows
for acquisition are the same as for planar and pin-
hole images [13, 40].

nodule on '’T scintigraphy. SPECT/CT demonstrates
that the parathyroid gland is prolapsed behind the thy-
roid gland and is extended posteriorly (black arrows).
This is a typical feature of PIV adenoma. Please note
absence of '*I uptake in the parathyroid adenoma (lower
row image)

SPECT/CT provides the advantage over
planar techniques to localise adenomas in the
anterior-posterior plane [44, 45], offering crit-
ical information for surgeons. SPECT may
reclassify apparently inferior adenomas (on
planar images) to superior, PIV-derived, ade-
nomas prolapsed behind the lower pole of the
thyroid gland. These adenomas can be located
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Fig. 4.3 PIV adenoma. (a) *"Tc-sestaMIBI, (b) '*I, (c)
subtraction, (d) cervico-mediastinal acquisition, (e) CT
and '?I SPECT/CT images, (f) CT and *"Tc- SPECT/CT
images. Planar pinhole subtraction images reveal a focal
accumulation of *"Tc-MIBI located in the inner part of

very deeply in the neck, in paraesophageal or
in retroesophageal locations and may be
missed by neck ultrasound (Figs. 4.2 and 4.3)
[46]. By contrast, inferior glands are mostly
located at the tip of the inferior pole of the
thyroid lobe, in the thyrothymic tract or in the
upper thymic horn, and remain anterior on
SPECT imaging (Fig. 4.4) [45]. These 3D
information may also influence the surgical
strategy such as resection via an endoscopic
lateral approach for posterior adenomas (most
often PIV-derived) or a small cervical incision
(mini-open approach) cervicotomy for PIII-
derived adenomas [47]. SPECT also enables a
better localisation of ectopic glands (Fig. 4.3).
The precise anatomic localisation of mediasti-
nal adenomas provided by SPECT/CT may
also influence the surgical strategy (mediasti-
noscopy/anterior mediastinotomy vs left tho-
racotomy) (Fig. 4.5).

Using a single-isotope protocol, SPECT/CT
acquisitions are usually performed from
10-60 min after injection of *™Tc-MIBI [48-50].
Some teams acquire both early and late SPECT

the left thyroid lobe (arrows). SPECT/CT demonstrates
that the gland is prolapsed behind the thyroid gland and is
extended posteriorly as almost all large PIV adenomas
(white arrow). This patient had nodular thyroid disease
with previous right thyroid lobectomy

images. Iterative reconstruction methods are well
suited to improve image quality. There is some
evidence that early-phase SPECT or SPECT/CT
imaging performs better than delayed imaging,
presumably because of a rapid tracer wash-out in
some  hyperfunctioning  glands  [50-52]
(Table 4.1). The use of SPECT/CT also provides
an advantage over SPECT alone in patients with
nodular goitre [54]. To minimise radiation expo-
sure, the CT part of the SPECT/CT acquisition
should probably be limited to the neck area in
cases of absence of mediastinal foci on planar
images [43].

4.1.8.2 Renal Hyperparathyroidism
SPECT/CT may increase sensitivity of single-
tracer planar imaging [43] but probably have
little impact on sensitivity in comparison to
highly sensitive subtraction protocols using
pinhole collimators [13] (Fig. 4.6). SPECT/
CT is particularly helpful as a complement to
planar imaging to pinpoint the position of
mediastinal foci and other ectopic parathyroid
glands [13].
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Fig. 4.4 MENI-related HPT. (a) " Tc-MIBI, (b) '*I, (¢)  left PIII hyperfunctioning lesion (left arrow) (d) and a
subtraction, (d and e) Dual-isotope SPECT/CT images. right PIV hyperfunctioning lesion prolapsed behind the
Planar pinhole subtraction images reveal two focal accu-  thyroid gland (right arrow) (e). Please note absence of 'I

mulation of *™Tc-MIBI located in the inferior poles of — uptake in the parathyroid lesions (lower row)
right and left thyroid lobes. SPECT/CT demonstrates a

Fig. 4.5 Parathyroid adenoma in the aortopulmonary window (arrows). SPECT and SPECT/CT fusion images
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Fig. 4.6 Secondary hyperparathyroidism. (a) Early pin-
hole images and trans-axial slices (b, from top to bottom:
SPECT, CT, and fused SPECT/CT slices) are shown.
Whereas pinhole images show an intense focus on the left

4.1.9 Conclusion Remarks

Nuclear physicians should possess thorough
knowledge of the anatomy and embryology of
parathyroid glands as well as the pathophysiol-
ogy and management of parathyroid disorders.
Refinement of parathyroid imaging studies has
led to a reassessment of their role in the manage-
ment of patients with primary and renal HPT. The
optimal parathyroid scintigraphy protocol relies
on 'Z[/mTc-MIBI planar pinhole acquisition
centred over the thyroid area followed by cervico-

side, delayed SPECT/CT acquisition clearly shows a left
parathyroid adenoma (arrow) and a second contralateral
lesion at the same level, which harbours a low MIBI
uptake (dotted arrow)

mediastinal SPECT/CT acquisition. In hyper-
parathyroidism with negative or unconclusive
findings on parathyroid scintigraphy,
BE-fluorocholine PET/CT has proven successful
as a second-line modality. There is currently a
considerable  excitement for  promoting
8F-fluorocholine PET/CT at the fore-font modal-
ity before initial PTx. This would however need
to further establish the positive medical impact of
performing this modality compared to parathy-
roid scintigraphy in this setting with integration
of medico-economic issues.
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4.2 Benign Thyroid Disorders

4.2.1 Ectopic Thyroid Tissue

Ectopic thyroid tissue is the result of abnormal
migration of the gland as it travels from the
floor of the primitive foregut to its destined
pre-tracheal position. Patients with ectopic
thyroid tissue are usually euthyroid and asymp-
tomatic but can present with signs and symp-
toms of upper aerodigestive tract obstruction.
One of the most frequent locations of ectopic
thyroid tissue is at the base of the tongue, in
particular at the region of the foramen cecum.
Most patients with lingual thyroid present with
hypothyroidism, usually in the absence of
orthotopic thyroid. They may also be euthyroid

Fig. 4.7 Lingual thyroid. (a) Whole-body planar image,
(b) trans-axial, and (c) sagittal CT and SPECT/CT images
centred over the ectopic thyroid tissue. Images were
acquired 2 h after injection of 37 MBq of '*’I in a patient

(even when no orthotopic thyroid exists) or
even hyperthyroid in patients with Graves’ dis-
ease and often revealed as recurrent hyperthy-
roidism several years after total thyroidectomy.
Ectopic tissue may also be located in the medi-
astinum and give rise to primary intrathoracic
goitre (ectopic thyroid tissue detached from a
cervical thyroid mass). Finally, ectopic thyroid
can also be detected in the lateral cervical
region (also called lateral aberrant thyroid) and
is usually regarded as metastatic lymph node
from thyroid carcinoma. Multiple ectopia of
the thyroid is extremely rare.

Scintigraphy using **TcO, or '] is the most
important diagnostic tool to detect ectopic thy-
roid tissue. SPECT/CT increases diagnostic
accuracy (Fig. 4.7).

presenting with a lump of the tongue. Scintigraphy was
performed under LT4 treatment and after injections of

recombinant human thyroid-stimulating  hormone
(Adapted with permission from Vercellino et al. [58])
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4.2.2 Intrathoracic Goitre

Intrathoracic (substernal) goitre is usually sec-
ondary, related to a retrosternal extension of a
portion of the cervical goitre. The therapy of
choice is total/near-total thyroidectomy and
subsequent levothyroxine substitution.
SPECT/CT improved the image contrast and
quantification due to attenuation and scatter
corrections and enables precise localisation
into the mediastinum (Fig. 4.8). It may also
select potential candidates to radioiodine
therapy.

Fig. 4.8 Retrosternal goitre. (a) Pinhole image (head
arrow: sternal notch landmark) and sagittal CT (b) and
SPECT/CT (c) images. SPECT/CT acquisition shows that
the retrosternal component of the goitre (yellow arrows)

4.2.3 Ovarian Teratoma

Thyroid tissue is occasionally present in ovarian
teratomas (also called ovarian goitre or struma
ovarii) with potential neoplastic transformation
into thyroid carcinoma. It can be revealed by
signs and symptoms of an adnexal mass and may
be occasionally revealed by hyperthyroidism or
post-therapy whole-body scan performed after
adjuvant B'T therapy for thyroid cancer [59].
SPECT/CT imaging may be useful to achieve a
better localisation and to limit false-positive find-
ings related to urinary elimination [60-64].

does not take up the tracer, as opposed to the remaining
right thyroid lobe (red arrows), and provides useful details
regarding the inferior limit of the goitre as well as its lim-
its with surrounding organs and great vessels
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SPECT/CT for Thyroid Cancer

Imaging

Anca M. Avram and Hatice Savas

5.1 Introduction

Thyroid cancer is the most common endocrine
malignancy in adults, with 52,890 estimated new
cases (12,720 M:F 40,170) and 2180 deaths
reported in the United States for 2020 [1]. The
incidence of thyroid cancer continues to rise,
with a 2.4-fold increase in incidence since 1975,
based largely upon detection of small (<2 cm)
tumors, which represents 87% of newly diag-
nosed cases [2, 3]. Based on histology, thyroid
cancers are characterized as 80.2% papillary,
11.4% follicular, 3.1% Hurthle cell (or oxyphil),
3.5% medullary, and 1.7% anaplastic [4]. The
5-year survival rates for well-differentiated thy-
roid cancer (WDTC), which includes papillary
thyroid cancer, follicular, and Hurthle cell his-
tologies, are 99.8% for localized tumors, 97.0%
with regional metastases, and 57.3% with distant
metastases [5]. In general, stage for stage, the
prognosis for papillary thyroid cancer and follic-
ular thyroid cancer is similar; however, certain
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histologic subtypes of papillary thyroid cancer
(such as tall cell variant, columnar cell variant,
and diffuse sclerosing variant) and highly inva-
sive follicular thyroid cancer have a worse prog-
nosis [6].

Initial therapy for thyroid cancer includes
near-total or total thyroidectomy with or without
prophylactic or therapeutic central compartment
neck dissection to remove the primary tumor and
involved cervical lymph nodes [7]. New ATA
guidelines permit withholding surgery or per-
forming only lobectomy for selective patient
population as well [7]. Therapeutic lateral neck
compartmental dissection is performed for
patients with metastatic lateral cervical lymph-
adenopathy [8-11]. Cervical nodal metastases
are present in 20-50% of patients at initial diag-
nosis, even with small <1.0 cm intra-thyroidal
tumors (microcarcinomas) [12-15]. The com-
pleteness of surgical resection is an important
determinant of outcome, because residual meta-
static lymph nodes represent the most common
site of disease persistence or recurrence [16, 17].
After initial diagnosis, staging and risk stratifica-
tion are used to individualize treatment decisions,
inform on prognosis for an individual patient,
decide on the use of postoperative 131-I therapy,
and determine the frequency and intensity of fol-
low-up [7].

The most commonly used staging system in
thyroid cancer is the TNM staging of the
American Joint Committee on Cancer/
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International Union against Cancer, currently in
its eighth edition [7, 18]. Because this staging
schema was developed to predict risk for death—
not for recurrence—and does not take into
account several independent prognostic vari-
ables, the American Thyroid Association (ATA)
has developed a three-level risk stratification
model for thyroid cancer [7]. Radioiodine (131-1)
ablation is recommended for distant metastases, a
primary tumor that is grossly invasive or larger
than 4 cm, and selected patients with 1-4-cm
tumors confined to the thyroid, with documented
nodal metastases or other high-risk features. The
ATA guidelines recommend against 131-I abla-
tion for unifocal or multifocal microcarcinomas
without high-risk features [7, 19, 20]. Surveillance
of WDTC is usually performed using a combina-
tion of radioiodine scintigraphy, neck ultrasound,
biochemical thyroglobulin (Tg) levels, and 18-F
fluorodeoxyglucose (FDG) PET imaging.

5.2 Radioiodine SPECT/CT
Radionuclide imaging as traditionally performed
with planar imaging using 131-I has suboptimal
spatial resolution, and image quality is further
degraded by septal penetration by energetic
364 keV gamma emissions. The paucity of ana-
tomical information on radioiodine scans makes
interpretation challenging; similarly, lesion local-
ization with SPECT is also difficult and not used
routinely. Furthermore, diagnostic CT has had a
limited role in evaluation of WDTC due to the
necessity to avoid iodinated contrast and the fre-
quency of nodal metastases in non-enlarged cervi-
cal lymph nodes (<10 mm). Despite these
individual limitations, the synergistic combination
of functional and anatomical information provided
by integrated SPECT/CT has been found to have
many advantages over traditional planar imaging
in various clinical settings. Optimal co-registration
of tomographic volumes of data obtained by
gamma-cameras with inline CT, with the patient in
the same bed position, allows precise anatomic
localization of radioactive foci. Additional benefits
include CT-based attenuation correction and mor-
phologic information from unenhanced CT with
reduced milliampere seconds (mAs) and kilovolt-
age (kV) settings.

A growing number of studies confirm that radio-
iodine 131-I SPECT/CT is a powerful diagnostic
tool, overcoming many limitations encountered
with planar imaging interpretation [21-47]. Several
excellent reviews of the clinical applications of
hybrid 131-1/123-1 SPECT/CT for imaging thyroid
cancer provide context and outline the advantages
of SPECT/CT imaging [41, 48-52]. 131-1 SPECT/
CT has been performed both at the time of first
radioablation after total thyroidectomy and during
long-term imaging surveillance, using either diag-
nostic activities between 37 and 450 MBq or post-
therapy activities ranging from 1.1 to 8.1+ GBq.
Advantages of SPECT/CT applied either selectively
or routinely to planar scintigraphy studies have been
consistently reported, with precise anatomic local-
ization of foci of radioactivity allowing more accu-
rate assignment of the findings as benign (thyroid
remnants or normal physiologic distribution), or
metastases in cervical nodes or at distant sites. One
of the strengths of 131-I SPECT/CT is to substan-
tially reduce the equivocal findings frequently
reported on planar imaging. When unusual radioio-
dine biodistributions are encountered and a physio-
logic mimic of disease is suspected, SPECT/CT
clarifies the interpretation of planar images, thereby
avoiding false-positive diagnoses. SPECT/CT can
solve difficult diagnostic interpretations and reveal
metastatic lesions to unexpected sites or tissues.
Due to CT-based attenuation correction, occasion-
ally SPECT/CT can reveal more foci of pathologic
activity as compared to planar studies. An integrated
assessment of the size and iodine avidity of meta-
static lesions based on the analysis of CT and
SPECT components of the hybrid SPECT/CT study
provides information about the likelihood of
response to 131-I therapy and guides management
decisions on alternative therapeutic options such as
surgical excision for large metastases or external-
beam radiation therapy for non-resectable and non—
iodine-avid metastatic deposits.

5.3  Early Use of Radioiodine

SPECT/CT

The use of radioiodine SPECT/CT in thyroid
cancer was first reported by Even-Sapir et al. in
a subgroup of 4 of 27 patients in whom SPECT/
CT imaging was performed to evaluate endo-
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crine neoplasms [53]. Subsequently, multiple
studies have reported the incremental diagnos-
tic value of SPECT/CT in patients with
WDTC. The initial reports described the
advantages of SPECT/CT applied to post-ther-
apy 131-I scintigraphy: in a study evaluating
co-registration of separately acquired SPECT
and CT data with the aid of external fiducial
markers, combined SPECT/CT improved diag-
nostic evaluation compared with SPECT alone
in 15 of 17 patients (88%) [42]. Similarly, in a
series of 25 patients with post-therapy 131-I
scans, SPECT/CT improved diagnostic inter-
pretation compared with planar images in 44%
of radioactive foci, resulting in a change in
management in 25% of patients [32]. In a study
of 71 patients, of whom 54 had post-therapy
imaging and 17 had diagnostic 131-I imaging,
Tharp et al. described the incremental diagnos-
tic value for SPECT/CT over planar imaging in
57% of patients [36]. One clear advantage of
SPECT/CT reported by early investigators and
confirmed in subsequent studies is its ability to
substantially reduce the number of equivocal
foci seen on planar imaging alone. Chen et al.
reported that SPECT/CT accurately character-
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Fig. 5.1 Pre-ablation 131-I SPECT/CT imaging in a
65-year-old-woman with a 1.2 cm papillary thyroid can-
cer with capsular and vascular invasion, no extra-thyroidal
extension, and positive surgical margins; no pathologic
evidence for nodal disease (0/3 central nodes submitted);
pT1b NO Mx Stage 1. Planar anterior (a) and posterior (b)
images depict two foci of neck activity (arrows) corre-
sponding on SPECT/CT (c—e) to soft tissue in bilateral
thyroid bed (arrows) compatible with remnant thyroid tis-
sue. However, more inferiorly, the SPECT/CT demon-

ized 85% of foci considered inconclusive on
planar imaging, resulting in altered manage-
ment for 47% patients [25]. Aide et al. ana-
lyzed 55 patients studied with post-therapy
131-I scans, finding 29% indeterminate results
on planar imaging and only 7% with SPECT/
CT. Of the 16 patients with indeterminate pla-
nar scans, reclassification with SPECT/CT as
positive or negative for disease correlated with
the success or failure of radioiodine treatment
at follow-up [22]. Our own experience has
been primarily with diagnostic pre-ablation
131-I SPECT/CT performed after total thy-
roidectomy and prior to the first radioablation.
In this setting, pre-ablation 131-I scans with
SPECT/CT are used to complete postsurgical
staging and guide subsequent 131-I therapy. In
the neck region, we found incremental value of
SPECT/CT over planar imaging in 53/130
(41%) of neck foci and described the typical
appearances of thyroglossal duct remnant and
thyroid bed remnant, which have long been
recognized on planar imaging but are often dif-
ficult to distinguish from neck nodal metasta-
ses with confidence in the absence of SPECT/
CT data [40, 41] (Fig. 5.1).

strates two enlarged, partially calcified lymph nodes in the
left lower neck (g, h, arrows), consistent with partially
calcified metastatic cervical level IV lymph nodes, restag-
ing: T1b N1b MO, Stage IV A disease. SPECT/CT is able
to detect residual non—iodine-avid metastatic disease in
patients with elevated thyroglobulin levels out of propor-
tion to the focal activity seen on radioiodine scan. The
patient was referred for surgical resection of non-iodine
cervical nodal metastases. SPECT/CT can distinguish
remnant thyroid tissue from nodal metastases
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5.4  Utility of Post-therapy

Radioiodine SPECT/CT

The majority of published reports on the utility of
SPECT/CT are based on hybrid imaging per-
formed on post-therapy scans following adminis-
tration of therapeutic 131-I dosages. Maruoka
et al. studied 147 patients with post-therapy 131-1
SPECT/CT imaging. Compared to planar whole-
body scans, SPECT/CT clarified all 25 equivocal
interpretations in the neck region as either
regional lymph nodes or thyroid remnant. For
distant foci, SPECT/CT corrected the interpreta-
tion in 21/52 (40%) foci, identifying both metas-
tases and benign physiological mimics, including
20 foci that were equivocal on planar imaging
[28].

Kohlfuerst et al. reported on the impact of
post-therapy SPECT/CT in a group of 41 patients:
in 33 patients with neck lesions, SPECT/CT
changed the N status in 12 (36.4%) and led to a
treatment change in 8 (24.2%); in 19 patients
with lesions distant from the neck, SPECT/CT
changed the M status in 4 (21.1%) and led to a
treatment change in 2 (10.5%); and for the entire
group of 41 patients, SPECT/CT led to a treat-
ment change in 10 (24.4%) [27]. Schmidt et al.
published a study on nodal staging in 57 patients
who underwent planar imaging and SPECT/CT
after the first radioablation and concluded that
SPECT/CT determines lymph nodal status more
accurately than planar imaging: 6 of 11 lesions
previously considered nodal metastases on planar
imaging were reclassified as benign, and 11 of 15
lesions considered indeterminate on planar imag-
ing were reclassified as nodal metastases;
SPECT/CT provided information that clarified
nodal status in 20 of 57 patients (35%), which
resulted in a change in risk stratification in 25%
[34]. Furthermore, the same group determined
that the information obtained with 131-I SPECT/
CT performed at the first radioablation can pre-
dict the occurrence or persistence of iodine-avid
cervical nodal metastases in subsequent follow-
up: 94% of nodal metastatic deposits smaller
than 0.9 mL were eliminated after radioablation,
whereas nodal metastases exceeding this size
were less likely to completely resolve with 131-1

therapy [33]. Consequently, the size information
obtained on CT data from the SPECT/CT study
can be used to guide patient selection for excision
of larger metastatic deposits. SPECT/CT
improved anatomic localization of radioactive
foci seen on planar post-therapy scans in 21% of
cases, as demonstrated by Wang et al. in a study
of 94 patients; in addition, SPECT/CT identified
new metastatic foci unsuspected on planar imag-
ing in 7% of patients. Most importantly, the addi-
tional information obtained with SPECT/CT
resulted in reconsideration of the therapeutic
approach in 22 of 94 patients (23%) [37].

The use of post-therapy SPECT/CT at the first
radioablation has provided information on the
incidence of nodal metastases in patients with T1
tumors (<2 cm, limited to the thyroid). The most
commonly occurring papillary thyroid cancer in
the United States is now microcarcinoma (Tla
tumors, <1.0 cm); 45% of tumors in older
patients (age >45 years) and 34% of tumors in
younger patients (age <45 years) are microcarci-
nomas [54]. Although the long-term outcome of
papillary microcarcinoma is excellent, it fre-
quently spreads to cervical lymph nodes, as doc-
umented in 40.9% of cases in a series of 445
patients [14], and may occasionally metastasize
to distant sites [55-58]. In a large, bicentric study
of 151 patients, using a combination of nodal
staging based on histopathology (pN1) (in 46%
patients who underwent surgical neck dissection)
and SPECT/CT imaging information (in 54%
patients who did not undergo neck dissection),
Mustafa et al. reported that nodal metastases
occurred in 26% of T1 tumors and in 22% of
microcarcinomas [30].

The effect of post-therapy 131-1 SPECT/CT
on American Thyroid Association (ATA) risk
classification was assessed by Grewal et al. in a
group of 148 intermediate- and high-risk
patients (as initially determined based on clini-
cal and histopathology criteria); 74% of patients
underwent a first radioablation after total thy-
roidectomy, while 26% exhibited a rising trend
in thyroglobulin levels and received 131-I ther-
apy for treatment of presumed recurrent or met-
astatic disease. SPECT/CT changed nodal status
in 15% of the postsurgical patients and in 21%
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of patients suspected of recurrent tumor. Based
on the SPECT/CT findings, the ATA risk classi-
fication changed due to upstaging in 7 of 109
patients (6.4%). Importantly, review of the CT
images of the SPECT/CT study identified non—
iodine-avid metastases in 32 of 148 patients
(22%) and permitted lesion size determination.
Additional imaging studies were avoided in
48% of patients [43]. Ciappucinni et al. demon-
strated that post-ablation scintigraphy (planar
and SPECT/CT) has prognostic value for pre-
dicting the therapeutic outcome of patients with
thyroid cancer after total thyroidectomy and
first radioablation. In 170 patients followed for a
median of 29 months (range, 1.5-4.5 years)
after initial 131-I ablative therapy, 32 (19%)
patients presented with persistent or recurrent
disease in subsequent follow-up: 18 with nodal
metastases, 8 with distant metastases, and 6
with both nodal and distant metastases. In all
patients free of disease at follow-up evaluations,
initial post-ablative SPECT/CT was negative or
equivocal for disease [26]. However, SPECT/
CT was positive for disease in 78% of patients
identified with persistent or recurrent disease at
follow-up; post-therapy 131-I whole body scan
(WBS) was negative in 22% with persistent or
recurrent disease due to the presence of non—
iodine-avid metastases, also reported by other
groups in 20-30% of patients [43, 59]. The
authors conclude that post-ablation scintigraphy
(planar WBS and SPECT/CT) has 78% sensitiv-
ity and 100% specificity for predicting recurrent
or persistent disease and is the sole independent
prognostic variable for disease-free survival
[26]. In a group of 42 patients studied with dual-
phase post-therapy scans (performed at 3 and
7 days after therapeutic 131-I administration),
SPECT/CT improved the interpretation of pla-
nar images regarding characterization of focal
radioiodine accumulations as benign or malig-
nant [44].

In arecent study with 323 patients, Szujo et al.
evaluated the role of post-radioiodine therapy
SPECT/CT of patients with WDTC in early-risk
classification and in prediction of late prognosis.
They performed both whole-body planar and
neck/chest/abdomen SPECT/CT 3-6 days after

the first radioactive iodine treatment. The patients
were reevaluated 9—-12 months later as well as at
the end of follow-up (median 37 months). On the
post-radioiodine therapy SPECT/CT, lymph
node, lung, and bone involvement were detected
in 22% of the patients including 61, 13, and 5
patients, respectively, resulting in early reclassifi-
cation of 115 cases (36%). No evidence of dis-
ease was found in 251 cases at 9—12 months after
radioiodine treatment and 269 patients at the end
of follow-up. To predict residual disease at the
end of follow-up, the sensitivities, specificities,
and diagnostic accuracies of the current risk clas-
sification systems and SPECT/CT were: ATA:
77%, 47%, and 53%; ETA: 70%, 62%, and 64%;
SPECT/CT: 61%, 88%, and 83%, respectively.
Based on the study, the accuracy of post-
radioiodine SPECT/CT outweighs that of the
currently used ATA and ETA risk classification
systems in the prediction of long-term outcome
of DTC [60].

On a recent prospective study done in Greece,
Malamitsi et al. aim to evaluate diagnostic accu-
racy of post-ablation SPECT/CT as compared to
whole-body planar scan in N and M staging. The
group also compared SPECT/CT to planar WBS
to predict relapse of papillary thyroid cancer by
following up the patients for 5 years. On the total
number of abnormal uptake, WBS gave 27 false-
positive (7.76%) and 23 false-negative (6.61%)
results. On cross tabulation of NM stage through
WBS and SPECT/CT, the study showed only 24
patients with NOMO stage and 6 patients with
NIMO stage were classified correctly in the same
stage by both methods. Considering N stage,
there were 8 cases of upstaging from NO to N1
and 14 cases of downstaging on SPECT/CT from
N1 to NO. Considering M stage, there were 5
cases of upstaging from MO to M1 and 2 cases of
downstaging from M1 to MO. The agreement
between the two methods was very low. The
accuracy in determining NM stage was low on
WBS (51.72%), while that of SPECT/CT 100%,
respectively. There was a statistically significant
difference in relapse by NM stage when assessed
with SPECT/CT (p = 0.033), while with WBS
this difference was not significant (p = 0.209)
[46] (Table 5.1).
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Table 5.1 summarizes the results of studies
reporting on the use of post-therapy 131-I scin-
tigraphy with SPECT/CT.

5.5  Utility of Diagnostic and Pre-
ablation Radioiodine

SPECT/CT

As emphasized on Martinique Principles, diag-
nostic radioactive iodine imaging has been
shown to contribute to staging and risk stratifi-
cation, especially by detection of unsuspected
lymph node and distant metastases [20].
Surveillance diagnostic 131-I planar imaging
is considered to have sensitivity for disease
detection ranging between 45% and 75%
(depending on the activity dose administered)
and a high specificity of 96% and 100% [35,
36, 61-64]. Another radioiodine isotope,
iodine-123 (123-I), may also be used for diag-
nostic imaging, with the advantages of a lower
energy gamma emission and less likelihood for
thyroidal tissue stunning. 123-1 photon energy
of 159 keV is better suited to modern gamma
camera equipment; using low-energy, high-
resolution collimators permit acquisition of
high-quality images. Drawbacks of the use of
123-1 are higher costs and a short half-life of
13 h, precluding multiday imaging and increas-
ing the complexity of dosimetry calculations.
Barwick et al. demonstrated in a group of 79
consecutive patients studied with surveillance
123-I planar imaging, SPECT, and SPECT/CT
that SPECT/CT provided additional diagnostic
information in 42% patients and provided fur-
ther characterization in 70% foci seen on pla-
nar images. The authors calculated the
diagnostic performance of SPECT/CT com-
pared with planar scans and SPECT alone: pla-
nar studies demonstrated a sensitivity of 41%,
specificity of 68%, and accuracy of 61%;
SPECT studies demonstrated a sensitivity of
45%, specificity of 89%, and accuracy of 78%;
SPECT/CT provided significant improvement
in specificity, with a calculated sensitivity of
50%, specificity of 100%), and accuracy of 87%
(the study group included 11 patients with

non—iodine-avid disease demonstrated on ana-
tomic imaging and elevated thyroglobulin lev-
els) [23].

As with post-therapy 131-1 scans, the incre-
mental value of SPECT/CT as compared with
planar WBS in the diagnostic or pre-ablative set-
ting, results from improved identification and
interpretation of focal uptake, correct anatomic
localization and characterization of radioactive
foci, and precise differentiation between meta-
static lesions versus benign uptake in thyroid
remnant tissue or physiologic radioiodine distri-
bution in normal organs. Menges et al. reported
on the results of 139 scans with SPECT/CT per-
formed in 123 patients: 82 studies were per-
formed for diagnostic follow up evaluation
(follow-up diagnostic scans) after radioablation
and 57 studies were performed after 131-I ther-
apy (post-therapy scans). The sensitivity of pla-
nar and SPECT/CT images were both 62%, with
no additional detection of iodine-avid lesions on
SPECT/CT compared to planar [29]. However,
when non-iodine-avid disease in 27 patients was
included in the analysis, SPECT/CT improved
sensitivity from 61% to 74%. The main benefit of
SPECT/CT was significantly higher specificity
than the planar images, 94% versus 74%. We
have observed that occasionally SPECT/CT
reveals new foci of activity as compared to planar
images, particularly when additional anatomic
information based on CT dataset increases diag-
nostic certainty for identification of a new lesion
(Fig. 5.2). In a group of 117 patients studied with
surveillance planar WBS and SPECT/CT (of
whom 108 patients underwent diagnostic 123-1
and 9 patients underwent post-therapy 131-I
scans), Spanu et al. demonstrated that SPECT/
CT has incremental value over planar scanning in
67.8% of patients. SPECT/CT identified more
foci of pathologic activity (158 foci on SPECT/
CT compared with only 116 foci on planar imag-
ing), changed the treatment approach in 35.6% of
patients with disease, and led to avoidance of
unnecessary 131-I therapy in 20% of patients
without disease [35]. The use of SPECT/CT tech-
nology permitted identification of parapharyn-
geal metastases in 14 of 561 patients (2.5%); in
this group, the presence of parapharyngeal metas-
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Fig. 5.2 Pre-ablation 131-I SPECT/CT imaging in a
56-year-old-man with a 7.5 cm minimally invasive follic-
ular thyroid cancer in the left lobe with vascular and cap-
sular invasion, extra-thyroidal extension, and negative
surgical margins; with central compartment nodal disease
(34/3 central nodes submitted); pT3 Nla Mx, Stage III
disease. Planar posterior chest image (a) depicts faint
midline activity in the thorax (arrows) with an appearance
suggestive of retained secretions in the esophagus.
Correlative axial SPECT (b), axial CT (c¢), and fused

-

Fig.5.3 Pre-ablation 131-I SPECT/CT scan ina71-year-
old-man with multifocal papillary thyroid cancer, the larg-
est lesion measuring 3.0 cm in the left lobe, with
extra-thyroidal extension, and negative surgical margins;
8+/21 central and 4+/8 left lateral metastatic lymph nodes
were resected; pT3 N1b Mx, Stage IV A disease. Planar
scan (a) depicts two foci of neck activity with the superior
focus (arrow) corresponding on SPECT/CT (b—d) to a
small iodine-avid cervical level IIA lymph node adjacent

tases was associated with regional or distant
metastases [31]. Identification of parapharyngeal
lymph node metastases on SPECT/CT is particu-
larly relevant, as these metastatic nodal deposits
may remain undetected on routine neck ultra-
sound (Fig. 5.3).

In a group of 53 postsurgical patients stud-
ied with SPECT/CT at the first radioablation
(47 with pre-ablation scans, and 6 with post-
therapy scans), Wong et al. demonstrated
incremental diagnostic value for SPECT/CT
over planar imaging for interpretation of 47.6%
of foci, as follows: in 53 of 130 neck activity
foci (41%) and 17 of 17 distant foci (100%),

A. M. Avram and H. Savas

SPECT/CT (d) demonstrate two adjacent foci in the tho-
rax, the first is more intense and localizes to the esophagus
compatible with retained secretions (long arrow); how-
ever, the second mild focus localizes to a sclerotic focus in
the thoracic vertebra compatible with bone metastasis
(short arrow). Restaging: T3 Nla M1, Stage IVC disease,
leading to administration of 131-1 therapy based on
dosimetry calculations. Subsequent 131-I scan obtained at
6 months after 230 mCi (8.5 GBq) 131-I therapy docu-
mented interval resolution of bone metastasis (not shown)

to the horn of the hyoid bone (arrows). Although pre-
ablation I-131 scan did not alter the TNM Stage, the dem-
onstration of an iodine-avid target in the left neck allowed
selection of a medium 131-I activity for treatment, instead
of low-dose 131-1 remnant ablation. The more inferior
neck focus was localized to the thyroid bed compatible
with remnant thyroid tissue. SPECT/CT allows accurate
identification of the epicenter of uptake for precise ana-
tomic lesion localization

SPECT/CT provided clear anatomic lesion
localization and lesion size measurement for
predicting the likelihood of response to 131-1
therapy. Rapid exclusion of physiologic activ-
ity or contamination resulted in elimination of
equivocal interpretations on planar scans.
Reader confidence increased for interpretation
of 104 of 147 foci (71%) seen on planar images
after the review of SPECT/CT [40]. This study
also demonstrated that SPECT/CT imaging
using low diagnostic 131-I activity (37 MBq,
1 mCi) is feasible and produces images of
excellent diagnostic quality. The same investi-
gators used pre-ablation 131-1 scans with
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SPECT/CT to complement clinical and histo-
pathological data in order to complete staging
and risk stratification before radioablation
[39]. The patients were staged according to the
TNM system using three levels of sequential
information: histopathology and chest radiog-
raphy, planar WBS, and SPECT/CT. The
patients were restaged according to the find-
ings on 131-I scintigraphy (planar alone, fol-
lowed by combined planar and SPECT/CT
information). Compared with histopathologic
analysis, planar imaging and SPECT/CT
changed the postsurgical thyroid cancer stage
for 21% of patients. Identification of unsus-
pected nodal and distant metastases resulted in
prescription of appropriately higher therapeu-
tic activities whereas demonstration of residual
thyroid tissue (i.e., thyroid remnant) in the
absence of high-risk histopathologic features
reduced the 131-I ablative dose or eliminated
the need for ablation. Information obtained
from the diagnostic pre-ablation planar WBS
and SPECT/CT scans changed the prescribed
radioactivity in 58% patients, as compared
with the initially proposed therapy based on
histopathologic risk stratification alone.

In a larger cohort of 320 patients studied with
pre-ablation 131-I scans, the impact of diagnos-
tic pre-ablation 131-I planar and SPECT/CT
scintigraphy on N and M scores, and TNM stage
was assessed in younger age <45 years, n = 138
(43%) and older age >45 years, n = 182 (57%)
patients [65]. Subgroup analysis regarding the
detection of regional and distant metastases for
small tumors was also performed in 49 patients
(15%) with Tla (size <1.0 cm) and 67 patients
(21%) with T1b (size >1.0 and <2.0 cm).The
study demonstrated that in younger patients pre-
ablation 131-I scans with SPECT/CT detected
distant metastases in 5/138 patients (4%), and
nodal metastases in 61/138 patients (44%),
including unsuspected nodal metastases in 24 of
63 (38%) patients initially assigned pNO or pNx.
In older patients, distant metastases were
detected in 18/182 patients (10%), and nodal
metastases in 51/182 patients (28%), including
unsuspected nodal metastases in 26 of 108

(24%) patients initially assigned pNO or pNx.
Pre-ablation scans with SPECT/CT detected
distant metastases in 2/49 (4%) Tla and 3/67
(4.5%) T1b patients.

For the entire group of 320 patients, pre-
ablation 131-I scans with SPECT/CT detected
regional metastases in 35%, and distant metasta-
ses in 8% of patients. Information acquired with
pre-ablation scans changed staging in 4% of
younger, and 25% of older patients. In summary,
pre-ablation planar and SPECT/CT imaging con-
tributed to staging in thyroid cancer and facili-
tated the selective use of 131-I therapy for
targeting regional and distant metastases identi-
fied with radioiodine scintigraphy.

Diagnostic pre-ablation 131-I scans are
unlikely to underestimate the extent of metastatic
disease, as demonstrated by the high concor-
dance rate (94%) between pre-ablation and post-
therapy scans. In only 2% of patients did
post-therapy scans reveal metastatic lesions
which upstaged disease status as compared to
diagnostic 131-I scan. When SPECT/CT technol-
ogy is applied to pre-ablation WBS scans, the
information obtained completes postsurgical
staging before management decisions regarding
131-1I therapy are made. Performing diagnostic
radioiodine scans with planar and SPECT/CT
imaging provides the opportunity to identify
patients with unsuspected regional and distant
metastases, defines the target of 131-I therapy,
and permits adjustment of prescribed therapeutic
radioactivity and dosimetry calculations, when
high-dose 131-I therapy is considered [39, 66].
Avoidance of unnecessary 131-I therapy is
equally important for patients in whom residual
and/or metastatic disease has been excluded.
SPECT/CT improves characterization of focal
central neck activity as benign thyroid remnant
when pathology review demonstrates no evi-
dence of extra-thyroidal tumor extension and
negative surgical excision margins, justifying
omission of radioiodine administration in such
patients [49] (Table 5.2).

Table 5.2 summarizes the results of studies
reporting on the use of diagnostic radioiodine
scintigraphy with SPECT/CT.
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5.6 SPECT/CT Evaluation
of Unusual Radioactive

Distributions

Unusual patterns of radioiodine biodistribution
which mimic metastatic disease are well recog-
nized and may raise a diagnostic dilemma for
interpretation of planar radioiodine scintigraphy
[67, 68]. Physiological radioiodine activity is
seen in salivary glands, mucosa, breast, thymus,
stomach, bowel, kidneys, and bladder. Salivary
and urinary contamination should also be consid-
ered when unexpected focal activity distribution
occurs. SPECT/CT is an excellent diagnostic tool
for rapid evaluation of suspected physiologic
mimics and can accurately localize radioiodine
distribution to salivary glands, dental fillings,
nasolacrimal secretions, retrosternal goiter,
esophageal or airway secretions, hiatal hernias,
bowel diverticula, breast, skin contamination,
and benign uptake related to radioiodine reten-
tion in cysts, bronchiectasis, esophageal diver-
ticulum, thymus, spermatocele, functional
ovarian cyst, benign struma ovarii, teratoma, or
menstruating uterus [38, 40, 69-78]. Several

authors have demonstrated the utility of SPECT/
CT for the evaluation of cryptic findings on
radioiodine scintigraphy [24] including a wide
range of physiological mimics of disease [79]. In
a pictorial review of radioiodine scintigraphy for
thyroid cancer evaluation, we have demonstrated
the utility of SPECT/CT imaging for problem-
solving in difficult interpretation cases, including
salient examples of focal radioiodine uptake in
the neck, thorax, and body, where benign and
pathological etiologies are virtually indistin-
guishable on planar imaging, yet easily charac-
terized with SPECT/CT [80].

Several reports outline the usefulness of
SPECT/CT for revealing unusual metastatic
lesions in the liver, kidney, central nervous system,
erector spinae muscle, and rectus abdominis mus-
cle [81-85]. SPECT/CT is useful for evaluation of
distant metastatic disease [25, 27, 35, 37, 40, 86,
87]. SPECT/CT can confirm osseous and pulmo-
nary sites of metastases, providing additional ana-
tomical diagnostic information to guide
management decisions. In the thorax, SPECT/CT
can precisely localize malignancy to bone (ribs or
spine), lung, or mediastinal lymph nodes (Fig. 5.4).

Fig.5.4 Pre-ablation 131-I scan in a 19-year-old-woman
with unifocal papillary thyroid cancer (2 cm tumor in the
left lobe with focal lymphovascular invasion and extrathy-
roidal extension) associated with lymph nodal metastases
in the left neck at presentation: 3+/17 lymph nodes
resected in the surgical specimen of total thyroidectomy;
T3 N1b Mx, Stage I disease. Planar anterior (a) and pos-
terior (b) images demonstrate the presence of pulmonary

metastatic disease. T1b NIb M1, Stage II disease.
Correlative coronal, axial CT (¢ and e), and fused SPECT/
CT (d and f) images reveal multifocal chest activity cor-
responding to multiple bilateral pulmonary nodules, the
largest of which measures 5 mm. Identification of unsus-
pected pulmonary metastases on pre-ablation scan permit-
ted administration of high-dose 131-I therapy based on
dosimetry calculations
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5.7 Changes to Clinical

Management

Most of the changes in the new eighth edition
of the American Joint Committee on Cancer/
International Union against Cancer will be to
downstage a significant number of patients into
lower stages and aim to reflect their low risk of
dying from thyroid cancer more accurately. It
is important to remember that the risk of death
from thyroid cancer does not match the risk of
recurrence in many patients. Therefore, more
individualized and accurate assessments of the
risk of recurrence and dying from the disease
should have a substantial impact on both initial
therapeutic decision-making (e.g., extent of
thyroid surgery, need for radioactive iodine
treatment, and/or need for TSH suppressive
therapy) and on follow-up management strate-
gies [18]. In conjunction with pre-ablation or
post-therapy scans, SPECT/CT has been used
for completion of thyroid cancer staging,
impacting clinical management, and providing
important prognostic information. It is a pow-
erful diagnostic tool which allows precise
localization of radioactivity and improved
characterization of benign and malignant
radioactivity distributions compared to planar
imaging. Routine implementation of SPECT/
CT imaging with radioiodine scintigraphy may
lead to reassessment of current management
protocols in thyroid cancer. The use of radioio-
dine SPECT/CT has been reported to change
clinical management in a significant numbers
of patients, both when used routinely on all
consecutive patients and when used on selected
patients with inconclusive planar images.
Potential changes in management include deci-
sions such as administration or withholding
radioiodine treatment, referral for surgical
reintervention and guiding the extent of sur-
gery, patient selection for external-beam radia-
tion therapy, and the use of alternative imaging
strategies such as 18F-FDG PET/CT when
non—iodine-avid metastatic disease is sus-
pected. Depending on the clinical context, the
timing of the radioiodine scan (pre-ablation or
post-therapy), and the therapeutic protocols at
each institution, a change in management has

been reported in 11-58% patients in various
studies [24, 26, 28, 33, 36, 37, 40, 51].
Radioiodine SPECT/CT also provides prog-
nostic information regarding success of radioio-
dine treatment as determined by clinical
follow-up and surveillance diagnostic 131-I
whole-body imaging. Schmidt et al. using short-
term follow-up reported that almost all patients
with negative post-therapy SPECT/CT (60/61
patients) had a negative 5-month diagnostic
131-I scan, and even the majority with positive
post-therapy SPECT-CT (17/20 patients) still
had negative diagnostic scan [33]. The authors
identified a neck nodal volume of <0.9 mL on
SPECT/CT to be highly likely to respond to
131-I therapy and commented that surgical rein-
tervention for resection of lymph nodal metasta-
ses of this size would be excessive. The positivity
or negativity for disease as determined by post-
therapy SPECT/CT correlated more closely to
success or failure of radioiodine treatment than
the planar imaging findings [22]. Identification
of unsuspected distant metastases in 4% of
younger patients and 10% of older patients was
associated with an upstage in disease status and
led to prescription of therapeutic 131-I activity
based on dosimetric calculations. In patients for
whom 131-I therapy is considered based on his-
topathologic prognostic factors, pre-ablation
131-I scintigraphy can detect metastases in nor-
mal-size cervical lymph nodes (which may not
appear suspicious on postoperative neck ultra-
sonography), can identify pulmonary micro-
metastases (which are too small to be detected
on routine chest X-ray and may remain unde-
tected on computed tomography), and can diag-
nose bone metastases at an early stage before
cortical disruption is identified on bone X-rays.
The information obtained with diagnostic radio-
iodine studies has the potential to impact man-
agement decisions, e.g., whether to proceed or
omit therapeutic 131-1 administration, refer for
surgical debulking prior to 131-I therapy, or per-
form additional imaging studies when non—
iodine-avid disease is demonstrated by negative
radioiodine scans but elevated thyroglobulin
levels. The benefits of obtaining this informa-
tion at an early postoperative time point in the
disease process are not negligible, because
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131-I therapy is most effective for smaller meta-

To determine the effectiveness of a manage-

static deposits, and early identification of ment strategy based on radiotheragnostics prin-

regional and distant metastases is important for
successful therapy [33, 88] (Fig. 5.5).

Fig. 5.5 Diagnostic 131-I SPECT/CT imaging in a
56-year-old-woman with 1.2 cm papillary thyroid cancer
without capsular invasion, no extra-thyroidal extension,
and negative surgical margins; no pathologic evidence for
nodal disease (0/3 central nodes submitted); pT1b NO MO,
Stage I disease. Planar scan (a) depicts focal neck activity
characterized on SPECT/CT as remnant thyroid tissue.
There is a faint focus of uptake in the right lower thorax
on planar anterior whole-body image (arrow) Correlative
axial SPECT (b), CT (c¢), and fused SPECT/CT (d) reveal

ciples, Avram et al. analyzed their routine
evaluation with postoperative diagnostic 131-I

focal activity in the liver corresponding to a 0.8 cm
hypodense lesion (arrows) also confirmed on liver US and
MRI, consistent with hepatic metastasis. Restaging: T1b
NO M1, Stage IVC disease. Identification of unsuspected
hepatic metastasis on pre-ablation scan permitted admin-
istration of high-dose 131-I therapy instead of low-dose
131-I remnant ablation. Subsequent 131-I scan obtained
at 6 months after 200 mCi (7.4 GBq) 131-I therapy con-
firmed interval resolution of liver metastasis (not shown)
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SPECT/CT scans for completion of staging and
risk stratification and individualized 131-I ther-
apy guided by diagnostic scan findings in addi-
tion to surgical pathology and postoperative
stimulated thyroglobulin (Tg) levels on 320
patients. The study showed that the patient-
individualized therapeutic strategy is associated
with good clinical outcomes with complete
response after a single postoperative 131-I treat-
ment in 88% of patients presenting with histopa-
thology risk factors and regional metastases and
in 42% patients with distant metastatic disease
[89].

tomy for differentiated thyroid cancer They found
341 positive foci in 150 patients (97.4%) by
SPECT/CT and 213 corresponding positive find-
ing in 118 patients (76.6%) by US. Ultrasound
detected 30—46% of iodine uptake foci in supe-
rior lateral regions, 49% in pyramidal lobe/thyro-
glossal duct area (both p < 0.05), 74-77% in
inferior lateral regions, and 22% in isthmus (both
p > 0.05). They concluded that US is less sensi-
tive than post-therapy 131-I SPECT/CT scans for
remnant detection in patients after thyroidec-
tomy, especially for remnants located above the
lower margin of thyroid cartilage [92].

5.8 Comparison to Other

Imaging Modalities

Qiu et al. studied patients with suspected bone
metastases and compared the test performance of
99mTc-methylene diphosphonate (MDP) bone
scan, 131-I SPECT/CT, and FDG PET. They
found that 131-1 SPECT/CT sensitivity 93% and
specificity 97% were higher than FDG PET sen-
sitivity 86% and specificity 94%, and both were
higher than bone scintigraphy sensitivity 79%
and specificity 84%. FDG PET positivity was
associated with poor prognostic features, survival
rate of 69% compared to 93% in FDG PET nega-
tive patients [90].

Oh et al. studied the performance of WBS,
SPECT/CT, and FDG PET. The 131-1 SPECT/
CT sensitivity of 65% and specificity of 95%
were similar to FDG PET sensitivity of 61% and
specificity of 98%, and both were higher than
planar whole-body scan sensitivity 65% and
specificity 55%. Subgroup analysis found that
131-I-SPECT/CT sensitivity was better in
patients with a single 131-1 treatment, whereas
FDG PET had higher sensitivity patients with
multiple 131-I challenges [91]. On a recent study
performed with Bulzacka and Macarawicz, they
evaluated the utility of neck US for detection of
thyroid remnants and compared the diagnostic
capability of identification of lymph node metas-
tases in neck with post-therapy 131-1 SPEC/CT
and neck ultrasound in patients after thyroidec-

5.9  Utility of Radioiodine SPECT/

CT for Lesional Dosimetry

Future directions for the use of hybrid radioio-
dine imaging involve the use of SPECT/CT to
perform lesion-specific dosimetry. Lesion radio-
iodine uptake and retention can be quantified on
SPECT, and tumor volume can be measured on
the CT component of the SPECT/CT study, per-
mitting calculation of radiation absorbed dose to
tumor. Follow-up with SPECT/CT can be used to
determine therapeutic responses and assess tumor
shrinkage. An example of this approach has been
reported in a patient with a large skull metastasis
causing infringement on the brain [93]. Other
authors have demonstrated the feasibility of
patient-specific  three-dimensional dosimetry
using multiple SPECT/CT images, in which the
patient’s own anatomy and spatial distribution of
radioactivity over time are factored into the cal-
culation of radiation absorbed dose to tumor
(lesion dosimetry) or to an organ of interest
(organ dosimetry) [94]. The CT images of
SPECT/CT studies are used to provide the den-
sity and composition of each voxel for use in a
Monte Carlo calculation and to define organs or
regions of interest for computing spatially aver-
aged doses. The longitudinal series of SPECT
images is used to perform time integration of
activity in each voxel and to obtain the cumulated
activity per voxel [94]. The goal of patient-
specific voxel-based absorbed dose calculations
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is to improve prediction of the biologic effects of
radionuclide therapy.

5.10 Disadvantages
and Limitations of SPECT/CT

Disadvantages of SPECT/CT include additional
imaging time and possible patient discomfort and
claustrophobia from lying in a confined position
for approximately 20 min in the tightly enclosed
space of the SPECT/CT gantry, and additional
radiation exposure from the CT component of the
study (1-4 mSv with each acquisition) [95].
SPECT/CT has an axial field of view limited to
40 cm in the current imaging systems; therefore,
evaluation of both neck and distant radioactive
foci may require two separate SPECT/CT acqui-
sitions [95]. Analysis of benefit and potential risk
should be performed on an individual basis in the
young female and particularly in the pediatric
population [96]. Kim studied 13 children with
131-1/123-1 diagnostic SPECT/CT reporting that
the SPECT/CT helped clarify equivocal foci in
the neck, helping to inform decisions including
not to proceed to 131-I treatment [97].
Recognizing the limitations of SPECT/CT is
important: the spatial resolution of SPECT is
limited by the partial-volume effect in small
lesions; although metastases in normal-sized
neck lymph nodes are frequently diagnosed,
micro-metastatic lesions cannot be detected with
SPECT/CT. Similarly, SPECT/CT is insensitive
for the detection of residual locally invasive thy-
roid cancer after surgery, unless there is gross
residual tumor volume or anatomic findings of
invasion. Therefore, SPECT/CT radioiodine
studies must always be interpreted in the context
of the surgical pathology report, which clarifies
the presence or absence of tumor invasion into
local structures and completion of surgical resec-
tion. These elements are of critical importance
when one is interpreting the significance of para-
tracheal central neck activity as benign thyroid
remnant versus residual disease. When patho-
logic review of the surgical resection specimen of
total thyroidectomy demonstrates no evidence of

tumor extrathyroidal extension and surgical exci-
sion margins are negative, focal paratracheal cen-
tral neck activity can be characterized as a benign
thyroid remnant. Non—iodine-avid disease, which
occurs in 20-30% of differentiated thyroid can-
cer [59, 98], may remain undetected on SPECT/
CT and lead to false-negative interpretations
(Fig. 5.1). The possibility of non—iodine-avid dis-
ease needs to be considered in the context of
Hurthle cell thyroid cancer, papillary thyroid
cancer with unfavorable histology (e.g., tall cell,
columnar, or cribriform variants), and poorly dif-
ferentiated thyroid cancer (such as trabecular,
insular, or solid variants). Therefore, the review
of histopathology and biochemical data—thyro-
globulin, thyrotropin, free thyroxine—remains
essential for accurate interpretation of the find-
ings on radioiodine planar and SPECT/CT
scintigraphy.

5.11 Conclusion

Considerable progress in the interpretation of
radioiodine scintigraphy in thyroid cancer has
been achieved by the introduction of SPECT/
CT. SPECT/CT is a powerful diagnostic tool that
allows accurate anatomic localization and charac-
terization of radioiodine foci and has substantially
improved the interpretation of classic radioiodine
scintigraphy. SPECT/CT reduces the number of
equivocal radioiodine foci encountered in the neck
and body and allows more precise characterization
of the etiology (benign vs. malignant) of focal
radioiodine uptake seen on WBS, contributing to
completion of staging in thyroid cancer by
improved characterization of N and M scores.
Accurate staging and risk stratification are impor-
tant for thyroid cancer management as they deter-
mine the prognosis for survival and risk of
recurrence and guide therapeutic decisions and
intensity of surveillance. The additional informa-
tion obtained with SPECT/CT impacts manage-
ment in a significant number of patients. The new
technology of SPECT/CT has changed the field
and may lead to reassessment of current manage-
ment protocols and guidelines in thyroid cancer.
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SPECT/CT in Neuroendrocrine

Tumours

Torjan Haslerud

6.1 Introduction

Neuroendocrine neoplasms (NENs) comprise a
diverse and very heterogeneous group of neo-
plasms, defined as epithelial neoplasms with pre-
dominantly  neuroendocrine  differentiation.
Neuroendocrine cells are present in endocrine
glands, as well as diffusely distributed in all body
tissues. These cells possess the ability to produce
various peptide hormones and bioactive amines
[1, 2]. The secretory products are stored in char-
acteristic small intracellular membrane-bound
granules (synaptic vesicles) [2]. NENs can pro-
duce a great variety of clinical symptoms due to
hormone hypersecretion, in addition to the typi-
cal carcinoid manifestation with diarrhoea and
facial  flushing caused by  serotonin
hypersecretion.

NENSs are most frequently located in the gas-
trointestinal tract and pancreas (GEP-NENs) [3,
4], but can arise in almost every organ. NENs can
roughly be categorized into following groups:
gastroenteropancreatic ~ tumours,  broncho-
pulmonary tumours, medullary carcinomas of the
thyroid, tumours of sympathoadrenal system,
tumours caused by the multiple endocrine neo-
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plasia syndrome and pituitary tumours. Primary
NENSs are frequently present as small tumours
and may be difficult to detect with conventional
imaging methods, therefore highly sensitive and
specific diagnostic imaging methods are essential
to locate tumour lesions and metastases. The
determination of the accurate extent of disease
and potential disease progression is essential to
ensure that patients suffering from NEN receive
appropriate and correct treatment according to
tumour stage and tumour biology.

Due to the growing importance of PRRT and
ever-increasing demand for sensitive and specific
molecular imaging, especially within oncology,
NENs have become an important part of the daily
routine within nuclear medicine departments
worldwide.

6.2 Epidemiology

Approximately 2.5-5.0 per 100,000 inhabitants
are diagnosed with NET in the western world
annually [5]. The incidence of NETs has been
continuously rising over the last 30 years [5],
hence steadily increasing the clinical impact of
these neoplasms. Despite the low incidence of
NEN in comparison to other cancer entities, NEN
has a relatively high prevalence. This is due to the
long overall survival patients suffering from
well-differentiated NET typically have. Thus, a
significant number of patients undergo treatment,
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staging and surveillance examinations on a yearly
basis. About two-thirds of NETSs are typical car-
cinoid tumours and one-third other NETs [3, 4].
Approximately 70% of NENs originate from the
gastrointestinal-pancreatic system and the lungs
[3, 4]. Additionally, there is a high incidence of
very small asymptomatic NETSs reported as high
as 10% in pancreatic sections [6], which might
not be clinically relevant or require any therapeu-
tic intervention.

6.3  Physiology

Neuroendocrine cells possess the ability of amine
precursor uptake and have high intracellular con-
centrations of amino acid decarboxylase (referred
to as APUD-cells) [3]. These characteristics
enable production of a variety of small peptides
and bioactive amines, which are stored in the
NEN’s characteristic granules [2, 3]. Proteins of
these vesicles (Synaptophysin and Chromogranin
A) can be used in histological sections to distin-
guish NENs from other tumours or as serum
tumour markers [2]. The cell-lineage and ana-
tomic site of the neuroendocrine cell determine
the type of secreted hormone. Table 6.1 shows a
selection of different neuroendocrine tumours
and corresponding hormones.

Depending on the cell physiology and function,
different approaches can be exploited to enable
tumour-specific molecular imaging. For tumours
of sympathoadrenal lineage (pheochromocytoma,
neuroblastoma), the catecholamine pathway is one
possible approach to visualize pathologic cell dis-
tribution.  Metaiodobenzylguanidine  (MIBG)
labelled with 1-123 or 1-131 is an adrenaline ana-

logue, which is stored in intracellular vesicles but
not further metabolized [7] (more on this subject in
Chap. 7 I-MIBG SPECT/CT for tumour imaging).

Another characteristic feature of neuroendo-
crine tumour cells is the frequent overexpression
of somatostatin receptors (sstr) on the cell surface
[8, 9]. Of the five known main classes of soma-
tostatin receptors, the subtype sstr2 is predomi-
nant in most NENSs [8, 9]. Several subtypes may
be expressed depending on differentiation, type
and anatomic site of primary [8, 9]. Yet there is
vast variation in sstr expression even between
tumours of the same type.

6.4 Somatostatin

Somatostatin is a small regulatory peptide hor-
mone, which is mainly distributed in the central
and peripheral nervous system, endocrine glands,
immune system and gastrointestinal tract. Two
biologically active forms of somatostatin are
known consisting of 14 and 28 amino acids,
respectively.

Generally, somatostatin is an inhibitory hor-
mone, which inhibits the release of several sec-
ondary hormones. The actions of somatostatin
are mainly located at the pituitary where the
secretion of growth hormone and TSH is inhib-
ited as well as in the gastrointestinal system,
where there release of numerous different gastro-
intestinal and pancreatic hormones is suppressed.
Additionally, somatostatin modulates gastroin-
testinal motility and immune responses, sup-
presses the exocrine action of pancreas, shows
neuromodulatory functions as well as induces
apoptosis.

Table 6.1 Selection of hormone active tumours and corresponding hormone

Tumour Hormone Organ

Gastrinoma Gastrin Pancreas, duodenum
Insulinoma Insulin Pancreas

Glucagonoma Glucagon Pancreas

VIPoma Vasoactive intestinal peptide Pancreas

Carcinoid Serotonin, substance P Small intestine/prox. colon, lung
Medullary thyroid cancer Calcitonin Thyroid

Phaeochromocytoma Norepinephrine Adrenals

Somatostatinoma Somatostatin Pancreas
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6.4.1 Somatostatin Receptors

The biologic actions of somatostatin are medi-
ated through one of the six somatostatin receptor
subtypes known to date (sstr 1, 2A, 2B, 3, 4 and
5) [3, 10, 11]. These receptors are all G-protein
coupled and activate a variety of different intra-
cellular pathways such as inhibition of adenyl
cyclase, stimulation of phosphotyrosine phos-
phatase (PTP) and modulation of mitogen-
activated protein kinase (MAPK) [11-13].

After binding of an activating ligand on the
receptor, the hormone—receptor complex is inter-
nalized in the cell and directed to endosomes. The
somatostatin receptor will then be recycled back to
the cell membrane or degraded. The degradation
of somatostatin receptors can subsequently lead to
sstr downregulation on the cell surface [11-13].

Somatostatin receptors are physiologically
present in a number of normal human tissues and
organs, such as pituitary, brain, gastrointestinal
tract, pancreas, kidney, immune cells, blood ves-
sels and peripheral nervous system.

In addition, several other neoplasms (NEN
and non-NEN) may express somatostatin recep-
tors [8, 9], and a selection of tumour entities is
shown in Table 6.2. Clinically subtype sstr2 is of

Table 6.2 Neoplasias potentially expressing somatosta-
tin receptors

Gastrinoma
Glucagonoma
Paraganglioma
SCLC

Carcinoid tumours

Merkel cell carcinoma

Neuroblastoma

Pheochromocytoma
Medullary thyroid carcinoma
Pituitary tumours

Breast cancer

Prostate cancer
Lymphoma (NHL and Hodgkin’s)
Colon cancer

Ovarian cancer

Melanoma

Sarcoma

Renal cell carcinoma

Astrocytoma

highest importance as sstr2 is the most frequently
overexpressed subtype in NENs [8, 9]. Hence,
most somatostatin analogues in clinical use show
high/nanomolar affinity to sstr2 [8, 9]. The other
sstr subtypes vary in overexpression in NENs as
well as in their affinity for synthetic somatostatin
derivatives [14].

6.5 Classification

The classification of NENs has been confusing
and hitherto no universal consensus has been
agreed upon. Several different approaches are in
use in order to classify the heterogeneous NENs
to ensure optimal prognostic stratification and
treatment schemes. Yet no general classification
for all NET sites is available. Because NENs pre-
dominantly arise in the gastroenteropancreatic or
bronchopulmonary system, the following seg-
ment will deal mainly with classification of NETs
originating from these organ systems.

In general, NENs are classified by histology,
grading, proliferation, anatomic site of origin,
hormone secretion and/or extent of disease.
Because many of the characteristics of the NETs
are organ/site specific, location of the primary
site can be a relevant factor in the therapy scheme.
Therefore, a classification by site of origin can be
helpful. The NETs are commonly divided into
foregut, midgut and hindgut tumours based upon
their embryonic segments and similar biological
behaviour. NETs located in the small intestine
and proximal colon (midgut) are often associated
with typical carcinoid symptoms caused by sero-
tonin hypersecretion whereas NETs in the distal
colon and rectum (hindgut) are usually non-
functional [2, 15, 16]. Pancreatic and bronchial
NETs (foregut) can be associated with hormone
hypersecretion, but can be non-functional as well
[2, 15, 16].

NETs can be histologically classified as well-
differentiated NETSs, poorly differentiated NECs
and mixed adeno-neuroendocrine carcinomas
(MANEC) [17-19]. The well-differentiated
NETs are divided into low-grade, intermediate-
and high-grade NETs dependent on cell mor-
phology, mitotic rate and/or Ki67 index of “hot



98

T. Haslerud

spots” (Table 6.3). The Ki67 index plays an
important role in NET classification, due to good
correlation between Ki-67 index and survival
[20-23]. Additionally, the Ki 67 index has proven
to be an independent prognostic factor for sur-
vival, regardless of disease extent [24-28].
However, no significant difference in outcome
between G1 and G2 carcinoids has been reported.
The more aggressive and poorly differentiated
NECs are distinguished from NET by using Ki67
index/mitotic rate as well as by presenting with a
different pathological appearance. In recent
years, a new classification with respect to G3
tumours has emerged (Table 6.4). The division of
the earlier NEC G3 into NET G3 and NEC G3 is
a natural consequence of increasing knowledge
concerning differences in biology, response to
platin-based chemotherapy, survival/prognosis
and presence of somatostatin receptor expression

less of Ki-67. This separation does not have
impact on the treatment scheme, as NECs are
generally treated with a platin-based chemother-
apy scheme regardless of cell size (Table 6.5).
NEC:s typically show a more rapid course with
shorter survival and generally poor prognosis.
The World Health Organisation guidelines
provide a classification for extent of disease using
tumour-node-metastasis (TNM) staging. Due to
the vast biological diversity of NETS, the extent
of the disease alone does not provide an adequate
risk stratification or survival data. Many NETs
have already metastasized by the time of diagno-
sis, making a stratification based solely on the
TNM system inadequate. For example, NETs of
unknown primary are by definition stage IV in

Table 6.4 Nomenclature for high-grade GEP-NEN
(NEN G3)

[29, 30]. The 2019 WHO classification separates Ki-67-
NEC into small- and large-cell tumours, regard- index
Nomenclature, Morphology (%) Subdivision
NET G3 Well- >20
Table 6.3 Grading system for neuroendocrine differentiated
neoplasms NEC G3 P.oorly . >20
differentiated
Gastrointestinal tract and pancreas Poorly >21-55 | Low NEC
Grade (WHO 2010) differentiated
Low (G1) <2 mitoses/10 HPF and Ki-67 Poorly 55 High
index <2% differentiated NEC
Intermediate (G2) | 2-20 mitoses/10 HPF or Ki-67 NEN G3 Addressing both
index 3-20% NET and NEC
High (G3) >20 mitoses/10 HPF or Ki-67 if uncertain
index >20% differentiation
Table 6.5 ENETs: stratification proposal for GEP-NETs
Prognosis ' Differentiation | Grade | Stage | Potential therapy
Localized tumour
Very low risk of metastasis Well-differentiated Gl T1 Endoscopic resection
Low risk Well-differentiated Gl T2 Surgery
Intermediate risk Well-differentiated G2 T1 Surgery
High risk Well-differentiated Gl/G2 | T2 Surgery
High risk Poorly differentiated | G3 T1-T3 Surgery, additional treatment
Nodal metastases
Slow growth Well-differentiated Gl T1-T3, N1 Surgery
Intermediate growth Well-differentiated G2 T1-T3, N1 Surgery, additional treatment
Fast growth Poorly differentiated | G3 T1-T3, N1 Surgery, additional treatment
Nodal and distant metastases
Slow growth Well-differentiated Gl Any T, N1, M1 | Surgery, additional treatment
Intermediate growth Well-differentiated G2 Any T, N1, M1 | Surgery, additional treatment
Fast growth Poorly differentiated | G3 Any T, N1, M1 | Chemotherapy
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the TNM system and the histological grade may
prove to be the only prognostic parameter.

Functionality may have an impact on progno-
sis, yet the biological behaviour of most func-
tioning NETs is defined by grade and stage. The
clinical symptoms caused by hypersecretion of
hormones define the division in functioning or
non-functioning NETs. Immunohistological
staining is not a defining criterion, yet the pres-
ence of typical symptoms are. A functional
tumour may be treated differently than a non-
functional tumour; therefore, the presence of hor-
monal production should be included in the
tumour nomenclature.

ENETSs have come up with a proposal for the
stratification of GEP-NETs, which combines
TNM stages, grade and growth features
(Table 6.5) and suggest potential treatment for
the respective groups [31].

6.6 Diagnostical Tracers
(Somatostatin Receptor-

Based Imaging)

Due to the short half-life of somatostatin in
human serum of 2-3 min caused by rapid enzy-
matic degradation, new somatostatin analogues
with longer half-lives were necessary. This led to
the development of the cyclooctapeptide octreo-
tide, which is still very much in clinical use today.
Non-radioactive “cold” octreotide and lanreotide
are used routinely in the treatment of acromegaly
as well as for antiproliferative therapy and symp-
tom control of NETs. There are short-acting as
well as long-acting products available.

The cyclic peptide additionally served as lead
structure for most of the somatostatin analogues
developed later such as tyrosine3-octretotide
(TOC), tyrosine3-Ocreotate  (TATE) and
naphtylalanine3-octreotide (NOC). Octreotide
and octreotide derivatives show a generally high
affinity to sstr2 with varying affinity for the other
somatostatin receptor subtypes [32].

The radiolabelled somatostatin analogues
generally consist of a biologically active part,
usually octreotide, TOC or TATE coupled with a
chelator complex (i.e. DTPA, DOTA, EDDA/

HYNIC) and a gamma or positron-emitting
radiometal. The internalization of the radioactive
ligand—-receptor complex with intracellular
entrapment of the radiometal is considered to be
the mechanism enabling tumour imaging by
resulting in high scintigraphic tumour-to-
background ratio, especially in delayed images.

The first commercially available tracer
enabling visualization of in vivo somatostatin
receptor distribution was indium-111-labelled
DTPA-Octreotide (OctreoScan), which is argu-
ably still regarded as the gold standard within
gamma scintigraphy. Later DOTA- and HYNIC/
EDDA-conjugated analogues found their way
into the clinical routine. The biggest development
with respect to somatostatin receptor imaging has
been the emergence of the positron-emitting (i.e.
Ga-68, Cu-64) DOTA-labelled derivatives. Due
to superior qualities including excellent spatial
resolution of PET/CT imaging compared to gam-
mascintigraphy, PET-imaging of sstr have by far
outperformed scintigraphic methods in terms of
sensitivity and specificity [33]. With the ever-
growing density of PET-centres worldwide and
introduction of commercial licensed Ga-68-
DOTA-labelled derivatives, the latter have inar-
guably taken over as the gold standard with
respect to sstr imaging. However, this modality is
still not ubiquitously available, and gamma scin-
tigraphy is still widely in use.

Further developments such as somatostatin
analogues with high affinity to multiple/all soma-
tostatin receptors (i.e. pasireotide), somatostatin
receptor antagonists (i.e. DOTA-BASS) and
novel PET tracers (i.e. Cu-64-SARTATE, fluo-
rine-18 and scandium-44-labelled derivatives)
show promising results and may represent the
future within sstr imaging [34].

6.6.1
['"'In]-DTPA-D-Phe’-
Octreotide

[""In]-DTPA-D-Phe'-octreotide ~ (or  ['''In]-
pentetreotide) has been commercially available
over two decades and is the most frequently used
somatostatin analogue within gamma scintigra-
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phy. Due to the relatively long half-life of
indium-111 of 2.8 days, sequential multiple-day
imaging can be performed. The cyclotron prod-
uct indium-111 is a gamma-emitting radiometal
with two medium-energy photo peaks (173 and
247 keV). Hence, a medium energy collimator is
required during imaging, and data from both win-
dows are added.

The recommended intravenously applied
activity for adults undergoing a somatostatin
receptor study is 185-222 MBq, resulting in an
effective dose of around 12 mSv (0.054 mSv/
MBq) [35]. For children, the recommended activ-
ity is 5 MBq/kg [35, 36]. The amount of peptide
injected is only around 10-20 pg, hence signifi-
cant pharmacologic effects are not expected.
Before administration, a control of the labelling
yield according to the manufacturer’s instruc-
tions is recommended. The radiolabelled product
should be applied within 6 h after preparation.

Common indications for somatostatin recep-
tor imaging are staging of patients with NENSs,
detection and localization of neuroendocrine
tumour lesions, follow-up of patients with NENs
and evaluation of patients under consideration for
peptide receptor radionuclide therapy. In
Table 6.6, a selection of tumours (NETSs, non-
NETs) and non-malignant processes is shown.

['"In]-DTPA-D-Phe!-octreotide is registered
for use in scintigraphic localization of primary
tumours and to determine the extent of metastatic
NET’s disease.

Patients undergoing somatostatin receptor
imaging should be well hydrated prior to and for
at least 1 day after injection, in order to reduce
radiation burden. If the patient does not suffer
from diarrhoea, a mild laxative should be admin-
istered the day before and in the evening on the
day of injection. Long-acting somatostatin ana-
logues should be withdrawn 4—6 weeks prior to
injection, eventually switching to short-acting
preparations until 1 day before the study in order
to prevent receptor occupation, potentially lead-
ing to false-negative findings. Recent studies,
regarding tumour uptake on [*Ga]-DOTATOC/-
TATE-PET/CT, have showed that injection of
long-acting  analogues prior to [%Ga]-
DOTATOC/-TATE-PET/CT does not have a neg-

Table 6.6 Sensitivity of somatostatin receptor imaging
using ['''In]-pentetreotide

Tumour Sensitivity

High (>75% detection rate)
High (>75% detection rate)
High (>75% detection rate)
High (>75% detection rate)

High (>75% detection rate)

Pituitary tumours

Gastrinomas

Carcinoids
Non-functional P-NETs
Functional P-NETs
except insulinoma

Paragangliomas High (>75% detection rate)
SCLC High (>75% detection rate)
Merkel cell carcinoma High (>75% detection rate)
Meningiomas High (>75% detection rate)

Sarcoidosis and
granulomatous diseases
Graves’ disease and

High (>75% detection rate)

High (>75% detection rate)

ophthalmopathy

Insulinomas Intermediate (40-75%
detection rate)

Medullary thyroid Intermediate (40-75%

carcinoma detection rate)

Differentiated thyroid Intermediate (40-75%

carcinoma

detection rate)

Lymphoma (NHL, HL)

Intermediate (40-75%

detection rate)
Intermediate (40-75%
detection rate)

Pheochromocytoma

ative influence on tumour uptake and thus
discontinuation may not prove necessary [37].
Notably these studies have not investigated
tumour uptake on scintigraphic sstr imaging. The
usual precautions for nuclear medicine studies
for pregnant and breastfeeding women apply.
['"In]-pentetreotide should not be administered
into lines for total parenteral nutrition, because of
the possible formation of a complex glycosyl
octreotide conjugate.

After injection, ['!'In]-pentetreotide is rapidly
cleared from the plasma; just 35% of the injected
radioactivity remains in the bloodstream after
10 min. Twenty-four hours after application, only
1% still remains in the blood. The tracer excre-
tion is almost completely renal; 85% of the
administered activity is eliminated with urine
within 24 h. Hepatobiliary and faecal excretion
account for less than 2% of the total excretion
[35, 36, 38]. The biologic half-life of ['''In]-
pentetreotide is 6 h.

The normal physiologic distribution pattern
(Fig. 6.1) of ['"'In]-DTPA-octreotide features
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Fig. 6.1 Normal [!!In]-pentetreotide whole-body scan
with physiologic sstr distribution

visualization of the thyroid, spleen, liver, kid-
neys and occasionally the pituitary and adre-
nals as well as the urinary bladder, gall bladder
and bowel. In 15% of female patients diffuse
uptake in the breasts can be seen. Additionally,
about 15% of patients show benign focal pan-
creatic head uptake [39]. The tracer uptake in
the thyroid, spleen, adrenals and pituitary is
somatostatin receptor-mediated, whereas the
kidney visualization is caused by re-absorption
of the radiotracer in the tubular cells. Normally,
bowel uptake is not seen on the early images
(4 h after injection), but can occur on delayed
images. Therefore, sequential images can be
helpful to distinguish between pathological
and physiological tracer bowel uptake. A rec-
ommended protocol for acquisition parameters
is shown in Table 6.7.

Table 6.7 Acquisition protocol for 111In-pentetreotide

Collimator

Medium energy, parallel hole

Energy window

172 and 245 keV with 20%
windows summed in the
acquisition frames

Planar images (anterior
and posterior)

4 hp.i. (7 min), 24 h p.i
(10 min), 48 h p.i. (15 min)

128 x 128 or per view
256 x 256 matrix
Whole body Scanning speed: 4 h p.i.:

(256 x 1024 matrix)

10 cm/min, 24 h p.i.: 7 c/
min, 48 h p.i.: 5 cm/min

SPECT or SPECT/CT
128 x 128 acquisition
matrix

4 h p.i.: 3° angular
sampling, 20 s per
projection; 24 h p.i.: 3°,
30s;48 h: 6°,60s

Table 6.8 Pitfalls and false-positive results causing

potential misinterpretation

Radiation pneumonitis

Bacterial pneumonia

Accessory spleen

Cerebrovascular accident

Scar tissue

Granulomatous disease

Gallbladder uptake

Diffuse breast uptake

Nodular goitre

Adrenal uptake

Focal stool collection

Urine contamination

Ventral hernia

Concomitant second
tumour

Common cold (nasal

Respiratory infections

uptake)

The tumour uptake kinetic is relative slow,
taking at least 4 h [35, 36, 38]. Therefore, images
are acquired 4, 24 and even 48 h after administra-
tion. The 4 h images are obtained to evaluate the
abdomen before any intestinal activity is visible.
Planar whole-body scans provide a good over-
view of the distribution of the radiopharmaceuti-
cal. Due to the lower tumour-to-background ratio
compared to delayed imaging, some tumour
lesions may not be visible in the early images.
Any relevant non-physiological uptake indicates
the presence of lesions with overexpression of
somatostatin receptors, which is usually suspi-
cious for or concordant with malignant disease.
Yet increased focal or diffuse density of soma-
tostatin receptors can be caused by a numerous of
benign processes. In Tables 6.8 and 6.9, pitfalls
and potential misinterpretation of positive and
negative results are shown [35, 36, 38].
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Table 6.9 False-negative results

misinterpretation

causing potential

Table 6.10 Krenning score for visual grading of patho-
logic uptake

Presence of unlabelled
somatostatin caused by
octreotide therapy

Liver metastases may
appear iso-intense to
normal liver tissue

Presence of unlabelled
somatostatin caused by
tumour secretion
Different sstr subtypes of
the tumour lesions

Variable sstr2 expression
of the tumour lesions

Variable tumour
differentiation

Furthermore, the antibiotic/chemotherapeutic
agent, bleomycin, may cause local pulmonary
accumulation of ['!'In]-pentetreotide.

For imaging of NETs, ['!''In]-DTPA-D-Phe!-
octreotide has occasionally shown higher accu-
racy than magnetic resonance imaging and CT
as well as high-sensitivity ranging from 70% to
90% [14, 40]. The sensitivity is influenced by
tumour type, anatomic site of origin and grade
of differentiation [7]. Generally, highest sensi-
tivity is achieved in gastroenteropancreatic
NETs with reported sensitivities of 80-90% [3,
41]. Insulinomas are the exception with sensi-
tivity of around 70%, which is caused by scarce
overexpression of sstr2 [3, 41]. More aggressive
tumours located in the gastrointestinalpancre-
atic system show lower sensitivities [3] and are
more suited to undergo an FDG-PET/CT study.
The detection of bronchopulmonary NETSs is
also sufficient with a sensitivity of around 70%
[3]. The sensitivity for typical carcinoids of the
lung the sensitivity is higher than for atypical
carcinoid and small-cell lung cancer. For med-
ullary thyroid cancer, the diagnostic perfor-
mance of [!'In]-pentetreotide is poor with a
sensitivity of about 50% [3, 42], and only the
detection of cervical and mediastinal lymph
node metastases is high. The rather low sensitiv-
ity in patients with medullary thyroid carcinoma
is caused by dedifferentiation and lesional vari-
ation in sstr2 expression.

['"In]-pentetreotide also possesses a high sen-
sitivity (>90%) for extra-adrenal paraganglio-
mas, especially in the head and neck region. For
adrenal pheochromocytomas, [‘"In]-
pentetreotide is inferior to MIBG, yet possibly be
more sensitive in detecting metastatic disease of

Krenning score Tumour uptake

No uptake

Very low

= normal liver

>normal liver

AW = O

>spleen

phechromocytoma [41, 43]. MIBG is also supe-
rior to somatostatin receptor scintigraphy regard-
ing the detection of neuroblastoma [41, 43].

Relevant uptake of [''"In]-pentetreotide is
generally related to tumour manifestations of
NET. Yet other tumours such as sarcomas, colon
cancer, lymphomas, melanomas, breast cancer,
differentiated thyroid cancer and prostate cancer
can occasionally show overexpression of sstr2 as
well [31]. Additionally, some non-malignant tis-
sues, such as inflammatory or autoimmune pro-
cesses, sarcoidosis, rheumatoid arthritis and
blood vessels or lymphatic tissue can show rele-
vant tracer uptake potentially leading to false-
positive findings [31]. Semi-quantitative analysis
of the tracer uptake can be performed (tumour-to-
background), which seem to correlate with the
density of somatostatin receptors on the cell sur-
face. Often a visual scoring system is used to
grade the intensity of tumour uptake (Krenning
score system, Table 6.10). The extent of the sstr
expression might be of prognostic relevance.

In planar images, signals from all depths of
the body are registered by the gamma camera.
Overprojection from organs and tissues with
physiological uptake may completely obscure
lesional uptake or by decreasing tumour-to-
background ratio making the detection of tumour
lesions difficult [31, 44]. Metastases or primaries
of NETs can be particularly prone to this kind of
observational oversight, as they are frequently
small and preferentially located within the
abdomen with relatively high background uptake.
Therefore, the specificity of planar imaging alone
in gastroenteropancreatic NETs is only about
50%. The tumour-to-background ratio is at the
highest 24 h after administration; therefore,
SPECT imaging should be performed at 24 h, but
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SPECT imaging after 48 h can be helpful espe-
cially to evaluate potential pathological abdomi-
nal activity. SPECT enables visualization of
occult lesions caused by organ overprojection.
Still the exact location and characterisation of a
detected lesion can be difficult due to the lack of
morphological and anatomical information.

These drawbacks of SPECT can be overcome
by using fused SPECT and CT images, which
can ideally be simultaneously acquired using
hybrid SPECT/CT cameras. The dual-modality
imaging of SPECT/CT enables exact anatomical
localization and morphological information com-
bined with the functional data of the nuclear
medicine procedure. Additionally, the spatial
resolution increases enabling detection of smaller
tumour lesions, which may not be visible in pla-
nar images or on a sole SPECT image. These
advantages in the somatostatin receptor scintigra-
phy lead to an increased sensitivity and specific-
ity compared to SPECT alone. Sensitivity and
specificity ratios have been reported as high as
95% and 92%, respectively [45].

A further advantage of the hybrid imaging
compared to SPECT alone is the possibility of
reliable attenuation correction of the SPECT
images. The effect of CT attenuation correction
has been reported to a 2.2% increase in sensitiv-
ity as well as significant increase in contrast
mostly in lymph nodes followed by bowel, pan-
creas and liver [46]. Other studies show that
single-point SPECT/CT collected after 24 h is as
specific and sensitive as traditional strategies
(planar imaging and SPECT) using two imaging
days [47]. This enhances patient convenience.
Additionally, the incorporation of SPECT/CT
increases report quality due to improved inter-
rater agreement [48].

In Figs. 6.2, 6.3, 6.4, 6.5, and 6.6, a few exam-
ples are shown, where the use of SPECT/CT
proves helpful and eventually improves diagnos-
tic accuracy.

Various studies have shown that the sensitivity
and specificity have most likely been highly over-
rated. In comparison to [**Ga]-DOTATOC-PET/
CT, the sensitivity of ['''In]-pentetreotide may be
as low as 60% [33]. Figures 6.7 and 6.8 show an
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example of the superiority of [®*Ga]-DOTATOC-
PET/CT vs. ['"'In]-octreoscan SPECT/CT.
Encouraging results have been reported
regarding the use of [!"In]-pentetreotide in
radio-guided surgery [49]. The use of an intraop-
erative gamma probe enables the detection of
lymph node metastases (local and occult) as well
as helping in establishing tumour extension. As
intestinal-NETs may be multifocal, the use of
intraoperative gamma probe can be a supplement
to the thorough palpation of the intestines to
detect small lesions and ensure complete resec-
tion of all tumour manifestations. Hitherto expe-
rience in this field is still regarded as limited.
The addition of software tools to SPECT/CT
has led to the discovery of useful new image
parameters, i.e. tumour heterogeneity, aspheric-

’
.

Fig.6.2 [''In]-pentetreotide of patient with NET (CUP),
lymph node metastasis in the right mandibular angle, sub-
cutaneous metastasis in the right temple and faint focal
pulmonary uptake in left upper lobe and in the lower left
lobe
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Fig. 6.3 Same patient as is Fig. 6.2 showing a discrete sstr-positive lung metastases in the left upper lobe

Fig. 6.4 Same patient as is Fig. 6.2 showing a sstr-positive lung metastases in the left inferior lobe

ity and quantitative SPECT/CT as well as a vari-  6.6.2 [**™Tc]-EDDA/HYNIC-Tyr>-
ety of useful semi-quantitative ROI techniques Octreotide
[39, 50]. (I**Tc]-TEKTROTYD")

These new features may among others con-
tribute to predict treatment response prior t0 Tc-99m-labelled radiopharmaceuticals —offer
PRRT [50]. many advantages compared to 1-123 or In-111-
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Fig. 6.5 [''In]-pentetreotide SPECT/CT of patient with P-NET and liver metastases prior to PRRT with
['""Lu]-DOTA-TATE

labelled compounds. Products labelled with
Tc-99m are constantly available and offer
improved image quality as well as lower radia-
tion exposure and shorter examination duration.
In 2008, [*"Tc]-EDDA/HYNIC-Tyr3-octreotide
([*Tc]-TEKTROTYD®) was registered for use
in diagnostics of pathological lesions with hyper-
expression of somatostatin receptors. This is par-
ticularly in regard to GEP-NET, pituitary
adenomas, tumours of sympathoadrenal lineage
and medullary thyroid cancer.

The recommended applied radioactivity is
740-925 MBq in a single intravenous injection,
which results in an effective dose of around
4.6 = 1.1 mSv [51]. The amount of peptide is
approximately 20 pg, which again is not expected
to cause any relevant side or biological effects.

Indications, precautions and patient preparations
are identical to ['!'In]-pentetreotide.
[*mTc]-EDDA/HYNIC-TOC is rapidly
cleared from the blood after intravenous
administration. The activity remaining in the
blood is below 5% regardless of time after
injection. Binding to blood proteins is lower at
earlier time points (2—11% within 5 min after
injection) compared to later time points (33—
51% after 20 h). Renal elimination is predomi-
nant, whereas its hepatobiliary excretion is
negligible. Cumulative urine elimination after
4 h is approximately 20% and within the first
24 h in the range of 24-64% of the applied
dose [52]. The lesional uptake is usually swift,
and after 10 min specific tracer accumulation is
visible. The highest tumour-to-background-
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Fig. 6.6 Same patient as in Fig. 6.5 after undergoing 4 cycles of PRRT with ['”Lu]-DOTA-TATE, showing a partial
remission

CNTS
Min: 6
Max: 30

Fig.6.7 [''In]-Octreoscan-SPECT/CT patient with known liver metastasis in segment I'V, but appearing isointense on
SPECT/CT (Krenning-score 2)

ratio is seen at 4 h after injection. Lesions are using [*"Tc]-EDDA/HYNIC-TOC is shown in
still visible after 24 h, but sensitivity is due to Table 6.11.

the short half-life of Tc-99m reduced over The normal scintigraphic distribution pattern
time. A protocol for acquisition parameters (Fig. 6.9) includes moderate to high physiologi-
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SUV(w)

Min: 0.2
Max 19.1
Avg 29

A &Y Almm
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Fig. 6.8 Same patient as in Fig. 6.7 undergoing [Ga®]-DOTATOC-PET/CT showing clearly sstr-positive liver metas-

tasis in segment IV, enabling the patient to undergo PRRT

Table 6.11 Acquisition protocol for 99mTc-EDDA/
HYNIC-TOC

Collimator LEHR, parallel hole
140 kKEV with 20% window
2 h p.i. (5 min), 4 h p.i. (7 min),

24 h p.i. (15 min) per view

Energy window
Planar images
(anterior and
posterior)

128 x 128 or

256 x 256 matrix
Whole body

(256 x 1024 matrix)

Scanning speed: 2 h p.i. 15 cm/
min, 4 h p.i. 10 cm/min, 24 h
p.i. 5 cm/min

SPECT or SPECT/ | 360° rotation; 3° angular
CT sampling, 2 h p.i. 20 s per
128 x 128 projection, 4 h p.i. 30 s per
acquisition matrix projection

cal uptake in the kidneys, the liver, and the spleen.
Intestinal uptake is weak to moderate. The pitu-
itary or adrenal glands are more frequently seen
than with ['''In]-pentetreotide. Other organs are
visible at different time points as a result of tracer
excretion, including the urinary tract, bladder,
gallbladder and bowel. As seen with Octreoscan,
about 19% of patients show benign pancreatic
head uptake [39].

Whole-body scans using low-energy high-
resolution (LEHR) collimators are usually per-
formed 1-2 h and 4 h after injection. Delayed
imaging (24-48 h) is possible and may prove
helpful in interpreting bowel uptake, but the
diagnostic sensitivity is reduced at later time
points. In addition, SPECT or SPECT/CT
(Fig. 6.10) is performed 4 h after injection due
to maximal target-to-background ratio. In
terms of sensitivity and diagnostic accuracy,
SPECT/CT outperforms planar whole-body
imaging and SPECT alone [53]. Incorporation

Fig. 6.9 Normal [*"Tc]-EDDA/HYNIC-TOC whole-
body scan (4 h p.i.) in anterior and posterior projection
with physiologic tracer distribution

of SPECT/CT to the image protocol can enable
an omission of early 2-h planar imaging with-
out reducing the diagnostic accuracy [54].
Visual quantification of suspicious lesions is
performed using the Krenning score scale
(Table 6.10).
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Fig. 6.10 [*"Tc]-EDDA/HYNIC-TOC SPECT/CT 4 h
p.i. Patient with hepatic metastases and bone metastases
from a carcinoid tumour of the Ileum. The upper images
show sstr-positive metastases prior to bilobar selective

Reports on [*"Tc]-EDDA/HYNIC-TOC are
steadily increasing. Early publications reported
higher target-to-non-target ratios for [*™Tc]-
EDDA/HYNIC-TOC compared to ['MIn]-
pentetreotide [55, 56]. [*™Tc]-EDDA/
HYNIC-TOC also showed a higher sensitivity
for NET detection in a direct comparison to
['"In]-pentetreotide with identification of more
lesions, especially smaller liver and lymph node
metastases [56]. The sensitivity in abdominal
NETs is reported to be around 90%. However,
similarly to 'In-pentetreotide, the specificity
seems to be rather moderate (40%) [56]. Reports
differentiating between the various types of NET
are rather scarce.

internal radiotherapy (SIRT). The lower images show a
partial remission of the liver metastases 3 months after
SIRT

[*™Tc]-EDDA/HYNIC-TOC  possesses a
rather moderate sensitivity of 50% for adrenal
pheochromocytoma, but a high sensitivity (96%)
for extra-adrenal pheochromocytoma [57].

In contrast to [!!'In]-pentetreotide, a high sen-
sitivity of 80% (specificity 83%) was reported in
medullary thyroid cancer [58]. Overall, no sig-
nificant clinical advantage over the long estab-
lished ['!''In]-pentetreotide has been identified.

As with ["'"In]-pentetreotide, the sensitivity of
[*mTc]-EDDA/HYNIC-TOC is highly overrated
when compared to [®Ga]-DOTATOC-PET/CT
[59]. Reports are suggesting sensitivities as low
as 60%, which is more or less comparable to
['"In]-pentetreotide [59]. Yet [*™Tc]-EDDA/
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HYNIC-TOC has advantages over [!!'In]-
Octreoscan in terms of lower radiation burden,
lower costs, more patient convenient single day
imaging as well as constant availability.

6.6.3 [**"Tc]-Depreotide

(NeoSPECT")

The Tc-99m-labelled somatostatin derivative
Depreotide (NeoSpect®) was approved to investi-
gate solitary lung nodules suspicious for cancer.
The recommended applied dosage is approxi-
mately 47 pg depreotide labelled with 555-
740 MBq of technetium-99 m. [**Tc]-depreotide
is administered intravenously in a single dose,
resulting in an effective radiation dose of 8.88-
11.84 mSv for a 70 kg individual. Precautions
and patient preparations are identical to the ones
for [!'In]-pentetreotide.

[*™Tc]-depreotide possesses higher affinity to
the somatostatin receptor subtypes sstr3 and sstr5
than ['"'In]-pentetreotide or [*™Tc]-EDDA/
HYNIC-TOC. This characteristic may prove
helpful in patients with tumours that are negative
on [!"In]-pentetreotide scan but that remain
highly suspicious for NET. Still [*™Tc]-depreo-
tide shows inferior results compared to [!!'In]-
pentetreotide for abdominal findings [60].
Furthermore, NeoSpect does not seem to add sig-
nificant value to CECT in the evaluation of pul-
monary lesions [61]. For those reasons and due to
the infrequent use of NeoSpect for the approved
indication, it was consequently withdrawn from
the market in 2010 [62]. Due to relatively high
uptake in inflammatory processes, [*™Tc]-depre-
otide has been suggested for scintigraphic imag-
ing of infections and inflammations of the bone
[63].

6.6.4 ['ZI1]-MIBG

Some NENSs are typically MIBG-avid, especially
phaeochromocytomas  and  neuroblastomas.
Further information of the use and relevance of

[*2*1]-MIBG and SPECT/CT can be found in Chap.
7 (I-MIBG SPECT/CT for tumour imaging).

6.6.5 Other Radiolabelled Peptide
Receptor Tracers

Due to the diversity of receptors overexpressed
by NETs, other imaging approaches have been
made, but none are commercially available at the
time being. Worth mentioning is the VIP receptor
affine compound [*™Tc]-TP3654, which has
been studied in the context of gastrointestinal
tract tumours [64]. Other studies have dealt with
the Bombesin, neuropeptide (NP)-Y or CCK2
(gastrin/cholecystokinin 2) receptors as well as
the receptor for glucagon-like peptide-1
(GLP-1R) [3]. Some sstr-negative NETs have
been reported to express glucose-dependent insu-
linotropic polypeptide receptors (GIPR). A syn-
thetic GIP analogue Lys37In-DTPA has shown
promising results in visualizing these sstr-
negative NENs [65].

6.7 Therapy of Neuroendocrine

Neoplasms

The very heterogeneous group of NEN requires
an individualized approach to therapy. The thera-
peutic procedure is determined by a vast range of
factors such as primary, differentiation, extent of
disease and hormonal activity. In general, poten-
tial curative surgical excision should be per-
formed, whenever possible. However, many
NENSs have already metastasized by the time of
diagnosis, making a curable approach impossi-
ble. For these NENs, numerous therapeutic alter-
natives are available. The therapeutic intervention
can range from a platin-based chemotherapy
scheme for aggressive NECs to biotherapy with
unlabelled somatostatin derivatives, Interferon or
receptor tyrosine kinase (RTK) inhibitors for the
well-differentiated NETs. Another keystone in
the therapeutic handling of patients with NET is
the peptide receptor radionuclide therapy (PRRT/
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PRRNT), which is now performed in numerous
hospitals throughout the world. Following the
excellent results of PRRT presented in the
NETTER-1-trial, PRRT has become an estab-
lished treatment option for patients suffering
from NET [66].

6.7.1 Peptide Receptor-Based
Radionuclide Therapy (PRRT/

PRRNT)

PRRT is a molecular-targeted systemic radiation
therapy, which exploits the overexpression of
receptors of NETSs. Though mostly intravenously
application of highly affine and specific agonists
to the somatostatin receptors, PRRT has been
successfully used to treat patients with NETSs
over the past 20 years [67-75]. The results of the
successful phase 3 trial were published in 2017
[66]. The most common compounds used for
PRRT are the beta-emitting derivatives ['""Lu]-
DOTA-TOC/-TATE and
[*Y]-DOTA-TOC/-TATE.

Candidates for PRRT are patients with gas-
troenteropancreatic NET, broncho-pulmonary
NET, phaeochromocytoma, paraganglioma,
neuroblastoma, medullary thyroid carcinoma,
meningioma and radioiodine-negative thyroid
carcinoma. Yet not every patient with NET is
suited to undergo PRRT, and different selection
criterions do apply. PRRT can be performed in
patients with histopathologically verified NET
and documented sufficient tumoural somatosta-
tin receptor expression (sstr scintigraphy or
PET/CT). Sufficient tumour uptake is either
defined as a scintigraphic Krenning-score
greater than 2 or alternatively using different
SUV-parameters on Ga68-DOTATOC/-TATE-
PET/CT. In addition, the disease must be inop-
erable/metastatic and/or cause uncontrollable
functional symptoms as well as progress during
biotherapy. Another indication can be generally
high-tumour load or the potential curative neo-
adjuvant approach in initially non-resectable
NETs. Furthermore, the Karnofsky performance
should exceed 60%, and the tumour differentia-
tion should preferably be grade 1/2 and the

Ki-67 index <20%. It is an absolute contraindi-
cation to perform PRRT in patients lacking sstr
expression, pregnant patients and patients with
severe concomitant illness or unmanageable
psychiatric disorder. Relative contraindications
are breast feeding (if not discontinued), severely
reduced kidney function (creatinine >1.7 mg/dl,
GFR/TER < 60% of mean age-adjusted normal
values) as well as severely compromised bone
marrow function.

Before starting the treatment, long-acting
“cold” somatostatin preparations should be with-
drawn 4-6 weeks prior to PRRT, depending on
the clinical symptoms a switch to short-acting
formulations can follow. The short-acting ana-
logues have to be discontinued at least 24 h prior
to treatment initiation. A blood cell count and a
control of kidney function parameters are also
obligate. Usually, a 99m-Tc-DTPA and/or
99mTc-MAGS3 study is performed to monitor the
GFR and/or TER.

Furthermore, due to the proximal reabsorption
of the radiolabelled peptide and subsequent
retention in the kidney, an infusion in regard to
renal protection must be performed. An amino
acid solution consisting of arginine and lysine is
intravenously administered 30-60 min before
and maintained for 4 h after radiopeptide admin-
istration to reduce nephrotoxicity. Prior to the
application of the amino acid solution, an anti-
emetic drug (e.g. 5-HT3 antagonist) should be
administered and can be repeated if necessary.
Corticosteroids can be given as well to prevent
nausea or pain caused by radiation
inflammation.

The radiopeptide is diluted with saline and
intravenously co-infused with the amino acid
solution over approximately 30 min. Acute side
effects can be nausea, pain caused by tumour
lesions or functional symptoms due to excessive
hormone release. Electrolyte imbalance (hyper-
kalaemia, hypernatraemia) caused by the amino
acid solution is a possible acute side effect as
well. Long-term side effects can be severe
nephrotoxicity (<1%), haematoxicity (4-8%) and
myelodysplastic syndromes (0.5%). Mild myelo-
suppression is seen in about 30% of patients
[67-75].
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Fig.6.11 Post-therapy whole-body scan (['"’Lu]-DOTA-
TATE) of patient with P-NET and hepatic metastases

m

During the last years, promising results of
intra-arterial application of PRRT in the hepatic
artery (Figs. 6.13 and 6.14) have been presented.
This approach leads to a higher radiation deposit
in liver metastases and reduced radiation expo-
sure for extrahepatic organs [76].

6.7.2 ["7Lu]-DOTA°-Tyr3-Octreotate
Lu-177 is a mixed beta and gamma-emitting
radioisotope with a half-life of 6-7 days. The
beta rays possess a mean range of 0.5 mm in tis-
sue and thus sparing the non-tumorous tissue in
near proximity of tumour lesions. Medium-
energy gamma rays can be used for post-therapy
scans (Figs. 6.11, 6.12, 6.13, and 6.14) and
dosimetry. Between 5.55 and 9.25 GBq (150—
250 mCi) of Lu-177-labelled DOTA-TOC/-TATE
are applied, the standard amount being 7.4 GBq
(200 mCi). One patient usually undergoes 3-5
treatment cycles with 6-12 weeks interval
between every cycle.

Results following PRRT with ['’Lu]-DOTA-
TATE are more than sufficient with reported
complete and partial remissions in 30%, minor
responses in 15% and stabilization in 35% of
treated NET patients. Approximately, 20% of the
patients progress while undergoing PRRT. In 310

Fig. 6.12 Post-therapy SPECT/CT of the abdomen of same patient as in Fig. 6.11 showing radionuclide uptake in the
liver metastases
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Fig. 6.13 Patient with P-NET and hepatic metastases.
Post-therapy whole-body scan after intra-arterial applica-
tion (hepatic artery) of ['7’Lu]-DOTA-TATE

patients with  gastroenteropancreatic = NET,
progression-free survival (PFS) was reported to
be 33 months with an overall survival of
46 months [67-75]. In the NETTER-1 trial, PFS
was initially estimated to 40 months with 18%
objective response rate [66].

6.7.3 Dosimetry

Radiation dosimetry of tumour lesions and nor-
mal organs provides vital information for opti-
mizing the administration of PRRT. Dosimetry
allows maximizing radiation dose delivered to
malignant lesions, while minimizing the dose

delivered to normal organs, especially kidney and
bone marrow. Patient-specific dosimetry should
be assessed to provide specific information
regarding absorbed dose to certain organs and
thus enabling prediction of potential delayed
organ toxicity. Following PRRT determination of
absorbed dose in organs at risk is recommended
and may become mandatory. These parameters
can be obtained using SPECT/CT at different
time points, dosimetry software and serial blood
samples.

Different methods can be applied for radiation
dosimetry including data from blood or urine
samples or sequent whole-body scans (Figs. 6.11,
6.13, 6.15, and 6.16) and/or SPECT/CT after
PRRT. Planar images and/or SPECT/CT at dif-
ferent time points (e.g. 24, 48 and 96 h after treat-
ment) are useful to show pharmacokinetics over a
certain time period. The typical biokinetics of
radiopeptides with rapid blood clearance and pre-
dominant renal excretion determine the informa-
tion (blood and urine samples, scintigraphic data)
required to attain correct dosimetry. In addition,
sequential scans enable the possibility of deter-
mining absorbed tumour dose, which again may
predict treatment response.

SPECT and SPECT/CT (Figs. 6.12, 6.14, and
6.16) images provide insight into organ-specific
three-dimensional radioactivity  distribution.
Especially the hybrid image modality SPECT/CT
with the possibility to calculate exact target vol-
ume and build reconstruction algorithms with
attenuation and scatter correction should enable
accurate non-invasive quantitative imaging [77—
80]. Reports on quantitative SPECT (QSPECT)
of "Lu sources on a commercially available
SPECT/CT system have showed high accuracy in
phantom models and after PRRT with ['""Lu]-
DOTA-TATE [80]. QSPECT can potentially
yield more accurate dosimetry data and therefore
more accurate therapeutic response assessment
[80]. As bremsstrahlung images are difficult to
quantify, the dosimetry after PRRT is mainly the
domain of [""Lu]-DOTA-TATE.

Hitherto treatment dosimetry rarely influences
the therapeutic protocol, due to the lack of solid
reliable data with respect to dose thresholds for
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Fig. 6.14 Same patient as in Fig. 6.13. Post-therapy SPECT/CT of the abdomen showing high uptake in the liver
metastases

organs-at-risk. Yet the increasing awareness of
the importance of dosimetry and availability of
software tools may lead to the implementation of
a more personal tailored, more effective and safer
PRRT in the future.

6.7.4 [*°Y]-DOTA°-Tyr3-Octreotide

PRRT may be performed using beta-emitting
[*°Y]-DOTA-labelled TOC or TATE as well.
Y-90 possesses different radiophysical charac-
teristics compared to Lu-177, such as shorter
half-life, higher beta energy and lack of gamma

emission. The indications and precautions are
identical to the one described in the chapter for
["7Lu]-DOTA-TATE. Usually 2-4 cycles with
2.78-4.44 GBq (75-120 mCi) [*Y]-DOTA-
TOC/-TATE are performed. Following the
NETTER-1 trial, the lutetium-labelled com-
pound is more frequently used. Yet promising
results have been shown applying a tandem
treatment combining ['""Lu]-DOTA-TATE and
[*Y]-DOTA-TATE [81].

Further information about the relevance of
bremsstrahlung imaging and SPECT/CT after
PRRT with [*Y] compounds can be found in
Chap. 13 (?) Bremsstrahlung SPECT/CT.
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6.7.5 [*°Y]-Microspheres
and ['*Ho]-Microspheres

NETSs often metastasize to the liver, and these
metastases  are  typically  hypervascular.
Therefore, a local treatment with Y-90- or
Ho-166-microspheres by limited (or progres-
sive) disease to the liver can be safely and suc-
cessfully applied in patients with liver metastases
[82—-84]. For more information about post-ther-
apy bremsstrahlung imaging and SPECT/CT
look in Chap. 12 (?) Therapyplanning with

Fig.6.15 Patient with GEP-NET undergoing PRRT with
['"Lu]-DOTATATE with known liver metastases, cervical
lymph node metastasis

T. Haslerud

SPECT/CT in Radioembolisation of Liver
Tumours and chapter 13 (?) Bremsstrahlung
SPECT/CT.

6.7.6 [“*'1]-MIBG

Pheochromocytomas and neuroblastomas are
able to actively take up MIBG. Further informa-
tion regarding use and relevance of post-
therapeutic I-131-MIBG  scintigraphy and
SPECT/CT can be found in Chap. 7 (I-MIBG
SPECT/CT for tumour imaging).

6.8 Summary

The incidence of neoendocrine neoplasms has
steadily been rising and thus enhancing their
clinical impact. Somatostatin receptor imaging
has proved to be an important tool in the clinical
handling of patients with NET. Somatostatin
receptor scintigraphy is used for staging, therapy
planning, follow-up and treatment monitoring of
these patients. Additionally, the presence of
somatostatin receptor overexpression is an
important prognostic parameter. Furthermore,
the introduction of SPECT and SPECT/CT has
significantly improved the accuracy of scinti-
graphic somatostatin receptor imaging. This
improvement-enabled 3D imaging and attenua-
tion correction and added much desired morpho-
logic and anatomic information to the functional
image modalities. Over the last decade, [68Ga]-
DOTATOC/-TATE-PET/CT has taken over as
gold standard, by outperforming scintigraphic
methods in terms of sensitivity and diagnostic
accuracy as well as patient convenience.

Fig.6.16 Same patient as in Fig. 6.15 undergoing sequential 3 time point SPECT/CT due determine absorbed dose to
kidneys and tumour lesions. SPECT/CT after 24 h, 72 h and 7 days after PRRT administration
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PRRT utilizing the beta emitting substances
[*Y]-DOTA-TOC/-TATE and ['"Lu]-DOTA-
TATE/-TOC has become an integral part in the
treatment of patients with NET, especially fol-
lowing the superb results in the NETTER-1-trial.
This therapeutic alternative has shown good out-
comes with prolonged survival and is generally
well tolerated. An essential part of the therapeutic
handling is patient-specific dosimetry, which
helps to optimize PRRT treatment administra-
tion. This again could lead to more accurate pre-
diction regarding delayed radiation side effects
and therapy outcome. SPECT and SPECT/CT
enable 3D imaging of the radionuclide distribu-
tion and thus more accurate dosimetry data.

New tools such as quantitative SPECT/CT
(QSPECT/CT) and software as well as increasing
reports on dosimetry may lead to more frequent
use of individualized tailored PRRT, which may
be safer and/or more effective. In addition, new
image parameters (radiomics) may further
enhance the information.
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7.1 Introduction

Metaiodobenzylguanidine (mIBG) is an aralkyl-
guanidine norepinephrine analogue, which was
clinically introduced in 1981 and developed to
visualize tumours of the adrenal medulla [1]. It
enters the neuroendocrine cells of postganglionic
sympathetic neurons by an active uptake mecha-
nism via the epinephrine transporter and is stored
in the neurosecretory granule without being
metabolized. This leads to a difference in the
concentration compared to cells of other tissues
[2, 3], whereas the storage intensity of mIBG-
avid tissue is dependent on tissue uptake, and the
storage capacity is proportional to the quantity of
catecholamine-containing vesicles in the tumour
and tracer turnover [4-6].

7.2  Physical Properties of 2|

and 3|

23] is a pure gamma-emitting radionuclide used
only for diagnostic imaging. The physical half-
life of '»I is 13.13 h, and its principal gamma

H. Ahmadzadehfar (1)

Department of Nuclear Medicine, Klinikum
Westfalen, Dortmund, Germany

e-mail: hojjat.ahmadzadehfar @ruhr-uni-bochum.de,
hojjat.ahmadzadehfar @klinikum-westfalen.de

M. Muckle
Radiology am Rhein, Bad Honnef, Germany

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022

photon is emitted at 159 keV (83% abundance). It
also emits multiple low-abundance, high-energy
photons. 'T emits a principal gamma photon of
364 keV (81% abundance) with a physical half-
life of 8.04 days and also beta particles with a
maximum energy of 0.61 MeV (mean 0.192 MeV)
[2, 5].

mIBG can be labelled with *'I or 'I and
allows scintigraphic delineation of neuroectoder-
mal tumours [2, 5]. Although *'I-mIBG can be
applied for diagnostics, it is mostly used for ther-
apeutic purposes. Its utilization for diagnostics is
possible whether '*I-mIBG is commercially
unavailable (as was the case in several countries
such as the USA until 2008) or in the case of esti-
mation of tumour uptake for mIBG therapy plan-
ning [7].

Nonetheless, for diagnostic issues, >’I-mIBG
has some advantages over “!I-mIBG, namely,
its better physical characteristics, which result
in better image quality. Its gamma energy
(159 keV) is more appropriate for imaging than
the 360 keV gamma photons of 'I. Its higher
photon efficiency in combination with shorter
half-life (13.13 h vs. 8.04 days) induces a more
suitable radiation dosimetry and lower radiation
burden and therefore allows injection of higher
tracer activities, resulting in higher count rates.
In addition, the duration between injection and
imaging is shorter (4-24 h) than with *'I-mIBG
scintigraphy (48-72 h), because, with *'I-mIBG,
delayed images may be required for optimal
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target-to-background ratios [6, 8]. Finally,
12[-mIBG is the radiopharmaceutical of choice
concerning diagnostic imaging, even if its use
may be limited due to higher costs and inferior
availability [3, 5].

7.3  Indications for mIBG Scan

There are several non-oncological indications for
2[-mIBG scintigraphy, such as disorders of the
sympathetic innervation of the myocardium (car-
diomyopathy), differentiation between idiopathic
Parkinson’s disease and multisystem atrophy or
hyperplasia of the adrenal medulla, which are not
addressed in this chapter [3]; however, there is a
wide spectrum of different oncological indica-
tions, especially for imaging of neuroendocrine
neoplasms (e.g. neuroendocrine tumours (NET)/
neuroendocrine carcinomas (NEC), phaeochro-
mocytomas/paragangliomas, neuroblastoma and
medullary thyroid carcinoma) [2].

7.5 Interfering Drugs

There are some drugs known to interfere with
mIBG uptake, such as tricyclic antidepressants
(amitriptyline, imipramine), sympathomimetics
(phenylephrine, phenylpropanolamine, ephed-
rine, xylometazoline and cocaine) and also anti-
hypertensive medications such as labetalol,
reserpine or calcium channel blockers. If possi-
ble, these medications should be discontinued
for sufficient time prior to scintigraphy [5,
9-12].

The use of non-prescription drugs should also
be considered, especially in children, and the use
of the nasal drops or sprays containing xylo-
metazoline or bronchodilators such as fenoterol,
salbutamol, sultanol and terbutaline.

However, there are no precise data as to
whether there is an influence of the above-
mentioned drugs on mIBG uptake. Therefore, it
is unknown how often false-negative mIBG scans
occur because of these medications [3].

7.4  Patient Preparation

Pre-treatment with a saturated solution of sodium
perchlorate is required to protect the thyroid from
ablation and absorption of free iodine, especially
as the infantile thyroid is very sensitive to radia-
tion. Thyroid blockade (130 mg/day of potassium
iodide; equivalent to 100 mg of iodine) should be
started 1 day before tracer injection and contin-
ued for 1-2 days for '2I-mIBG or 2-3 days for
BIL-mIBG. In the case of intolerance of sodium
perchlorate, potassium perchlorate (SSKI) should
be applied (administered 4 h before tracer injec-
tion and continued for 2 days; 400-600 mg/day)
[3]. After appropriate thyroid blocking, a slow
intravenous injection (over about 1 min) reduces
side effects such as hypertensive crisis and tachy-
cardia, which can occur as rare side effects rather
concerning ~ with  catecholamine-producing
tumours such as phaeochromocytomas. Adverse
allergic reactions are not expected.

7.6  Contraindications

Pregnancy is with very few exceptions classi-
fied as absolute contraindication. After an
mIBG scintigraphy with !2I, breastfeeding
should be discontinued for 48 h, and the milk
should be pumped out and discarded. After
investigation with '3, ablactation is recom-
mended. There is not any known contraindica-
tion in children [3].

7.7 Dose Calculation

The recommended activities in adults are 200—
400 MBq for '"»I-mIBG and 40-80 MBq for
BI-mIBG. The activity administered to children
should be calculated on the basis of a reference
dose for an adult, scaled to body weight accord-
ing to the schedule proposed by the EANM
Paediatric Task Group [13].
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7.8 Image Acquisition

The particular strength of mIBG scan lays in pro-
viding a whole-body evaluation with one single
administration of the radiotracer. '**I-mIBG scans
are usually obtained 20-24 h after tracer injec-
tion. Selected delayed images (never later than
day 2) may be useful in the case of equivocal
findings on day 1. Early static images at 4-6 h
after injection can be performed optionally to
assess the dynamics of the tracer accumulation.
Scanning with "*'I-mIBG is performed 1 and
2 days after injection and can be repeated at day
3 or later [3].

Planar and tomographic (SPECT/CT) images
are performed with a multiple-head gamma cam-
era with a large field of view. A high-energy par-
allel hole collimator is used for ®*'I-mIBG and a
low-energy high-resolution collimator (LEHR)
for 2I-mIBG. Whole-body imaging with addi-
tional spot images should be performed. With
Z[-mIBG, a total body scan with a speed of
5 cm/min or both anterior and posterior static
spot views of the head and neck, chest, abdomen,
pelvis and upper and lower extremities with
about 500 k counts or 10-15 min acquisition per
image using a 256 x 256 matrix or 128 x 128
matrix with zoom, and a 20% window centred at
the 159 keV photo peak is usually performed.
More useful information regarding acquisition,
reconstruction parameters and camera settings
for whole body and planar spot imaging have
been described in detail elsewhere [2].

7.9  Acquisition of SPECT/CT
mIBG SPECT/CT should cover the region of
interest (e.g. pelvis, abdomen or thorax), espe-
cially the anatomical regions showing pathologi-
cal tracer uptake on planar images or reported
suspected lesions by other modalities such as
MRI

Generally, SPECT images are obtained for a
360° orbit in 120 projections (128 x 128 matrix,

6° angle steps, 30—45 s per step or in 3° steps in
continuous or step and shoot mode, 25-35 s per
step). In the case of noncompliant patients or
children, it is possible to reduce acquisition time
(6° steps or a 64 x 64 matrix with shorter time per
frame) [14, 15]. If only one mIBG SPECT/CT
scan can be performed, acquisition at 24 h is pre-
ferred because of a higher target-to-background
ratio.

SPECT/CT imaging is performed with co-
registered CT images (100-130 keV, mAs modu-
lation recommended) with high resolution in
order to have a better characterization of the ana-
tomical surroundings. This enables attenuation
correction and facilitates precise localization of
any focus of increased tracer uptake, which is
particularly useful over the abdomen and head
and neck region. Despite additional radiation
burden of the (low-dose) CT, regardless, SPECT/
CT should be performed in children in case of
equivocal findings that, by SPECT alone, cannot
be ascertained. Sedation of children is often nec-
essary and is taken into account.

7.10 Reconstruction of SPECT/CT

Iterative reconstruction or other validated recon-
struction protocols that allow accurate visualiza-
tion of lesions and a CT-based attenuation
correction should be performed. Scatter correc-
tion methods using spectral analysis can be used
to improve the accuracy of quantification.
Iterative reconstruction with a low-pass post-
filter often provides better images than filtered
back-projection. Any reporting should clearly
state the methodology adopted for image pro-
cessing and quantification [2].

7.11 Radiation Exposure

The radiation exposure depends on amount of the
applied activity, which should be limited accord-
ing to weight and age (for paediatric patients, see
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guidelines for radioiodinated mIBG scintigraphy
in children) [16].

The effective doses are 0.013 mSv/MBq for
2[-mIBG and 0.14 mSv/MBq for *'T-mIBG in
adults and 0.037 mSv/MBq for '*I-mIBG and
0.43 mSv/MBq for *'I-mIBG in children (5 years
old) [17, 18]; for example, a 5-year-old child’s
radiation exposure is about 5.6 mSv (18 kg for
124 MBq '®I-mIBG) [3, 19]. Additional SPECT
with low-dose CT implicates increased radiation
dose (volume CT dose index: 3—5 mGy, depend-
ing on acquisition parameters).

7.12 Physiological mIBG Uptake
and Distribution

mIBG is normally taken up mainly by the liver;
lower levels of uptake have been described in the
spleen, lungs, salivary glands, skeletal muscles
and heart, based on the extensive sympathetic
innervation of these tissues and/or catecholamine
excretion [5].

One of the other variants in biodistribution of
1IZ1-mIBG is its accumulation in brown fat tissue
in children which is more common in cold
weather than in warm weather [20, 21]. This may
be seen mainly in the neck and supraclavicular
regions [21].

Therefore, evaluation and interpretation of
mIBG scans should be considered thoroughly,
especially if unknown suspicious findings are
next to those regions or organs with physiologi-
cal uptake, avoiding false-positive or false-
negative results, e.g. in the liver with its diffuse,
inhomogeneous tracer uptake, the discrimination
between physiological enhancement and focal
suspicious tracer accumulation is sometimes
challenging, particularly in the case of small liver
lesions.

Concerning the adrenal glands, symmetrical
mIBG uptake less than or equivalent to liver
uptake is described to be physiological. Normal,
non-enlarged adrenal glands are sometimes dif-
ficult to localize on planar mIBG scans. The
majority of mIBG is excreted unaltered by the
kidneys (50% of the injected dose is recovered in
the urine within 24 h), while faecal elimination is

weak. In patients with phaeochromocytoma and
paraganglioma, uptake in the heart and liver is
significantly lowered by about 40% [22].

7.13 The Importance of mIBG
SPECT and SPECT/CT

Many studies indicate a high sensitivity and spec-
ificity of mIBG scintigraphy detecting tumours
of the sympathetic nerve system. For neuroblas-
toma, sensitivity is about 80% for determining
neuroblastoma lesions, while specificity is nearly
100% in the guidelines [3].

These data are mostly based on performing
planar and whole-body images in many previous
studies, as modern hybrid systems such as
SPECT or SPECT/CT were not yet available [23,
24].

Based on these data, it could be concluded that
whole-body imaging and planar imaging are suf-
ficient enough, and additional diagnostic tools
such as SPECT or SPECT/CT are not required to
achieve good diagnostic results with respect to
mIBG scintigraphy.

However, the use and benefit of SPECT for
achieving better diagnostic accuracy has already
been described in several studies and highlighted
in the guidelines when it comes to smaller tumour
lesions or suspicious findings next to organs,
which physiologically accumulate mIBG, such
as the urinary bladder or liver.

But despite this diagnostic benefit, SPECT is
not sufficient in all cases and cannot achieve ade-
quate diagnostic accuracy since differentiation
between physiological structures and the findings
is not always possible because of absent anatomi-
cal correlations.

Such difficulties occur regularly and require
the best care and attention by the nuclear medi-
cine physicians, as the interpretation of the find-
ings in the mIBG scan often has far-reaching
consequences and the results of an mIBG scan
might influence the running therapy.

One way to overcome these limitations is the
additional advantage of SPECT with potential
of fusion with other radiological imaging meth-
ods (MRI/CT scan) [3, 14, 15, 25]. However,
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this option may suffer from the problem that
SPECT and MRI/CT images sometimes cannot
be fused exactly, as the slices do not match to
each other.

A way out of this dilemma is newly available
hybrid SPECT/CT cameras, which enable direct
correlation of anatomic and functional informa-
tion [26-30]. Physiological activities can be
delineated properly, which otherwise would have
required additional imaging. With the help of
low-dose CT of SPECT/CT, more accurate spa-
tial resolution than using SPECT alone can be
achieved. This results in a better localization and
clearer delineation of small tumour lesions [31].

Besides detailed anatomic evaluation of suspi-
cious findings such as mIBG avide or non-avide
lesions, there is the above-mentioned possibility
of fusion or co-registration SPECT/low-dose CT
with diagnostic CT or MRI, whereas low-dose
CT serves as a bridging tool for anatomical orien-
tation. As a consequence, SPECT/CT findings
may guide the diagnostic CT or MRI concerning
equivocal findings. To summarize, SPECT/CT
bridges the gap between mIBG scintigraphy and
diagnostic CT or MRI scans, with guidance of
diagnostic CT/MRI and characterization of its
findings [30].

7.14 MIBG SPECT/CT
in Neuroblastoma

Neuroblastoma is the third most common malig-
nant solid tumour in childhood and the most
common extra cranial malignant tumour
(8-10%). This tumour entity arises in the adrenal
gland (65%) or the sympathetic nervous system,
as its cells are derived from the embryonic neural
crest and remain as autonomous nervous tissue-
neuroblasts in an immature state [32-34].

About 40% of children are diagnosed in the
first year; the incidence decreases with age.
Ninety percent of patients are younger than
6 years. The median age at diagnosis is 2 years.
In a many of cases, there are already metastases
of neuroblastoma at the time of diagnosis. It
metastasizes to the liver, adrenal glands, lymph
nodes, bone marrow and bone, whereas the pri-

mary can be localized at the cervical, thoracic
and abdominal trunk, as well as the paraganglia
[34, 35].

Approximately 40% of patients are at stage 4
(INSS classification) at the time of diagnosis
with detection of distant metastases. Since the
spread of the disease correlates with the progno-
sis and thus affects the extent of therapy, an accu-
rate detection of all tumour foci is essential to
determine the spread of the disease [3, 33, 34,
36].

In addition to the conventional radiological
diagnostic modalities, such as ultrasound and CT,
MRI plays an important role and may provide
important information regarding to the basic
staging, the tumour locations and choosing
appropriate site for bioptic assurance.

Staging is completed with performing a
12[-mIBG scan, which has the advantage of
whole-body evaluation with one single admin-
istration of the radiotracer. This can provide
important information about tumour localiza-
tion and thus has an influence on the treatment
planning with regard to chemotherapy strategy
or possible operation plans [5]. The specificity
of mIBG for detecting tumours of the sympa-
thetic nervous system is nearly 100%. The sen-
sitivity for the detection of an individual
neuroblastoma lesion is stated to be 80% |3,
32, 37-44]. By using SPECT/CT, the sensitiv-
ity can be increased to 98% [45]. A recent pub-
lished study reported that by using SPECT/CT
in the follow-up of patients with high-risk neu-
roblastoma, the interpretation of planar imag-
ing can be improved significantly and in 39%
of cases SPECT/CT provided additional infor-
mation [46].

7.14.1 Interpretation of the Findings:
What Is Physiological?

To distinguish true-positive from false-positive
findings, the knowledge of physiological dis-
tribution of mIBG in different organs or local-
izations is of importance (see above).
Approximately 10% of patients show (usually
symmetric) mIBG uptake in brown adipose tis-
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sue of the neck and shoulder area [3]. Tracer
uptake in the myocardium can be relatively
high, especially in children under 1 year. At
other ages, comparable mIBG-storage can also
be found in the liver, which may complicate
the detection and distinction of suspicious liver
lesions, especially if whole-body imaging and
planar imaging are performed without any
additional SPECT/CT.

In addition, free iodine causes thyroid uptake
and storage in the gastrointestinal tract. The bony
skeleton has no mIBG storage. In the extremities,
only slight activity is found in the muscles and
the bones, whereas the knees and joints can be
seen as cold areas [3, 20, 21].

7.14.2 Image Interpretation

7.14.2.1 False-Negative Findings

Lesions may be overlooked due to anatomical
or physiological reasons: small lesions that are
close to the primary tumour, next to large
metastases or in regions with high physiologi-
cal uptake (myocardium, thyroid, salivary
glands, liver, kidney, bladder and colon) maybe
overlooked [3, 43, 47]. These limitations can

ventral

Fig.7.1 A 2-year-old patient with retrovesical neuroblas-
toma (e: MRI, yellow arrow) underwent '>I-mIBG scan,
for evaluation of treatment possibility with *'I-mIBG. (a)
Planar scan was inconclusive because of bladder activity.

be solved by using SPECT/CT (Figs. 7.1 and
7.2).

7.14.2.2 False-Positive Findings

There are different benign accumulations which
could cause false-positive results including accu-
mulation in the lung correlating with pneumonia
or because of atelectasis, mIBG uptake in the
focal nodular hyperplasia, intense uptake in the
liver because of prior radiation, because of acces-
sory spleen [48] and also because of contamina-
tion, most often urine contamination or any other
contamination  (salivary  secretion). Using
SPECT/CT can avoid misinterpretation of these
findings.

7.14.3 SPECT/CT: Reducing False-
Negative and -Positive Results

As mentioned, SPECT/CT allows better anatomi-
cal localization of mIBG-avide findings, which is
essential in most cases. In particular, fusion of
SPECT with other imaging modalities (MRI/
diagnostic CT) improves diagnostic accuracy,
while low-dose CT of mIBG-SPECT/CT serves
as anatomical orientation [30] (Fig. 7.3).

(b—d) Exact localization, differentiation of the bladder
and evaluation of mIBG uptake were made possible only
by SPECT/CT (yellow arrows). A Foley catheter was used
for emptying the bladder
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Fig. 7.2 A 9-year-old patient with stage IV neuroblas- MRI. The patient underwent an operation. Histopathology
toma received 'I-mIBG scan for restaging after chemo-  showed a lymph node metastasis. (a) SPECT/CT transver-
therapy. SPECT/CT revealed a suspected uptake beside  sal view, (b) CT transversal view

the liver (yellow arrow), which had been overlooked by

Fig. 7.3 A 3-year-old patient with suspected, new yellow arrow and d), reported as benign, which was con-
occurred liver lesion in MRI (a, yellow arrow), which was  firmed by biopsy as FNH. A fusion with MRI (¢) was pos-
detected in his restaging examination after chemotherapy.  sible with the help of the low-dose CT (b) of the SPECT/
The lesion showed no pathological '*I-mIBG uptake (¢, CT
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Fig.7.4 A 4-year-old patient with tracer accumulation in the region of nasal mucosa (a, red arrow). SPECT/CT (b, ¢)
revealed sphenoid bone involvement confirmed with MRI. This result resulted in further chemotherapy

Detection of small foci, which would have
been mostly overlooked with planar imaging
alone, is possible by using SPECT/CT (Fig. 7.4).

7.15 MIBG SPECT/CT
in Pheochromocytoma
and Paraganglioma

The pheochromocytoma is a catecholamine-
secreting tumour of the chromaffin cells, and it is
localized in the adrenal medulla to 85% and
occurs with an incidence of 1/100,000 people p.a.

Its characteristic symptoms are episodic head-
aches, palpitations, diaphoresis and paroxysmal
or sustained hypertension [7]. The pheochromo-
cytoma occurs in isolation or as part of a syn-
drome, e.g. MEN 2 syndrome, von-Hippel-Lindau
syndrome or neurofibromatosis type 1
(M. Recklinghausen). With widespread use of
cross-sectional imaging, an increasing number of
pheochromocytomas are diagnosed incidentally,
without the presence of symptoms or complaints
by the patient. Incidental tumours, as well as
tumours detected while screening patients with
hereditary syndromes, tend to be smaller than
symptomatic ones.

The first diagnostic method is plasma or urine
measurements of catecholamines and their
metabolites [7, 49]. If there is positive biochemi-
cal testing, further imaging is required, such as
ultrasound, CT of the abdomen or MRI.

mIBG scintigraphy for detecting pheochro-
mocytomas or paragangliomas has been widely
used for more than 25 years and have a reported
high sensitivity and specificity of about
83-100% and 85-100%, respectively [50]. In
the last 5 years, however, image quality and spa-
tial resolution of other imaging methods, such
as MRI with a high sensitivity for detection of
tumours in the adrenal gland (which are usually
hyper-intense on T2-weighted images and
hypointense on T1-weighted images), increased
significantly [7, 51]; in addition, other func-
tional imaging modalities such as 'F-DOPA
PET/CT have been increasingly applied.
Regarding this, some studies have been pub-
lished compared sensitivity and specificity of
those other imaging methods to mIBG
SPECT. They all share a significantly lower sen-
sitivity for mIBG scintigraphy, from which it
might be concluded that the mIBG scan has lost
its monopoly position as the gold standard func-
tional imaging method for pheochromocytoma/
paraganglioma. Critics find fault in its low-spa-
tial resolution, the long examination time of
24 h, the necessity of thyroid blockade, the
interference with several medications and the
significant tracer-uptake in the normal adrenal
medulla [52].

The disadvantage of the low spatial resolu-
tion may be largely compensated by the use of
mIBG SPECT/CT; however, the other “disad-
vantages” remain. Additionally, limitations in
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Fig.7.5 CT, mIBG SPECT and fused mIBG SPECT/CT
images of phaeochromocytoma metastasis to the body of
T12 vertebra (white arrow). (With kind permission from

terms of decreased sensitivity and specificity
exist in several diseases, such as MEN2-related
phaeochromocytoma, extra-adrenal, multiple
or hereditary paragangliomas or metastatic dis-
ease, which may lead to a significant underes-
timation of the extent of disease in the
mIBG-scan with potentially inappropriate
management. The particular strengths of mIBG
SPECT/CT are detection of local recurrence,
small extra-adrenal pheochromocytomas, mul-
tifocal tumours or the presence of metastatic
disease [29]. In patients with clinical or bio-
chemical suspicion of pheochromocytoma,
SPECT/CT, compared to SPECT and planar
imaging, has a significantly higher accuracy
(Fig. 7.5) [53]. '"2I-mIBG scintigraphy, pre-
cisely with assistance of SPECT/CT, can serve
for evaluation and dose calculation for
BII-mIBG therapy, from which patients may
benefit [7, 54, 55].

Springer Science + Business Media: Meyer-Rochow et al.
[29]. Fig. 1B)

7.15.1 Interpretation of the Findings

In some cases, there are quite unequivocal true-
positive findings with a convincing focal mIBG-
uptake, matched to an obvious size of adrenal
masses in additional imaging such as CT. These
unequivocal findings can even be detected only
by using whole-body and planar imaging. In such
cases, SPECT/CT may be useful to rule out any
extra-adrenal manifestations; otherwise, does not
have any additional benefit.

Concerning less conclusive accumulations or
small masses in the adrenal, low-dose CT of
SPECT/CT serves as an anatomical landmark. In
SPECT/CT, the left adrenal is often detected
much more easily than the right adrenal due to
the anatomical location of the liver and large ves-
sels, such as vena cava, with their physiological
uptake. Especially for the detection of the right
adrenal, the use of SPECT/CT is very valuable;
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even when it only provides an inconspicuous
finding, this can thus be diagnosed.

Additionally, there are several other difficul-
ties and challenges besides localization, namely
the distinction between a significantly increased
uptake, therefore interpreted as pathological, and
a mildly enhanced uptake, slightly above or simi-
lar to that of the liver. This is because there are no
cut-off values from which an uptake can be con-
sidered significantly positive for a pathological
finding. A dissociation of benign findings, such
as adrenal adenoma with a moderate uptake, is
not always easy.

The risk of misinterpreting any positive uptake
as pathologic may lead to an increased rate of
false-positive findings. On the other hand, smaller
or extra-adrenal findings bear a great challenge,
precisely because they can be easily overlooked,
particularly if planar imaging is performed or if
the findings are located next to physiological
accumulations or organs.

It should be noted at least that larger adrenal
masses, already considered to be suspicious in
other imaging tools such as MRI because of their
density, might show no or very low mIBG uptake.
In such cases, an adrenal carcinoma cannot be
ruled out. An operation with histological
confirmation is so far the only opportunity to
definitively assure diagnosis.

Some hints to reduce false-positive or -nega-
tive results:

e Correct patient selection criteria are required,
which means positive biochemical testing
and/or evaluation of suspicious masses of the
adrenal in other imaging modalities.

e In utilization of SPECT/CT, the particular
strengths of mIBG SPECT/CT are detection
of local recurrence, small extra-adrenal pheo-
chromocytomas and multifocal tumours
(Fig. 7.6).

7.16 mIBG SPECT/CT in Medullary
Thyroid Carcinoma

Medullary thyroid carcinoma (MTC) is a quite
rare thyroid tumour which occurs in 5-10% of all
thyroid carcinomas and arises from thyroid para-

follicular C cells, which are embedded in the thy-
roid, but do not belong to the thyrocytes. It
releases calcitonin, CEA and several other sub-
stances, such as chromogranin, serotonin, soma-
tostatin and gastrin-releasing peptide.

A sensitive and specific marker for the occur-
rence of MTC is calcitonin, which is produced by
the C-cells. An elevated calcitonin level (hyper-
calcitoninaemia) reflects a disorder, a reactive
stimulation of the C-cells or impaired/disturbed
degradation for calcitonin. There is a wide range
of differential diagnoses for increased calcitonin
levels, such as alcohol consumption, intake of
various drugs (calcium, proton pump inhibitor,
medication with calcitonin), hypercalcaemia and
andrenal insufficiency. Also, a severe bacterial
infection, a serious illness or a para-neoplastic
syndrome can also cause a hypercalcitoninaemia.
If reasons such as these are excluded, only C-cell
hyperplasia (CCH, C-cell hyperplasia) and MTC
remain as the two most frequent diagnoses. It
should be noted that C-cell hyperplasia is associ-
ated specifically with males, in combination with
autoimmune thyroiditis, or hyperparathyroidism-
associated hyper-gastrinaemia.

The reference values for basal calcitonin are
higher in men than in women.
Hypercalcitoninaemia should be confirmed in a
second measurement. The interpretation of an
elevated calcitonin level between 10 and 100 pg/
ml is ambiguous; only a basal calcitonin level
>100 pg/ml is almost always accompanies an
MTC. If available, for further diagnosis, a penta-
gastrin test should be carried out. If pentagastrin
stimulation is not available, stimulation can also
be performed with calcium, noting that after cal-
cium stimulation, false-positive findings appear
to be more common in female patients and
patients with thyroiditis and thyroid neoplasia,
other than MTC [56]. ®"'2I-mIBG uptake in
MTC appears via the same molecular mecha-
nisms, just as in other neuroendocrine tumours
such as pheochromocytoma [7].

7.16.1 Imaging Procedures

Cross-sectional imaging studies employing neck,
chest and three-phase abdominal CT scans or
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Fig. 7.6 Planar images of a patient with suspected recur-
rence of phaeochromocytoma showed three suspected
abdominal uptake (a, yellow arrows). SPECT/CT revealed

contrast-enhanced MRIs are recommended to
rule-out distant metastases, especially when sus-
picious lymph nodes are identified or when calci-
tonin levels are >400 pg/ml [57, 58].

There are also several radiotracers to men-
tion, such as *Tc-DMSA, 'ZI-mIBG,
n-labelled somatostatin analogue and the
PET pharmaceuticals 'SF-FDG, ®Ga-DOTATOC
and "F-DOPA [59].

dorsal

the exact anatomical localization of these uptakes (b, ¢)
local recurrence (yellow arrow), a spleen metastasis and a
liver metastasis (red arrows)

The use of 'I-mIBG in MTC is not the gold
standard procedure because of its low sensitiv-
ity, which is said to be approximately 35% espe-
cially for familial/MEN-associated MTC. For
sporadic MTC, data are superior. The specificity
of mIBG is quite high and is approximately 95%
[59-63].

In summary, the role of *">[-mIBG in the
diagnostic evaluation of MTC is limited, but it
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still serves as an evaluation method for tentative
therapy with *'I-mIBG [7].

Moreover, a combined diagnosis of
BUISBL.mIBG scan and somatostatine receptor
scintigraphy (SRS) increases the sensitivity up to
100% and seems to be the best practice to choose
the most effective radiopharmaceutical with
regard to therapy options [59].

The use of B"12[-mIBG SPECT/CT can serve
as a follow up to individual metastases and their
responses to therapy, as SPECT/CT, more than
planar imaging, simplifies localization and evalu-
ation of the tumour burden.
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Bone SPECT/CT in Oncology

Kanhaiyalal Agrawal and Gopinath Gnanasegaran

8.1 Introduction

Bone scintigraphy is a routine nuclear medicine
procedure mainly used to detect bone metastases
in a cancer patient. Bone scintigraphy has tradi-
tionally been the mainstay of whole-body screen-
ing for bone metastases. A planar bone scan is
sensitive in detecting osteoblastic bone metasta-
sis but has limited specificity due to non-specific
uptake in benign bone conditions. Almost half of
the solitary focus on planar bone scintigraphy in
patients with a malignancy history may be benign
abnormalities. Hence, radiological correlation is
necessary in some of the cases showing radio-
tracer uptake in bones. Hybrid SPECT/CT can
provide:

e Functional and morphological data in one
examination.

e Increasing
scintigraphy.

e Avoiding indeterminate findings and addi-
tional investigation.

the  specificity of  bone
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8.2 Radiopharmaceutical
for Bone Scintigraphy/

SPECT-CT

SPECT tracers used in bone scintigraphy are
Technetium-99m (99mTc) based. The tracers are
99mTc methylene diphosphonate (99mTc MDP),
99mTc  hydroxymethylene  diphosphonate
(99mTc HDP or HMDP), 99mTc hydroxyethyli-
dene diphosphonate (99mTc HEDP) and 99mTc
pyrophosphate.

The bone imaging agents are either phos-
phates or diphosphonates. The P-O-P bond in
phosphate is easily broken down by phosphatase
enzyme and is less stable in vivo than a stable
P-C-P bond in diphosphonate. Therefore, diphos-
phonate is a commonly used radiopharmaceutical
in bone imaging [1]. The diphosphonate agents
are usually available in kit form. Labelling occurs
by adding pertechnetate to the cold kit and mix-
ing. Generally, the oxidation state of 99mTc in
bone kits is 3+. The uptake in bone is due to ion
exchange phenomena. 99mTc diphosphonate
binding occurs by chemisorption in the hydroxy-
apatite mineral component of the bone matrix.
Both tracers are primarily excreted through
kidneys.
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8.3 Radiopharmaceutical

Activity

An adult’s recommended activity is intravenous
injection of 740-1110 MBq (20-30 mCi) of
99mTc-labelled agents. For obese patients, the
administered tracer activity is increased to
11-13 MBg/kg (300-350 pCi/kg). In kids, the
recommended dose is 9-11 MBqg/kg (250—
300 pCi/kg), with a minimum of 2040 MBq
(0.5-1.0 mCi) [2].

8.4 Bone SPECT/CT Patient

Preparation

The patient preparation for bone SPECT/CT is
similar to bone scintigraphy. In general, before
making an appointment for bone scintigraphy
and SPECT/CT, pregnancy and active breastfeed-
ing should be ruled out in female patients. No
specific patient preparation is required for bone
scintigraphy. Unless contraindicated, the patient
should be well hydrated before and during the
study. The Nuclear medicine team should docu-
ment relevant medical history related to the
investigation before radiotracer administration.
In particular, the referral cause, current symp-
toms, history of trauma or fractures, prior bone
scintigraphy results, any history of allergy, renal
impairment, etc., should be recorded. Past medi-
cal history of surgery, chemotherapy or radio-
therapy to the patient must be documented. Any
recent nuclear medicine studies which may
impair bone scintigraphy image quality must be
reported [3].

In between administration of tracer and study
acquisition, the patient should void frequently
and immediately before the scan. All metallic
objects must be removed during imaging unless
contraindicated. The non-removable metallic
objects like pacemakers must be documented
before study.

8.5 Image Acquisition Protocol

Always bone SPECT/CT is preceded by planar
bone scintigraphy image acquisition. In planar
whole-body imaging, anterior and posterior view

images are acquired. The whole-body scan is
acquired to obtain more than 1.5 million total
counts. The table rate should be adjusted depend-
ing on the equipment manufacturer’s specifica-
tion. The energy window should be centred at
140 keV. Window width is kept at 15-20%.
Matrix size is 256 x 1024 or higher. If needed,
spot view may be acquired depending upon the
clinical indications and should be S00K-1000K
per image (less for skull and extremities).
Additional three-phase acquisition, lateral,
oblique or special (frog-leg views of the hips)
views may be acquired if necessary.

SPECT acquisition has the following parame-
ters: Contoured orbit, 64 x 64 or greater matrix,
3-6° intervals, 10-40 s/stop. SPECT image
reconstruction is done with 3D iterative OSEM
(ordered-subsets expectation-maximization) with
ideally 3-5 iterations and 8-10 subsets. CT
acquisition parameters are 120 kV, 30—100 mA/
slice (or intensity-modulated), and slice thick-
ness depends on the body part imaged (1.5-2 mm)
[4]. Usually, a contrast medium is not necessary
for SPECT-CT of bones. Literature evidence sug-
gests that even low-dose CT protocols with low-
tube current-time products in the range of 2.5-30
mAs give good diagnostic accuracy [5].

SPECT-CT is usually done with a CT field of
view restricted to the equivocal or indeterminate
tracer uptake seen on the planar study called
SPECT-guided low-dose CT or targeted
SPECT-CT. This procedure gives less extra aver-
age radiation dose to the patient (generally addi-
tional 2—3 mSv depending on CT protocol used).
However, some researchers have shown better
accuracy of whole-body SPECT-CT, which is
discussed later in this chapter.

Role of SPECT-CT in Bone
Metastases

8.6

Early and accurate detection of bone metasta-
ses is crucial for better management of cancer
patients and preventing complications. The
most common bone metastasis sites are the
vertebral column and pelvic bones due to the
high proportion of red marrow in these bones
[4]. Approximately 60-80% of patients with
breast and prostate cancer develop bone metas-
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Table 8.1 Different responses from bone metastasis in
various malignancies

Mixed
Predominantly Predominantly | osteoblastic
osteoblastic osteolytic and lytic

Prostate cancer Thyroid cancer | Breast cancer

Hodgkin Renal cell Stomach
lymphoma carcinoma cancer
Carcinoid Non-small cell | Colon cancer

lung cancer

Small cell lung Multiple Urinary

cancer myeloma bladder
cancer

Medulloblastoma | Melanoma Squamous

cancers

Langerhans-cell
histiocytosis

tases [6]. About 90% of patients with multiple
myeloma develop osteolytic bone metastases
[7]. According to the plain radiographic
appearances, bone metastases are generally
classified as lytic, sclerotic, or mixed.
Wherever bone resorption predominates with
little new bone formation, the metastases will
have a lytic appearance. Table 8.1 mentions
different types of responses to bone metasta-
ses in various malignancies. Literature evi-
dence of biochemical markers of bone turnover
indicates that all three types of radiological
metastases are associated with biochemical
evidence of increased bone turnover [8].
Complex endocrine interactions with tumour
biology have led to a greater understanding of
bone metastases and allowed several novel
interventions for metastases and treatment-
related osteoporosis [8]. Lytic lesions are par-
ticularly interesting as successful therapy
leads to progressive sclerosis of the lesions
[9], which in scintigraphy studies manifests as
the ‘flare’ phenomenon [10].

8.7 Radiological Imaging

The plain film is a relatively insensitive method
for evaluating bony metastatic disease in the
absence of symptoms. It is crucial as a screening
tool in multiple myeloma. The principal advan-
tage of the plain film is that its findings may help
to identify the primary tumour, exclude benign

conditions and predict the risk of pathological
fracture, mostly if more than 50% of the cortex
has been destroyed by the tumour [11].

While CT scanning is more sensitive than con-
ventional radiography, it is not an appropriate
investigation for screening the entire skeleton.
The CT scan’s great strength lies in confirming
suspicious lesions that are apparent on either
plain film or bone scintigraphy with clarification
of the anatomic site and extent of cortical
destruction.

MRI is highly sensitive for detecting skeletal
metastases at a nascent level when the tumour
deposits have infiltrated bone marrow. The nor-
mal fat cells in the bone marrow are displaced by
tumour cells. The T1-weighted study will dem-
onstrate low-signal intensity at infiltration sites
and high-signal intensity on fat-suppressed
images. Metastases also have a bright T2 signal
around them [11]. Diffusion-weighted whole-
body MRI has shown similar sensitivity to skel-
etal scintigraphy in detecting metastases from
prostate, breast cancer or non-small cell cancer of
the lung [12, 13].

8.8  Bone Scintigraphy
Bone scintigraphy detects bone metastases when
there is a reactive increase in bone formation.
The advantage of bone scintigraphy is screening
the entire skeleton with extremely high sensitiv-
ity for detecting metastases, particularly in pros-
tate and breast cancer. Literature evidence
demonstrated that bone scan sensitivity in detect-
ing metastases is 85-96% [14—16]. However, the
diagnostic accuracy of planar and SPECT bone
scintigraphy is limited due to the non-specific
nature of radiopharmaceutical in bone disease
and relatively poor spatial resolution. The speci-
ficity of bone scintigraphy in detecting bone
metastases is low because many benign bone dis-
eases show abnormal radiotracer accumulation
leading to false-positive diagnosis (Table 8.2)
[17]. However, SPECT/CT leads to characteriza-
tion of tracer uptake leading to improved bone
scintigraphy specificity.

Further, the lesion may be missed if it is tiny
in size on planar bone scan [18]. Planar bone
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Table 8.2 Metastatic patterns on planar bone scintigraphy

Metastasis

Benign uptake mimicking metastasis

* Randomly scattered multifocal uptake -
» Diffuse heterogeneous uptake in skeleton
e A cold defect with peripheral rim uptake (lytic

lesion)
* Photopenic defect .
e Asymmetric uptake in growth plates of long bones

in children in neuroblastoma .

Multifocal uptake in contiguous ribs could be
post-traumatic

Multifocal uptake may be seen in polyostotic bone
dysplasia

Multifocal uptake in the facet joints/endplate region of
spine could be degenerative changes

Diffuse uptake in the long bones due to hypertrophic
pulmonary osteoarthropathy

Table 8.3 Advantages and disadvantages of bone SPECT-CT

Advantages

Disadvantages

1. Provides both anatomical and functional data in one
study, therefore increasing the sensitivity and
specificity of the planar study

1. Increase in radiation burden to patient

. Avoiding additional investigation due to equivocal
findings in planar study, which could be time
consuming and uncomfortable for the patient and also
leads to delay in diagnosis

2. Increase in scan time leading to patient discomfort
and decrease in output of the department

3. Attenuation correction by CT data

3. Expensive equipment

. Incremental value due to incidental findings

4. Non-uniform protocols

scintigraphy has low sensitivity in detecting
purely lytic lesions seen in renal cancer, lym-
phoma and breast cancer. CT component of the
SPECT/CT helps detect small and lytic lesions,
increasing the sensitivity of the investigation.

8.9 Bone SPECT-CT

SPECT-CT helps increase the planar bone
scintigraphy’s sensitivity by detecting tracer
non-avid lytic lesions or small lesions missed
on planar study. The specificity of planar and
SPECT study is augmented by accurate local-
ization and characterization of the tracer uptake
by SPECT-CT. Moreover, in the staging of dis-
ease, the leading utility of SPECT-CT lies in
differentiating degenerative disease in the
spine common in the elderly patient from met-
astatic disease. For this purpose, localization
of tracer uptake with low-dose CT protocol is
sufficient for accurate differentiation of nature
of uptake. The advantages and disadvantages
of SPECT-CT in bone metastases are men-
tioned in Table 8.3.

8.10 Artifacts on SPECT/CT

There are different types of image artifacts on
SPECT/CT, as mentioned in Table 8.4 [19].

Literature Evidence
on the Role of Bone SPECT/
CT in Metastases

8.11

There is published literature evaluating SPECT/
CT’s role in detecting bone metastases in inde-
terminate or equivocal lesions on planar bone
scans. A meta-analysis studying the role of
SPECT/CT in classifying indeterminate bone
lesions on planar bone scintigraphy, the pooled
sensitivity and specificity of SPECT/CT was
reported as 93% [95% confidence interval (CI)
0.91-0.95] and 96% [95% CI 0.94-0.97],
respectively [20]. The summary of the articles is
mentioned in Tables 8.5 and 8.6. SPECT/CT
characterizes most of the equivocal findings on
planar bone scan with acceptable accuracy in all
the studies. SPECT/CT’s sensitivity and speci-
ficity were found better than planar and SPECT



8 Bone SPECT/CT in Oncology

Table 8.4 Artifacts in SPECT-CT

Artifacts

Artifacts on CT component

e Motion during CT acquisition

* Beam hardening artifacts (Fig. 8.1)

» Partial volume effects due to structures which are only

partially included in the slice

Artifacts on SPECT-CT

* Misregistration due to poor calibration of isocentres,
patient movement (Fig. 8.2a—c)

e Truncation artifacts if field of view is too small or
patient is too large or patient arm is extended outside
selected field of view (Fig. 8.1)

* High attenuation foreign bodies, e.g. metal artifacts,
CT contrast agent, barium (Fig. 8.3)

* CT noise due to large patient or low-dose CT protocol

(Fig. 8.4)
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Effect on image quality

Blurring of the contours, disturbances in whole image
Streaks between bone structures
Dark and light streak artifacts

Wrong localization of tracer uptake leading to
misinterpretation, wrong attenuation correction leading
to false visualization of uptake

Leads to streak artifacts and hyperdense areas on CT

Leads to low photon counts and high noise, streak
artifacts and inaccurate attenuation coefficient
measurement

Low photon counts, error in defining of the CT
numbers, loss of smaller details

Fig. 8.1 Truncation artifact on CT leading to hyperdense area in the region of right forearm bones (arrow) and streak
artifacts due to truncation as well as beam hardening

bone scintigraphy to detect metastases in almost
all research.

A new perspective for bone SPECT/CT is
whole-body SPECT/CT rather than targeted
SPECT/CT. Some studies have shown higher
sensitivity, but similar specificity to one-field-of-
view targeted SPECT/CT [33]. However, there is
a marginal incremental diagnostic value for
whole-body SPECT/CT compared to one-field-
of-view SPECT/CT [34]. With the availability of
faster acquisition protocols for SPECT/CT,
whole-body bone SPECT/CT could be widely
used [35].

Different scenarios where bone SPECT/CT is
contributary in bone metastases evaluation.

(a) Differentiation of degenerative bone dis-
eases/fracture from metastases:

SPECT/CT localizes and characterizes
the abnormal tracer uptake leading to differ-
entiation of degenerative changes, facetal
arthropathies, enthesopathies, fractures and
osteoporotic  collapse from metastases
(Figs. 8.5, 8.6, 8.7, 8.8, 8.9, 8.10, 8.11, 8.12,
and 8.13), and this is the most common use
of bone SPECT/CT in oncology.
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Posterior

Anterior

Fig. 8.2 (a—c) Misregistration: Known carcinoma pros-
tate, whole-body bone scan (a) shows multifocal uptake in
the left rib, lower lumbar spine and pelvic bones. SPECT/
CT of the lumbar spine and pelvis (b) localizes the uptake
in the lumbar region to the left L3-L4 facet joint (arrow);
however, fused coronal image shows gross misregistration

K. Agrawal and G. Gnanasegaran

between CT and SPECT images. On inquiry, the technol-
ogist informed that patient moved during image acquisi-
tion. However, as some anatomical landmarks were
available, manual registration of images localizes the
uptake to the L3 vertebral body (arrow) and sacrum show-
ing minimal sclerosis (¢) suggestive of metastasis

Fig. 8.3 Metal artifact due to hip prosthesis shows darkening adjacent to the metal and streak artifact leading to poor

image quality
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Fig. 8.4 Low-dose CT protocol with 10 mAs and 120 kV in an obese patient leading to high noise and poor image
quality

(b)

(©)

(d)

Differentiation of benign bone diseases from
metastases:

Several benign bone diseases mimic
metastases on planar bone scintigraphy, e.g.
Paget’s disease (Fig. 8.14), fibrous dysplasia,
exostosis, haemangioma (Fig. 8.15), hyper-
trophic osteoarthropathy. Although some of
these entities produce typical appearance on
planar bone scintigraphy, other correlative
anatomical imaging is required. SPECT/CT
acts as one-stop-shop imaging for differenti-
ation of these benign bone entities from
metastases.

Extra-skeletal uptake:

There could be extra-skeletal uptake of
radiotracer in a bone scan which may mimic
bone uptake. Transplant and ectopic pelvic
kidney may resemble abnormal uptake in the
pelvic bones (Fig. 8.16). Non-osseous tracer
uptake is seen in splenic infarct, liver metas-
tasis (Fig. 8.17), lung metastasis (Fig. 8.18),
ascites (Fig. 8.19), urinary bladder stones,
physiological bowel uptake (Fig. 8.20), etc.
Sometimes, the primary tumour shows tracer
uptake and should be differentiated from
metastases, e.g. neuroblastoma primary, lung
cancer,  soft-tissue =~ Ewing  sarcoma
(Fig. 8.21).

Differentiation of local bone infiltration of
primary from metastases:

The uptake in the bone could be due to
primary local infiltration or secondaries in

(e)

®

the bone. This dilemma often occurs if the
uptake is seen in a bone close to the primary
site. SPECT/CT is usually helpful in this sce-
nario (Fig. 8.22). Differentiation of local
infiltration from metastatic bone involve-
ment leads to change in management.

Lytic metastases and metabolically inactive
disease:

A planar bone scan has lower sensitivity
in the detection of lytic bone metastasis. CT
component of the SPECT/CT detects the
small lytic lesions, hence increasing the bone
scan’s sensitivity (Figs. 8.23 and 8.24).
Further, SPECT, due to increasing spatial
resolution, may detect mildly increased
tracer uptake due to bone reaction secondary
to lytic metastases not seen on planar scintig-
raphy. Some authors suggest that the areas
that cause pain and a high likelihood of
metastases should be included in SPECT/CT,
even if planar bone scintigraphy is negative
[36]. Sometimes, the sclerotic lesions may
not show tracer uptake or show very low-
grade uptake on planar study if the patient is
on treatment, where SPECT/CT increases
the diagnostic sensitivity (Figs. 8.25 and
8.20).

Prognostication value:

The abnormally increased tracer uptake
on bone scintigraphy could be due to pure
sclerotic or mixed lytic sclerotic metastases
[36]. However, both have different prognos-
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Fig. 8.5 (a, b) Lung carcinoma with diffuse heteroge- to degenerative changes in the facet joints (red arrow) and
neous uptake of tracer in the thoraco-lumbar vertebrae on  endplate changes (white arrow), therefore ruling out meta-
whole-body bone scan (a) could be metastatic involve-  static involvement

ment. However, SPECT/CT (b) localizes the tracer uptake

a
; : h
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Anterior Posterior

Fig. 8.6 (a, b) Breast cancer post-neoadjuvant chemo- However, SPECT-CT of spine (b) localizes the uptake in
therapy. Whole-body bone scan (a) shows mild focal the D10 vertebra to a sclerotic lesion, consistent with met-
uptake of tracer in the D10 vertebra. Only planar imaging  astatic disease. Teaching point: SPECT-CT increases sen-
findings could be misinterpreted as degenerative changes.  sitivity of bone scan in determination of metastasis
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tic values. Literature evidence suggests that
Iytic bone lesions have a relatively worse
prognosis. SPECT/CT confirms the meta-
static involvement of bone and classifies the
lesions as pure sclerotic or mixed sclerotic-
lytic, which is not always possible on planar
scintigraphy due to lack of anatomical data.
Further, SPECT/CT’s CT component helps
in detecting additional complications like
impending fracture, spinal cord involvement
and vertebral collapse.

Increases diagnostic confidence:

Sometimes, tracer uptake is seen on the
planar bone scintigraphy is confused with
surface contamination of tracer (Fig. 8.27).
Although cleaning the area with water and
reimaging is standard protocol in suspected
surface contamination, the uptake persists,
leading to a diagnostic dilemma. SPECT/CT
often clarifies the difficulty with certainty.
Conversely, surface contamination in atypical
location could be misinterpreted as sinister

(€9)

Fig. 8.7 (a—c) A patient with supraglottic carcinoma,
post-radiotherapy, presented with numbness in upper and
lower limbs. MRI cervical spine (a) shows radiotherapy
changes in the C2-C6 vertebral bodies. A low-signal
lesion is seen in the C5 vertebral body (arrow), likely
degenerative changes. To confirm the finding and rule out
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pathology, and SPECT/CT helps in the accu-
rate image interpretation (Fig. 8.28). Further,
in many other conditions, the SPECT/CT
increases the diagnostic confidence of the
reader (Figs. 8.29, 8.30, and 8.31).
Incidental findings:

There could be incidental findings on a
SPECT/CT performed to clarify equivocal
uptake on planar bone scintigraphy. These
findings might be unknown and incidentally
detected, impacting patient management,
e.g. detection of an ectopic kidney, soft-
tissue metastases (Figs. 8.17 and 8.18), lung
nodules (Fig. 8.32) and aortic aneurysm.

()

8.11.1 Primary Bone Malignancy

The role of bone scintigraphy is limited to the
evaluation of primary bone malignancy. The bone
sarcomas such as osteosarcoma, Ewing’s sar-
coma, chondrosarcoma show non-specific tracer
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metastasis, bone scan was performed. Linear tracer uptake
is seen in the mid cervical spine (posterior image in b),
which on SPECT-CT localizes to endplate degenerative
changes at C5—C6 vertebrae (white arrow in ¢), thus ruling
out metastatic involvement. The uptake in left acromiocla-
vicular joint (red arrow c) is degenerative in nature
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Fig.8.8 (a—c) A 51-year-old lady with known breast car-
cinoma, status post-mastectomy, presented with pain in
the thoracic and lumbar vertebrae, worse at night. (a) MR
images of spine (T1, T2 and STIR sagittal sequences)
show low-signal intensity lesion in the D8 vertebral body,
which raises possibility of a metastasis. (b) Whole-body

bone scan shows focal increased tracer uptake in the D8
vertebra. (¢) SPECT-CT of thoracic spine localizes the
abnormal tracer uptake seen in whole-body study to a
sclerotic lesion in the D8 vertebral body (arrows), com-
patible with solitary bone metastasis



8 Bone SPECT/CT in Oncology
a €
s

g * .

4

- e
- &
% ;

11 25
Anterior Posterior

Fig. 8.9 (a, b) Prostate carcinoma with PSA level
108 ng/mL. The whole-body bone scan (a) shows
increased tracer uptake along multiple costovertebral
junctions, which could be due to degenerative changes.
Similarly, low-grade uptake in the ribs could be traumatic
fracture as seen in previous case. There is focal tracer

uptake on bone scintigraphy. SPECT-CT is help-
ful in the diagnosis of primary, mostly due to the
CT component characterizing the lesion type.

However, the planar bone scan tends to over-
estimate the tumour extent in these tumours
(Fig. 8.33). Often, SPECT-CT helps in the esti-
mation of the accurate extent of the disease
(Fig. 8.33). Whole-body bone scintigraphy has a
role in detecting skip lesions in osteosarcoma and
detecting osseous metastases in polyostotic
tumour.
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uptake in the sternum and left hip joint, which are indeter-
minate. SPECT-CT of thorax (b) shows multiple sclerotic
lesions in the thoraco-lumbar vertebrae involving the
body and transverse process. There is also sclerotic lesion
in the rib showing increased uptake of tracer. The findings
are consistent with multifocal skeletal metastases

A bone scan has limited sensitivity in multi-
ple myeloma and histiocytosis. Multiple
myeloma shows lytic lesions with a lack of reac-
tive osteoblastic reaction, so it may not be visi-
ble on a planar bone scan. Similarly, in
leukaemia and lymphoma, the bone scan has
limited utility. There may be increased focal
uptake in the marrow in patients with marrow
infiltration; however, diffuse increased osteo-
blastic activity may be seen in patients with
blast crises.



146

Anterior Posterior

Fig. 8.10 (a—c) Lung cancer treated with radical radio-
therapy and radiofrequency ablation. PET-CT scan
showed uptake in C3 vertebra? which was indeterminate.
Whole-body bone scan (a) shows mild heterogeneous
tracer uptake in the upper cervical region, D4 vertebra,
left lumbosacral region and right sacroiliac joint.
SPECT-CT of cervical spine (b) localizes uptake in the
cervical region to a sclerotic C3 vertebra and extends from
the vertebral body into both lateral masses (arrows). The

K. Agrawal and G. Gnanasegaran

uptake in D4 vertebra localizes to partial collapse, which
is new comparison to PET-CT study, morphologically
favouring osteoporotic collapse. Overall, the findings are
suggestive of malignant infiltration of C3 vertebra. This
finding was supported by MRI cervical spine done after
few days, which shows diffuse low Tl-weighted and
T2-weighted signal change within C3 vertebra (arrow in

©)
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Fig. 8.11 (a, b) Patient with prostate cancer. Whole-
body bone scan (a) shows multiple foci of increased tracer
uptake in the left 6th—8th ribs and right 9th—11th ribs
which are likely due to fractures. There is intense uptake
of tracer in the left hip joint region (arrow). This could be
due to metastatic disease. However, SPECT-CT of pelvis

Posterior
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Fig.8.12 (a, b) A 64-year-old gentleman with history of
prostate cancer presented with sudden onset back pain.
The patient had previous history of traumatic vertebral
fracture, and exact level could not be known from the his-
tory. Bone scan was performed to identify cause of pain.
Whole-body bone scan (a) demonstrates intense linear
tracer uptake in the L1 vertebral region with more moder-
ate linear uptake in the L2 vertebral region. Moderate
tracer uptake is associated with the right aspect of the mid
cervical vertebra. SPECT-CT of the thoracolumbar spine
(b) shows marked osteoporotic changes within the thora-
columbar spine. The epicentre of the increased uptake in
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(b) localizes the uptake of tracer to the anterior column of
the left acetabulum where there is a breach of cortex
(arrow) and is consistent with a fracture. The findings on
SPECT-CT suggested likely insufficiency fracture in the
left acetabulum as there are similar fractures in the ribs;
however, MRI was suggested for further evaluation

L1 vertebra corresponds to superior endplate of L1 where
there is minor degree of endplate compression consistent
with a fracture (white arrows). Mild metabolic activity in
L2 is associated with more significant superior endplate
compression at L2 vertebra. There are established wedge
compression fractures at T6, T9 and T12 vertebrae which
are metabolically inactive (red arrows). The findings are
suggestive of an acute osteoporotic superior endplate
compression fracture of L1 (which is likely cause of acute
pain), with a previous, chronologically older compression
fracture at L2
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Fig. 8.13 (a—c) Prostate carcinoma with Gleason score
4 + 5 and PSA level 24 ng/mL and new onset back pain.
Whole body bone scan (a) to look for metastatic disease
shows focal tracer uptake in the left 10th and 11th ribs pos-
teriorly, increased tracer uptake in D9-L2 vertebrae and at
the right lumbosacral junction. The overall findings are sus-
picious for metastatic disease. There is further increased
tracer uptake in the right wrist, which is likely benign in
nature. However, SPECT-CT of thoracolumbar spine (b)

Posterior
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Fig. 8.14 (a, b) Bone scan was acquired from the vertex
to the knees in a patient with prostate cancer. The planar
bone scan shows (a) intense tracer uptake in the manu-
brium and left shoulder. Patchy tracer localization is seen
in the lower thoracic and lumbar vertebrae, pelvis and
bilateral femora (right side more than left). Foci of uptake
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localizes the tracer uptake in the left 10th and 11th ribs to
site of fracture (arrow). Further, SPECT-CT of thoraco-
lumbar spine (b, ¢) localizes uptake in the D9-L2 vertebrae
and at right lumbosacral junction to degenerative changes
(arrow in c). Note is also made of several collapsed verte-
brae with normal tracer uptake suggestive of old traumatic/
osteoporotic collapse. Overall, SPECT-CT helped in ruling
out metastatic disease and identified cause of pain to be
likely degenerative changes or rib fracture

in the right-side lower ribs are likely due to fractures.
SPECT-CT of lower thoracic and lumbar spine and pelvis
(b) shows marked coarsening of the trabecular pattern and
cortical thickening particularly in the pelvic bones. Thus,
the bone scan appearances along with SPECT-CT findings
are most in keeping with extensive Paget’s disease
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Fig. 8.15 (a—c) Patient with prostate cancer presented
with 6-month history of worsening buttock pain. Whole-
body bone scan (a) shows mild heterogeneous tracer
uptake in the lower lumbar spine and right sacroiliac joint.
The uptake of tracer in the knees and feet is likely due to
degenerative changes. SPECT-CT of lumbar spine and
pelvis (b) demonstrates increased tracer uptake in bilat-
eral L4-L5 facet joints showing degenerative change on
CT, which could be pain generator. Increased uptake of
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tracer is seen at the L5-S1 endplate changes (b). Further,
the uptake in the right sacroiliac joint localizes to area of
decreased bone attenuation in the right iliac bone (arrow
in ¢). The SPECT-CT appearances of right iliac bone
lesion are atypical for metastasis. MRI of pelvis showed
well-defined T2 hyperintense lesion in the right ilium
adjacent to the sacroiliac joint suggestive of a haemangi-
oma (not shown)
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Fig. 8.16 (a, b) Patient with prostate cancer and low region in anterior image (arrow in a) localizes to bilateral
back pain underwent a bone scan. Whole-body bone scan  renal transplant on SPECT-CT (b), suggestive of physio-
(a) shows no abnormal tracer uptake in the lumbar spine.  logical tracer excretion. Heterogeneous tracer uptake in
Abnormal tracer accumulation in the bilateral iliac fossa  thoracic vertebrae is suggestive of degenerative changes
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Fig. 8.17 Known carcinoma breast, whole-body bone metastasis). SPECT-CT localizes the uptake in thoracic
scan shows increased uptake in the right lower thoracic  region to the hyperdense lesions in the liver (white arrows)
region prominent on posterior view image (black arrow)  suggestive of metastatic deposits

as well as increased osteoblastic activity in sternum (lytic



8 Bone SPECT/CT in Oncology

151

ANTERIOR POSTERIOR

Fig.8.18 Twenty-three-year-old male with known osteo-
sarcoma of the left lower femur, post-surgery recurrence,
bone scan shows increased heterogenous uptake at the pri-
mary site with two prominent foci of uptake in the chest
could be rib metastases. However, SPECT-CT localizes

the uptake to calcified lung nodules (arrows) suggestive of
metastasis along with other tracer non-avid lung nodules
[Teaching point: lung metastasis from osteosarcoma may
show calcification leading to tracer uptake on a bone scan]
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Fig. 8.19 Four-year-old boy with known Wilms tumour  uptake in ascitic fluid adjacent to the ribs (arrows) ruling
shows heterogeneous tracer uptake in the right lower ribs  out bone metastasis
on planar bone scan, which on SPECT-CT localizes to
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Fig. 8.20 (a, b) A patient with prostate cancer shows
abnormal tracer uptake in bilateral iliac fossa on whole-
body bone scan (a). The uptake on planar bone scan could
be misinterpreted as metastasis in the left iliac bone.
However, SPECT-CT of abdomen and pelvis (b) localizes

tracer uptake in iliac fossa region to intestinal loops
(arrows) suggestive of altered biodistribution of tracer.
SPECT-CT helps in avoiding false-positive interpretation
in cancer patient
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Fig. 8.21 (a, b) Known Ewing’s sarcoma pelvic mass, onstrates uptake in the primary soft-tissue mass with
planar bone scan (a) shows heterogeneous tracer uptake in ~ uptake in the L5 and sacrum with local bone infiltration by
the pelvis region which could be due to uptake in primary ~ primary mass showing lytic sclerotic lesion

or secondary bone disease. SPECT-CT of pelvis (b) dem-

ANTERIOR POSTERIOR

Fig.8.22 (a, b) Known lung carcinoma in a 68-year-old ~SPECT-CT (b), the uptake localizes to lytic changes in the
male, whole-body bone scan (a) shows doubtful focus of  thoracic vertebra due to local infiltration of the left lung
uptake in the region of left sternoclavicular joint. On  mass (arrows)
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Fig. 8.23 (a, b) Forty-six-year-old female with known SPECT-CT of sternum demonstrates focal lytic lesion
breast carcinoma shows mild heterogeneous uptake at the ~ with soft-tissue component just below manubriosternal
manubriosternal joint region on whole-body scan (a). joint suggestive of metastasis
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Fig. 8.24 (a, b) Whole-body bone scan (a) of a patient uptake is seen anywhere in the skeleton to suggest metas-
referred for metastatic evaluation shows increased tracer  tasis. However, SPECT-CT of the pelvis (b) demonstrates
uptake in the knees, ankles and feet suggestive of degen-  mild tracer uptake in the left iliac bone showing two lytic
erative changes. On planar imaging, no abnormal tracer lesions (arrows) suggestive of metastatic disease
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Fig.8.25 (a—c) Patient with prostate cancer. X-ray pelvis
shows a sclerotic lesion in the right ischium (arrow in a).
Bone scan was done to rule out metastasis. Whole-body
bone scan (b) shows no abnormal tracer uptake in the pel-
vic bones. However, SPECT-CT of pelvis (¢) shows mild

tracer uptake in a sclerotic lesion in the right ischium
(arrows), suspicious for metastasis. In this particular
example, SPECT-CT has increased sensitivity compared
to planar bone scan in detection of bone lesions
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Fig.8.26 (a, b) A patient with breast cancer underwent a
bone scan with SPECT-CT for staging. The whole-body
study (a) shows increased tracer uptake in the cervical
spine, elbows, wrists, knees, ankles and feet, likely due to
degenerative changes. Increased tracer uptake is seen in
the sternum and left iliac bone. SPECT-CT of lumbar
spine and pelvis (b) shows increased tracer uptake in the
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left iliac bone corresponding to sclerotic lesion suggestive
of metastasis. Moreover, there is a sclerotic lesion in the
L5 vertebral body with no tracer uptake (arrow in b). The
findings are suggestive of bone metastases in the sternum,
L5 vertebrae and left iliac bone. SPECT-CT helps in iden-
tifying metabolically inactive metastasis in this patient
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Fig. 8.27 Whole-body bone scan of a prostate cancer
patient with serum PSA level 88 ng/mL shows intense
focal tracer uptake at the right pubic ramus which is suspi-
cious for metastasis, but could be due to urine contamina-
tion. Two subtle foci of tracer uptake are seen in the skull

posteriorly, which is non-specific and likely benign. Note
is made of bilateral knee replacement. SPECT-CT of the
pelvis localizes focal uptake at the right pubic symphysis
to subtle sclerosis on CT component of the study, sugges-
tive of early bone metastasis
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Fig. 8.28 (a, b) Breast cancer with back pain. Whole-  spine (b) localizes the uptake to skin contamination. No
body bone scan (a) shows increased tracer uptake in the —morphological abnormality is seen in the lumbar
region of lower lumbar vertebraec. SPECT-CT of lumbar  vertebrae
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Fig.8.29 (a, b) Patient with lung carcinoma. On whole-  increased tracer uptake in the left knee (a) localizes to a
body bone scan (a), there is low-grade patchy uptake of lytic lesion in the medial aspect of the left tibial plateau
tracer in the left ischium (arrow). This is equivocal for a ~ with soft-tissue component (not shown). In this particular
skeletal metastasis. SPECT-CT of pelvis (b) localizes case, SPECT-CT was useful in increasing the confidence
tracer uptake in the left ischium to a lytic lesion with soft-  of the scan reader

tissue component suggestive of metastasis. Further
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Fig. 8.30 (a, b) Prostate cancer on hormonal treatment.  uptake to sclerosis on CT component of the study.
Increased tracer uptake is seen in the manubrio sternum  Although, the appearances are non-specific on planar
on whole-body bone scan (a), which is not typical for study, it is strongly suspicious for metastasis on
metastasis. However, SPECT-CT (b) localizes the tracer =~ SPECT-CT study
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Fig.8.31 Known lung carcinoma, whole-body bone scan  correlation. The uptake localizes to a small lytic lesion in
shows solitary minimal increased osteoblastic activity in D10 vertebral body on SPECT-CT confirming metastasis
D10 vertebral region on whole-body study posterior view  (arrows)

which could be metastasis but needs further anatomical
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Fig. 8.32 (a, b) Sixty-year-old male patient with known
prostate carcinoma shows multifocal uptake in the pelvis
and thorax, and heterogeneous tracer uptake in the verte-
brae (a). On SPECT-CT of thorax (b), the uptake in rib
localizes to sclerotic lesion (a, b) suggestive of metasta-
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Fig. 8.33 A known case of left tibial Ewing’s sarcoma,
whole-body bone scan shows increased osteoblastic activ-
ity in the proximal left tibia possibly extension up to the
proximal epiphysis. However, SPECT-CT localizes the
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ses, and uptake in vertebrae localizes to degenerative
osteophytic changes (c, d). Moreover, there is incidental
lung nodules on low-dose CT component of SPECT-CT
(e, f), which could be metastatic and needs further
evaluation

uptake to intramedullary sclerosis with thick periosteal
reaction (arrows) in the proximal diaphysis sparing the
epiphysis and metaphysis, which is helpful in knee pre-
serving surgery
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Bone SPECT/CT in Orthopaedics

Kanhaiyalal Agrawal, Girish Kumar Parida,
Hans Van der Wall, and Gopinath Gnanasegaran

9.1 Introduction

Bone scintigraphy, commonly known as a bone
scan, has proven its utility in the metastatic
workup and benign bone diseases. However, pla-
nar scintigraphy is only a two-dimensional repre-
sentation of the image. For better localization, a
three-dimensional SPECT modality was used
previously. Though SPECT became a milestone
in this search, it could not completely solve the
purpose due to the persistent lack of specificity of
bone SPECT. The lack of specificity on conven-
tional planar bone scan and SPECT led to devel-
opement of hybrid imaging modality like SPECT/
CT. The functional information can be obtained
from the SPECT, and the precise anatomic local-
ization and characterization can be assessed on
the CT component of the study. SPECT/CT bone
scan has significantly increased sensitivity and
specificity when compared to planar bone scin-
tigraphy. In the previous chapter, we have dis-
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cussed the role of bone scan with SPECT/CT in
oncology. Here, we will discuss the orthopaedic
applications of bone SPECT/CT.

9.1.1 Indications

Metastatic workup has been the most common

use of skeletal scintigraphy. However, there are

many benign bone conditions including infec-

tive/inflammatory diseases, where the bone scan

has shown its significance. Following are the

benign conditions where the bone scan is being

used [1, 2]:

e Enchondroma

e Shin splints

e Avascular necrosis

e Arthropathies

e Paget’s disease

e Fibrous dysplasia

e Hypertrophic osteoarthropathy

e Trauma

e Prosthesis complications

e Complex regional pain syndrome (reflex sym-
pathetic dystrophy)

* Bone infarction

e Heterotopic ossification

e Condylar hyperplasia

* Bone graft viability
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e Vertebral collapse
e Spondylodiscitis
¢ Intraosseous disc herniation

9.1.2 Radiopharmaceuticals

Benign bone pathologies can be broadly classified
into two groups, non-infective and infective pathol-
ogies. For non-infective pathologies, 9mTc meth-
ylene diphosphonate (99mTc MDP), 99mTc
hydroxymethylene diphosphonate (99mTc HDP or
HMDP) and 99mTc hydroxyethylidene diphospho-
nate (99mTc HEDP) are used. However, in infec-
tive conditions, bone SPECT tracers like
67Ga-Citrate, 99mTc or 111In-labelled WBC and
radiolabelled anti-granulocyte antibody are used
and shown in Table 9.1 [3].

9.1.3 Radiopharmaceutical Activity

An adult’s recommended activity is intravenous
injection of 740-1110 MBq (20-30 mCi) of
99mTc-labelled bone seeking agents. For obese
patients, the administered tracer activity is
increased to 11-13 MBg/kg (300-350 pCi/kg).
In kids, the recommended dose is 9-11 MBqg/kg
(250-300 pCi/kg), with a minimum of
20—40 MBq (0.5-1.0 mCi) [1-3].

9.2 Bone SPECT/CT: Patient

Preparation

The patient preparation for bone SPECT/CT is
similar to bone scintigraphy. In general, before
making an appointment for bone scintigraphy
and SPECT/CT, pregnancy and active breast-
feeding should be excluded. No specific patient
preparation is required for bone scintigraphy.
Unless contraindicated, the patient should be
well hydrated before and during the study. The
nuclear medicine team should document rele-
vant medical history related to the investiga-
tion before radiotracer administration. In
particular, the referral cause, current symp-
toms, history of trauma or fractures, prior bone
scintigraphy results, any history of allergy,
renal impairment, etc., should be recorded.
History of previous surgery must be docu-
mented. Any recent nuclear medicine studies
which may impair bone scintigraphy image
quality must be reported [1, 2]. In between
radiotracer administration and imaging, the
patient should be advised to void frequently
and immediately before the scan. All metallic
objects must be removed during imaging unless
contraindicated. The non-removable metallic
objects like pacemakers must be documented
before the study to avoid misinterpretation of
scan findings.

Table 9.1 SPECT tracers used in bone inflammation/infection

Administered
Radiopharmaceutical Targeting mechanism Pathophysiological process dose (MBq)
#mTc-HMPAO/''In-oxine Cell migration for Enhanced vascular permeability, | 200/18.5
WBCs chemotaxis chemotaxis, cell recruitment,
immune response

“’Ga-citrate Transferrin and lactoferrin | Enhanced vascular permeability 185

receptor-binding,

siderophores bacteria
#mTc-polyclonal human Extravasation from Local hyperemia, enhanced 555
limmunoglobulins bloodstream vascular permeability
#mTc-anti SSEA-1 IgM, Antigen binding Targeting, immune response 370-740
falonesomab (Leu-Tech,
NeutroSpec)
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9.3 Image Acquisition Protocol

In benign bone diseases, three-phase bone scan is
often required. In SPECT/CT, the SPECT image
reconstruction is done with 3D iterative OSEM
(ordered-subsets expectation-maximization) with
ideally 3-5 iterations and 8—10 subsets. The CT
parameters typically include a 512 x 512 matrix,
a tube voltage of 120 kV, an intensity—time prod-
uct of 2.5-300 mAs (depending on the anatomy
or site being imaged) and a high-resolution appli-
cation filter to the final image. A single SPECT/
CT field of view is usually 40 cm, and several
separate or contiguous fields of view can be used
when the desired area of investigation is large.
Fused three-dimensional SPECT/CT images are
usually displayed as two-dimensional orthogonal
(axial, coronal and sagittal) and maximum-
intensity projections [1]. Different institutes fol-
low different protocols in the acquisition of
SPECT-CT. Table 9.2 shows one of such accepted
protocols for different regions [2, 3].
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9.4 Bone SPECT/CT in Different
Benign Bone Conditions

9.4.1 Enchondroma

Enchondroma is benign intramedullary cartilage
neoplasm. It could be solitary or involves multi-
ple bones. It represents approximately 20% of all
cartilage tumours of bone and is generally dis-
covered in the third or fourth decade of life [4].
Enchondromas are second to osteochondromas in
frequency amongst benign cartilage tumours
(30%) [4]. These benign tumours are thought to
arise from embryonic rests derived from the
epiphyseal growth plate, which are displaced into
the metaphysis [5]. A majority of these benign
tumours are located centrally in short tubular
bones, the proximal femur and the humerus,
proximal phalanx being the most common area
of involvement. Most of the enchondromas are
discovered incidentally during metastatic workup
on bone scan. Hence, knowledge of CT and bone

Table 9.2 Summary of acquisition parameters (Adapted from [3])

Spine Hand and wrists | Hips and pelvis | Knees Ankles and feet
SPECT LEHR LEHR LEHR LEHR LEHR
acquisition collimators collimators collimators collimators collimators
Matrix Matrix Matrix Matrix Matrix
128 x 128 128 x 128 128 x 128 128 x 128 128 x 128
128 angles 128 angles 128 angles 128 angles 128 angles
20 s/angle 20 s/angle 20 s/angle 20 s/angle 20 s/angle
Step mode Step mode Step mode Step mode Step mode
Non-circular Non-circular Non-circular Non-circular Non-circular
rotation rotation rotation rotation rotation
Localization CT |2.5-40 mA 2.5-40 mA 2.5-40 mA 2.5-40 mA 2.5-40 mA
or for 80-130 keV 80-130 keV 80-130 keV 80-130 keV 80-130 keV
attenuation 1-5 mm slice 1-5 mm slice 1-5 mm slice 1-5 mm slice 1-5 mm slice
correction thickness thickness thickness thickness thickness
Diagnostic CT 100 mA/slice 150 mA/slice 100 mA/slice 100 mA/slice 100 mA/slice
120 kV 140 kV 120 kV 120 kV 120 kV
1.5 mm slice 0.8 mm slice 1.5 mm slice 1.5 mm slice 1.5 mm slice
thickness thickness thickness thickness thickness

N.B. Routine early blood pool and delayed static images of region are recommended for the afore-mentioned indica-
tions, and CT settings are variable depending on local requirements/protocols/cameras etc. The use of dose reduction

features is recommended if available
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Planar: Anterior

Fig. 9.1 Enchondromatosis: Incidentally discovered
region of increased uptake in the left femoral meta-
diaphysis (arrowhead in a), while the patient was being
screened for lower back pain. Figures (b, ¢) representing

scan appearance is essential to avoid misinterpre-
tation. Often, they are asymptomatic. However,
enchondromas of hand and feet may present with
pain. Further, two syndromes are associated with
multiple enchondromas: Ollier’s disease and
Maffucci syndrome (Fig. 9.1).

CT Appearance Variable punctate or linear cal-
cification of the enchondroma may be apparent
without significant thickening or cortical breach.
However, there may be mild endosteal scalloping
of the cortex. There is a narrow zone of transition
and sharply defined margins. In general, no peri-
osteal reaction and no soft-tissue mass.

SPECT Generally, the enchondromas show
low- to moderate-grade tracer uptake in the bone
scintigraphy. With SPECT-CT, further anatomic
characterization with the CT component is pos-
sible. Enchondroma with no tracer uptake in the
bone scan has not been reported in the literature
to our knowledge. Therefore, if a calcific lesion
in the metaphysis demonstrates no significant
tracer uptake, then a calcified lipoma or bone
infarct should be suspected. While the bone scan
appearances are non-specific, the study is essen-
tial in assessing the entire skeleton for multiple

K. Agrawal et al.

CT and fused SPECT/CT images, respectively, showing
multiple calcified nodules within the medullary cavity

with diffuse uptake, in the typical pattern of
enchondromatosis
enchondromatosis (Ollier’s disease).

Distinguishing benign from malignant transfor-
mation by the degree of uptake in an enchon-
droma is not possible.

9.4.2 Shin Splint

The term shin splints is described as medial tibial
stress syndrome (MTSS) [6, 7]. It is a form of
stress injury that usually occurs in the medial
tibia and is characterized by pain, tenderness,
swelling and warmth of the skin overlying the
attachments of the involved muscles to the tibia.
Aectiology remains the traction injury involving
the soleus and flexor hallucis longus and possibly
the flexor digitorum longus with a claw-toe
deformity [8]. While the history and physical
examination may yield the diagnosis, the critical
issue is to exclude a stress fracture. One-leg hop
test is the clinical test to distinguish shin splint
from a stress fracture, but a three-phase bone
scan helps determine these two conditions objec-
tively. A linear, longitudinal uptake along the
affected tibial cortex’s periosteal surface is seen
on the bone scan [9, 10]. Further, the first two
phases of the bone scan show normal appear-
ances in shin splint (Fig. 9.2).
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Fig. 9.2 Shin splint: 17-year-old male athlete presented
with pain in bilateral lower limbs since few months. Bone
scan shows linear increased tracer uptake in postero-
medial cortex of bilateral tibia suggestive of shin splint on

9.4.2.1 SPECT-CT Findings

CT CT is not sensitive in MTSS. The earliest
manifestation of the MTSS is mild posteromedial
tibial cortical osteopenia. There is no definite
fracture line as seen in stress fracture.

SPECT The planar image shows intense long-
segment uptake along the posterior/posterome-
dial cortex of both distal tibiae. The SPECT
images show the long-segment sub-periosteal
pattern of uptake in the posterior or posterome-
dial cortices of both distal tibiae, without a focal
abnormality to suggest a stress fracture [9, 10].

9.4.3 Avascular Necrosis

Avascular necrosis (AVN) is defined as massive
bone and marrow necrosis due to disruption of the
blood supply. AVN might be the result of a local or
a systemic process [11]. The local causes include
infection, trauma or localized field radiation ther-

169

planar (a) with corresponding CT, SPECT and SPECT/
CT images, respectively, showing mild periosteal reaction
related to site of uptake (b—d)

apy. The systemic causes of AVN are multifacto-
rial and include barotrauma, corticosteroid use,
genetic and haematological (sickle-cell anaemia).
The pathophysiology of AVN relates to an inter-
ruption of the blood supply to bone, leading to
ischemia. AVN has a propensity for yellow mar-
row sites with a large proportion of adipocytes
such as the femoral head [12]. Necrosis leads to
loss of the normal biomechanical property of
bone, and a secondary fracture often occurs
together with subchondral dissection and collapse
of the necrotic segment, which is when the condi-
tion becomes symptomatic [13]. The most com-
mon site for AVN is the femoral head. AVN might
also be seen in the scaphoid, capitate, humeral
head, vertebral body, talus and knee.

The Association Research  Circulation
Osseous system is widely accepted for staging of
AVN [14]. It extends from stage O (where there is
no imaging evidence of avascular necrosis) to
stage IV (where there is a collapse of the necrotic
region with joint space narrowing and destruction
of the joint) [14] (Fig. 9.3).
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Fig. 9.3 Avascular necrosis: 26-year-old male underwent
bone scan for right hip pain. Flow and pool images show
no significant abnormality. Delayed bone scan shows
focal increased tracer uptake in right femoral head (a, b,
black arrow). SPECT-CT images show increased tracer
uptake at the right femoral head associated with corre-

9.4.3.1 SPECT-CT Findings
CT: The earliest CT sign of avascular necrosis is
osteopenia. In the intermediate stage, there may
be trabecular condensation and sclerosis of the
region. In the later stages, subchondral micro
fractures and reactive bone formation will lead to
the crescent sign (subchondral lucency) followed
by fracture and the necrotic region’s collapse. CT
is less sensitive in the early stage of the disease.
SPECT: Bone scan is a highly sensitive investi-
gation in AVN. Although MRI is the gold standard,
a bone scan is a choice in a patient with sickle cell
disease where multiple sites of involvement need to
be ruled out. Bone scan in early disease usually
shows a cold area representing the disruption of the
blood supply. Later in the disease process, a photo-
penic region surrounded by high uptake (due to sur-
rounding hyperaemia and osteoblastic bone
reaction—Doughnut sign) is seen. There is subse-
quent revascularization at the interface between
necrotic and normal bone, leading to a progressive
increase in uptake of tracer with bony remodelling
leading to a progressive increase in uptake within

sponding sclerosis and absorption of the head of femur on
CT (c—e, respectively representing CT, SPECT and
SPECT/CT images, white arrows), suggesting avascular
necrosis. In SPECT images (d), central photopenia is well
appreciated compared to planar images.

the necrotic territory. SPECT imaging has higher
sensitivity than planar bone scan as photopenia
could be masked in two-dimensional planar imag-
ing due to low-grade tracer uptake in the overlap-
ping structures. SPECT-CT not only provides
accurate localization but also provides an anatomic
characterization of the lesions.

9.4.4 Sacroiliitis

Arthropathies are a varied group of inflammatory
rheumatic diseases, ranging from reactive arthri-
tis to ankylosing spondylitis, enteropathic arthri-
tis, facet joint arthropathies and other
undifferentiated arthropathies [15].
Arthropathies are associated with synovitis,
spondylitis, dactylitis and enthesitis at ligament,
tendon or capsular insertions into bone. The com-
monly encountered arthropathies in the bone
scan are facet joint arthropathies and sacroiliitis,
which can be falsely considered metastases.
Sacroiliitis is generally regarded as a form of
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Fig. 9.4 Facet joint arthropathy: 58-year-old female with carcinoma lung for metastatic workup. Bone scan showed
focal tracer uptake in the cervical vertebra which on SPECT-CT localized to a facet joint arthropathy

synovitis but erosive changes to the joint may
occur in the upper third, adjacent to the interosse-
ous ligament, which contains no synovium [16,
17] (Fig. 9.30).

9.4.4.1 SPECT-CT Findings

CT: Radiologically, it has five grades in the
New York criteria [18]. Grade 0 is a normal sac-
roiliac joint (SIJ). Grade 1 is a suspicious joint
without a definite abnormality. Grade 2 is mini-
mal sacroiliitis, which indicates sclerosis and
minor erosions but no loss of joint space. Grade 3
is moderate sacroiliitis with definite sclerosis on
both sides of the joint, erosions and widening of
the interosseous space. Grade 4 is consistent with
complete joint obliteration or ankylosis with or
without residual sclerosis.

SPECT: The SPECT part shows increased
uptake around the joints with arthropathy. MRI
is probably the earliest marker of sacroiliitis as
it detects disease at the cartilaginous level,
before the bony changes occur. The current gen-
eration of SPECT/CT devices can challenge the
role of MRI, as preliminary experience has
shown [19].

9.4.5 Paget’s Disease

Paget’s disease of the bone is a common meta-
bolic skeletal disorder of older persons [20]. This
condition is often asymptomatic, identified inci-
dentally on radiological studies for other pur-
poses. Any bone may be affected, although
polyostotic involvement of the axial skeleton is
most commonly observed (monostotic disease
accounts for only 10-35% of cases) [21, 22]. The
pelvis is most commonly involved, followed by
the lumbar spine, thoracic spine and skull [23].
Localized bone pain is the most common feature
in symptomatic patients, whilst deformity (typi-
cally bowing of long bones), osteoarthritic
changes (secondary to Pagetoid bony remodel-
ling within a joint) and neurologic complications
(secondary to compression of adjacent neural
structures by expansile bone remodelling) might
also occur. Histologically, the disease is charac-
terized by several non-inflammatory phases of
bone remodelling, initiated by an initial osteo-
lytic phase of excess osteoclast activity [24]. This
is later accompanied by osteoblast and fibroblast
activation leading to an intermediate phase of
simultaneous bone resorption and formation.
Osteoblastic bone formation later predominates
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Anterior

Fig. 9.5 Paget’s disease: 56-year-old male was inciden-
tally detected to have Paget’s disease. Bone scan shows
diffuse increased tracer uptake in left hemipelvis (arrows

with the net deposition of structurally weak
woven and lamellar bone in a disordered manner
leading to bone expansion and thickening of tra-
beculae. The final burn-out phase is characterized
by a reduction in osteoblast activity and bone
turnover [24] (Figs. 9.5 and 9.29).

9.4.5.1 SPECT-CT Findings

CT: Characteristics of the initial osteolytic phase
are regions of well-defined osteolysis, often with
a leading edge advancing from the subarticular/
metaphyseal bone towards the diaphysis (‘blade
of grass’ sign) [25]. The intermediate phase of
osteolysis/osteosclerosis ~ demonstrated  bony
expansion, cortical thickening and coarsening of
the trabecular pattern (referred to as ‘picture-
frame vertebra’ within the spine—bone-in-bone

PG T Trssasis

in a) which on SPECT-CT showed diffuse sclerosis with
cortical thickening (b, ¢, respectively, shows CT and fused
SPECT/CT images)

appearance of thick peripheral trabeculae and
lucent inner aspect of the vertebral body) [22]. In
the late burn-out phase, affected bones are mark-
edly sclerotic (‘ivory vertebrae’). CT is usually
beneficial in defining the anatomy of symptom-
atic cases with neurological involvement (e.g.
skull base, neural foramina). Lytic lesions dem-
onstrate avid enhancement. The typical pelvic
involvement features are cortical thickening and
sclerosis of the iliopectineal and ischiopubic
lines, acetabular protrusion and enlargement of
the pubic rami and ischium.

SPECT: Bone scan shows superior sensitivity
to plain radiography and demonstrates the extent
of polyostotic involvement [26]. Characteristically,
there is marked uptake, particularly in symptom-
atic lesions, although late phase burnt-out lesions
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Fig. 9.6 Fibrous dysplasia: Whole-body bone scan
shows linear tracer uptake in the frontal bone and promi-
nent focal uptake in the right seventh rib. SPECT-CT

may not show increased uptake [26]. Early lytic
lesions may demonstrate peripheral uptake only.
Combined SPECT-CT has significantly higher
sensitivity and specificity than either of the indi-
vidual modalities.

9.4.6 Fibrous Dysplasia

Fibrous dysplasia was first described in 1938 by
Lichtenstein [27]. The true incidence and preva-
lence are difficult to estimate, but the condition
is not rare and is thought to represent approxi-
mately 5-7% of all benign bone tumours [28].
Fibrous dysplasia may present in either one
bone (monostotic) or multiple bones (polyos-
totic). The basic pathophysiology is thought to
be a failure in the remodelling of primitive bone
to mature lamellar bone and the failure of the
bone to realign in response to mechanical stress

localizes the uptake in the frontal bone and right rib to
ground-glass opacities with expansion of bones sugges-
tive of polyostotic fibrous dysplasia

[29]. The failure of maturation results in iso-
lated trabeculae enmeshed in dysplastic fibrous
tissue, which slows turn over and is metaboli-
cally active. Most lesions are monostotic and
incidentally discovered on imaging. Fibrous
dysplasia is associated with several syndromes,
such as McCune-Albright and Mazabraud dis-
eases (Fig. 9.6).

9.4.6.1 SPECT-CT Findings
CT: Normal bone is generally replaced by a
radiolucent ground-glass pattern, homogeneous
with no visible trabeculation. The extent of the
lesion is readily apparent, and the cortical bound-
aries are more clearly delineated. The thickness
of the native bony cortex, endosteal scalloping
and periosteal new-bone reaction is best demon-
strated with CT.

SPECT: Whole-body bone scintigraphy helps
demonstrate the extent of the disease. There is
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generally intense uptake of tracer in adolescence
and throughout life due to the continuing bony
turnover. Combined SPECT-CT better character-
izes the lesions.

9.4.7 Hypertrophic Pulmonary
Osteoarthropathy

Hypertrophic  pulmonary osteoarthropathy
(HPOA) is a clinical condition characterized
by clubbing of the digits, long bone periostitis
and polyarthropathy. HPOA manifests clini-
cally as diffuse bone and joint pain. It is classi-
fied as a primary and secondary disease, and

&

¢

Fig. 9.7 Hypertrophic pulmonary osteoarthropathy:
59-year-old female with carcinoma lung for metastatic
workup. Bone scan showed diffuse heterogeneously
increased tracer uptake in the upper and lower limb
bones—suggestive of hypertrophic pulmonary osteoar-
thropathy (HPAO)

the vast majority of cases (>90%) are second-
ary. Over 90% of cases of HPOA have been
described in association with intrathoracic
pathology, of which 80% are lung cancers [30].
There are numerous reports of the HPOA
resolving after-treatment of lung cancer [31]
(Fig. 9.7).

9.4.7.1 SPECT-CT Findings
CT: CT is more sensitive than plain X-ray at
demonstrating early changes of sub-periosteal
bone formation or changes at the terminal digits.
SPECT: Scintigraphy is probably the most
sensitive method for detecting periostitis in the
long bones, digital clubbing and arthropathy in
HPOA. Several case reports [32] demonstrate
disease identified by bone scintigraphy that is not
apparent on the MRI or plain film. The typical
SPECT-CT appearance is increased uptake in a
peri cortical distribution in the diametaphysis or
the distal phalanges (clubbing) with or without
evidence of synovitis.

9.4.8 Trauma

The majority of skeletal fractures are clinically and
radiologically evident. However, a few circum-
stances under which plain film radiography and
even CT may not identify an occult fracture. These
occur in high-speed trauma, where a whole-body
study is essential to evaluate the presence of occult
fractures apart from the apparent presenting frac-
tures/soft-tissue injuries and is of particular impor-
tance in small children and unconscious patients.
Fractures without significant displacement may
also lead to confusion, particularly so of the wrist
and hip. Occasionally, the degree of trauma may not
cause an apparent cortical infraction, but instead
will lead to significant damage in the form of micro-
trabecular fractures (bone bruising). This ‘bone
bruise’ can be visible on scintigraphy as increased
sub-cortical uptake and on the MRI as bone marrow
oedema. The plain film and CT are invariably nor-
mal in these circumstances. If the force exceeds the
cortical bone’s elastic limits, a breach in the cortex
or fracture will occur (Figs. 9.8, 9.21, 9.23, 9.24,
9.25, and 9.26).
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Fig. 9.8 Stress fracture: 24-year-old athlete presented
with pain in left distal tibia. Planar bone scan (a) showed
focal increased tracer uptake in the shaft of left distal

9.4.8.1 SPECT-CT Findings

CT: Multi-detector CT adds a significant level
of sensitivity for the detection of occult frac-
tures by showing subtle fracture lines, signifi-
cant articular injury, bone loss and surgically
important staging information [33]. It helps to
exclude occult malignancy and infection.
Volumetric reconstruction helps in planning sur-
gery in complex acetabular, foot, ankle and
shoulder fractures.

SPECT: Scintigraphy has traditionally been
the modality of choice for detecting occult frac-
tures of the wrist, hip and pelvis, although it cur-
rently has been supplanted by MRI in most
instances. The advent of hybrid SPECT and CT
devices has allowed SPECT/CT to establish itself
as an essential modality in assessing occult frac-
tures. The high sensitivity of bone scintigraphy
fused with CT’s high-spatial resolution has
allowed for significant improvements in overall
specificity [34].
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tibia, which on SPECT-CT (b) localized to a linear break
in the posterior cortex—suggestive of stress fracture

Identification of Pain
Generator (Prosthesis
Related)

9.4.9

Contemporary joint arthroplasty procedures began
less than 75 years ago when the modern-day hip
replacement’s predecessor was introduced. Similarly,
the predecessor of the modern-knee prosthesis devel-
oped about 40 years ago. With time, these prostheses
have undergone a significant amount of improve-
ment [35]. These prostheses are anchored to bone by
various methods, including polymethylmethacrylate
and osseous ingrowth into the device’s surface. Some
devices are coated with hydroxyapatite which
induces new bone formation and attaches to newly
produced periprosthetic osseous tissue [35].
Currently, the most common cause of prosthetic
failure is aseptic loosening and occurs in more than a
quarter of these devices. Aseptic loosening results
from an inflammatory reaction induced by the pros-
thetic components [36, 37], and the inflammatory
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Fig. 9.9 Aseptic loosening: 53-year-old male had under-
gone total hip replacement 2 years ago, presented with
pain in the hip since few days. Bone scan shows mild focal
tracer uptake adjacent to the prosthesis only on delayed

reaction is characterized by an influx of various
types of leukocytes [38—40]. Most cases of aseptic
loosening are treated with surgery. Prosthesis infec-
tion is less common and occurs in up to 2% of pri-
mary implants, and up to 5% revision. The
management approach often depends on the accu-
rate diagnosis of aseptic loosening and infection.
This differentiation is not always obvious. Signs
and symptoms, except for pain, frequently are lack-
ing. Laboratory tests may be suggestive but are not
diagnostic of infection. The definitive preoperative
test’s joint aspiration with culture is specific, but
sensitivity is variable [41, 42] (Figs. 9.9 and 9.35).
Further, bone scan with SPECT-CT is helpful in
identification of pain generators in spine (Figs. 9.4
and 9.15), wrists (Figs. 9.16, 9.17, 9.19, and 9.20),
hip (Figs. 9.21, 9.22, 9.23, 9.24, 9.25, 9.26, 9.27,
and 9.28), knee (Figs. 9.31, 9.32, 9.33, and 9.34)
and foot pain (Figs. 9.37, 9.38, and 9.39).

9.4.9.1 SPECT-CT Findings

Lucency around the prosthesis or migration of the
prosthesis is the classical sign of loosening [43]. It
is normal to identify a thin, linear lucent zone at the
prosthesis cement interface, especially at the stem’s
proximal lateral aspect [44]. A normal bone scan
essentially excludes a prosthetic complication.

images (arrows in a). Figures (b—d) represent correspond-
ing CT, SPECT and SPECT-CT images showing focal
tracer uptake at the femoral tip and acetabular component
of the hip prosthesis—suggestive of aseptic loosening

On bone scintigraphy, focal abnormalities (not
diffuse) in two or more zones or intense uptake in
one zone about the prosthesis indicate loosening.
However, in uncemented prostheses, an increased
tracer activity can still be seen in some at the dis-
tal tip at 2 years [45].

In infection, classically, the three-phase bone
scan shows diffusely increased periprosthetic activ-
ity on delayed images associated with infection (as
opposed to loosening in which there is a focal
abnormality identified about the prosthesis) [45,
46]. Unfortunately, the bone scan findings are non-
specific, and there is considerable overlap between
infection and loosening [45]. SPECT-CT can help
in such a situation, and additional CT findings help
in making an accurate diagnosis (Fig. 9.35).

SPECT-CT with a combination of either white
blood cell-tagged Tc99m or Tc99m-sulesamab with
bone marrow imaging can reduce the false-positive
scans and further increases the diagnostic accuracy up
to 90% [45-47]. Any spatially incongruent area of
In-111 WBC tracer activity which does not match
marrow activity should be considered as infection
(regardless of the intensity of the tracer uptake) [45].
Sequential bone-gallium imaging can also be used to
evaluate prosthesis infection, but the overall accuracy
(70-80%) is significantly less than that of combined
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Table 9.3 Summary of clinical applications in identification of pain generator and evolving evidence [47-70]

Spine Hand and wrists Hips and pelvis | Knees Ankles and feet
Clinical -Localization of | -Localizing -Evaluation of | -Evaluation of -Localization and
application | metabolically abnormal painful joint painful joint characterization
active facet metabolic active prosthesis prosthesis of abnormal
joints sites -Evaluating -Evaluating aseptic | increased tracer
-Localization of | -Detecting aseptic and and septic uptake in the foot
alternate pain post-traumatic septic loosening of knee and ankle joints
generators bone remodelling | loosening of prostheses -Localizing
-Assessment of | -Detecting occult hip prosthesis -Identifying alternate
complications fractures which -Identifying potential pain metabolically
related to are often missed potential pain generators active pain
post-operative or equivocal generators generators
spine other modalities | -Identifying -Assessment of
potential post-operative
alternate pain complications
generators
-Evaluation of
bone viability
When to -If planar -If planar imaging | -If planar -If planar imaging | -If planar imaging
use imaging is is non-diagnostic | imaging is is non-diagnostic, is non-diagnostic
SPECT-CT | non-diagnostic and accurate non-diagnostic, | usually late-phase and accurate
-To help identify | localization and usually SPECT/ localization and
patients with characterization late-phase CT. Particularly characterization
low back pain are challenging SPECT/CT useful for the is challenging
who would -Particularly evaluation of knee
benefit from useful for prosthesis
facet joint evaluation of
infiltration hip prosthesis
-In the
post-surgery
setting (with or
without
implants)
Summary -Identifies other | -Lesion detection | -Increased -Increased -Complementary
of current potential causes | is relatively diagnostic diagnostic to conventional
evidence of recurrent low | greater when accuracy in the | accuracy in the imaging
back pain compared to evaluation of evaluation of modalities
-Precise standard X-rays aseptic or aseptic and septic | -Comparable
localization of or planar bone septic loosening of knee diagnostic
focal increased | scans loosening in prosthesis performance with
metabolic -Good inter- hip prosthesis | -Significantly better | MRI
activity observer -Significantly than planar -Useful
-Guides therapy | agreement better than scanning in in localizing and
-Compliment’s | -Significant planar assessment characterizing
clinical impact on patient | scanning in femoral impingement
diagnosis management assessing component with syndrome and
-Procedure of -Beneficial to acetabular cup superior results in soft-tissue
choice for integrate into the | loosening but assessment of pathology

patients with
low back pain
after lumbar
fusion surgery
-Highly
sensitive and
specific tool for
the exclusion of
screw
loosening

diagnostic
imaging
algorithm

not for the
femoral stem

tibial component
-Ideal imaging
modality for
evaluation of
patellofemoral
disorders after
knee replacements
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In-111 WBC and Tc-99m marrow scintigraphy [45,
46]. The summary of clinical application and evolving
clinical evidence is discussed in Table 9.3 [47-70)].

9.4.10 Complex Regional Pain
Syndrome

Complex regional pain syndrome (CRPS) is a dis-
order showing continuous pain, characterized by
sensory, vasomotor, sudomotor or motor symp-
toms and signs [71, 72]. It can be due to surgery,
trauma or minor injury [72, 73], and nerve damage
is the standard for classifying CRPS type I and II
[71-74]. The diagnostic criteria of CRPS were
developed by the International Association for the
Study of Pain (IASP) through The Budapest
Clinical Diagnostic Criteria for Complex Regional
Pain Syndrome in 1994 [75]. However, the criteria
of IASP tended to over-diagnose CRPS, and it has
difficulty discriminating between CRPS and other
neuropathic pain [76]. The revised criteria pre-
sented a sensitivity of 85% and a specificity of
69% and reduced false-positive diagnosis [77].
Although diagnostic procedures such as three-
phase bone scintigraphy, magnetic resonance
imaging (MRI), X-ray and skin temperature differ-
ences were not included in the revised criteria of
CRPS, they could provide additional information
to diagnose CRPS [78, 79]. The usefulness of bone
scintigraphy for extremity pain has not been well
studied. However, as the study of single-photon
emission computed tomography/computed tomog-
raphy (SPECT/CT) has increasing, studies regard-
ing SPECT/CT in patients with extremity pain
have been performed (Fig. 9.18).

9.4.10.1 SPECT-CT Findings

Although triple-phase bone scan findings vary
depending on the disease’s duration, the typical
pattern of bone scan in CRPS is increased uptake
in blood flow, blood pool and delayed phases. In
SPECT-CT, the tracer uptake is localized in the
periarticular region. Schiirmann et al. [80] com-
pared the diagnostic performance of bone scan
with thermography and MRI. The sensitivity of
bone scan and MRI was 19% and 43% at 8 weeks,
14% and 13% at 16 weeks after the trauma,
showing both modalities’ poor sensitivity.
However, the specificity of bone scan and MRI

was 96% and 78% at 8 weeks, 100% and 98% at
16 weeks after the trauma, potentially ruling out
CRPS. According to a meta-analysis by Cappello
et al. [78], the bone scan had a significantly
higher sensitivity and negative predictive value
than MRI (Fig. 9.18).

9.4.11 Bone Infarct

Bone infarcts are often thought to be in the same
disease spectrum as osteonecrosis occurs within the
metaphysis or diaphysis of the long bone. The cause
of bone infarct can be trauma, sickle cell disease,
thalassemia, connective tissue disorders, Gaucher’s
disease and steroid use. The pathophysiology is an
interruption of blood supply by intrinsic or extrinsic
factors. Usually, they are asymptomatic and are
found incidentally (Fig. 9.10).

9.4.11.1 SPECT-CT Findings

Usually, the lesions are present in the medulla,
with a CT finding of sheet-like central lucency
surrounded by sclerosis with a serpiginous bor-
der. A bone scan can show increased uptake in
late stage; however, it is not specific for infarct.

9.4.12 Heterotopic Ossification

Heterotopic ossification (HO) is a condition of
abnormal osteogenesis in non-skeletal tissue.
Although it is not a malignant condition, the
sequelae associated with HO can range from
asymptomatic to severe ankylosis of the joint
with loss of range of motion [81].

Other conditions, such as infection, including
osteomyelitis, thrombophlebitis, cellulitis, deep
vein thrombosis and benign and malignant
tumours, can mimic heterotopic bone formation
clinically, and imaging studies should differentiate
these [81-83]. In imaging studies, precise local-
ization of abnormalities is crucial for proper detec-
tion of HO. The diagnosis of heterotopic
ossification is based on radiographic findings;
however, X-rays can be normal for up to 4 weeks
or longer even after the condition’s onset. Bone
scintigraphy is considered the method of choice
for the earliest detection of heterotopic ossification
and for assessing its maturity [84, 85].
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Fig. 9.10 Bone infarct: 17-year-old female presented increased tracer uptake in the shaft (arrows in a).
with sudden onset of pain in shaft of left tibia since few SPECT-CT localized it to a subtle irregular marrow scle-
days. X-ray was non-suggestive. Bone scan showed focal ~ rosis (arrow heads in b-d), suggestive of bone infarct
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Fig. 9.11 Viable bone: 38-year-old male post left hemi- showed tracer uptake in the bone graft (arrow in a) with
mandibulectomy for a tumour and repaired with an autol- ~SPECT-CT localizing the uptake to graft showing normal
ogous bone graft, came for viability evaluation. Bone scan ~ bone attenuation (b—d), suggestive of viable bone

from other pathologies. Bone scan shows
9.4.12.1 SPECT-CT Findings increased tracer uptake in the ossification site.
Accurate localization of the uptake on bone scin- However, the localization may be less accurate
tigraphy is the key to differentiating the condition on planar bone scintigraphy. The addition of
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SPECT imaging of the area of concern can help
to localize the uptake. Registering the acquired
data from SPECT with low-dose CT images
obtained from the new hybrid systems SPECT-CT
can also provide better activity localization.

9.4.13 Condylar Hyperplasia

Condylar hyperplasia is a rare disease that manifests
as non-neoplastic overgrowth of the mandibular con-
dyle. This disorder usually unilateral and often results
in facial asymmetry, deformity and malocclusion and
is sometimes associated with obvious pain and dys-
function. Condylar hyperplasia is common and fre-
quently occurs in groups during the growth phase,
especially in adolescence [86]. Females also appear
to be more sensitive to condylar hyperplasia than

Fig.9.12 Central disc
herniation: 26-year-old
male presented with the
sudden onset of pain in
the lower thoracic region
after doing a water ski
jump and landing
awkwardly before
pitching forwards. The
patient underwent bone
scan. Delayed study
showed increased uptake
at the L1 vertebra
(arrow). SPECT/CT
images, however,
demonstrated a lucent
central superior endplate
defect of L1 with
sclerotic margins best
appreciated in the
sagittal projection. There
was intense uptake at the
site of central disc
herniation
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males [87, 88]. Appropriate therapeutic decisions are
mainly based on subjective clinical evaluation and
are supported by bone scans [89, 90]. Although con-
dylar hyperplasia is a self-limiting condition, it is
characterized by progressive and independent growth
that always results in the bone volume of one condyle
being greater than that of the other. According to the
growth state, condylar hyperplasia is divided into an
active phase and stationary phase. The activity level
of the condyle is considered to be highly correlated
with mandibular asymmetry [91, 92]. When making
a therapeutic plan, it is essential to determine whether
there is an excessive condylar activity, for example
with skeletal scintigraphy [92], which has recently
been used in the diagnosis of condylar hyperplasia.
Routine imaging examinations, such as X-ray and
CT, can detect anatomical changes and not condylar
growth activity.

Posterior
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9.4.13.1 SPECT-CT Findings
Single-photon emission computed tomogra-
phy (SPECT) has been commonly used to
evaluate metabolism in several tissue types
[93-95]. Importantly, SPECT-CT could pro-
vide both functional and morphological
information associated with condylar hyper-
plasia [96]. Using a bone-seeking radiophar-
maceutical agent, areas of increased
osteoblastic activity can be highlighted so
that condylar activity can be examined.
Because clinical and radiographic presenta-
tions in patients with condylar hyperplasia
are highly diverse, condylar growth activity
assessment has a vital role in managing these
patients [97].

POSTERIOR SPOT

Fig.9.13 Residual skull base osteomyelitis: 59-year-old
male with right-sided malignant otitis externa was having
pain and pus discharge. Blood pool image shows no subtle
increased tracer uptake in right side of face (arrow in a).
Delayed bone scan showed increased tracer uptake in the

9.4.14 Graft Viability Evaluation

Autogenous bone grafts are the gold standard for
osseous defect regeneration in the craniofacial
region due to osteogenicity, osteoinductivity,
osteoconductivity and eventual replacement by
natural bone [98]. The free bone grafts are associ-
ated with bone resorption, rejection and sinus for-
mation. Therefore, early assessment of the graft is
vital for future prediction of graft. It is also critical
to assess the viability of bone after bone graft sur-
geries. The viability can be assessed by angiogra-
phy, duplex sonography and radiography. One of
the methods of graft monitoring is bone scintigra-
phy using technetium-99m-labelled methylene
diphosphonate status [99] (Fig. 9.11).

right temporal region and base of skull (arrow in b).
SPECT-CT localized the uptake to sclerosis with erosions
in right petrous temporal bone, sphenoid bone, clivus and
left petrous temporal bone (¢, d) suggestive of residual
skull base osteomyelitis
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9.4.14.1 SPECT-CT Findings

Bone scan using 99mTc MDP is an important
tool in the assessment of the bone flap viability. It
is a simple, non-invasive method but still not rou-
tinely performed in hospitals. 99mTc MDP
uptake in bone flap reflects the flap’s blood flow
and metabolic activity, which is indirect evidence
of bone survival. Bone SPECT-CT imaging
increases the diagnostic accuracy for detecting
bone flap viability. The increased accuracy is due
to better signal-to-noise ratio by removing super-
imposed activity, especially in the immediate
post-operative period and when overlying skin
necrosed, leading to surrounding soft-tissue
hyperaemia [100, 101].

9.4.15 Vertebral Compression
Fracture

Vertebral compression fractures are commonly
observed in the context of elderly patients in the
absence of trauma. While osteoporosis is the
most common cause of vertebral compression
fracture, the spine represents the most common
bony metastases (39% of all bone metastases).
So, this can frequently result in pathological frac-
ture [102]. Differentiation between such benign
and malignant fractures can pose a significant
diagnostic dilemma, given that both fracture
types can be observed in the elderly population.

Besides that, benign compression fractures can
co-exist in up to one-third of patients with bone
metastases [103] (Fig. 9.14).

9.4.15.1 SPECT-CT Findings

CT: CT demonstrates an associated paraspinal or
epidural mass due to a metastatic lesion’s soft-
tissue extension. A convex posterior border of the
vertebral body is also suggestive of a malignant
fracture. In contrast, posterior bone fragments’
retropulsion into the spinal canal is more typical
of benign osteoporotic fracture [104].

SPECT: SPECT usually shows increased
tracer uptake irrespective of the cause of the col-
lapse. And so, hybrid SPECT-CT imaging has
improved the diagnostic accuracy of the bone
scintigraphy.

9.4.16 Spondylodiscitis

Spondylodiscitis is the infection of the interverte-
bral disc, which can spread to the nearby bone. The
incidence of post-operative spondylodiscitis has
been reported to vary between 0.1 and 3% of
patients. The diagnosis should be suspected in
severe back pain with or without fever, and elevated
serum CRP levels. Treatment usually consists of
long-term antibiotics and should be initiated as
early as possible to reduce the risk of severe defor-
mities, such as kyphosis [105, 106].

Fig.9.14 (a, b) Vertebral fracture: A patient with previous
history of Non-Hodgkin lymphoma and being treated with
steroid long back presented with lower thoracic back pain
since 10 months. X-ray and MR images (a) of lower tho-
racic and lumbar spine show multi-level loss of height of
vertebral bodies in the lower thoracic and lumbar spine. On
MR images (a), the cortical outline of the vertebral bodies
is intact and there is no associated soft tissue or intraspinal
abnormalities, favouring a benign aetiology. However,
exact cause of recent pain generator could not be ascer-
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tained. A whole-body scan was performed, which showed
intense focal uptake in the T7 vertebra, faint uptake of
tracer in T9-T11 vertebral region (not shown). SPECT-CT
of the thoracic spine (b) localizes intense tracer uptake in
T7 vertebra to collapsed vertebral body, suggestive of meta-
bolically active vertebral fracture and likely cause of pain.
Minimal tracer uptake is seen in the collapsed T6, T9, T10
and T11 vertebrae suggestive of resolved fractures (arrows
in b). No tracer uptake is seen in the collapsed T12, L1 and
L2 vertebrae suggestive of old fractures
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Fig.9.15 (a, b) Facet joint arthropathy: Patient with pre-
vious L3-L4 and L4-L5 anterior cage fusion presented
with increasing back pain. X-ray showed possible appear-
ance of pseudoarthrosis. Bone scan (a) performed to iden-
tify cause of pain shows focal uptake of tracer at the left
aspect of D12 vertebra with lower grade patchy uptake in
remainder of lumbar spine. SPECT-CT of the lumbar

9.4.16.1 SPECT-CT Findings

CT: It provides better assessment of local bone
damage and can be used to guide tissue biopsy. It
is reported to have approximately 90% accuracy
in post-surgical patients.

SPECT: It is usually considered to be an adjunct
technique that can be used in case of equivocal MRI
findings. Labelled white blood cell imaging has no
role in spondylodiscitis. Combined gallium and
bone SPECT/CT imaging can be used in the post-
operative setting, with the differential intensity of
both tracers’ uptake, allowing some differentiation
between infection or secondary changes [107, 108].

9.4.17 Intraosseous Disc Herniation

Acute intraosseous disc herniation is a rare
cause of the sudden onset of back pain, usually

K. Agrawal et al.

spine (b) shows no abnormal tracer uptake in the region of
fixation. The uptake mostly localizes to D12-L1 and
L1-L2 osteophytosis. Further increased tracer uptake is
seen in the degenerative changes at the right L4-L5 facet
joint (arrow in ¢). SPECT-CT ruled out origin of pain
from the disc prosthesis. Hence, cause of pain could be
facetal arthropathy or osteophytosis

after forced flexion/compression injury or
minor trauma in osteoporotic patients. The
most common site of disease extends from T10
to L1 [109]. It is thought to be the aetiology of
the later development of Schmorl’s nodes,
which has been reported in approximately 19%
of the population [110, 111]. Pathophysiology
is herniation of the nucleus pulposus through
the central vertebral endplate into the trabecu-
lar bone, either above and/or below the disc
[112]. This process elicits significant marrow
oedema around the site of herniation. These
herniations may become organized to form
Schmorl’s nodes and, if vascularised, lead to
chronic lower back pain. The condition should
not be confused with the limbus vertebra, where
the herniation occurs through the superior and
anterior aspect of the ring apophysis [113]
(Fig. 9.12).
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Fig. 9.16 Ulna-triquetral abutment syndrome: A man
sustained a fractured ulna styloid 6 years prior to imaging
and complains of continued ulna-sided wrist pain. Focal
uptake within the ulna side of the wrist joint on planar
imaging is accurately localized by SPECT-CT to active
pathology on both sides of the ulna-triquetral articulation
and diagnosed as ulna-triquetral abutment secondary to
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Fig. 9.17 (a, b) Post carpal excisional instability and
degeneration: Pain in left wrist post Trapeziectomy. Two-
phase bone scan (a) shows increased tracer uptake in
bilateral first CMC joint region on both blood pool and
delayed phases. SPECT-CT of the left wrist (b) localizes

SPECT-CT

non-union of a previously fractured ulna styloid. This is
one of many treatable causes of ulna-sided wrist pain, the
majority of which can be differentiated accurately by
SPECT-CT. Whilst MRI is the superior modality in evalu-
ating the triangular fibrocartilagenous complex,

SPECT-CT will provide complementary and often more
specific information regarding cortical bone pathology

the tracer uptake to the base of the first metacarpal show-
ing cystic changes suggestive of degenerative changes.
Note is made of Trapeziectomy and multiple small bone
fragments. The scan findings are likely due to post carpal
excisional instability and degeneration
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Fig.9.18 (a, b) Complex regional pain syndrome: Injury
to bilateral wrist, since then pain in the left wrist, patient
has large cubitus valgus of the left elbow. Two-phase bone
scan (a) shows increased tracer uptake in bilateral wrists
and also at the left first CMC and MCP articulations on

both phases. SPECT-CT of the wrists and hands (b) local-
izes the tracer to bilateral radio-carpal region, left trique-
tral, left first MCP joints with no obvious CT abnormalities.
The findings are suggestive of complex regional pain
syndrome

»
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Fig.9.19 (a, b) Biomechanical stress: This patient presented
with ongoing pain following previous internal fixation of a
fractured second metacarpal. A small, intense focus of tracer
uptake in the mid-shaft of the second metacarpal region on
planar bone scan (a) is accurately localized by SPECT-CT
(b) to the position of the proximal screw, with a concordant
rim of osteopenia demonstrable on CT (arrow). Only minor
uptake is seen at the remainder of the fracture site (which was
relatively long as it was a spiral/oblique fracture), and good

callus formation was confirmed on CT. Minor uptake was
also seen at the radio-scaphoid articulation with minor
degenerative changes seen on CT. The features are compati-
ble with ongoing biomechanical stress related to the proxi-
mal screw with satisfactory healing of the fracture by CT
criteria. The removal of the culprit screw led to improved
symptoms. In this case, SPECT-CT directly impacted upon
management and led to improved symptoms and also identi-
fied low-grade secondary pathology at the wrist joint
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Fig. 9.20 Accessory ossicle with degenerative change.
This patient presents with non-traumatic pain at the right
hand especially involving the base of the index finger.
X-rays were suggestive of minor degenerative change. An
isolated focus of moderate tracer uptake with low-grade
hyperaemia was seen on planar bone scan, which was
localized by SPECT-CT to the second carpo-metacarpal
joint. CT not only demonstrates degenerative changes at

K. Agrawal et al.

SPECT-CT

this joint but also an accessory ossicle (os styloideum)
with an associated pseudo-arthrosis, the likely cause of
symptoms. Accessory ossicles in the hand and wrist are
common but are usually asymptomatic and when an os
styloideum is symptomatic, it is termed Carpal Boss
Syndrome. When they cause pain or altered function, they
can be treated conservatively (medication and immobili-
zation) or with surgical resection

Fig. 9.21 A patient after traction injury presented with
hip pain. Two-phase bone scan showed focal uptake of
tracer at the right hemi pelvis on delayed image with
increased uptake at the same site on the blood pool image
(not shown here). However, due to non-specific character
of uptake, SPECT-CT of pelvis was performed.
SPECT-CT of pelvis shows the uptake is localized to bony

spurs which are fragmented and arising from the anterior
inferior iliac spine of the right iliac crest (arrows). The
findings are suggestive of an avulsion injury at the mus-
cle insertion of the anterior inferior iliac spine. Further
uptake is seen at the symphysis pubis where there are
osteophytes arising superiorly, likely due to osteitis pubis
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Fig. 9.22 (a, b) Patient with prostate cancer and rising
PSA level presented with painful hip joint. Whole-body
bone scan (a) shows focal tracer uptake in the right hip
joint (arrow). Multiple foci of tracer uptake in the knees,
left ankle and both feet are likely due to degenerative
changes/arthropathy. SPECT-CT of the pelvis (b) local-
izes tracer uptake in the right hip to the joint between

8 Susevenaldgdisi, .,
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Fig. 9.23 (a—c) Prostate cancer patient with recent trauma
and hip pain shows low-grade tracer uptake in the bilateral
ischium on planar bone scan (a, b) which is likely due

189

superior aspect of the acetabulum and the right femoral
head (arrow), where there is joint reduction, acetabular
sclerosis and subarticular cystic changes. There are bilat-
eral osseous bumps noted at the femoral head/neck junc-
tion suggestive of CAM type of femoroacetabular
impingement

enthesopathy. But SPECT-CT of pelvis (¢) shows a discrete
focus of abnormal uptake in the coccyx showing a frac-
ture (arrow) which is not perceptible in planar imaging
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Fig. 9.23 (continued)

9.4.17.1 SPECT-CT Findings SPECT: The blood pool image is primarily nor-
CT: An evident defect is apparent in the vertebral mal, with the delayed image showing increased
endplate with a lucency in the trabecular bone uptake around the affected endplate. The SPECT/
immediately adjacent to the defect. CT images usually demonstrate a lucent defect in the
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Fig. 9.24 (a, b) A patient with breast cancer presented
with pain in the right sacroiliac region which is failing to
settle. She had a history of fall about 4 months ago. The
left hip prosthesis is stable on clinical examination. A
bone scan was done to rule out metastatic disease. On pla-
nar images (a), there is intense tracer uptake seen within
both sacroiliac joints (right > left). No abnormal tracer

affected endplate with intense uptake around the
adjacent lucency that extends into the vertebral body
[114, 115]. It is essential to distinguish compression
fracture from the vertebral endplate (Fig. 9.12).

191

uptake is seen in the left hip prosthesis. SPECT-CT of the
hip (b) localizes the tracer uptake in the right sacroiliac
joint to the sacrum showing sclerosis (arrow) and vertical
linear lucency suggestive of sacral fracture. Similar
appearance with lesser severity was noted on the left side
in SPECT-CT (not shown)

9.4.18 Osteomyelitis

Acute and chronic osteomyelitis is a heteroge-
neous group of infectious disease entities. The
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Fig. 9.26 (a, b) A patient with severe osteoporosis on
DEXA scan presented with new onset right hip pain. Bone
scan was done to find out new site of fractures. Patchy
increased tracer uptake is seen in the sacroiliac joints with
tracer uptake in the left side of sacrum and left L5-S1 facet
joint (a). Low-grade increased tracer uptake in the left
side lower ribs could be due to old fractures. SPECT-CT
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Fig. 9.27 (a, b) Patient with history of road traffic acci-
dent (7 years ago) and extensive hip injuries now pre-
sented with hip pain. Bone scan was done to rule out
infection or non-union. Whole-body bone scan (a) shows
increased tracer uptake in the left acetabulum and left
femoral head. However, no significant tracer accumula-
tion is seen at these sites on blood pool images (not
shown). SPECT-CT of hip (b) shows significantly
increased tracer uptake in the left acetabulum showing

Anterior Posterior --
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of the lumbar spine and pelvis (b) localizes tracer activity
in the lumbar spine to left L5-S1 facet joint showing
degenerative changes. The uptake in the sacrum localizes
to sclerotic change in the left side of the sacrum in keep-
ing with resolving fracture. Mild uptake in bilateral sac-
roiliac joint is likely due to degenerative changes

striking degenerative changes and further uptake in the
left femoral head. Protrusio of left hip is seen. The two-
phase bone scan findings rule-out acute infection.
However, the findings on SPECT-CT could be due to
chronic septic arthritis or could be due to post-
traumatic synovitis. In-111-labelled white cell scan

showed no scan evidence of acute infection in the left hip
(not shown)
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Fig. 9.28 (a, b) A patient with right lateral hip pain
underwent bone scan (a) which shows increased tracer
uptake in the right greater trochanter region (arrow). On

Anterior Posterior

Fig. 9.29 (a, b) Prostate cancer patient with left lower
thoracic pain and tenderness. Whole-body bone scan (a)
shows diffusely increased tracer uptake in the skull bone
with subtle increased tracer uptake in the upper lumbar
spine and left hemipelvis. The uptake in the skull bone
could be due to Paget’s disease. However, uptake in the
lumbar spine and left hemipelvis could be due to metasta-

SPECT-CT (b), the uptake corresponds to cortical irregu-
larity and mild sclerosis at the right greater trochanter
(arrows), suggestive of right greater trochanter bursitis

sis. SPECT-CT of the pelvis localizes the uptake in the left
iliac bone showing coarsened trabeculae with sclerosis on
CT (arrows in b). Within the lumbar spine, there is
increased tracer uptake involving the right side of L2 ver-
tebral body showing coarsened trabeculae. The overall
scan appearance is in keeping with Paget’s disease and
rules out metastatic involvement
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Fig. 9.30 (a, b) A patient with urinary bladder cancer
and hip pain underwent bone scan to rule out metastases.
Whole-body bone scan (a) shows increased tracer uptake
at the inferior part of bilateral sacroiliac joints. SPECT-CT

patient’s history, subjective symptoms and bio-
chemical and physical findings are often incon-
clusive, particularly in the early stages.
Osteomyelitis may not become visible on a plain
X-ray until 10-21 days after onset. Because at
least 30-50% loss of bone density is required
before radiographs can detect the disease [116].
Detailed anatomical imaging with computed

of pelvis (b) localizes increased tracer uptake to sclerosis
and irregular margin of sacrum and iliac bones adjacent to

bilateral sacroiliac joints,
sacroiliitis

suggestive of bilateral

tomography (CT) or magnetic resonance imaging
(MRI) is often unable to detect osteomyelitis at
an early stage of the disease. Early detection is
crucial in this disease for adequate treatment
[117]. Functional imaging might have some
advantages over anatomical imaging in detecting
osteomyelitis before anatomical changes (Figs.
9.13 and 9.36).
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Fig.9.31 Case of metastatic renal cancer with new onset
right knee pain. Bone scan was performed to rule out met-
astatic disease. Focal tracer uptake was seen in the right
knee on whole-body study (not shown), which on
SPECT-CT localizes to a subchondral sclerotic area with

lucent centre in the right lateral femoral condyle (arrow).
The findings are suggestive of a chondral defect in the
right lateral femoral condyle. There is no evidence of
metastatic disease
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Fig.9.32 (a, b) Patient with history of breast cancer pre-
sented with new onset left side knee pain post chemother-
apy. Bone scan was performed to rule-out metastatic
disease or AVN. Two-phase bone scan (a) shows intense
focal tracer uptake in the lateral condylar region of the left
femur with mild increase in the vascularity. Further
increased uptake of tracer is seen in the lateral compart-

ment of the right knee. SPECT-CT (b) localizes the tracer
uptake in the left femoral condyle region to the patellar
maltracking with degenerative changes. There is also
right side patellar maltracking with normal tracer uptake.
Thus, SPECT-CT definitely ruled out metastasis and diag-
nosed patellar maltracking with associated degenerative
changes as the cause of pain
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Fig. 9.33 (a, b) Previous ACL reconstruction on the
left side. The patient complained of new onset pain in the
left knee. X-ray of the left knee shows narrowing of
medial joint space (a). Two-phase bone scan showed
increased tracer uptake in the left knee, more on the
medial side on both phases of study (not shown).

SPECT-CT (b) shows channels for previous ACL recon-
struction in the left knee. Increased uptake in the medial
compartment localizes to the loss of joint space with sub-
articular irregularities particularly along the medial pla-
teau. The findings are suggestive of metabolically active
degenerative changes
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Fig.9.34 (a,b) Right knee lateral meniscectomy. Patient  in vascularity. On SPECT-CT (b), the uptake in the lateral
is considered for meniscal transplant, and bone scan was ~ compartment localizes to the post-operative changes in
performed to see metabolic activity elsewhere. Two-phase  the right knee in a crescentic pattern. The uptake in the
bone scan (a) shows increased tracer uptake in the lateral ~ patella localizes to the degenerative changes (not shown)
compartment and patella of the right knee without increase
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SPECT-CT of the knees (b) demonstrates tracer uptake in
the left patellofemoral joint showing degenerative
changes. The tracer uptake at the left tibial plateau shows
no evidence of loosening on CT and could be due to post-
surgical changes

Fig.9.35 (a, b) Painful left knee prosthesis, post 1 year
after replacement. Two-phase bone scan (a) shows mild
tracer uptake in the medial and lateral aspects of the left
proximal tibia and in the left lateral femoral condyle
region without corresponding increase in vascularity.

9.4.18.1 SPECT-CT Findings

The role of SPECT in bone and joint infections has
been investigated using a series of radiopharmaceu-
ticals. These radiopharmaceuticals include
67Ga-citrate, 99mTc-MDP, 111In-WBC and
99mTc-WBC, 99mTc-labelled anti granulocyte
antibodies, and 99mTc-sulfur colloid. SPECT
imaging of 9mTc-MDP alone [118, 119] showed a
reasonable level of sensitivity (78—84%), but speci-
ficity remained low (33-50%) [118, 119]. In hybrid
SPECT/CT, however, the specificity increased
appreciably higher, i.e. 86%, due to better anatomi-
cal localization by adding CT [119]. Therefore,
activity on the 111In-WBC image without related

activity on the 99mTc-sulfur colloid image was
considered positive for infection. Any other pattern
was considered a negative study for infection. This
combined 111In-WBC and bone marrow imaging
with 99mTc-sulfur colloid showed a 100% sensitiv-
ity and 98% specificity in 50 patients with suspected
infected total hip arthroplasty [120]. With 99mTc-
anti-NCA-95 IgG, Horger et al. [121] showed in 27
patients that sensitivity for detection of relapsing
posttraumatic osteomyelitis was excellent and iden-
tical for SPECT and hybrid SPECT/CT (100%). In
contrast, specificity improved from 78% with
SPECT to 89% when using hybrid SPECT/CT
(Figs. 9.13 and 9.36).

Fig.9.36 (a—c) Painful swelling in the left proximal leg, past
history of chronic distal leg lump. Two-phase bone scan (a)
shows increased vascularity and intense delayed phase
uptake in the left proximal tibia starting from the tibial pla-
teau up to the junction of upper and mid third of the tibia.
SPECT-CT (b) of the leg localizes the intense uptake to the
coarse cortical thickening of the left proximal tibia. There is
endosteal scalloping. However, marked cortical thickening in
the middle third of tibia is not showing tracer uptake. The

findings are suggestive of acute on chronic osteomyelitis of
the left proximal tibia. MRI of the left tibia (c) shows a
lobulated lesion in the proximal tibia, which is low signal on
T1 and high signal on proton density images. There is a sinus
seen breaching the cortical surface, which extends into the
surrounding soft tissues. There is extensive bone marrow
oedema noted surrounding this lesion. The appearances are
consistent with a Brodie’s abscess with a sinus
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Fig. 9.37 (a, b) Past history of the right ankle arthros-
copy with persisting sinus and culture proven infection.
Bone scan was performed to rule-out deep-seated infec-
tion. Increased tracer uptake is noted in the right ankle in
both phases of the two-phase bone scan (a). SPECT-CT of
right foot (b) localizes increased tracer uptake in the right

F
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>

ankle to the distal tibiofibular joint and inferolateral talar
facet with sclerosis and trabecular coarsening on CT, sug-
gestive of infection (arrow in b). Increased tracer uptake is
also seen in the anterior tibiotalar joint, which is sugges-
tive of impingement
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Fig. 9.38 A patient with vague pain in the left hindfoot ~ which on SPECT-CT (a—f) localizes to inferior aspect of
underwent two-phase *"Tc-MDP bone scan and left calcaneum at the site of attachment of planar fascia
SPECT-CT of left foot to determine the pain aetiology. ~ with adjacent plantar fascia thickening. This is suggestive
Increased vascularity and tracer uptake were seen in the  of left planar fasciitis, which is likely the cause of pain
left calcaneum on two-phase bone scan (not shown),
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Fig. 9.39 Bilateral medial ankle pain. Two-phase *™Tc-
MDP bone scan showed increased tracer uptake (left >
right) with increased vascularity in bilateral ankles (not
shown). SPECT-CT of ankles and feet localizes increased
tracer uptake to the medial aspect of bilateral talo-
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10.1 Introduction

Based on the data from National Health and
Nutrition Examination Survey (NHANES) 2013
to 2016, an estimated 18.2 million Americans
>20 years of age suffer from coronary heart dis-
ease (CHD) [1, 2]. In 2017, CHD caused
approximately 365.914 deaths in the United
States [1, 2].

It is well known, that the risk of patients with
stable coronary artery disease (CAD) varies con-
siderably based on the extent of anatomical
involvement and of myocardial ischemia [3]. In
addition, it is also known, that, unfortunately, a
disagreement exists between the angiographic
severity of CAD and myocardial perfusion abnor-
malities [4-6].

Hemodynamically significant CAD, which is
defined as a coronary stenosis >50%, causes a
narrowing of the lumen in one or several coro-
nary arteries and, consequently, an impaired
maximum perfusion to the myocardium. As a
consequence, myocardial ischemia or infarction
may occur in the respective territory of the left
ventricle of the heart. Myocardial infarction
depicts an irreversible condition, whereas myo-
cardial ischemia is a reversible process which
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reflects a misbalance between the demand and
the supply of oxygen to the myocardium. Under
healthy conditions, the coronary artery dilates in
response to this misbalance and an increased
blood flow due to this vascular dilation leads to a
delivery of additional oxygen. With pathological
altered and narrowed vessels in the context of
CAD, the response to the increased oxygen
demand is limited due to the limited blood flow
(classical angina) [7, 8]. As a less common cause
of decreased myocardial perfusion, spasm of a
coronary artery can mimic the clinical findings of
CAD (Prinzmetal angina) [7, 8].

In general, the combination of two factors is
usually responsible for the lack of blood supply
to the myocardium: Firstly, a total or near-total
occlusion of a coronary artery as described above,
and, secondly, an insufficient flow through col-
lateral vessels to meet the metabolic demands of
tissue [7].

CAD usually develops over decades even
though myocardial infarction can occur without
any warning or signs of disease and can cause
sudden death. Progression of coronary atheroma
is accelerated in patients with diabetes, hyper-
cholesterolemia, uremia, elevated homocysteine
levels, and diets rich in saturated and trans fats.
As already mentioned above, coronary stenosis
>50% of the lumen diameter limit the maximum
blood flow through the vessel, but still may not be
accompanied by symptoms. In contrast, patients
with stenoses >70% of the coronary lumen
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frequently depict symptoms such as dyspnea and
or chest pain during exertion. The vascular lumen
must be narrowed by >90% to decrease myocar-
dial perfusion at rest [7].

10.2 Myocardial Perfusion
Imaging

Myocardial perfusion imaging (MPI) with single
photon computed tomography (SPECT) offers a
robust approach for diagnosing obstructive CAD,
quantifying the magnitude of myocardium at
risk, assessing the extent of tissue viability, and
guiding therapeutic management with regard to
patient selection for revascularization [9]. For
further information about the methodic of MPI
please refer to respective textbooks, reviews, and
the respective guidelines of MPI of the Society of
Nuclear Medicine and Molecular Imaging
(SNMMI), the American Society of Nuclear
Cardiology (ASNC), and the European
Association of Nuclear Medicine (EANM)
[10-12].

The reported average sensitivity of the myo-
cardial perfusion SPECT for detecting >50%
angiographic stenosis is 87% (range: 71-97%),
whereas the average specificity is 73% (range:
36-100%) [9, 13]. It was shown, that by using
attenuation correction methods especially the
specificity of MPI might be improved, mainly
among patients undergoing exercise stress testing
[9, 13]. The very high negative predictive value
(NPV) of a normal MPI of 99% has been proven
among decades by a countless number of studies.
Patients with CAD and a normal result of the
MPI have an excellent prognosis with a cumula-
tive cardiac event rate (cardiac-related death and
non-fatal myocardial infarction) of less than 1%
per year [13-21]. In a meta-analysis comprising
39 studies with almost 70,000 patients a normal
myocardial perfusion SPECT was associated
with a cumulative cardiac event rate of 0.85% per
year [19]. In contrast, patients with a pathologi-
cal result of the MPI were identified with a car-
diac event rate of 5.9% per year [19].

However, despite its widespread use and
acceptance, a recognized limitation of MPI is that
frequently only coronary territories supplied by
the most severe stenosis are identified.
Consequently, MPI is relatively insensitive to
accurately delineate the extent of obstructive
angiographic CAD, especially in the setting of
multivessel CAD. In a recent study of 101
patients with significant angiographic left main
coronary stenosis, Berman et al. reported that by
perfusion assessment alone, even with gated-
SPECT, high-risk disease with moderate to
severe perfusion defects (involving >10% myo-
cardium at stress) was identified in only 59% by
quantitative analysis. Conversely, absence of sig-
nificant perfusion defect (>5% myocardium) was
seen in 15% of patients [22]. Gated-SPECT, for
which data are recorded with synchronization to
the patient’s cardiac cycle, further improves the
diagnostic performance of MPI as it is processed
to show regional wall motion and ejection frac-
tion in addition to myocardial perfusion data [7].

As another limitation, based on the nature of
MPI SPECT, it can only detect coronary lesions
that induce perfusion defects, i.e., flow-limiting
stenosis. Obviously, MPI is therefore not able to
exclude the presence of subclinical nonobstructive
coronary atherosclerosis [19, 23-25]. This is
potentially important, especially in patient sub-
groups with an intermediate-high clinical risk in
whom extensive subclinical CAD may be observed
and may explain, at least in part, the limitations of
perfusion imaging alone to identify low-risk
patients among those with high clinical risk (e.g.,
diabetes, end-stage renal disease) [9, 19, 26].

To further strengthen this limitation, it has to be
pointed out that approximately 70% of plaque rup-
tures leading to myocardial infarctions occur in
lesions that are nonobstructive and therefore may be
missed by SPECT [27]. Indeed, large longitudinal
studies in patients undergoing myocardial perfusion
SPECT have shown that a substantial proportion of
patients suffering from cardiac events (43% of
patients suffering an acute MI and 31% succumbing
to cardiac death) have normal or near-normal perfu-
sion scans prior to their event [28, 29].
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10.3 CardiacCT
10.3.1 Coronary Artery Calcium CT

Coronary artery calcium (CAC) is a constituent of
atherosclerosis detected almost exclusively in ath-
erosclerotic arteries and CAC detection has become
an established method for cardiovascular risk
assessment, which is particularly useful in asymp-
tomatic intermediate risk individuals [30, 31].

The Agatston score is one of the most com-
mon methods used for CAC scoring that is calcu-
lated by multiplying the lesion area by a density
factor [32]. However, one major drawback of the
Agatston score is related to the fact, that the
increase of that score over time might just repre-
sent an increase in plaque attenuation (density)
rather than plaque size over time [33].
Additionally, only a small percentage of patients
with coronary calcifications are also identified
with a coronary stenosis [34].

Evaluation of CAC is nowadays supported by
current guidelines, systemic reviews and large
scaled population studies reporting high major
adverse cardiac events (MACE) rates in patients
with high CAC scores [35-38]. It is well known that
the risk of MACE increases with the extent of

Table 10.1 Standardized categories for the CAC score

CAC. For patients with high CAC scores (>400) the
risk for MACE is up to >2%, which is similar to
that of patients with established CAD, for patients.
In contrast, patients with no CAC face an annual
MACE rate of approximately 0.4% [35, 36].

Even more impressive, in a recent meta-
analysis  involving 29,312 asymptomatic
patients with a zero CAC score with a mean
follow-up period of 50 months, only 154 of
patients (0.47%) without CAC had a cardiovas-
cular event during follow-up, as compared with
1749 of 42,283 patients (4.14%) with CAC. The
cumulative relative risk ratio was 0.15 (95% CI:
0.11-0.21, p < 0.001) [39]. Furthermore, it was
also shown, that a zero CAC score was more
predictive than a negative intima media thick-
ness test or negative stress test of decreased car-
diovascular events [40, 41].

As already mentioned above, despite the
doubtless advantages of determining CAC in
patients suspected for CAD, very high CAC does
not necessarily confirm the presence of obstruc-
tive CAD. However, according to the Mayo
Clinic guidelines, the probability of the presence
of a hemodynamically significant stenosis is
greater in patients with a calcium score (CS)
>400 (Table 10.1) [34, 42].

Agatston | Calcium score| Probability of Cardiovascular
score categories significant CAD risk Recommendations
0 Absent Very unlikely (<5%) Very low Reassure patient. General guidelines for
primary prevention of CV diseases
1-10 Minimal Very unlikely (<10%) | Low General guidelines for primary prevention of
CV diseases
11-100 | Mild Mild or minimal Moderate Counsel about risk factors modification, strict
coronary stenosis adherence with primary prevention goals.
likely Daily ASA
101400 | Moderate Non obstructive CAD, | Moderately Institute risk factor modification and
highly likely, high secondary prevention goals. Consider exercise
obstructive CAD testing
possible
>400 Extensive High likelihood of High Institute very aggressive risk factor
significant coronary modification. Consider exercise or
stenosis (>90%) pharmacological nuclear stress testing for the
detection o inducible ischemia

CV cardiovascular; ASA acetylsalicylic acid

(Adapted from: Cademartiri F, Casolo G, Midiri M, eds: Calcium score and coronary plaque, In Clinical Applications

of Cardiac CT. New York: Springer; 2012:121) [41]

From: Youssef G, Kalia N, Darabian S, Budoff MJ. Coronary Calcium: New Insights, Recent Data, and Clinical Role.
Curr Cardiol Rep 2013; 15: 325 (please also refer to cited reference in Table 10.1) [34]
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On the other hand, a very low or negative CAC
cannot completely exclude obstructive CAD. This
is mainly due for patients with non-calcified
plaques, which are typically present in younger
patients or young smokers [35, 36]. Furthermore,
even despite the known correlation between
increased calcium burden, atherosclerosis and
obstructive CAD, a modest only relationship
between calcified plaque burden and obstructive
CAD could be found [43-45]. Nevertheless,
information about CAC improves the pre-
coronary computed tomographic angiography
(CCTA) probability of obstructive CAD and can
help in the interpretation of CCTA since the non-
contrast scan used for CAC determination may
be able to better demonstrate calcifications than
the contrast study used for CCTA [35].

10.3.2 Coronary Computed
Tomographic Angiography

CCTA has advanced over the past years as the
most accurate tool for noninvasive coronary angi-
ography. Current multi-slice devices coupled
with improved acquisition protocols allow robust
and reproducible assessment of coronary mor-
phology with high temporal and spatial resolu-
tion at rather low-radiation exposure [46-48].
CCTA was shown to obtain high-quality images
of the coronary arteries with an average sensitiv-
ity for detecting at least one coronary artery with
a >50% stenosis is 94% (range: 75-100%). On
the other hand, specificity falls off compared to
the sensitivity with an average value of 77%
(range: 49-100%) [9, 49]. The corresponding
average positive predictive value (PPV) and NPV
are 84% (range: 50-100%) and 87% (range:
35-100%), respectively, and the overall diagnos-
tic accuracy is 89% (range: 68—100%) [9, 49].

The robustness of 64-row CCTA for complete
visualization of the coronary tree was recently
confirmed by two multicenter, single-vendor tri-
als [26, 50].

In the 2008 published Assessment by Coronary
Computed Tomographic  Angiography of
Individuals Undergoing Invasive Coronary
Angiography (ACCURACY) trial, 230 chest pain
patients without known CAD were included and

underwent both CCTA and invasive coronary
angiography (ICA). On a patient-based model,
the sensitivity, specificity, PPV, and NPV to
detect >50% or >70% coronary stenosis were
95%, 83%, 64%, and 99%, respectively, and
94%, 83%, 48%, 99%, respectively. However, the
specificity was found to be significantly reduced
in case of calcium scores >400 [26]. The authors
concluded, that 64-row CCTA possesses a high
diagnostic accuracy for the detection of obstruc-
tive coronary stenosis at both thresholds of 50
and 70% stenosis. Furthermore, based on the
99% NPV, CCTA might be established as an
effective noninvasive alternative to ICA to rule
out obstructive coronary artery stenosis.

The Coronary Artery Evaluation Using
64-Row Multidetector Computed Tomography
Angiography (CORE-64) trial enrolled 291
patients with a prevalence of obstructive CAD of
56% and CAC scores <600. As with in the
ACCURACY trial, all patients underwent CCTA
and ICA. However, the CORE-64 trial provides
additional evidence that is somewhat discordant
to the ACCURACY trial and to initial results
from single-center studies [26, 50, 51]. On a per-
patient basis, a sensitivity for detecting at least 1
coronary artery with >50% stenosis of 85% was
found, which is considerably lower than in single-
center studies and in the ACCURACY trial using
similar technology [26, 50, 51]. In contrast, the
specificity was 90%, higher than what was previ-
ously reported. The corresponding average PPV
and NPV were 91% and 83%, respectively, sur-
prisingly different from those in most previous
studies [50, 51]. This relatively high PPV and
low NPV might be explained by the high preva-
lence of obstructive CAD in the patients studied.

However, another prospective, multicenter,
multi-vendor study with 64-row MDCT CCTA
involving 360 symptomatic patients with acute
and stable angina and an even higher prevalence
of CAD (68%) reported values of sensitivity,
specificity, PPV and NPV for detecting >50%
stenoses, on a patient-based model, of 99%, 64%,
86%, and 97%, respectively [52]. No patients or
segments were excluded because of impaired
image quality attributable to either coronary
motion or calcifications, which may have led to
the low specificity reported in this trial [52].
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Except for the CORE 64 trial study, these and
other single-center studies consistently reported
that CCTA has a particularly high NPV and allows
the identification of CAD at an early stage, before
emergence of ischemia [35]. From a clinical per-
spective, a normal CCTA is therefore helpful, as it
effectively excludes the presence of obstructive
CAD and the need for further testing [9].
Furthermore, CCTA with no detectable plaque
defines a low clinical risk with an excellent prog-
nosis with an annual event rate of 0.3%, and makes
management decisions straight-forward [53].

However, one has to keep in mind, that the
results are generally limited to relatively large
vessel sizes (>1.5 mm), excluding the results of
smaller or uninterpretable vessels (generally dis-
tal vessels and side branches). The inclusion of
these “difficult” vessels would lower the sensitiv-
ity. Furthermore, based on the anatomical related
nature of this imaging technique, CCTA does not
provide information on myocardial perfusion or
metabolism. This is mainly critical as it was
shown that percent narrowing or absolute steno-
sis lumen area on ICA correlates poorly with the
degree of impaired coronary flow reserve [54].
Accordingly, only half of the lesions considered
significant on CCTA are linked with abnormal
perfusion [23, 55-57]. All of these data clearly
indicate, that luminal obstruction of the coronar-
ies seen on CCTA does not necessarily indicate
the presence of ischemia. Importantly, although a
normal CCTA practically excludes relevant
hemodynamic CAD, the inverse is frequently not
true [35]. Obviously, there seem to be many fac-
tors that might influence the relation between
anatomical findings and functional, i. e. hemody-
namically, consequences, which cannot in total
be clarified by anatomical imaging alone [58].

10.4 Integration of Nuclear MPI

and CT

Whereas the superiority of applying dual-modality
imaging for improved detection and staging of
cancer has been proven over years by the results of
hybrid positron emission tomography (PET) and
CT (PET/CT) imaging, that concept still needs to

be proven to be beneficial in the cardiovascular
setting as well. This is mainly due for the relatively
new hybrid SPECT/CT technique. The aim of
hybrid imaging is to provide an accurate spatial
alignment between separate anatomical (CT) and
functional (MPI) data sets into one fused image.
CT scanners are nowadays able to image cardiac
and coronary anatomy with high spatial resolu-
tion. On the other hand, nuclear imaging in general
and MPI in particular can sensitively and reliably
identify functional abnormalities. This informa-
tion together with imaging of the morphology by
means of CT might be able to provide information
beyond that achievable with either stand-alone or
side-by-side interpretation of the respective data
sets [9, 35]. It is obvious, that in hybrid imaging
both data sets contribute equally to the image
information, which helps to reduce the number of
equivocal results [59].

Furthermore, it was shown, that hybrid MPI
and CCTA can accurately allocate the culprit
lesion in multivessel CAD, which is particularly
important because in more than half of the cases,
the proposed “‘standard” distribution of myocar-
dial perfusion territories does not correspond
with the individual coronary anatomy [60, 61].
MPI information helps to overcome the draw-
back of a reduced sensitivity of CCTA in distal
coronary segments and side branches as men-
tioned above. In contrast, one of the main pitfalls
of semiquantitative MPI, the diagnosis of multi-
vessel CAD, can be improved by adding CCTA
information [35]. Additionally, assessing regional
myocardial perfusion with MPI together with
information about the coronary artery tree as pro-
vided by CCTA eliminates uncertainties in the
relationship of perfusion defects, scar regions
and diseased coronary arteries in watershed
regions, mainly in patients with multiple perfu-
sion abnormalities and multivessel CAD [35].

10.4.1 Integration of CT with MPI
for Attenuation Correction

One of the drawbacks of MPI is the non-
homogeneous photon attenuation in the thorax
which may reduce both, specificity and sensitiv-
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ity of MPI. Whereas non-uniform regional perfu-
sion defects may be misinterpreted as a perfusion
defect and therefore may impact specificity of
MPI, sensitivity may be reduced due to improp-
erly scaling of images to regions suppressed by
attenuation, potentially masking true perfusion
defects [35]. Correcting for these attenuation arti-
facts in cardiac imaging remains being a chal-
lenge because of cardiac and respiratory motion
[62, 63]. CT as part of hybrid SPECT/CT imag-
ing technique seems to have the potential to over-
come these problems as using the CT component
for attenuation correction improved the specific-
ity of SPECT MPI to 80-90% [64]. However, one
needs to take into account, that despite the fact,
that SPECT/CT studies have shown that low-
dose CT acquisition is feasible for attenuation
correction in cardiac imaging, a potential mis-
alignment between emission and transmission
data might cause incomplete correction and, con-
sequently, artificial perfusion defects [35].
Therefore, careful quality control to avoid recon-
struction artifacts is mandatory. It was recently
shown, that the frequency of these misalignments
is quite high with significant clinical conse-
quences in case they are not corrected [65, 66].
Notably, mainly because of the lower spatial res-
olution of SPECT, the effect of misalignments is
less severe for cardiac SPECT/CT compared to
cardiac PET/CT [67]. Usually, the alignment of
emission and transmission data is currently per-
formed manually, which may lead to a relevant
variability. However, steps toward automated
methods for quality control have already been
made and might offer a solution to overcome this
drawback in the future [35, 68, 69].

10.4.2 MPIl and CAC

Detection of CAC was shown to provide incre-
mental value to MPI [70-72]. Recent reports sug-
gest, that CAC may have the potential to improve
the diagnostic and prognostic value of
MPI. Mainly in case of a normal MPI, CAC was
shown to potentially enhance the diagnosis of
CAD, which was particularly due in severe mul-
tivessel CAD [72, 73]. There is growing evidence

that CAC scores are generally predictive of a
higher likelihood of ischemia on MPI, and the
available data support the concept of a threshold
phenomenon governing this relationship [9].
Indeed, it was seen that myocardial ischemia was
significantly more frequently diagnosed with
increasing CAC scores. This was especially the
fact among patients with CAC >400 [72, 74, 75].

The approach of combining CAC with MPI is
promoted by the relative ease to obtain CAC
images for which no contrast injection is needed
and which is associated with a low overall radia-
tion exposure. Furthermore, an increasing avail-
ability of hybrid scanners integrating low- or
high-end CT devices with SPECT camera sys-
tems is seen and further supportive of implement-
ing combined MPI and CAC imaging into clinical
routine [47].

In a study by Schepis et al., a CAC score
>709 was found to provide the optimal cutoff to
detect patients with obstructive CAD despite
normal perfusion in SPECT MPI [73]. In this
situation, the normal SPECT imaging most
likely reflects balanced ischemia. Using this
threshold, the addition of the CAC score to the
SPECT MPI data was reported to improve the
sensitivity for identifying patients with obstruc-
tive CAD over the results of SPECT MPI alone,
without a significant decrease in specificity. In
contrast, CAC scores >400, especially in symp-
tomatic patients with intermediate likelihood of
CAD, may be less effective in excluding
CAD. This is mainly the case in young subjects
and women [73].

Regarding the added prognostic value of com-
bining CAC with MPI, higher MACE rates are
reported for patients with higher CAC scores,
even in case of a normal stress MPI [76]. This is
mainly due for patients with known CAD or with
greater comorbidities [76]. Therefore, CAC as a
direct marker of coronary atherosclerosis is help-
ful in identifying patients requiring a more inten-
sive management of risk factors or follow-up
protocol [35]. Furthermore, data suggest, that
incremental risk stratification can be obtained by
incorporating information about the anatomical
extent of atherosclerosis as provided by CAC to
conventional MPI without CT [9].
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10.4.3 MPIl and CCTA

The first clinical results of hybrid MPI and CCTA
appear encouraging, as they support that this
approach offer superior diagnostic information
with regard to identification of the culprit vessels
(Fig. 10.1) [9, 55, 77, 78]. This is mainly due to
the fact, that MPI provides valuable clinical
information regarding the pathophysiological
significance of coronary stenoses, especially
when the sensitivity of CCTA is substantially
reduced, which is the case in more distal seg-

SVG to Marginal

Fig. 10.1 Hybrid SPECT/CCTA. Reprinted with permis-
sion from: Rispler S, Aronson D, Abadi S, Roguin A,
Engel A, Beyar R, Israel O, Keidar Z. Integrated SPECT/
CT for assessment of haemodynamically significant coro-

ments of the coronary arteries and side branches
[9, 49]. Previously published studies indicate,
that this benefit of combing CCTA with MPI
becomes evident both in low-risk CAD popula-
tions as well as in patients with multivessel CAD
[77, 79, 80]. In 2009, van Werkhoven et al. pub-
lished their results about the incremental prog-
nostic value over SPECT MPI alone in patients
with suspected CAD [53]. In 541 patients referred
for further cardiac evaluation, both multi-slice
CCTA and MPI were performed. Both scans
were performed with stand-alone CT and SPECT

SVG to.RCA

nary artery lesions in patients with acute coronary syn-
drome. Eur J Nucl Med Mol Imaging 2011; 38: 1917-1925
[81]
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within a time frame of 3 months and therefore not
using a “true” hybrid SPECT/CT approach.
MACE were recorded over a median follow-up
time of 672 days. The median hard event rate in
patients with none or mild CAD by CCTA was
1.8% versus 4.8% in patients with significant
CAD by CCTA. Accordingly, a normal MPI and
abnormal MPI were associated with an annual-
ized hard event rate of 1.1% and 3.8%, respec-
tively. After adjustment for clinical risk factors,
obstructive plaque detected by CCTA and an
abnormal MPI was independently predictive for
late events. This prediction significantly improved
when combing the two modalities compared with
either modality alone. Concordantly normal
CCTA and MPI were associated with an annual
event rate of 1%, whereas this rate increased to
9% in case of concordantly abnormal CCTA and
MPI results. Importantly, the presence of non-
calcified plaques provided incremental prognos-
tic information over baseline clinical variables,
MPI, and significant CAD on CCTA [53].

In a study by Rispler et al., published in 2007,
56 patients with angina pectoris underwent
single-session SPECT MPI and CCTA with a
hybrid SPECT/16-row CT device and coronary
angiography within 4 weeks [55]. The ability of
fused SPECT/CCTA images to diagnose physio-
logically significant lesions showing >50% ste-
nosis and reversible perfusion defects in the same
territory was determined and compared with

CCTA stand-alone. They found a total of 224
coronary segments in the 56 patients included, 12
patients and 54 segments (23%) were excluded
from further analysis of CCTA. Therefore, a total
of 170 coronary segments were evaluated. The
sensitivity, specificity, PPV, and NPV of CCTA
were 96%, 63%, 31%, and 99%, respectively, as
compared with 96%, 95%, 77%, and 99%,
respectively, for combined SPECT/CCTA. Based
on these results, it becomes quite obvious, that
hybrid SPECT/CCTA imaging mainly results in
improved specificity and PPV to detect hemody-
namically significant coronary lesions in patients
with chest pain [55].

Several other studies underscored the incre-
mental diagnostic accuracy or co-registration
and fusion of stand-alone acquired MPI and
CCTA over side-by-side interpretation
(Table 10.2) [9, 77, 82, 83]. Further strengthen
these findings, Rispler et al. found added diag-
nostic information provided by fused analysis
not obtained on side-by-side analysis in almost
one-third of patients [55].

In another, well-designed and recently pub-
lished study by Schaap et al., the diagnostic per-
formance of hybrid SPECT/CCTA versus
stand-alone SPECT and CCTA for the diagnosis
of significant CAD was evaluated [84]. Ninety-
eight patients with stable angina complaints and
a median pre-test likelihood of 87% were
prospectively included in their study. Hybrid

Table 10.2 Diagnostic value of SPECT/CT or PET/CT software image fusion compared with side-by-side analysis

Technology N Benefit by hybrid imaging Reference
SPECT/64-row MDCT and 38 patients with >1 | Among equivocal lesions, haemodynamic 10
3-D image fusion SPECT defects significance is confirmed in 35% and excluded in
25%
16- and 64-row MDCT and 50 patients Modification of the initial interpretation in 28% 11
MPI (SPECTor ?Rb PET) suspected of CAD | of the cases
Trend to increase in 17% the sensitivity in
patients with multivessel disease
Automated SPECT/64-row 35 patients Improved diagnostic performance in the RCA 79
MDCT registration software | suspected of CAD | and LCx, not in LAD

N number of patients, RCA right coronaty artery, LCx left circumflex artery, LAD left anterior descending artery

Reprinted with permission from: Flotats A, Knuuti J, Gutberlet M, Marcassa C, Bengel FM, Kaufmann PA, Rees MR,
Hesse B; Cardiovascular Committee of the EANM, the ESCR and the ECNC. Hybrid cardiac imaging: SPECT/CT and
PET/CT. A joint position statement by the European Association of Nuclear Medicine (EANM), the European Society
of Cardiac Radiology (ESCR) and the European Council of Nuclear Cardiology (ECNC). Eur J Nucl Med Mol Imaging

2011; 38: 201-212 [35]
Reference [10] (Table) = 77 (manuscript); 11 = 83; 79 = 82
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SPECT/CCTA was performed prior to conven-
tional coronary angiography. Hybrid analysis
was performed by combined interpretation of
SPECT and CCTA images. The diagnostic per-
formance was calculated for hybrid SPECT/
CCTA and stand-alone SPECT and CCTA on
per patient level. Fractional flow reserve mea-
surements <0.80 served as a reference for sig-
nificant CAD and was seen in 57.9% of the
patients included. Non-conclusive SPECT or
CCTA results were found in 32.7% of the
patients. Stand-alone SPECT and CCTA had a
sensitivity of 93%, specificity 79%, PPV 85%,
NPV 89% and a sensitivity of 98%, specificity
62%, PPV 77%, and NPV 96%, respectively.
Hybrid analysis of SPECT and CCTA led to an
improved overall performance with a sensitiv-
ity, specificity, PPV, and NPV for the presence
of significant CAD of 96, 95, 96, and 95%,
respectively [84]. Based on the results of the
study, two highly interesting conclusions can be
drawn. First of all, in >40% of the patients with
a high pre-test likelihood no significant CAD
was demonstrated. This clearly emphasizes the
value of accurate pre-treatment cardiovascular
imaging. Secondly, by combing SPECT and
CCTA, significant CAD can be accurately diag-
nosed and excluded, surpassing the diagnostic
performance of stand-alone myocardial SPECT
and CCTA [84].

Whereas CCTA alone tends to overestimate
coronary stenosis, the combination with MPI,
and therefore with the information about the
hemodynamic relevance of the observed steno-
sis, allows the identification of many false-posi-
tive CCTA findings [35]. Mainly in case of
motion artifacts or severe coronary calcifica-
tions, the specificity and PPV of stand-alone
CCTA becomes suboptimal [35]. In this context,
it needs to be pointed out, that non-evaluable,
severely calcified vessels especially benefit
from further testing due to the relatively high
likelihood of obstructive disease, whereas non-
evaluable vessels with motion artifacts do not
usually have hemodynamic relevance. The latter
is particularly the case in the right coronary
artery (RCA) territory [35, 85]. However, hybrid
imaging with CCTA and SPECT MPI is not

only of particular value in the RCA, but also in
lesions of distal segments, diagonal branches,
and the left circumflex artery (LCX) [77, 83].
On the other hand, CCTA improves the detec-
tion of multivessel CAD, which is one of the
main pitfalls of MPI as already mentioned
above, and increases the diagnostic confidence
for categorizing intermediate lesions and equiv-
ocal perfusion defects [9, 55].

10.5 Radiation Exposure

Both, SPECT and CT are diagnostic modalities
that use ionizing radiation to generate images for
the functional and morphological evaluation of
the heart.

The radiation exposure related to MPI is lower
for the nowadays most frequently used
PmTe(Pmtechnetium-)-labeled agents (like *™Tc-
sestamibi, *"Tc-tetrofosmin) compared to the
use of 'thallium (*°'TI). Depending on the
applied protocol (1- or 2-day protocol), the
injected dose, and the used camera system, the
radiation exposure of *M™Tc-sestamibi or *™Tc-
tetrofosmin may differ with an increasing dose
by applying a 1-day protocol. The reported effec-
tive doses for %"Tc-sestamibi (rest) are
0.009 mSv/MBq (stress: 0.0079 mSv/MBq) and
for *mTc-tetrofosmin (rest) 0.0069 mSv/MBq
(stress: 0.0069 mSv/MBq), respectively. For
20IT1, one has to consider an effective dose of
0.14 mSv/MBq, which will even increase with a
re-injection of 2°'T1 [10, 86-88]. However, nowa-
days, SPECT-related radiation exposure can be
markedly reduced by the use of new iterative
reconstruction methods in combination with ded-
icated detectors and collimators optimized
specifically for MPI [89, 90]. Further emphasiz-
ing the necessity of reducing the radiation expo-
sure to the patients in MPI, a statement document
was published by Cerqueira et al. in 2010 regard-
ing the best practice methods to further minimize
the radiation exposure of MPI by obtaining the
highest quality diagnostic images [91].

The effective patient radiation dose from car-
diac CT varies widely depending on the protocol,
instrumentation, and patient size [35]. For a CAC
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scan, which can also be used to perform MPI
attenuation correction, the radiation exposure of
approximately 1 mSv is rather low [92]. However,
the dose tends to be higher with lower slice thick-
ness, as in this case, the radiation dosage needs to
be increased to obtain the same signal to noise
ratio [93]. In a 2009 published cross-sectional,
international, multicenter study of 1965 CCTA
scans performed at 50 study sites, the estimated
mean radiation dose was 12 mSv (interquartile
range: 8—18 mSv) [94]. A reduction of the radia-
tion exposure can be achieved by implementation
of modern cardiac CT acquisition protocols.
Prospective (step-and-shoot) ECG triggering,
ECG-controlled current modulation (reduction of
the tube current by 80% during systole) and body
mass-adapted tube voltage (reduction of the tube
voltage to 100 kV in patients <90 kg of weight)
allow reduction of the radiation dose from CCTA
by 60-80% [79, 95-97]. Along with this, applica-
tion of the most recent high-pitch scanning proto-
cols using dual-source CT scanners have even
further lowered doses into the sub-milli-Sievert
range [46, 47].

10.6 Clinical Applications

It is well accepted, that the clinical use of imag-
ing should depend on the pre-test likelihood of
CAD [35]. In the 2011 joint position statement
by the European Association of Nuclear Medicine
(EANM), the European Society of Cardiac
Radiology (ESCR) and the European Council of
Nuclear Cardiology (ECNC), a proposed clinical
algorithm for the use of imaging techniques,
including hybrid imaging, in patients with
chronic chest pain was published (Fig. 10.2) [35].
Furthermore, it was stated, that for symptomatic
patients without known CAD and low to moder-
ate pre-test (i. e. <50%-) likelihood of disease,
which is typically seen in young and middle-aged
patients, CCTA would probably be essential to
(virtually) exclude CAD [35]. Whereas in case of
a normal result, further diagnostic tests are
avoided, abnormal or equivocal findings need to
be confirmed or rejected by MPI or ICA [35].
Especially in these patients, hybrid imaging
would lead to a more rapid diagnosis. Today,
when initial tests yield equivocal results and fur-

‘ Chronic chest pain ‘

1 Type of chest pain [
Cardiovascular risk factors ) )
stress testing, CAC score ‘ Risk profile of CAD f ‘
I

I
@ ‘ Low-intermediate ‘

|
‘ CCTA —— MPI Hybrid ‘

R

Very high

¢ Inconclusive or
equivocal test

Stenoses <50 %
No reversibility in MPI

No further testing
Risk factor modification + medical treatment

Fig. 10.2 Proposed algorithm for the clinical use of dif-
ferent imaging modalities. From: Flotats A, Knuuti J,
Gutberlet M, Marcassa C, Bengel FM, Kaufmann PA,
Rees MR, Hesse B; Cardiovascular Committee of the
EANM, the ESCR and the ECNC. Hybrid cardiac imag-
ing: SPECT/CT and PET/CT. A joint position statement

Stenoses >50 %
Reversibility in MPI

l

‘ ICA £ PCl or CABG

by the European Association of Nuclear Medicine
(EANM), the European Society of Cardiac Radiology
(ESCR) and the European Council of Nuclear Cardiology
(ECNC). Eur J Nucl Med Mol Imaging 2011; 38: 201-
212 [35]
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ther assessment to exclude CAD with final cer-
tainty is needed, many of these patients are
referred for ICA. Hybrid cardiac imaging offers a
substantially improved diagnostic confidence and
the more frequent use of these techniques would
therefore result in a reduction of the number of
patients, which are currently unnecessarily
exposed to ICA [35].

In patients with higher pre-test likelihood of
disease (i.e., >50% likelihood), which are charac-
teristically those with known CAD or older age,
MPI might be a better first-line test compared to
CCTA [35]. This group of patients is more likely
to have extensive CAC and also includes patients
with known or suspected microvascular endothe-
lial dysfunction, e.g., diabetics [35, 85, 98]. In
case of equivocal MPI findings, suggestive of
artifacts, microvascular- or multivessel disease,
CCTA can be added. In these patients, the hybrid
imaging approach would lead to an improved
diagnostic accuracy and would also allow for a
complete evaluation of the hemodynamic rele-
vance of coronary stenosis and the assessment of
the viability in myocardial territories supplied by
occluded arteries [35]. The accurate co-
registration of CCTA- and MPI data, would allow
to gain information about coronary stenoses and
perfusion defects and therefore would also
improve the evaluation of hemodynamic proper-
ties of even fairly small coronary branches [35].
By confirming the hemodynamic relevance of
given lesions, hybrid cardiac imaging might help
to avoid potentially harmful revascularization
attempts and also provides a platform for multi-
disciplinary coronary teams including an inter-
ventional cardiologist and a cardiac surgeon to
discuss the most appropriate treatment strategy
(medical conservative vs. percutaneous vs. surgi-
cal revascularization) [47]. In this context,
Schaap et al. prospectively evaluated, to what
extent treatment decisions for patients with stable
angina pectoris can be made based on hybrid
MPI SPECT and CCTA as the question remains
whether these imaging results lead to similar
treatment decisions as compared to stand-alone
SPECT and ICA [99]. They included 107 patients
with stable anginal complaints and an intermedi-
ate to high pre-test likelihood for CAD. The

study outcome was the treatment decision cate-
gorized as: no revascularization, percutaneous
coronary intervention (PCI) or coronary artery
bypass grafting (CABG). Treatment decisions
were made in two steps. Firstly, based on the
results of hybrid SPECT/CCTA and, secondly,
based on SPECT and ICA. Based on the latter
approach, revascularization (PCI or CABG) was
indicated in 50% of the patients. Percentage
agreement of treatment decisions in all patients
based on hybrid SPECT/CCTA versus SPECT
and conventional angiography on the necessity of
revascularization was 92%. Percentage agree-
ment of treatment decisions in patients with
matched, unmatched and normal hybrid SPECT/
CCTA findings was 95%, 84% and 100%, respec-
tively. Therefore, combining functional data from
SPECT and anatomical information from CCTA
was be able to accurately indicate for and defer
patients from revascularization [99].

In asymptomatic patients with moderate pre-
test likelihood of disease CAC imaging is recom-
mended as a reasonable choice for refining the
risk stratification [35, 100].

Besides the named joint EANM, ESCR, and
ECNC position statement about hybrid imaging,
a SNMMI (Society of Nuclear Medicine and
Molecular Imaging)/ASNC (American Society
of Nuclear Cardiology)/SCCT (Society of
Cardiovascular CT) guideline for cardiac SPECT/
CT and PET/CT (version 1.0) was published in
2013 and can be referred for further information
[10, 35].

10.7 Future Perspective
of Cardiac SPECT/CT

Even though several studies indicated the useful-
ness of cardiac SPECT/CT in terms of impact on
treatment strategy and consequently on outcome,
confirmation of those promising results of the
relevance of functional and anatomical cardiac
imaging by prospective, well-powered multi-
center trials including appropriate follow-up
periods was clearly needed. In such an attempt
several studies such as the SPARC-, EVINCI-
and PROMISE trial had been set up several years
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ago and, in the meanwhile, provided new data
regarding the benefit of hybrid cardiac imaging
[6,47,101-107].

In 2012, the results of the SPARC (Study of
Myocardial Perfusion and Coronary Anatomy
Imaging Roles in Coronary Artery Disease) trial
on 1.709 patients without a documented history
of CAD and an intermediate to high likelihood of
CAD undergoing cardiac SPECT, PET, or
64-slice CCTA were published by Hachamovitch
et al. [105]. Based on the assessment of the
90-day post-test rates of coronary catheterization
and medication changes, they found noninvasive
studies with only a modest impact on the clinical
management of patients referred for clinical test-
ing. Not surprisingly, the post-imaging use of
cardiac catheterization and medical therapy
increased in proportion to the degree of abnormal
study results, however, the frequency of catheter-
ization and medication use suggested possible
undertreatment ~ of  higher-risk  patients.
Interestingly, compared with functional imaging
with stress MPI, catheterization referral rates and
subsequent need for revascularization were
greater after CCTA together with similar rates of
medication use in patients after normal/nonob-
structive and mildly abnormal study findings
[105]. However, the main results of the SPARC
trial are discussed controversially and conclud-
ing, that noninvasive testing has only a modest
impact in clinical management of patients
referred for clinical testing seem to be rather pre-
liminary [108]. In this context, the 2015 pub-
lished PROMISE (PROspective Multicenter
Imaging Study for Evaluation of chest pain) trial
including 10.003 symptomatic patients referred
to a strategy of initial anatomical testing with the
use of CCTA or to functional testing (exercise
electrocardiography, nuclear stress testing, or
stress echocardiography) revealed that CCTA
was associated with fewer catheterizations show-
ing no obstructive CAD than was functional test-
ing (3.4% vs. 4.3%, p = 0.02), although more
patients in the CCTA group underwent catheter-
ization within 90 days after randomization
(12.2% vs. 8.1%). The results of this trial
strengthen the impact of functional testing in
symptomatic patients with suspected CAD who

required noninvasive testing and revealed that an
initial strategy of CCTA was not associated with
better clinical outcomes than functional testing
over a median follow-up of 2 years [106]. Based
on those two well-designed prospective trials one
could at least assume, that combining functional
MPI with anatomical information by CCTA
might pave the way for a higher impact of nonin-
vasive cardiac imaging on post-test clinical man-
agement of the patients and might overcome
drawbacks of each imaging modality by combing
their benefits. With that regard, the results of the
EVINCI trial as well as of a meta-analysis pub-
lished by Rizvi et al. in 2018 are quite elucidating
[6, 107].

The ENVICI-(EValuation of INtegrated
Cardiac Imaging for the Detection and
Characterization of Ischaemic Heart Disease)
trial included 252 patients with stable angina and
intermediate (i.e. 20-90%) pre-test likelihood of
CAD who underwent myocardial perfusion scin-
tigraphy (MPS), CCTA, and quantitative coro-
nary angiography (QCA) with fractional flow
reserve (FFR) and aimed to evaluate the added
value of hybrid (i.e. MPS/CCTA) cardiac imag-
ing in diagnosing hemodynamically significant
CAD [6]. QCA revealed an overall prevalence of
significant CAD (>70% stenosis or 30-70% with
FFR < 0.80) in the included patients of 37%.
MPS identified 1004 pathological myocardial
segments of which 246 (25%) had to be reclassi-
fied from their standard coronary distribution to
another territory by hybrid imaging [6].
Accordingly, hybrid imaging reassigned an entire
perfusion defect to another coronary territory in
45 of the 252 (18%) patients, leading to a change
of the final diagnosis in 42% of cases.
Furthermore, hybrid imaging led to a noninvasive
CAD rule-out (41% of patients) and to a rule-in
(24% of patients) in two-thirds of the included
patients. Consequently, hybrid imaging was asso-
ciated with negative and positive predictive val-
ues of 88% and 87%, respectively and with a
more reliable co-localization of myocardial per-
fusion defects with subtending coronary arteries
than standardized myocardial segmentation mod-
els accounting for variations in individual coro-
nary anatomy [6]. Underscoring the beneficial
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effects of combining functional and anatomical
cardiac imaging, data of a meta-analysis pub-
lished by Rizvi et al. in 2018 demonstrated differ-
ent hybrid cardiac imaging approaches (SPECT/
CCTA, PET/CCTA, CMR/CCTA) in general to
improve diagnostic specificity for the detection
of obstructive CAD compared with stand-alone
CCTA [107]. Among the three distinct hybrid
imaging modalities as mentioned above, hybrid
SPECT/CCTA demonstrated the highest sensitiv-
ity at both a per-patient and per-vessel level for
assessment of obstructive CAD and PET/CCTA
the highest specificity also on a per-patient as
well as per-vessel level [107].

From a more technical point of view, at this
point it still remains uncertain to some degree
whether hybrid scanners offer advantages over
software fusion of data sets obtained from differ-
ent scanners, as by either way one can obtain
hybrid images [109]. The scan time discrepancy
between emission from nuclear and CT transmis-
sion determines that high-end CT facilities con-
stituting the CT component of hybrid cardiac
scanners will be blocked by long emission scan
time and is therefore forced to operate at low
capacity. Furthermore, the integrated scanner
also makes it more difficult and expensive to inte-
grate the rapid changes in technology, especially
CT [9]. On the other hand, a combined device

Fig. 10.3 (a, b) Examples of sources of artifacts in
hybrid cardiac SPECT/CT imaging. From: Goetze S,
Wahl RL. Prevalence of misregistration between SPECT
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may fit into one room and needs one operating
team and does not require positioning of the
patient into two different scanners. The develop-
ment of ultrafast SPECT scanners allowing sub-
stantially shorter acquisition time may shift the
balance toward hybrid scanners in the future [9].
The potential diagnostic benefit of hybrid car-
diac SPECT/CT needs to be weighed against the
potential drawbacks, especially with regard to the
added radiation dose to the patients. However,
new low-dose CCTA acquisition protocols with
prospective ECG triggering have recently been
introduced and shown to offer a tremendous
reduction in radiation dose to an average of
2.1 mSv at maintained accuracy [95, 110-112].
Finally, moderate to severe cardiac mismatch
between MPI and CT might impact the quality of
the fused images and therefore the diagnostic
performance of the hybrid imaging approach
(Fig. 10.3a) [113]. With current SPECT/CT sys-
tems, the low-dose CT obtained for attenuation
correction and the SPECT data are acquired
sequentially, and patient movement may occur
between the two types of acquisition (Fig. 10.3b)
[113]. Misregistration may occur if care is not
taken in the acquisition and processing of the
datasets and may lead to new and unexpected
kinds of artifacts. Importantly, even a registration
error of as little as 7 mm can lead to a substantial

and CT for attenuation-corrected myocardial perfusion
SPECT. J Nucl Cardiol 2007; 14: 200-206 [113]
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degradation in the quality of attenuation cor-
rected images [65, 114]. A careful review of the
raw SPECT and CT images as well as the attenu-
ation corrected maps and registration is therefore
mandatory to avoid reconstruction artifacts due
to misregistration.
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11.1 Introduction

Since the introduction of the sentinel node (SN)
procedure almost 30 years ago SN imaging
became an essential component for lymphatic
mapping and preoperative SN identification in
melanoma, breast cancer and other
malignancies.

In the footsteps of lymphoscintigraphy a new
generation of large field gamma cameras facili-
tated the incorporation of SPECT/CT to the SN
procedure in various malignancies. The func-
tional information from SPECT can be combined
with the morphological information from CT by
applying both techniques in one session. The
resulting SPECT/CT fused images are able to
depict SNs in an anatomical landscape providing
a helpful roadmap for surgeons with information
concerning the location of SNs with respect to
blood vessels, muscles and lymph node basins.
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SPECT/CT has been useful in melanoma and
breast cancer patients with unusual or complex
drainage as observed in melanoma of the neck or
the upper part of the trunk and in breast cancer
with drainage outside of the axilla. SPECT/CT
can also visualize SN in the axilla when lymph
nodes are not depicted on planar images or when
lymph nodes are masked by the overlying injec-
tion site. Furthermore, in areas such as the pelvis,
retroperitoneum and upper abdomen in gastroin-
testinal, gynaecological and urological malignan-
cies, SPECT-CT is considered to be essential to
localize SNs. SPECT/CT and planar lymphoscin-
tigraphy, performed in a single acquisition ses-
sion, are complementary for SN identification
and a combined interpretation of both modalities
is necessary. On the other hand, the preoperative
information obtained by SPECT/CT and reported
by nuclear physicians is being used by surgeons
in the operating room to recognize anatomical
landmarks, thus resulting in a more effective han-
dling of portable devices for SN localization.

11.2 Clinical Background

Resting on the hypothesis of the existence of an
orderly and predictable pattern of lymphatic
drainage to a regional lymph node basin, the SN
concept concerns functioning of lymph nodes on
a direct drainage pathway as effective filters for
tumour cells [1]. In practical terms, all lymph
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nodes with direct drainage from the primary
tumour must be considered as SNs.

Another concept important to emphasize is
that the SN procedure is a multidisciplinary
modality based on the combination of preopera-
tive imaging, intraoperative detection and refined
histopathological analysis.

For preoperative SN imaging colloid particles
labelled with *™Tc are usually used. Radioactive
colloid particles are incorporated into the
macrophages by phagocytosis enabling pro-
longed lymph node retention and an adequate
detection window. This enables not just the
acquisition of delayed planar images and SPECT/
CT but also intraoperative SN localization using
portable devices based on gamma ray detection.

Furthermore, the SN procedure is oriented to
the detection of lymph node metastases in
patients without clinical evidence of regional
metastases [2]. Today preoperative selection
makes it possible to identify patients with palpa-
ble lymph nodes at clinical examination, sus-
pected lymph nodes at ultrasound or CT, or
tumour-positive lymph nodes at aspiration cytol-
ogy. In clinical practice this leads to consider the
SN biopsy as a procedure principally oriented to
the detection of subclinical metastases. This cat-
egory includes submicrometastases (<0.2 mm),
micrometastases (>0.2 mm and <2 mm), and
small macrometastases (between >2 mm and
<5 mm) [3].

11.3 Technical SPECT-CT Aspects
for SN Imaging

Protocols for SPECT/CT are determined by the
objectives of the SN procedure. SPECT/CT is
essentially oriented to the anatomical localization
of SNs. This explains why SPECT/CT is acquired
using a low dose CT. Acquisition of a diagnostic
high dose CT, with or without intravenous con-
trast, is not really necessary because the SN pro-
cedure primarily aims to identify subclinical
metastases in lymph nodes that are not enlarged.

For SN localisation the CT component of
SPECT/CT must be of sufficient quality to pro-
vide optimal anatomical information. All modern
SPECT/CT cameras enable the evaluation of the
lymph nodes corresponding with the radioactive
nodes on fused SPECT/CT images by acquiring a
low dose (40 mAs) CT. In superficial areas such
as the groin and the axilla, slides of at least 5 mm
are recommended. For more complex anatomical
areas (head/neck, pelvis, abdomen) 2 mm slides
may be necessary. With this approach SPECT/CT
can accurately localize SNs in relation to the vas-
cular structures and muscles in deep anatomical
areas.

The CT component is also used to correct the
SPECT signal for tissue attenuation and scatter-
ing. After these corrections SPECT can be fused
with CT [4]. A grey scale is used to display the
morphology in the background image (CT),
whereas a colour scale is used to display the SN
in the foreground image (SPECT).

To read images SPECT/CT is mostly dis-
played in a similar manner as that of conventional
tomography [5]. Multiplanar reconstruction
(MPR) enables a two-dimensional display of
fused images in relation to CT and SPECT. The
use of cross-reference lines allows for the naviga-
tion between axial, coronal and sagittal views. At
the same time this tool leads to correlate radioac-
tive SNs seen on fused SPECT/CT with lymph
nodes seen on CT (Fig. 11.la—c). Most fre-
quently, a radioactive SN corresponds with a
single lymph node on CT, but in some cases it
correlates with a cluster of lymph nodes. This
information may be helpful for the intraoperative
procedure and the post-excision control using
portable gamma cameras or probes as more
radioactive SNs may be harvested at the same
location.

Fused SPECT/CT images may also be dis-
played using Maximum Intensity Projection
(MIP). MIP is a specific type of rendering in
which the brightest voxels are projected into a
three-dimensional image allowing improved ana-
tomical SN localisation and recognition by the
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Fig. 11.1 Planar anterior lymphoscintigraphy (a) show-
ing drainage from the injection site in the right breast to
the axilla and the internal mammary chain. Multiplanar
reconstruction (MPR) with display of similar planes for
axial fused SPECT/CT (b) and CT (c) images enables

surgeon (Fig. 11.1d). One limitation of MIP is
that the presence of other high-attenuation voxels
on CT can complicate the recognition of the vas-
culature and other anatomical structures. Another
limitation of MIP is that it concerns a two-
dimensional representation, which is not able to
accurately depict the actual relationships of the
vessels and other structures [6].

Another possibility to support SN localization
is a three-dimensional display using volume ren-
dering. In this modality different colours are
assigned to anatomical structures such as vessels,
muscle, bone and skin (Fig. 11.1e). This results
in better anatomical reference points and incor-
porates an additional dimension in the recognition
of SNs, for instance in relation to the vasculature.
By incorporating a colour display, volume ren-
dering improves visualization of complex anat-
omy and 3D relationships.

identification of the axillary sentinel nodes (circle). On
images generated with maximum intensity projection
(MIP) (d) and volume rendering (e) the sentinel nodes are
displayed in an anatomical 3D landscape

11.4 Comprehensive
Interpretation
of Lymphoscintigraphy

and SPECT/CT

SPECT/CT and lymphoscintigraphy are com-
plementary modalities acquired in a single ses-
sion with the same equipment. SPECT/CT
provides landmarks to anatomically localize
SNs already visualized on planar images.
However, SPECT/CT can detect additional SNs
principally in areas with a high number of lymph
nodes such as the neck, or with complex anat-
omy such as the pelvis and abdomen. SPECT/
CT is also useful to detect SN in the vicinity of
the injection site. To understand the combined
use of lymphoscintigraphy and SPECT/CT it is
necessary to elucidate some aspects related to
image interpretation [7]. First of all by acquir-
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ing early and delayed planar images lymphos-
cintigraphy can identify SNs in a majority of
cases. In current protocols SPECT/CT is per-
formed following delayed planar images (mostly
2—4 h after tracer administration). This sequen-
tial acquisition helps to clarify the role of both
modalities. However, it is necessary to specify
some criteria for SN identification on preopera-
tive images. Based on lymphoscintigraphy, the
main criteria to identify lymph nodes as SNs are
the visualization of lymphatic ducts, the time of
appearance, the lymph node basin, and the
intensity of lymph node uptake [8]. Following

T

pt

Fig. 11.2 Lateral early planar lymphoscintigraphy (a) in
a patient with a melanoma of the back showing lymphatic
ducts from the injection site to two lymph nodes (horizon-
tal arrows) in the left axilla. These nodes are considered as
definitely sentinel nodes. On delayed lateral planar image

R. A.Valdés Olmos and S. Vidal-Sicart

these criteria visualized radioactive lymph
nodes may be classified as:

1. Definitely SNs: this category includes all
lymph nodes draining from the site of the pri-
mary tumour through its own lymphatic ves-
sel (Fig. 11.2a), or a single radioactive lymph
node in a lymph node basin [9].

2. Highly probable SNs: this category includes
lymph nodes appearing between the injection
site and a first draining node (Fig. 11.2b), or
nodes with increasing uptake appearing in
other lymph node stations.

(b) an additional node (vertical arrow) is seen in the vicin-
ity of the injection site; this node is highly probable a sen-
tinel node too. Sentinel nodes are anatomically localized
using volume rendering (¢) and SPECT/CT (d, f, h). On
CT (e, g, i) not enlarged sentinel nodes (circles) are seen



11 SPECT/CT in Sentinel Node Scintigraphy

233

3. Less probable SNis: all higher echelon nodes (in
trunk and extremities) or lower echelon nodes
(head and neck) may be included in this
category.

Early planar images are essential to identify
first draining lymph nodes as SNs by visualiza-
tion of their lymphatic ducts. These nodes (cate-
gory 1) can be distinguished from secondary
lymph nodes (category 3) mostly appearing on
delayed planar images and showing less uptake.

In other cases a single lymph node is seen on
early and/or delayed images. This node is also con-
sidered as a definite SN (category 1). However, in
some cases SPECT/CT leads to detect additional
lymph nodes in other basins. This may occur for
instance in the pelvis when two basins are located at
the same level and there is superposition of the
radioactive nodes on planar images (Fig. 11.3).
These nodes can be considered as definite (category
1) or highly probable sentinel nodes (category 2).
Less frequently a radioactive lymph node may

appear between the injection site and a first draining
node; its increasing uptake can confirm this node as
a highly probable SN (category 2) and it helps to
differentiate this node from prolonged valve activity
in a lymphatic duct, which mostly decreases in
intensity on delayed images.

11.5 Clinical Relevance
of SPECT/CT

11.5.1 Cutaneous Melanoma

In a prospective multicentre study including 262
melanoma patients SPECT/CT demonstrated to
have clinical value by revealing 70 additional
SN in 53 patients with 25% additional nodes in
head and neck melanoma, 25.5% in upper limb
melanoma, 20.5% in trunk melanoma and 12.9%
in lower limb melanoma [10]. In the same study
SPECT/CT did modify the surgical approach in
97 patients (37%).

Fig. 11.3 Volume rendering SPECT/CT (a) obtained 2 h
after tracer injection into the prostate showing drainage to
lymph nodes along the iliac vessels. Horizontal stripped
lines indicate from inferior to superior the levels of dis-

play of the axial fused SPECT/CT images (c—e). Note that
at these levels SPECT/CT is able to display more sentinel
nodes than planar images (b)
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In concordance with these results SPECT/CT
revealed almost 19% more SNs than planar lym-
phoscintigraphy concerning 255 patients with
trunk melanoma; in 40 out of these patients lym-
phatic drainage to additional basins required sur-
gical adjustment [11].

The additional value of SPECT/CT in mela-
noma was confirmed in another study comparing
the results of 149 patients for whom a SPECT/CT
was performed with a group of 254 patients with-
out SPECT/CT. SPECT/CT detected more SNs
(average 2.4 against 1.87 without SPECT/CT)
and more metastatic SNs (average 0.34 against
0.21). The use of SPECT/CT was associated with
a significant higher rate of the 4-year disease-free
interval (93.9%) when compared with the group
of patients without SPECT/CT (79.2%) [12]. The
same group of investigators described higher fre-
quency of metastatic involvement and higher rate
of disease-free survival in patients with SPECT/
CT assisted SN biopsy compared with patients
without SPECT/CT [13].

In a meta-analysis concerning 17 studies and
1438 melanoma patients, average SN detection rate
was 98.28% for SPECT/CT and 95.53% for planar
lymphoscintigraphy. The average impact of SPECT/
CT on surgery resulted in 37.43% of cases [14].

The use of SPECT/CT has gained relevance
after the results of the second Multicenter
Selective Lymphadenectomy Trial (MSLT-2) and
other randomized controlled trials where, follow-
ing tumour-positive SN, completion lymph node
dissection versus observation was evaluated [15,
16]. Patients with SN metastases larger than
1 mm might benefit more from observation than
from immediate lymph node dissection. In this
context surveillance of the draining lymph node
basin(s) assessed by SN mapping during staging
and particularly the findings of SPECT/CT may
constitute a diagnostic baseline for further con-
trol with ultrasonography [17].

11.5.2 Breast Cancer
In a study involving 114 patients, SPECT/CT

was detected in 81 patients with 151 additional
SNs, of which 19 are tumour-positive. Of overall

61 tumour-positive SNs in 52 patients SPECT/
CT detected all nodes, whereas planar images
detected only 42 [18].

In a series including 741 patients SPECT/CT
allowed the exact position of SNs in the axilla:
just under 50% was located in the mid or poste-
rior group of axillary level I and not exclusively
in the antero-pectoral group as generally assumed
[19].

In 1182 breast cancer patients SPECT/CT
detected more SNs than planar lymphoscintigra-
phy (2165 vs. 1892) with a drainage basin mis-
match of 16.5% leading to a surgical adjustment
in 17% of the cases [10].

The role of SPECT/CT to clarify lymphatic
drainage outside the axilla was assessed in 56
patients with 81 internal mammary nodes
depicted by lymphoscintigraphy. SPECT/CT
showed 74 of these nodes in the internal mam-
mary territory and 14 in the mediastinal basins
[20]. SPECT/CT represents a diagnostic solution
to increase identification of internal mammary
SNs and consequently reduces false negative rate
of SN biopsy [21].

Lymphatic drainage outside the axilla is par-
ticularly relevant in patients with previous breast
surgery scheduled for SN biopsy due to local
relapse. In this context SPECT/CT was useful to
localize SN in 122 evaluated patients with ipsi-
lateral breast cancer relapse showing a higher
visualization rate than planar scintigraphy.
Territory mismatch between SPECT/CT and pla-
nar scintigraphy was found in 60% of patients
with SN visualization leading to surgical adjust-
ment in 21.3% of them [22].

SPECT/CT is also useful to identify SNs in
patients with overweight. In a study including
122 patients SPECT/CT was performed in 49 of
them who had no SN visualization on planar
images. SPECT/CT led to the detection of SN in
29 of these obese patients (59%) [23]. In a recent
study in 59 patients with overweight/obese
patients (BMI > 25 kg/m?) planar scintigraphy
failed to identify SNs in 49 whereas SPECT/CT
failed in only 18 [24].

In general, SPECT/CT has been indicated in
breast cancer patients without SN visualization
on planar scintigraphy. In a recent evaluation
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SPECT/CT localized SNs in 66 out of 284
patients (23.2%) without SN visualization on
planar scintigraphy. In the case of persistent non-
visualization despite SPECT/CT, radiocolloid
reinjection resulted in approximately 62% suc-
cess rate (36/58) suggesting the possibility to
perform reinjection before SPECT/CT [25].

11.5.3 Head and Neck Malignancies

The lymphatic system of the head and neck
includes approximately 250-300 lymph nodes
divided into various nodal groups. Further, there
are marked variations in the lymphatic drainage
depending on the primary lesion site. For
instance, scalp melanomas of the frontal zone can
drain to different lymph nodes when compared
with melanomas of the parietal or occipital areas.
Also, for the face and the forehead drainage to
different basins may occur. In the oral cavity,
malignancies of the lingual apex may drain to
other groups in comparison with well-lateralized
lesions in the tongue or floor of the mouth. Due to
this high lymph node density and variability in
drainage patterns SPECT/CT appears to be
essential not only to accurately identify SNs in an
anatomical landscape, but also to detect addi-
tional SNs in the vicinity of the primary lesions
or in patients with aberrant drainage to different
lymph node basins. SPECT/CT is also helpful for
the localization of SN in relation to the surgical
neck dissections levels [26]. In a study including
66 consecutive patients with early stage oral can-
cer and a clinically negative neck carcinoma,
SPECT/CT identified a 22% additional SNs in
the neck, and in 20% of the patients with at least
one positive SN the only positive node was
detected by SPECT/CT [27]. In another series
including 34 patients additional SNs were found
by SPECT/CT in 15, and in 7 patients the ana-
tomical level of SN location was reclassified
[28].

Also in head/neck melanoma SPECT/CT has
been found to be useful with visualization of 29%
additional SN in the parotid/preauricular region
and 44% in level Vb in comparison with planar
imaging acquired during lymphoscitigraphy [29].

SPECT/CT detected additional SNs in 6 out of 38
(16%) patients with head and neck melanoma
and led to an adjustment of the surgical approach
in 11 patients [30].

In another study SPECT/CT modified the sur-
gical approach (more superficial incision or inci-
sion at another site) in 9 out of 34 (27%) patients
with head and neck malignancies [31].

Recently, SPECT/CT is being used in an
ongoing trial to tailor elective nodal irradiation in
head and neck squamous cell carcinoma patients.
Using lymph drainage mapping by SPECT/CT
following radiocolloid injections around the
tumour site patients with a minimal risk of con-
tralateral nodal failure are selected for unilateral
elective nodal irradiation. The trial aims to mini-
mize the proportion of patients that undergo
bilateral irradiation [32].

11.5.4 Pelvic and Retroperitoneal
Malignancies

The lymphatic system of the pelvis is the expected
area of drainage of various male and female uro-
genital malignancies. There are different nodal
groups receiving lymphatic drainage from the
pelvic structures: the external iliac nodes which
medial subgroup includes the obturator nodes,
the internal iliac lymph nodes and the nodes in
the trajectory of the common iliac vessels. SNs
from malignancies of the prostate, bladder, cer-
vix and endometrial have been found in these
iliac basins. However, aberrant drainage to the
para-aortic and interaortocaval nodes as well as
to SN in the proximity of the anterior abdominal
wall is also possible. In 68 patients with pelvic
cancers SPECT/CT detected not only more SNs
than planar imaging (195 vs. 138) but it did also
correct the localization in 51.6% with a surgical
adjustment of 65.6% [10].

Particularly for prostate cancer there is con-
sensus today that SPECT/CT is becoming an
essential tool for SN identifications [33].

In 46 prostate cancer patients, SN visualiza-
tion rate increased from 91% for planar scintigra-
phy to 98% when SPECT/CT was performed.
SPECT/CT also depicted more SNs than planar
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images (average 4.3 vs. 2.2 SNs). Forty-four per-
cent of the SNs containing metastases were only
visualized by SPECT/CT [34].

In 37 out of 121 prostate cancer patients
(31%) SPECT/CT localized SNs outside the
area of extended pelvic lymph node dissection
which is often used to stage the pelvis; these
SNs were found in different locations: presa-
cral, Cloquet’s node, inguinal, para-aortic,
abdominal wall, pararectal, behind the common
iliac artery, and lateral to the external iliac artery
[35]. SPECT/CT showed draining SNs outside
the territory of the extended pelvic lymphade-
nectomy in 76% of 84 patients scheduled for SN
biopsy by laparoscopy [36].

In treated prostate cancer patients SPECT/CT
revealed a higher percentage of SNs (80% vs.
34%) outside the pelvic para-iliac region in com-
parison to untreated patients [37]. In another
study SPECT/CT findings led to a 25% impact of
lymphatic drainage on conformal pelvic irradia-
tion in 23 prostate cancer patients [38].
Furthermore, SPECT/CT contributed to person-
alize pelvic lymph node irradiation in a series
including 57 intermediate and high-risk prostate
cancer patients [39].

In testicular cancer drainage to nodes along
the abdominal aorta and cava is usually found,
but in some cases SNs are also found in the tra-
jectory of the funicular vessels. SPECT/CT iden-
tified interaortocaval or paracaval SNs in five
patients with right-sided testicular cancer and
para-aortic SNs in five patients with left-sided
tumours; in three patients SNs along the funicu-
lar vessels were detected [40].

In renal cell carcinoma lymphatic drainage
was seen in 14/20 patients (70%) and SPECT/CT
detected 26 SNs. Most frequent SNs were located
para-aortic but also drainage to retrocaval, hilar,
celiac trunk and thoracic (internal mammary
chain, mediastinal and pleural) SNs was seen
[41]. SPECT/CT was useful to depict lymphatic
drainage outside the locoregional retroperitoneal
templates in 14 out of 40 patients (35%) with
renal tumours [42]. Non-visualization of SNs in
renal tumours as established by means of SPECT/
CT in 27 out of 73 patients (37%) was signifi-
cantly associated with patient age and further

with high vascularization of kidney and tumours
which might cause a wash-out effect of the
injected radiotracer with decreased migration to
lymph nodes [43].

In a series of 41 patients with cervical cancer
SPECT/CT did increase the SN detection rate to
95% and was useful to depict unilateral drain-
age in 19 patients [44]. In another study SPECT/
CT identified SNs in 51 out of 55 patients (93%)
with stage TAB-IIA cervical cancer. High sensi-
tivity and negative predictive value were found
for patients with SPECT/CT SN visualization
on both sides of the pelvis, but not for patients
with unilateral lymphatic drainage [45]. In a
meta-analysis evaluating eight studies the
median overall SN detection rate was 98.6% for
SPECT/CT and 85.3% for planar lymphoscin-
tigraphy [46].

Concerning endometrial cancer in 44 high-
risk patients SPECT/CT identified SNs in 34 of
them (77%) with a total of 110 depicted SNs. The
most frequent location was the external iliac
chain (71%) but drainage to para-aortic SNs was
also usual (44%). SPECT/CT was able to localize
the only pelvic metastatic lymph node that was
not depicted on planar images [47]. In another
evaluation, SPECT/CT SN detection rate was
90% in 40 stage-1 endometrial cancer patients
and achieved bilateral detection in 26 of them
[48]. Recently, in 151 patients with endometrial
cancer, SPECT/CT detected SNs in external iliac
(45%), obturator (30%), common iliac (14%),
internal iliac (9%), para-aortic (1%), parame-
trium (1%) and presacral (1%). The overall pel-
vic SN detection was 77% for SPECT/CT and
68% for planar lymphoscintigraphy [49].

11.5.5 Other Malignancies

In stage Ia non-small lung cancer SPECT/CT
visualized SNs in 39/63 patients (62%) and was
useful to anatomically depict SNs in hilar and
mediastinal lymph node basins [50]. In another
series SPECT/CT identified SN in 12 out of 24
patients (50%) with early stage non-small cell
lung cancer. Drainage was seen to ipsilateral hilar
and mediastinal lymph node basins as well as to



11 SPECT/CT in Sentinel Node Scintigraphy

237

distant locations (internal mammary chain, retro-
crural space and gastrohepatic ligament) [51].

In vulvar cancer, SPECT/CT detected more
SNs than planar lymphoscintigraphy (mean 8.7
vs. mean 5.9) in 40 patients scheduled for biopsy;
SPECT/CT identified aberrant drainage in 7
patients (17.5%) [52]. In another study, SPECT/
CT established that in the groin 93% of the SNs
are localized in the medial and central Daseler’s
zones which can be of importance for the extent
of inguinal lymph node dissection [53].

In penile cancer, SPECT/CT contributed to
zonal mapping of lymphatic drainage by depict-
ing approximately 96% of SNs in the central and
superior quadrants and only less than 4% in the
inferior Daseler’s zones [54]. Out of 52 groins
corresponding to 26 penile cancer patients
SPECT/CT identified 19 SNs in 16 groins that
were overlooked by planar imaging [55].

11.6 General Indications
of SPECT/CT

Indications for SPECT/CT in the SN procedure
depend on the kind of malignancy and the com-
plexity of lymphatic drainage. They will also
depend on the multidisciplinary criteria adopted
by surgeons and nuclear physicians in the differ-
ent hospitals.

Generally speaking, indications for SPECT/
CT for imaging in the SN procedure are as fol-
lows [5]:

1. Detection of SNs in cases without visualiza-
tion at planar lymphoscintigraphy [30]. Due
to the correction for tissue attenuation SPECT/
CT is usually more sensitive than planar
images (Fig. 11.4) and may be particularly
useful in obese patients [23].

Fig. 11.4 Anterior (a) and lateral (b) delayed planar
images showing no tracer migration from the injection
site in the right breast. By contrast on both volume render-

ing (¢) and axial SPECT/CT (d) a sentinel node is visual-
ized in level I of the right axilla. Note on CT (e) that the
sentinel node is not enlarged (circle)
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Fig. 11.5 Planar delayed scintigraphy (a) showing aber-
rant drainage from the injection site in the left breast to
lymph nodes in the upper area of the left axilla and to the
contralateral axilla in a patient with a left breast cancer
recurrence. Patient had bilateral breast prostheses and in

2. Localisation of SNs in areas with complex
anatomy and a high number of lymph nodes
such as the head and neck, or in cases with
unexpected lymphatic drainage (e.g. between
the pectoral muscles, internal mammary
chain, level II or III of the axilla, in the vicin-
ity of the scapula) at planar lymphoscintigra-
phy (Fig. 11.5). SPECT/CT is also helpful in
cases with aberrant lymphatic drainage as, for

the past had undergone a left axillary lymph node dissec-
tion. Note on volume rendering (b) and axial SPECT/CT
(c, d) that the sentinel nodes are localized in the top of
level II/I1T of the left axilla and in level I of the right axilla.
Both nodes are also seen (circles) on CT (e, f)

instance, seen in patients who had undergone
breast surgery in the past (Fig. 11.6).

3. Anatomical localisation and detection of
additional sentinel nodes in areas of deep
lymphatic drainage such as the pelvis
(Fig. 11.2), abdomen or mediastinum.

4. Detection of SNs in near-the-injection-site
areas of drainage as observed for neck nodes
in periauricular melanomas (Fig. 11.7), sub-
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Fig. 11.6 Planar delayed scintigraphy (a) and volume nodes are seen in level II of the axilla. By contrast the
rendering SPECT/CT (b) showing drainage from the lower radioactive lymph node (e) corresponds with an
injection in the right breast to the ipsilateral axilla. On interpectoral (circle) sentinel node on CT (f)

axial SPECT/CT (c¢) and CT (d) the most cranial sentinel

Fig. 11.7 In a patient with periauricular melanoma, lateral ~ dibular sentinel node. No drainage was depicted on planar
SPECT/CT imaging generated with volume rendering (a)  image (b). The submandibular sentinel node seen on axial
showing drainage from the injection site to a left subman- ~ SPECT/CT (c) is not enlarged (circle) on CT (d)
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mental and submaxillary nodes in oral cavity
cancer and melanomas of the lower part of the
face, periscapular and supraclavicular nodes
in melanomas of the upper part of the trunk,
intercostal and retroperitoneal nodes in mela-
nomas of the back, and intramammary nodes
in breast cancer.

An overview of SPECT/CT indications in var-
ious malignancies is shown in Table 11.1.

11.7 SPECT/CT as a Roadmap
for Intraoperative Detection
of Sentinel Nodes

The use of the above mentioned scintigraphic cate-
gories to characterize radioactive lymph nodes is
also attributing to surgical decision making. Lymph
nodes of the first two categories (definitely or highly
probable SNs) are the nodes recognized by the
nuclear physician and those that must be removed

Table 11.1 Overview of indications and additional clinical value of SPECT/CT for sentinel node imaging

Malignancy Spect/CT indication Additional value SPECT/CT
Breast cancer No SN visualization on planar Axilla: SN detection (obese patients), SN
images localization in levels I1I/I11

Anatomical localisation atypical
SNs

Non-axillary: SN localisation internal
mammary chain, intramammary,
interpectoral

Melanoma

Localization of SNs depicted on
planar images

Detecting SN in basins of aberrant
drainage

Detection occult near-the-injection-
site SNs

SN localization in usual (axilla, groin) and
aberrant basins (popliteal, epitrochlear,
retroperitoneal, intercostal, intermuscular)
SN detection in basins in the vicinity of
primary lesions (parotid, periauricular,
periscapular)

Oral cavity cancer

SN localization in neck surgical
levels

Detection of occult near-the-
injection-site SNs

SN localized in relation to anatomical
structures

Detection of submental and submaxillary
SN in floor of mouth malignancies

Penile cancer

Localisation of SNs in the groin

Differentiation inguinal SNs from secondary
iliac lymph nodes

Vulvar cancer

Localisation of SNs in the groin

Differentiation inguinal SNs from secondary
iliac lymph nodes

Prostate cancer

SN localisation in iliac areas
SN detection outside area of
extended pelvic lymph node
dissection

Differentiation between external and internal
iliac SNs

Detection of SNs presacral, Cloquet’s node,
inguinal, para-aortic, abdominal wall,
paravesical, pararectal, behind the common
iliac artery, and lateral to the external iliac
artery

Testicular cancer

Localisation of retroperitoneal SNs

Differentiation between para-aortic and
aortocaval SNs
Detection of SNs along funicular vessels

Renal cell carcinoma

Localisation of retroperitoneal SNs
Aberrant lymphatic drainage
detection

Differentiation between para-aortic and
aortocaval SNs

Detection atypical located SNs (mediastinal,
intercostal)

Cervix cancer

Localisation of SNs in iliac areas
Aberrant lymphatic drainage
detection

SN localisation in iliac basins including
obturator fossa
Detection of presacral and para-aortic SNs

Endometrial cancer

Localization SNs in iliac areas
Aberrant lymphatic drainage
detection

SN localization in iliac basins including
obturator fossa
Often detection of para-aortic SNs

Lung cancer

Anatomical localization SNs

Localisation of hilar SNs
Detection of mediastinal SNs (paratracheal,
subcarinal)
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in the operation room by the surgeon. Less probable
SNs may sometimes be removed depending on the
degree of remaining radioactivity measured by the
gamma probe or the portable gamma camera during
the control of the excision fossa.

A crucial role to guide surgical SN resection is
reserved to nuclear physicians in charge of gener-
ating the imaging reports. Practical guidelines to
achieve this process have been recently described
for oral cavity cancer [26]. This approach is
applicable for the various SN procedures and
includes the description of the different compo-
nents of the lymphatic mapping study and in par-
ticular of SPECT/CT. Important SPECT/CT
aspects to be included in the nuclear medicine
report are the following:

1. Localization of SNs already depicted on lym-
phoscintigraphy, with description of lymph node

stations and clear reference to specific land-
marks as blood vessels, muscles and other ana-
tomical structures which can guide surgeons to
recognize SN locations in the operation room.

2. Identification and anatomical localization of
additional SNs not depicted on planar
lymphoscintigraphy.

3. Correlation of findings of fused SPECT/CT
with those of CT. In many cases radioactive
SNs correspond with single lymph nodes.
However, in some cases radioactivity on
SPECT/CT corresponds with multiple lymph
nodes on CT [26]. The observation of these
clusters of SNs on low dose CT (Fig. 11.8) is
important preoperative information that may
predict the presence of multiple radioactive
SNs at the same site and may facilitate an
accurate post-excision control after removal
of the first radioactive node by the surgeon

Fig. 11.8 In a patient with a melanoma of the right shoulder,
volume rendering (a) and axial (b) SPECT/CT show drain-
age from the injection site to a sentinel node in level I of the
right axilla. The radioactive hot spot seen of SPECT/CT cor-
responds on CT (c¢) with a cluster of lymph nodes (circle). In

another patient with a left retroauricular melanoma, drainage
to the left side of the neck is seen on volume rendering (d)
and axial (e) SPECT/CT. At the same level, clusters of lymph
nodes (circles) behind the left parotid and the sternocleido-
mastoid muscle are seen on CT (f)
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Fig. 11.9 Display of SPECT/CT during a laparoscopic
procedure aimed to remove a sentinel node along the iliac
vessels in a prostate cancer patient. Intraoperative sentinel
node localization was also guided by a portable gamma
camera as seen in the foreground

particularly for areas such as the pelvis and
head/neck.

4. Clear description of secondary findings on
low dose non-enhanced CT including enlarged
lymph nodes, incidental findings and
abnormalities.

5. Nuclear physicians need to select SPECT/CT
slices preparing specific key images to be
uploaded to the PACS (or printed if PACS is
not readily available in the operating theatre)

and linked to the imaging reports. Also, the
continuous display of SPECT/CT images on a
screen in the operating room (Fig. 11.9) can
help surgeons in the intraoperative search by
recognition of anatomical structures adjacent
to the sentinel node.

A summary of the points to be included in
SPECT/CT reports is given in Fig. 11.10.

11.8 New Strategies Combining
SPECT/CT and PET/CT

The extended experience with SN biopsy has
become the basis to expand interventional nuclear
medicine approaches in recent years [56]. A con-
crete example concerns the combined use of the
SN procedure, including SPECT/CT, and PSMA
PET/CT to stage the pelvis in clinically NO inter-
mediate or high-risk prostate cancer patients. In
an attempt to find an alternative to extended pel-
vic lymph node dissection this approach led to
100% sensitivity in the identification of NI
patients with a correct pelvic regional staging in
94% of the cases [57]. PSMA PET/CT was first
used in all patients and SPECT/CT-based SN
biopsy only in patients with a negative PSMA.
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RECOMMENDATIONS FOR
SPECT/CT REPORTING

- DESCRIBE IPSILATERAL and/or CONTRALERAL
SENTINEL NODE LOCATIONS IN RELATION TO
BLOOD VESSELS & MUSCLES & SURGICAL LEVELS

HEAD/NECK (EACH SIDE)
- 7 SURGICAL LYMPH NODE LEVELS
- 3 COMPLEMENTARY

RADIOTHERAPEUTICAL LEVELS
- IMPORTANT LANDMARKS:
STERNOCLEIODOMASTOID,
DIGASTRIC, OMOHYOID MUSCLES,
INFERIOR BORDER HYOID BONE,
INFERIOR BORDER CRICOID,
JUGULAR VEIN

AXILLA (EACH SIDE)

- 3 SURGICAL LYMPH NODE
LEVELS RELATED TO
PECTORAL MINOR BORDERS
- DESCRIBE INTERPECTORAL &
INTRAMAMMARY LOCALISATIONS
- INTERNAL MAMMARY CHAIN
(DESCRIBE INTERCOSTAL SPACE)

PELVIS
- DESCRIBE SENTINEL NODES VISUALISED |
IN PELVIC BASINS (COMMON ILIAC,
EXTERNAL ILIAC, INTERNAL ILIAC,
OBTURATOR, PRESACRAL)
- DESCRIBE SENTINEL NODES OUTSIDE ‘\\
THE PELVIS
(PERI-AORTIC, PERI-CAVAL, INGUINAL)

B LR

H PSR GROIN

e it - DESCRIBE SENTINEL NODES IN
g i 2Bl RELATION TO THE INGUINAL ZONES

l j \ OF DASELER

- DESCRIBE LOW-DOSE CT FINDINGS
(e.g. lymph node characterisation) & ARTEFACTS (e.g. contamination)

- GENERATE SPECT/CT KEY IMAGES DESCRIBING INDICATED SENTINEL LYMPH
NODES ON REPORT

Fig. 11.10 Summary of the points recommended to be included in reports of SPECT/CT concerning sentinel node
locations in head/neck, axilla, pelvis and groin
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Paul J. Roach

12.1 Introduction

The accurate diagnosis of pulmonary embolism
(PE) is challenging for both clinicians and imag-
ing specialists. Misdiagnosis must be avoided
because untreated PE has a mortality rate reported
to be up to 30%, and unnecessary treatment with
anticoagulation places patients at risk of bleeding
[1-3].

For many years, the ventilation/perfusion
(V/IQ) lung scan was the primary imaging test to
assess patients with suspected PE [4]. More
recently, radiographic computed tomography
pulmonary angiography (CTPA) is used prefer-
entially in most patients [4—6]. These two imag-
ing studies have largely replaced invasive
pulmonary angiography and digital subtraction
angiography in the assessment of patients with
PE, and both are utilised widely in hospitals and
imaging centres worldwide.

Experience with V/Q scintigraphy spans over
50 years, with its use first described by Wagner
et al. in 1964 [7]. The principle of the test is that
in patients with PE, lung perfusion is compro-
mised secondary to occlusive thrombi in the pul-
monary arterial tree, whereas ventilation to these
areas is generally unaffected [8]. This results in
the so-called ventilation/perfusion (V/Q) mis-
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match, i.e. where ventilation is normal but perfu-
sion is reduced or absent [8, 9].

12.2 Limitations of Planar Lung
Scintigraphy

Although widely used over many decades, the
planar lung scan is a test that is widely recog-
nised as having limitations [5, 10-13].

When the lungs are imaged in only two dimen-
sions (2D), as occurs with planar imaging, there
is significant overlap of anatomical segments,
and as a result, it is frequently difficult to assign
defects to specific lung segments. Accurately
determining the extent of embolic involvement in
each individual segment can also be problematic
as the size and shape of each lung segment varies
[12]. In addition, embolic defects may not be
detected if there is ‘shine through’ occurring
from underlying lung segments with normal per-
fusion. This can result in an underestimation of
the extent of perfusion loss in patients with PE
[14]. Furthermore, not all segments of the lungs
are visualised on conventional planar lung scin-
tigraphy. Specifically, the medial basal segment
of the right lower lobe is not routinely seen on
planar scintigraphy [12, 15].

In addition to these inherent technical limita-
tions of planar (2D) lung scintigraphy, there are
the problems posed by the widely used probabi-
listic criteria generally used to report these stud-
ies [16-20]. The use of probabilities for lung scan
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reporting became widespread following the pub-
lication of the large multicentre PIOPED study in
1990 [21]. This landmark study highlighted some
of the limitations of planar lung scanning, par-
ticularly in relation to specificity. Given the man-
agement implementations, if a patient is
diagnosed with PE, this is a condition in which
clinicians prefer binary (i.e. positive or negative)
reports  whenever possible, rather than
inconclusive, ‘indeterminate’ or even probabilis-
tic reports [22].

12.3 Advantages of SPECT
Imaging

SPECT (single-photon emission computed
tomography) is widely used in many areas of
radionuclide imaging today because of its ability
to image in three dimensions (3D). It has been
shown to be superior to planar imaging in the
evaluation of many conditions, such as assessing
myocardial perfusion as well as brain and liver
imaging [23, 24]. In contrast to planar imaging,
SPECT avoids the problems introduced by seg-
mental overlap and ‘shine through’ of the adja-
cent lung, making it better able to image all
segments of the lungs and more accurately define
the size and location of perfusion defects [12].
Hence, it would be expected that SPECT V/Q
scintigraphy would be superior to planar imag-
ing. Furthermore, with the widespread availabil-
ity today of multi-detector gamma cameras (and
increasingly SPECT/CT scanners) as well as
improved computing power allowing faster pro-
cessing, lung scintigraphy is ideally suited to
SPECT acquisition.

The advantages of SPECT over planar lung
imaging have been demonstrated in numerous
published manuscripts over many years, both in
animals and in humans. In a study performed in
which subsegmental and segmental clots were
induced in dogs, SPECT was shown to be more
sensitive than planar imaging [25]. Similar results
were described by Bajc and co-workers in a study
that compared SPECT with planar imaging using

PmTc-DTPA aerosols and *™Tc-MAA in pigs
[26]. Artificial emboli labelled with *'T1 were
induced and SPECT was found to have an
increased sensitivity (91% versus 64%) and spec-
ificity (87% versus 79%) compared with planar
imaging. In a study using Monte Carlo simula-
tion of lungs containing defects to mimic PE,
Magnussen and co-workers also demonstrated
that SPECT was more sensitive than planar imag-
ing (97% versus 77%) [15].

The advantage of SPECT imaging over pla-
nar lung scintigraphy has also been consistently
demonstrated in human studies. In a series of 53
patients with suspected PE, Bajc and co-work-
ers found SPECT to be more sensitive than pla-
nar imaging (100% versus 85%) in the detection
of PE [27]. In addition, the authors concluded
that SPECT demonstrated less interobserver
variation and better delineation of mismatched
defects compared with planar imaging. Collart
and co-workers, in a study of 114 patients, also
demonstrated that SPECT was more specific
than planar imaging (96% versus 78%) and had
better intra-observer reproducibility (94% ver-
sus 91%) and interobserver reproducibility
(88% versus 79%) [28]. In a pivotal study of 83
patients with suspected PE, Reinartz et al. dem-
onstrated that SPECT was superior to planar
imaging in terms of sensitivity (97% versus
76%), specificity (91% versus 85%) and accu-
racy (94% versus 81%) [29]. In this paper,
SPECT increased the number of detectable
defects at the segmental level by 12.8% and at
the subsegmental level by 82.6%.

Another advantage of V/Q SPECT imaging is
that it has been consistently shown to have a
much lower indeterminate rate than planar imag-
ing, typically less than 5% [8, 30, 31]. In one
large series from Canada, V/Q SPECT was shown
to have a very high negative predictive value
(98.5%) for PE with only 3% of studies being
reported as indeterminate for PE [32].

The published data to date is consistent and
taken together indicates that SPECT has a greater
sensitivity and specificity and improved repro-
ducibility compared with planar lung imaging.



12 Lung SPECT/CT

249

12.4 Need for Correlation
with Anatomical Imaging

From the viewpoint of the lung scan, ventilation/
perfusion mismatch would ideally only be caused
by PE, with all other pathological processes pro-
ducing other scintigraphic  appearances.
Unfortunately, that is not the case and the reality
is that many different pathological processes can
affect pulmonary ventilation and perfusion.
Ventilation/perfusion mismatch can be seen in
other conditions, including congenital pulmo-
nary vascular abnormalities, veno-occlusive dis-
ease,  vasculitis, emphysema, radiation
therapy-induced changes and extrinsic vascular
compression from conditions such as neoplasm
and mediastinal adenopathy [8, 33] (Fig. 12.1).
To further complicate the issue, the classic V/Q
‘mismatch’ pattern is sometimes not seen in
patients with PE. Subsequent to the acute embolic
event, clots often become partly resolved or the
process of recanalisation occurs, resulting in
mismatch becoming less distinct. Furthermore,
in some patients, pulmonary infarction occurs
subsequent to PE resulting in a matched reduc-
tion (or loss) of both ventilation and perfusion on
VIQ scintigraphy, an appearance typically seen

V-SPECT Q-SPECT

V-planar Q-planar

Fig. 12.1 Ventilation (V) and perfusion (Q) SPECT
images in a patient with severe chronic obstructive pulmo-
nary disease (COPD) and pulmonary emphysema. A large
emphysematic bullae in the right upper lobe (e) seen on
CT led to a false-positive diagnosis on V/Q scintigraphy
(b, d, mismatch perfusion defects marked by arrows). The

h‘o\
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with non-embolic pathologies [8]. Hence, it
should be remembered that not all patients with
PE will have V/Q mismatch, and not all patients
with V/Q mismatch on lung scanning will have
PE. For this reason, the chest X-ray appearances
have been considered pivotal by many to aid in
the interpretation of the V/Q scan, and the find-
ings are often used to improve the accuracy and
specificity of V/Q reporting [8, 21, 34]. At some
centres, including my own at Royal North Shore
Hospital, Sydney, the chest X-ray has often been
used to triage individual patients prior to decid-
ing which imaging test would be the most appro-
priate to perform. Patients with normal, or
near-normal, radiographic appearances may be
referred for V/Q scintigraphy, whereas those
patients with abnormal radiographic appearances
may preferentially be referred for CTPA [35].
The ability of CTPA to image the lung paren-
chyma gives it a definite advantage over lung
scintigraphy as it can more readily identify con-
ditions which may mimic PE clinically, such as
pneumonia, abscess, pleural or pericardial effu-
sions, aortic dissection, oesophageal rupture and
malignancy [5, 6, 36, 37]. While the benefits of
adding anatomical information to V/Q scans are
well recognised, until recently, the only option

e

patient did not have PE. Technegas can ventilate into
emphysematous bullae (a, ¢). In this case, the CT would
have demonstrated the cause of the perfusion reduction
evident on SPECT imaging and would have avoided the
false-positive V/Q scan (R right, A anterior, L left).
(Reprinted with permission from Reinartz et al. [29])
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for reporting specialists has been to view a chest
X-ray or a diagnostic CT scan performed non-
contemporaneously [38].

12.5 Combining Functional
and Anatomical Images
12.5.1 Visual and Software Fusion
Recent years have witnessed an increasing
emphasis on combining the structural informa-
tion provided by anatomical techniques, such as
CT scanning, with the functional information
provided by nuclear medicine imaging [39].
While reporting specialists have been able to
visually compare different images placed side by
side (the so-called visual fusion) for many years,
the accuracy of such an approach is frequently
limited [39, 40]. A more robust approach is to
fuse SPECT or PET images with CT or MRI
using sophisticated data-matching algorithms.
This so-called software fusion has been used
since the early 1990s with great success in many
applications, such as brain imaging [39].
However, the ‘deformable’ and flexible nature of
much of the body, as well as differences in the
scanning bed shapes, arm positioning and breath-
ing protocols can make accurate registration of a
SPECT study and a diagnostic CT scan acquired
on a separate scanner problematic [38]. Despite
these limitations, our group has demonstrated the
feasibility of the software fusion approach with
lung scintigraphy. In a pilot study of 30 patients
with suspected PE, SPECT perfusion data were
fused with CTPA using commercial software
which was based on an iterative approach
employing an automated mutual information
algorithm [38]. We demonstrated that all nine
patients with positive CTPA studies performed as
the initial investigation for PE had co-localised
perfusion defects on the subsequent fused CTPA/
SPECT images (Fig. 12.2). Of the 11 V/Q scans
initially reported as intermediate probability,
27% were able to be reinterpreted as low proba-
bility due to co-localisation of defects with
parenchymal or pleural pathology. While we

Fig. 12.2 Co-registered CTPA/perfusion SPECT (trans-
verse slice) demonstrating extensive perfusion defects on
SPECT corresponding with proximal bilateral PE shown
on CTPA (arrowed). (Reprinted with permission from
Roach et al. [41])

have demonstrated that the approach of using
software fusion is technically feasible and can
improve the diagnostic accuracy of the lung
SPECT, it may not be practical in all centres, par-
ticularly if the required software programs or
operator experience is lacking.

12.5.2 Hardware Fusion

With the increasing availability of integrated
SPECT/CT and PET/CT scanners, ‘hardware
fusion’ is now routinely employed in many areas
of nuclear medicine practice [39]. As the two data-
sets are acquired on the same scanning bed in the
same imaging session, much greater registration
accuracy is seen with hybrid SPECT/CT scanners
compared with software fusion techniques [39,
42-44]. At my own hospital campus in Sydney,
where we have three SPECT/CT scanners, we rou-
tinely perform SPECT/CT scanning in most areas
of nuclear medicine, including bone scans, gal-
lium (infection) scans, myocardial perfusion stud-
ies as well as scans of the liver, parathyroid and
adrenal glands. As well, irtually all lung scans are
now done using SPECT/CT scanning. This is in
addition to all of our PET scans which are per-
formed on a hybrid PET/CT scanner.
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12.6 V/QLung SPECT/CT

In the case of lung scanning, the emergence of
hybrid SPECT/CT scanners gives reporting spe-
cialists two options to combine structural and
functional data and potentially to improve overall
diagnostic accuracy of the modality.

Firstly, SPECT perfusion can be co-registered
with diagnostic CTPA studies. By combining the
3D scintigraphic perfusion data with a CTPA
demonstrating the actual clot location, the advan-
tages of each imaging test are realised. This may
be of particular benefit if either study is inconclu-
sive. However, as either study will be diagnostic
in most patients, the value of this approach may
be limited and, given the software and operator
skill required, may not be feasible in many imag-
ing centres.

Secondly, a V/Q SPECT can be performed
concurrently with a ‘low dose” CT done concur-
rently, or more typically sequentially, on the
same scanning device. This technique is feasible
in any imaging facility equipped with a SPECT/
CT scanner. Several studies have shown a signifi-
cant improvement in the diagnostic accuracy of
the lung scan using this approach.

These two approaches are discussed in more
detail below.

12.6.1 SPECT and CTPA Fusion

Co-registering the perfusion SPECT data with a
diagnostic CTPA study is an approach which
may be of particular value in cases of an incon-
clusive CTPA study. The concept of this approach
is that the combined images may help to charac-
terise the perfusion pattern seen scintigraphically
in any area distal to a potential clot on the angio-
graphic study [38] (Fig. 12.2). By combining the
demonstrated very high sensitivity of perfusion
SPECT with the high specificity of CTPA, an
overall improved diagnostic accuracy of the com-
bined investigation would be expected compared
with either study alone. New generation hybrid
devices are equipped with diagnostic multi-slice

CT scanners, and hence it is possible to perform
both V/Q SPECT and CTPA if required in a sin-
gle imaging session. While this may not be fea-
sible in all institutions or in all patients, it is an
option with current generation scanner technol-
ogy. An alternative way of fusing perfusion
SPECT data with CTPA is to use commercial
software programs to co-register the data which
may have been acquired on different scanning
devices. Such software programs can generate
displays of ventilation, perfusion, lung CT, fusion
images and CTPA. This approach may be of
value in difficult or complex cases where a con-
clusive result cannot be made based on either
study alone. In the case of CTPA, which is being
used more frequently in many centres as the ini-
tial imaging study to evaluate suspected PE, one
of the challenges faced by reporting radiologists
is the increasing amount of data to review with
each patient study [45]. In a study at my institu-
tion, we assessed whether the fusion of SPECT
perfusion data could improve the accuracy of
CTPA by guiding the attention of the reporting
radiologist to the relevant pulmonary artery [46].
Of the 35 patients studied, there was an 8%
increase in the sensitivity of CTPA when fused
with SPECT perfusion data. This led to a change
in final diagnosis (from PE negative to PE posi-
tive) in 6% of patients (Fig. 12.3). Provided ade-
quate software is available to perform the fusion
of perfusion SPECT and CTPA, this approach
could be readily utilised in imaging departments
and might potentially allow clots to be detected
more accurately in difficult or inconclusive CTPA
studies, thus improving the overall utility of the
test. One approach might be to refer discordant
SPECT V/Q and CTPA results for co-registration
and consensus review with all data available.
While either a CTPA or V/Q SPECT will be able
to provide a diagnosis in most patients, there may
be some instances where performing both studies
on the same patient may be required to more con-
fidently diagnose (or exclude) PE. This approach
could be considered in patients where an accurate
diagnosis is critical if either study yields an
inconclusive result or is technically suboptimal.
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Fig. 12.3 Images of a 43-year-old male with suspected
PE. Representative perfusion images of the V/Q SPECT
(a) show a (mismatched) perfusion defect in the superior
segment of the right lower lobe (arrowed). A CTPA (b)
was reported as normal. A fused image of the CTPA and
perfusion SPECT (¢) was generated, and following a more

12.6.2 Combined V/Q SPECT
with Low-Dose CT

12.6.2.1 Overview

The second option is to perform a ‘low dose’ CT
in conjunction with the V/Q SPECT study. In this
case, the study is generally done without
intravenous contrast and using a much lower
beam current than diagnostic CT scanning.
Typically, this is in the order of 20-80 mA s. This
approach has the advantage of providing anatom-
ical information, such as vascular, parenchymal
and pleural abnormalities, which may explain the
cause of perfusion defects seen on the V/Q
SPECT scan. While V/Q SPECT has been shown
to be highly sensitive, this approach may better
characterise the case of any perfusion reductions,
thus altering the final SPECT interpretation and
improving overall specificity [47-49]. With the
increasingly availability of hybrid SPECT/CT
scanners, this approach can be easily performed
in most nuclear medicine departments. The CT
scan is typically done on the same scanning

targeted review by the radiologist of the vascular tree on
the CTPA (d), an embolus was evident (arrowed). Fusion
of SPECT and CTPA may help guide radiologists to the
relevant part of the pulmonary vascular tree to review
more carefully, thereby increasing the sensitivity of CTPA

device, without the need to move the patient, usu-
ally immediately after the SPECT acquisitions
have been done.

12.6.2.2 Protocols

In general, patients undergoing V/Q SPECT/CT
studies have the ventilation SPECT study
acquired first, followed in most cases by the per-
fusion SPECT and then the low-dose CT. Each of
the acquisitions is detailed below.

Ventilation

For imaging ventilation, several alternatives
exist. These include inert radioactive gases such
as $'mKr and '%*Xe, radiolabelled aerosols such as
PmTc-diethylene triamine penta-acetic acid
(*"Tc-DTPA) and the ultrafine carbon suspen-
sion PmTe-Technegas [5()] - Although the gases are con-
sidered to most accurately represent regional
ventilation, these are typically not used due to the
requirement for continuous administration dur-
ing the acquisition and the high cost of the #™Kr
generator [51]. Although '*Xe gas has the advan-
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tage of a longer half-life, its use is complicated
by errors resulting from its recirculation due to
clearance into the pulmonary circulation [52, 53].
Combined with its poor spatial resolution, it is a
less than ideal agent to image ventilation [51].

Given these limitations, *™Tc-labelled par-
ticulate aerosols such as *"Tc-DTPA or the
carbon-labelled nanoparticle *™Tc-Technegas
are much more widely used due to their greater
availability, low cost and good image quality
[51]. Although the choice of agent depends on
factors such as local availability and cost, both
have been reported to produce SPECT ventila-
tion scans of good diagnostic quality. The most
widely available is *"Tc-DTPA, which can be
used with doses of just 0.8 mCi (30 MBq) [27].
However, because of the relatively larger mean
particle mass, problems may arise from central
airway deposition, particularly in patients with
chronic obstructive pulmonary disease (COPD)
[54]. Technegas, with a smaller particle size,
generally has greater alveolar penetration than
9mTc-DTPA. This results in less impaction in
the central airways, with Technegas being dem-
onstrated to have a similar distribution to that of
an inert gas [55-59]. Together with its lack of
lung clearance during image acquisition,
Technegas is an ideal agent for ventilation
SPECT. Typically, the doses of *™Tc-based
imaging agents administered are identical to
those used in conventional planar imaging. The
EANM procedure guidelines for V/Q SPECT
recommend an inhaled dose of 30 MBq
Technegas [8]; however, some authors have pro-
posed a slight increase in the administered dose
in an attempt to improve image quality [29, 32].
At our institution, 13.5 mCi (500 MBq) of *™T¢
is added to a Technegas generator, with the aim
of delivering a dose of approximately 1.35 mCi
(50 MBq) to the patient. This equates to a poste-
rior count rate of approximately 2.0-2.5 kcps.
The ventilation agent is usually administered
with the patient lying supine so as to facilitate
uniform distribution of activity throughout the
lung fields [60]. Acquisition parameters for the
ventilation study are described below in the sec-
tion on “SPECT: gamma camera hardware,
image acquisition and processing”.

Perfusion
As with planar imaging, ™ Tc-macroaggregated
albumin (**"Tc-MAA) is generally used to assess
perfusion [8]. The distribution of MAA, which is
proportional to regional blood flow, will be
reduced distal to vascular occlusions in the pul-
monary arteries. Thus, it can be considered that
perfusion imaging performed in this fashion has
an inherent ‘amplification’ as even a small
embolus can cause a large section of lung to be
hypo-perfused. The dose of *"Tc-MAA used is
dependent on the ventilation agent and dose used.
If a radioactive gas is used, the dose of perfusion
agent is typically lower than if a technetium-
based ventilation agent is used. This is because
the signal from the radioactive gas can be sepa-
rated from that of the perfusion agent based on
the energy level of the emitted photons.
Additionally, in the case of 81™Kfr, the short half-
life results in negligible gas remaining in the
lungs during perfusion imaging. If a technetium-
based agent is used for both ventilation and per-
fusion imaging, the typical approach is to ‘drown
out’ the underlying ventilation signal by adminis-
tering a substantially greater dose of perfusion
agent. A perfusion-ventilation dose ratio of at
least 3:1 is generally required [8, 60]. At my
institution, the standard administered activity of
PmTc-MAA is 6 mCi (220 MBq). This results in
an effective radiation dose for the combined ven-
tilation and perfusion scan of approximately
2.5 mSv. Other authors have proposed the use of
lower administered activities, including the
EANM procedure guidelines for V/Q SPECT
which recommend an inhaled dose of 30 MBq
Technegas and 120 MBq of #“™Tc-MAA [8]. It is
advised that each site should review the image
quality being acquired on their own local scan-
ners and ensure that studies are optimised. The
dose used by each department should be based on
factors such as the collimator used, gamma cam-
era sensitivity, processing parameters and the
local radiation protection guidelines [60]. Some
adjustment to acquisition times and/or adminis-
tered doses may be required depending on the
quality of images being generated.

In the case of pregnant patients, a dose reduc-
tion is usually implemented. This can be achieved
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by omitting the ventilation scan or by reducing
the administered dose of both the ventilation and
perfusion agents, usually by half [60]. This will
necessitate a longer acquisition time so as to
maintain adequate count density thereby generat-
ing images of good quality. The CT scan may
also be omitted in pregnant patients to reduce
breast radiation exposure.

SPECT: Gamma Camera Hardware, Image
Acquisition and Processing

To perform SPECT and SPECT/CT imaging,
multiheaded hybrid gamma cameras are required
[50]. A typical protocol that uses a modern
SPECT/CT camera requires 25-30 min of total
acquisition time for a ventilation and perfusion
dataset and a CT scan of the thorax. At Royal
North Shore Hospital, Sydney, our acquisition
protocol uses 3° radial steps over 360° with the
ventilation study acquired for 12 s per projection
and the perfusion study acquired for 8 s per pro-
jection [60]. Other centres have reported ade-
quate SPECT quality in as little as 6 min [32].
Although it is possible to perform SPECT with a
single-head camera, the acquisition time becomes
prohibitive for standard clinical practice, and if
SPECT/CT imaging is to be performed, only
multi-detector SPECT/CT scanners are commer-
cially available. When using *™Tc radionuclides,
low-energy, high-resolution collimators should
ideally be used. These optimise image quality,
although at the expense of reduced counts com-
pared with low-energy all-purpose collimator
[60]. If a higher-energy radionuclide such as
8imKr is used for ventilation, a medium energy
collimator may be required. A matrix size of
128 x 128 (or greater) is appropriate for today’s
gamma cameras, although some reports have
described using a 64 x 64 matrix with acceptable
image quality [29, 50]. With image reconstruc-
tion, iterative techniques, such as the ordered-
subset  expectation-maximisation  algorithm
(OSEM), are increasingly replacing filtered back
projection in many areas of image reconstruction
in nuclear medicine [61]. These algorithms per-
mit the inclusion of many physical aspects of the
imaging process in the system model, such as
attenuation, Compton scattering and resolution

degradation. Consequently, they offer better con-
trol of signal-to-noise in the event that a study is
low in counts [62].

For V/Q SPECT reconstruction, we use an
ordered-subset expectation-maximisation algo-
rithm (eight iterations, four subsets) smoothed
with a post-reconstruction 3D Butterworth filter
using a cut-off of 0.8 cycles/cm with an order of
9 [60]. Traditionally, corrections for photon
attenuation and scatter are not routinely applied
to V/Q SPECT, although they would be required
for any quantitative analysis (e.g. individual lobar
function, as discussed below).

CT Protocols for Use with SPECT V//Q Scans
Clinical SPECT/CT systems currently available
from manufacturers typically have dual-head
scintillation cameras positioned in front of the
CT scanner and sharing a common imaging table.
The CT scanner quality varies, and the commer-
cial vendors have used two different approaches
in recent years with their production of clinical
SPECT/CT scanners. The original SPECT/CT
imaging approach was to use a low-output, slow-
acquisition CT scanner. The Infinia Hawkeye
(General Electric Healthcare Systems,
Milwaukee, WI) was the first SPECT/CT scanner
marketed commercially. Its current iteration
comprises a CT scanner consisting of a low-
output X-ray tube (2.5 mA) and four linear arrays
of detectors which can simultaneously acquire
four 5-mm anatomic slices in 13.6 s with a spatial
resolution of greater than 3 LP/cm. The slow scan
speed (up to 4 min) can be an advantage in
regions where there is physiologic motion
because the CT image blurring from the motion
is comparable to that of the emission scans,
resulting in a good match in fused images. This is
particularly relevant in lung SPECT/CT where
ventilation and perfusion SPECT is acquired dur-
ing normal tidal breathing [63].

The second approach, which has evolved more
recently, has been the development of newer gen-
eration hybrid SPECT/CT systems which incor-
porate diagnostic helical (multi-slice) CT
scanners combined with dual-head scintillation
cameras. Each of the major commercial equip-
ment vendors now market these devices. Various
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configurations are available, with the number of
slices ranging from 1 to, the ability to utilise vari-
able tube currents (20-500 mA s), slice thick-
nesses (0.6-12 mm) and rotation speeds of
0.5-1.5 s [63]. These systems exhibit high con-
trast spatial resolution with approximately four to
five times the patient radiation dose of that from
the Infinia Hawkeye system. However, these sys-
tems can be used for diagnostic quality CT as
well as for attenuation correction and anatomical
localisation using low-dose parameters [64].
Given these advantages, these systems now
account for most of the SPECT/CT scanners sold
commercially today.

While breath holding is typically employed
for diagnostic CT studies, this is not feasible dur-
ing V/Q SPECT acquisitions, which typically
take up to 15 min for each of the ventilation and
perfusion scans. Hence, respiratory motion mis-
registration is a potential problem, and the ideal
breathing protocol used for CT in V/Q SPECT/
CT should ensure that the position of the dia-
phragm on the SPECT scans matches as closely
as possible that of the CT images. To reduce mis-
registration between the SPECT and CT data as
much as possible, it has been recommended that
CT scans should be acquired during breath hold-
ing at mid-inspiration volume, or with the patient
continuing shallow breathing during the CT
acquisition [65].

The CT scan is typically acquired either
between, or after, the two SPECT study acquisi-
tions. The same principles of maintaining identi-
cal patient positioning throughout the study
applies. It is preferable that the CT scan is not
acquired prior to ventilation SPECT as the patient
may move significantly during the ventilation
procedure thus introducing misregistration arte-
fact when co-registering the SPECT and CT data
[63]. Acquisition parameters will vary between
manufacturers and CT design.

Image Display and Reviewing

After co-registration of the ventilation, perfusion
and CT datasets, the data are best viewed simul-
taneously in transverse, coronal and sagittal
planes on a workstation. Each of the commercial
vendors marketing SPECT/CT scanners provide

software which can display SPECT/CT images
across the range of typical clinical studies per-
formed. There are also third-party solutions
available, independent of the commercial
SPECT/CT manufacturers. The software pro-
grams vary with some allowing for one dataset to
be manually aligned with the others, whereas
others allow for automatic registration of the
studies to each other [66]. As noted above, image
registration is best facilitated by reducing, or
preferably eliminating, any patient motion
between the ventilation SPECT, perfusion
SPECT and low-dose CT studies. However, if
significant patient motion has occurred between
any of the three datasets, some image manipula-
tion and adjustment will be required.

Although images can be printed to film, given
the amount of data to be considered, SPECT/CT
data are generally best reviewed directly on a
workstation. This allows the reporter to interac-
tively examine the linked ventilation and perfu-
sion SPECT studies as well as the CT in each of
the three orthogonal imaging planes and to adjust
the relative image intensities, especially of fused
images. The ability to triangulate defects should
be an essential component of any software used
to review and report V/Q SPECT/CT studies.
Review of images on a workstation also facili-
tates the viewing of CT data in different windows
so that the lungs, soft tissue and bones can all be
reviewed as appropriate. An example of a typical
V/IQ SPECT/CT displays in a patient with PE is
shown in Fig. 12.4.

In addition to tomographic display of V/Q
SPECT images, further data processing can also
be performed. In the case in which *™Tc¢ is used
for both ventilation and perfusion imaging, per-
fusion data can be corrected for the background
activity of the preceding ventilation scan using
image subtraction of co-registered datasets [27,
67]. Although this ventilation subtraction
enhances perfusion defect contrast, it is not cur-
rently in widespread use. The use of SPECT also
facilitates novel ways of displaying V:Q quotient
data to assist image reporting. Palmer and co-
workers have described a technique where these
images can be presented as either 3D surface-
shaded images or as tomographic sections in
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Fig.12.4 Representative ventilation, perfusion and fused
SPECT/CT images in a patient with multiple PE. Several
mismatched defects are evident (arrowed). There are no

each of the orthogonal planes [67]. These so-
called quotient images can be helpful in facilitat-
ing image reporting and are a useful way of
demonstrating the location and extent of mis-
matched defects. Figure 12.5 shows an example
of an abnormal SPECT study and corresponding
selected V:Q quotient images in a patient with
multiple PE. SPECT imaging facilitates other
novel ways of interpreting image data, such as
objective analysis by examining the pixel-based
V:Q ratio. Our group has described such an
approach, and while not routinely available in

Sagittal

Coronal

underlying structural abnormalities on the CT to account
for the perfusion reductions

commercial processing and display programs,
such techniques have the potential to decrease the
number of non-diagnostic or indeterminate scans
[68, 69].

While there are several ways that V/Q SPECT
studies can be reported, most reporting special-
ists would use the EANM reporting guidelines
for V/Q SPECT. Originally published in 2009,
these guidelines recommend that studies are
reported as positive for PE if there is V/Q mis-
match of at least one segment or two subseg-
ments that conforms to the pulmonary vascular
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Fig.12.5 (a) Example of a patient with multiple bilateral
PE. Ventilation (V) and perfusion (Q) images are aligned
and displayed in transverse, coronal and sagittal planes.
Multiple perfusion defects in areas with normal ventila-
tion can be seen. (b) Representative coronal, transverse

anatomy [8]. These guidelines recommend that
the study is considered negative for PE if there
is either a normal perfusion pattern conforming
to the anatomic boundaries of the lungs; matched
or reversed mismatch V/Q defects of any size,
shape or number in the absence of mismatch; or
mismatch that does not have a lobar, segmental
or subsegmental pattern. Studies are considered
to be non-diagnostic for PE if there are multiple
V/IQ abnormalities not typical of specific
diseases. While these guidelines do not specifi-
cally address V/Q SPECT/CT, the addition of
the CT component is likely to help classify the
V/Q SPECT pattern more appropriately, particu-
larly given the information that the CT provides

SIATE I

Lateral

and sagittal ventilation (V), perfusion (Q) and V:Q quo-
tient images from the patient shown in (a). Areas of pul-
monary embolism correspond to dark areas on the V:Q
quotient images, indicating a high V:Q ratio value.
(Reprinted with permission from Roach et al. [50])

on the anatomy of each individual patient, par-
ticularly in relation to the borders of the lungs
and segments, the location of the fissures and
major vessels and the presence of any associated
parenchymal disease. At my institution, we pay
particular note of the location of the fissures, as
a reduction in perfusion (and to a lesser degree
ventilation) corresponding with the fissures is
often noted on SPECT imaging. This seems
most evident in the posterior aspects of the
oblique fissures and is more noticeable on per-
fusion than ventilation SPECT images. We
hypothesise that this is due to fact that alveoli
predominate at the pleural surface and there is a
relative paucity of pulmonary vessels, with the
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pleura supplied by the bronchial circulation.
Therefore, when SPECT imaging is performed,
there is good distribution of Technegas (which
has good peripheral penetration), whereas rela-
tively little "Tc MAA accumulates. We con-

a
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Fig. 12.6 (a) Representative ventilation and perfusion
SPECT images in a patient with suspected PE show a lin-
ear mismatch in the left upper/mid-zone (arrowed). This
is non-segmental in appearance. (b) Fused perfusion
SPECT/CT (left) and the (unfused) CT (right) of the left
lung show the perfusion reduction to correspond with the
oblique fissure (marked and arrowed in red). SPECT/CT
helps to characterise the cause of SPECT perfusion

Sagittal (left lung)

sider any linear perfusion reduction seen on
SPECT corresponding to the fissures to be arte-
factual (Fig. 12.6).

While other reporting schema have been pro-
posed for V/Q SPECT, it is certainly recommended

ui ‘I
%]

Coronal

defects, thereby increasing the specificity of V/Q scintig-
raphy. EANM reporting guidelines for V/Q SPECT rec-
ommend that studies are reported as positive for PE if
there is V/Q mismatch of at least one segment or two sub-
segments provided that it conforms to the pulmonary vas-
cular anatomy. In this case, the defect does not conform to
pulmonary vascular anatomy
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that the probabilistic reporting used for many
years with planar scintigraphy should not be used
for V/Q SPECT/CT [29, 70]. Given the typical
binary reporting approach to CTPA reporting, it is
important that definitive reports be given for V/Q
SPECT (and V/Q SPECT/CT) whenever possible
so as to keep the test relevant as a primary screen-
ing test for patients with suspected PE.

12.7 Clinical Value of V/Q
SPECT/CT

Several studies have shown that combined
SPECT/CT lung scanning improves specificity
and overall diagnostic accuracy of lung
scintigraphy.

In a preliminary study from my own institu-
tion, we performed ventilation (using Technegas)
and perfusion SPECT studies as well as a low-
dose (30-50 mA s) CT scan in 48 patients with
suspected PE [71]. In this series, 16 patients were
considered to have had PE based on clinical and
imaging findings and follow-up, and of these, 15
patients (94%) had a positive V/Q SPECT scan.
Of the remaining 32 patients without PE, six
(19%) had false-positive V/Q SPECT scans;
however, three of these patients (50%) were cor-
rectly reclassified as PE negative when the
SPECT/CT scan was viewed. Hence the addition
of a low-dose CT to V/Q SPECT improved the
diagnostic accuracy of lung scintigraphy by
reducing false-positive scan results by 50% in
this pilot study. In particular, it was noted that
low-dose CT could characterise physiological
features such as pulmonary vessels and fissures,
as well as pathological features such as consoli-
dation and emphysema that can result in defects
on perfusion scintigraphy.

More recently, the improvement in diagnostic
accuracy by combining V/Q SPECT with low-
dose CT has been confirmed in a prospective
study by a group from Copenhagen, Denmark
[31]. In this series of 81 consecutive patients,
8ImKr gas was used as the ventilation agent, and
the final diagnosis was based on a composite ref-
erence standard comprising ECG, lower limb
ultrasound, D-dimer result and 6 months of clini-

cal follow-up. They found that the sensitivities of
V/IQ SPECT alone and V/Q SPECT combined
with low-dose CT were identical at 97%.
However, the addition of low-dose CT imaging
increased the specificity of SPECT scintigraphy
from 88% to 100%. The addition of anatomical
data demonstrated that mismatched perfusion
defects could be attributed to structures such as
fissures as well as pathological conditions such
as emphysema, pneumonia, atelectasis and pleu-
ral fluid. The inconclusive rate for V/Q SPECT
alone was only 5% (four patients); however, this
fell to zero when SPECT was combined with
low-dose CT imaging. These data do indicate that
the combination of V/Q SPECT can yield very
high sensitivity, specificity and overall accuracy
in the diagnosis of PE.

These studies have also shown that concurrent
low-dose CT is feasible to do in most Nuclear
Medicine departments today, is well tolerated by
patients (even those that were critically ill) and
adds little overall imaging time to the acquisition
(typically less than 1-2 min).

Some case examples from my institution
showing the value of hybrid SPECT/CT imaging
are shown in Figs. 12.7 and 12.8.

Is the Ventilation Scan
Necessary?

12.8

Given that fused CT and perfusion SPECT can be
readily performed, the need for a ventilation
study may be questioned as the information from
the CT may be adequate on its own to provide
information on structural or airways abnormali-
ties (CTPA + Q study). Several studies have
assessed whether a CT scan can replace the need
for a scintigraphic ventilation scan in patients
with suspected PE. In a study of 30 patients from
my own department, we found that 87% of the 96
mismatched perfusion defects seen on V/Q
SPECT occurred in areas where there was no
underlying parenchymal abnormality detected on
CTPA to account for the perfusion reduction
[72]. In the remaining 13% of mismatched V/Q
defects, CTPA revealed corresponding parenchy-
mal abnormalities, mostly subsegmental atelecta-
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Fig. 12.7 Representative ventilation, perfusion and
SPECT/CT images in an 84-year-old male with dyspnea.
A large matched defect is evident on SPECT in the left

sis, which correlated with the areas of perfusion
reduction on the SPECT study. Of note, the extent
of the parenchymal abnormality on CT in these
mismatched V/Q defects was significantly
smaller than the extent of perfusion reduction.
Twelve mismatched perfusion defects on
CTPA/Q were identified as false positives with
matched defects evident on the V/Q images.
These defects were seen in two asthmatic patients,
presumably related to air trapping which has a
similar CT appearance to hypo-attenuation from
hypo-perfused lung distal to PE.

In the Danish study described above, results
were also reported for the use of perfusion

Sagittal

Coronal

upper and mid-zone (arrowed). This corresponds with
extensive consolidation demonstrated on the SPECT/CT
images. This is seen to lie anterior to the oblique fissure

SPECT alone (i.e. ventilation omitted) combined
with low-dose CT [31]. In this series, the sensi-
tivity of this approach was high (93%), but the
specificity fell to only 51% with the accuracy
reported at 68%. In addition to the high false-
positive rate, there was also a high non-diagnostic
rate using this approach (17%).

Thus, while the literature remains limited, it
does appear that omitting the ventilation compo-
nent of the SPECT study will compromise accu-
racy, and, in particular, the specificity of V/Q
SPECT scintigraphy, by producing a higher
false-positive rate. The question of whether ven-
tilation scans can be omitted in the evaluation of
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Fig. 12.8 Representative ventilation, perfusion and
SPECT/CT images in a 63-year-old male with chest pain.
A large matched defect is evident on SPECT in the left

patients with suspected PE, has come under par-
ticular focus during the COVID-19 pandemic.
Many centers, and professional associations,
advised against the use of ventilation studies in
patients with known, or suspected, COVID 19
due to the potential staff infection risks from the
aerosol generating procedure [73-75]. While
some centers ceased performing ventilation scans
altogether, others (including our own) opted for a
more selective approach. In patients in whom
COVID-19 was not confidently excluded, we and
others would perform a perfusion SPECT scan. If
normal, PE is confidently ruled out. If there were
perfusion abnormalities seen, a low dose CT
would be done. If this showed physiological or

Sagittal (left lung)

<
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lower zone (arrowed). This corresponds with a large hia-
tus hernia on the SPECT/CT images

pathological findings that could account for the
areas of perfusion reduction, then PE could be
confidently excluded. If not, a ventilation scan
would generally then be required, with the opera-
tors taking appropriate safety precautions, includ-
ing full PPE. Due to the requirement for decay of
the perfusion scan, a delay of several hours at
least would generally be required before the ven-
tilation scan could be attempted. Some groups
advocated a reversal of the usual order of scan-
ning, i.e. a low dose perfusion followed by a
higher dose ventilation scan to obviate the need
for any delay [76]. However in our center, we
found that image quality was adversely impacted
by this approach, hence would recall the patients
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several hours later, or the next day, for the venti-
lation component when it was required. The
downside of this approach overall however is a
delay in diagnosis in some patients. Nevertheless,
we found that the combination of perfusion
SPECT +/- low dose CT could rule out PE in the
majority of patients referred to our department
with suspected PE.

12.9 How Does V/Q SPECT/CT
Compare with CTPA?

Multi-detector CTPA has evolved to the point
where it is now widely used as the primary
imaging investigation in patients with potential
PE [4, 22]. While highly specific, its sensitivity
is not perfect [77]. With the multi-detector CT
scanners used in the large PIOPED II study,
CTPA had a reported sensitivity of 83%, indi-
cating that emboli were missed in one of every
six patients [77]. Although the accuracy of
CTPA appears to be high in cases in which the
scan result is in keeping with the pretest clinical
suspicion, this is not true of cases in which there
is discordance between scan results and clinical
likelihood.

CTPA, because of its anatomical nature, has
an advantage of potentially diagnosing other
pathologies, such as pneumonia or aortic dissec-
tion. However, this is at the expense of exposing
the patient to increased radiation (something that
is particularly concerning in the case of young
women) and to the potential risks of contrast
administration, such as allergy or nephrotoxicity
[78, 79]. V/IQ SPECT has been shown to be better
able to quantify the extent of perfusion abnor-
malities (which may be valuable in guiding treat-
ment decisions) and can assess reperfusion after
PE, something not easily done with CTPA [70].

Overall, there is relatively little literature
directly comparing SPECT V/Q and CTPA. In
2004, Reinartz and co-workers compared the per-
formance of V/Q SPECT (using Technegas) with
multi-detector (4-slice) CTPA [29]. In their series
of 83 patients, they determined that SPECT was
more sensitive (97% versus 86%) but less specific
(91% versus 98%) than CTPA. Both modalities

had comparable overall accuracy (94% versus
93%). In another series from Australia, Miles and
co-workers prospectively compared V/Q SPECT
with CTPA performed using a 16-slice scanner in
100 patients with suspected PE [80]. They also
concluded that the overall accuracy of both exami-
nations was comparable, suggesting that SPECT
VIQ and CTPA could be used interchangeably.
They concluded that SPECT V/Q has potential
advantages over CTPA in that it was feasible to per-
form in more patients and had fewer contraindica-
tions, a lower patient radiation dose and fewer
non-diagnostic findings. This study supports the
notion that each of these studies has its advantages
over the other. In the case of V/Q SPECT, its advan-
tage is a high sensitivity, whereas CTPA has the
advantage of a high specificity. Given that the lit-
erature directly comparing V/Q SPECT (and V/Q
SPECT/CT) is limited, it would be desirable to per-
form a prospective multicentre trial to answer the
question. However, this would be difficult for sev-
eral reasons [70]. Firstly, evaluating the clinical
effectiveness of rapidly evolving health technolo-
gies is problematic. In this case, both CT and V/Q
SPECT technology continue to develop, and there-
fore, any published direct comparison inevitably
reports on  previous-generation technology.
Secondly, a robust ‘gold standard’ is lacking for the
diagnosis of PE resulting in the V/Q scan and/or
CTPA being pivotal in determining the presence or
absence of disease [27, 36]. Thirdly, ethics com-
mittees may, quite correctly, question the need to
subject individuals to the radiation exposure from
both V/Q SPECT and CTPA, especially in individ-
uals without PE. Lastly, the time interval between
the two studies being performed could result in
embolus fragmentation, movement or lysis, thus
affecting the perceived accuracy of each modality.
As stated above, the challenge for the V/Q scan
is that ventilation/perfusion mismatch is not specific
for PE, and in some cases of PE (e.g. in the case of
pulmonary infarction), matched patterns can occur.
For this reason, the anatomical information pro-
vided by a chest X-ray has been considered essen-
tial in the interpretation of V/Q scans. With the
advent of SPECT/CT scanners, the integration of
anatomical information from the CT with the func-
tional information from SPECT is now feasible and
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should increase the specificity of V/Q scanning.
Other than PE, V/Q mismatch can be seen with con-
ditions such as radiation therapy-induced changes
and extrinsic vascular compression from conditions
such as neoplasm and mediastinal adenopathy [8,
33]. Each of these can be detected with low-dose
CT. Furthermore, matched changes can be seen
with non-embolic aetiologies such as pneumonia,
abscess, pleural or pericardial effusions, malig-
nancy and pulmonary infarction [5, 6, 36, 37]. Once
again, each of these should be evident if a CT, even
if done at a ‘low” diagnostic dose, is performed.

In the Danish study of V/Q SPECT/CT men-
tioned earlier, the authors directly compared the
accuracy of current generation CTPA with V/Q
SPECT/CT [31]. They found that SPECT and
SPECT/CT both had higher sensitivity for the
detection of PE than CTPA (done on the same
hybrid machine equipped with a 16 slice CT scan-
ner). Although CTPA had a specificity of 100%, its
sensitivity was only 68%. The superior sensitivity
of V/Q SPECT compared with CTPA has been
demonstrated in other studies and raised questions
about the use of CTPA as the primary imaging
study for the detection of PE in clinical practice.
The sensitivity of CTPA in this study is lower than
the 83% noted in the large multicentre PIOPED II
study, a figure that led the investigators of that
study to conclude that additional information
would be required to exclude PE due to the signifi-
cant false-negative rate of CTPA [77].

Other concerns with the use of CTPA noted by
the Danish authors include the risk of complica-
tions related to intravenous contrast (a factor which
accounted for 50% of the 96 patients excluded
from the study) and its high thoracic radiation dose.
The use of iodinated contrast administration is a
significant disadvantage of CTPA with reports of
about 3% of patients experiencing some type of
immediate contrast reaction and 0.06% requiring
treatment [81]. Contrast-induced nephropathy is
reported in 1-3% of patients with CTPA [82]. This
compares with scintigraphy where side effects are
all but non-existent [83].

High radiation exposure is another limitation
of CTPA. Breast radiation dose from CTPA,
which has been estimated between 10 and
70 mSy, is a particular concern in younger women

[84-86]. By comparison, the breast radiation
dose from the V/Q scan is in the order of
0.28—1 mSv [87]. While CTPA has overall radia-
tion doses reported in the order of 8-20 mSyv, the
levels received from a low-dose CT study per-
formed in conjunction with a lung SPECT study
is much lower [35, 83—-85]. Gutte and co-workers
estimated that the radiation dose from their
20 mAs CT studies was approximately 1 mSv
[31]. In my institution, using similar CT param-
eters (20-50 mA s), we have estimated radiation
doses from the CT in the order of 1-2 mSv. This
compares favourably with the 2-2.5 mSv from
the V/Q scan itself and is well below the levels
received from a diagnostic CTPA [83].

A further issue for CTPA is the rate of techni-
cal artefacts that can occur, primarily due to poor
contrast opacification of the pulmonary arteries
and motion artefacts, but also body habitus of
some patients which can affect image noise [88].
Indeterminate study rates due to technical factors
have been estimated at between 5% and 11% [30,
89, 90]. In pregnant patients, the rate is even
higher, and it has been shown that as many as
one-third of CTPA procedures performed during
pregnancy are technically inadequate, even with
64-slice CT scanners [22, 91]. This is thought to
be attributable to a greater pressure in the inferior
vena cava during pregnancy. As a result, repeat
studies are not infrequently performed to try to
optimise the diagnostic accuracy of the study,
resulting in doubling of the radiation dose. By
comparison, technical artefacts should not impact
V/Q SPECT/CT, and literature suggests that the
test has a very high sensitivity and specificity;
hence additional imaging should only rarely be
required [31].

Both CTPA and V/Q SPECT have their
strengths and weaknesses (listed in Table 12.1),
and the test selected for any individual patient will
vary according to patient factors (especially age
and gender but also the presence of coexisting
lung disease) as well as institution factors, includ-
ing availability and local expertise. Given its
excellent sensitivity and superior safety and radia-
tion exposure profile, there is a strong argument
that V/Q SPECT should be favoured as the initial
screening test for PE [22]. The addition of a low-
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Table 12.1 Summary of the advantages and limitations of CTPA and V/Q SPECT/CT

CTPA VIO SPECT/CT
Sensitivity Moderate High
Specificity Very high Slightly lower
Accuracy with abnormal radiograph Unaffected Sometimes affected
Provides other diagnoses Frequent Frequent
Incidental findings require follow-up Frequent Less frequent
Radiation dose High Lower
Possible allergic reaction Yes No
Risk of contrast nephropathy Yes No
Technical failure rate Higher Rare
Auvailability (especially out of routine hours) | High Usually lower
Accuracy in pregnancy Lower High
Accuracy in chronic PE Lower High
Performance in obstructive lung disease Unaffected May be affected
Role and accuracy in follow-up Limited Very good

dose CT further strengthens this argument as it
addresses many of the advantages cited for CTPA
(i.e. ruling out other conditions, such as pneumo-
nia, abscess, pleural or pericardial effusions,
malignancy). While diagnostic CT with intrave-
nous contrast is needed to evaluate certain condi-
tions, such as aortic dissection or coronary artery
disease, the advent of V/Q SPECT/CT further
enhances the overall diagnostic ability of V/Q
scintigraphy, thus allowing centres to choose
either CTPA or V/Q SPECT to assess suspected
PE with either study being of generally high sen-
sitivity and specificity. In the choice of which one
to choose in specific patients, could be based on
factors such as patient age, sex, contrast risk and
local availability as well as operator and reporter
expertise.

12.10 Clot Localisation

The addition of the CT data to SPECT V/Q also pro-
vides interesting insights into the accuracy of clot
localisation on V/Q SPECT. As anatomical infor-
mation is sparse when V/Q SPECT data is inter-
preted, assumptions must be made about the lung
anatomy in each patient. Segmental lung maps
(based on normal anatomical references) are typi-
cally utilised to assist reporting specialists in locali-
sation of perfusion defects; however, individual
anatomy varies, and in the case of PE, the lungs are
frequently abnormal, with coexistent lung patholo-

gies, such as atelectasis and pleural effusions, often
seen [50, 92]. SPECT/CT imaging allows for seg-
mental anatomy to be accurately determined in each
individual patient, and this may facilitate more
accurate localisation of clots into the correct lung
segments. In a study from my centre of 30 patients
with positive V/Q SPECT studies in which a normal
lung tomographic segmental lung chart was used as
a guide to localise segments, 20% of defects were
assigned to the incorrect anatomical lung segment
[93]. Inaccurate localisations were most commonly
seen in the mid-zone segments and were most
noticeable in patients with evidence of lower lobe
volume loss on CT (Fig. 12.9). The fact that ana-
tomical localisation of perfusion abnormalities on
V/Q SPECT can be improved by adding CT data in
a significant number of patients may be relevant in
patients with non-diagnostic V/Q SPECT studies,
many of whom would have a CTPA done subse-
quently to confirm the findings of the SPECT study.
If the reporting radiologist is directed to specifically
analyse the incorrect lung segment based on the
assumptions of the patient’s likely anatomy using
the V/Q SPECT appearances, the sensitivity and
accuracy of the study are reduced.

12.11 Consolidative Opacities

While V/Q mismatch is the well-described hall-
mark of PE, pulmonary infarction can result in
matched changes of ventilation and perfusion, a
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Fig. 12.9 Sagittal and transaxial perfusion, CTPA and
fused perfusion SPECT/CTPA slices in a patient with
PE. Based on normal lung charts, the defect shown (red
cross hair) was localised to the superior segment of the
right lower lobe. The CTPA demonstrates volume loss in
the lower lobe due to atelectasis. The oblique fissure is

pattern not usually associated with the diagnosis of
PE. While determining the aetiology of pulmonary
consolidation can be difficult, V/Q SPECT/CT may
provide useful information which may help to
characterise the underlying pathological process.

Perfusion

CTPA

Fused perfusion
SPECT/CTPA

displaced posteroinferiorly. When the two studies are
fused, the perfusion defect localises to the posterior seg-
ment of the right upper lobe in this patient. Combining the
SPECT study with the patient’s CT can improve the accu-
racy of segmental localisation. (Reprinted with permis-
sion from Roach et al. [41])

In a study of 38 patients in which gated SPECT
was performed, Zaki et al. found that consolidative
opacities secondary to PE preferentially occur
peripherally, whereas inflammatory disease-
induced lesions tend to be seen preferentially at the
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proximal portion of defects [94]. This study sup-
ports the premise that PE, and its sequelae includ-
ing pulmonary infarction, typically affects the
peripheral aspects of the lungs. When V/Q SPECT/
CT demonstrates matched reductions more proxi-
mally, non-embolic causes may be more likely.

12.12 Barriers to Implementation
of V/Q SPECT/CT

While the advantages of V/Q SPECT/CT studies
compared with traditional planar imaging, SPECT-
only scintigraphy and CTPA have been detailed
above, the technique is still not routinely performed
inmany nuclear medicine departments. Surprisingly,
in an era where SPECT (and now SPECT/CT) are
routinely used in many areas of nuclear medicine,
lung scintigraphy is still done using planar imaging
in many part of the world, including in much of the
United States [41]. There are several reasons why
the transition to V/Q SPECT and hence V/Q SPECT/
CT has not occurred.

Firstly, there is the lack of an ideal ventilation
agent in some countries. As detailed above,
Technegas is well suited to V/Q SPECT, and
while it would ideally be used for V/Q SPECT/
CT studies, it is not commercially available in
some countries, including the United States. An
alternative is to use *"Tc DTPA aerosols. In a
direct comparison of Technegas and *Tc DTPA
aerosol in 63 patients, Jogi et al. showed that the
SPECT images obtained using either ventilation
agent were comparable, although in patients with
obstructive lung disease, Technegas was clearly
superior due to its better peripheral penetration
[54]. While Technegas ideally would be used for
ventilation SPECT imaging, this study does sup-
port the use of aerosols as an alternative should
Technegas not be available locally.

Secondly, there is a wide body of literature
describing the accuracy as well as the strengths
and limitations of planar V/Q imaging [21, 34,
95]. Several large multicentre trials have been
performed in numerous countries and the various
reporting criteria used have been well established
and periodically refined to help optimise the over-
all accuracy of the test [35, 96, 97]. A normal pla-

nar lung scan has a very high negative predictive
value, and for reporting specialists with many
years of experience, there may be the belief that
there is little to be gained by making the transition
to SPECT imaging. It should, however, be remem-
bered that the published literature, as detailed
above, consistently demonstrates improvements
in sensitivity, specificity and reproducibility with
SPECT imaging [8, 29, 70]. This is important in
the era of CTPA which has increasingly sup-
planted the planar V/Q scan as the diagnostic
imaging test of choice in many centres around the
world, most noticeably in the United States [4, 6].
To restrict V/Q scintigraphy to a 2D methodology
is, in many ways, analogous to a radiologist per-
sisting with a chest X-ray for imaging the thorax
and lungs, rather than transitioning to CT scan-
ning. While reporting specialists, especially dur-
ing the transition period, may prefer to acquire
both planar and SPECT images on the same
patient, this is problematic due to the amount of
imaging time that would be required. As many
patients would be unable to tolerate the time
required (over 60 min), this is not feasible for
many patients, especially those that are ill, dys-
pneic or elderly. Fortunately, planar images can be
generated from SPECT data using several
approaches. While we have described a technique
using a reprojection method [98], many of the
commercial vendors offer a simpler approach
using an ‘angular summing’ method [29]. For
those used to viewing planar images, this can be
useful in the transition from planar imaging to
SPECT-only imaging and may prove useful even
beyond this point to give a general, familiar and
rapid view of the lungs for quick evaluation.
Thirdly, For Nuclear Medicine specialists, par-
ticularly those not trained in cross-sectional anat-
omy, visualisation of the lungs in 3D is a challenge
compared with the 2D approach of planar V/Q
imaging. This requires knowledge of the cross-
sectional anatomy of the lungs as well as the 3D
appearances of lung segments, fissures, major ves-
sels and airways as well as other intrathoracic
structures. However, with the diffusion of PET/CT
and SPECT/CT worldwide, nearly all specialists
reporting Nuclear Medicine studies would increas-
ingly be visualising the thorax in 3D, thus a shift to
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VIQ SPECT, and V/Q SPECT/CT imaging should
be less of a challenge to most specialists today
than previously. In addition, cross-sectional imag-
ing atlases and computerised programs are now
commonly located in most Nuclear Medicine
reporting rooms to further aid in this transition.
Finally, some reporters may be under the mis-
conception that SPECT, and SPECT/CT, imaging
takes significantly longer to perform than tradi-
tional planar imaging or is more difficult for tech-
nologists to perform. This is not the case. Many
centres perform SPECT imaging faster than can
be done with traditional six or eight view planar
imaging [29, 32]. At my institution, where dual-
headed SPECT/CT scanners are used, a typical
acquisition protocol takes about 25-30 min [50].
Other centres report slightly faster image acquisi-
tion times with images produced of high diagnos-
tic quality. For instance, the group from
University Hospital in Lund, Sweden, acquired
ventilation studies (using *™Tc-DTPA) in just
under 11 min and perfusion images in just under
6 min [27]. The group from Centre Hospitalier
Universitaire de Sherbrooke in Quebec, Canada,
acquired their data in similar times having pub-
lished studies using 12 min acquisition times for
ventilation (using Technegas) and 6 min for per-
fusion utilising a dual-head scanner [32]. With
current generation multi-slice CT scanners, the
addition of a ‘low dose’ CT scan adds only
1-2 min to these times. Thus, image acquisition
times in the range of 20-30 min are routine today
with V/Q SPECT/CT. For technologists used to

Sagittal (right lung)

Transaxial

Fig. 12.10 Fused SPECT/CT images of acute PE after
administration of “™Tc-labelled anti-d-dimer antibody
fragments. The thrombus (arrowed) corresponds to an
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performing planar V/Q scans, the transition to
SPECT is welcomed. The multiple repositioning
of the detectors and patient arms required with
planar imaging is no longer required, resulting in
easier data acquisitions for the technologists. At
Royal North Shore Hospital, the technologists
now much prefer SPECT (and SPECT/CT) imag-
ing for V/Q scintigraphy and would only choose
to perform a planar study in unusual circum-
stances, such as for a patient who could not
undergo SPECT imaging, e.g. if they were unable
to lie supine on the scanning bed. With SPECT/
CT scanning now standard in many areas of
nuclear medicine, V/Q SPECT/CT acquisitions
should be a quite routine procedure for nuclear
medicine technologists.

12.13 Thrombus Imaging

Over the last few decades, there have been numer-
ous attempts to develop radiolabelled thrombus
imaging agents to assess deep venous thrombosis
and PE. While none are yet in routine clinical prac-
tice, these agents allow differentiation of old clots
from new and allow imaging of acute thrombus in
any part of the body, most commonly in the legs
and the lungs. While thoracic SPECT imaging has
been performed using such agents in recent years,
the lack of background activity complicates exact
localisation of clot within the pulmonary vascular
tree [99]. Hybrid SPECT/CT would be ideally
suited for use with such agents, and this is another

Coronal

intravascular contrast-filling defect on the CTPA.
(Reprinted with permission from Morris [99])



268

P.J.Roach

promising application in patients with suspected
PE which may develop in the future (Fig. 12.10).

12.14 V/Q SPECT/CT: Role
in Applications Other
than PE

V/IQ SPECT/CT is finding increased utility in a
number of other conditions beyond its use in
the diagnosis and management of PE. These
include allowing optimal selection of radio-
therapy fields for lung cancer therapy and the
preoperative quantification of lung function
prior to resection [63].

12.14.1 Radiotherapy Treatment

Planning

In the treatment of patients with lung cancer, lit-
erature suggests that administering a higher dose
of external beam radiotherapy is associated with
improved survival [100, 101]. However, the dose
is limited due to the sensitivity of normal lung
and the development of radiation pneumonitis
and fibrosis [102-105].

Patients with lung cancer requiring radiother-
apy may have areas of healthy lung included in
the radiotherapy fields. Considering that most of
these patients will have a significant cigarette
smoking history, they often begin treatment with
marked impairment of their respiratory function
and can ill afford further reductions in their lung
function. Acute radiation toxicity occurs in up to
10% of patients receiving radiotherapy to the
lungs. Long-term reductions also occur due to
the development of radiation fibrosis. These two
pathologies often overlap but both may progress
independently of each other. Following radio-
therapy, a decline in lung function has been dem-
onstrated on respiratory function testing and on
long-term sequential perfusion scanning. These
changes peak in the period approximately
12-18 months after the radiotherapy and are
dose dependent [106, 107]. Baseline perfusion
scans can be used to identify which portions of
the lungs have the most preserved function. It

has been shown that perfusion scans can be used
to modify radiotherapy fields in patients thereby
affecting the total dose patient received by spar-
ing perfused lung [108-111]. McGuire and co-
workers report on an approach that reduced the
Fpoy and Fgp (the amount of lung receiving
20 Gy or 30 Gy, respectively) values by 16.5%
and 6.1% compared to traditional therapy plan-
ning [112]. Ventilation SPECT can also be used
to plan therapy (Fig. 12.11) [113]. Evidence that
these manoeuvres alter long-term lung function
remains sparse.

12.14.2 Lung Reduction Surgery
Planning

In patients being considered for lung reduction
surgery, perfusion imaging is often used to assess
lobar function and to estimate the impact of lung
surgery on the patient’s pulmonary status. Using
planar V/Q scintigraphy, an assessment of rela-
tive regional lung function can be made by divid-
ing the lungs into various zones (typically upper,
middle and lower thirds) and determining the
relative contribution of each region to overall
ventilation and perfusion. Due to overlap of pul-
monary lobes and segments and differences in
individual patient lung anatomy, such an approach
is crude at best and lacks accuracy. The advent of
hybrid SPECT/CT allows a similar approach
being undertaken in 3D, and when combined
with each individual patient’s segmental anatomy
(determined from their CT scan), a much more
accurate assessment of lobar or segmental lung
function can be derived (Fig. 12.12). In patients
with non-small cell lung cancer, this approach
has been shown to play a valuable role in predict-
ing postoperative lung function following lung
resection and is highly accurate as a predictor of
postoperative FEV1 [114, 115].

One series reported a perfusion ratio of upper to
lower lung and demonstrated that poor perfusion to
the upper lobes was correlated with the decision to
perform lung reduction surgery based on CT assess-
ment [116]. In the US National Emphysema
Treatment Trial, perfusion imaging was discontin-
ued in 2001 as it did not add further prognostic
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Fig. 12.11 These three transaxial images demonstrate
ventilation as a percentage of maximum ventilation with
green representing 50% (vv50) of maximum and red 70%
or more (vv70). Isodoses of 66.5 Gy, 45 Gy and 20 Gy are
shown as blue, pink and orange lines, respectively (white
arrows). Image (a) has been calculated without reference
to V/Q data, (b) using nine equally spaced beams to avoid

information to that obtained by other measures.
There were a number of limitations to the original
technique, specifically, overlap of the anatomic
structures being analysed. SPECT scintigraphy,
particularly with CT co-registration, allows for
accurate segmentation of the lungs with lobar esti-
mates of function made possible [42]. Whether this
is of any additional benefit remains to be assessed.

12.15 Further Uses

V/IQ SPECT/CT has further potential in assess-
ing the physiologic basis of lung disease, both
as a clinical and research tool. V/Q SPECT scin-
tigraphy has been used to assess changes in ven-
tilation after lung reduction surgery [117, 118],
inhomogeneity of ventilation in emphysema
patients [119], regional changes of ventilation
and perfusion in asthma [120, 121] and the

vv50 and vv70 regions and (c) using a subset of three
beam angles also avoiding vv50 and vv70. In this exam-
ple, there is considerable reduction in the amount of well-
ventilated lung being irradiated in both (b) and (c). The
central purple area represents the planning target volume
(PTV). (Reprinted with permission from Munawar et al.
[113])

degree of lung perfusion impairment in patients
with pulmonary arteriovenous fistulae [122] and
in estimating regional lung function in patients
with interstitial pulmonary disease [123].
Technegas SPECT has been analysed using
three-dimensional fractal analysis to quantify
heterogenous distribution of tracer [124]. The
use of ventilation and perfusion imaging as an
investigative tool for lung physiology is of
increasing interest, particularly in evaluating the
extent of airways closure in patients with air-
ways disease [115] (Fig. 12.13). V/Q SPECT/
CT would be well suited to identifying and
quantifying the location and extent of non-ven-
tilation in patients with airways disease. By
comparing ventilation SPECT with a low-dose
CT, it can be determined which areas of lung
have non-ventilation (or malventilation) due to
underlying emphysema as opposed to airways
constriction [115].



270

P.J.Roach

RML =8 %

LUL =27 %

RLL =16 %

Fig. 12.12 (a) Anterior (A) and posterior (B) planar
images in a patient with a right lung carcinoma (arrowed).
The exact lobar location of the tumour cannot be deter-
mined on the planar imaging. (b) Fused SPECT/CT perfu-
sion images in the coronal (C), transverse (D) and sagittal
(E) planes show the tumour and corresponding perfusion
defect (indicated by cursors). Corresponding CT scan
slices in the coronal (F), transverse (G) and sagittal (H)

Lobar ventilation distribution

RUL =23 %

LLL =23 %

Posterior

Lobar perfusion distribution

K
RML =10 %

RUL =24 %

LUL =35 %
LLL =19 %

RLL =10 %

planes (with patient-specific lobar region-of-interest
derived from the CT) show the lesion to be located in the
right upper lobe (arrowed). 3D patient-specific lobar
region-of-interest images (/) can be generated and viewed
as a rotating MIP image. The SPECT/CT allowed accu-
rate determination of each lobe’s relative contribution to
overall ventilation (/) and perfusion (K)
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Fig. 12.13 (a) Ventilation SPECT/CT fusion image (cor-
onal view) of an asthmatic subject who had severe airway
hyperresponsiveness. (b) Ventilation SPECT/CT fusion
after methacholine challenge when FEV1 had decreased
by around 25%. (c) and (d) are processed images showing

12.16 Quantitative V/Q SPECT

As noted by Bailey and Willowson in our review
article on V/Q SPECT/CT, many of the potential
uses for SPECT V/Q in respiratory research men-
tioned above would benefit from quantitatively
accurate V/Q scanning [63]. Quantitatively accu-
rate image reconstruction is accepted as de facto in
PET and PET/CT studies, but quantitatively accu-
rate SPECT/CT is only a relatively recent develop-
ment [125]. To examine the global quantitative
accuracy in lung SPECT scanning, our institution
examined the agreement between the calibrated
(‘true’) dose of *"Tc-MAA administered to
patients (assuming 100% trapping in the lungs)
undergoing V/Q SPECT/CT studies with that esti-
mated by CT-based attenuation corrected (AC)
and scatter corrected (SC) reconstructed SPECT
perfusion images after subtraction of the residual
ventilation (Technegas) contribution [125]. In a
series of 12 subjects, the average difference
between the estimated and true activities was

non-ventilation (in yellow) derived from fusion images.
The development of large regions affected by airway clo-
sure is evident in the lower lung zones. (Reprinted with
permission from King et al. [115])

found to be —1%, with a range of —7 to +4%. A
further validation study in the thorax using the
same SPECT/CT AC and SC methodology was
able to estimate the concentration of ®™Tc-labelled
red blood cells in an equilibrium blood pool
SPECT image in the left ventricular chamber. It
was found that the average difference between the
measured and true concentrations was within —1%
of the true value with a range of —6 to +5%, further
attesting to the robustness of the methodology in a
different imaging scenario [126]. To further define
the regional accuracy achievable today, my institu-
tion has undertaken a study of the impact of
CT-based attenuation and scatter correction to
examine the effect on lobar quantification in the
lungs. The impact of scatter correction in ventila-
tion (V) and perfusion with ventilation subtracted
(Q — V) SPECT studies on a global and regional
basis was assessed by considering differences in
the total lungs, differences in the left and right
lungs separately and differences in each of the seg-
ments. Analysis of perfusion studies (Q) first



272

P.J.Roach

involved the subtraction of ventilation counts that
remained in the lungs (Q — V) to ensure that counts
relating to *"Tc-MAA perfusion only were
included. Although scatter correction results in a
decrease in overall counts, negative differences on
alobar level are still possible, as this represents the
redistribution of counts to different segments. In
the study, 21 consecutive subjects undergoing V/Q
SPECT/CT scanning demonstrated that scatter
correction, in conjunction with attenuation correc-
tion, was seen to have a significant impact on
regional lung analysis, with an average difference
of over 20% for both ventilation and perfusion
studies, but this difference is consistently more
substantial in the left lung than the right. For both
the ventilation and perfusion analysis, the differ-
ences introduced by scatter correction, in order
from largest to smallest, are in the left lower lobe,
the left upper lobe, the right upper lobe, the right
middle lobe and the right lower lobe, respectively.
In ventilation studies, the average difference in
reconstructed activity concentration as a result of
scatter correction in the left lower lobe is as large
as 30%. Such large variation over the different seg-
ments and dominance of scatter in the left lower
lobe strongly suggests that a large contributing
factor may be Compton scatter from the heart.
This would explain the larger differences seen in
the left lung as opposed to the right and again
highlights the importance of performing patient-
specific, nonuniform corrections particularly in
regions of variable density, such as the chest. This
highlights the importance of scatter correction
being used in conjunction with attenuation correc-
tion to achieve accurate quantitative data when
imaging the lungs with SPECT.

12.17 Conclusion

The addition of CT data to V/Q SPECT is an
exciting and potentially invaluable development
in the imaging of patients with suspected PE. In
a single imaging procedure, patients can benefit
from the high sensitivity of V/Q SPECT scintig-
raphy as well as the additional diagnostic infor-
mation  provided by  three-dimensional
morphological imaging of the lungs. This com-

bination is of particular benefit in increasing the
specificity of V/Q SPECT imaging. Clinically, a
low-dose CT can help identify alternative causes
of both matched and mismatched V/Q deficits,
thus further improving the diagnostic utility of
the study. Compared with CTPA, V/Q SPECT/
CT has several advantages, including a higher
sensitivity, a lower radiation dose, no risk of
contrast-related allergy or nephrotoxicity and
less technically inadequate studies. In some dif-
ficult cases, both a CTPA and a SPECT V/Q may
be required to ultimately confirm, or exclude,
the presence of PE. In these patients, co-regis-
tering the CTPA with the perfusion SPECT can
help guide the radiologist to more closely exam-
ine an area of perfusion deficit and, in the case
of discordant CTPA and V/Q SPECT results,
may help to reach a consensus imaging diagno-
sis. In non-PE applications, it has been demon-
strated that quantitatively accurate information
from SPECT/CT can be obtained for uses such
as measuring regional lung function, planning
radiotherapy treatment and providing other
functional —measurements of  respiratory

physiology.
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13.1 Introduction

Radioembolization (RE) with yttrium-90 (*°Y)
microspheres, also named selective internal radi-
ation therapy (SIRT), is a promising catheter-
based liver-directed modality for patients with
primary and metastatic liver cancer. RE provides
several advantages over traditional treatment
methods including its low toxicity profile [1, 2].
Its rationale arises from the anatomic and physi-
ological aspects of hepatic tumours being
exploited for the delivery of therapeutic agents.
The prominent feature is the dual blood supply of
liver tissue from the hepatic artery and the portal
vein. Approximately 60-80% of hepatic blood is
derived from the gastrointestinal (GI) tract via
the portal vein and 20—-40% from the systemic
circulation via the hepatic artery [3]. Observations
on vascular supply to hepatic malignancies have
demonstrated that metastatic hepatic tumours
measuring >3 mm derive 80—100% of their blood
supply from the arterial rather than the portal
hepatic circulation [3]. °Y is a pure p-emitter,
produced by neutron bombardment of ¥Y in a
reactor, with a limited tissue penetration (mean
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2.5 mm, max 11 mm) and a short half-life of
64.2 h, making it an ideal transarterial liver-
directed agent [4]. Two *°Y microsphere products
are commercially available: TheraSphere® (glass
microspheres) and Sir-sphere® (resin micro-
spheres). There are some distinct differences in
properties between the two products discussed in
detail elsewhere [4]. In the selection process of
patients referred for RE, several aspects should
be considered. Patients selected for RE should
have (1) unresectable hepatic primary or meta-
static cancer, (2) liver-dominant disease, (3) a life
expectancy of at least 3 months and (4) an ECOG
performance score of <2 as well as a preserved
liver function [5]. Overall, the incidence of com-
plications of RE of the liver malignancies for
appropriately selected patients and accurately
targeted delivery is very low [6]. Serious compli-
cations have been reported when microspheres
were inadvertently deposited in excessive
amounts in organs other than liver or when the
liver received more radiation than its tolerance,
which is called radioembolization-induced liver
disease (REILD) [7]. Radiation and diminished
blood supply due to embolisation by the spheres
and subsequent hypoxia may result in ulceration
and even perforation of the stomach and duode-
num [7, 8]. **Y-induced ulceration of the stomach
or duodenum can be resistant to medical therapy
and surgery may be required [9]. Reported com-
plications include gastrointestinal ulceration/
bleeding, gastritis/duodenitis, cholecystitis, pan-
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creatitis, radiation pneumonitis
decompensation [2, 5, 7-13].

It is well known that the anatomy of the mes-
enteric system and the hepatic arterial bed has a
high degree of variation, with “normal vascular
anatomy” being present in 60% of cases [14].

To avoid the above-mentioned side effects, as
well as for detection of the tumour blood supply-
ing vessels, for any candidate selected for RE, an
angiographic evaluation combined with *™Tc-
macroaggregated albumin (*"Tc-MAA) scan-
ning precedes the therapy (test angiogram).
9mTc-MAA has been primarily used to identify
lung shunts; however, with the development of
single-photon emission tomography/computed
tomography (SPECT/CT) imaging, *"Tc-MAA
scintigraphy is now increasingly being used to
detect GI shunts [15-19]. SPECT/CT imaging
allows direct correlation of anatomic and func-
tional information that provides a better localisa-
tion and definition of scintigraphic findings. In
addition to anatomic referencing, attenuation
correction capabilities of CT are the other benefit
of CT co-registration [20]. In this chapter, we
address the usefulness and significance of
SPECT/CT imaging in the therapy planning of
the RE of the liver metastases/tumours divided
into the following two main sections:

and hepatic

o 9mTc-MAA SPECT/CT in the evaluation of
extrahepatic abdominal shunting

e 9mTc-MAA SPECT/CT in the evaluation of
intrahepatic tracer distribution

13.2 The Significance of *™Tc-
MAA SPECT/CT Liver
Perfusion Imaging

in the Treatment Planning

of RE

In the test angiogram session, according to the
liver vascular anatomy and especially tumoural
blood supplying vessels, 150-200 MBq of *™Tc-
MAA should be injected preferably selectively in
the right and/or left hepatic artery; however, in

some cases regarding the tumoural site(s), it can
be injected not selectively in the proper artery or
super selectively in the segmental arteries. To
avoid non-specific tracer uptake in the abdomen
due to free *™Tc-pertechnetate, 600 mg of per-
chlorate should be administered orally about
30 min before ™Tc-MAA application [21]. This
procedure should be followed by whole-body
scintigraphy and SPECT/CT of the abdomen.
The "Tc-MAA syringe should be gently tilted
before injection to agitate and resuspend the
PmTc-MAA particles [22].

13.3 Image Acquisition

First, a whole-body scan in anterior and posterior
projections should be obtained to calculate the per-
centage of liver-to-lung shunting and, conse-
quently, the possibility of pulmonary side effects.
Determining possible lung damage due to liver-to-
lung shunting is relatively simple, as described by
Lau et al. [23]. Furthermore, a planar scintigraphic
image of the upper abdomen (optionally) followed
by SPECT/CT images should be obtained using a
hybrid SPECT/CT camera. To date there are no
definitive instructions for the *"Tc-MAA SPECT/
CT acquisition and reconstruction and conse-
quently each centre has its own protocol. For
PmTc-MAA acquisition, a low-energy high-reso-
Iution (LEHR) collimator should be used with the
energy window set at 140 keV = 10%. Planar
images should be done in a 256 x 256 matrix with
5-min acquisition time. SPECT acquisition should
be performed with a 128 x 128 matrix with 60—-64
projections per detector (20-30 s/projection);
however, there are some centres that perform the
acquisition faster [24]. The CT scan should be nor-
mally done at a low dose (not diagnostic) with
5-mm slices. If required, there is the possibility of
fusing SPECT images with diagnostic CT with
contrast agent or magnetic resonance imaging
(MRI) images with the help of low-dose CT of
SPECT/CT images. SPECT data should be recon-
structed with iterative methods following attenua-
tion and scatter correction.
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13.4 %"Tc-MAA SPECT/CT
in the Evaluation
of Extrahepatic Deposition

of Tracer

Detecting hotspots in other organs besides the
liver with planar images is not always possible
and problems arise when these two-dimensional
images are used for more precise evaluations.
Extrahepatic spots indirectly mark the possible
locations of microspheres misplaced during ther-
apy; however, planar image analysis can be diffi-
cult and lead to misinterpretation of possible
extrahepatic locations because of the low spatial
resolution of planar scintigraphic images.
Furthermore, especially in the upper abdomen,
the localisation of several different organs within
a relatively small region demands the analysis of
tomographic images in order to accurately distin-
guish whether the "Tc-MAA has accumulated
in the liver or in some adjacent organ [15]. Planar
images cannot always make this distinction due
to organ superposition. In this setting, *™Tc-
MAA SPECT/CT imaging has been shown to
provide valuable additional information com-
pared to planar and SPECT images and is the
imaging modality of choice [15-18, 25].
Ahmadzadehfar et al. showed that the sensitivity,
specificity, positive predictive value (PPV) and
negative predictive value (NPV) of SPECT/CT in
the diagnosis of abdominal extrahepatic shunting
is 100%, 93%, 89% and 100%, respectively [15].
In this study, in light of the results of *"Tc-MAA
SPECT/CT, the therapy planning changed in
29% of cases compared to 7.8% and 8.9% with
planar imaging and SPECT, respectively [15]. In
another study from Hamami et al., they reported
similar results with the sensitivity and specificity
of 100% and 94% for SPECT/CT, respectively,
compared to 56% and 78% for SPECT, and 25%
and 87% for planar imaging, respectively [17].
Thus, SPECT/CT significantly increases the sen-
sitivity and NPV of ®m"Tc-MAA scans compared
to planar and SPECT alone [15, 17].

The extrahepatic tracer accumulations in dif-
ferent abdominal regions have different relevancy
and should be considered in the therapy planning
as follows:

13.4.1 Tracer Accumulation
in Gastroduodenal Region
as Well as the Intestine

The incidence of GI ulcers following RE is usu-
ally between 2.9% and 4.8% [26]. Radiation-
induced ulcers have proven to be extremely
difficult to treat [26]. The two major causes
thought to be responsible for gastroduodenal
ulcers are (1) digestive shunting via an aberrant
gastroduodenal vessel that is subjected to micro-
sphere injection and (2) microsphere reflux
occurring during the injection [16], which is
especially the case when wusing resin
microspheres.

Although a diffuse intestinal uptake can often
be detected by planar scintigraphy, focal hotspots
in the gastroduodenal region, especially in stom-
ach and duodenum, are a very important issue
and may frequently be overlooked with planar
and SPECT imaging (Figs. 13.1, 13.2, and 13.3).
A focally increased GI uptake detected with
SPECT/CT has been reported as being between
3.6% and 31% [15-19]. This broad difference of
detected GI uptake could be because of the differ-
ent levels of experience of the interventional radi-
ologist. In such cases, after reviewing the
angiograms to find the aberrant vessel(s), the test
angiogram should be repeated and RE can be per-
formed only if no more extrahepatic tracer accu-
mulation in the GI region is detectable. In such
cases the aberrant vessels should be found and
coil embolised. Alternatively, when an embolisa-
tion is not technically possible, a superselective
or lobar therapy may be performed after an unre-
markable repeated superselective or lobar test
angiogram. Some centres do not use perchlorate
to avoid free “™Tc uptake of the abdomen, which
normally can be detected with SPECT/CT as low
to moderately diffuse gastric uptake; however, it
can hinder an accurate evaluation of the gastric
region. In such cases, a visual distinction between
gastric concentration of free **"Tc and true gas-
tric #"Tc-MAA shunting could be difficult and
concentration of free *"Tc may be mistaken for
nontarget administration of the radionuclide,
which considerably reduces the diagnostic confi-
dence. On the other hand, gastric accumulation of
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Fig. 13.1 Gastroduodenal accumulation of "Tc-MAA (yellow arrows, b—d) in a patient with colorectal carcinoma,
not definable on planar image (a)

Fig. 13.2 Focally increased gastric uptake of *™Tc- and c), not differentiable from a liver uptake on planar
MAA after injection into the left hepatic artery in a image (red arrow; a)
67 years-old patient with colorectal carcinoma (yellow; b
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Fig. 13.3 Focally increased gastric uptake of **Tc-
MAA after injection into the right and left hepatic arteries
in a 66 years-old patient with cholangiocellular carcinoma

#mTc-MAA can remain unrecognised in the pres-
ence of gastric-free ®™Tc [21]. Therefore, we rec-
ommend using perchlorate prior to the test
angiogram avoiding any misinterpretation of the
gastric region.

13.4.2 **"Tc-MAA Accumulation
in the Gallbladder

Radiation cholecystitis is usually subclinical but
it is associated with post-procedure morbidity
requiring surgical intervention in about 1% of
patients [27]. The gallbladder can be evaluated
more precisely with SPECT/CT compared to
SPECT. In 8-12% of patients, a *"Tc-MAA
accumulation in the gallbladder can be detected
by SPECT/CT [15-17]. The approach in cases
showing *mTc-MAA accumulation in the gall-
bladder is controversial from no therapy plan
changing and prophylactic antibiotic therapy to
cholecystectomy prior to RE [15-17]. One strat-
egy to prevent the spheres from reaching the gall-
bladder and the resulting radiation-induced
cholecystitis may be the placement of the cathe-
ter distal to the cystic artery. However, this
method is only reasonable if it does not result in
an inadequate in target distribution of micro-
spheres. The alternative approach could be the
prophylactic embolisation of the proximal cystic
artery with either absorbable gelatine sponge
pledgets or fibred microcoils immediately before
radioembolization, which has been shown to be
safe and feasible [28]. The intensity of tracer

(yellow; b and c), not exactly differentiable from a liver
uptake on planar image (red arrow; a)

uptake in the gallbladder could also be a helpful
guide for making the decision, however, without
established consensus [16].

13.4.3 #°"Tc-MAA Accumulation
in the Anterior Abdominal
Wall (AAW)

Tc-MAA uptake in the anterior abdominal wall
(AAW) has been described as a sign of patent
hepatic falciform artery (HFA) [29] with a reported
incidence of up to 13% [16, 30-33]. The HFA
arises as a terminal branch of the middle or left
hepatic artery. It runs within the hepatic falciform
ligament with the umbilical vein, provides partial
blood supply around the umbilicus and communi-
cates with branches of the internal thoracic and
superior epigastric arteries [34]. It is known that
influx of chemoembolic agents into the HFA can
cause supraumbilical skin rash, epigastric pain and
skin necrosis. Normally, a patent HFA appears on
planar ®"Tc-MAA scans as an elongated tracer
accumulation in the mid-abdomen, which could be
anatomically better localised with SPECT. SPECT/
CT can increase the detection rate of such uptake
(Fig. 13.4) [16, 31] and can additionally detect the
falciform ligament, especially after multiplanar
reconstruction in the coronal view, which increases
diagnostic accuracy [31]. Generally, "Tc-MAA
uptake via the HFA does not result in diagnostic
problems except for patients with umbilical hernia
[16]. As for all other extrahepatic arteries, we rec-
ommend the prophylactic embolisation of HFA in
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Fig. 13.4 (a) Planar scan showing *"Tc-MAA accumulation in the anterior abdominal wall (yellow arrows), indicat-
ing a patent hepatic falciform artery. (b) Coronal *"Tc-MAA SPECT/CT image in the same patient

the test angiogram as well as an angiographic reas-
sessment in the patients with " Tc-MAA accumu-
lation in AAW prior to the application of Y
microspheres (Figs. 13.5 and 13.6). However, the
post-selective internal radiotherapy side effects in
patients with tracer accumulation in AAW on
PmTe-MAA scan are neither common nor severe
[16, 31, 33]. Leong et al. reported one case of self-
limiting radiation dermatitis caused by shunting of
Y microspheres to the AAW via a patent HFA
[37]. In a recently published study, a HFA was
identified in ™" Tc-MAA SPECT/CT in 16 patients
who did not undergo coil embolisation during
treatment; only one patient complained of abdomi-
nal pain for 48 h, without presenting skin lesions
[31]. Thus, there is no absolute need for prophy-
lactic embolisation of the HFA or a treatment plan
modification if the HFA is not detectable in an
angiography session. Otherwise, being informed
about such accumulations can avoid performing
multiple and unnecessary endoscopies to detect GI
ulcers in patients with unexpected abdominal pain
[16] without any detectable gastroduodenal *°Y
uptake in post-therapeutic BS scan.

13.4.4 Other Types of Extrahepatic
9*mTc-MAA Uptake

Recently, Lenoir et al. reported tracer uptake in
the hepatic artery in 6.6% of patients [16],
which had no impact on patient management.

This arterial uptake is likely due to the impac-
tion or aggregation of MAA by arterial microle-
sions caused by long and complicated
angiography procedures or when arteries are
weakened by previous procedures [16]. Tracer
accumulation in the coil embolisation site can
be detected only by SPECT/CT and the detec-
tion rate has been reported to be less than 7%
[15, 16]. Two reasons for this type of accumula-
tion were described [15]. First, small aberrant
vessels ending in this region, which should be
found and coil embolised before RE or injection
of microspheres, should be performed distal to
the vessel; a second possible reason is an incom-
pletely embolised vessel. Knowledge of the ana-
tomic region of extrahepatic perfusion may help
the radiologist to estimate the origin of the aber-
rant vessel. The incomplete coil embolised ves-
sels should be embolised immediately before
RE [15].

A light focally increased tracer uptake in the
spleen has been reported by Ahmadzadehfar et al.
in two cases (2.2%) [15], who also showed *°Y
microsphere uptake on BS SPECT/CT [38] with-
out any complications. It seems such tracer accu-
mulations are not harmful. Nevertheless, in such
cases the patients should be informed about pos-
sible unknown side effects prior to RE. There are
also some unusual sites of extrahepatic shunts
that seldom occur, such as tracer uptake in the left
side of the diaphragm [15, 22], distal of the
oesophagus [22], in the paracaval lymph nodes
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Fig. 13.5 Selective catheterisation of hepatic falciform
artery (black arrowheads) in posterior-anterior (a) and lat-
eral view (b) demonstrating the characteristic filling as it
travels through the falciform ligament, terminates in the
anterior abdominal wall, and anastomoses via collaterals
(white arrowheads) with the superior epigastric vessels (c,

d). Correspondent "Tc-MAA SPECT scan maximum
intensity projection coronal view (c¢) and sagittal view (d)
show a tracer accumulation in anterior abdominal wall
(yellow arrow). (With kind permission from Springer
Science + Business Media, [35], Fig. 2)
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Fig. 13.6 (a) Injection in the left hepatic artery after
selective embolisation of hepatic falciform artery (black
arrowheads) of the same patient showed in Fig. 13.5. (b)
Multiplanar  reconstructed — sagittal  bremsstrahlung

[22], in the pericardium or focally increased
uptake in the pulmonary left lower lobe. In such
cases, it is recommended to coil embolise the
aberrant vessels.

13.5 9™Tc-MAA SPECT/CT

in the Evaluation

of Intrahepatic Tracer
Distribution and Its
Significance in Therapy

Planning

The aim of RE is to treat the complete tumoural
area and to avoid, as much as possible, the deliv-
ery of particles into the healthy liver tissue.
Although intrahepatic accumulation of *™Tc-
MAA—especially in cases of single liver
tumours—could be acceptably assessed by pla-
nar scan and SPECT imaging, only SPECT/CT
can provide a precise evaluation of tracer distri-
bution in the patients with multiple liver tumours
and metastases, e.g. “"Tc-MAA uptake in the
tumour thrombus of the portal vein, which is
more commonly seen with HCC [22], can be
detected only by SPECT/CT. A portal tumour
thrombus may be seen on SPECT/CT as a con-
tinuous area of activity extending from the
tumoural lesion in the liver parenchyma into the
portal system [22] and it suggests that the tumour

SPECT/CT 24 h after radioembolization showed no extra-
hepatic tracer accumulation in anterior abdominal wall
(With kind permission from Springer Science + Business
Media: Ahmadzadehfar et al. [36], Fig. 3)

thrombus is supplied with blood through neovas-
cularisation from the hepatic arteries, as is the
tumour itself [22]. *"Tc-MAA uptake in the
tumour thrombus may be a predictor of a favour-
able response to RE. In a study by Garin et al.
[35], 92% of responding patients with portal vein
thrombosis (PVT) showed *"Tc-MAA uptake in
the PVT on SPECT/CT images and only in one
non-responder with a large tumour was tracer
uptake seen in the PVT [35]. Although a positive
correlation between the amount of tumoural
PmTc-MAA uptake and treatment response and
its significance in the pre-therapeutic dosimetry
has been shown, this issue should still be studied
with more patients in prospective settings
(Fig. 13.7). Flamen et al. treated ten patients with
colorectal cancer. They showed a cut-off value of
1 for the " Tc-MAA uptake ratio could predict a
significant metabolic response with a sensitivity
of 89%, a specificity of 65%, a positive predictive
value of 71% and a negative predictive value of
87% [39]. Garin et al. in a study of 36 patients
with HCC using *°Y-glass microspheres showed
that quantitative **Tc-MAA SPECT/CT is pre-
dictive of response, progression-free survival and
overall survival. They suggested that using
tumour dosimetry based on *"Tc-MAA SPECT/
CT imaging could allow an adaption of the
therapeutic planning and the activity to be admin-
istered [35, 40]. In a recently published paper by
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Fig. 13.7 (a) Liver 'F-FDG PET of a patient with liver
metastases of colorectal carcinoma shows high FDG
accumulation in multiple metastases. (b) “"Tc-MAA
SPECT/CT of the same patient shows high tumour accen-

tuated tracer accumulation without any relevant uptake in
the healthy liver tissue. The patient showed a near com-
plete response after treatment with resin microspheres

Fig. 13.8 (a) High FDG uptake in a single liver metasta-
sis in a patient with sarcoma. (b) *"Tc-MAA SPECT/CT
showed no tracer uptake in the metastasis. (c)
Bremsstrahlung SPECT/CT after therapy with resin

the same group, they reported that *"Tc-MAA
SPECT/CT predicted response with a sensitivity
of 100% and overall accuracy of 90% in 71 HCC
patients [41]. In contrast, Van de Wiele et al.
reported in a study of 13 patients with liver
metastases from different origins that the per-
centage of ®"Tc-MAA uptake by lesions was not
significantly different between responding and
non-responding lesions [24].

Nevertheless, an absence of %"Tc-MAA
uptake in one part of a tumour or one or more
liver segments with metastases, detected on

SPECT/CT images, is an important issue

microspheres showed also no *’Y microsphere uptake in
the metastasis. A progression disease in follow-up con-
firmed these imagings

(Fig. 13.8). A tumour may have an unidentified
accessory arterial blood supply or may have para-
sitised nearby arteries [22]. The liver segments
that do not show any *"Tc-MAA uptake because
of accessory arterial blood supply or parasitised
arteries normally cannot also be a target for °Y
microspheres. A high and diffuse accumulation
of "Tc-MAA in the healthy liver tissue is also
an important issue. A high radiation dose to the
healthy liver tissue can increase the probability of
developing a REAILD. The liver vascular map-
ping with *"Tc-MAA SPECT/CT imaging
makes it possible to evaluate the tumoural and
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non-tumoural blood supplying vessels, which is
of importance for avoiding unnecessary radiation
exposure to the nontarget liver tissue and for
achieving the tumoural area as much as possible.
Sometimes it just needs a tracer application more
distally; however, it is not always a straightfor-
ward issue and needs special interventional
approaches for better targeting.

13.5.1 Detecting Blood Vessels
Feeding the Tumour
and Selective Administration
into These Vessels

In the case of a discrepancy between the segmen-
tal distribution of *™Tc-MAA and the intended
vascular territory to be treated, the angiograms
should be carefully reviewed trying to find the
reason for such discrepancies. It could be because
of a tracer injection distal to a branching point
that excludes part of the tumoural area [22], but

sometimes the accessory arterial blood supplying
vessels or parasitised arteries are the cause of
such discrepancies [22]. In such cases, the test
angiogram should be repeated and *“™Tc-MAA
should be injected selectively into the tumour-
feeding arteries followed by SPECT/CT imaging
for confirmation of exact targeting.

13.5.2 Flow Redistribution

Accessory or replaced hepatic arterial branches are
a relatively frequent finding. The occlusion of
accessory or aberrant arteries is supposed to result
in flow redistribution from two (or multiple) arteries
to a single artery. Thus, the infusion of *°Y micro-
spheres for one liver lobe can be accomplished via
one artery (rather than by two or several arteries). In
89-95% of cases after occlusion of the accessory or
aberrant arteries, a flow redistribution is detectable
(angiographic or on ®™Tc-MAA or on BS SPECT/
CT) (Fig. 13.9) [27, 42, 43].

Fig. 13.9 Patient with cholangiocarcinoma. (a) CT demon-
strates the presence of a mass situated between the right and
left liver lobe. (b) Common hepatic angiography shows a
hypervascular mass that receives vessels from the right and
left hepatic arteries. With the aim of avoiding the delivery of
the dose to the non-tumoural liver, the selected pedicles to
perform the treatment were the artery of segment IV and the
right hepatic artery, distal to the origin of the inferior
branches. There is an artery (segment VIII) arising from the
right hepatic artery that vascularises part of the tumour. (c)
Selective angiography of the artery of segment VIIL. (d)
Right hepatic angiography after coiling of the segment VIII

artery. (e) Segment IV angiography after coiling of the seg-
ment VIII artery. (f) SPECT/CT performed just after the infu-
sion of *“"Tc-MAA. There is homogeneous uptake of the
tumour. (g) Angiography performed before the delivery of
Y microspheres. Except for the presence of coils, the angi-
ography is similar to (b). Distal branches of the artery of seg-
ment VIl are seen. (h) Image obtained after radioembolization
with Y microspheres. There is a homogeneous uptake of all
the tumoural volume. The white dot within the liver corre-
sponds to the microcoils placed in the artery of segment VIII.
(With kind permission from Springer Science + Business
Media: Bilbao et al. [42])
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13.5.3 Temporary Protective
Embolisation of Normal Liver
Tissue Using Degradable
Starch Microspheres

As mentioned above, catheter position plays an
important role in sphere distribution. If the
microcatheter is positioned deep in a distal lobar
artery, deposition may not be symmetric and
homogenous. In general, occlusion of nontarget
vessels therefore is an option to facilitate opti-
mal catheter positioning and simple application
of the microspheres. Degradable starch micro-
spheres (DSM) are an embolisation material for
temporary vascular occlusion and have primar-
ily been used so far in combination with intra-
arterial chemotherapy as an alternative to
Lipiodol to achieve higher tumoural chemother-
apy concentrations with statistically significant
better tumour response rates compared to che-
motherapy alone [44]. DSM can also be used to
achieve blood flow redistribution by embolising
normal liver tissue and redirecting blood flow to
tumour-affected liver parenchyma. Favourable
results of protective embolisation before TACE
in cases where the tumour-feeding artery could
not be accessed superselectively by microcath-
eter have been reported in one case series [45,
46]. Such an approach can also be done by using
RE and is performed in the University Hospital
Bonn [47].

13.6 Conclusion

SPECT/CT adds considerable value to the prepro-
cedural planning of RE by identifying extrahepatic
sites at risk for post-RE complications and also is
a valuable tool for evaluation of intrahepatic distri-
bution of “"Tc-MAA which resulted in a more
targeted therapy with a better dosimetry.
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Stephan Walrand and Michel Hesse

14.1 Introduction

The first bremsstrahlung imaging was performed
early in 1966 by Simon et al. [1, 2] using a recti-
linear scanner following a liver radioemboliza-
tion via the hepatic artery with *°Y loaded
15-pm-diameter microspheres. Although of very
low quality, this imaging already provided the
main information: the carcinoid tumours were
well preferentially targeted (Fig. 14.1).

The first use of an Anger camera for brems-
strahlung imaging was reported by Kaplan et al.
in 1985 [3] for *?P. Since the nineties, bremsstrah-
lung imaging is widely performed in clinical rou-
tine for post-therapy check using beta emitter,
such as *°Y synovectomy or *°Y liver radioembo-
lization. While medical publications about
bremsstrahlung imaging are sparse up to the first
decade of the twenty-first century, they signifi-
cantly increased during the last decade
(Table 14.1). This is to be linked to the expanded
amount of performed *°Y liver radioemboliza-
tions and developments of (faster) Monte-Carlo
(MC) numerical methods to improve bremsstrah-
lung SPECT reconstructions.

Recently, Lhommel, Walrand et al. showed
that the low positron emission of °Y can be use-
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fully imaged by PET after liver radioemboliza-
tion [4, 5] and after “°Y-DOTATOC therapy as
well [6]. Although giving final images a little bit
noisier than bremsstrahlung SPECT, pure com-
mercial TOF-PET systems directly provide good
spatial resolution and quantification accuracy in
Y imaging. On the contrary, to achieve similar
quality, bremsstrahlung SPECT requires sophis-
ticated reconstruction or acquisition software not
yet commercially available [7-9]. Those features
explained the increasing use of PET to image *°Y
in place of bremsstrahlung SPECT at the begin of
last decade (Table 14.1).

However, PET modality is not always easily
accessible and as **P and ¥Sr do not own any
usable isotope emitting y rays which could be
imaged, bremsstrahlung SPECT remains of para-
mount importance, as shown by the renewed
interest in the last years (Table 14.1).

14.2 Bremsstrahlung SPECT
Issues

Accurately imaging *°Y, 2P or ¥Sr with a y cam-
era is one of the most challenging topics in
nuclear medicine. The bremsstrahlung X-rays are
spread along a continuous spectrum extending to
energies up to the maximal beta energy emission,
ie. 2.3 MeV, 1.7 MeV and 1.5 MeV for Y, 3P
and ¥Sr, respectively. The maximal energy usable
by y camera owning a mechanical collimator,
such as Anger or CZT cameras, is limited to
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Fig. 14.1 Tumours appear cold in the diagnostic scan
using '"*Au-chloride (I pm-diameter) injected intrave-
nously and trapped in the reticuloendothelial cells of the

liver. (Figure reprinted from [2] with permission of the

Radiological Society of North America)

Table 14.1 Sorted articles counts obtained from https://pubmed.ncbi.nlm.nih.gov/ when searching the combination
(bremsstrahlung AND (SPECT OR SPET OR PET OR planar OR imaging OR whole-body)) in title/abstract
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about 0.5 MeV. As a result, all acquisitions using
such cameras are inevitably corrupted by high-
energy X-rays scattering down into the acquisi-

tion energy window.

This high-energy X-rays down scattering con-
tamination includes five different effects (Fig. 14.2):

(1) the scattering inside the patient body, (2) the
scattering through a collimator septa (usually called
penetration), (3) the scattering from a collimator
septa, (4) the lead fluorescence K, and Kj emis-
sions, (5) the back-scattering from the PMT, elec-
tronic boards and lead housing of the camera.
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Although less frequent, some X-ray paths can
include several of the sub-cited effects. Lastly, the 3
range in the patient also slightly alters the final spa-
tial resolution.

Monte-Carlo simulations allow assessing the
individual contributions to the total X-rays pro-
ducing a photoelectric effect in the camera crys-
tal [10] (Fig. 14.3). Note that contrary to
conventional y emitters, the primary photons rep-

Camera back-scattering

Pb

PMT

Electronic
boards

Fig. 14.2 The different X-rays paths producing a photo-
electric effect in the camera crystal

resent only a small part of the total detected
counts. The most favourable ratio is obtained
around 100 keV explaining why the 50 — 150 keV
energy window is often chosen [10, 11]. A
medium energy general purpose (MEGP) parallel
hole collimator is a good choice to reduce the
collimator penetration. However, even with this
energy window and collimator choice, spatial
resolution and quantification accuracy of brems-
strahlung SPECT remain low. Different
approaches are proposed to improve this situa-
tion: physical effects modelling and adapted col-
limator design.

14.3 Intra-Patient Scatter
and Collimator-Detector

Response Modelling

With the increasing speed of the computer sta-
tions, most tomographic reconstructions in
nuclear medicine are nowadays performed using
the iterative algorithm OSEM, an accelerated
version of the EM-ML. Compared to analytical
reconstruction, such as FBP, these iterative algo-
rithms have the benefit to correctly account for
the Poisson nature of the statistical noise present
in radioactive counts measurement and to avoid
apparition of negative voxel artefacts. In addi-
tion, iterative algorithms can reconstruct any
tomographic acquisition setups, i.e. all physical
effects introduced in the projection step of the

Fig. 14.3 Y X-ray 0.08
energy spectra according
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point source 5 cm deep —— Primary photons
in water cube, MEGP « 0.06 1 Scattered photons
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iterative loop will be corrected during the recon-
struction process. The state of the art in brems-
strahlung SPECT is thus to model the different
X-ray paths during this projection step. However,
for the time being an exact modelling of these
effects lead to reconstruction time incompatible
with the daily SPECT routine.

Minarik et al. [12] built a pre-calculated
collimator-detector response (CDR) table by
Monte-Carlo simulation and modelled the scatter
into the object using the effective source scatter
estimation (ESSE) method [13]. The modelling
was performed for a 105-195 keV acquisition
window in order to avoid the lead fluorescence
X-rays contamination. This model was incorpo-
rated into the OSEM reconstruction algorithm.
Evaluation in an abdominal phantom showed a
quantification accuracy of 8.5% for the liver
activity. Accuracy in lesions activity measure-
ment was not assessed.

This group applied their correction method in
three patients receiving high-dose Y radioim-
munotherapy [14]. The patients were imaged at
1, 24, 48, 72, 144, 166 h by SPECT/CT after a
pre-therapeutic injection of 300 MBq of
n-ibritumomab. ~ Patients  received a
OY-ibritumomab activity computed to deliver
12 Gy to the liver based on the pharmacokinetics
measured with the '"In SPECT/CT and were
imaged at the same time points post injection by
bremsstrahlung SPECT/CT. The absolute relative
differences between organ absorbed dose com-
puted from !In and Y SPECT/CT were
8.8+13.7,89+4.0and 51.7 + 18.9 (mean =+ std
in %), for the liver, kidneys and lungs, respec-
tively. This showed that this bremsstrahlung
SPECT/CT correction method can be used for
the body region below the lungs: for the time
being, the ESSE method does not account for tis-
sues density variation, such as present in the
slices crossing the lungs.

Elschot et al. [15] developed a quantitative
Monte-Carlo based SPECT reconstruction for
Y applications. They implemented a Monte-
Carlo simulator to model the photon attenuation
and scatter for the full °°Y spectrum in the projec-
tion step, while pre-calculated convolution ker-
nels were used for the collimator-detector

response. Using a 50-250 keV energy window,
they obtained quantification improvements com-
pared to standard clinical SPECT-CT reconstruc-
tions for NEMA image quality phantom, and
results close to PET-CT for a small set of patients
after radioembolization with *°Y resin spheres.

In order to improve the count rate for applica-
tions where the activity is modest, such as Y
radioimmunotherapy, Rong et al. [16] computed
by Monte-Carlo the CDR and ESSE for the wide
100-500 keV acquisition window. The computa-
tion was performed using separate treatment of
photons in various energy ranges and in various
logical categories. Evaluation in an elliptical
phantom containing three spheres of 5.5 cm,
3.3 cm and 1.5 cm-diameter, with specific activ-
ity ten-, ten- and 20-fold that of the surrounding
background, showed a quantification accuracy of
7%, 9.7% and 10.2%, respectively.

To better take into account the energy depen-
dence of photon—matter interaction probabilities
and to simplify scatter corrections, Siman et al.
[17] adapted the standard multi energy window
approach to correct *°Y SPECT-CT images for
scatter. After splitting the 70-410 keV energy
range into six windows whose widths were
selected to enable a single attenuation coefficient
use per window, they determined from phantoms
the 90-125 keV and 310410 keV ranges to be
the best windows for imaging and scatter respec-
tively. The scaling factor to multiply the scatter
image was estimated from planar acquisitions of
patients. This approach, while improving image
quality and quantification, is strongly dependent
on the camera and collimator used, and approxi-
mate as the scatter factor was averaged over dif-
ferent patients.

Dewaraja et al. [18] made use of Monte-Carlo
only to estimate the scatter of photons, that they
combined with a 3D OSEM reconstruction with
an analytic projector for °°Y SPECT-CT. Using a
single energy window of 105-195 keV and a
high-energy collimator, they showed that two
iterations for the scatter estimation were enough,
allowing a reduction of the reconstruction time to
about 40 min. They so better recovered the activ-
ity in a liver/lung phantom, with values of 86%,
104% and 104% for the recovery in the intrahe-
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patic lesions, normal liver and lungs respectively.
They similarly observed an increase of the lesion
toliver concentration with their MCreconstruction
for patient studies compared to standard
SPECT-CT reconstructions.

More recently Chun et al. [19] proposed an
interesting approach of joint spectral reconstruc-
tion for quantitative *°Y SPECT imaging. They
used multiple narrow acquisitions windows with
multi-band forward modelling. The latter has the
advantage to permit a better modelling of energy
dependent physics like using more adequate
attenuation coefficients in place of only one cor-
responding to the mid-range energy. The former
allowed the authors to extract and combine activ-
ity data from the different energy window acqui-
sitions to improve the reconstructed image. They
also presented an accelerated algorithm using
energy subsets similarly to the angular subsets in
OSEM. MC simulations were used at every five
iterations to estimate the scatter components
without impacting too much the reconstruction
time. With this new algorithm they reached faster
convergence of the recovery coefficients in phan-
tom studies than with single spectral/single
energy window and multi spectral/single energy
window reconstructions. The proposed method
has also the advantage to implement matched for-
ward and backward projectors, inducing better
convergence stability, unlike most of developed
reconstruction algorithms where MC scatter and
collimator modelling is only incorporated in the
forward projector.

Another physical characteristic seldom con-
sidered is the dependence of the bremsstrahlung
generation with respect to the tissue types. Lim
et al. [20] modelled by Monte-Carlo the brems-
strahlung generation probabilities according to
the tissue. With their adapted reconstruction
algorithm, they showed on phantom acquisition
and simulations improved estimations of Y
activities in tissues differing from water.
Unfortunately that study did not include absolute
quantification, nor patient imaging.

Very recently, Xiang et al. [21] made use of
latest developments in artificial intelligence to
train a deep convolutional neural network from
Y SPECT projections and CT attenuation maps

to produce scatter projections. The training set
was made of simulated numerical phantom data
for which actual scatter component is known.
With that approach they obtained image quality
and contrast recovery similar to MC scatter esti-
mation but in much less time. This still requires
developments in training data and quantitative
validations, but could pave the way to better
bremsstrahlung SPECT-CT reconstructed images
in clinical routine.

However, in medical imaging it is always prof-
itable to improve the hardware performance in
order to acquire the right events, rather than to
correct for the contaminating events afterwards.
Indeed, this last solution inevitably results in a
higher noise level regarding the statistical nature
of primary and contaminating photon. Amazingly,
other choices of collimators than MEGP have
been considered only very recently.

14.4 Choice of Collimators Better
Adapted to Bremsstrahlung
Imaging

Van Holen et al. [8] proposed the use of a rotating
slat collimator that owns a much higher geomet-
ric efficiency than a parallel hole collimator. As a
result the relative importance of septal penetra-
tion is reduced, resulting in better contrast to
noise ratio. Note, that regarding only the primary
X-rays, the high geometric efficiency improve-
ment of the rotating slat collimator is counterbal-
anced by less information provided about the
X-ray coming direction. Data publication in a full
paper is still pending.

Walrand et al. [9] used a conventional thyroid
dedicated medium energy pinhole (MEPH) col-
limator in bremsstrahlung SPECT in purpose of
Y liver radioembolization check. Scattering
inside the phantom was modelled using an adap-
tation of an effective scatter model previously
developed for ™Tc [22], similar and anterior to
ESSE [13]. Compared to parallel hole collima-
tors, the high-energy X-rays can hit lead material
mostly only on the external side of the pinhole
collimator housing (Fig. 14.4a). As a result, the
lead fluorescence and scattering X-rays cannot
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Fig. 14.4 (a) reduction of the disturbing X-rays paths
contributing to the total crystal photoelectric counts. (b)
point spread function (PSF) comparison of a *°Y and *"Tc
point source in air with a MEPH and MEGP collimator

reach the crystal as the collimator housing thick-
ness (2 cm) is sufficient to significantly reduce
penetration. Disturbing penetration-scattering
can only occur on the small tungsten insert, the
fluorescence X-ray emissions of which are
located below 10 keV [23]. These features
improve the primary to total count ratio
(Fig. 14.3). The comparison between *°Y and
2mTc radial profile in air (Fig. 14.4b) shows that
using a 50-150 keV acquisition window the pri-
mary photons represent 68% and 31% of the total
detected photons for MEPH and MEGP collima-
tors, respectively.

Evaluation in cold and hot spheres phantom
[9] showed that MEPH SPECT provided quanti-
fication accuracy similar to that of TOF-PET, but
with significantly less noise. Helical MEPH
SPECTs of a realistic liver radioembolization
phantom were also acquired and showed that
reproducible accurate activity quantification can
be obtained in 1 min acquisition time (relative
deviation of healthy liver compartment:
10 £ 0.1%).

Gupta et al. [24] showed the feasibility of real-
time visualization of iron-labelled microspheres
delivery during liver SIRT in rabbits using

using a 1/2 in. thick Nal GE 400 AC camera with a
50-150 keV acquisition window. **"Tc PSF approximates
the PSF of the primary photons in the Y acquisition

MRI. In this paper, cosigned by R. Salem, the
authors concluded: “Although quantitative
in vivo estimation of microsphere biodistribution
may prove technically challenging, the clinical
effect could be enormous, thus permitting dose
optimization to maximize tumour kill while lim-
iting toxic effects on normal liver tissues.”
However, human liver SIRT appears quite incom-
patible with MR: the X-ray angiographic imager
will difficultly be implemented around the MR
table, and the long duration of liver SIRT, that
can overpass 2 h for challenging arterial trees, is
not supportable by most of MRI agenda.

14.5 Current Bremsstrahlung
SPECT-CT Routine
Applications

For the time being, dedicated bremsstrahlung
acquisition hardware or reconstruction software
are not commercially available, and most brems-
strahlung routine SPECT-CT are performed
without any special correction. This is not a
major problem as far as they are intended to post-
therapy visual check. However, users have to be
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very cautious when performing quantitative mea-
surement on standard acquisition-reconstruction
of bremsstrahlung X-rays.

VY radio-synovectomy has been the main
application of bremsstrahlung routine imaging
since 30 years. However, regarding to the small
size of the synovial compartment, the higher spa-
tial resolution of PET system is a major benefit to
perform an optimal check of this therapy [25]. In
addition, as the activity is located into a small
volume, noise issues are very limited.

Liver radioembolization with *°Y loaded
microspheres by catheterization through the
hepatic artery is an emerging treatment for pri-
mary and metastatic liver cancer. However selec-
tive radioembolization fully confined in the
targeted hepatic artery branch is a challenging
operation. Microspheres can be spread in the
arterial tree along a different pattern than those of
the macro-aggregates or of the contrast agent (see
“choice of a surrogate” in chapter “SPECT for
dosimetry”) leading to adverse effects [26].
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Until the possibility of tracking the micro-
spheres delivery during the catheterization, it is
thus of paramount importance to check the
microsphere distribution post therapy in order to
take the appropriate cares to reduce the side
effects in case of activity delivered in critical tis-
sues. Ahmadzadehfar et al. [27] evaluated the
significance of bremsstrahlung SPECT/CT in the
prediction of extrahepatic side effects after 188
radioembolizations with **Y-microspheres. They
observed a dramatic improvement of the sensitiv-
ity and of the positive predictive value of SPECT/
CT (87% and 100%) compared to SPECT alone
(13% and 8%), leading to a final accuracy of
99%. The two cases shown in Fig. 14.5 clearly
illustrate the benefit of this co-acquisition.

Peptides receptor targeted therapies are usu-
ally performed in several cycles in order to limit
kidneys toxicity [28]. Fabbri et al. [29, 30] evalu-
ated on anatomical phantom the feasibility to
perform  organs dosimetry after each
Y-DOTATOC cycle in order to optimize the

Fig. 14.5 °Y bremmstrahlung SPECT (a)/CT (c) co-
registration (b). Top row: Patient with a focal activity in
the duodenum as shown by the SPECT-CT co-registration
(thin yellow arrow). Patient received a daily pump inhibi-
tor, but got a duodenal ulcer without active bleeding con-

firmed by gastroduodenoscopy. Bottom row: Patient with
a suspicious focal activity in SPECT (thick yellow arrow),
but proved to be hypertrophied left liver lobe in the
SPECT-CT co-registration. (Reprinted from [27] with
permission of Springer-Verlag)
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activity to be injected in the next one. They
showed on a phantom that, using the standard
reconstruction software of the SPECT/CT sys-
tem, but with calibration factors depending on
the lesion or organ volume measured on the CT,
it was possible to access the dosimetry within an
accuracy of 10%. Calibration factors ranged from
0.4 to 1.3 for the tissue ranging from 8 to
150 mL. However this method does not correct
for the cross scattering organ contamination
which can be problematic for the activity quanti-
fication in kidneys with close bowel or tumour
surrounding activities. Studies on phantom of
various sizes and of various activity distributions
are thus suitable to further assess its accuracy.

Following a clinical study with Y Zevalin to
treat lymphomas, Shiba et al. [31] analysed the
impact on *°Y bremsstrahlung SPECT images of
the presence of residual !!'In from pre-therapeutic
evaluation. Their results indicated that '"In is
still prevalent in the post-therapeutic image
1 week after its injection. Combined with the
limited image quality of °Y bremsstrahlung
SPECT, the authors recommend the use of PET/
CT imaging for that kind of application.

14.6 Dose-Response Studies
Based on Bremsstrahlung
SPECT

With the speed-up development in the last decade
of computer tools that improve the image quality
of bremsstrahlung SPECT/CT, several groups
started performing dosimetric studies based on
bremsstrahlung and were able to extract dose—
response relationships.

Kappadath et al. [32] performed voxel dosim-
etry based on bremsstrahlung SPECT/CT on
patients treated for hepatocellular carcinoma by
YY-radioembolization with glass microspheres.
From SPECT/CT iterative reconstructions
including attenuation, scatter and collimator
modelling, they obtained a correlation between
dose metrics and mRECIST response, with a
mean dose of 160 Gy and a mean biological
effective dose of 214 Gy for 50% probability of
response, giving positive predictive value of 70%
and negative predictive value of 62%.

Piasecki et al. [33] studied the dose-response
for colorectal liver metastases after *°Y radioem-
bolization. They obtained relationships between
predicted tumour doses from “"Tc-MAA
SPECT/CT and responses, but not when looking
at the actual *°Y tumour absorbed doses evaluated
from *°Y bremsstrahlung SPECT/CT. This may
be in part due to the use of standard iterative
reconstruction that does not include dedicated
scatter or collimator modelling. Using standard
manufacturer reconstruction without specific
corrections. Schobert et al. [34] were able to
obtain dose-response relationship in HCC after
Y radioembolization, but not for non-HCC
lesions, by performing bremsstrahlung SPECT/
CT with low energy high resolution collimators
and standard iterative reconstruction.

These studies should be looked at as early and
promising examples of feasibility of dosimetric
analyses, but many developments and validations
are still needed before accurate dosimetry can be
obtained from bremsstrahlung SPECT/CT
imaging.

14.7 Perspectives: New Detectors
Better Adapted
to Bremsstrahlung Imaging

Cadmium zinc tellurium (CZT) detectors,
although still expensive, are emerging in dedi-
cated cardiac SPECT systems [35] where their
compactness and absence of dead edge area
allows to build area of independent detectors all
focussing to the heart. With the future decrease in
manufacturing cost, CZT will become more and
more used for general purpose y cameras in order
to profit of its better energy resolution [36].
Indeed, for y emitters, a better energy resolution
allows to narrow the acquisition window around
the photoelectric peak which reduces the detec-
tion of y rays scattered inside the patient body
and results in a better image contrast. These CZT
cameras should also be better adapted to brems-
strahlung imaging as the quantity of medium Z
material (glass, iron, copper), present between
the y detection area and the detector housing, and
which backscatter the high-energy X-rays, will
be reduced. The camera housing should prefera-
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Fig. 14.6 (a) Monte-Carlo simulations of detected
energy spectra for a *°Y source in air in front of a gamma
camera including a Nal crystal and equipped with a high-
energy general purpose (HEGP) collimator (red curve),
including a BGO crystal and equipped with a HEGP
(green curve) or a high-energy pinhole (HEPH) collimator
(blue curve) [37]. The curves represent the ratio of geo-

bly be made in tungsten which has its fluores-
cence X-rays emission around 10 keV [23].

Recently Walrand et al. [37] simulated the
detected energy spectra for °Y to illustrate the
impact of scattered bremsstrahlung rays.
Figure 14.6a represents the signal to scatter ratio,
i.e. the total counts coming from the geometric
X-rays to those coming from scattered X-rays,
with respect to the detected X-rays energy. The
signal clearly increases when the Nal crystal is
replaced by a BGO crystal, and again when the
high-energy parallel hole collimator is replaced
by a pinhole collimator.

The simulation of the BGO-pinhole camera
shows that the ratio is above 1 (geometric X-rays
outnumber scattered ones) in almost all the
50-500 keV energy range. This opens the way to
the development of the continuous energy tomog-
raphy where the detected X-rays energy provides
additional information for the image reconstruc-
tion similarly to the detector angle in conven-
tional SPECT imaging.

This could be used to optimize the patient
dose directly in the catheterization room
(Fig. 14.6b). After a first injection of micro-
spheres (°°Y, '®*Ho or *P), a BGO-pinhole cam-
era is moved around the patient and a 2 min scan
provides data that are treated by a dosimetric
software. From its results the radiologist can esti-
mate if and how much activity can still be injected

metric counts to scattered counts with respect to the
detected ray energy. (b) Illustration of a mobile dual head
BGO-camera equipped with HEPH collimators to be used
directly in the catheterization room to image the micro-
spheres distribution and help the radiologist in optimizing
the patient dose

in the patient. The procedure can be iterated until
optimal activity has been injected.

Compton cameras are under intensive devel-
opment in physics labs [27]. Similarly to PET,
the purpose of Compton camera is to get free of
the mechanical collimator in order to improve
both the spatial resolution and the sensitivity as
well. Applied to bremsstrahlung imaging,
Compton camera will be free of any collimator
disturbing effects. In Compton camera the pho-
ton is detected in two distant planes, i.e. the
Compton and the scintillation detector. Thus,
measuring the time detection sequence between
these two planes will also allow discrimination
between primary and backscattered photons.
Lastly, sensitivity of Compton camera increases
with rays energy, and acquisition with very wide
energy window could be used to further increase
the sensitivity.

14.8 Conclusions

With the increasing accessibility to PET systems,
Y PET imaging will likely remain the gold stan-
dard for °°Y imaging. However the increasing
amount of performed Y therapies will see the
continuing developments and improvements of
Y bremsstrahlung SPECT imaging, especially
on the software side with better corrections to
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achieve imaging quality similar to PET. Moreover,
bremsstrahlung SPECT will remain the only way
to image ¥P and ¥Sr, two isotopes regaining
interest in radiotherapy. In addition, use of a ded-
icated pinhole collimator could allow performing
fast bremsstrahlung SPECT quantification during
liver radioembolization. Soon, the emerging CZT
detectors should further improve bremsstrahlung
SPECT. In a distant future, Compton camera
could revolutionize this imaging modality.
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Imaging and Radiation Planning

Sanaz Katal and Ali Gholamrezanezhad

15.1 Introduction

Combination of SPECT (single-photon emission
computed tomography) with CT (computed
tomography) provides the opportunity for a direct
correlation of anatomic information and func-
tional data and leads to a better localization and
definition of scintigraphic findings. Besides ana-
tomic referencing, the other advantage of CT co-
registration is the attenuation correction
capabilities of CT. These advantages together
result in a higher specificity of imaging and a sig-
nificant reduction in indeterminate findings. This
chapter highlights the potential clinical applica-
tions of integrated SPECT/CT in neurology,
inflammation imaging, and radiation planning
and summarizes future directions for SPECT/CT
in these fields.
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15.2 SPECT/CT for Inflammation
Imaging

Depending on the type of suspected disease and
the clinical presentation, diagnosis of inflamma-
tory diseases usually requires laboratory and
imaging procedures to confirm clinical diagnosis.
Therefore, the context in which specific imaging
procedures are needed should be selected as in a
case-by-case approach. Cross-sectional imaging
modalities, mainly CT and MRI, provide high-
quality anatomical details, but structural changes
that are developed due to inflammatory processes
are usually nonspecific.

The role of nuclear medicine imaging proce-
dures, including SPECT/CT and PET (positron
emission tomography) imaging using different
radiopharmaceuticals, has been specifically
appreciated in the diagnosis of infection of joint
prostheses, infected vascular grafts, and a num-
ber of other inflammatory processes. ’Gallium
citrate, '""Indium, *™Technetium HMPAO-
labeled white blood cell (WBC) and bone scin-
tigraphies are widely used in the assessment of
suspected infection/inflammation. These scintig-
raphies suffer from poor spatial resolution and
still somewhat low specificity, because of the
absence or paucity of anatomical landmarks, a
shortcoming which has been partly overcome by
the co-registration to CT images. It has been con-
firmed that combined functional/anatomical
imaging techniques, such as SPECT/CT, facili-
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tate more precise localization and accurate char-
acterization of inflammatory lesions and improve
the specificity of the test. SPECT provides unique
abilities in some disorders, and therefore, in spite
of recent advances (specifically PET), this tradi-
tionally imaging mode will continue to survive
[1]. Here we describe in brief, the application of
SPECT/CT in such cases.

15.2.1 Infection of Joint Prostheses

More than 700,000 hip and knee arthroplasties
are performed annually in the USA, and this
number may exceed 700,000 by the year 2030
[2-5]. Aseptic loosening, dislocation, fracture,
and infection are the most important complica-
tions of these procedures. As the clinical presen-
tations and histopathologic changes of infection
and aseptic loosening are remarkably similar, dif-
ferentiation of these entities is sometimes prob-
lematic and needs appropriate and often
multimodality imaging [3, 4].

Although conventional radiography is usually
the first imaging test requested, bone scintigra-
phy with bone-seeking agents (like " Tc-MDP),
as a widely available, inexpensive, and exqui-
sitely sensitive modality (sensitivity exceeding
80%), has been frequently employed as the sec-
ond line of diagnosis. A normal bone scintigram
has been defined as a scan in which periprosthetic
uptake is indistinguishable from that of surround-
ing nonarticular bone. Regarding the high sensi-
tivity of the test, such a scan is strongly against a
prosthetic abnormality [3]. However, the speci-
ficity of the test is not optimal (a limited specific-
ity reaching up to 50%), so the clinical
significance of an abnormal scan, as increased
periprosthetic uptake, is less certain. Any cause
of increased osteoblastic activity, including infec-
tion and aseptic loosening secondary to sterile
inflammation, may result in increased peripros-
thetic activity on bone scintigraphy, so these enti-
ties might be indistinguishable at scintigraphy.
To overcome the shortcomings of bone scintigra-
phy, other radiopharmaceuticals—such as gal-
lium or *™Tc-labeled WBC, labeled nanocolloids,

and #"Tc- or ''In-labeled proteins, such as IgG
or albumin—have been used.

As the anatomic details of bones are not as
clear of bone scintigraphy, in such scintigraphies
co-registration of the images with an anatomic
modality like CT is more required and, in some
cases, is critical in discriminating between patho-
logic and physiologic uptake. Several studies
have shown the benefit of hybrid imaging of
infection and have confirmed that SPECT/CT
may significantly affect disease management by
increasing specificity. By combined SPECT/CT,
the specificity increases considerably to above
80%. However, still it should be confessed that
none of these radiotracers are optimally specific
for infection, and none offers the possibility of
optimally differentiating sterile from septic
inflammation. The main reason for limited speci-
ficity is that the main mechanism of action for
most of these radiotracers is nonspecific accumu-
lation at the site of inflammation secondary to
increased blood flow and vascular permeability.

For the case of WBC scintigraphy, it is the
physiologic uptake into bone marrow that impairs
both sensitivity and specificity. Therefore, dual
imaging of inflammation with WBC and nano-
colloids for bone marrow has been suggested.
The rationale for the dual imaging is that in infec-
tious etiologies, bone marrow is replaced by the
infectious process, so bone marrow imaging will
be negative, whereas WBC scanning in the same
location is still positive. This combined imaging
approach has resulted in an excellent sensitivity
and specificity above 90%. It appears that com-
bined in vitro labeled leucocyte/bone marrow
scintigraphy (LS/BMS) has overall diagnostic
accuracy of >90% and is the imaging modality of
choice for diagnosing PJI. Of note, semiquantita-
tive analysis of the target-to-background (T/B)
ratio, particularly if performed with dual-time
imaging (both at 3—4 and 20 h), has been offered
to improve the diagnostic accuracy of WBC
imaging. Moreover, SPECT/CT could offer an
added value to the dual imaging of WBC/nano-
colloid scintigraphy, as it provides more accurate
comparison of uptake of radiotracers in different
parts of the bony structures (Fig. 15.1).
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Fig. 15.1 Leukocyte SPECT/CT, performed at 4 h p.i.,
shows pathologic activity at the prosthesis proximal part,
the presence of a chronic fistulization in the upper thigh
(arrow), and an abscess collection near the distal part of
the femoral shaft (dashed arrow), indicating a chronic
infected hip prosthesis. Combining SPECT/CT fusion
images enhances the exact localization and, in particular

Despite its high accuracy, radiolabeled WBC
suffers from several limitations, such as potential
radiation exposure to staff and its time-demanding
preparation. As an alternative for WBC imaging,
antigranulocyte scintigraphy has been investi-
gated with the same sensitivity and specificity,
and the advantage of in vivo labeling. In two
meta-analyses by Pakos et al. [7] and Xing et al.
[8], the overall sensitivity and specificity of anti-
granulocyte antibodies in prosthetic joint infec-
tions (83% and 79-80%, respectively) were
comparable to radiolabeled white blood, except
for a slightly lower specificity for antibodies.
Albeit, in vivo labeling of leukocytes using anti-
granulocyte antibodies has not gained full accep-
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in this case, the extent of the inflamed tissues, probably
more accurately than SPECT alone. Subsequently, the
orthopedic surgeon can be prepared for an extended treat-
ment strategy. Finally, note the presence of metal artifacts,
generated on the low-dose CT. (With kind permission
from Springer Science + Business Media. Gemmel et al.
[6] Fig. 10)

tance in the diagnostic approach of imaging of
prosthetic infectious complication. Most recently,
a promising role for FDG PET has been sug-
gested in screening for suspected infection after
arthroplasty, with at least the same diagnostic
accuracy compared to WBC scintigraphy [9].

15.2.2 Infectious Endocarditis (IE)

The diagnosis of infectious endocarditis poses a
real challenge to clinicians, as there is still no
diagnostic gold standard. Its diagnosis is mainly
based on a combination of clinical assessment,
microbiological cultures, and echocardiography
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findings. However, even with all these tech-
niques, several cases might be missed, especially
the negative-culture ones. Moreover, these mea-
sures might underestimate the extent of disease
burden. Nuclear medicine methods might offer a
great value in the diagnostic assessment of endo-
carditis, particularly when clinical suspicion is
high but echocardiographic data are undeter-
mined (such as mechanical device artifacts or
marantic vegetation), or when the clinical and
echocardiography findings are contradictory or
inconclusive. Several studies have shown the
value of #"Tc-HMPAO WBC SPECT/CT to
allow detection of cardiac and additional unex-
pected extra-cardiac sites of inflammation in up
to 41% of IE cases, which will potentially alter
their clinical management in this setting [10].

15.2.3 Infected Vascular Graft

The reported rate of vascular graft infections
ranges from 0.5% to 5% and is associated with a
high risk of mortality and morbidity (such as
limb loss); so early diagnosis of these infections
is of the utmost importance for the optimal timely
management, which usually necessitates surgical
intervention. In view of the remarkable conse-
quences of a false-positive diagnosis, for the
diagnosis of vascular graft infection, not only a
high sensitivity but also a high specificity is
needed. Imaging of vascular graft infection by
labeled WBC SPECT has been tested previously,
but the results were discouraging, as the test suf-
fers from a chance of false-positive results caused
by the inability to exactly localize the site of
inflammation. Adding CT to SPECT imaging
increases the diagnostic accuracy: on CT scans,
air bubbles could be found around the infected
graft in almost half of the cases; however, this
finding is also highly nonspecific, because in
50% of grafts these bubbles are present for weeks
to months after graft implantation [11]. Also, CT
is often false-negative in chronic low-grade infec-
tions, and it is challenging to differentiate
between acute infection, hematoma, and lympho-
cele on CT scans. Based on these limitations,
PET/CT with a sensitivity exceeding 90%, the

specificity of 64%, positive and negative predic-
tive values of 88% and 96%, has been preferred
over SPECT, CT, or combined SPECT/CT
imaging.

15.3 Imaging of Noninfectious

Inflammatory Disease

15.3.1 Rheumatoid Arthritis

Rheumatoid arthritis is an inflammatory arthrop-
athy, for which a remarkable number of new ther-
apeutic strategies, including biological agents
such as anti-TNF antibodies, have emerged.
Regarding the importance of the individualized
use of disease-modifying antirheumatic drugs,
such as methotrexate and biological agents, mon-
itoring of response to treatment is one of the most
challenging issues in front of rheumatologists, a
measurement which cannot always be easily
done by clinical criteria [12]. Another aspect of
the diagnostic approach to RA is also the need to
stratify patients into groups with a low risk or a
high risk of rapid disease progression and severe
destructive arthropathy. Imaging approaches
have been employed to address these issues.
Ultrasonography, MRI, and a number of scinti-
graphic approaches (including nanocolloids and
3-phase bone scintigraphy and F-FDG PET)
have been used to detect synovitis, as well as
increased synovial blood flow in affected joints.
Selection of the best imaging approach to address
the clinical question depends on different factors:
ultrasonography is widely available, sensitive,
inexpensive, convenient, and with no ionizing
radiation, so it is increasingly becoming the first-
line modality of screening for suspected RA or
other inflammatory arthropathy patients. It may
also show bone erosions in small joints (finger
and toe joints) with high sensitivity [13]. MRI,
although is the gold standard imaging modality
for the detection of synovitis and sensitive in the
detection of bone erosions, is expensive and less
convenient for patients. Plain radiography is not
sensitive enough to detect early lesions in RA.
Bone scintigraphy has been employed to
image disease activity with planar imaging
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clearly less sensitive than SPECT, so minimal
changes in bone metabolism may be missed [14].
For example, multipinhole SPECT of the hands
has been employed to detect early stages of the
rheumatoid disease with the sensitivity equal to
or even more than MRI in some cases [15].
%mTc-nanocolloids scintigraphy has also shown
high diagnostic accuracy, but with limited clini-
cal application due to advantages of competing
modalities (ultrasound, MRI, and bone scintigra-
phy), mainly their broad availability. PET with
BE-FDG or !'C-choline has been studied for
imaging of synovial inflammation and measure-
ment of cell proliferation and has been proved to
have high diagnostic accuracy [16]. Although
scintigraphy with either *™Tc-nanocolloids or
bisphosphonates could be employed in the diag-
nosis of RA at its early stages, its role in the eval-
uation of response to treatment requires repeated
imaging as often as every 6—12 weeks. However,
radiation exposure associated with nuclear medi-
cine techniques puts ultrasonography and MRI at
an advantage [17].

15.3.2 Sarcoidosis

SPECT/CT with ’Ga-citrate has been used for
imaging of sarcoidosis, in fact for determination
of disease activity, monitoring of response to
treatment, detection of sites of disease previously
unknown, and unsuspected metabolically active
disease [18-26]. However, recent studies have
shown that “’Ga offers no advantages over 'SF-
FDG PET/CT for imaging of inflammatory dis-
eases; therefore, Ga scintigraphy has been largely
replaced by PET/CT for such a purpose [27].
Similarly, in the management of the cardiac sar-
coidosis, FDG PET is now preferred over “Ga
and myocardial perfusion scintigraphy, for both
diagnosis, and to prognosis evaluation [18].

In the diagnosis of primary sarcoidosis, high
%Ga uptake could be seen in lymph nodes and
other involved organs [19-24]. The lambda sign
is seen on ®’Ga scans in the setting of thoracic
sarcoidosis. Bilateral hilar and right paratracheal
lymph nodes are typically involved which can
resemble the lambda symbol. The panda sign is

seen as a result of ’Ga citrate accumulation in
both regions of chronic and regions of acute
inflammation. When the normal accumulation of
the radionuclide in the nasopharynx is combined
with increased symmetric accumulation in the
parotid and lacrimal glands, the image shows a
striking similarity to the mottled coloring of the
giant panda. In response to treatment, uptake of
7Ga decreases, allowing for assessment of treat-
ment effects and for early adaptation of therapy if
no response is seen (Fig. 15.2).

15.3.3 Inflammatory Bowel Disease
(IBD)

Ulcerative colitis and Crohn’s disease are the two
main subtypes of IBD, the diagnosis of which
depends on direct endoscopic visualization of the
GI mucosa and the histological evaluation of the
tissue samples. Radiological and scintigraphic
methods are mainly employed as an adjunct to
endoscopy [15]. Although disease activity is usu-
ally measured clinically by clinical activity
scores, endoscopy, or barium enteroclysis, this
diagnostic approach has major disadvantages, as
clinical activity scores are indirect and endos-
copy and barium enteroclysis are both invasive
techniques, which in case of severe disease pre-
dispose the patient to procedure-related compli-
cations, like colon perforation. Similarly, barium
may be contraindicated in cases of severe inflam-
mation because of the risk of perforation and sub-
sequent peritonitis. Therefore, noninvasive
imaging procedures are needed to adequately fol-
low patients with IBD [15, 25].

Labeled leukocyte imaging (preferably with
PmTe instead of "''In due to better image quality)
has been extensively employed for evaluation of
IBD, mainly to detect involved bowel segments
and localization of the disease as well as early
diagnosis of resistance to therapy. WBC scan is
unlikely to miss severe inflammation, and the
sensitivity and specificity of labeled WBC scan-
ning for the correct detection of involved bowel
segment have been reported to be between 80%
and 90% in adults and children [25, 26, 29-31].
WBC scanning may also help to diagnose ther-
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Fig. 15.2 A 60-year-old female patient with cardiac sar-
coidosis. Single-photon emission computed tomography
(SPECT)/CT (low-dose CT, SPECT, and fusion image)

apy resistance within days after the onset of ther-
apy [32]. WBC scanning requires no bowel
preparation, causes no patient discomfort and
offers less radiation as compared to the competi-
tive imaging modalities: the effective radiation
dose for ”"Tc-HMPAO WBC imaging is 3 mSyv,
for barium small bowel follow-through is 6 mSv,
and for barium enema is 8.5 mSv [33].
Horsthuis et al. have demonstrated that WBC
scanning is more sensitive than CT, but equiva-
lent to ultrasonography and MRI in IBD imaging,
with sensitivities ranging from 84% to 93% and

S. Katal and A. Gholamrezanezhad

Hax Intensity Projection

Jagittal

showing an abnormal uptake (arrows) near cardiac apex.
(With kind permission from Springer Science + Business
Media. Momose et al. [28])

specificities ranging from 84% to 95% [25].
Mainly based on the absence of radiation expo-
sure, ultrasonography and MRI have been sug-
gested as primary imaging modalities for IBD;
however, it has been emphasized that ultrasonog-
raphy is operator dependent, and usually not all
bowel segments can be imaged by ultrasound
technique [15]. For labeled leukocyte imaging,
SPECT/CT should be performed for the correct
localization of involved bowel segments.
Controversy still exists about the optimal imag-
ing time after infusion of labeled WBCs to the
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patient. Early scanning (30—60 min) has been
recommended by some authors in order to avoid
false-positive results caused by intestinal migra-
tion of the radionuclide, whereas late scanning
(3 h) has been favored by others because of
higher sensitivity [34]. Slightly lower specificity
but higher sensitivity (85% vs. 100%) and
accuracy (85% vs. 95%) of late scanning as com-
pared to early scanning has been reported [32].

9mTc-Pentavalent dimercaptosuccinic  acid
[DMSA (V)] has been reported to be an accurate
scintigraphic modality and has been suggested as
a complementary technique to colonoscopy for
the follow-up of patients and assessment of IBD
activity [33, 35, 36]. Scintigraphic imaging of
IBD with '"In-anti E-selectin monoclonal anti-
bodies and *™Tc-labeled antigranulocyte mono-
clonal antibodies has been insufficiently studied
and warrants further investigation [33].

15.3.4 Other Abdominal Disorders

n WBC is found to accurately diagnose
abdominal or pelvic abscesses with high sensitiv-
ity and specificity (90% and 95%, respectively)
[37]. Comparing to %Ga, '"'In WBC does not
accumulate within the colon or sterile healing
abdominal wounds, and therefore constitutes the
preferred agent in assessing the patients with sus-
pected abdominal infections.

The potential added value of SPECT/CT in
the routine hepatobiliary **Tc-iminodiacetic
acid studies has also been investigated by some
studies. Although planar hepatobiliary scintigra-
phies usually present sufficient sensitive and spe-
cific data, Arabi et al. [38] demonstrated that
SPECT/CT can alter the interpretation in 41-43%
of studies, either from abnormal to normal (30%),
or from normal to abnormal scan findings (13%).

The value of SPECT/CT has also been
explored for the detection of liver hemangioma
and splenosis [39]. In patients who have been
undergone splenectomy, SPECT/CT can detect
and localize active splenic tissue due to splenosis,
particularly in the intrahepatic, intrapulmonary,

and pleural implants. Similarly, the usefulness of
RBC SPECT/CT in detecting hepatic hemangio-
mas has been shown [40], especially the small
ones, or those suited adjacent to the heart or vas-
cular structures, where planar RBC imaging has
major limitations.

15.4 Fever of Unknown Origin
(FUO)

Although a number of definitions are found for
FUO, the most commonly acceptable definition
is a temperature of at least 38.3 °C (101 °F) for
more than 3 weeks, with the underlying cause
being uncertain after 1 week of inpatient work-
up. The potential causes of FUO include a broad
spectrum of diseases, mostly infectious diseases
and autoimmune disorders. One third of the cases
are due to an occult malignancy.

Although usually anatomic imaging is the first
diagnostic approach to the patient with FUO, it
suffers from remarkable limitations:

It covers just a limited area of the body, which
is already selected by the referring physician, and
always there is a risk that the source of fever is not
included in the imaged field. Such a limitation is
not present in most of nuclear medicine imaging
techniques that are used for this purpose (e.g., ’Ga
scintigraphy, *F-FDG PET), as they are performed
as whole body imaging examinations. However,
SPECT/CT has the same limitation, which is
mostly due to the CT component. On the other
hand, anatomic imaging modalities detect ana-
tomic changes in tissues. These changes usually
are not developed, unless the underlying disease
progresses beyond a specific level of tissue distor-
tion and derangement. Functional imaging of
nuclear medicine does not suffer from such a limi-
tation and is able to detect the disease processes in
an earlier stage. In addition, changes caused by
previous cured diseases, radiation, or surgical
interventions (scars, fibrosis) may result in false-
positive interpretation of the anatomical images, a
problem which is significantly less common in
functional imaging (like SPECT/CT).
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%’Ga-citrate is one of the most common
agents used for the scintigraphic imaging of
FUO. Whole body imaging is a great advan-
tage of the technique, which is added to the
ability of spot imaging of the areas of interest
with SPECT acquisition. These areas of inter-
est are chosen by the nuclear physician, based
on the history and findings of the whole body
scan. The proven efficiency of ¢’Ga-citrate
scintigraphy in the detection of inflammation is
the avidity of ¢’Ga-citrate for inflammatory
molecules in the inflamed tissues. However,
9Ga-citrate scintigraphy suffers from some
limitations such as delayed clearance of radio-
tracer from the background, which requires
delayed image acquisition to achieve accept-
able target-to-background ratio. High y-energy
emitted by ’Ga also impairs image quality by
lower resolution resulting from the use of high-
energy collimators. On the other hand,
%’Ga-citrate scintigraphy is time consuming
and has a relatively high radiation burden.
Meller et al. have shown that ’Ga scintigraphy
has a diagnostic yield nearly equivalent to that
of BF-FDG coincidence PET [11, 41-43]. The
alternative scintigraphic modality is labeled
WBC scan, which may be used to identify
infectious foci in patients with FUO. However,
WBCs accumulate mainly in the foci of bacte-
rial infections, and the scan usually has a low
sensitivity in the detection of the other poten-
tial causes of FUO, such malignancies and
autoimmune diseases, with a remarkable num-
ber of false-negative scans in FUO. Therefore,
the clinical value of labeled WBCs for detec-
tion of the underlying etiology of FUO is lim-
ited. Considering the limitations of ¢Ga
scintigraphy and labeled WBC scan, '*F-FDG
PET is the procedure of choice for the imaging
evaluation of FUO, as main underlying causes
of FUO (infection, autoimmune disease, and
malignancy) can be detected with a high sensi-
tivity by a single imaging. Different radiophar-
maceuticals used for inflammation imaging
have been listed on Table 15.1.

Table 15.1 Radiopharmaceuticals used for inflamma-
tion imaging

Radiopharmaceutical | Mechanism of action

9mTc/ "' In-labeled Active migration of WBCs to
autologous WBCs the sites of infection/

(white blood cells) inflammation

Increased perfusion of the
inflamed tissues, local
binding to lactoferrin,
extravasation due to increased
vascular permeability
Increased delivery and
diffusion to the sites of
infection/inflammation due to
increased perfusion and
extravasation (early
angiographic and blood pool
phases) and increased bone
uptake due to higher
osteoblastic activity (late
phase)

Uptake in macrophages
(inflammation, bone marrow,
liver, spleen), increased
extravasation

“’Ga-citrate

9mTc-labeled
bisphosphonates

9mTc-labeled
nanocolloids

9mT¢/!n-labeled
proteins (IgG,
albumin)

Extravasation (increased
perfusion and vessel
permeability)

15.5 BrainImaging

Although functional imaging provides invaluable
diagnostic information in many patients with
neurological disorders [44—46], currently CT and
MRI have substituted functional imaging. The
most important indications of functional imaging
with brain SPECT/CT are assessment of brain
tumors, particularly for differentiation of postra-
diation necrosis versus residual/recurrent tumor,
differential diagnosis of Parkinson’s disease and
dementia, detection of seizure focus, detection of
brain death, and evaluation of substance abuse.

15.5.1 Parkinson’s Disease

Parkinson’s disease is one of the best examples in
which functional imaging has been shown to be
superior to anatomic imaging regarding clinical
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diagnostic efficacy. It provides invaluable infor-
mation not obtainable by the other imaging
modalities, which significantly influence deci-
sion making and can potentially change the ther-
apeutic plan. 'ZI-ioflupane with commercial
name of DAT is the most commonly used and the
most widely studied radiopharmaceutical for the
assessment patients suspected for Parkinson’s
disease. It is actually one of the best radiotracers
to visualize the striatum using SPECT, showing
the distribution of the dopamine transporters in
the striatum. After reorientation of head to avoid
false impressions of asymmetry due to head tilt-
ing, images are visually interpreted [47—49].

In a normal scan the striatum is seen as sym-
metric, comma-shaped regions, with both cau-
date and putamen showing high uptake compared
to background activity. With increasing age, a
reduction in the target-to-background ratio is
seen (5—8% decrease in ratio per decade). In early
Parkinson’s disease, there is usually an asym-
metrical pattern of reduced DaT binding initially
in the dorsal putamen contralateral to the clini-
cally most symptomatic body side. The radio-
tracer binding gradually progresses anteriorly
and ipsilaterally as the disease progresses.
Although the activity in the caudate nucleus
declines with advancing disease, it is relatively
preserved in early disease. In the atypical parkin-
sonian syndromes, there usually is a more sym-
metrical decrease in DaT binding, and more
involvement of caudate is detected. However, the
overlap between scintigraphic features is suffi-
ciently high not to reliably differentiate between
different parkinsonian syndromes. In Lewy body
dementia, DaT binding is reduced bilaterally,
mainly in the putamen but also in the caudate.
The reduction of radiotracer binding is generally
with less asymmetry than seen in Parkinson’s
disease.

Moreover, other tracers have also been used
for SPECT imaging in patients with Parkinson’s
disease. As an example, several studies have
explored the ability of '*I-FP-CIT SPECT for
defining the reduced striatal dopamine transport-
ers in Parkinson’s disease. By defining the nigros-
triatal changes in Parkinson’s disease, '>)I-FP-CIT

SPECT also provides a robust measure of disease
severity and duration of disease [50].

15.5.2 Stroke

Flow imaging with radiopharmaceuticals, which
reflect regional cerebral blood flow (rCBF), has
been used for early detection of stroke. Two
PmTc-labeled radiopharmaceuticals for brain
flow imaging are available: hexamethylpropyle-
neamineoxime ([*"Tc-HMPAO] Ceretec) and
ethylcysteinate dimer ([**"Tc-ECD] bicisate,
Neurolite). Although absolute rCBF measure-
ment using Xenon as the radiotracer is possible,
such a measurement with Technetium agents has
not been fully implemented, and the region of
interest (ROI) analysis of rCBF has become the
preferred method of quantification with these
radiopharmaceuticals [51-57].

In the very early hours of stroke, rCBF is
reduced, while tissue oxygen metabolism is
maintained. This flow-metabolism mismatch is
called “misery perfusion.” In later stages, isch-
emia progresses and damage to blood vessels
might lead to excessive or “luxury perfusion.”
This sequence of scintigraphic findings has been
used to determine which patients may benefit
from thrombolytic therapy. Some studies have
shown that SPECT is able to detect the ischemic
events even before MRI and the ischemic area is
larger in SPECT images as compared to
MRI. Such a difference is partly explained by the
higher sensitivity of SPECT in detecting the pen-
umbra area, the area that benefits from early
reperfusion interventions and is at the highest
risk for expansion of irreversible injury. The best
candidates for fibrinolytic therapy would be those
patients presenting immediately after the onset of
clinical symptoms and showing an area of
reduced tracer uptake (hypoperfusion) on the
SPECT images. In fact, a normal brain SPECT
image or just an area of hypoperfusion implies a
favorable prognosis as a result of effective col-
lateral circulation. By contrast, an area of no
radiopharmaceutical uptake (cold area or absent
perfusion) is more likely to be associated with
hemorrhagic complications if fibrinolysis is
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employed. For SPECT-driven decision making,
brain SPECT should be done between the first 3
and 6 h after the onset of stroke symptoms, which
is usually not possible in routine clinical
practice.

SPECT also has been shown to be effective
in the study of transient ischemic attacks
(TTIA). A pharmacologic stress using acetazol-
amide (Diamox) injection has been employed
to unmask the underlying vasculopathies limit-
ing the vasodilatory response to Diamox. In
fact, abnormal vessels do not show dilatory
response to Diamox, and the blood flow is
shunted away from them, leading to a kind of
steal phenomenon. The final outcome in scinti-
graphic imaging is a significant reduction in
radiotracer uptake of the cerebral regions being
fed by the affected blood vessels. The rationale
for the imaging is comparable to what is
employed in myocardial perfusion imaging
using dipyridamole.

15.5.3 Epilepsy

SPECT has been shown to be an effective modal-
ity in the detection of epileptic foci in patients
with complex partial seizures refractory to medi-
cal treatment [58-65]. If the radiotracer is
injected during the seizure activity, i.e., ictal
SPECT, the sensitivity and specificity of the
imaging, is as high as 95%. This is why ictal
imaging has been considered as the gold standard
for the presurgical detection of epileptic foci. In
ictal imaging, ictal foci are found as areas of
hyperactivity. Although the negative predictive
value of an early postictal SPECT (injecting the
radiopharmaceutical immediately after the sei-
zure) is low and therefore a negative scan is not
clinically useful, the positive predictive value
in localizing a unilateral focus is as high as 97%.
By contrast, interictal SPECT, in which the radio-
tracer is injected when the patient is seizure-free,
provides a significantly lower diagnostic accu-
racy of 60-70%. Interictal images usually show
hypoactivity in the epileptic focus, if they can
detect any abnormality.

15.5.4 Dementia

Precise classification of dementias is crucially
important in choosing the best treatment plan and
for optimal prognostic evaluation of patients.
Different cerebral perfusion patterns have been
found to be associated with different types of
dementia. Therefore, SPECT has an effective
impact on therapeutic decision making by differ-
entiating dementia of Alzheimer’s type from
other causes of impaired cognitive status, such as
pseudodementia  (depression),  multi-infarct
dementia, and Pick’s disease [66—73].

Pseudodementia is a depressive syndrome,
which manifests as an impaired cognitive status
and memory loss and can be effectively managed
by antidepressant medications. Pseudodementia
presents with prefrontal perfusion impairment in
brain SPECT imaging. The severity of the perfu-
sion abnormality may evolve with increasing clini-
cal impairment, providing an additional role for
brain SPECT imaging in disease staging. A
decreased perfusion in frontal or frontotemporal
regions of the brain suggests frontal lobe demen-
tia, such as Pick’s disease, whereas decreased per-
fusion in the temporoparietal regions is associated
with posterior dementia, such as Alzheimer’s type.

In Lewy body dementia, *I-FP-CIT SPECT
has also been tested, which revealed high diag-
nostic accuracy, and thus is included as an indica-
tive biomarker in its diagnostic criterion [74].
IZ-FP-CIT SPECT is able to differentiate
between Alzheimer’s Disease and Lewy body
dementia [75]. Most recently, *Tc-peptide tar-
geting AP plaques has also been introduced as a
potential agent for SPECT imaging in Alzheimer
disease, which has shown promising results in
the non-human models [76]. They found the abil-
ity of ®mTc-labeled agents for early imaging of
AP plaques in the brain [77].

15.5.5 Restless Legs Syndrome (RLS)

Pharmacologic evidence suggests that restless
legs syndrome might be associated with central
dopaminergic dysfunction. Neurofunctioning
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SPECT imaging of the dopaminergic alteration
in patients with restless legs syndrome has been
previously investigated, both at presynaptic
(using 'PI-IPT, '®I-BCIT, *"Tc-TRODAT-1) and
postsynaptic (*I-IBZM) levels. However, the
earlier studies found some controversial results
[78], which might be linked to some methodolog-
ical limitations. A recent study [79] on *™Tc-
TRODAT-1 SPECT in 34 patients with RLS
found reduced uptake in the striatum. This sug-
gests significantly impaired striatal dopamine
transporter density and activity in RLS patients,
compared to healthy subjects. Moreover, in
patients with RLS and end-stage renal disease
(ESRD), Tc-99m TRODAT SPECT might play
as a potential biomarker [80]. TRODAT uptake
ratio was lower in patients with RLS and
ESRD. In addition, the uptake was correlated
with serum parathyroid hormone, dysregulated
hemoglobin, and serum ferritin concentrations.

15.5.6 Psychiatric Disorders,
and Traumatic Brain Injury

SPECT neuroimaging with perfusion and recep-
tor agents disclose complementary aspects of the
major functional changes in a wide range of psy-
chiatric diseases. This imaging tool holds great
value in diagnosis, risk stratification, prognosis
assessment, and monitoring therapy response.
The role of brain SPECT in major psychiatric
disorders, including obsessive-compulsive disor-
der (OCD), Tourette’s syndrome, schizophrenia,
depression, panic disorder, and drug abuse, have
been previously debated [81, 82]. However, only
a few psychiatrists have adopted functional neu-
roimaging methods such as brain SPECT in rou-
tine clinical practice.

Similarly, brain SPECT imaging can be uti-
lized in the diagnosis, prognosis, and treatment
of patients who have sustained brain trauma [83].
It acts as a powerful second test when CT or MRI
is inconclusive or negative after a head injury
with post-injury neurological or neuropsychiatric
symptoms. Not only detects the early changes
before CT or MRI, but also predicts the neuro-
logical outcomes, and guides the clinicians for

the optimal treatment strategy. A positive initial
brain SPECT after a closed head injury might
prompt aggressive treatment intervention, even in
the absence of clinical symptoms. On the other
hand, given its 100% negative predictive value,
brain SPECT can be reliably applied to exclude
clinically significant sequels shortly after a closed
head injury.

15.6 SPECT/CT for Radiation
Planning

An optimal radiation therapy allows delivery of
high radiation doses to the tumor, while avoiding
radiation to nearby non-tumoral tissues.
Achieving this goal requires the exact delineation
of tumor, which is provided by didactic imaging
techniques [84]. Although CT and MRI have
been extensively used to delineate tumor mar-
gins, they are not tumor specific. For example,
gadolinium enhancement could be seen merely
as a result of blood-brain barrier (BBB) break-
down, which can lead to pseudo-progression and
pseudo-response findings by MRI. To overcome
the limitations of anatomic imaging, functional-
physiologic-metabolic imaging by SPECT and
PET has been introduced, which itself suffers
from limited spatial/anatomic resolution. The
current state-of-the-art techniques of clinical
imaging, SPECT/CT and PET/CT, in which met-
abolic imaging is combined with anatomical
imaging, seem to be superior to both techniques
and have the advantages of higher spatial resolu-
tion than SPECT and tumor specificity inherent
to metabolic imaging. SPECT/CT has the poten-
tial to change the diagnostic information in
20-25% of cases compared to SPECT or to CT
alone, so influencing the treatment strategy, for
instance, by better defining the target volume for
external beam radiotherapy planning.

15.6.1 Brain Tumors
SPECT and SPECT/CT have been employed to

determine functional areas of the brain and to opti-
mize radiation planning by sparing “functional”
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areas of the brain in the treatment of brain malig-
nant neoplasms [85]. The silent areas of the brain,
however, might not be totally nonfunctional, and
caution is still crucial in delivering higher doses of
radiation to less “functional” areas on
SPECT. Although a number of radiotracers have
been employed for radiation planning by SPECT
and SPECT/CT, Iodine-123-alpha-methyl-L-
tyrosine (IMT) is one of the most widely used trac-
ers. Itisan amino acid, which is actively accumulated
in brain tumors, but not in normal brain paren-
chyma. It has been shown that 23% of patients with
non-resected glioma have IMT tumor uptake 2 cm
outside of gross tumor volume defined by a
T2-weighted MRI study [86]. In another study, 29%
of patients showed IMT uptake located outside the
MRI postoperative changes, which leads to an
increase of 20% more tissue in the boost volume
[87]. Therefore, it has been generally accepted that
findings on IMT-SPECT might modify target vol-
umes for gliomas planned with MRI imaging alone.

15.6.2 Lung Cancers

SPECT lung perfusion scans provide informa-
tion regarding the functionality of lung tissue
and designing radiotherapy fields. SPECT/CT
detects 48% of patients with hypoperfused
regions of the lung, so in 11% of patients, the
radiation field angles are altered to avoid highly
functional lung tissue [88]. Using SPECT/CT
for radiation planning has been shown to lead to
a 6% gain in lung perfusion as compared with
geometrically optimized CT planning in patients
with one hypoperfused hemithorax [89]. For
patients with smaller perfusion defects, SPECT/
CT perfusion-weighted optimization resulted in
the same planning as the CT-only geometrically
designed planning. A recent meta-analysis by
Bucknell et al. on 114 publications [90] demon-
strated that functional lung imaging (mostly
using SPECT) offered a greater ability for pre-
dicting postradiation pneumonitis, compared to
anatomic methods. They also found a reduction
of the mean lung dose by 2.2 Gy, which holds a
potential dosimetry benefit for functional imag-

ing methods, in order to spare lung functioning
tissue [91].

15.6.3 Breast Cancers

In women with early breast cancer, SPECT-CT
visualization of SLNs is a potentially valuable
method for radiotherapy planning, especially
when no surgical sampling of axillary SLNs is
planned. By imagining different variants of SLN
locations in the axillary fossa, SPECT-CT offers
a great opportunity for SLN tumoricidal-dose
irradiation using different modifications of tan-
gential fields [92], while sparing the critical non-
tumoral nodes. The addition of SPECT-CT
scintigraphy into breast cancer radiation treat-
ment planning reduces the unnecessary radiation
exposure to the arm-draining lymph nodes and
therefore lessens the risk of developing lymph-
edema [93].
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