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Abstract

Purpose Quantitative SPECT-CT is a modality of growing importance with initial developments in post radionuclide therapy
dosimetry, and more recent expansion into bone, cardiac and brain imaging together with the concept of theranostics more
generally. The aim of this document is to provide guidelines for nuclear medicine departments setting up and developing
their quantitative SPECT-CT service with guidance on protocols, harmonisation and clinical use cases.

Methods These practice guidelines were written by members of the European Association of Nuclear Medicine Physics,
Dosimetry, Oncology and Bone committees representing the current major stakeholders in Quantitative SPECT-CT. The
guidelines have also been reviewed and approved by all EANM committees and have been endorsed by the European Asso-
ciation of Nuclear Medicine.

Conclusion The present practice guidelines will help practitioners, scientists and researchers perform high-quality quantita-
tive SPECT-CT and will provide a framework for the continuing development of quantitative SPECT-CT as an established

modality.

Keywords SPECT-CT - Quantification - Dosimetry - Bone - Neurology - Cardiology

Preamble

The European Association of Nuclear Medicine (EANM) is
a professional non-profit medical association that facilitates
communication worldwide among individuals pursuing clin-
ical and research excellence in nuclear medicine. The EANM
was founded in 1985. These guidelines are intended to assist
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practitioners in providing appropriate nuclear medicine care
for patients. They are not inflexible rules or requirements
of practice and are not intended, nor should they be used,
to establish a legal standard of care. The ultimate judgment
regarding the propriety of any specific procedure or course
of action must be made by medical professionals taking into
account the unique circumstances of each case. Thus, there
is no implication that an approach differing from the guide-
lines, standing alone, is below the standard of care. On the
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contrary, a conscientious practitioner may responsibly adopt
a course of action different from that set out in the guidelines
when, in the reasonable judgment of the practitioner, such
course of action is indicated by the condition of the patient,
limitations of available resources or advances in knowledge
or technology subsequent to publication of the guidelines.
The practice of medicine involves not only the science but
also the art of dealing with the prevention, diagnosis, alle-
viation and treatment of disease.

The variety and complexity of human conditions make it
impossible to always reach the most appropriate diagnosis
or to predict with certainty a particular response to treat-
ment. Therefore, it should be recognised that adherence to
these guidelines will not ensure an accurate diagnosis or a
successful outcome. All that should be expected is that the
practitioner will follow a reasonable course of action based
on current knowledge, available resources and the needs of
the patient to deliver effective and safe medical care. The
sole purpose of these guidelines is to assist practitioners in
achieving this objective.

Introduction

In nuclear medicine, gamma cameras and SPECT-CT sys-
tems are routinely used for quantitative imaging. From deter-
mining relative kidney performance, to binding ratios in the
brain, one of the strengths of gamma camera imaging is its
ability to quantify in-vivo physiology for a wide range of
conditions and applications. While traditional gamma cam-
era imaging has focused mostly on relative uptake of the
radiopharmaceutical, for example to the opposing kidney,
or specific structures in the brain, PET imaging has focused
on absolute quantification in organs or features, producing
images with quantitative units such as kBq/mL or standard-
ised uptake value (SUV). This has brought advantages. The
ability to perform absolute quantification, with 'F-FDG for
example, provides the opportunity to assess the metabolic
status of the disease for diagnosis, staging, treatment moni-
toring and disease progression.

For many years, SPECT-CT imaging has been perceived
to be the poor relative of PET-CT for quantitative imaging.
However, equipment and software developments including
the incorporation of measured CT-based attenuation cor-
rection, scatter correction and correction for partial volume
effects, have made significant progress in improving SPECT-
CT quantification [1]. Using modern techniques, quantifica-
tion of SPECT-CT data is now possible in a similar way as it
is in PET-CT. However, quantitative SPECT-CT offers many
advantages over PET-CT, which has the potential to lead to
a wider range of applications. SPECT uses longer physical
half-life radiopharmaceuticals that can better match biologi-
cal processes. While longer half-life radionuclides such as

64Cu, or '*] are available in PET, these have inferior imaging
characteristics in terms of their positron emission probability
and high effective dose [2, 3], which diminish some of the
advantages of PET imaging. A further advantage of SPECT
is that its radiopharmaceuticals can be labelled with differ-
ent radionuclides, offering the possibility to image multiple
physiological processes at the same time. Studies with CZT
SPECT systems are showing the ability to perform simulta-
neous 2™Tc/123] imaging [4], which, for example, could be
applied in simultaneous perfusion/innervation studies in the
heart, and perfusion/DaT (dopamine transporter) availability
in the brain. But it is the widespread availability of SPECT-
CT and the wide range of accompanying radiopharmaceu-
ticals which provides the greatest advantage of quantitative
SPECT-CT over PET-CT, with much wider global market
penetration due to the lower cost of imaging equipment, and
the straightforward radiopharmaceutical production.

Although at an early stage, the applications of quantitative
SPECT-CT are becoming clearer. The driving force in the
increasing interest in quantitative SPECT-CT comes from
the growth in radionuclide therapy and theranostics, and
the associated growth in personalised treatment planning.
The unique advantage of many nuclear medicine therapies
employing gamma-emitting therapeutic radionuclides is that
they allow us to image and quantify the radiopharmaceutical
bio-distribution after administration by SPECT-CT imag-
ing. Because of this, internal absorbed dose calculations of
radionuclide therapies using current commonly used thera-
peutic radionuclides such as !”’Lu and '*'I [5, 6] present the
opportunity to verify treatment delivery and/or personalise
the treatment over the course of multi-cycle administrations.
Furthermore, imaging surrogates used with quantitative
SPECT-CT can be used for diagnosis and patient selection
prior to radionuclide therapy, in addition to assessment of
disease progression [7, 8] or treatment response. Applica-
tions in the quantification of bone tracers for orthopaedic
[9, 10] and cancer applications [11] are developing, while
opportunities in cardiac [12] and neurological [13] imaging
also exist.

Given these early, but rapidly developing applications,
it is vital that integration of such technology into clinical
practice is performed correctly. This is necessary in terms
of correct image interpretation and to facilitate the pool-
ing of data to improve scientific knowledge. Furthermore,
for successful adoption, it is necessary that techniques are
robust, consistent and correctly understood by the user for
their application. There must also be clear applications of
the technology. For example, quantitative SPECT-CT may
enable a better understanding of why a certain subgroup of
patients does not benefit from radionuclide therapy despite
adequately expressing the target. And in the development
of new radionuclide therapies with a narrower therapeutic
index, quantitative SPECT-CT has the potential to support
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clinical development in identifying the optimal activity to
be administered to each patient. The incremental value of
using quantitative SPECT-CT for clinical care needs, how-
ever, still needs to be demonstrated. A definition of how to
appropriately perform quantitative SPECT-CT is therefore
essential to provide a stable platform for the understanding
and application of this technology.

These guidelines have been written with the objective of
defining standards for quantitative SPECT-CT. Reviewing
the current status of quantitative imaging in SPECT-CT and
highlighting limitations and areas in need of development,
we demonstrate where quantitative imaging is potentially
most beneficial. In these guidelines, we describe the proce-
dural considerations that must be met in both achieving and
implementing quantitative measurements for SPECT imag-
ing and provide clinical applications for which its implemen-
tation has already been successful.

Imaging protocols for quantitative SPECT-CT
Overview

The scope of this section is to provide technical recommen-
dations on image acquisition and reconstruction to achieve
reliable quantitative SPECT-CT images. They are intended
to be used with gamma cameras with conventional planar
detectors rotating around the patient during the SPECT
acquisition. Other gamma camera designs such as those with
solid state detectors or novel non-parallel collimation are
not covered within these guidelines, although some of the
concepts described are still relevant.

The primary aim for quantitative SPECT-CT is to produce
a tomographic image with voxel values representing activity
concentration. The utilisation of these voxel values will then
be dependent on the clinical application. For radionuclide
dosimetry (for diagnostic and therapeutic applications), the
absolute activity in Becquerels (Bq) within a delineated
volume or organ is extracted from the images, and hence
accuracy is paramount. For other diagnostic applications,
voxel values may be converted to standardised uptake values
(SUV). In this latter example, the SUV should translate to a
clinically relevant biomarker and arguably the reproducibil-
ity of this metric is more relevant than its absolute accuracy.
This is particularly pertinent to follow-up studies monitoring
disease response to treatments.

While activity concentration for dosimetry is almost
always defined in a volume representing an organ or can-
cerous deposit, SUV can be measured using several metrics.
Like in dosimetry, the mean value of SUV (SUV_,) in
a feature can be defined. However, SUV . is more com-
monly used as a better representation of the intensity of
uptake in a feature, even with its limitation of being reliant
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on a single pixel value and therefore being more suscepti-
ble to image noise affecting both the bias and precision of
the measure. SUV ., is an alternative measure for quanti-
tative SPECT, capturing the status of metabolically active
features while mitigating image noise [14, 15]. Given that
it can mitigate for differences in image quality and contrast
recovery between imaging systems it is also well-suited to
multi-centre studies [16]. All three SUV metrics are used in
clinical practice depending on the objective of the measure-
ment, but it is important to understand the advantages and
the limitations of each SUV metric.

There are many image-related factors, both controllable
and uncontrollable, that must be considered when perform-
ing optimisation of quantitative SPECT-CT. Most of these
factors will lead to negative bias (an underestimation of the
actual activity concentration) in the quantitative values while
others will lead to positive bias (an overestimation of activity
concentration). Assuming that reconstruction corrections,
such as measured attenuation and scatter, and a robust cross-
calibration between the radionuclide calibrator and gamma
camera are performed correctly, negative bias is largely due
to partial volume effects from limitations in spatial resolu-
tion. Positive bias is mainly attributed to Poisson noise, aris-
ing from relatively low pixel values due to the constraints of
scan time and patient administered activity, but may also be
associated with reconstruction artefacts in some situations.
Some technical factors that will influence these negative and
positive bias factors are given in Table 1.

The optimisation process of quantitative SPECT-CT must
evaluate the influence of the controllable variables on the
accuracy and reproducibility of image-derived measure-
ments. Furthermore, the parameters should be chosen such
that they minimise, as far as possible, the influence of the
non-controllable factors. It is essential that this is character-
ised using suitable phantom data, which will allow errors in
the measurement to be determined.

This section describes the considerations needed from
both the image acquisition and reconstruction processes in
achieving reliable quantitative data from SPECT-CT images.
It should be highlighted that centres intending to perform
quantitative SPECT-CT should have suitable equipment
to assess system performance with a minimum of uniform
phantom to assess calibration and an IEC image quality
(IQ) Phantom, a Jaszczak Phantom or similar to character-
ise activity concentration recovery coefficients (ACR) for
various object sizes.

Scanner calibration and characterisation

The differentiating factor between traditional SPECT-CT
and quantitative SPECT-CT is the sensitivity calibration
factor. Hence, the first step is to determine a reliable cross-
calibration factor between a radionuclide calibrator and the
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Table 1 Controllable and uncontrollable factors that influence the quantitative accuracy of activity concentration measurements obtained from

SPECT-CT images

Factor Controllable?

Impact of quantitative accuracy

Administered activity Sometimes For SUV

max

and other regions based upon threshold of SPECT voxel values, positive

bias can occur due to changes in noise level

Note that geometric regions, manually delineated on whole organs or lesions where
all encompassed SPECT voxel values are averaged, are less susceptible to varia-
tions in image noise levels

It should be noted that for diagnostic applications, the administered activity is defined
locally while, for therapeutic applications, it is likely to be either a fixed activity or
defined by the planned therapy absorbed dose for the patient

Acquisition time Yes
Collimator Yes
Matrix size Yes

Positive bias from image noise—see comments above regarding administered activity
Negative bias due to degrading spatial resolution
Negative bias due to changes in spatial sampling

Positive bias due to changes in noise

SPECT orbit radius Yes

Number of updates (product of iterations Yes
and subsets) for iterative reconstruction

Negative bias due to degrading spatial resolution for larger radii

Negative bias due to under-converged image
Positive bias due to image noise

Negative bias due to additional image blurring

Positive bias due to control of image noise

Post-reconstruction smoothing filter Yes
Dead-time No
Lesion/organ size and shape No
Organ-to-background contrast No
Organ location No
Patient movement No

Negative bias due to dead-time effects at very high count-rate levels
Negative bias due to degrading spatial resolution for small volumes
Variable due to changes in spill-over from surrounding activity
Negative bias due to increasing distance from the detector

Negative bias due to increasing image blurring

gamma camera. The exact technique may differ depending
on the system manufacturer and the radionuclide being
used.

A prerequisite for scanner calibration is a robust meas-
urement of activity in a radionuclide calibrator. Activities
must be traceable to national and international standards.
International guidelines recommend accuracies of 5-10%
for diagnostic, and 5% for therapeutic radionuclides [17,
18]. The use of activity measurements traceable to primary
standards is not common practice in all countries [19], even
though larger variabilities have been observed in interna-
tional comparison exercises [20]. Therefore, radionuclide
calibrators should be regularly maintained and calibrated
against a primary standard for the radionuclide and measure-
ment geometry of interest following available good practice
guidelines [21, 22].

There are two distinct considerations that will influence
the accuracy of quantitative data extracted from recon-
structed SPECT-CT images. These are the activity calibra-
tion and characterisation of the system. It is important to
appreciate the difference in these concepts. Calibration of a
system is the act of including the activity calibration factor
of the system to produce activity concentration measure-
ments in Bg/mL. Characterisation will describe the per-
formance of a given measurement technique, for example
SUV .« derived from images obtained from a specific
combination of acquisition and reconstruction parameters.

Both will be impacted by the acquisition and reconstruction
parameters chosen as has been described in Table 1.

Clearly, a key component of quantitative SPECT-CT is
the accuracy of the calibration factor relating reconstructed
counts from the scanner to activity measured in a radionu-
clide calibrator whose measurements should be traceable to
a primary standard. Errors in this calibration factor will lead
to systematic bias in quantitative values derived from the
images. It is important to appreciate that this is a two-stage
process: one of calibration, and another of verification of
quantitative accuracy following the calibration process. The
calibration process itself will vary according to the manu-
facturer’s requirements, which may range from a petri-dish
source planar measurement; a long-lived sealed point source
planar measurement; or volumetric measurements from a
large uniformly filled phantom acquired, reconstructed and
corrected using the same parameters used for patient imag-
ing. Regardless of the method, it is recommended to perform
this calibration using the method and with the frequency
suggested by your system manufacturer. If no recommenda-
tions are given, the calibration should be performed at least
annually, or after any major changes to hardware or software
using a volumetric approach given that it better represents
imaging conditions [23, 24]

Once calibration has been performed, it must be veri-
fied before clinical use. This should be performed using a
large uniform volumetric phantom filled with the appropriate
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radionuclide and acquired on the SPECT-CT with a clini-
cal imaging protocol. If the initial calibration is performed
using a volumetric method, the verification scan should not
be performed immediately after the calibration using the
same phantom as any errors in the activity measurement
or phantom filling will simply transfer across to the veri-
fication scan. The verification should be performed with a
freshly filled phantom to allow a test of the entire process of
activity measurement, phantom filling and image acquisi-
tion. The importance of establishing a good technique of
measuring activity in the radionuclide calibrator should not
be neglected and should mirror the measurement approach
used for patients. If patient injections are performed in spe-
cific syringe sizes and diluted to a given volume, this should
be replicated when measuring the activity for the calibration
and verification phantom scans. The outcome of verification
is to ensure that the measured activity concentration agrees
with the true activity concentration.

Once a system has been calibrated, it is essential to char-
acterise the relationship between object size and measure-
ment accuracy. This relationship is commonly demonstrated
in the form of activity concentration recovery (ACR) curves,
which are commonly derived in PET-CT [25]. These meas-
urements are performed using phantoms, such as the NEMA
IEC IQ or Jaszczak phantoms, with a representative range of
fillable volumes. Recovery curves are specific to the contrast
and measurement of activity concentration that has been per-
formed e.g., SUV .., SUV ..., and hence care should be
taken to ensure clinically relevant measurements are taken
when characterising the system. Figure 1 shows an example
of an ACR curve.

Acquisition

Acquisition parameters can vary depending on the patient
investigation being performed and, on the characteristics of
the camera. Each centre should therefore optimise its own
acquisition parameters. Some steps that should be followed
in the acquisition process are:

e Steps should be taken to limit the possibility of patient
motion. It is important that the patient remains in the
same position during both the CT and SPECT acquisi-
tion to ensure good image registration and accurate CT
attenuation correction.

e The optimal collimator will depend on the radionuclide
being imaged. Relevant imaging guidelines should be
followed when choosing an appropriate collimator.

e Step and shoot or continuous acquisition mode of acqui-
sition can be used. The latter can offer a 1-2 min saving
on scanning time over 60 rotation angles.

e Detector auto-contouring is advised to minimise the
distance between the detectors and patient to provide
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Fig.1 Example of an activity concentration recovery (ACR) curve
obtained from the six hot spheres of a NEMA IEC image quality
phantom filled with 10:1 contrast to background. In this example,
activity concentration was measured by the maximum voxel value,
which is akin to SUV,

max

optimal spatial resolution. However, for some applica-
tions detectors can be kept at a fixed but close distance.

e Acquisition should typically be performed with oppos-
ing detectors at 180° from one another, but for cardiac
applications a 90° configuration may be used.

e A pixel size smaller than half the full width at half
maximum (FWHM) spatial resolution of the system
for the radionuclide used is recommended to ensure
appropriate spatial sampling. Commonly, a matrix size
of 128 x 128 is used. It should be noted that decreasing
the pixel size results in a noisier image.

e The number of projections is recommended to be
similar to the matrix size (e.g. 120-128 projections
for a 128 X 128 matrix) to ensure appropriate angular
sampling. Cardiac applications using a 90° detector
configuration may use a reduced arc and number of
projections, although distortion and inaccurate quantifi-
cation will occur when there are insufficient projection
data—typically distant from the heart.

e The time per projection will depend on the amount
of radioactivity in the patient. As noise in the projec-
tion data follows a Poisson distribution, and in recon-
structed data is much worse [26], imaging time must be
high enough to reduce image noise as much as possible.
If multiple fields of view (FOVs) are acquired, the time
per projection may have to be decreased for patient
comfort.
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Reconstruction

Iterative methods are recommended to reconstruct the
acquired SPECT projections. Normally, the algorithm
used will be that included in the software provided by the
vendor of the gamma camera; however, third-party algo-
rithms are also available. For quantitative purposes, the
number of updates, defined by the product of the number
of iterations and subsets, may be greater than for recon-
structions with qualitative purposes [27]. Preferably, that
number should be obtained from phantom measurements
in which the convergence of activity concentration is stud-
ied, paying attention not to reach excessive noise levels or
introduce image artefacts, such as Gibbs artefacts from
the use of resolution modelling. Ideally, such optimisation
should be performed using anthropomorphic phantoms
which mimic the clinical situation, but such phantoms
are not always available. If NEMA IEC IQ or Jaszczak
phantoms are used as part of the optimisation process, it

Fig.2 NEMA IEC image qual-
ity phantom filled with **™Tc at
10:1 contrast in three different
sphere configurations recon-
structed with 3 iterations and

6 subsets (upper set of images)
and 20 iterations and 6 subsets
(lower set of images). The cor-
responding recovery curves are
given below for maximum voxel
ACR. Note that all phantom
images shown have corrections
for attenuation, scatter and col-
limator response included and a
10 mm Gaussian filter applied

should be noted that SPECT recovery curves are far more
dependent on sphere position than PET. This is likely due
to the variable detector radius acquisition resulting from
auto-contouring [28] and so it is recommended that mul-
tiple sphere configurations are evaluated. Figure 2 shows
an example of how the variability of ACR can be aligned
across different sphere configurations when sufficient
updates are performed.

Corrections

Attenuation correction

Attenuation correction based on CT data should be used
for quantitative SPECT-CT. The CT images should be con-
verted to a map of attenuation coefficients for the appro-
priate radionuclide energy and incorporated into the itera-
tive reconstruction process [29]. It must also be possible
to measure the full path length of the gamma-ray from the
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point of emission to the patient boundary on the attenuation
map. If the attenuation map is truncated, either by way of
large patient habitus or inadequate CT field of view, then the
attenuation correction will not be accurate and quantitative
errors will occur. Hence, care should be taken when posi-
tioning the patient to minimise the likelihood of truncation.
Where appropriate, and when available, it is recommended
to use metal artefact correction algorithms [30] to produce
more suitable attenuation maps [31].

Scatter correction

To correct for scattered gamma-rays present within the pho-
topeak window, multiple energy window scatter correction
methods are typically applied, although model-based scatter
correction can also be used if available [32]. Dual-energy
window methods can be applied if there are no emissions
above the photopeak of the radionuclide used; otherwise,
a triple-energy window method should be implemented.
Smoothing of the scatter window image may also be benefi-
cial to reduce propagation of image noise from the correc-
tion to the reconstructed image. It is important to validate
scatter correction techniques using appropriate phantoms
containing areas of no activity, surrounded by uniform activ-
ity, to demonstrate that the algorithms do not over-correct
the final images.

Resolution modelling

Resolution modelling is available in most modern recon-
struction software and partially compensates for the limited
spatial resolution due to the collimator and the detector by
incorporating a depth-dependent collimator response model
in the projection operation of the iterative reconstruction
method [33]. It is recommended that resolution modelling
techniques are used if available to improve quantification.

Decay correction

Understanding how and when decay correction is applied is
important in quantitative SPECT-CT. Given the relatively
long physical half-life of most SPECT radionuclides, its
application to ensure differences are accounted for in the
acquisition of the first and last projection are relatively
minor. One exception being ®'™Kr SPECT-CT where differ-
ences in acquired projection counts will be large and appli-
cation of such corrections essential. In multiple SPECT field
of view studies where the study may take up to 1 h, decay
correction should also be performed to ensure consistency of
relative pixel values across all acquired projections.

A second area where decay correction is important is in
the measurement of SUV metrics. With SUV normalising
uptake to injected activity, it is important that SPECT data

@ Springer

acquired several hours or even days later accounts for the
decay (especially for radionuclides such as '”’Lu). Ensuring
clocks on scanners and in injection rooms are consistent is
an important element of ensuring this is done appropriately.

Partial volume (sphere and non-sphere)

Resolution modelling will rarely fully compensate for the
limited spatial resolution of the gamma camera. Hence, to
quantify the activity in the volumes of interest (VOI), post-
reconstruction corrections can be applied. These recovery
coefficients are commonly obtained from phantoms with
spherical inserts of known volume that are filled with known
activity concentrations [23]. Note that the applicability of
this method has limitations for non-spherical volumes. For
some anatomical regions (e.g. brain), methods based on ana-
tomical information such as the geometric-transfer matrix
method can be applied [34]. While partial volume correc-
tions are not generally available with commercial scanner
software and therefore not clinically available, ‘homemade’
site applied corrections can be useful for dosimetry, and
some research applications. Note that for clinical use, any
site written software should be in alignment with appropriate
medical device legislation [35].

Dead-time

For acquisitions performed soon after administering thera-
peutic amounts of radiopharmaceuticals, e.g. treatment of
neuroblastoma with *'I-mIBG or !7’Lutetium peptide ther-
apy of neuroendocrine tumours, dead-time correction may
need to be applied [36, 37]. The non-linearity of the count
rate will not be the same for every projection angle. There-
fore, the dead-time correction should preferably be applied
on each projection acquired [38]. However, for simplicity,
an average correction could be applied based on the count
rate averaged over all projections.

Reconstruction post-filtering

The application of a post-reconstruction smoothing filter
will inevitably degrade the spatial resolution and exagger-
ate partial volume effects. It is therefore often assumed that
filtering should not be applied to images for quantitative
applications. However, the application of a post-filter is
intended to control the degree of noise in the image and
hence the potential positive bias that may arise from noise.
The application and choice of a post-reconstruction filter is
dependent on the desired outcome from the image and nature
of the measurement. In situations where large regions are
drawn, such as organ delineation, and where mean activ-
ity concentration measurements are derived from all vox-
els, then a post-filter is unlikely to be beneficial. However,
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in situations where images are drawn on small objects and
maximum voxel values are extracted, i.e. where noise is a
more significant influence, then a post-filter can be helpful
in ensuring a greater level of consistency. Figure 3 dem-
onstrates how the application of a 10 mm Gaussian post-
filter can substantially improve the consistency of measure-
ments of activity concentration. The filter has been applied
to images reconstructed with the same number of iterative
updates. It is shown that the post-filter increases the degree
of negative bias in the smaller objects, but removes the posi-
tive bias, due to noise, present in the larger spheres of the
unfiltered images.

For clinical reporting, many nuclear medicine images are
produced according to a visual preference of the clinician,
and hence it may be appropriate to create a second recon-
struction that is optimised for quantification.

Fig.3 NEMA IEC image
quality phantom filled with
9mTe at 10:1 contrast in three
different sphere configurations
reconstructed with 120 updates
with no post-filter (upper set of
images) and a 10 mm Gaussian
post-filter (lower set of images).
The corresponding recovery
curves are given below for
maximum voxel ACR

Quality control and harmonisation
Quality control requirements

Acceptance testing and quality control of SPECT-CT sys-
tems for SPECT and CT components should follow interna-
tional guidelines [21, 39]. Given the importance of attenua-
tion correction for quantitative accuracy, focus should also
be given to the alignment between SPECT and CT, which
must be checked periodically. The sensitivity calibration
workflow can differ significantly between vendors. It is
therefore recommended that the local physics team should
determine the appropriate frequency in which to perform
verification scans of sensitivity, based on manufacturer rec-
ommendations. The sensitivity calibration must be repeated
with major changes in software or hardware.
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The need and methods of harmonisation

Accurate and reproducible measurements of radioactivity
are essential for quantitative SPECT-CT imaging, enabling
the comparison of results from multi-centre studies [40].
This can be achieved by establishing traceable results [41]
that can be related to a reference through a documented
unbroken chain of calibrations, each contributing to the
measurement uncertainty [42]. However, the uncertain-
ties at all stages of the imaging acquisition and processing
chain are not presently known or measured, partly due
to the variations in available correction methods, recon-
struction algorithms and the black-box nature of the avail-
able software. Full traceability is therefore not presently
achievable, often stopping with the activity measurements
in the radionuclide calibrator prior to use in phantom or
patient studies.

Harmonisation of '®F-FDG PET-CT has been addressed
by the EANM Research Ltd EARL accreditation programme
[43], and a similar approach is currently in development for
SPECT-CT. The initiative in SPECT-CT was started fol-
lowing the recent interest in absolute quantification for this
modality, mainly driven by the need of dosimetry following
radionuclide therapy. Many investigators have explored the
variability of activity quantification in interlaboratory and
multi-centre studies for **™Tc [44-47], 121 [48, 49], "1 [49,
501, 33Ba [51], 7"Lu [24, 52, 53], **Ra [54], highlighting
the need for harmonisation protocols.

Accounting for differences in availability of local
resources, a set of minimum requirements to harmonise
SPECT-CT imaging across centres is recommended:

¢ A radionuclide calibrator traceable to a national stand-
ards laboratory.

e A suitable and accessible phantom set to calibrate the
scanner and to assess partial volume effects through ACR
curves following the recommendations described earlier.

e Standard operating procedures (SOP) for traceable phan-
tom preparation, image acquisition and reconstruction,
assessment of partial volume effects, outlining volumes
of interest and reporting of results [19, 55].

e A verification phantom study is recommended to assess
the quantitative accuracy across centres. This can be a
more realistic geometry, e.g. a circular or elliptical cylin-
drical phantom to match the clinical condition under con-
sideration [24, 49].

All the scans must be acquired and reconstructed with the
same protocols used for the specific clinical condition. For
dosimetry following radionuclide therapy and to enable a
quantitative comparison between centres, it is recommended
to calculate the uncertainties in the recovery coefficients fol-
lowing EANM guidelines [56].

@ Springer

The path to clinical use

Quantitative SPECT-CT is an emerging imaging tech-
nology, but, as with any new technology, its success
depends on whether routine clinical applications can be
identified. Not every technical evolution is automatically
translated into wide clinical acceptance, and depends on
issues including impact, ease-of-use, cost, availability
and an adequately trained workforce [57]. If quantitative
SPECT-CT is here to stay, it should answer clinically rel-
evant questions and impact patient treatment and outcome.

Recent developments in nuclear medicine in association to
new theranostic approaches [58] support the use of SPECT-
CT for some radionuclides, such as '7’Lu and "3'I to visual-
ise the efficacy of treatments. Quantitative SPECT-CT can
quantify how much activity is delivered to each tumour lesion
and organ at risk, and consequently, the absorbed dose. This
may be of high clinical importance for personalised medicine,
even though confirmation in future studies is needed.

The estimation of absolute activity concentration may
also be attractive for several other purposes: (1) to deliver
a reliable diagnosis, (2) for accurate therapy response
monitoring, (3) for prognosis and to guide patient manage-
ment decisions, (4) to improve the reproducibility of inter-
pretations, (5) to allow comparison of data between cen-
tres (6) and to facilitate (semi)automatic analysis. Initial
applications reported in the literature include the assess-
ment of skeletal conditions (e.g. bone metabolism, detec-
tion of bone metastases, mandibular condyle asymmetry),
coronary artery disease, amyloidosis and parkinsonism.

For quantitative SPECT-CT, it will therefore be essential
to define the limitations of the measures produced by this
technique. As different applications have different accuracy/
precision requirements, understanding the technology’s
limitations will help guide the focus towards areas with the
highest likelihood of successful clinical implementation.
Optimisation for a range of applications, radionuclides,
geometries and activities will also be necessary, as will
the transferability of results. The cost-effectiveness of the
technique with regards to the humanistic and societal out-
comes must also still be proven, which is beyond the scope
of these guidelines. However, these guidelines should aid
in the design of clinical trials with the appropriate method-
ology required to demonstrate the value of the technique.

Clinical use cases
Dosimetry

Until recently, radionuclide therapies were dominated
by the use of radioactive iodine, which has been used
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successfully for therapy of benign and malignant thyroid
diseases for over 80 years. However, even though it is not
necessarily recommended in guidelines [59, 60], due to
the ease of application, in most countries thyroid patients
are prescribed fixed activities selected by the clinical team
based on the underlying diagnosis, pathology and staging.
The only application of SPECT-CT so far in this setting
is the post-therapy scan, which is mainly assessed using
visual interpretation. '*'T dosimetry has shown some suc-
cess as an indication of potential response [61], and for
treatment planning [62] with further success evident using
1241, albeit with PET [63].

In recent years, there has been an increasing interest
in new radionuclide therapy concepts. This was initially
driven by the development and approval of !”’Lu-Dota-
tate (Lutathera®), triggered by the compelling data of
the NETTER-1 study [64]. The use of !”’Lu PSMA in the
treatment of metastatic prostate cancer has also shown
great promise as demonstrated in the recently published
VISION study [65], with other novel radiopharmaceuticals
also in development [58]. While rather slowly growing
neuroendocrine tumours have a large therapeutic index
which may not require dosimetry, the development of
theranostic concepts in more aggressive tumours under-
lines the need for dosimetry during therapeutic develop-
ment and potentially at clinical application. Furthermore,
whereas initial clinical trials employ fixed activities,
increasing response rates by escalating the applied activi-
ties based on imaging should be considered. For those
patients not yet responding to radionuclide therapy, the
individualisation of the therapeutic activity using pre-
and post-therapeutic dosimetry may be of benefit. Special
attention must be given to the robustness, reproducibility
and simplicity of these techniques. Once this prerequisite
is provided, prospective clinical trials can be conducted to
potentially prove the superiority of individually calculated
tumour absorbed dose derived activities versus standard
activities. The potential clinical relevance of personalised
therapeutic activities can be seen in the phase IT !""Lu-
PSMA data by Hofman et al. [66]. Despite carefully
selecting patients using PSMA- and 'F-FDG-PET 43%
of patients did not show a prostate-specific antigen (PSA)
decrease of > 50%. One possibility is to salvage some of
these patients by applying higher activities that are more
focused on tumour absorbed dose. There is also evidence
that personalised treatment may work using !”’Lu-DOTA-
TATE. In a recent study (ILUMINET), it was found that
individualising the therapeutic approach can increase the
response rate of the therapy without causing significant
toxicity [67]. Another important application of quantita-
tive SPECT-CT is the prospective development of new
theranostic agents that might be applied with a smaller
therapeutic window. Quantitative SPECT-CT will play a

key role in the optimisation between acceptable toxicity to
normal organs and maximal absorbed dose to the tumour.

Cardiology
Perfusion

Myocardial perfusion imaging using either *™Tc-tetrofos-
min or *™Tc-sestamibi SPECT-CT is the most extensively
validated imaging modality to evaluate the presence and
severity of coronary artery disease, and is routinely used to
manage treatment strategies [68]. The interpretation of myo-
cardial perfusion scintigraphy (MPS) is most often based
on relative myocardial perfusion and may underestimate
the severity of ischemia in case of global hypoperfusion.
To overcome this limitation of MPS, quantitative SPECT-
CT could be helpful to provide absolute instead of relative
measurements of radiotracer myocardial uptake [12, 69, 70].
Two illustrative patient cases of response monitoring using
9mTe-tetrofosmin SPECT-CT in patients with coronary
artery diseases are demonstrated in Fig. 4.

Amyloidosis

Amyloidosis is a multisystem disease that is characterised by
extracellular deposition of abnormally folded protein fibrils,
resulting in progressive organ dysfunction, commonly
affecting the heart [71]. It includes three pathophysiologic
amyloid types: primary light chain (AL) and transthyretin-
related amyloidosis associated with (variant ATTR) or with-
out a TTR gene mutation (wild-type ATTR). In case of a
clinical suspicion of cardiac amyloidosis, based on clinical
symptoms, specific demographics and serum biomarkers,
scintigraphy with bone-seeking radiotracers such as **™Tc-
3,3-diphosphono-1,2-propanodicarboxylic acid [DPD],
9mTc-pyrophosphate [PYP] or **™Tc-hydroxymethylene
diphosphonate [HMDP] is highly sensitive and specific in
the early identification of ATTR cardiac amyloidosis when a
plasma cell dyscrasia is excluded [72]. Also in asymptomatic
TTR gene carriers at initial evaluation, in the screening for
cardiac amyloidosis in case of new symptomatic heart fail-
ure, and in the follow-up of TTR gene carriers or patients
with known ATTR amyloidosis and new or worsening car-
diac symptoms, a cardiac phosphate scan is a key diagnostic
technique [73]. Using this procedure, it is possible to offer
a non-invasive diagnosis, reducing the need for endomyo-
cardial biopsy [74]. Several visual and relative scoring sys-
tems have been used to quantify amyloid burden [71, 75];
however, there is a need for a more accurate measurement
technique using quantitative SPECT-CT to diagnose and
characterise cardiac amyloidosis at the earliest opportunity,
to be able to accurately monitor response to therapy and to
predict patient prognosis [71, 76]. This is very important,
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Pre-stress

Pre-rest

Deteriorated

Improved

Fig.4 Bull’s eye plots of two patients in kBq/mL. The rest and stress
plots are depicted pre- (left columns) and post-treatment (right col-
umns). Moreover, the Bull’s eye plot on the right displays the dif-
ference in uptake from the subtracted (stress-rest) scans post minus
pre-treatment. The patient in the top row was considered clini-

especially in the case of ATTR amyloidosis, which is a pro-
gressive and fatal cardiomyopathy for which several promis-
ing therapies are in development.

Neurology

DaTScan

To differentiate essential tremor from Parkinson’s syndrome
dopamine transporter (DaT), '2*I FP-CIT SPECT can be
helpful. However, Parkinson’s syndrome can have several
causes, such as Parkinson’s disease, drug-induced parkin-
sonism, vascular parkinsonism, multiple system atrophy,
progressive supranuclear palsy, corticobasal degeneration
and Lewy body dementia. The clinical presentation of Lewy
body dementia is very similar to that of Parkinson’s disease
and of Alzheimer’s disease which complicates the clinical
diagnostic process. Particularly during the early stages of
disease, the clinical diagnosis lacks accuracy. Accurate dis-
crimination of the different diagnoses is key, since patient
management, treatment and the course of these disease enti-
ties substantially differ. Presynaptic dopaminergic imaging
helps clarify the differential diagnosis between neurode-
generative parkinsonian syndromes and non-dopamine
deficiency etiologies of parkinsonism [77]. DaT SPECT
scans are commonly interpreted visually, by using scoring
systems, or by means of calculating the specific binding
ratio, which is an index to measure DAT density. It is, how-
ever, challenging to discriminate age-related physiological
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Post-rest

Post-stress Post-Pre

cally deteriorated and the patient in the bottom row was reported as
improved. Since the distribution of perfusion abnormalities of the
patient in the top row in particular does not vary a lot, visual com-
parison is difficult without quantification

reduction from pathological reduction in DAT availability.
Poorly reproducible interpretations and measurements are
occasionally experienced in clinical practice [78] and data
from different centres need to be interpreted with caution,
recognising that the specific binding ratio represents an
‘index’ rather than a ‘true’ value [79]. Absolute quantifica-
tion of radiopharmaceutical uptake may be an alternative
measure to improve diagnostic accuracy [13].

Bone imaging

Technetium-99m labelled bisphosphonates accumulate in
newly formed bone and enable visualisation of bone turno-
ver. Many conditions are associated with pathological bone
turnover, and bone SPECT-CT using these tracers is an
established and powerful diagnostic tool in their diagnosis
and management [80].

Bone metastases

According to a recent review, applications in bone disease
resides as the leading clinical application of quantitative
SPECT-CT [81]. One of the earliest studies identified an
average SUV of approximately 6 for the spine for MDP [82].
Building on this experience, an SUV threshold between 9
and 10 was proposed in a multicentre study to differentiate
benign from malignant bone lesions, akin to the Hounsfield
thresholds proposed on CT imaging to distinguish bone
metastases from enostosis [83, 84]. A validated set of normal
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ranges can improve the reader’s diagnostic certainty and
facilitate automated delineation algorithms to measure dis-
ease burden. In the setting of treatment response, data sug-
gest that SUV analysis yields more consistent results than
visual assessment [85]. Nevertheless, early experience from
the field of PET has shown that absolute thresholds are only
reliable when harmonised acquisitions and reconstructions
are used, and confirmatory prospective multicentre studies
are needed.

Mandibular condyle asymmetry

Assessing the mandibular condyle’s growth activity in the
presence of facial asymmetry is crucial to determine the
optimal timing for surgery or the corrective surgical tech-
nique required. For many years, bone scintigraphy (with pla-
nar or SPECT acquisitions, and more recently also SPECT-
CT) has been used with relative quantification methods
comparing uptake in the affected side with the contralateral
condyle alongside a reference region in the skull base or
spine. These ratios are a more reliable predictor of residual
growth activity than volumetric assessment using CT [86].
Nevertheless, discordant results with SPECT have been pub-
lished, suggesting that some sources of error may not be
adequately addressed using relative uptake assessment [87].

Fig.5 Bone SPECT-CT in a
patient with mandibular growth
asymmetry to the right side,
showing unilateral increased
uptake in the left mandibular
condyle (L). The right (R)
condyle and clivus (C) are
shown as reference regions.

In the left image SPECT-only
reconstruction of counts without
correction (L/Total: 60.0%; L/
Clivus: 55.4%), while on the
right quantitative SPECT-CT
images (kBg/mL) with attenu-
ation, scatter and resolution
modelling (L/Total: 52.6%;
L/Clivus: 45.5%). No partial
volume correction was used.
Using the traditional threshold
of >55% between the affected
side and the total activity in the
condyles or clivus would yield
different interpretations in this
example (most likely by the cor-
rection of activity in the clivus
due to attenuation correction).
This illustrates the need of rede-
fining diagnostic cut-offs with
novel reconstruction methods,
ideally moving towards age-
standardised absolute thresholds
of normal condylar activity

SPECT

Absolute quantification of tracer uptake on SPECT-CT may
potentially resolve these uncertainties. A clinical example
is given in Fig. 5.

Osteoarthritis and arthroplasty

While arthroplasty is a highly effective treatment for osteo-
arthritis, the condition itself needs improved biomarkers to
select patients for treatment, and joint replacement surgery
is associated with a low complication rate but with a poten-
tially high patient impact. The use of SUVs on bone SPECT-
CT has been suggested as a promising tool to assess the
severity of knee osteoarthritis, and preliminary data show
that quantitative reporting of abnormalities seen in hip and
knee prostheses is superior to qualitative assessment [88,
89]. Further experience is needed to assess the true potential
of absolute tracer quantification in this setting.

Future perspectives

Quantitative SPECT-CT is here now—primarily driven by
the development of theranostics, but also for bone and other
diagnostic uses. It is clear that there is a huge drive in radio-
nuclide therapy from academia and industry, with many new

Quantitative SPECT
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agents in development or on the way to market [58]. This
will be the driver for future quantitative SPECT-CT. Also
in diagnostics, the nuclear medicine physician/radiologist
who has become accustomed to quantitative measures in
PET imaging will rightly demand the same benefits over
visual interpretation in SPECT. The key area holding this
back currently is the overtly long scanning times, and for
some indications, the reporting time overhead of 3D ver-
sus planar imaging too. But there are developments here
as well. Ring detector systems are already on the market
which can collect SPECT projection data more rapidly [90],
while image processing [91] and traditional and artificial
intelligence (AI) based reconstruction algorithms can better
handle noisy data that come from shorter duration SPECT
acquisitions [92-94]. As for the reporting burden, we are
already seeing Al algorithms supporting image interpreta-
tion in PET, which will no doubt be translated to SPECT
imaging in due time [95, 96]. Quantitative SPECT-CT has a
bright future. With these guidelines we set a framework for
protocols and clinical use cases that will help take it forward.

Acknowledgements JCD is part funded by the UK Department of
Health, National Institute for Health Research Biomedical Research
Centre. AMDB is supported by the National Measurement System of
the UK Department for Business, Energy and Industrial Strategy. The
guidelines were brought to the attention of the relevant EANM Com-
mittees and the National Societies of Nuclear Medicine. The comments
and suggestions from the EANM Cardiovascular, Inflammation and
Infection, Neuroimaging, Radiopharmaceutical Sciences, Technolo-
gist, Thyroid, Translational Molecular Imaging and Therapy Commit-
tees, and the National Societies of Croatia, Czech Republic, Denmark,
Estonia, Italy, Latvia, Netherlands, North Macedonia, Poland, Serbia,
Slovak Republic, United Kingdom are highly appreciated and have
been considered for this Guideline. The authors thank Alina van de
Burgt for providing Fig. 4.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Ethics approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest AKK is a full-time employee at Scanomed Nuclear
Medicine Center Debrecen, Hungary, a subsidiary company of Mediso
Medical Imaging Systems, Budapest, Hungary. KH reports personal
fees from Bayer, personal fees and other from Sofie Biosciences, per-
sonal fees from SIRTEX, non-financial support from ABX, personal
fees from Adacap, personal fees from Curium, personal fees from En-
docyte, grants and personal fees from BTG, personal fees from IP-
SEN, personal fees from Siemens Healthineers, personal fees from GE
Healthcare, personal fees from Amgen, personal fees from Novartis,
personal fees from ymabs, all outside the submitted work. JCD, ISA,
PMG, AMD-B, JG, TvdW and L-FdG-O all declare that they do not
have any conflicts of interest.

Liability statement This guideline summarizes the views of the EANM

Physics and Dosimetry Committees. It reflects recommendations for
which the EANM cannot be held responsible. The recommendations

@ Springer

should be taken into context of good practice of nuclear medicine and
do not substitute for national and international legal or regulatory pro-
visions

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bailey DL, Willowson KP. An evidence-based review of quanti-
tative SPECT imaging and potential clinical applications. J Nucl
Med. 2013;54(1):83-9.

2. Capoccetti F, Biggi E, Rossi G, Manni C, Brianzoni E. Differenti-
ated thyroid carcinoma: diagnosis and dosimetry using 1241 PET/
CT. Clin Transl Imaging. 2013;1(3):185-93.

3. Liu T, Karlsen M, Karlberg AM, Redalen KR. Hypoxia imaging
and theranostic potential of [64Cu][Cu(ATSM)] and ionic Cu(II)
salts: a review of current evidence and discussion of the retention
mechanisms. EJINMMI Res. 2020;10(1):33.

4. Blaire T, Bailliez A, Ben Bouallegue F, Bellevre D, Agostini
D, Manrique A. First assessment of simultaneous dual isotope
(1231/99mTc) cardiac SPECT on two different CZT cameras: a
phantom study. J Nucl Cardiol. 2018;25(5):1692-704.

5. Dewaraja YK, et al. MIRD pamphlet No. 24: Guidelines for
quantitative 1311 SPECT in dosimetry applications. J Nucl Med.
2013;54(12):2182-8.

6. Ljungberg M, Celler A, Konijnenberg MW, Eckerman KF,
Dewaraja YK, Sjogreen-Gleisner K. MIRD pamphlet no. 26:
Joint EANM/MIRD guidelines for quantitative 177Lu SPECT
applied for dosimetry of radiopharmaceutical therapy. J Nucl Med.
2016;57(1):151-62.

7. Brady SL, and Shulkin BL. Analysis of quantitative [I-123] mIBG
SPECT/CT in a phantom and in patients with neuroblastoma.
EJNMMI Phys. 2019,6(1):31

8. Dittmann H et al. The prognostic value of quantitative bone scan
SPECT/CT prior to 223 Ra treatment in metastatic castration-
resistant prostate cancer. J Nucl Med. 2021;62(1):48-54.

9. De Laroche R, et al. Clinical interest of quantitative bone SPECT-
CT in the preoperative assessment of knee osteoarthritis. Medi-
cine (Baltimore). 2018;97(35):e11943.

10. Jreige M et al. A novel assessment of Tc-99m-diphosphonate
bone scan quantification in fibrous dysplasia using a combined
planar and SPECT/CT analysis. J Nucl Med. 2021;62(supplement
1):1164

11. Umeda T, et al. Evaluation of bone metastatic burden by bone
SPECT/CT in metastatic prostate cancer patients: defining thresh-
old value for total bone uptake and assessment in radium-223
treated patients. Ann Nucl Med. 2018;32(2):105-13.

12. Van De Burgt A et al. Experimental validation of absolute SPECT/
CT quantification for response monitoring in patients with coro-
nary artery disease. EINMMI Phys. 2021;8(1):48


http://creativecommons.org/licenses/by/4.0/

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:980-995

993

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Toriihara A, et al. Semiquantitative analysis using standard-
ized uptake value in 123I-FP-CIT SPECT/CT. Clin Imaging.
2018;52:57-61.

Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST to
PERCIST: evolving considerations for PET response criteria in
solid tumors. J Nucl Med. 2009;50(SUPPL. 1):122-50.

Sher A, et al. For avid glucose tumors, the SUV peak is the most
reliable parameter for [18F]JFDG-PET/CT quantification, regard-
less of acquisition time. EINMMI Res. 2016;6(1):4-9.

Kaalep A, et al. Feasibility of state of the art PET/CT systems
performance harmonisation. Eur J Nucl Med Mol Imaging.
2018;43(Suppl 1):189.

American Association of Physics in Medicine. The selection, use,
calibration, and quality assurance of radionuclide calibrators used
in nuclear medicine. Report of AAPM task group 181. Maryland
2012. https://doi.org/10.37206/137.

International Atomic Energy Agency. Tech Report Series no. 454.
Quality assurance for radioactivity measurement in nuclear medi-
cine. Vienna 2006. Available online at https://www.iaea.org/publi
cations/7480/quality-assurance-for-radioactivity-measurement-in-
nuclear-medicine. Accessed 5 Oct 2022.

Lassmann M, Eberlein U, Tran-Gia J. Multicentre trials on stand-
ardised quantitative imaging and dosimetry for radionuclide thera-
pies. Clin Oncol. 2021;33(2):125-30.

Saldarriaga Vargas C et al. An international multi-center inves-
tigation on the accuracy of radionuclide calibrators in nuclear
medicine theragnostics, EINMMI Phys. 2020;7(1):69
Busemann Sokole E, Ptachcinska A, Britten A. Acceptance test-
ing for nuclear medicine instrumentation. Eur J Nucl Med Mol
Imaging. 2010;3:672-81.

Gadd R et al. Protocol for establishing and maintaining the cali-
bration of medical radionuclide calibrators and their quality con-
trol. Measurement good practice guide No.93. National Physical
Laboratory, Teddington 2006. Available online at: https://eprin
tspublications.npl.co.uk/3661/. Accessed 5 Oct 2022.

Dewaraja YK, et al. MIRD pamphlet no. 23: quantitative SPECT
for patient-specific 3-dimensional dosimetry in internal radionu-
clide therapy. J of Nucl Med. 2012;53(8):310-1325.

Tran-Gia J et al. A multicentre and multi-national evaluation of the
accuracy of quantitative Lu-177 SPECT/CT imaging performed
within the MRTDosimetry project. EINMMI Phys. 2021;8(1):55
Kaalep A et al. Quantitative implications of the updated
EARL 2019 PET-CT performance standards. EINMMI Phys.
2019;6(1):28

Budinger TF, Derenzo SE, Greenberg WL, Gullberg GT, Hues-
man RH. Quantitative potentials of dynamic emission computed
tomography. J Nucl Med. 1978;19(3):309-15.

Dickson JC, et al. The impact of reconstruction method on the
quantification of DaTSCAN images. Eur J Nucl Med Mol Imag-
ing. 2010;37(1):23-35.

Armstrong IS. Spatial dependence of activity concentration recov-
ery for a conjugate gradient (Siemens xSPECT) algorithm using
manufacturer-defined reconstruction presets. Nucl Med Commun.
2019;40(3):287-93.

Blankespoor SC, et al. Attenuation correction of SPECT using
X-ray CT on an emission-transmission CT system: myocardial
perfusion assessment. IEEE Trans Nucl Sci. 1996;43(4):2263-74.
Abdoli M, Dierckx RAJO, Zaidi H. Metal artifact reduction strate-
gies for improved attenuation correction in hybrid PET/CT imag-
ing. Med Phys. 2012;39(6):3343-60.

Konishi T, et al. Metal artifact reduction for improving quantita-
tive SPECT/CT imaging. Ann Nucl Med. 2021;35(3):291-8.
Hutton BF, Buvat I, Beekman FJ. Review and current status of
SPECT scatter correction. Phys Med Biol. 2011;56(14):R85-112.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Liu S, and Farncombe TH. Collimator-detector response compen-
sation in quantitative SPECT reconstruction. 2007 IEEE Nuclear
Science Symposium Conference Record 5 2007:3955-60.
Rousset OG, Ma Y, Evans AC. Correction for partial vol-
ume effects in PET: principle and validation. J Nucl Med.
1998;39(5):904-11.

The European Parliament and the Council of the European Union,
Regulation (EU) 2017/ 745 of the European Parliament and of the
council - of 5 April 2017 - on medical devices, amending Direc-
tive 2001/ 83/ EC, Regulation (EC) No 178/ 2002 and Regula-
tion (EC) No 1223/ 2009 and repealing Council Directives 90/
385/ EEC and 93/ 42/ EEC. 2017. Available online at https://eur-
lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017
RO745. Accessed 5 Oct 2022.

Buckley SE et al. Dosimetry for fractionated 131 I-mIBG
therapies in patients with primary resistant high-risk neuro-
blastoma: preliminary results, CANCER Biother. Radiopharm.
2007;22(1):105-12.

Desy A, Bouvet GF, Frezza A, Després P, and Beauregard J-M.
Impact of dead time on quantitative 177 Lu-SPECT (QSPECT)
and kidney dosimetry during PRRT. EINMMI Phys. 2020;7(1):32.
Gear J, Chiesa C, Lassmann M, Gabifia PM, Tran-Gia J, and
Stokke C. EANM Dosimetry Committee series on standard opera-
tional procedures for internal dosimetry for 131 I mIBG treatment
of neuroendocrine tumours Glenn Flux 1 and In collaboration with
the EANM Dosimetry Committee, EINMMI Phys. 2020;7(1):15
Busemann Sokole E, Plachcinska A, Britten A, Lyra Georgoso-
poulou M, Tindale W, Klett R. Routine quality control recom-
mendations for nuclear medicine instrumentation. Eur J Nucl Med
Mol Imaging. 2010;37(3):662-71.

Tatsch K. Standardisation and harmonisation boost the credibility
of nuclear medicine procedures. Eur J Nucl Med Mol Imaging.
2012;39(1):186-7.

Zimmerman BE, Judge S. Traceability in nuclear medicine. Metr-
ologia. 2007;44(4):S127-32.

BIPM, IEC, IFCC, ILAC, IUPAC, IUPAP, ISO, OIML The inter-
national vocabulary of metrology—basic and general concepts
and associated terms (VIM) 2012, 3rd edn. JCGM 200:2012
Available online at http://www.bipm.org/vim. Accessed 5 Oct
2022.

Kaalep A, et al. EANM/EARL FDG-PET/CT accreditation—sum-
mary results from the first 200 accredited imaging systems. Eur J
Nucl Med Mol Imaging. 2018;45(3):412-22.

Hughes T, Celler A. A multivendor phantom study comparing the
image quality produced from three state-of-the-art SPECT-CT
systems. Nucl Med Commun. 2012;33(6):663-70.

Nakahara T, et al. Use of a digital phantom developed by QIBA
for harmonizing SUVs obtained from the state-of-the-art SPECT/
CT systems: a multicenter study. EINMMI Res. 2017;7(1):53.
Renaud JM et al. Site qualification and clinical interpretation
standards for 99mTc-SPECT perfusion imaging in a multi-center
study of MITNEC (Medical Imaging Trials Network of Canada).
J Nucl Cardiol. 2021;28(6):2712-25.

Peters SMB et al. Towards standardization of absolute SPECT/
CT quantification: a multi-center and multi-vendor phantom study.
EJNMMI Phys. 2019;6(1):29

Dickson JC, et al. Proposal for the standardisation of multi-centre
trials in nuclear medicine imaging: prerequisites for a European
1231-FP-CIT SPECT database. Eur J Nucl Med Mol Imaging.
2011;39(1):188-97.

Gregory RA, et al. Standardised quantitative radioiodine SPECT/
CT Imaging for multicentre dosimetry trials in molecular radio-
therapy. Phys Med Biol. 2019;64(24):245013.

Taprogge J et al. Setting up a quantitative SPECT imaging net-
work for a European multi-centre dosimetry study of radioiodine

@ Springer


https://doi.org/10.37206/137
https://www.iaea.org/publications/7480/quality-assurance-for-radioactivity-measurement-in-nuclear-medicine
https://www.iaea.org/publications/7480/quality-assurance-for-radioactivity-measurement-in-nuclear-medicine
https://www.iaea.org/publications/7480/quality-assurance-for-radioactivity-measurement-in-nuclear-medicine
https://eprintspublications.npl.co.uk/3661/
https://eprintspublications.npl.co.uk/3661/
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
http://www.bipm.org/vim

994

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:980-995

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

treatment for thyroid cancer as part of the MEDIRAD project.
EJNMMI Phys. 2020;7(1):61.

Zimmerman BE, et al. Multizentrische Evaluierung der Genauig-
keit und Prézision bei der Quantifizierung planarer Bildgebung
und SPECT: Eine Phantomstudie der IAEA. Z Med Phys.
2017;27(2):98-112.

Peters SMB et al. Variability in lutetium-177 SPECT quantifica-
tion between different state-of-the-art SPECT/CT systems. EIN-
MMI Phys. 2020;7(1):9.

Wevrett J, Fenwick A, Scuftham J, Nisbet A. Development of a cal-
ibration protocol for quantitative imaging for molecular radiother-
apy dosimetry. Radiat Phys Chem. 2017;140(February):355-60.
Pacilio M, et al. The Italian multicentre dosimetric study for
lesion dosimetry in 223Ra therapy of bone metastases: calibra-
tion protocol of gamma cameras and patient eligibility criteria.
Phys Medica. 2016;32(12):1731-7.

Taprogge J, Wadsley J, Miles E, Flux GD. Recommendations for
multicentre clinical trials involving dosimetry for molecular radio-
therapy. Clin Oncol. 2021;33(2):131-6.

Gear J1, et al. EANM practical guidance on uncertainty analysis
for molecular radiotherapy absorbed dose calculations. Eur J Nucl
Med Mol Imaging. 2018;45(13):2456-74.

Spick C, Herrmann K, Czernin J. 18 F-FDG PET/CT and PET/
MRI Perform Equally Well in Cancer: Evidence from Studies on
More Than 2,300 Patients. J Nucl Med. 2016;57:420-30.
Langbein T, Weber WA, Eiber M. Future of theranostics: an
outlook on precision oncology in nuclear medicine. J Nucl Med.
2019;60(9):13S-19S.

Stokkel MPM, HandkiewiczJunak D, Lassmann M, Dietlein M,
Luster M. EANM procedure guidelines for therapy of benign thy-
roid disease. Eur J Nucl Med Mol Imaging. 2010;37(11):2218-28.
Luster M et al. Guidelines for radioiodine therapy of dif-
ferentiated thyroid cancer. Eur J Nucl Med Mol Imaging.
2008;35(10):1941-59

Hyer SL, et al. Dosimetry-based treatment for Graves’ disease.
Nucl Med Commun. 2018;39(6):486-92.

Selcuk NA, Toklu T, Beykan S, Serife, and Karaaslan I. Evalua-
tion of the dosimetry approaches in ablation treatment of thyroid
cancer. ] App Clin Med Phys. 2018;19(4):134—40

Weber M, Binse I, Nagarajah J, Bockisch A, Herrmann K,
and Jentzen W. The role of 1241 PET/CT lesion dosimetry
in differentiated thyroid cancer. Q J Nucl Med Mol Imaging.
2019;63(3):235-52

Strosberg J, et al. Phase 3 Trial of (177)Lu-dotatate for midgut
neuroendocrine tumors. N Engl J Med. 2017;376(2):125-35.
Sartor O et al. Lutetium-177-PSMA-617 for metastatic castration-
resistant prostate cancer. N Engl ] Med. 2021;385(12):1091-103
Hofman MS, et al. [177Lu]-PSMA-617 radionuclide treatment
in patients with metastatic castration-resistant prostate cancer
(LuPSMA trial): a single-centre, single-arm, phase 2 study. Lan-
cet Oncol. 2018;19(6):825-33.

Sundlov A, et al. Phase II trial demonstrates the efficacy and
safety of individualized, dosimetry-based 177Lu-DOTATATE
treatment of NET patients. Eur J Nucl Med Mol Imaging.
2022;49(11):3830-40.

Jaarsma C, et al. Diagnostic performance of noninvasive myo-
cardial perfusion imaging using single-photon emission com-
puted tomography, cardiac magnetic resonance, and positron
emission tomography imaging for the detection of obstruc-
tive coronary artery disease: a meta-anal. J] Am Coll Cardiol.
2012;59(19):1719-28.

@ Springer

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Klein R, et al. Feasibility and operator variability of myocardial
blood flow and reserve measurements with 99mTc-sestamibi
quantitative dynamic SPECT/CT imaging. J Nucl Cardiol.
2014;21(6):1075-88.

Van De Burgt A. Experimental validation of absolute SPECT / CT
quantification for response monitoring in patients with end-stage
coronary artery disease. Twente: University of Twente; 2019.
Scully PR, et al. DPD quantification in cardiac amyloido-
sis: a novel imaging biomarker. JACC Cardiovasc Imaging.
2020;13(6):1353-63.

Dorbala S, et al. ASNC/AHA/ASE/EANM/HFSA/ISA/SCMR/
SNMMI expert consensus recommendations for multimodality
imaging in cardiac amyloidosis: part 1 of 2-evidence base and
standardized methods of imaging. Circ Cardiovasc Imaging.
2021;14(7):e000029.

Dorbala S, et al. ASNC/AHA/ASE/EANM/HFSA/ISA/SCMR/
SNMMI expert consensus recommendations for multimodal-
ity imaging in cardiac amyloidosis: part 1 of 2—evidence
base and standardized methods of imaging. J Nucl Cardiol.
2019;26(6):2065-123.

Gillmore JD, et al. Nonbiopsy diagnosis of cardiac transthyretin
amyloidosis. Circulation. 2016;133(24):2404—12.

Castano A, et al. Multicenter study of planar Technetium 99m
pyrophosphate cardiac imaging: predicting survival for patients
with ATTR cardiac amyloidosis. JAMA Cardiol. 2016;1(8):880-9.
Ren C et al. Assessment of cardiac amyloidosis with 99mTc-
pyrophosphate (PYP) quantitative SPECT. EJNMMI Phys.
2021;8(1):3.

Morbelli S et al. EANM practice guideline/SNMMI procedure
standard for dopaminergic imaging in Parkinsonian syndromes
1.0. Eur J Nucl Med Mol Imaging. 2020;47(8):1885-912
Albert NL, et al. Implementation of the European multicen-
tre database of healthy controls for [(123)I]FP-CIT SPECT
increases diagnostic accuracy in patients with clinically uncer-
tain parkinsonian syndromes. Eur J Nucl Med Mol Imaging.
2016;43(7):1315-22.

Tossici-Bolt L et al. ['>*I]FP-CIT ENC-DAT normal database:
the impact of the reconstruction and quantification methods,
EJNMMI Phys. 2017;4(1):8.

Van den Wyngaert T, et al. The EANM practice guide-
lines for bone scintigraphy. Eur J Nucl Med Mol Imaging.
2016;43(9):1723-38.

De Schepper S, Ritt P, Van den Wyngaert T, and Kuwert T.
Quantitative radionuclide imaging of bone metastases. Q J Nucl
Med Mol Imaging. 2019;63(2):129-135.

Cachovan M, Vija AH, Hornegger J, Kuwert T. Quantification
of 99mTc-DPD concentration in the lumbar spine with SPECT/
CT. EINMMI Res. 2013;3(1):45.

Vija AH et al. ROC study and SUV threshold using quantitative
multi-modal SPECT for bone imaging,. Eur J Hybrid Imaging.
2019;3(1):10.

Ulano A, et al. Distinguishing untreated osteoblastic metasta-
ses from enostoses using CT attenuation measurements. Am J
Roentgenol. 2016;207(2):362-8.

Beck M, Sanders JC, Ritt P, Reinfelder J, Kuwert T. Longitudi-
nal analysis of bone metabolism using SPECT/CT and (99m)Tc-
diphosphono-propanedicarboxylic acid: comparison of visual
and quantitative analysis. EINMMI Res. 2016;6(1):60.
Karssemakers LHE, Nolte JW, Tuinzing DB, Langenbach GEJ,
Becking AG, Raijmakers PG. Impact of bone volume upon con-
dylar activity in patients with unilateral condylar hyperplasia. J
Oral Maxillofac Surg. 2018;76(10):2177-82.



European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:980-995

995

87.

88.

89.

90.

91.

92.

93.

Chan BH, Leung YY. SPECT bone scintigraphy for the assess-
ment of condylar growth activity in mandibular asymmetry: is
it accurate? Int J Oral Maxillofac Surg. 2018;47(4):470-9.
Kim J, et al. Maximum standardised uptake value of quantitative
bone SPECT/CT in patients with medial compartment osteoar-
thritis of the knee. Clin Radiol. 2017;72(7):580-9.

Braun M, Kachovan M, Vija A, Pagenstert G, Wild D, Kretzsch-
mar M. Quantitative 99mTc-DPD-SPECT/CT for the detection
of prosthetic loosening in patients with hip- and knee joint
replacement—an interim analysis of a prospective study. J Nucl
Med. 2019;60(supplement 1):92 LP — 92.

Beyer T, et al. What scans we will read: imaging instrumenta-
tion trends in clinical oncology. Cancer Imaging. 2020;20(1):38.
Liu J, Yang Y, Wernick MN, Pretorius PH, King MA. Deep
learning with noise-to-noise training for denoising in SPECT
myocardial perfusion imaging. Med Phys. 2021;48(1):156-68.
Ahn S, et al. Quantitative comparison of OSEM and penalized
likelihood image reconstruction using relative difference penal-
ties for clinical PET. Phys Med Biol. 2015;60(15):5733-51.
Ryden T, Marin I, van Essen M, Svensson J, Bernhardt P. Deep
learning generation of intermediate projections and Monte

94.

95.

96.

Carlo based reconstruction improves 177Lu SPECT images
reconstructed with sparse acquired projections. J Nucl Med.
2019;60(supplement 1):528-35.

Shao W, Rowe SP, Du Y. SPECTnet: a deep learning neural
network for SPECT image reconstruction. Ann Transl Med.
2021:;9(9):819-819.

Seifert R, Weber M, Kocakavuk E, Rischpler C, and Kersting D.
Al and machine learning in nuclear medicine: future perspectives,
Semin Nucl Med. 2020;51(2):170-7.

Arabi H, AkhavanAllaf A, Sanaat A, Shiri I, Zaidi H. The promise
of artificial intelligence and deep learning in PET and SPECT
imaging. Phys Medica. 2021;83:122-37.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	EANM practice guideline for quantitative SPECT-CT
	Abstract 
	Purpose 
	Methods 
	Conclusion 

	Preamble
	Introduction
	Imaging protocols for quantitative SPECT-CT
	Overview
	Scanner calibration and characterisation
	Acquisition
	Reconstruction
	Corrections
	Attenuation correction
	Scatter correction
	Resolution modelling
	Decay correction
	Partial volume (sphere and non-sphere)
	Dead-time

	Reconstruction post-filtering

	Quality control and harmonisation
	Quality control requirements
	The need and methods of harmonisation

	The path to clinical use
	Clinical use cases
	Dosimetry
	Cardiology
	Perfusion
	Amyloidosis

	Neurology
	DaTScan

	Bone imaging
	Bone metastases
	Mandibular condyle asymmetry
	Osteoarthritis and arthroplasty


	Future perspectives
	Acknowledgements 
	References


