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Introduction

Medical imaging has an established role in the clinical management of most cancers.
Frequently used imaging modalities include radiography, ultrasonography, computed
tomography (CT), magnetic resonance imaging (MRI) and nuclear imaging techniques,
like positron emission tomography (PET) and single photon emission tomography
(SPECT). PET and SPECT provide functional information, while the other imaging
modalities are predominantly used for their anatomical information. For PET, different
tracers have been (and are still being) developed to visualize biochemical and functional
processes. The most widely used tracer for clinical PET is 18F-fluorodeoxyglucose (FDG),
a radioactive glucose analogue that accumulates in cells with an increased glucose
metabolism, for instance tumour cells. 18F-FDG is, therefore, the most commonly used
tracer for cancer imaging.

1

F-FDG PET has a high sensitivity for detecting lesions and has the ability to detect
early metabolic changes. Therefore, 18F-FDG PET has a role for many cancer types
in determining the diagnosis and stage of a disease by distinguishing benign from
malignant tissues, finding an unknown primary tumour in case only distant metastases
are known, detecting residual or recurrent disease, identifying the best lesion for
tumour biopsy and preoperative planning of the most optimal surgical approach [1,
2]. Furthermore, and most relevant in light of the present thesis, 18F-FDG PET is used
in radiotherapy for delineation of the target-volume and it can be used to determine
response to treatment or disease progression during treatment to identify metabolic
non-responders who should change to a different treatment option, avoiding
continuation of ineffective treatment and unwanted side effects [3, 4].
18

Quantitative PET
Besides the high sensitivity, another important advantage of PET is that it is a
quantitative imaging technique. Especially for radiotherapy planning and evaluation
of treatment response, precise and accurate image quantification is important. These
concerns apply not only to clinical practice but also to clinical trials, in which there is
an even greater need for accurate and reproducible quantitative data, because of the
importance to reliably compare information in patients, between patients and between
institutes. To quantitatively analyse PET data, the standardized uptake value, or SUV, is
most commonly used. The SUV is defined as the ratio of the image derived radioactivity
concentration and the injected radioactivity, multiplied by the patient’s body mass.
However, there are variables that can influence the SUV. Differences in SUV are
associated with biologic variability, differences in patient preparation methods, image
reconstruction algorithms, and image analysis methods. Therefore, further steps to create
less between- and in-institute variability of quantitative measurements are needed. The
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associated PET/CT accreditation program run by EARL aims to harmonize the use of
18
F-FDG PET/CT in oncology as a quantitative imaging biomarker as defined by the EANM
guidelines for 18F-FDG PET/CT tumour imaging [5, 6]. The EARL committee introduced
an imaging procedure and accreditation program to achieve SUV harmonization in
multicentre settings, aiming to improve the repeatability and reproducibility of PET
imaging. This resulted in a more precise and accurate interpretation of the PET/CT scans.
By implementing these imaging procedures, the influence of unwanted variabilities
is reduced. However, even when centres comply with these standards there are still
variabilities influencing the quantification of the PET images. When the SUV is acquired
in a response assessment setting, an SUV difference less than 30% can still be caused
by measurement variability [7–9]. Therefore, further steps to improve the stability are
needed.

Hybrid imaging
Currently, PET is performed in combination with morphological imaging (CT or MRI) to
improve localization of lesions. Besides the additional anatomical information for hybrid
PET imaging, CT and MR are also used to derive an attenuation correction sinogram for
the PET reconstruction. Attenuation is the loss of detection of true coincidence events
because of their absorption and scattering in the body. Especially CT is well suited
for correction of photon attenuation of PET data, due to the fast CT acquisition time
and because the effective X-ray energy of the CT image can be scaled to attenuation
coefficients at the PET energy of 511 keV [10]. For MR this is more challenging, because
it essentially provides proton density rather than photon attenuation coefficients [11].
An incorrect attenuation correction is one of the variables that affect image quantification
negatively. Examples are motion artefacts (either bulk motion or respiration differences
between PET and CT), truncation artefacts and metal artefacts. Bulk motion artefacts
and truncation artefacts are relatively easy to reduce for CT, by instructing the patient
not to move during PET and CT acquisition (for bulk motion), and to position the patient
carefully (for truncation artefacts).
Respiratory artefacts are more difficult to solve. When PET is reconstructed with both
an end-inhale and end-exhale CT, Kruis et al. found an average SUVmax difference of 4%
between the two PET reconstructions (extremes ranging up to 10%), while Erdi et al.
even found an average SUVmax difference of 15%, with extremes ranging up to 24% for
lung lesions [12, 13]. Already since the introduction of the combined PET/CT scanner,
different methods and strategies have been investigated to improve the alignment
between PET and CT. Since the least amount of motion is usually seen during the
expiratory phase, the PET is usually matched with an end-expiration CT.

12
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Respiratory-gated PET
PET has relatively long image acquisition times, typically 3-4 minutes for a single bed
position, and patients are instructed to breathe freely during the whole PET acquisition.
As a consequence, the respiration of the patient can cause blurring of structures within
the thorax and upper abdomen, resulting in underestimation of lesion radiotracer
uptake and overestimation of lesion volume in PET images [14]. If uncorrected, these
artefacts can introduce diagnostic uncertainties, inaccuracies in definition of target
volumes for radiation treatment planning and hinder adequate monitoring of therapy
response [14].

1

Different respiratory gating approaches have been developed in order to correct PET
images for respiratory motion artefacts. Most of them rely on the selection of data in
specific time intervals within the respiratory cycle, thereby creating an image in which
the respiratory motion is for a large part removed. Using the acquired respiratory signal,
PET data can be selected by dividing each respiratory cycle into a fixed number of
gates (phase-based gating) or by defining a certain amplitude range (amplitude-based
gating), as depicted in Figure 1.1.
Irregular breathing of the patient can cause difficulties in retrospective gating
approaches. Particularly in phase-based respiratory gating methods, discarded PET
data due to rejection of inappropriate triggers results in reduction of image quality (due
to count losses), while the acceptation of inappropriate triggers results in an image
were motion is still present. This is also depicted in Figure 1.1a. Several authors reported
that amplitude-based methods are more robust when irregular breathing patterns are
present [15–17]. To reconstruct a PET image, a percentage of the data can be chosen by
the user to control the amount of noise and residual motion in the image. One example
of an amplitude-based method is optimal respiratory gating. The calculation of the
optimal amplitude range is achieved by searching throughout the entire respiratory
signal of the gated bed positions to find the smallest amplitude range which still
contains the specified amount of PET data. Grootjans et al. showed that on average, for
their population only 13% of the motion was left in the image when 35% of the total
data would be used. They concluded that 35% provides a good balance between image
quality and motion rejection [14].

13
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a

b

Figure 1.1 Phase- and amplitude-based gating approaches for PET. a) Phase-based gating.
b) Amplitude-based gating. In phase-based gating, each respiratory cycle is divided in a
fixed number of gates (in this case 4) and data acquired in a specific gate is used for image
reconstruction. Amplitude-based gating relies on definition of an upper and lower amplitude
limit. PET data acquired when the amplitude of the respiratory signal falls in the defined
amplitude range will be used for image reconstruction. In case of the optimal respiratory gating
algorithm, an optimal amplitude range is defined according to the specified amount of data
that needs to be used for image reconstruction (total sum of the areas shaded in blue). Images
are reproduced from [14].
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Introduction

In the recent years respiratory-gated PET is increasingly being used in standard care and
in clinical trials. For lesions in the lungs and upper abdomen it is important that the CT
scans are acquired at a similar respiratory-phase as the gated PET reconstruction. In PET/
CT scans of lung cancer patients, van Elmpt et al. noticed a difference in SUVmax between
respiratory-gated PET images reconstructed with different respiratory CT phases [18].
In several cases, these variations exceeded 10% (range: 1.9% to 12.7%), with an average
difference of 4% [18]. In the study of Nehmeh et al. an increase of SUVmax up to 36% was
found between respiratory-gated PET and matched CT compared to respiratory-gated
PET and free-breathing CT [19]. With this recent development, a new solution needs to
be found to improve the alignment between PET and CT.

1

Thesis outline
The sensitivity of PET and the possibility to quantitatively analyse PET images makes PET
an essential tool for cancer imaging. However, PET does have several drawbacks. The
two main limitations are the relatively low spatial resolution, in the range of millimetres,
which results in a partial-volume effect affecting images both visually and quantitatively,
and secondly, the generally low signal-to-noise ratio, which also reduces the quality of
the images. In recent years, multiple advances have been achieved in PET/CT hardware,
software and acquisition methods, which potentially improve quantification and small
lesion detection. In chapter 2 these recent advances in PET/CT technology and the
potential consequences of these developments for the EANM guidelines and EARL
accreditation for 18F-FDG PET/CT imaging are explained. This chapter also introduces
both respiratory gating and metal artefact reduction as potential tool to solve
attenuation correction artefacts. These subjects are further discussed in the following
chapters of this thesis.
The introduction of respiratory-gated PET led to a decrease in spatial alignment
between PET and CT, because both images can now be considered essentially motion
free. Three different approaches to improve the spatial alignment between amplitudebased optimal respiratory-gated PET and CT images are discussed. First of all, two
different breathing instructions (during the spiral CT acquisition) will be explained. In
chapter 3 simple end-expiration breathing instructions are given to patients receiving
the CT scan, while in chapter 4 the respiration of the patient is measured and patientspecific breathing instructions are given during the CT acquisition to match the optimal
amplitude-phase of the PET image. Finally, in chapter 5 a different technique to improve
the alignment is tested. Here, the respiration of the patient is used to trigger a sequential
CT during specific respiratory amplitudes to acquire the CT at a specific time point.

15
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Metal implants can result in beam hardening, Compton scattering and noise, and can
create artefacts on CT images. If the region of interest is located near the implant,
the metal not only distorts the CT image but also influences the quantification of
radiotracer uptake in PET and can reduce the quality of the interpretation of the scan.
Dental implants, in particular, may impede diagnosis and therapy planning in head and
neck cancer, and with regard to prostate cancer, detection of metastasis using 68Galabeled prostate-specific membrane antigen (PSMA) can be hampered by the presence
of one or two hip prostheses. In chapter 6 an iterative metal artefact reduction method
is tested for both phantom and patient data to reduce these metal artefacts on PET/CT.
Finally, the clinical impact of respiratory gating and metal artefact reduction on PET/CT
image interpretation and SUV quantification is discussed and future perspectives are
addressed in chapter 7.

16
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ABSTRACT
In recent years, there have been multiple advances in PET/CT that improve cancer
imaging. The present generation of PET/CT scanners introduces new hardware,
software, and acquisition methods. This review describes these new developments,
which include time-of-flight (TOF), point-spread-function (PSF), maximum-a-posteriori
(MAP) based reconstruction, smaller voxels, respiratory gating, metal artefact reduction,
and administration of quadratic weight-dependent 18F-FDG activity. Also, hardware
developments such as continuous bed motion (CBM), (digital) solid-state photodetectors
and combined PET/MR systems are explained. These novel techniques have a significant
impact on cancer imaging, as they result in better image quality, improved small lesion
detectability, and more accurate quantification of radio-pharmaceutical uptake. This
influences cancer diagnosis and staging, as well as therapy response monitoring and
radiotherapy planning. Finally, the possible impact of these developments on the
European Association of Nuclear Medicine (EANM) guidelines and EANM Research Ltd.
(EARL) accreditation for FDG-PET/CT tumour imaging is discussed.

22

14928-vandervos-layout.indd 22

18/10/2017 19:49

Small lesion detection with state-of-the-art PET

PET/CT is nowadays widely used in oncology and has become an essential multimodality
imaging method that provides both anatomic and metabolic information [1, 2]. PET/
CT imaging is important for the detection, localization, characterization, and staging
of cancer [2]. However, the two main limitations of PET are the relatively low spatial
resolution, which results in a partial-volume effect (PVE) affecting images both visually
and quantitatively [3], and the generally low signal-to-noise ratio (SNR). The PVE limits
the detection of small, low-contrast lesions (typically <2 cm), since they appear to be
larger while their radiopharmaceutical uptake appears to be lower than the actual value,
due to spill out of activity [4]. In addition, this also decreases the detection sensitivity
itself when the signal-to-noise ratio of these lesions becomes too small. These effects
are especially important when accurate quantification is needed. In recent years, there
have been multiple advances in PET/CT that potentially improve cancer imaging and
small lesion detection. In this article, these recent advances in PET/CT technology are
explained. Also, the potential consequences of these developments for the EANM
guidelines and EARL accreditation for FDG-PET imaging are discussed.

2

NEW PET TECHNOLOGIES AND IMAGE RECONSTRUCTION
METHODS
In this section, an overview of several PET technological developments that took place
during the last decade will be given, as well as a short description of their underlying
principles. In particular, this review addresses TOF [5], PSF modelling [6], MAP-based
reconstruction [7], smaller voxels [8], respiratory gating [9], metal artefact reduction
[10], as well as hardware improvements like CBM [11], the development of solid-state
photodetectors using digital photon counting technology [12] and the introduction of
combined PET/MR imaging [13].
Our descriptions will be limited to those features that are currently available in
commercial, clinical whole-body PET/CT, and PET/MR systems. Nevertheless, still newer
developments are under way, and might enter the market within the coming years.
Among these, the most important ones in our opinion, could be the following. New PET
reconstruction methods for which PET attenuation correction by CT is not necessary
[14]. This can reduce or avoid several artefacts (motion, metal) in the PET images, and
leads to lowering of the radiation dose. Further, a substantial improvement of the TOF
timing resolution (see next section) can be expected [5], thus improving image quality,
reducing scan time, or reducing administered activity. Finally, scanners with very large
axial FOV, such as the total body system proposed by Cherry et al. [15] could provide an
even larger improvement of these parameters.

23
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Time-of-flight
PET imaging is based on the detection of annihilation photons along a line-of-response
(LOR). When the difference in arrival time between two annihilation photons is known,
the location from which these photons originated can be determined. If this difference
equals Δt, the location of the annihilation event, with respect to the midpoint between
the two detectors, is given by Δx = c Δt/2, where c is the speed of light (3 × 108 m/s). This
technique is called time-of-flight PET.
In 2006, the first commercial whole-body TOF-PET scanners were introduced. These
PET scanners use lutetium oxyorthosilicate (LSO) or lutetium-yttrium oxyorthosilicate
(LYSO) scintillators, which provide a timing accuracy of 350 – 550 ps, resulting in a
localization accuracy of 5.3 – 8.3 cm. Table 2.1 shows vendor-specific timing and
localization accuracy information. The spatial resolution of PET without TOF is already
in the order of several millimetres. This indicates that TOF information will not directly
lead to a higher spatial resolution. However, the incorporation of TOF information in
the PET image reconstruction algorithm does provide images with a higher SNR, which
improves the detection of small lesions with relatively low activity that would otherwise
have been indistinguishable due to background noise. The SNR is approximated by
SNRTOF ≈ √(D/Δx) SNRnon-TOF where D is the effective patient diameter [25]. Therefore, the
effect of TOF is most pronounced in obese patients [5, 25, 26]. It has been shown that
the SNR (as a property of the image) is proportional to the square root of the noise
equivalent counts (NEC) [27], which is a property of the PET scanner. The increase in
SNR is sometimes regarded as a gain in counts: a TOF image is equivalent to a non-TOF
image obtained with a larger number of counts, where D/Δx is called the gain factor. The
sensitivity times this gain factor is sometimes called the effective sensitivity. In other
words, the incorporation of TOF information increases the effective sensitivity. This can
be used to provide better image quality and improved lesion detection, or to shorten
the scan time while keeping the same image quality with better clinical workflow
and added comfort for the patient, or finally to reduce radionuclide costs and reduce
radiation dose to the patient and hospital personnel with the same scan time and image
quality.

Point-spread-function modelling
Iterative image reconstruction methods use a system matrix that couples the coincidence
counts along each LOR to the activity in the different voxels. In principle, this matrix takes
into account all processes that influence the measured counts along each LOR. Among
these are resolution degrading effects such as positron range, photon non-colinearity,
and detector-related effects, including crystal widths, inter-crystal scattering, and

24

14928-vandervos-layout.indd 24

18/10/2017 19:49

Small lesion detection with state-of-the-art PET

inter-crystal penetration (depth of interaction effects). Resolution modelling or PSF
modelling takes into account these effects during image reconstruction [6]. However,
PSF modelling can also be applied as a post-reconstruction deconvolution [28]. The first
method has been implemented by Siemens (HD) and GE (SharpIR), while the second
method is used by Philips, as can be seen in Table 2.1.
It has been demonstrated that PSF modelling in PET reconstructions leads to higher and
more uniform spatial resolution over the transaxial FOV [29–31]. Special attention should
be given to some pitfalls; noise and Gibbs artefacts can be amplified [32]. However, for
noise, this depends on its definition. As explained by Alessio et al. [33], PSF modelling
can reduce noise when it is defined as intensity variation on a voxel-to-voxel basis, but
may increase the ensemble standard deviation of mean lesion uptake. Also, spatially
correlated noisy patterns can be introduced, especially for low count statistics [34].

2

An example of a clinical PET scan demonstrating the impact of TOF and PSF is shown
in Figure 2.1. It is interesting to note that although PSF modelling was developed and
tested mainly for 18F-FDG imaging, it clearly also enhances small lesion detectability
using 68Ga-based tracers. Apparently, this is not hampered by the higher positron
energy and larger range for 68Ga versus 18F.

a

b

c

Figure 2.1 68Ga-labeled prostate-specific membrane antigen (PSMA) maximum intensity
projection PET images (mCT, Siemens) of a patient with metastasized prostate cancer. PSMA
uptake is visible in the prostate and four metastases (two lesions in the acetabulum (right), and
two para-iliac lymph nodes (left and right)). All images were reconstructed with a transaxial
matrix size of 256 × 256, pixel size of 3.1 × 3.1 mm2. a) PET reconstruction without PSF
modelling and without TOF, b) PET reconstruction with PSF modelling and without TOF, and c.
a PET reconstruction with both PSF modelling and TOF (data are from Radboudumc, Nijmegen,
The Netherlands).
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N/A

78

Siemens
Biograph
mCT Flow
(TrueV) [11]

<5.1**
(average
radial and
tangential)

≥10.8**

>3.6**

LYSO

19.6

PMT

4×4×12

205

179

N/A

88

Toshiba
Celesteion
[21]

4.9**
(average
radial and
tangential)

?

9.1**

LYSO

23

PMT

3.9×3.9×20

229

235

N/A

70

Mediso
Anyscan

5.8*

76.3*

22.9*

LYSO

25

SiPM

4.0×5.3×25

226

188

3T

60

GE Signa
[12, 22]

5.2*

13.3*

13.3*

LSO

25.8

APD

4×4×20

200

200

3T

60

Siemens
mMR
[23, 24]

Table 2.1 PET/CT and PET/MR system specifications, including the availability and performance of recent developments such as TOF, PSF,
respiratory gating, and metal artefact reduction.

Chapter 2

26

18/10/2017 19:49

14928-vandervos-layout.indd 27

3.8/4.0*

171@50*

345**

5.2**

y
(PSF)

Phase-based

O-MAR

NEMA axial
resolution (FWHM)
@ 1 cm and 10 cm

Peak NECR (kcps)
@ kBq/ml

TOF timing
resolution (ps)

TOF localization
accuracy (cm)

PSF

Respiratory gating

Metal artefact
reduction

O-MAR

Phase-based

y
(PSF)

7.4**

495**

124@20*

4.7/5.2*

5.0*

Philips
Ingenuity
TF
[18]

Smart MAR

Phase-based
(Q.Static/
Q.Freeze)

y
(SharpIR)

8.2*

544*

144@29***

4.8/5.6*

5.1*
(average
radial and
tangential)

GE
Discovery
PET/CT 710
[12, 19]

Phase-based
(Q.Static)

y
(SharpIR)

N/A

N/A

124@9*

4.8/4.8*

5.1*

GE Discovery
IQ (5-rings
system) [12,
20]

Smart MAR

Phase-based
(Q.Static/
Q.Freeze)

y
(SharpIR)

5.8**

385**

180@20**

4.8/4.7**

4.5**
(average
radial and
tangential)

GE
Discovery
MI (4-rings
system)

iMAR

Amplitudebased
(HD•Chest)

y
(HD)

8.1**

540**

185@29*

4.3/5.9*

4.7*

Siemens
Biograph
mCT Flow
(TrueV) [11]

SEMAR

Phase-based

y

<6.8**

<450**

61 +/- 10**

<5.0/<5.4**

<5.1**
(average
radial and
tangential)

Toshiba
Celesteion
[21]

?

?

?

?

?

150**

4.2/5.1**

4.9**
(average
radial and
tangential)

Mediso
Anyscan

4.8*

4.3/6.6*

196@24*
N/A
N/A
y
(HD)
Amplitudebased
(HD•Chest)

4.4*

5.4/6.8*

215@18*
<400*
6.0*
y
(SharpIR)
Phase-based
(Q.Static/
Q.Freeze)

WARP

Siemens
mMR
[23, 24]

GE Signa
[12, 22]

*Data from peer-reviewed publications. **Data from vendor. ***Data determined by authors (typical values measured during acceptance testing). Note about effective sensitivity: As
explained in the section about time-of-flight, the gain factor by which the sensitivity is effectively increased by using TOF can be approximated as D/Δx. However, most manufacturers
(except Toshiba) do not exactly specify how they have calculated their effective sensitivity. When the effective sensitivity was not known, the authors calculated this by using the
NEMA sensitivity and the TOF information with D = 20 cm.

4.2*

NEMA tangential
resolution (FWHM)
@ 10 cm

Philips
Vereos
[16, 17]

Table 2.1 (continued)
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Bayesian penalized likelihood
When using conventional iterative reconstruction algorithms based on maximum
likelihood estimation maximization (MLEM) such as ordered subset expectation
maximization (OSEM), the quantitative accuracy of the resulting images improves (the
standardized uptake values (SUVs) of lesions increase) when the number of iterations is
increased. However, image noise levels also increase with each iteration, hampering visual
small lesion detection. As a compromise, some bias (underestimation of SUV in smaller
lesions) is allowed in the reconstructed images in return for reduced noise levels, by
stopping the iterative process after a limited number of iterations, or by applying post
reconstruction spatial smoothing [35].

a

b

c

Figure 2.2 Top row: images of a 100 Mcounts acquisition of the NEMA image quality phantom
(sphere-to-background activity concentration ratio 4:1). Measured sphere-to-background ratios
(hottest pixel) are given for the two smallest spheres. Bottom row: 18F-FDG PET images (four-ring
Discovery MI, GE) of a patient with ovarian cancer with peritoneal carcinomatosis, a) reconstructed
using OSEM, b) TOF-OSEM with PSF modelling, and c) block-sequential regularized expectation
maximization (BSREM; Q.clear) with PSF modelling and a beta-value of 400. SUVmax [g/cm3] is
given for the two lesions. Note the much better recovery in the small lesions when adding TOF
and PSF, with further improvement for BSREM, optimized for BPL. The beta value in the BSREM
reconstruction was chosen to result in similar background variability in the BSREM and TOF-OSEM
images of the NEMA phantom (data are from Uppsala University Hospital, Uppsala, Sweden).
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Bayesian methods are applied in PET image reconstructions to further improve the quality
of reconstructed images by taking advantage of prior knowledge of the image, e.g., nonnegativity of the tracer concentration, limited variation between neighbouring voxels
(while preserving real edges), or anatomical information for example from CT. The Bayesian
penalized likelihood technique (BPL) or MAP algorithm (for instance as incorporated in
Q.Clear (GE) [7]) allows effective convergence of image accuracy while suppressing noise,
by using a penalty function [7, 36]. With every iteration, the outcomes with lower variation
between neighbouring voxels are slightly favoured over noisier ones. The strength of this
penalty term is chosen to match the procedure type. A substantial number of iterations
(typically 25) warrants convergence without amplifying noise, resulting in improved
image quality and increased SUV, particularly in small lesions when compared with
reconstruction techniques without using MAP [7, 35, 37]. An example is given in Figure 2.2.

2

Small voxel reconstruction
In current practice, the image voxel size for whole-body FDG-PET scans is typically around
4 × 4 × 4 mm3 [18, 38, 39], which is in the order of the NEMA spatial resolution of the PET
scanner [40], defined as the full width at half and tenth maximum (FWHM/FWTM) of a
point source when reconstructed using filtered back-projection without any corrections.
Recent studies demonstrated that the use of smaller voxels and corresponding larger
matrices, in combination with TOF-PET/CT systems, improves the detection of small lesions
[8, 41–43]. Li et al. [41] demonstrated that using a 400 × 400 matrix (2 × 2 mm2) resulted
in more detected lymph nodes and a better visual image quality, as compared to a 200 ×
200 matrix (4.1 × 4.1 mm2). Furthermore, Koopman et al. [8] showed that the use of 2 × 2
× 2 mm3 instead of 4 × 4 × 4 mm3 voxels was preferred by physicians, based on rankings
including lesion sharpness, lesion contrast, and diagnostic confidence. Moreover, the use
of 2 × 2 × 2 mm3 voxels resulted in an increase in SUVmean, SUVmax, and SNR for small lesions
(<11 mm) in patients. This is also demonstrated in Figure 2.3. Additionally, they found that
the contrast recovery coefficients (as defined in their paper) for phantom spheres were
more accurate using 2 × 2 × 2 mm3 voxels [8].
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a

b

c

d

Figure 2.3 18F-FDG PET/CT images (Ingenuity TF, Philips) of a patient with metastasized breast
cancer. The reconstructions were made without PSF modelling, but with TOF. a) and c) a standard
4 × 4 × 4 mm3 voxel reconstruction and b) and d) a small 2 × 2 × 2 mm3 voxel reconstruction. On
the small-voxel images, there is an improved visualization of axillary lymph nodes, with an increase
of SUVmax of more than 65% for the small lymph nodes (data are from Isala Hospital, Zwolle, The
Netherlands).

A drawback of the use of small voxels is an increase of noise in the PET images as smaller
voxels imply fewer counts per voxel [8]. These higher noise levels may result in more falsepositive findings [44].

Respiratory gating
Respiratory motion causes blurring of lesions in the thorax and upper abdomen,
and can cause additional artefacts because of an inaccurate attenuation correction
due to a mismatch between PET and CT [45]. This results in a lower detectability of
tumours, inaccurate SUVs, and sub-optimal radiotherapy treatment planning [46, 47].
Respiratory gating can be used to create an essentially motion-free PET image. There
are two methods that are most common. For the first method, the respiration of the
patient is tracked and only a part of the PET data is used to reconstruct a motion-free
image. For the second method, the respiration is also tracked, but all PET data is used to
reconstruct a motion-free image by translating gated images of the different respiratory
phases. In recent years, several respiratory gating methods have been developed for
PET imaging [46, 48]. For the first method, to maintain image quality, respiratory gating
requires a longer scan time and/or a higher injected activity. Therefore, respiratory
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gating is nowadays not routinely used for diagnostic imaging [49, 50]. However, it is
more commonly applied for radiotherapy planning, where an accurate delineation and
quantification is even more important [51–53].
Different vendors offer different respiratory gating methods. Philips, GE, and Toshiba
use a phase-based gating method [54]. Siemens also allows phase-based gating, but in
addition offers an amplitude-based optimal gating method, called HD•Chest. With this
method only PET data collected from the respiratory amplitude range with the least
amount of motion are used [9, 46]. GE also introduced Q.Freeze, which should only be
used for diagnostic purposes. Q.Freeze is a phase-based gating method in combination
with a non-rigid translation of the other phases, so all collected data are used for the
final motion free image [48]. An example of the impact of respiratory gating on a PET
image is shown in Figure 2.4.

a

2

b

Figure 2.4 18F-FDG PET/CT images (mCT, Siemens) of a patient with a non-small cell lung cancer
lesion in the left lower lobe. a) Non-gated and b) an essentially motion-free image (HD•Chest). Both
PET images have been reconstructed with a matrix size of 400 × 400, pixel size of 2 × 2 mm2, with
PSF modelling and TOF. For the non-gated images, the first 35% (126 s) of the acquired data was
used for image reconstruction, resulting in an equal number of acquired true coincidences as the
gated image. There is a considerable increase in SUVmean of 70% and a decrease in volume of 80%.
Images have been reproduced from [46].

Metal artefact reduction
Metal artefact reduction is a standard tool in stand-alone CT systems and different methods
are well described in the literature [55]. However in PET/CT, reduction of metal artefacts is
relatively new, not commonly implemented, and little research has been performed on the
impact of CT metal artefacts on PET imaging. Artefacts on CT images can influence the PET

31

14928-vandervos-layout.indd 31

18/10/2017 19:49

Chapter 2

reconstruction, as CT data are used for PET attenuation correction. If the region of interest
is located near the implant, the metal not only distorts the CT image but also influences
the quantification of radiotracer uptake and can reduce the image quality and interpreter
confidence [10, 56]. Metal artefact reduction is important for diagnosis [57] and therapy
planning [58] in head and neck cancer, and it can improve the image quality of 68Ga-PSMA
PET studies for metastasis detection in patients with one or two hip prostheses [10, 59].
Recently, iterative metal artefact reduction was introduced for some PET/CT scanners.
Siemens introduced the iMAR algorithm [10], Philips introduced O-MAR and Toshiba
SEMAR. It is expected that these algorithms result in an improved quantification and
interpretation of the PET image near metal implants. An example is shown in Figure 2.5.

a

b

Figure 2.5 18F-FDG PET/CT images (mCT, Siemens) of a patient with uptake in the palatine
tonsils (arrows in a)), and 18F-FDG-avid lymph nodes (arrows in b)). Both PET images have been
reconstructed with a matrix size of 200 × 200, pixel size of 4 × 4 mm2, with PSF modelling and
TOF. The metal artefact is visible on the a) standard PET/CT reconstruction, while the b) PET/CT
reconstruction with metal artefact reduction (iMAR) shows fewer CT artefacts. There is an SUVmean
increase from 2.5 to 2.8 g/cm3 when iMAR is used for the tonsil. Images have been reproduced
from [10].

Continuous bed motion
Due to the limited axial FOV of PET scanners, more than one bed position is generally
needed to cover the section of the body that needs to be imaged. Since the sensitivity
decreases toward the edges of the axial FOV, these bed positions are chosen to partly
overlap to improve the uniformity in sensitivity along the axial direction [60]. Recently,
CBM acquisition was introduced by Siemens (FlowMotion). The PET scanner shows
similar performance compared to its predecessor system with discrete bed positions.
The image quality was also similar for both techniques, with the exception of slightly
increased noise levels for the planes at the edges of the outer bed positions in the
standard acquisition [11, 61].
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However, an advantage of the CBM technology is that the scan range can be selected
without being restricted to a discrete number of bed positions, thus on average saving
scan time by using a shorter scan range [62]. CBM could result in less CT radiation
exposure due to this shorter range [62]. Finally, it has been stated that patients prefer
the more fluent scanning of the CBM method over the more abrupt movements using
discrete bed positions [61, 62].

2

Solid-state and digital PET
Recently, three vendors introduced PET scanners based on solid-state photodetectors,
replacing the conventional photomultiplier tubes (PMTs). Siemens introduced their mMR
PET/MR scanner that uses avalanche photodiodes (APD), which can operate in a magnetic
field, thus offering the possibility of constructing an integrated PET/MR scanner.
GE introduced their Signa PET/MR scanner using silicon photomultipliers (SiPM), which
can also operate in a magnetic field. Philips introduced the Vereos PET/CT scanner based
on SiPMs with digital readout, and GE released their Discovery MI PET/CT scanner, also
based on SiPMs with digital readout.
In case of the digital PET scanner from Philips, the digital SiPMs are capable of detecting
and processing single scintillation photons because their elements match the size of the
scintillator crystal elements and they incorporate electronics to achieve a one-to-one
relation between the scintillator crystal elements and the digital photomultipliers [63–65].
In terms of system performance, this design results in an improved spatial and timing
resolution and relatively high maximum count rates. In case of the Discovery MI scanner
(GE), 12 crystals (4 × 3) are coupled to an array of SiPMs (3 × 2), much like the block design
of analogue PMT-based scanners. This reduces count-rate capability and spatial resolution
compared to one-to-one coupling of crystals and SiPMs, but improves sensitivity.
Based on phantom and patient studies that were recently performed on a digital PET
system [16, 66, 67], it is expected that digital PET can provide a higher image quality and/
or allow for a lower radiopharmaceutical dose and improved small lesion detection for
oncology scans, as compared to an analogue PET system with PMTs. Figure 2.6 shows PET
images of an analogue, PMT-based system and a digital PET system, of a NEMA image
quality phantom (sphere diameters 10 – 37 mm) and a micro hollow sphere phantom
(sphere diameters 4 – 8 mm). The reconstructed images demonstrate that image quality
and small object detection improve using reconstruction settings with small voxels, on
both the analogue and the digital PET. Furthermore, there is a higher contrast of the
smallest spheres on the digital PET images as compared to the analogue PMT-based PET.
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Nguyen et al. [68] reported their initial experience in cancer patients with a prototype
digital PET scanner compared to an analogue PET system with PMTs. They found a better
image quality, diagnostic confidence, and accuracy with their digital PET.

a

b

c

Figure 2.6 PET images of a NEMA phantom (sphere diameters 10 – 37 mm) and micro phantom
(sphere diameters 4 – 8 mm), filled with 20 and 2 kBq/ml FDG in the spheres and the background,
respectively. Data were acquired on an analogue, PMT-based PET (Ingenuity TF, Philips) and a digital
SiPM-based PET (Vereos, Philips). a) Images of the analogue PET that fulfils EARL requirements. b)
Images of the analogue PET using 2 × 2 × 2 mm3 voxel reconstruction. c) Images of a digital PET
using a 2 × 2 × 2 mm3 voxel reconstruction (data are from Isala Hospital, Zwolle, The Netherlands).

Hybrid PET/MR imaging
During the development of hybrid PET/MR systems, two major challenges needed to be
overcome. First of all, conventional PET photodetectors are based on PMTs that cannot be
operated in the high magnetic field of an MR scanner and are too large to allow placement
inside an MR body coil whilst still leaving a sufficiently large patient opening. Integrated
PET/MR was achieved using (analogue) APDs or SiPMs for conversion of the light produced
by the scintillator crystals. In addition to their ability to function properly in a magnetic field,
both APDs and SiPMs are much smaller than traditional PMTs, allowing for detector rings
of about 5 cm thickness inside a 70 cm MR bore, leaving a 60 cm patient port diameter. An
advantage of SiPMs compared to APDs is that SiPMs allow for TOF, whereas APDs, due to
their timing resolution of about 2000 ps, do not. Specifications of the PET components for
two fully integrated PET/MR systems are given in Table 2.1.
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The second major challenge of quantitative PET with PET/MR, is that the PET attenuation
correction needs to be derived from MR images, which essentially provide proton density
rather than attenuation coefficients. Most PET/MR systems employ a dedicated (fast) MR
sequence, followed by segmentations or tissue classification of the resulting MR image
and assigning a priori known attenuation coefficients to a limited number of segmentation
or tissue classes. This approach has several limitations. First of all, bone tissue is typically
not included in this process and its attenuation is assumed to be equivalent to soft
tissue attenuation. Secondly, lungs are segmented and assigned a uniform attenuation
coefficient. Thirdly, the patient couch, fixation devices, and the coils used for MR image
acquisition are not detected by the MR scanner and dedicated predefined attenuation
templates need to be added to the attenuation image to compensate for them. Fourthly,
the MR FOV is typically smaller than that of the PET scanner and truncation of the MR
image in the transaxial direction is often observed, resulting in incomplete attenuation
coefficient images and thus incorrect attenuation correction of the PET data. For most of
the limitations indicated above, solutions have been proposed but not all of them are yet
routinely available on all systems. For example ultra-short echo time (UTE) or zero echo
time (ZTE) MR can be used to visualize bone and has only recently been introduced for
brain PET/MR [69]. Another approach would be the use of CT-based templates which are
registered onto the patients MR images and finally combined and processed to generate
patient-specific attenuation images [69]. MR truncation artefacts in the attenuation images
can be solved by first performing a PET reconstruction without attenuation, then derive
the outer contour of the patient from this image and assign soft tissue attenuation to the
tissues missed in the MR image [69]. However, advanced reconstruction methods, such
as maximum likelihood of activity and attenuation (MLAA), might also be used to correct
for MR truncation or otherwise incorrect attenuation maps [70–72]. A more complete
overview of current PET/MR technologies, opportunities and challenges can be found in a
review by Quick and Boellaard [73].

2

POSSIBLE FUTURE IMPLICATIONS OF TECHNOLOGICAL
DEVELOPMENTS ON IMAGING GUIDELINES AND APPLICATIONS
To date, most of the new technologies that were discussed in this paper are not yet
widely spread in clinical practice. However, several of these, such as digital photodetector
technology, PET/MR and novel PET reconstruction methods will become more available.
We expect that they will be increasingly clinically used in the next decade and will have
a large impact on image quality, lesion detection, and quantification in cancer PET
imaging. These new technological developments thus provide a technology push for
the evolution of new standards and imaging guidelines.
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Imaging guidelines and quantitative standards
The EANM guidelines for FDG-PET/CT tumour imaging and the associated PET/CT system
accreditation program run by EARL aim to harmonize the use of FDG-PET/CT in oncology
as a quantitative imaging biomarker in multicentre studies [39]. To date, the EANM/EARL
standard is based on the technological status for the majority of the installed PET/CT
systems. In order to allow sites to benefit from the advantages of the new technologies
described, two different PET reconstructions could be made: one optimized for visual
interpretation and another meeting international quantitative standards [39, 74–76].
With the introduction of new acquisition and reconstruction techniques in the latest
scanners from multiple vendors, and assuming that the availability and presence of PET
scanners using older technology will decrease, it is expected that these technologies will
become widely spread during the next 5 to 10 years. Consequently, EARL standards will
need to be updated over time and the implication of new technologies on harmonized
quantitative performance is presently being explored by EARL as discussed in more
detail elsewhere in this supplement issue [77].

New applications facilitated by new technologies
The improved image quality can be used to adjust administered activity and/or scan
duration. In 2013, de Groot et al. [78] published an optimized FDG-activity regimen,
which is based on a quadratic relation between FDG-activity and patient’s body weight.
They demonstrated that when using a quadratic administration regimen, the image
quality (in terms of SNR in the liver) remains constant for patients with various body
masses. This FDG-activity regimen has been mentioned as an alternative to the linear
regimen in the second version of the EANM guidelines for FDG-PET tumour imaging
[39]. Recently, a technical note was published by Koopman et al. [79] describing how to
derive an FDG-activity formula, taking into account both EANM guidelines [39, 80] and a
quadratic relation between FDG-activity and patient’s body weight. Their equation can
be applied for all PET/CT systems, regardless of their technological status. A drawback
of the quadratic administration of FDG-activity is that it requires a high amount of FDGactivity in obese patients. Alternatively, a quadratic-dependent duration of the PET scan
could be implemented in these cases.
An example of a new application of PET/CT that has been facilitated by the recent
developments in PET/CT technology is the use of 90Y-PET/CT imaging in patients
with liver metastasis who were treated by selective internal radiation therapy (SIRT).
90
Y is a radionuclide with a very small positron fraction (31.9 × 10−6) and therefore it
is challenging to use it for PET imaging [81]. However, several studies have recently
compared Bremstrahlung 90Y-single-photon emission computed tomography (SPECT)/
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CT with 90Y-PET/CT and demonstrated that 90Y-PET/CT scans using state-of-the-art TOFPET systems provide a higher image quality with improved lesion detection and more
accurate quantification and dosimetry [82–86].
Furthermore, the recent developments in PET/CT technology facilitate the use of lowcount-rate PET studies such as imaging with 124I, which is performed in the followup of thyroid cancer. In general, the image quality for the 124I-PET scan is poor due to
the complex decay scheme and especially the emission of prompt gamma rays with
an energy of 602.7 keV, well within the standard energy window of a PET scanner.
Furthermore, even higher energy gammas are present, which can downscatter into the
energy window, or increase the dead time. For such a radionuclide, TOF results in a better
SNR for the same number of counts [5, 87]. It is expected that recent developments in
PET/CT technology, combined with a careful application of correction methods for the
prompt gammas [88], further facilitate the use of 124I-PET/CT [89] (or tracers labelled
with other radionuclides such as 89Zr [90]) with an improved image quality and a more
accurate quantification [91].

2

CONCLUSION
In recent years, the development of PET/CT scanners has mainly focused on improved
small lesion detection. The introduction of TOF, PSF modelling, and smaller voxels
were the main reasons for this improvement. Also, a larger axial length increased
the sensitivity of the scanner [60], while the spatial resolution was improved by
reducing the size of the scintillator crystal element and by using smaller voxels [60].
Other reconstruction techniques have been developed for specific problems, such as
respiratory gating and metal artefact reduction. Together, all these advancements made
it possible to improve the quality and quantification of PET/CT images and optimize
radiation dose and scan time.
The increase in effective sensitivity and improved spatial resolution led to an improved
visibility of small lesions, which is not only important for detection of lesions and
metastases in 18F-FDG-PET/CT scans, but also for other tracers, for instance the use
of 68Ga-PSMA for the detection of (lymph node) metastases in patients with prostate
cancer, 89Zr-MAb immunoPET studies, 90Y imaging for patients who are treated for liver
metastasis, or 124I imaging for follow-up of thyroid cancer. This implies that PET/CT is
nowadays not only used for detection and identification of lesions but has also been
increasingly implemented for radiotherapy planning and therapy response monitoring
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[39]. For these applications, an accurate quantification and repeatability/reproducibility
is of the utmost importance. The ongoing improvements discussed in this paper can
contribute to this.
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Abstract
Respiratory motion during PET has a significant effect on the quantification of radiotracer
uptake in PET images. Even when respiratory motion is considered using PET gating
techniques, inaccuracies in standardized uptake values can be caused by inappropriate
attenuation correction due to a spatial mismatch between PET and CT. In this study,
the effect of breath-hold CT imaging on the spatial match between CT and amplitudebased respiratory-gated PET images is investigated.
Methods: 18F-FDG PET/CT imaging was performed in 52 patients with 125 lung lesions.
18
F-FDG PET was performed using optimized, amplitude-based respiratory gating. For
CT, 36 patients were randomly assigned to the free-breathing (FB) group and 16 to
the rest-expiratory breath-hold (BH) group. Spatial mismatch between the PET and CT
images was quantified by measuring the distance between the centroids of PET and CT
lesions and calculating the Jaccard similarity coefficient (JSC).
Results: In the upper lobes, the average distance between the centroids of the PET and
CT lesions was 4.7 ± 3.1 and 6.0 ± 3.0 mm for the FB and BH groups, respectively (p =
0.11). For the middle and lower lobes, the distances were 5.8 ± 4.3 and 5.1 ± 2.9 mm (p
= 0.70), respectively, and for the central region 4.8 ± 4.6 and 5.6 ± 2.0 mm (p = 0.24),
respectively. The JSC for the upper lobes was 0.28 ± 0.17 and 0.28 ± 0.19, for the FB and
the BH group, respectively (p = 0.83). For the middle and lower lobes, the JSC was 0.22
± 0.16 and 0.28 ± 0.18 (p = 0.20), respectively, and for the central region 0.39 ± 0.17 and
0.13 ± 0.04 (p = 0.04), respectively.
Conclusion: Providing breathing instructions to the patients during the CT acquisition
did not improve the spatial alignment between the respiratory-gated PET images and
the CT images. The difficulty experienced in using this clinical protocol, such as patient
compliance and operator dependence, emphasizes the need for other strategies.
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PET combined with CT is an essential multimodality molecular imaging method for
accurate staging and diagnosis of a variety of diseases, particularly in oncology [1, 2]. The
advantage of combined PET/CT imaging is that it provides both anatomic and molecular
information on the patient, improving detection, localization, and characterization
of disease [2]. Furthermore, the CT scan can be used for PET attenuation correction.
Quantitative indices in PET, such as the standardized uptake value (SUV) [3], metabolic
volume, and total lesion glycolysis [4, 5], can be used to diagnose the disease, to
provide prognostic and predictive information, and to optimize radiotherapy planning.
Furthermore, it has been established that molecular imaging with PET is valuable in the
early assessment of therapy response of several tumour types [6–9].
During PET acquisition, patients are instructed to breathe freely because of the
relatively long image acquisition time. As a consequence, respiratory motion can result
in significant blurring of structures within the thorax and upper abdomen, reducing
quantitative accuracy of radiotracer uptake and accurate volume definition in PET
images [10–13]. Different strategies have been developed in an attempt to correct PET
images for respiratory motion. These methods, collectively known as respiratory gating,
have demonstrated that breathing-induced image-blurring can significantly affect the
quantification of radiotracer uptake in PET images. Additionally, underestimation and
overestimation of the SUVs can also be caused by a spatial mismatch between PET and
CT, resulting in inappropriate PET attenuation correction [14, 15]. The spatial mismatch
can even be increased by respiratory gating of the PET images, because the lesions can
be captured in a respiratory phase different from the CT scan. The effect of inappropriate
attenuation correction on quantification of radiotracer uptake will be largest in moving
lesions at the interface of anatomic regions with different densities (e.g., the lower lung
and liver dome) [16].

3

Improving the spatial match between the PET and CT images can therefore result in
more accurate attenuation correction and lesion SUVs. Correction for these inaccuracies
in SUV may improve the diagnostic accuracy of PET imaging and may facilitate, in
particular, clinical decision making during early treatment response monitoring and the
incorporation of PET in radiotherapy treatment planning [13].
To improve PET/CT co-registration, the change of free-breathing (FB) CT acquisitions
into CT acquisition protocols with breathing instructions provided has been suggested
[15, 17, 18]. In the present study, the effect of breath-hold (BH) CT imaging on the spatial
match between CT and amplitude-based respiratory-gated PET images is investigated.
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MATERIALS AND METHODS
Patients
Whole-body (WB) 18F-FDG PET/CT imaging was performed in 52 patients with 125 lung
lesions. The demographics are shown in Table 3.1. When respiratory gating became
available for 18F-FDG PET/CT in our institute, it was included in the routine diagnostic
work-up of patients with suspected lung cancer. Patients were scanned with or without
respiratory instruction during the CT scan. This study was approved by the institutional
review board (IRB) and performed in accordance with the applicable rules concerning
the review of research ethics committees, and the requirement to obtain informed
consent was waived. The localizations of the lesions used for image analysis are
summarized in Table 3.2.

Table 3.1 Demographics of patient population.
Characteristic

FB group (value ± SD)

BH group (value ± SD)

Average age in y

66.7 ± 9.5

70.9 ± 9.8

Average weight in kg

77.7 ± 12.1

70.6 ± 11.9

Male

24

10

Female

12

6

Primary lung cancer

25

10

Metastasis

3

3

Other and unconfirmed

8

3

Lesion size on CT in mm

8262 ± 22914

8890 ± 21873

Average F-FDG dose in MBq

248 ± 40

226 ± 42

Minimum SUVmax in g/cm3

0.67

1.03

Sex

Diagnosis

3

18

Table 3.2 Number of lesions for FB and BH groups
Anatomic location

FB group

BH group

Upper lobes

45

17

Middle and lower lobes

30

19

Central

11

3

Total

86

39
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Image acquisition
Images were acquired using a Siemens Biograph 40 mCT PET/CT scanner with
optimized, amplitude-based respiratory gating (HD•Chest) [12]. The PET scanner has an
extended axial field of view of 216 mm with 4 lutetium oxyorthosilicate detector rings. A
dose of 3.2 MBq of 18F-FDG per kilogram of body weight was administered. Respiratory
gating was performed on bed positions covering the thorax. Gated and non-gated bed
positions were scanned during FB for 6 and 2 min, respectively. The respiratory signal
was obtained using an Anzai AZ-733V respiratory gating system. This system consists of
a pressure sensor integrated in an elastic belt placed around the patient’s thorax. A WB
low-dose CT scan was acquired for attenuation correction and anatomic reference. The
x-ray tube peak voltage (kVp) was set to 100 and 120 kV for patients with body mass
less than 70 kg and greater than 70 kg, respectively. The tube current was modulated
using CARE Dose4D (Siemens), with a reference setting of 50 mAs. The CT scan was
acquired with 5.0 mm slices (16 × 1.2), a pitch of 1.0, and a rotation time of 0.5 s. For CT
acquisition, patients were sequentially assigned to 2 groups using different breathing
protocols: a FB group (n = 36) and a BH group (n = 16). In the FB group, no breathing
instructions were given to the patients during CT imaging. The patients in the BH group
received an end-rest-expiratory BH instruction during CT imaging. Seven patients
originally assigned to the BH group could not comply with the respiratory instruction.
These patients were assigned to the FB group.

3

Image reconstruction
The PET images were reconstructed using an algorithm with a spatially varying pointspread function incorporating time-of-flight information (UltraHD PET; Siemens).
Images were reconstructed with 3 iterations, 21 subsets, and a transaxial matrix size
of 400 × 400 (pixel size, 2.04 × 2.04 mm2). The slice thickness of the PET images was
matched to the slice thickness of the attenuation CT, and postreconstruction filtering
was performed with a 3D gaussian filter kernel with a full width at half maximum of
3.0 mm. Respiratory gating was performed on the list-mode data with an amplitudebased optimal respiratory-gated algorithm, integrated in the Syngo 2011A MI.PET/
CT software. The main user input for the optimal respiratory-gated algorithm is the
percentage duty cycle, which is the percentage of the total number of true coincidences
used for image reconstruction. The optimal respiratory-gated algorithm calculates
an optimal amplitude range for a given duty cycle [12]. Selection of the percentage
duty cycle permits the user to control the amount of noise versus the residual motion
components in the reconstructed images. In this study, images were reconstructed
using a duty cycle of 35%, corresponding to 126 s of PET data per gated bed position.
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This duty cycle provides the best trade-off between number of counts, scan time, and
reduction of motion artefacts [12, 13]. For the non-gated images, the first 126 s of the
acquired data was used for image reconstruction.
The CT images for attenuation correction were reconstructed with a B19f convolution
kernel and a slice thickness of 5.0 mm, whereas CT images for anatomic reference were
reconstructed with a B31f convolution kernel and a slice thickness of 3.0 mm.

Image analysis
F-FDG PET and the CT images were analysed using the Inveon Research Workplace
4.1 Software (Preclinical Solutions, Siemens Medical Solutions USA). To quantify
the mismatch between lesions in the PET and CT images, 2 methods were used:
measurement of the distance between the centroids of the PET and CT lesions [16, 17]
and calculation of the Jaccard similarity coefficient (JSC). The JSC quantifies the spatial
overlap of 2 volumes, defined as

18

J(VOICT ,VOIPET) =

VOICT ∩ VOIPET

VOICT ∪ VOIPET

Here the volumes of interest on the PET images were delineated using a fixed-threshold
region-growing segmentation algorithm [19]. The threshold was set to 40% of the
maximum SUV [13, 16, 20]. The lesions were manually delineated on the low-dose CT
images using the lung setting (window center, -450 HU; width, 1500 HU); these were
delineated by an imaging scientist. The lesions on the low-dose CT were sometimes
difficult to delineate; in these cases additional imaging was used (contrast CT scan), with
an expert nuclear medicine physician supervising.
It has been well established that the motion of structures within the thorax is typically
dependent on anatomic location [21]. Therefore, it is expected that the effects of
respiratory gating also demonstrate such an anatomic dependency. To determine
the effect of anatomic location on mismatch between PET and CT scans, lesions were
grouped according to their anatomic location within the lungs. These 3 locations are the
upper lobes, middle and lower lobes, and lung hilum as described by Grootjans et al.
[13]. Lesions that demonstrated invasive growth into or attachment to large structures
(i.e., the main bronchi, arteries, and veins) of the lung hilum were assigned to the central
group.
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Statistics
Statistical analysis was performed using the Mann-Whitney U test. Statistical significance
was defined for a p value of less than 0.05.

RESULTS
Visual assessment of the images revealed that there was a clear spatial mismatch
between the PET and CT images in the FB group. Figure 3.1 depicts a PET/CT image that
exhibits such a spatial mismatch.

a

3

b

Figure 3.1 Coronal respiratory-gated PET images. a) Patient with squamous cell carcinoma in
FB group. Difference between centroids of PET and CT images is 10.5 mm. JSC is 0.29. b) Patient
with adenocarcinoma in BH group. Difference between centroids of PET and CT images is 4.0
mm; JSC is 0.50. PET lesion delineation is green, and CT delineation is red.

The distance between the centroids in the upper lobes and the central region appeared
smaller for the FB group, whereas for the BH group the distance was smaller in the middle
and lower lobes. However, these differences were not statistically significant. The results
of the distance of the centroids between the PET and CT images are described in Table
3.3. In Table 3.4, the results of the JSC are described.
The results show that there is no statistically significant difference in the calculated
JSC between the upper and middle and lower lobes. However, there is a statistically
significant difference between both groups in the lesions located near the lung hilum.
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Table 3.3 Results (mean and standard deviations) of analyses of distance of centroids between
PET and CT images in mm.
Location in mm

FB group

BH group

p

Upper lobes

4.7 ± 3.1

6.0 ± 3.0

0.11

Middle and lower lobes

5.8 ± 4.3

5.1 ± 2.9

0.70

Central

4.8 ± 4.6

5.6 ± 2.0

0.24

Total

5.1 ± 3.8

5.5 ± 2.9

0.16

Table 3.4 Results (mean and standard deviations) of analyses of JSC.
Location

FB group

BH group

p

Upper lobes

0.28 ± 0.17

0.28 ± 0.19

0.83

Middle and lower lobes

0.22 ± 0.16

0.28 ± 0.18

0.20

Central

0.39 ± 0.17

0.13 ± 0.04

0.04

Total

0.27 ± 0.17

0.27 ± 0.18

0.95

No explanation was found for the outliers as shown in Figures 3.2 and 3.3. These lesions
were therefore not excluded from the analysis. The results of the distance between the
centroids of the PET and CT are shown in Figure 3.2.
In Figure 3.3, the results of the JSC are shown.
In the FB and BH groups, 9.3% and 15% of the lesions, respectively, had no overlap
on the PET and CT images. The 7 patients who could not comply with the respiratory
instruction and who were subsequently assigned to the FB group did not lead to an
inhomogeneous distribution of the 2 groups, because exclusion of these 7 patients did
not change the results (data not shown).
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Difference between the centroids of PET and CT
(mm)

Breath-hold CT and respiratory-gated PET
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Figure 3.2 Distribution between difference of centroids between PET and CT scan. There are
several outliers, which are values that do not fall in inner fences, and even extreme outliers (*),
which are more than 3 times height of boxes. UL = upper lobes; MLL = middle and lower lobes;
hilum = central lesions, connected to hilum of lung.
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Jaccard similarity coefficient

0.8

0.6

0.4

0.2

0.0

UL free
breathing

UL breathing
instructions

MLL free MLL breathing Hilum free
breathing
instructions
breathing

Hilum
breathing
instructions

Group
Figure 3.3 Distribution of JSC for both FB and BH groups for 3 localizations. There are several
outliers (values that do not fall in inner fences). UL = upper lobes; MLL = middle and lower
lobes; hilum = central lesions, connected to hilum of lung.

DISCUSSION
This study shows that breathing instructions during the CT scan have no significant
impact on the spatial alignment of respiratory-gated PET with CT images. There
are differences in the spatial match of the lesions on PET and CT between different
anatomic locations of the lesions, but these do not reach statistical significance.
Providing breathing instructions during CT results in a significant difference in spatial
match between PET and CT images of lesions in the lung hilum (Figure 3.3). However, no
definite conclusions can be drawn, because of the limited number of lesions in the lung
hilum in the BH group (3 lesions).

Page 1
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Theoretically, a perfect spatial match could be achieved when a BH CT image is acquired
at the same respiratory phase as the gated PET images. However, in practice, this is
dependent on the patient’s capability to correctly execute the instructions, on the
accuracy of the instructions provided by the technologist, and on the interpretation of
these instructions by the patient [22].
For this research, patients were assigned to 2 groups: 1 group received a breathing
instruction during the CT scan, and 1 group did not. A more accurate way to compare
the FB CT to the BH CT protocol would have been an intra-patient comparison by
performing both techniques on the same patient. A better effect of the matching
between PET and CT on SUV could have been given when the 2 scans were compared.
However, it was decided not to perform such a study design after ethical consideration
and for reasons of radiation protection.

3

The optimal gate for the PET scans is usually during the end-expiratory plateau of the
respiratory curve. Therefore, to find the best match between the PET and CT scans,
patients need to exhale during the CT scan. This is a more difficult manoeuvre than
when a patient is instructed to inhale, which is usually performed during diagnostic
CT imaging. In this study, respiratory gating was performed in patients with suspected
lung lesions, some of whom experienced respiratory difficulties, such as dyspnoea.
Therefore, complying with the provided respiratory instructions is especially strenuous
for these patients, as illustrated by the 7 patients who could not comply with the
respiratory instruction.
In previous studies, a significantly better match between the PET and the CT images was
found when using BH CT [16, 17, 19]. During these approaches, the respiratory signal was
measured during the BH CT, and respiratory amplitude during the BH CT was matched
to the respiratory amplitude of the PET scan or vice versa. In our approach, the goal was
to improve the respiratory-gated PET images. Therefore, the correction was performed
the other way around, adjusting the CT images to the optimal gate of the PET. In the
present study, a correction method was used, which has a relatively low patient burden,
is feasible in clinics with a high patient throughput, and can be implemented without
any additional hardware or software. The results of our study imply that most BH CT
scans were acquired during a forced deep-expiration and not during rest-expiration.
The instructions provided by the operator and the interpretation by the patient can
have consequences on the matching between the PET and the CT scan.

57

14928-vandervos-layout.indd 57

18/10/2017 19:49

Chapter 3

There are other techniques to match the CT scan with the optimal gate of the PET scan.
These methods, such as respiratory-triggered or -gated CT acquisitions, may improve
spatial matching between PET and CT. However, full CT gating will inevitably increase
radiation dose to the patient, compared with standard low-dose CT acquisitions [23].
Fortunately, dose-reduction strategies in CT imaging are an area of active research
[24]. These strategies include modulation of x-ray tube voltage [25] in addition to
modulation of x-ray tube current and employment of iterative CT reconstructions [26]
to reduce radiation dose to the patient. We are currently investigating the feasibility
of respiratory-triggered CT acquisitions in combination with these dose-reduction
strategies to improve spatial matching of optimal respiratory-gated PET with CT images.

CONCLUSION
Providing breathing instructions to the patients during the CT acquisition did not
improve the spatial alignment between the PET and CT images. The difficulties
experienced in using this clinical protocol, such as patient compliance and operator
dependence, emphasize the need for other strategies to improve spatial matching
between PET and CT. Without other such strategies, FB CT is the preferred acquisition
protocol.
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ABSTRACT
Appropriate attenuation correction is important for accurate quantification of
standardized uptake values (SUVs) in PET. Patient respiratory motion can introduce
a spatial mismatch between respiratory-gated PET and CT, reducing quantitative
accuracy. In this study, the effect of a patient-specific breathing-instructed CT protocol
on the spatial alignment between CT and amplitude-based optimal respiratory-gated
PET images was investigated.
Methods: 18F-FDG PET/CT imaging was performed in 20 patients. In addition to
the standard low-dose (LD) free-breathing CT, a breath-hold CT was acquired. The
amplitude limits of the respiratory-gated PET were used to instruct patients to hold
their breath during CT acquisition at a similar amplitude level. Spatial mismatch was
quantified using the position differences between the lung-liver transition in PET and
CT images, the distance between PET and CT lesions’ centroids, and the amount of
overlap as indicated by the Jaccard similarity coefficient (JSC). Furthermore, the effects
on attenuation correction was quantified by measuring SUVs in lung lesions.
Results: All patients found the breathing instructions feasible, however 4 patients had
trouble complying to the instructions. In total, 18 patients were included. The average
distance between the lung-liver transition between PET and CT was significantly
reduced for breath-hold CT (1.7 ± 2.1 mm), compared to standard CT (5.6 ± 7.3 mm) (p
= 0.049). Furthermore, the mean distance between the lesions’ centroids on PET and CT
was significantly smaller when comparing breath-hold CT (3.6 ± 2.0 mm) to standard
CT (5.5 ± 6.5 mm) (p = 0.040). However, there was no significant improvement in spatial
overlap of these lesions between PET and CT, although the JSC increased slightly, from
0.32 ± 0.16 to 0.36 ± 0.16, when breath-hold CT was used (p = 0.176). Quantification of
lung lesion SUV was significantly affected, with a higher SUVmean when breath-hold CT
(6.3 ± 3.9 g/cm3) is used for image reconstruction, compared to standard CT (6.1 ± 3.8 g/
cm3) (p = 0.044). The SUVmax was not significantly affected.
Conclusion: Optimal respiratory-gated PET in combination with patient-specific
breathing-instructed CT results in an improved alignment between PET and CT.
Even though the effect on the SUVs is small, a more accurate SUV determination is
an important step towards a more stable PET quantification, which is relevant for
radiotherapy planning and therapy response monitoring.
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Since the introduction of hybrid PET/CT imaging, there have been attempts to improve
the alignment between PET and CT images [1–4]. Particularly in thoracic and abdominal
PET/CT imaging, issues regarding spatial overlap between the two image-sets arise
due to respiratory motion. Appropriate spatial matching of PET and CT images is of
great importance for accurate anatomical localization of radiotracer uptake and its
quantification in the PET images. First of all, a better alignment between the metabolic
information of the PET scan and the anatomical information of the CT scan improves the
interpretation of the images, and thus improves the accuracy of PET in the diagnosis and
staging of the disease [2, 5]. Secondly, improving spatial alignment is also of importance
because the CT scan is used for the attenuation correction of the PET data [1, 2, 6, 7]. A
mismatch between the two images can result in an inappropriate SUV determination
[8]. This can be particularly problematic for lesions located near structures with large
differences in density, for instance lung lesions. For the use of PET in radiotherapy
planning and early response monitoring, these differences could have a significant
impact on therapy planning and treatment decision making [2, 9–11]. Thus, accurate
alignment and appropriate attenuation correction is of utmost importance.
Spatial matching becomes even more challenging when respiratory gating protocols
are used during PET imaging. Due to the long acquisition time of a PET image, usually
several minutes per bed position, multiple respiratory cycles are averaged, resulting in
a blurred appearance of moving structures [1, 6, 7, 10, 12]. In contrast, a CT acquisition
takes only several seconds and can therefore be considered a respiratory motion-free
image [1, 6, 7]. In recent years the use of respiratory-gated PET has increased to reduce
the respiratory motion artefacts in PET [1, 7, 10, 13]. These methods typically rely on
the use of PET data acquired at specific time intervals, resulting in a sharper and clearer
image of lesions in the thorax and upper abdomen [5, 7, 9, 10]. Furthermore, it has
been shown that a higher SUV and smaller volume is measured if respiratory gating is
used; indicating that these lesions are less blurred and therefore demonstrate a better
representation of the lesion [7]. However, respiratory gating freezes the PET image at
a specific phase in the respiratory cycle, which might not correspond to the phase in
which the CT scan is acquired. Therefore, respiratory gating could further reduce the
spatial alignment between PET and CT images, resulting in an under or overestimation
of the SUVs [3, 6, 7, 10, 14].

4

Several methods have been proposed to improve the spatial alignment between CT
and respiratory-gated PET, for instance methods that influence the timing of the CT
acquisition such as breathing-instructed CT [1, 2], respiratory-triggered CT [12] or 4D
CT protocols [1]. Furthermore, post-reconstruction methods such as rigid/non-rigid
image registration are increasingly pursued [1]. Even though breathing-instructed CT
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protocols are simple and straightforward approaches to improve the spatial alignment
between respiratory-gated PET and CT images, the use of simple instructions can be
difficult to implement for operators and patients, and can have variable results. Some
studies reported a clear improvement when breathing instructions were used [8, 14],
while other studies did not show an improvement (or yielded even worse results) [15].
In order to overcome these discrepancies between simple breathing instructions and
to gain more control over the exact respiratory amplitude at which the CT is acquired,
the use of a patient-specific breath-hold CT protocol is proposed in this study. In this
protocol, the respiratory signal is used for both the reconstruction of the amplitudebased respiratory-gated PET as well as the acquisition of the CT. The gating parameters
of the PET are used to give patient-specific breathing instructions during the CT scan.
This method provides a more personalized breathing instruction to the patient in order
to improve PET/CT alignment.

MATERIALS AND METHODS
Testing of the protocol
Twenty patients with suspected lung cancer were prospectively included in this study
and received an 18F-FDG PET/CT scan with an additional LD breath-hold CT scan. Before
the inclusion of these twenty patients, five other patients were asked to perform
two types of breathing instructions in order to check the feasibility of the acquisition
protocol. These five patients received a standard PET/CT scan without the additional
breath-hold CT. For the first type of breathing instructions, patients were asked to
breathe normally until they were instructed to hold their breath for 10 s. For the second
type of instructions, which were performed at least one min later, the patients were
asked to take a couple of deep breaths, after which they were asked to hold their
breath during the same expiratory phase and for the same duration of 10 s. For both
types of instructions the respiratory signal was measured and used to determine the
specific moment of the breath-hold instructions given by the operator. All five patients
could comply with both types of breathing instructions without any difficulty. The first
instructions were chosen because it was easier for the operator to determine the exact
moment of the respiratory signal reaching the correct amplitude level, and secondly
because the breathing pattern of the patients was more comparable to the breathing
pattern during the PET acquisition.
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Patients
The local Institutional Review Board (IRB) approved the protocol, and informed consent
was obtained for all patients. Patient characteristics are summarized in Table 4.1. The
administration of 18F-FDG was non-linearly dependent on patient weight [16]. The
administered activity is given by
A = 0.036 × m2,
where A is the activity in MBq and m the body mass in kg. The mean administered
activity (and standard deviation) was 210 ± 105 MBq with a mean incubation time (and
standard deviation) of 63 ± 6 min.

Table 4.1 Summary of patient characteristics.
Characteristic

Value ± SD

Average age in y

64.2 ± 9.2

Average weight in kg

76.3 ± 18.1

4

Sex
Male

12

Female

8

Diagnosis
Primary lung cancer

10

Metastasis

6

Other and unconfirmed

4

Location of lesion
Upper lobes

16

Middle and lower lobes

9

Lung hilum

6

PET acquisition and respiratory gating
A Biograph 40 mCT PET/CT scanner with an extended field of view (TrueV) was used
(Siemens Healthcare, Knoxville, Tennessee, USA). This scanner is accredited by the
Research 4 Life (EARL) initiative for quantitative PET/CT imaging [17]. The PET images
were acquired using an optimized, amplitude-based respiratory gating algorithm
(HD•Chest) that was integrated in the PET/CT software. Respiratory gating was
performed on bed positions covering the thorax and upper abdomen. Gated and nongated bed positions were acquired during free breathing for 6 and 2 min, respectively.
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Respiratory gating was performed with a duty cycle of 35%, providing a good balance
between image quality and motion rejection [7]. The longer acquisition time for the
gated bed positions (thorax and upper abdomen) as compared to the non-gated ones
led to images with similar statistical quality after gating. The respiratory signal was
acquired using a respiratory gating system with a pressure sensor integrated in an
elastic belt placed around the patient’s abdomen (AZ-733V electronics, Anzai, Medical
Co, Ltd., Tokyo, Japan).

PET image reconstruction
The PET images were reconstructed using a 3D ordered subset expectation (3DOSEM)
algorithm with a spatially varying point spread function (TrueX) incorporating time-offlight information (UltraHD PET). Image reconstruction was performed with 3 iterations
and 21 subsets. The slice thickness of the PET images was matched with the ones of the
attenuation CT. Post reconstruction filtering was performed using a 3D Gaussian filter
kernel with a full width at half maximum of 3.0 mm. A transaxial matrix size of 400 × 400
(with pixel size of 2 × 2 mm2) was used for the PET reconstructions. All PET images were
reconstructed using the respiratory-gating algorithm.

Standard LD CT protocol
A standard LD spiral CT (standard CT) was acquired for attenuation correction and
anatomical reference. This standard CT was acquired with a free breathing protocol. The
X-ray tube voltage was chosen using CARE kV, with a reference tube voltage of 120 kV.
The tube current was modulated using CARE Dose4D, with a reference tube current of
50 mAs. CT images were made with 0.5 s rotation time, a pitch of 1, and 16 × 1.2 mm
collimation. A reconstruction with an increment of 3.0 mm and a reconstructed slice
thickness of 5.0 mm was made for the attenuation correction. To quantify the lung-liver
boundary and to delineate the lung lesions, the anatomical CT with reconstructed slice
thickness of 3.0 mm, a sharper reconstruction kernel, and smaller FOV, was used.

Patient-specific breathing-instructed CT protocol
During the additional LD spiral CT acquisition, the respiratory signal of the patient
was measured and the PET amplitude range was used to provide specific breathing
instructions for each patient. Before the start of the PET/CT scan the breathing protocol
was practiced to make sure that all patients understood the breathing instructions and
they could all hold their breath for at least 10 s.
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The tube voltage was chosen using CARE kV, with a reference tube voltage of 100 kV.
The tube current was modulated using CARE Dose4D, with a reference tube current of
35 mAs. These values were lower than the standard LD CT to reduce the radiation dose
for the patient. Other acquisition and reconstruction settings were similar to the two
reconstructions of the standard LD CT, except for the higher pitch (1.5 instead of 1) to
reduce scan time for the breath-hold protocol.

Image Analysis
Analysis of the PET and CT images was performed using the Siemens Inveon Research
Workplace 4.1 Software (Preclinical solutions, Siemens Medical Solutions, Knoxville
Tennessee, USA). Spatial alignment between anatomy on PET and CT was quantified
using four methods. First, quantification of spatial mismatch was performed by
measuring the position differences for the liver dome in the craniocaudal direction.
The liver dome was determined visually on the PET and CT images in the transaxial
plane (using the lung setting for CT, window centre: -450 HU; width: 1500 HU). To
quantify the alignment of the lung lesions, the lesions were delineated in the PET and
CT images. In the PET images, lesions were delineated using a fixed threshold region
growing segmentation algorithm. The segmentation threshold was set to 40% of the
SUVmax, which is recognized as a suitable threshold level for delineation of lung lesions
[18, 19]. The lesions in the CT images were manually delineated using the lung setting.
The alignment of the lesions was determined by quantifying the distance between PET
and CT lesions’ centroids (the second method), and third, the spatial overlap between
de lesions on PET and CT was determined using the Jaccard similarity coefficient (JSC),
defined as
J(VOICT ,VOIPET) =

4

VOICT ∩ VOIPET

VOICT ∪ VOIPET

In this equation, VOICT and VOIPET denote the volume of interest determined on CT
and PET respectively. For the fourth method the SUV (both SUVmax and SUVmean) was
compared for both PET reconstructions to analyse the effect of spatial matching on
quantification of radiotracer uptake.

Statistical analysis
Since not all the paired groups were normally distributed, statistical analysis was
performed using the Wilcoxon Signed Ranks test using SPSS Statistics 20 (IBM, Chicago
Illinois, USA). Statistical significance was defined for p < 0.05. Data are reported as mean
± standard deviation.
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RESULTS
The average duration of the breath-hold period was 12.1 ± 0.91 s. It starts with an
average of 4 s time interval between the breath-hold instructions and the start of the
CT acquisition. This four second interval is caused by the standard delay before the CT
scan and the observation time that is required to inspect whether the patient was able
to comply with the instructions. The CT acquisition itself had an average duration of 8.0
± 0.55 s and scan range of 41.4 ± 3.2 cm.
After practicing the breathing instructions before the start of the PET/CT scan, all
patients indicated that the instructions were feasible. Nevertheless, when patients
appeared not to be able to comply with the instructions during the CT acquisition, they
were excluded from analysis. Out of the 20 patients included in this study, 4 patients did
not perform the correct breathing instructions and were not able to hold their breath
until the end of the CT acquisition. Correct execution of the breath-hold protocol by the
patient was determined by measuring the average breathing amplitude range before
the start of the CT scan and the breathing amplitude range during the CT acquisition.
The ratio between the two amplitude ranges was calculated to determine if the patient
managed to comply with the instructions, which means that with a lower ratio less
respiratory motion is present in the breath-hold CT image (see Figure 4.1 for a visual
explanation of the used amplitude ranges). When a cut-off value of 0.4 was used, the
average ratio for the group of patients who did comply with the breathing instructions
was 0.17 (standard deviation: 0.11, range: 0.04 – 0.39), while the average ratio for the
other four patients was 0.95 (standard deviation: 0.56, range: 0.59 – 1.78). Nevertheless,
for 2 out of these 4 patients, the respiratory signals during the CT scan indicated that
they did manage to hold their breath long enough to scan both the lungs and lung-liver
boundary. When the respiratory signal until the acquisition of the lung-liver boundary
was considered, the ratio for these two patients was lower than the cut-off value.
Although these two patients did not manage to hold their breath during the entire CT
acquisition, the data were eligible for analysis. The data of the other two patients were
not included in this study. In Figure 4.2 the amplitude ratios of the individual patients is
shown. For the remaining 18 patients, 17 lung-liver boundaries were determined and 31
lesions were delineated. For one patient the lung-liver boundary could not be measured
on CT due to the presence of pleural effusion.
The results of this study are shown in Table 4.2, and an example of a patient scan is
shown in Figure 4.3. A significant improvement in the position difference on PET and
CT is detected between the lung-liver boundary when using the breath-hold CT (1.7 ±
2.1 mm), versus the standard CT (5.6 ± 7.3 mm) (p = 0.049). For 5 patients, the difference
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of the lung-liver boundary between PET and standard CT is more than 5 mm, with an
average distance of 15.6 ± 5.0 mm. For these five patients the PET in combination with
the breath-hold CT shows improved matching in lung-liver boundary, with a mean
distance of 1.8 ± 1.6 mm.

4
Figure 4.1 Example of a respiratory signal before and during CT acquisition. Patients were
instructed to hold their breath between the amplitude limits of the optimal PET gate (between
the horizontal lines). To determine if the patient complied with the instructions, the amplitude
range of the respiratory signal before the start of the CT scan (the mean amplitude range over
several respiratory cycles), and during the breathing instructions were determined. The ratio
between those two was used to determine whether the patients were able to hold their breath.

Table 4.2 Results (mean and standard deviations) of analyses of spatial alignment for both
patient groups
Parameter

Standard CT
and PET

Breath-hold CT
and PET

p

Mismatch of lung-liver boundary in mm

5.6 ± 7.3

1.7 ± 2.1

0.049

Average distance between lesion centroids in mm

5.5 ± 6.5

3.6 ± 2.0

0.040

Jaccard Similarity coefficient

0.32 ± 0.16

0.36 ± 0.16

0.176

SUVmax in g/cm

10.3 ± 6.4

10.6 ± 6.6

0.104

SUVmean in g/cm3

6.1 ± 3.8

6.3 ± 3.9

0.044

3
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Figure 4.2 The ratios between the average amplitude range of the respiratory signal during
the breathing instructions and before the CT acquisition, for each patient. Patient 1, 11, 12
and 20 could not comply with the breathing instructions and show a higher ratio compared
to the other patients. When only considering the amplitude during the CT acquisition of the
lungs (and not including the upper abdomen region) the ratios of patient 12 and 20 improved,
therefore they could be included in the data analysis. Patients 1 and 11 showed only a slight or
no improvement, and were excluded from the data analysis.

The difference in spatial match of the lesions between gated PET and the standard
and breath-hold CT images show mixed results, even though there is a statistically
significant improvement for the distance between the centroids of the lesions between
PET and the breath-hold CT (3.6 ± 2.0 mm) and standard CT (5.5 ± 6.5 mm) (p = 0.040).
There are 9 lesions in the standard CT group with a distance more than 5 mm. For 8
of these lesions the difference in centroids location improves when the breath-hold
CT is used in combination with the respiratory-gated PET, see Figure 4.4. However, the
Jaccard similarity coefficient shows no significant improvement when breath-hold CT is
compared to the standard CT group.
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a

b

c

d

Figure 4.3 Patient with small-cell lung cancer. The first row depicts the transaxial a) and
coronal b) plane of a standard CT fused with the respiratory-gated PET image. The second row
depicts the same transaxial c) and coronal d) place of the CT with breathing instructions and
corresponding gated PET images. PET and breathing-instructed CT, c) and d) show an improved
match, whereas there is a mismatch for the PET and standard CT group, a) and b).

4

There is a statistically significant difference in radiotracer uptake when PET images are
reconstructed using the standard compared to the breath-hold CT. The average SUVmean
increases from 6.1 ± 3.8 mm in the standard CT images to 6.3 ± 3.9 for the breath-hold CT
images (p = 0.044). SUVmax does not show a statistically significant difference between
the two image types (p = 0.104). Although the difference in SUV is relatively small for
both SUVmean and SUVmax, the breath-hold CT group shows a consistently higher SUVmean
and SUVmax compared to the standard CT group.
The patients included in this study were all suspected for lung carcinoma, and eight of
these patients also had diagnosed COPD (Gold I or II). Two out of 4 patients who could
not comply with the breathing instructions had COPD. For this study the patients were
instructed to hold their breath for an average of 12.1 s. For the 25 patients the success
rate of the breath hold procedure was 92% (23 out of 25 patients), indicating that even
for this patient cohort the breathing instructions of more than 10 seconds are feasible.
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Figure 4.4 Scatter plot showing results of the distance between centroids for lesions between
PET and breath-hold CT, and PET and standard CT.

DISCUSSION
This study shows that there is an improvement in alignment between PET and CT images
when patient-specific breathing instructions are provided during CT imaging. With
these instructions, there is improved control over the exact moment that the patient
performs the breath-hold manoeuvre compared to simple end-expiratory breath-hold
instructions. The method is relatively easy to implement in clinical practice.
In our previous study, it was hypothesized that the used respiratory tracking method
(one pressure sensor) could not sufficiently measure the complex movement of
different areas in the thorax [6]. In that study, a different method was used to improve
the PET/CT alignment, where a respiratory-triggered CT image was matched with a
respiratory-gated PET. For some patients it was observed that the match between PET
and CT was improved for the lung-liver transition, while the spatial match deteriorated
for the lung lesion. It was theorized that this was caused by a difference in breathing
pattern. Patients changed between abdominal respiration during the PET acquisition
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to thoracic respiration during the triggered CT acquisition. This change in breathing
was another reason to choose the first of the two breathing protocols. To reduce the
possibility that the respiratory tracking method introduces a mismatch between PET
and CT in regions located further from the pressure sensor, the first of the two proposed
breathing protocols was chosen for the current study to make sure that the breathing
before the instructions is similar to the breathing at the time of the PET acquisition.
As explained in the ‘Material and Methods’ section, for the first type of breathing
instructions, patients were asked to breathe normally until they were instructed to
hold their breath. The change in breathing pattern was not observed for the patients
scanned during the current study, which supports the hypothesis that the success of
CT triggering for the purpose of improving the spatial alignment between PET and CT
suffers from the effects of this respiratory tracking method by introducing differences in
breathing patterns between PET and CT acquisition.
Even though the effect of the breathing instructions on quantification of radiotracer
uptake is small, with only a limited effect on the SUVs, this is an important step
towards more stable PET quantification. Improving quantitative accuracy is of great
importance, since quantitative indices in PET are increasingly being used for therapy
response monitoring and radiotherapy planning [11, 20]. Therefore, improvement of
reliability and reproducibility of the PET image is important. The maximum difference
in SUV between matching and non-matching PET/CT is 36.5% and 31.5% for the SUVmax
and SUVmean respectively, which indicates that combining optimal respiratory-gated
PET and breathing-instructed CT can have an important impact on an accurate SUV
quantification.

4

CONCLUSION
Optimal respiratory-gated PET in combination with patient-specific breathing-instructed
CT results in an improved alignment between PET and CT images. Even though the
effect on the SUV is small, a more accurate SUV determination is of importance for a
more stable PET quantification, which is relevant for radiotherapy planning and therapy
response monitoring.
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ABSTRACT
Respiratory motion during PET can cause inaccuracies in the quantification of radiotracer
uptake, which negatively affects PET-guided radiotherapy planning. Quantitative
accuracy can be improved by respiratory gating. However, additional miscalculation
of standardized uptake value (SUV) in PET images can be caused by inappropriate
attenuation correction due to a spatial mismatch between gated PET and CT. In this
study, the effect of respiratory-triggered CT on the spatial match between CT and
amplitude-based respiratory-gated PET images is investigated.
Methods: 18F-FDG PET/CT was performed in 38 patients. Images were acquired on 2 PET/
CT scanners, one without and one with continuous bed motion during PET acquisition.
The amplitude limits of the amplitude-based respiratory-gated PET were used for the
respiratory-triggered sequential low-dose CT. Both standard (spiral) and triggered CT
scans were used to reconstruct the PET data. Spatial mismatch was quantified using the
position difference between the lung-liver boundary in PET and CT images, the distance
between PET and CT lung lesions’ centroids, and the amount of overlap of lesions
indicated by the Jaccard similarity coefficient. Furthermore, the effect of attenuation
correction was quantified by measuring SUVs in lung lesions.
Results: For triggered CT, the average distance between the lung-liver boundary in PET
and CT was significantly reduced (4.5 ± 6.7 mm) when compared with standard CT (9.2
± 8.1 mm) (p < 0.001). The mean distance between the lesions’ centroids in PET and
CT images was 6.3 ± 4.0 and 5.6 ± 4.2 mm (p = 0.424), for the standard and triggered
CT, respectively. Similarly, the Jaccard similarity coefficient was 0.30 ± 0.21 and 0.32 ±
0.20 (p = 0.609) for standard and triggered CT, respectively. For 6 lesions, there was no
overlap of PET and CT when the standard CT was used; compared with the triggered
CT, these lesions showed (partial) overlap. The maximum and mean SUV increase of the
PET/CT compared with the PET/triggered CT was 5.7% ± 11.2% (p < 0.001) and 6.1% ±
10.2% (p = 0.001), respectively.
Conclusion: Amplitude-based respiratory-gated PET in combination with respiratorytriggered CT resulted in a significantly improved match in the area of the liver dome and
a significantly higher SUV for lung lesions. However, lesions in the lungs did not show a
consistent improvement in spatial match.
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The combination of PET and CT is widely used in oncology [1–3]. PET/CT imaging
provides anatomic and metabolic information, which is important for detection,
localization, and characterization of the disease [2, 3]. Furthermore, quantitative indices
in PET, such as standardized uptake value (SUV) [4, 5], metabolic volume [6, 7], and total
lesion glycolysis [5–7], can be used to provide prognostic information and predict and
monitor therapy response [4–7].
Because of the relatively long acquisition time of PET, patients are usually instructed to
breathe freely during the PET acquisition, resulting in respiratory motion artefacts [3,
8, 9]. Within the thorax and upper abdomen, significant blurring can occur, resulting
in an overestimation of the size of structures and an underestimation of SUV [3, 8–10].
If the PET image is not corrected for respiratory motion, the artefacts can introduce
diagnostic uncertainties and inaccuracies in quantitative indices and delineation of
target volumes, which can result in an unnecessarily high radiation dose to normal
tissue in radiotherapy planning as well as inadequate monitoring of therapy response
[3, 10, 11]. Methods are available to reduce these respiratory motion artefacts in PET
images, commonly referred to as respiratory gating. These methods typically rely on
the use of PET data acquired at specific time intervals, resulting in a motion-reduced
image reconstruction [11]. Because the low-dose (LD) CT is usually performed without
breathing instructions, a significant spatial mismatch between PET and CT can occur
for structures that move during respiration [11, 12]. The LD CT is used for attenuation
correction of the PET image, which is one of the most important correction stages in PET
[9]. A mismatch between PET and CT can lead to quantitative inaccuracies in PET [11].
In sum, spatial matching of PET and CT is important, especially for lesions located near
the transition of anatomic regions with different densities (e.g., the lower lung and liver
dome) [3, 14].

5

Several methods have been proposed to improve the spatial matching of LD CT with
PET, for example, breathing instructions [12, 15] or rigid/non-rigid transformations [16].
Van Elmpt et al. suggested that respiratory-triggered CT could be used for this purpose
[17]. In the present study, we pursue the triggered CT concept, comparing results based
on spiral and triggered CT for improving spatial matching of CT with amplitude-based
optimal respiratory-gated PET imaging.
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MATERIALS AND METHODS
Patients
Whole-body 18F-FDG PET/CT imaging was performed in 38 patients with suspected
lung cancer. Thirty patients were recruited at the Radboud university medical center
(Radboudumc) and 8 patients at the University of Tennessee Medical Center (UT).
The local Institutional Review Board of the Radboudumc waived the need to assess
the protocol; nevertheless, all the patients signed informed consent. Data from the
UT Medical Center were collected under a UT Institutional Review Board-approved
protocol. Patient characteristics are summarized in Table 5.1.

Table 5.1 Summary of patient characteristics. Lesions showing invasive growth into or
attachment to large structures (arteries, veins, and main bronchi) of lung hilum were assigned
to hilum group.
Characteristic

Patient scanned with step-andshoot method (Biograph 40 mCT
scanner) (value ± SD)

Patients scanned with continuous
bed motion method (Biograph 64
mCT Flow scanner) (value ± SD)

Males

19

5

Females

11

3

Average age in y

68.7 ± 8.6

66.0 ± 6.2

Average weight in kg

81.5 ± 17.3

68.6 ± 18.7

Upper lobes

19

4

Middle and lower lobes

13

9

Hilum

Sex

Location of lesion

8

3

Duration of triggered
CT (min)

3.1 ± 1.6

1.7 ± 0.7

Length of triggered
CT (cm)

46.8 ± 7.0

32.0 ± 3.9

Patient Preparation
At the Radboudumc, administration of 18F-FDG was dependent on patient weight (3.1 ±
0.2 MBq/kg). The mean incubation time was 74 min. At the UT, the administered amount
of 18F-FDG was independent of patient weight. The mean administered activity at this
institute was 371 ± 25 MBq, with a mean incubation time of 80 min.
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PET Acquisition and Respiratory Gating
The Biograph 40 mCT PET/CT scanner (Siemens Healthcare) with extended field of view
(TrueV) was used at the Radboudumc. This scanner is EANM Research Ltd. accredited
[18]. The Biograph 64 mCT Flow PET/CT scanner (Siemens Healthcare) was used at UT.
PET images from both scanners were acquired using an optimized, amplitude-based
respiratory gating algorithm (HD•Chest) integrated in the PET/CT software [11, 17]. For
the Biograph 40 mCT, the respiratory gating was performed on bed positions covering
the thorax and upper abdomen. Gated and non-gated bed positions were acquired
during free breathing for 6 and 2 min, respectively. The difference in acquisition time
led to similar count densities after gating. For the Biograph 64 mCT Flow scanner [19],
continuous bed motion scans were acquired using 3 ranges with 2 different table
speeds. Through all areas other than the thorax and upper abdomen, a table speed of
1.5 mm/s was used. When gating was applied, the table speed was slowed to 0.4 mm/s
to acquire count densities similar to those found in the standard 1.5 mm/s ranges. On
both scanners, a respiratory amplitude signal was acquired with an AZ-733V respiratory
gating system (Anzai Medical Co, Ltd.) with a pressure sensor integrated in an elastic belt
placed around the patient’s abdomen. Respiratory gating was performed with a duty
cycle of 35%, providing a good balance between image quality and motion rejection
[11]. This was done with standard components in the PET/CT scanner, with digitized
respiratory amplitude signals from AZ-733V electronics.

PET Image Reconstruction

5

The PET images for both scanners were reconstructed using a 3D ordered-subset
expectation maximization algorithm with a spatially varying point-spread function
incorporating time-of-flight information (UltraHD PET). Image reconstruction was
performed with 3 iterations and 21 subsets. The slice thickness of the PET reconstructions
was matched with the attenuation-correction CT. Postreconstruction filtering was
performed using a 3D Gaussian filter kernel with a full width at half maximum of 3.0
mm. A transaxial matrix size of 400 × 400 was used for the PET reconstructions of the
Biograph 40 mCT scanner; for the Biograph 64 mCT Flow scanner a matrix size of 200 ×
200 was used.

Standard Free-Breathing LD Spiral CT Imaging
A standard LD spiral CT (standard CT) was acquired for attenuation correction and
anatomic reference. This standard CT was acquired with a free-breathing protocol. For
the Biograph 40 mCT scanner, the x-ray tube voltage was chosen using CARE kV, with
a reference tube voltage of 100 kV. For the Biograph 64 mCT Flow, 120 kV was used
in each case. The tube current for both scanners was modulated using CARE Dose4D
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(Siemens), with a reference tube current of 50 mAs. CT images were made with a 0.5 s
tube rotation time and 16 × 1.2 mm collimation; a reconstruction with an increment of 3
mm and a reconstructed slice width of 5.0 mm was made. In the case of the Biograph 40
mCT, additional reconstructions of 3.0 mm slice width were used to quantify the lungliver boundary mismatch.

Respiratory-Triggered LD Sequential CT Imaging
Patients received an additional respiratory-triggered LD CT scan (triggered CT) covering
the thorax, in which we prospectively used the defined amplitude range from the
gating algorithm of the PET reconstructions. The respiratory-triggered CT approach was
not entirely integrated into the PET/CT scanner. Instead, AZ-733V electronics digitized
the respiratory amplitudes and issued a trigger to the CT gantry, with the amplitude
matched to the amplitudes determined by the gating algorithm [20]. The CT scanner
acquired a CT image in response to each trigger and then advanced to the next bed
position (sequential mode). The time required to cover the thorax was between 1 min
and several minutes, depending on the scan range and the respiration of the patient.
For the Biograph 40 mCT scanner, the tube current was chosen using CARE kV (Siemens),
with a reference tube voltage of 100 kV. For the Biograph 64 mCT Flow, 120 kV was used
for all patients. The tube current was modulated for both scanners using CARE Dose4D,
with a reference tube current of 35 mAs for the Biograph 40 mCT scanner and 50 mAs
for the Biograph 64 mCT Flow. An x-ray dose of the triggered CT scan was similar to a
spiral CT with the same voltage and current settings.
At the Radboudumc, 2 acquisition settings were used for the triggered CT. For the first
6 patients, triggered CT scans were acquired using 5.0 mm slices (1 × 5.0 mm), a 5 mm
table feed, and a rotation time of 0.36 s. Because the acquisition time was long for those
patients and the slice thickness was large, we scanned the other patients with a larger
table feed and a possibility to reconstruct the data with thinner slices. These patients
were scanned with 4.8 mm slices (16 × 1.2 mm), a 19 mm table feed, and a rotation
time of 0.36 s for the Biograph 40 mCT scanner. The 4.8 mm reconstructions were used
for the attenuation correction and lesion delineation. Additional reconstructions were
made with a slice width of 2.4 mm for the determination of lung-liver boundaries. At UT,
a method similar to the second approach was used but with a slice thickness of 2.0 mm.

Image Analysis
Analysis of the PET and the CT images was performed using the Inveon Research
Workplace 4.1 software (Preclinical Solutions, Siemens Medical Solutions). Spatial
alignment between PET and CT structures was quantified using 4 methods. The first
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method was quantification of the mismatch for the liver dome in the craniocaudal
direction. The liver dome was determined visually in the axial plane. The most cranial
plane in which the liver was visible was measured for the PET and the CT scan, and
the difference in craniocaudal direction was reported. For CT, the lung setting (window
center: -450 HU; width: 1500 HU) was used. For the second method, the lung lesions
were delineated in the PET and CT image to determine the alignment of these lesions.
On the PET image, the lesions were delineated using a fixed-threshold region-growing
segmentation algorithm. The threshold was set to 40% of the maximum SUV (SUVmax),
which is recognized as a suitable threshold level for delineation of lung lesions [11–13,
21]. The lesions in the CT images were manually delineated using the lung setting. These
delineations were used to calculate the distance between the centroids of the lesions
on PET and CT [13, 15]. The third method to quantify the alignment was the Jaccard
similarity coefficient [9, 12], defined as
J(VOICT ,VOIPET) =

VOICT ∩ VOIPET

VOICT ∪ VOIPET

In this equation, VOI denotes a volume of interest. For the fourth method, the SUVmax
and mean SUV (SUVmean) were compared on both PET reconstructions. Lesions were
excluded if the segmentation was not possible on either PET or CT.

Statistical Analysis
Because not all the paired groups were normally distributed, statistical analysis was
performed with the Wilcoxon signed-rank test using SPSS Statistics 20 (IBM), and
statistical significance was defined for a p value less than 0.05. A Bonferroni adjustment
was performed to correct for multiple testing, so all effects are reported at a 0.01 level
of significance.

5

RESULTS
Thirty-eight patients were included in this study. For 36 patients, the lung–liver boundary
was determined and 56 lesions were delineated. The average size of the lesions was 26.4
± 56.5 cm3 as determined on CT.
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Figure 5.1 Two patients with non-small cell lung cancer, 1 with squamous cell carcinoma,
a) and b), and 1 with adenocarcinoma, c) and d). First column depicts coronal a) and axial
c) plane of standard CT fused with the respiratory-gated PET image, reconstructed with 35%
duty cycle. Second column depicts same coronal b) and axial d) plane of triggered CT fused
with corresponding gated PET images, reconstructed with 35% duty cycle. Both patients were
scanned on Biograph 40 mCT scanner. Both patients show improvement in match between PET
and CT when PET and triggered CT is compared with PET and standard CT. PET and triggered
CT, b) and d), show perfect match as indicated by single arrows, whereas there is mismatch for
PET and standard CT group, a) and c). For a), the coronal PET and standard CT scan, 2 arrows
were used to indicate lung-liver boundary on PET and CT.

The triggered CT scan can result in a considerable improvement of the spatial alignment
of the PET and CT images, as shown in Figure 5.1. The results of the whole study are
described in Table 5.2. There was a significantly better match for the lung-liver boundary
when the triggered CT was used in combination with the respiratory-gated PET than the
standard CT and respiratory-gated PET, respectively: 4.5 ± 6.7 mm and 9.2 ± 8.1 mm
(p < 0.001). For 22 patients, the difference of the lung-liver boundary for standard CT
scans and the PET scan was more than 5 mm. For those patients for whom the mismatch
due to motion was greater than 5 mm, the measured prevalence of improved lung-liver
boundary matching using the triggered CT was approximately 84%.
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Table 5.2 Results of analyses of spatial alignment for both patient groups. * indicates significant
difference between the 2 groups. Numbers are averages and SD for all patients (i.e., scanned on
Biograph 40 mCT and on Biograph 64 mCT Flow scanner).
Parameter

Standard CT and PET

Triggered CT and PET

p

Mismatch of lung-liver boundary in mm

9.2 ± 8.1

4.5 ± 6.7

< 0.001*

Average distance between lesion centroids
in mm

6.3 ± 4.0

5.6 ± 4.2

0.424

Jaccard similarity coefficient

0.30 ± 0.21

0.32 ± 0.20

0.609

SUVmax in g/cm

10.5 ± 6.7

10.9 ± 6.7

< 0.001*

SUVmean in g/cm3

6.1 ± 4.0

6.4 ± 4.0

0.001*

3

The match (Jaccard similarity coefficient and distance between centroids) of the lesions
did not show a significant improvement when PET was matched with triggered CT. Not
seeing a difference in average values for this comparatively small population, we looked
at individual cases. For 6 lesions, there was no overlap of PET and CT (Jaccard similarity
coefficient = 0) when the standard CT was used, whereas when the triggered CT was
used, these lesions showed overlap. We investigated how often the mismatch between
PET and CT was 5 mm or less (Figure 5.2). There was a good match for both standard
and triggered CT in 17 lesions. For 22 lesions in the lower and middle lung lobes, a
close match (by this definition) was seen for 12 lesions when triggered CT was used,
compared with 7 lesions of the standard CT group.

5

Radiotracer uptake was significantly different when comparing the two PET
reconstructions: the difference in SUVmax and SUVmean for the PET images reconstructed
with the triggered CT compared with the standard CT was 10.9 ± 6.7 and 10.5 ± 6.7 (p <
0.001) for the SUVmax and 6.4 ± 4.0 and 6.1 ± 4.0 (p = 0.001) for the SUVmean, respectively.
Although there was only a small increment in SUVmax and SUVmean in the PET scans
reconstructed with the triggered CT versus the standard CT, for 42 and 41 lesions the
SUVmax and SUVmean, respectively, were higher for the triggered CT than the standard CT.
The axial range and duration of the triggered CT scan differed between the two PET/CT
scanners. For the Biograph 40 mCT scanner, the triggered CT had to cover the whole bed
position to be able to reconstruct the PET image. This was not the case for the Biograph
64 mCT Flow. As a consequence, the range and the duration of the triggered CT scans
were longer for the Biograph 40 mCT than the Biograph 64 mCT Flow: 46.8 ± 7.0 cm and
3.1 ± 1.6 min, respectively, for the Biograph 40 mCT and 32.0 ± 3.9 cm and 1.7 ± 0.7 min,
respectively, for the Biograph 64 mCT Flow.
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Respiratory-triggered CT and respiratory-gated PET

The use of continuous bed motion acquisition techniques (Biograph 64 mCT Flow) led
to shorter setup and acquisition times, which is patient-friendly and will more easily
be implemented in routine clinical care. These time savings were a direct result of the
selection of axial range in which gating would be applied. For standard step-and-shoot
imaging, extending the axial selection past a single bed position requires the addition
of a full bed. This is not the case for continuous bed motion acquisition. The average
acquisition time of the triggered CT was 3 min and 7 s for the Biograph 40 mCT scanner
and 1 min and 39 s for the Biograph 64 mCT Flow scanner (Table 5.1).
Although the protocol for triggered CT was comparatively easy for a skilled technologist
or physicist, it was not integrated in the workstation and required 1 – 2 min extra time
during the examination. In our prototype, we used an additional computer to determine
the trigger points and manually match the respiratory signal settings to the amplitude
range determined by the PET workstation. The additional computer was the same one
that has long been used in AZ-733V-based PET and CT, for example, gated CT. The
manual adjustment caused some uncertainty in the measurement of the trigger points.
We do not know if the uncertainty would have clinical importance.
In some cases, when PET and standard CT were compared with PET and triggered CT,
the matching was improved in the liver but degraded in the lung. This phenomenon was
observed in 5 patients in the group scanned with the Biograph 40 mCT and in 1 patient
scanned with the Biograph 64 mCT Flow scanner (Figure 5.3). This might be caused by
the respiratory tracking method, using a pressure sensor in a belt located around the
patient’s abdomen [22]. Movement of the different areas in the thorax, however, is more
complex and cannot be accurately measured with one abdominal belt sensor (Figure
5.4). Other tracking methods might be more appropriate for lesions in different regions
in the lungs, such as methods that track the respiration of the patient by measuring the
breathed airflow (spirometer) or changing temperature of breathed air (temperature
sensor) [10, 23]. However, these methods are not commonly used in clinical routine
[23]. Another method to gate the PET data is to use reconstructed images with a high
time resolution and to use a (elastic) transformation to match each image, known as
list-mode gating [24, 25]. However, this method is not yet implemented in the clinical
routine and still has some problems to overcome, for instance, the noise level in the data
[23]. This suggests that more research is needed to find the best respiratory tracking
method for clinical use.
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Figure 5.3 Patient with non-small cell lung cancer squamous cell carcinoma in right upper
lobe. On left are coronal a) and axial c) planes of standard CT and corresponding respiratorygated PET image, on right coronal b) and axial d) planes of triggered CT and corresponding PET.
Improved match for lung-liver boundary can be seen when triggered CT is used, a) and b), but
spatial match for PET and CT of lung lesion is worse, c) and d). For first a) PET and standard CT
scan, 2 arrows were used to indicate lung-liver boundary on PET and CT. Patient was scanned
on Biograph 40 mCT scanner.

Should the combination of respiratory-gated PET and triggered CT be used clinically,
considering that it has the potential to match the modalities precisely? It is reasonable
and important to improve the match, if it can be done conveniently and without
unwarranted additional time or radiation dose to the patient. Our protocol includes
a standard CT, followed by PET, followed by a prospectively triggered CT scan. There
is room for improvement in 3 areas. First, to keep the x-ray dose as low as reasonably
achievable, the standard scan can be skipped in areas that are also scanned in triggered
CT. Second, the scan duration for triggered CT is long. Triggered CT can be replaced
with a spiral acquisition during a breath-hold that has been amplitude-matched to the
PET scan. We are examining this possibility and hope to report our results in the near
future. Third, this research protocol can be integrated into the scanner’s hardware and
software.
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Figure 5.4 Illustration of mismatch in two scans caused by difference in breathing. One scan
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CONCLUSION
Respiratory-optimal-gated PET in combination with a respiratory-triggered CT scan
resulted in a significantly better match in the region of the liver dome and a significantly
higher SUV for lesions in the lungs. In every lung tumour considered, the new technique
based on triggered CT provided partial overlap of PET and CT, whereas the standard
approach based on spiral CT sometimes failed. However, we were unable to demonstrate
a statistically significant improvement in the alignment of PET and CT for lung lesions.
A different respiratory tracking method might be the key to making the method robust.
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ABSTRACT
In recent years, different metal artefact reduction methods have been developed for CT.
These methods have only recently been introduced for PET/CT even though they could
be beneficial for interpretation, segmentation, and quantification of the PET/CT images.
In this study, phantom and patient scans were analysed visually and quantitatively to
measure the effect on PET images of iterative metal artefact reduction (iMAR) of CT data.
Methods: The phantom consisted of 2 types of hip prostheses in a solution of 18F-FDG
and water. 18F-FDG PET/CT scans of 14 patients with metal implants (either dental
implants, hip prostheses, shoulder prostheses, or pedicle screws) and 68Ga-labeled
prostate-specific membrane antigen (68Ga-PSMA) PET/CT scans of 7 patients with hip
prostheses were scored by 2 experienced nuclear medicine physicians to analyse clinical
relevance. For all patients, a lesion was located in the field of view of the metal implant.
Phantom and patients were scanned in a PET/CT scanner. The standard low-dose CT
scans were processed with the iMAR algorithm. The PET data were reconstructed using
attenuation correction provided by both standard CT and iMAR-processed CT.
Results: For the phantom scans, cold artefacts were visible on the PET image. There
was a 30% deficit in 18F-FDG concentration, which was restored by iMAR processing,
indicating that metal artefacts on CT images induce quantification errors in PET data.
The iMAR algorithm was useful for most patients. When iMAR was used, the confidence
in interpretation increased or stayed the same, with an average improvement of 28%
± 20% (scored on a scale of 0% – 100% confidence). The SUV increase or decrease
depended on the type of metal artefact. The mean difference in absolute values of
SUVmean of the lesions was 3.5% ± 3.3%.
Conclusion: The iMAR algorithm increases the confidence of the interpretation of the
PET/CT scan and influences the SUV. The added value of iMAR depends on the indication
for the PET/CT scan, location and size/type of the prosthesis, and location and extent of
the disease.
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Metal implants can significantly degrade the quality of CT images [1, 2]. Artefacts are
visible on the images because of beam hardening, Compton scattering, and noise [1,
3]. This is especially of importance when the region of interest (ROI) is located near the
implant, and the artefacts affect the reconstructed distribution of Hounsfield units (HU)
[4]. CT images are used to derive an attenuation correction map for the PET reconstruction,
which means that CT influences the PET image in combined PET/CT imaging [2, 3, 5–9].
If the ROI is located near the implant, the metal not only distorts the CT image but also
influences the quantification of radiotracer uptake and can reduce the quality of the
interpretation of the scan [2, 10]. In regard to 18F-FDG PET/CT, dark and bright streak
artefacts can cause under- and overestimation of 18F-FDG activity concentration around
the prosthesis [2, 3, 5–8]. This not only can have implications for detection and staging
of the disease, because metal artefacts can cause difficulty with the interpretation of
small lesions located near the implant [2, 3, 8], but also can influence the quantitative
accuracy of therapy response monitoring [2, 3] and PET-based radiotherapy planning
[3]. Dental implants [2, 9], in particular, may impede diagnosis and therapy planning
in head and neck cancer, and with regard to prostate cancer, detection of metastases
using 68Ga-prostate-specific membrane antigen (68Ga-PSMA) can be hampered by the
presence of 1 or 2 hip prostheses.
In recent years, different metal artefact reduction (MAR) methods have been developed
for CT. The main 2 classes are projection completion-based methods, where projections
through metal are considered as missing data, and statistically based iterative methods,
where (iterative) filtering techniques are deployed [4, 5, 11]. Nowadays application
of MAR in stand-alone CT is common practice; however, the use of MAR of CT for
attenuation correction in combined PET/CT is still emerging. Recently, an iterative MAR
(iMAR) tool was introduced for combined PET/CT systems. The tool suppresses streak
artefacts by decreasing the HUs in areas in which values have been overestimated and
by increasing HUs in areas of underestimation [10]. This method combines both classes,
projection completion and iterative filtering, resulting in a more accurate SUV for the
PET reconstructions [10]. To our knowledge, the article of Schabel et al. is the only other
study describing this algorithm in combined PET/CT imaging [10]. In their research,
a phantom was scanned on both a CT scanner (with iMAR capabilities) and a PET/CT
scanner. These authors analysed the iMAR algorithm in combination with dual-energybased strategies and showed that the iMAR tool is a promising approach to improve
image quality and PET quantification [10]. However, their study did not include patient
scans.
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The aim of the present study was to analyse the effect of CT metal artefact reduction on
PET scans during combined PET/CT imaging in both phantom PET/CT data and patient
scans. The effect on PET/CT interpretation by the nuclear medicine physicians and the
effect of iMAR on SUV were evaluated for patients with different types of metal implants.

MATERIALS AND METHODS
Phantom Scan
The phantom, depicted in Figure 6.1a, consisted of 2 types of hip prostheses (cobalt
steel and Ti-Al-V with ceramic head) and 2 solid steel balls (2.5 and 3.8 cm diameter) in a
solution of 18F-FDG and water in a 9 L container with sponges to position the prostheses
and balls. Background radiotracer concentration was approximately 3.2 kBq/mL, similar
to values seen in patient scans. The phantom was scanned in a Biograph 40 mCT PET/
CT scanner (Siemens Healthcare). The phantom was in the same position on the patient
bed in the CT and PET measurements; however, to investigate the effect of motion on
the iMAR algorithm an additional phantom scan was obtained for which a second CT
scan was acquired after the phantom was translated 3 mm laterally in the region of the
prosthetic femoral heads. We reconstructed 1 PET bed position using the misaligned CT,
with a 2 mm voxel size (400 × 400 matrix size) and no postreconstruction filter to make
the image as sharp as possible and artefacts as plainly visible as possible.

Patient Scans
PET/CT images of 21 patients with metal implants in the field of view of clinical interest
were included in the study. The institutional review board of the Radboud University
Medical Center approved this retrospective study, and the requirement to obtain
informed consent was waived.
In 14 patients, 18F-FDG PET/CT scanning and in 7 patients 68Ga-PSMA PET/CT scanning
were performed. The administered 18F-FDG activity depended on the patient’s weight,
resulting in an average and standard deviation of 164 ± 132 MBq with a mean incubation
time (and standard deviation) of 61 ± 5 min. For 68Ga-PSMA-HBED-CC the administered
activity also depended on the patient’s weight, resulting in 135 ± 26 MBq using an
incubation time of 66 ± 17 min. Patients were scanned in a Biograph 40 mCT PET/CT
scanner (Siemens Healthcare) with extended field of view (TrueV). This scanner has been
accredited by the European Association of Nuclear Medicine Research Ltd. (12). Included
in this study were patients with one or more metal implants with a strong suggestion
of lesions near the implant, located in the area of the metal artefacts, scanned between
January 2015 and October 2016, and consecutive patients with the strong suggestion
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of 68Ga-PSMA-avid lesions near the implant, located in the area of the metal artefacts.
The indication for the PET/CT scan differed per patient: patients were scanned for
diagnosis of disease, staging, radiotherapy planning, or response monitoring. Patient
characteristics are summarized in Table 6.1.

Table 6.1 Summary of patient characteristics
Characteristic

Value ± SD

Sex
Males

12

Females

9

Average age in y

65.4 ± 8.6

Average weight in kg

80.8 ± 21.4

Radiopharmaceutical
F-FDG

14

Ga-PSMA

7

18
68

Type of prosthesis
Dental implants

6

Hip prostheses

12

Shoulder prostheses

1

Screws in vertebrae

2

Indication PET/CT scan
Staging/detection of disease

16

Radiotherapy planning

1

Therapy response monitoring

4

6
CT Acquisition and Reconstruction
The low-dose CT scan was acquired for attenuation correction and anatomic reference.
The x-ray tube voltage was chosen using Care kV (Siemens Healthcare), with a reference
value of 120 kV. The tube current was modulated using Care Dose4D (Siemens
Healthcare), with a reference current-time-product of 50 mAs per rotation. The CT data
were acquired with a 0.5 s rotation time and 16 × 1.2 mm collimation.
CT projection data were processed without and with iMAR. In the first case, we used
kernels that we have used for several years in whole-body PET/CT. In the second case,
we used the iMAR algorithm (Siemens AG). This method, which has not yet been fully
described in the peer-reviewed scientific literature, is based on a sinogram metal
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in-painting approach for which the original sinogram values behind the metal are
replaced. It consists of several steps. The first step is the so-called normalized MAR
method described by Meyer et al. [13]. In this step an initial prior image is estimated that
consists of water and bone, posing a simplified representation of the patient anatomy
without the metal artefacts. Artificial raw data are generated from this prior image and
used to replace the original metal artefacts-affected raw data behind the metal. Because
the metal artefacts are mainly long range, low-frequency artefacts (e.g., dark streaks)
can be identified and the high frequency structural information around the metal can
be used from the original image to restore correct anatomic information in the MAR
image. This is the second step of the iMAR algorithm and is called the frequency-split
technique [14]. The resulting MAR-corrected image can be used again to estimate a more
accurate prior image so that the first 2 steps can be performed iteratively (up to 5 loops
depending on the chosen pre-set). In addition to this aggressive sinogram in-painting
approach (which is effective for strong metal artefacts due to photon starvation), the
iMAR algorithm also incorporates a method that corrects the beam-hardening effects for
metal artefacts originating from smaller pieces of metal. The beam-hardening-corrected
sinogram values are adaptively combined with the in-painted values depending on the
metal attenuation strength. To guarantee the best results for different types of metal
implants, different parameter configurations are offered to the user (so-called pre-sets;
neuro coils, dental fillings, spine, shoulder, hip or extremity implants, pacemaker or
thoracic coils) to facilitate the different iMAR-correction components.
The HU values are converted to PET attenuation coefficients (mu-maps) using the
standard procedure described by Carney et al. [15]. Because streak artefacts are
decreased in soft tissue and bone, an improved PET mu-map is expected in regions
close to metal. In regions not affected by metal artefact, CT images and PET mu-maps
are quantitatively identical to the ones not based on iMAR.
CT scans were reconstructed using a 5 mm slice thickness for the 18F-FDG images. The
CT images of the 86GA-PSMA scan were reconstructed with a 3 mm slice thickness, to
conform to clinical protocol.

PET Acquisition and Reconstruction
The duration of the acquisition of the 18F-FDG PET scans depended on the protocol.
In the whole-body protocol (head to feet), patients were scanned with 3 min per bed
position, whereas in the standard protocol (head to hip) they were scanned with 4 min
per bed position. The 68Ga-PSMA patients were scanned with 4 min per bed position
for the bed positions covering the pelvis; other bed positions were scanned for 3 min.
Standard clinical reconstruction parameters were used for 2 PET images reconstructed
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with the standard CT and iMAR CT, using a 3D ordered-subset expectation maximization
algorithm with a spatially varying point-spread function incorporating time-of-flight
(TOF) information (UltraHD PET); 3 iterations and 21 subsets; and a slice width that was
matched with the CT. A 3D gaussian filter kernel with a full width at half maximum of 3.0
mm was used as postreconstruction filtering, and a transaxial matrix size of 200 × 200
was used (4 × 4 mm2 pixel size). A third non-attenuation-corrected PET reconstruction
was made with similar reconstruction parameters, except for the 3D ordered-subset
expectation maximization algorithm without spatially varying point-spread function
and TOF (3 iterations and 24 subsets).

Image Analysis
For the image analysis, the 2 types of CT and 3 types of PET reconstructions were used.
The PET/CT images were visually scored by 2 experienced nuclear medicine physicians
and were also quantitatively analysed. The physicians scored the standard, iMAR, and
non-attenuation-corrected PET/CT images by answering several questions (Table 6.2).
The quantitative analyses consisted of measurements on both CT and PET images. For
each patient scan, 6 circular ROIs were placed with a diameter of 15 mm. Two ROIs were
drawn in a region in which dark streaks were visible on CT (underestimated HU), 2 in
which light streaks were present (overestimated HU), and 2 on a soft-tissue location in
which no metal artefact was present (background HU). The ROIs on CT and PET were
matched for each patient. In addition to the SUVmean of these 6 ROIs, the SUVmean of the
lesions located near the implant was also calculated. The spherical ROIs had diameters
between 15 and 40 mm. The type of metal artefact differed for these lesions, and to
illustrate the effect of the iMAR algorithm the absolute difference in SUVmean is given for
these measurements. The differences are displayed graphically as Bland-Altman plots.

6

Statistical Analysis
Not all the paired groups were normally distributed, and statistical analysis of the
ROI measurements was performed with the Wilcoxon signed-rank test. The interrater
agreement between the 2 physicians was not measured with the Cohen’s k-coefficient
because of the dichotomous nature of the questions; however, the fraction of agreement
is given. Statistical analysis was performed using SPSS Statistics 22 (IBM). Statistical
significance was defined for a p value less than 0.05.
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RESULTS
Coronal PET sections from the phantom with and without iMAR are shown in Figures
6.1b and 6.1c. The section included the region of greatest attenuation between the 2
prosthetic femoral heads, in which a severe metal artefact was anticipated, but only
partly included the prostheses’ stems and the region between them, in which a lesser
artefact was anticipated. Cold artefacts, where reconstructed 18F-FDG concentrations
were lower than expected, were seen clearly, indicating that metal artefacts on the CT
image influenced quantification of PET data. Figure 6.1b illustrates an artefact with up
to 30% deficit in 18F-FDG concentration, whereas Figure 6.1c indicates that the deficit
was removed by iMAR processing.

a

b

c

Figure 6.1 Phantom a) consisting of two types of hip prostheses in a solution of 18F-FDG and
water: a cobalt steel hip prosthesis and a Ti-Al-V hip prosthesis with ceramic head. Furthermore,
the phantom included two solid steel balls of 2.5 and 3.8 cm in diameter. The phantom was
scanned in an mCT PET/CT scanner (Siemens). The cold artifact caused by the metal are present
in the standard PET reconstruction b), while on the iMAR PET reconstruction c) these artifacts
were not visible.

The 2 experienced nuclear medicine physicians scored and compared the standard PET/
CT and the iMAR PET/CT. The non-attenuation-corrected PET image was also available
and considered. The images were scored by answering 9 questions ranging from
interpretation of the images to confidence and recommended follow-up procedure
(Table 6.2). The metal artefacts affected the interpretation of the standard PET/CT
for most patients with dental and hip implants (both 18F-FDG and 68Ga-PSMA tracers)
(observer agreement, 16/21), and the iMAR tool was useful for most patients with dental,
hip, and shoulder implants (observer agreement, 19/21). For patients with metal screws
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in vertebrae, the iMAR algorithm was less helpful; the artefacts on the posterior side of
the implant were mainly reduced whereas the anterior artefacts were not (this is where
the 18F-FDG-avid lymph nodes were located). This could be caused by the spine pre-set
that is dominated by the beam-hardening correction component of the algorithm; it
could be too weak depending on the shape of the metal implant.

Table 6.2 Results of the scoring of the PET/CT images by the nuclear medicine physicians
(reader 1 / reader 2). *answered with yes
Dental
implants
(n = 6)

Hip
implants
18
F-FDG
(n = 5)

Hip
implants
68
Ga-PSMA
(n = 7)

Shoulder
implant
(n = 1)

Vertebra
screws
(n = 2)

When normal CT was used, did metal
artifacts affect your interpretation of
the PET/CT image in a negative way?*

5/6

4/5

6/7

0/1

0/1

When iMAR CT was used, did metal
artifacts affect your interpretation of
the PET/CT image in a negative way?*

0/0

0/0

0/0

0/0

0/1

Was iMAR helpful?*

5/6

5/5

7/7

1/1

0/1

Was NAC PET helpful?*

2/2

3/3

0/2

0/0

0/0

Did the visual interpretation indicate
that PET and CT were well aligned
or misaligned? Answered with well
aligned

6/4

5/3

7/7

1/1

2/2

How much confidence do you have
in your interpretation of the PET/CT
image? (scale 0 – 100%) Improvement
in % of:

30/37

22/28

41/30

10/0

1/5

Did the diagnosis/staging of the
disease change when the iMAR CT was
used?*

1/0

2/1

1/1

0/0

0/0

When normal CT was used, were more
diagnostic tools needed because of the
metal artifacts?*

0/2

1/1

1/0

0/0

0/0

6

For most patients, the iMAR algorithm did not change the diagnosis or staging of the
disease (observer agreement, 16/21) because of the extensiveness of the disease;
however, it did increase the confidence of the interpretation with on average an increase
of 28% ± 20% (on a scale of 0% – 100% confidence of interpretation). The confidence
in interpretation increased or remained the same when iMAR was used; in no case did
iMAR reduce confidence. For the patients included in the present study, the use of iMAR
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for 68Ga-PSMA PET scans did not change disease stage, because distant metastases
were present in 4 of 7 patients. Yet, the detection of small lesions is possible with these
scans, and because artefacts are located in the area in which regional prostate nodal
metastasis can be expected (obturator nodes, parailical nodes) the iMAR reconstruction
is specifically beneficial when no distant metastases are present. The uncorrected PET
images are not beneficial in these circumstances, because of the difficulty detecting
small lesions for these images. Examples of the effect of iMAR on PET and PET/CT images
are given in Figures 6.2 and 6.3.
The results of the quantitative ROI measurements are shown in Figure 6.4. The BlandAltman plots show the effect of metal artefacts on HU and SUVmean. The mean HU and
SUV of the background ROIs were unaffected by the iMAR algorithm, whereas the values
of the ROIs located closer to the implant were affected depending on the type of metal
artefact. For the ROIs with an underestimated HU, located in a dark streak, the average
HU increased from -355 ± 180 to -27 ± 59 HU (p < 0.001), whereas the HU of ROIs located
in the bright streaks (overestimated HU) decreased from 489 ± 419 to 85 ± 75 (p <
0.001). The ROIs in the unaffected areas (background) showed no significant difference
between the standard and iMAR CT. The effect of the metal artefact was not only visible
on the CT images, but also was measurable on the PET scans. The effect on SUVmean was
significant: SUVmean in areas with SUV underestimation increased from 0.9 ± 0.7 to 1.1
± 0.8 g/cm3 (p < 0.001), whereas SUVmean in ROIs with an overestimated SUV decreased
from 1.4 ± 1.1 to 1.2 ± 0.9 g/cm3 (p < 0.001). For the background measurements on the
PET scans, there was no significant difference between the SUVmean of the standard PET
reconstruction and the iMAR PET reconstruction. The ROI measurements of the lesions
showed an SUVmean range between the 2 reconstructions of -0.71 and 0.38 g/cm3; the
difference in SUVmean can be either positive or negative because of the type of artefact.
The mean absolute difference in SUVmean is 3.5% ± 3.3%, indicating that metal artefacts
also have an impact on quantitative measurements of lesions.

a

b

Figure 6.2 Patient with uptake in the palatine tonsils, arrows in a), and 18F-FDG-avid lymph
nodes, arrows in b). The metal artefacts are visible on the standard PET/CT reconstruction a),
while the iMAR PET/CT reconstruction b) shows less distortion.
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a

b

c

d

Figure 6.3 Patient with possible malignant cyst in right ovary, which was not interpretable due
to the metal artefacts. The effect of the metal artefact on CT is also visible on PET. The region
between both hip implants show a lower activity for the standard PET/CT, a) and b), which is
clearly visible in the bladder, while the iMAR PET/CT, c) and d), shows an image closer to the
true distribution of 18F-FDG.

a

b

6

Figure 6.4 Bland Altman plots of ROI measurements, shown for the HU measurements on
CT a) and SUVmean measurements for the PET reconstructions b). In the figure the difference
between the two measurements (standard - iMAR) is plotted against the mean of these
two measurements. The effect of the algorithm in not only visible on the CT image, but also
influences the PET image.
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The possibility of motion between CT and PET is of particular concern in the case of
a metal prosthesis [6]. Qualitative inspection of our patient scans gave reason to
expect that such motion had occurred (in the area of the implant) in 1 patient with
dental implants. However, the clinical impact was difficult to predict. As mentioned in
the “Materials and Methods” section, we were able to induce a motion artefact in the
phantom scan to analyse the consequences of 3 mm mismatch between PET and CT.
The inconsistent attenuation correction resulted in an 8-fold overestimation of tracer
concentration at the edge of the prosthesis and gave an incorrect impression that
radiotracer was present inside the metal prostheses. This is shown in a coronal section
in Figure 6.5a.

DISCUSSION
The present study reports on the first clinical results of a newly available MAR tool
for PET/CT. The iMAR algorithm improves the CT images by reducing metal artefacts,
creating a more realistic representation of the anatomy of the patient. Our study shows
that the iMAR CT affects PET attenuation correction, resulting not only in an increase of
confidence in interpretation of the PET/CT images, but also (although in a lesser extent)
in a more accurate quantification of radiopharmaceutical uptake in lesions located near
the metal implant. This exploratory study shows that the iMAR algorithm benefits image
reconstruction in different types of metal implants, tracers and for different indications.
These range from staging, radiotherapy planning, and response monitoring in head and
neck cancer patients with dental implants to diagnosis and staging in prostate cancer
for patients with metal hip implants (due to uncertainty of the presence of lymph node
metastases in cold areas).
Even though precautions are generally taken to reduce the occurrence of a mismatch
between PET and CT, it still occurs and can have clinical consequences. When metal
implants are present, a movement of just 3 mm can induce a big difference in the
calculated tracer concentration. The uptake patterns surrounding the prostheses are
of importance to distinguish between different diagnoses, for instance, to distinguish
between infection and loosening of the implant or screws. It is therefore important to
verify that no mismatch between PET and CT is present for patients with metal implants,
especially for patients with dental implants because motion is more common in this area.
In future investigations, we think that the best solution to reduce these artefacts caused
by movement between PET and CT acquisition might involve a modern approach to
PET reconstruction in which iterative reconstruction is used to simultaneously estimate
radiotracer concentration and attenuation-correction factors, for instance, the TOF
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maximum-likelihood attenuation-correction factors method (TOF-MLACF) [16]. To test
the possibility that this approach might remove mismatch-related artefacts, we applied
the TOF-MLACF algorithm to the phantom scan for the bed position that contained the
femoral heads. Figures 6.5b and 6.5c show the corresponding coronal sections after 1
and 10 iterations of the algorithm. After 1 iteration, the artefact was reduced to less than
about a 2-fold increase above background. After 2 iterations, the artefact was less than a
1.5-fold increase (not shown). After 10 iterations, the artefact was entirely removed, and
tracer concentration was correctly assigned a value close to 0.

a

b

c

Figure 6.5 PET images of the phantom when CT was misaligned by 3 mm (laterally in the region
of the prosthetic femoral heads). a) Normal, iMAR CT attenuation based reconstruction. b) and
c) 1 and 10 iterations of the TOF-MLACF reconstruction.

In the present exploratory study, 21 patients, with different indications, type of
implants, and disease, were included to give an indication for which patients metal
artefact reduction could be of importance. Further research is necessary to evaluate
metal artefact reduction in specific patient populations and its effect in regard to the
use of different tracers. It was clear that the use of iMAR improved the confidence of the
nuclear medicine physicians in general, which will reduce time reviewing the scans and
diminish insecurities toward the referring clinician. We therefore would like to advocate
for consideration of the use of iMAR in all patients with metal implants when PET/CT is
performed.

6

CONCLUSION
The newly available iMAR algorithm benefits confidence in image interpretation and
has a positive impact on quantitative accuracy. The added diagnostic value depends
on the location and size of the prosthesis/metal implant, in combination with the
indication for the PET/CT scan, and location and extent of the disease. It can influence
lesion detection in the case of staging and detection of disease, and quantification of
the lesion in the case of radiotherapy planning and therapy response monitoring.
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The first prototype hybrid PET/CT scanner was developed in the late 90s and the
subsequent introduction in standard clinical care resulted in a major improvement and
immediate implementation by physicians [1]. Nowadays, all clinical PET scanners are
combined with an anatomical reference (either CT or MRI) and especially in oncology
the correlation of anatomy and metabolism has become a powerful diagnostic tool [2,
3].
Besides the anatomical reference, CT-based attenuation correction is a key advantage
in combined PET/CT imaging. Attenuation correction is critical for reconstructing
quantitatively accurate PET images [3]. However, there are a number of possible
sources that can introduce artefacts or quantitative inaccuracies when using CT-based
attenuation correction in PET imaging. Movement of the patient between the CT and
PET scan can result in artefacts, and even if the patient shows no body movement,
physiological processes, such as respiratory motion, cause degradation of image
quality by blurring and by introducing artefacts [3]. Also a CT field-of-view smaller than
the patient, administration of contrast agent during the CT examination, and metal
prostheses, osteosynthesis material or dental implants will result in artefacts on CT [1].
Even though these factors influence the attenuation correction, CT-based attenuation
correction almost always outweighs such concerns [1, 3]. However, as mentioned before,
these factors do influence PET quantification and it is important to reduce their impact
on the imaging results as much as possible. The aim of this thesis is to address two of
the factors that influence CT image quality and can result in an incorrect attenuation
correction of PET images. Different methods that could solve some of these problems
have been discussed.

Quantification of PET
In recent years, the main focus in PET imaging was on improvement of small lesion
detection. The methods and improvements, such as time-of-flight (TOF), point-spreadfunction (PSF) modelling, and the decrease in voxel size, addressed in chapter 2, have
recently been introduced for commercial, clinical whole-body PET/CT and PET/MR
systems. There are also image reconstruction techniques that have been developed for
correcting specific artefacts, such as respiratory motion and metal artefacts. Together,
these advancements made it possible to improve the quality and quantitative accuracy
of PET/CT images, with subsequent optimization of administered activity, hence
reducing radiation dose delivered to the patient and reducing scan time [4].

7

The increase in effective sensitivity and improved spatial resolution led to an improved
visibility of small lesions, which is necessary for detection of small loco-regional and
distant metastases and lymph nodes in PET/CT [4], thus improving diagnosis and
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staging with PET. This is essential for tracers that have an important role for diagnosis
and staging of patients with cancer, for instance 18F-FDG for lymphoma [5], breast [6],
and lung cancer [7], and 68Ga-PSMA for the detection of (lymph node) metastases in
patients with prostate cancer [8]. Furthermore, improvements in quantitative abilities
combined with high sensitivity give the possibility to perform dosimetry based on,
for instance, 90Y imaging for patients who are treated for primary liver cancer of liver
metastases [9, 10], or 124I imaging for follow-up of thyroid cancer [11]. Additionally,
improved reproducibility/repeatability of quantitative measurements gives the
possibility to perform dose painting techniques in radiotherapy and therapy response
monitoring using PET [12].

Reduction of breathing artefacts
As mentioned above, there are PET image reconstruction techniques that have been
developed for correcting specific image artefacts. This thesis focuses on the two
examples mentioned previously, namely respiratory motion and metal artefacts. The
first part of this thesis addresses respiratory motion correction.
Respiratory gating improves image quality and diagnostic accuracy by removing
respiratory motion from the reconstructed PET images. However, during respiratorygated PET/CT imaging, the CT images are usually acquired using a free-breathing
protocol. This results in the possibility that the respiratory-corrected PET image
is reconstructed at a different respiratory-phase when compared to the CT scan,
representing patient anatomy at a different phase of the respiratory cycle. The CT freebreathing protocol can induce a spatial mismatch between the PET and CT images and
can result in inappropriate attenuation correction resulting in quantitative inaccuracies
[13]. It can be problematic for lesions located near structures with large differences
in tissue density, such as lung lesions in particular. For the use of PET in radiotherapy
planning and early response monitoring, these quantitative inaccuracies could have
a significant impact on therapy planning and treatment decision-making [13]. Thus,
accurate alignment and appropriate attenuation correction is of utmost importance.
Ideally, the respiration during the CT acquisition should be matched with the respiratory
phase of the gated PET reconstruction, resulting in the best statistical quality of the
PET images and an optimal use of the PET data for the purpose of respiratory gating.
However, it is also possible to match the respiratory phase of the PET with the phase of
the CT image. There are multiple studies that have implemented this method [14, 15].
In this thesis, all three different methods under investigation rely on matching the CT
images to the respiratory-gated PET image. Different strategies have been discussed
to improve spatial matching between PET and CT images. For these studies, optimal
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amplitude-based respiratory-gating was used to gate the PET images, resulting in
near motion-free PET images [13, 16]. The study described in chapter 3 relies on
providing breathing instructions to patients during CT acquisition. For normal, healthy
human respiration, the optimal amplitude-based respiratory-gating algorithm will
typically define the optimal amplitude range at the end-expiratory plateau phase. This
plateau phase will last for approximately one third of the total respiratory cycle [16].
Therefore, patients in this study were assigned to two groups. Either they were asked
to continue normal free breathing or to perform a forced end-expiratory breath-hold
manoeuvre during the CT acquisition. Quantification of the spatial match between PET
and CT images between the two groups indicated that the spatial alignment was not
significantly improved when the breathing instructions were applied. This could be due
to the general difficulties associated with the breathing instructions protocol, such as
patient compliance and operator dependence. Furthermore, in a number of patients,
particularly those with obstructive pulmonary disease (COPD), a different respiratory
signal was observed. The signal shows an optimal amplitude range at a different
respiratory phase, usually at the end-inspiratory phase, which means that for these
patients different breathing instructions are needed to improve the alignment between
PET and CT. This emphasizes the requirement to objectively determine the time point
at which CT imaging should be performed. In the second study, described in chapter
4, this was investigated by measuring the respiration of the patient not only during
the PET scan, but also during the CT acquisition. For each patient, two CT scans were
acquired, one during free-breathing and one during breath-hold instructions. Whereas
for the study described in chapter 3, patients were asked to hold their breath during
expiration, in the study described in chapter 4, they were instructed to hold their
breath at a specific time point, matching the optimal respiratory gate of the PET. The
gating parameters of the PET were used to give patient-specific breathing instructions
during the CT scan, providing a more personalized breathing instruction than the
forced end-expiratory breathing instructions provided during the previous study.
Knowing that following breathing instructions can be difficult for this patient category
[17], two different breathing instructions were tested before the start of the study.
For the first type of breathing instructions, patients were asked to breathe normally
until they were instructed to hold their breath for 10 seconds. For the second type of
instructions, which were performed at least one minute later, the patients were asked to
take a couple of deep breaths, after which they were asked to hold their breath during
the same expiratory phase (and for the same duration). For both types of instructions
the respiratory signal was measured and used to determine the specific moment of
the breath-hold instructions given by the operator. It was concluded that both types
of instructions were feasible for the patients. The first type of instructions were chosen,

7
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since it was easier for the operator to determine the exact moment of the respiratory
signal reaching the correct amplitude level, and secondly, because the breathing
pattern of the patients were more comparable to the breathing pattern during the PET
acquisition. The analysis of the data showed a better alignment between PET and CT
when these personalized breathing instructions were provided to the patient. However,
also with this study cohort, not all patients could comply with the breathing instructions.
Two out of the 25 patients could not hold their breath during the CT acquisition of the
chest, reconfirming that for this group of patients, with known respiratory problems, it
is difficult to follow breathing instructions [17, 18].
Therefore, in chapter 5, a different strategy to improve spatial matching between PET
and CT images is addressed. In this study, patients received two low-dose CTs; one scan
according to a standard free-breathing protocol (similar to the previous studies described
in this thesis) and one scan according to a respiratory-triggered CT protocol. For the latter
CT protocol, the respiratory amplitude during the acquisition is again matched with the
optimal respiratory gate of the PET, but no specific breathing instructions were given
(the patients were asked to breathe normally during both the PET and CT acquisition).
Another important difference between the CT acquisitions during this study compared
to the previous two studies is that the CT is acquired sequentially (while the standard
protocol, and the two previous research protocols, were acquired with a continuous
spiral CT protocol). The spatial alignment was improved when using the respiratorytriggered CT protocol. However, it was observed that the spatial alignment between
PET and CT was not perfect for all patients. This was related to the respiratory tracking
method used and the lack of automated integration of the respiratory-triggered CT
protocol in the PET/CT acquisition workstation. For the CT acquisition an external
laptop was used to generate triggers for the CT scanner and it was required to manually
provide system parameters to synchronize the respiratory signal on the laptop with the
signal on the PET/CT scanner. Furthermore, the used respiratory tracking method with
a pressure sensor might be suboptimal, especially when patients changed their type
of breathing between the PET and CT acquisitions [19]. Even though, there are studies
that suggest that this respiratory tracking method provide a good indication of tumour
motion [20, 21]. There are several studies that suggest that thoracic wall excursions do
not necessarily correlate with internal motion [18, 22-25]. The tracking method with
one pressure sensor is not only used in respiratory gating of PET/CT images, but is also
used for stand-alone CT scanners. Besides these imaging modalities, similar respiratory
tracking methods are also used for radiotherapy. This means that this problem does not
only influence the quality of diagnostic imaging techniques, but could also influence
patient treatment. Extrapolating the results of the study described in chapter 5 on the
use of the technique for therapeutic purposes, it could be possible that lesions located
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farther away from the sensor will not receive the optimal treatment. Healthy tissue will
be irradiated with a higher dose on the one hand and malignant tissue will be treated
with a lower dose than intended on the other hand. Other tracking methods might be
more appropriate for lesions in different regions in the lung, such as methods that track
the respiration of the patient by measuring the breathed airflow (spirometer) or the
variation in temperature of breathed airflow (temperature sensor).
There are other methods available besides the breath-hold and triggered CT approaches
to spatially match PET and CT images. For instance, it is possible to acquire CT images
during all phases of breathing using slow or time-averaged CT [16, 18, 26]. Binning of
the CT data will give the possibility to select the respiratory phase from the CT data
that most closely resembles the respiratory phase of the respiratory-gated PET images.
Although it is relatively easy to improve the spatial matching between PET and CT
images using this method, it typically delivers a high radiation dose to the patient and
is therefore not suitable for routine diagnostic PET. With improvement in CT hardware
and reconstruction algorithms, there are increasingly more dose-reduction strategies
available for CT imaging. Examples are patient-specific adjustment of x-ray tube
voltage in addition to modulation of x-ray tube current, and recent developments of
iterative reconstruction algorithms [27]. When sufficient reduction in radiation dose
at acceptable image quality for CT can be achieved, and in combination with dose
reduction strategies for PET, as described in chapter 2, these strategies might become
more suitable for use in routine clinical PET/CT imaging.
Even though the influence of the spatial mismatch between PET and CT images on
quantification of radiotracer uptake in PET is small for the studies described in this
thesis, reduction of respiratory artefacts and reduction of mismatch between PET
and CT will contribute to more stable PET quantification and improved reliability and
reproducibility of quantitative parameters. Improving quantitative accuracy is of great
importance, since quantitative indices in PET are increasingly being used for therapy
response monitoring and radiotherapy planning [7, 12].

Reduction of metal artefacts
Besides the misalignment between PET and CT caused by respiratory motion, metal
artefacts on CT images can also cause quantitative inaccuracies and reduction of image
quality in the PET images.

7

In recent years different metal artefact reduction methods have been developed for
stand-alone CT scanners. Although reduction of metal artefacts could be beneficial
for interpretation, segmentation and quantification of PET/CT images, metal artefact
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reduction has only recently been introduced for hybrid PET/CT. Metal implants can
cause dark and bright streaks on the CT image, resulting in under- and overestimation
of SUVs. This can have implication not only for detection and staging of the disease,
as metal artefacts can cause difficulty with the interpretation of small lesions located
near the implant, but can also influence quantitative accuracy of PET-based therapy
response monitoring and radiotherapy planning. For example, dental implants may
impede diagnosis and therapy planning in head and neck cancer, and with regard
to prostate cancer, detection of metastasis using 68Ga-PSMA can be hampered by
the presence of one or two hip prostheses. In chapter 6 a recently released, iterative
metal artefact reduction tool (iMAR) for PET/CT has been investigated. This method
is already available as a standard tool for stand-alone CT, but has only recently been
released for PET/CT. The iterative metal artefact reduction tool has been tested for both
phantom and patient data. It was shown that the algorithm improved the image quality
of CT images by reducing metal artefacts, creating a more realistic representation
of the local anatomy of the patient. The iMAR CT has an important impact on PET
attenuation correction, which not only resulted in a more accurate quantification of
radiopharmaceutical uptake in lesions located near the metal implant, but also in an
increase of confidence in the interpretation of the PET/CT images by the physicians.
In conclusion, the iMAR algorithm benefits image reconstruction in different types of
metal implants, tracers and for different indications [28]. This can have important effects
on clinical management of patients, including diagnosis and staging, radiotherapy
planning, and response monitoring.

Future prospects in breathing and metal artefacts
Nowadays, attenuation correction using CT is the best method to correct the PET
images for attenuation of photons. The benefit of attenuation correction using CT
outweighs the problems mentioned in this thesis. Nonetheless, research is ongoing
regarding the use of solely using PET emission data (including the TOF information) for
the attenuation correction of PET images. Examples of methods using this information
are: TOF maximum likelihood attenuation correction factors method (TOF-MLACF)
and TOF maximum likelihood reconstruction of attenuation and activity (TOF-MLAA).
In chapter 6 the TOF-MLACF method has been tested on phantom PET images. The
analysis shows that when patients have a metal implant and there is a spatial mismatch
present between PET and CT, extensive artefacts are introduced. It is therefore essential
to have a good spatial match between PET and CT in these cases (when a metal artefact
reduction method is used). Nonetheless, when there is a mismatch between PET and
CT, it might not be preferred to use the CT for attenuation correction. Therefore, the
TOF-MLACF method was tested to remove these mismatch-related artefacts. For the
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TOF-MLACF reconstructions described in this thesis, the attenuation sinogram is
updated every iteration (after the initial PET reconstruction), reducing the effect of
the mismatch and the metal artefact of the CT image. For this example the artefact
was entirely removed after several iterations with tracer concentrations as expected.
The TOF-MLAA or TOF-MLACF reconstructions need an initial μ-map estimate. For the
TOF-MLACF method used in this study, the CT data is still used as input for the PET
reconstruction. However, there are other methods to create a first estimate, for instance,
an image filled with the μ-value of water uniformly or average μ-value of the object,
or an estimate based on patient databases [29]. In the future, the TOF-MLACF method
could potentially be an interesting method to correct PET data for photon attenuation.
A method that does not use additional CT or MRI data to reconstruct the PET images has
many potential applications and benefits. It could not only reduce artefacts resulting
from a spatial mismatch between PET and CT, in combination with metal implants, as
shown in this thesis, but could also reduce other CT-based reconstruction artefacts, such
as mismatch between PET and CT due to respiratory motion. Furthermore, as explained
in chapter 2, it could potentially also be implemented for PET reconstructions from
combined PET/MR scanners.
Besides the method described in the previous section, where there is no need to use an
anatomical reference scan for attenuation correction, it is also worth mentioning that
there is ongoing research to use PET list-mode data to reduce breathing artefacts. Rigid
of affine transformation in the raw data domain is feasible for gated PET datasets [30,
31], and by transforming them to the respiratory phase of the standard low-dose CT, a
match between PET and CT can be made. One of the advantages is that all the PET data
can be used for the motion-free PET reconstruction, compared to only 35% of the PET
data that was used for the reconstructions made in this thesis. The different PET data
bins can be determined by tracking the respiration of the patient during the acquisition.
However, as mentioned before it is not always easy to correlate the measurement of
the external sensor(s) to the complex movement of the thorax [19]. There is ongoing
research to use data-driven respiratory gating techniques to correct for respiratory
motion without the help of external motion tracking systems [32], it would be possible
to track the motion of a specific region of interest. These methods could also be applied
for event-by-event correction, reducing the respiratory motion artefacts even further by
eliminating intra-gate motions [33, 34].

7

It is expected that the improvements mentioned in chapter 2, but also the tools and
methods described in the other chapters, will increasingly be clinically used in the next
years and will have a large impact on image quality, lesion detection and quantification in
cancer PET imaging. These new technological developments thus provide a technology
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push for the evolution of new standards and imaging guidelines. To date, the EANM/
EARL standard is based on the technological status for the majority of the installed PET/
CT systems [12]. With the introduction of new acquisition and reconstruction techniques
in the latest scanners from multiple vendors, and assuming that the availability and
presence of PET scanners using older technology will decrease, it is expected that these
technologies will become widely spread during the next 5 to 10 years [4]. Consequently,
EARL standards will need to be updated over time. Presently, EARL is exploring the
implication of new technologies on harmonized quantitative performance [35].
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ENGLISH SUMMARY
Medical imaging has an established role in the clinical management of most cancers.
One of these medical imaging techniques is positron emission tomography (PET). For a
PET scan a radioactive-labelled tracer, a radiopharmaceutical, is injected intravenously in
the patient. Depending on the used radiopharmaceutical, different biological processes
can be visualized. At the moment, the most widely used PET-tracer is a radioactive
glucose analogue (18F-fluorodeoxyglucose or FDG) that accumulates in cells with an
increased glucose metabolism (for instance cancer cells). This radiopharmaceutical is
also used for the clinical studies published in this thesis. FDG-PET can be used to detect
and stage malignant disease, but can also be used to determine tumour volume and
tumour boundaries, and to evaluate the treatment effect.
PET scanners are constantly being improved. An overview of the most recent
developments is given in chapter 2. In this chapter both recently available hardware
and software techniques are described. Two of these techniques are being addressed in
more detail in the following chapters. These chapters focus on the reduction of errors
(artefacts) caused by the combination of PET and computer tomography (CT) imaging.
Currently, PET is performed in combination with CT or magnetic resonance imaging
(MRI). Hybrid imaging provides an important advantage since both anatomical and
functional information is visualized. The additional advantage besides providing
anatomical information is the ability to use these scans to correct for attenuation of
photons. However, the combination of PET and CT can also cause artefacts, for instance
respiratory and metal artefacts. Even though these artefacts influence the quality of the
PET images, the ability to perform attenuation correction almost always outweighs such
concerns. Nonetheless, it is preferred to reduce these artefacts to improve the accuracy
of the interpretation and quantification of the PET/CT image.

Reduction of breathing artefacts
PET has relatively long scan times and patients are instructed to breathe freely during
the acquisition. Due to the respiration of the patient the PET images can show blurring
of the structures within the thorax and upper abdomen, resulting in inaccuracies in the
interpretation of the images. Nowadays, it is possible to correct the PET images for the
respiration of the patient. By implementing a respiratory gating technique a sharper
image can be created. This improves the accuracy of the quantification, which is of
importance to accurately determine the response to treatment.
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Respiration does not only cause problems within the PET images, but can also result
in complications with the registration of both images. In PET/CT scans performed for
standard clinical care, the breathing instructions during the CT scan are similar to the
breathing instructions provided during acquisition of the PET scan: patients are asked to
breathe normally. The CT scan, however, is made relatively fast and can be considered an
essentially motion free image. When the PET and CT images are matched, the possibility
arises that the images do not represent the patient during the same moment of the
respiratory cycle. This will lead to a mismatch of the location of anatomical structures
between the PET and CT image. This not only causes difficulties in interpretation of the
images, but can also lead to other inaccuracies. Since the CT images are used for the
correction of the PET images, inaccuracies in the quantification of radiopharmaceutical
uptake can arise. It is therefore important to acquire the PET and CT images at the same
phase during the respiratory cycle. In this thesis three methods have been tested to
reduce mismatch between PET and CT due to respiratory motion.
In chapter 3 the respiration at during the PET and CT acquisition have been synchronized
by using simple respiratory instructions during the CT acquisition. For the study
described in this chapter the patient cohort was divided into two separate groups. In the
first patient group breathing instructions were provided during the CT scan, resulting in
an expiratory breath-hold CT. The second group did not receive breathing instructions
and was allowed to breath normally during the CT scan. The analysis of the overlap
of PET and CT images showed that providing breathing instructions did not reduce
mismatch significantly. This can be due to the general difficulties associated with the
breathing instruction protocol, such as the interpretation and the ability of the patient
to comply with the breath-hold instructions.
The second method to reduce mismatches is described in chapter 4. In this study also
breathing instructions were used. However, these instructions were more personalized
as compared to the previous study. In the current study, patients underwent one PET
scan and two CT scans. The first CT scan was acquired without breathing instructions and
served as control scan, while the second CT scan (acquired after the PET) was performed
while using breathing instructions. During the PET scan and the second CT scan the
respiration of the patient was recorded. The breathing instructions during the CT scan
were timed to match the respiratory amplitude limits of the PET reconstruction. This
method provides improved control over the exact starting point of the CT acquisition
during the respiratory cycle. The personalized breathing instructions during the CT scan
resulted in increased overlap between PET and CT.
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In both studies, however, patients experienced difficulties with the breathing
instructions. It is for some patients difficult, and in a few cases even impossible, to hold
their breath during the CT scan. Therefore, in the third study, described in chapter 5,
a different method to reduce respiratory motion artefacts was tested. In this study the
respiratory signal was used to trigger the CT scan. Similar to the previous study, each
patient underwent one PET and two CT scans. For the second CT scan a different scan
protocol was used: a multiple step acquisition protocol instead of the conventional
spiral protocol. This protocol used the optimized respiratory amplitude limits of the
reconstructed PET images to determine the exact timing of these steps. For this study
no breathing instructions were requested and patients could breathe normally during
both CT scans and the PET scan. The results demonstrated that the overlap between PET
and CT improved when this method was used.

Reduction of metal artefacts
In chapter 6 the influence of reduction of metal artefacts on PET/CT image quality
was tested. Metal implants in the body can lead to severe artefacts on CT images. This
applies to larger implants, such as hip and shoulder prostheses, but also to smaller
metal implants (i.e. screws, dental implants), although in a lesser extent. In hybrid PET/
CT images this could have impact on the interpretation of the scan by the nuclear
medicine physician, but could also influence exact quantification of tracer uptake.
There are methods available to reduce these metal artefacts on CT and recently they are
also available for combined PET/CT scanners. In the study described in this chapter a
metal artefact reduction method was applied to PET/CT scans of patients with different
types of implants and different PET scan indications. The images reconstructed with
and without the metal artefact reduction tool, were scored in two ways. First of all,
quantitative differences were measured between the two image sets. Secondly, two
nuclear medicine physicians scored the quality of the images, influence of metal
artefact reduction on image interpretation and confidence level. The results of this
study showed that the metal artefact reduction method improved the quality of the CT
images and due to a reduction in attenuation correction artefacts also had a positive
impact on the quality of the PET images. This did not only result in a more accurate
quantification of radiopharmaceutical uptake, but also led to a higher confidence level
during image interpretation.
In this thesis an overview of the most recent developments in the field of PET/CT is
given. Furthermore, different artefact reduction methods and techniques have been
described to reduce artefacts that are caused by the combination of the PET and CT
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scan. Innovations in artefact correction techniques will have a significant impact on the
improvement of quality and accuracy of multimodality imaging techniques, now and
in the future.
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Medische beeldvorming heeft tegenwoordig een standaard rol in het in afbeelden
van de meeste soorten kanker. Eén van de beeldvormende technieken is positron
emissie tomografie (PET). Bij een PET scan wordt er een radioactief gemerkte stof, het
radiofarmacon, toegediend aan de patiënt. Afhankelijk van het gebruikte radiofarmacon
kunnen verschillende biologische processen in het lichaam worden afgebeeld. Het
radiofarmacon dat tegenwoordig het meest gebruikt wordt, en wat ook in dit proefschrift
beschreven wordt, is een radioactief glucose-analogon dat de metabole activiteit in
de cellen kan weergeven. Zo kan onder andere kanker in beeld gebracht worden. PET
heeft een belangrijke meerwaarde ten opzichte van andere beeldvormende technieken
vanwege de hoge sensitiviteit wat betreft de detectie van verdachte afwijkingen. Dit is
niet alleen belangrijk voor het detecteren van tumoren, maar kan ook ingezet worden
voor radiotherapieplanning of om te zien of een behandeling aanslaat.
PET scanners worden constant verbeterd, een overzicht van de meest recente
ontwikkelingen is te vinden in hoofdstuk 2. Hier worden zowel hardware- als
softwaretechnieken beschreven die sinds kort beschikbaar zijn voor de klinische
praktijk. Twee van de ontwikkelingen die genoemd worden in dit hoofdstuk worden
in de andere hoofdstukken van dit proefschrift verder uitgewerkt. De focus van deze
hoofdstukken ligt op het verminderen van fouten (artefacten) die ontstaan door de
combinatie van PET met computertomografie (CT) beeldvorming.
PET wordt tegenwoordig altijd gemaakt in combinatie met een CT scan of een magnetic
resonance imaging (MRI) scan. De combinatie van de verschillende scans heeft een
belangrijke meerwaarde omdat op deze manier zowel metabole als anatomische
informatie beschikbaar is, bovendien kunnen de anatomische beelden gebruikt
worden om de PET beelden te corrigeren voor verzwakking van fotonen. Echter,
de combinatie van PET en CT kan ook resulteren in fouten die specifiek zijn bij de
combinatie van beeldvormende technieken. Voorbeelden hiervan zijn ademhalingsen metaalartefacten. De voordelen van de gecombineerde scan wegen op tegen deze
nadelen, maar voor een accurate beoordeling van de PET/CT scan is het van belang om
de invloed van deze fouten te minimaliseren.

Vermindering van ademhalingsartefacten
Tijdens de PET opname ademt de patiënt altijd rustig door. Omdat de opname van de PET
relatief lang duurt heeft de continue beweging van de longen tot gevolg dat de beelden
vervaagd zijn. Het resultaat is een vervormde weergave van de borstkas, waardoor
er onzekerheden ontstaan in de beoordeling van de beelden. Het is tegenwoordig
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mogelijk om de PET beelden te corrigeren voor de ademhalingsbewegingen van de
patiënt. Er ontstaat zo een scherper beeld, waardoor deze beelden nauwkeuriger
gekwantificeerd kunnen worden, wat een belangrijk onderdeel is voor het meten van
het behandeleffect.
Naast de correctie van de ademhalingsbeweging in het PET beeld kan de ademhaling van
de patiënt ook problemen veroorzaken met de registratie van de PET met de CT beelden.
Ook tijdens de CT opname wordt de patiënt gevraagd rustig door te blijven ademen. De
CT scan wordt relatief snel gemaakt en is in principe een momentopname. Het precieze
moment van de ademhalingscyclus waarop de opname wordt gemaakt kan echter
verschillen met het moment waarop de PET beelden gereconstrueerd worden. Als de
twee beelden over elkaar heen gelegd worden zal er vervolgens een verschil ontstaan,
de locatie van de anatomische structuren op de PET en CT beelden komen dan niet
overeen. Dit resulteert niet alleen in onduidelijkheid voor de artsen bij de beoordeling
van de beelden, maar kan nog verdere consequenties hebben. Omdat de CT beelden
gebruikt worden voor de correctie van de PET beelden ontstaan er onnauwkeurigheden
met betrekking tot de kwantificatie van de radiofarmaconopname. Het is daarom van
belang om er voor te zorgen dat de PET en de CT gedurende dezelfde fase tijdens de
ademhalingscyclus gemaakt worden. In dit proefschrift zijn drie methoden getest.
In hoofdstuk 3 is geprobeerd het moment waarop de PET en CT gemaakt worden
te synchroniseren door simpele ademhalingsinstructies te geven tijdens de CT scan.
Voor deze studie werden patiënten verdeeld in twee groepen. De eerste groep kreeg
ademhalingsinstructies tijdens de CT scan, de tweede groep kreeg geen instructies
en ademde door tijdens het maken van de scan. Analyse van de overlap tussen PET
en CT beelden laat zien dat deze nauwelijks werd beïnvloed door het geven van de
ademhalingsinstructies. Het succesvol uitvoeren van de beschreven methode is mede
afhankelijk van de interpretatie van de ademhalingsinstructies door de patiënt en of
deze in staat is om de instructies uit te voeren.
De tweede methode die getest is, is beschreven in hoofdstuk 4. Dit is een vervolg op de
eerste studie. Ook bij dit onderzoek is er gebruik gemaakt van ademhalingsinstructies
tijdens de CT scan. Voor deze studie werden patiënten niet in twee groepen verdeeld,
maar kreeg iedereen, naast de PET scan, twee CT scans. De eerste CT scan werd gemaakt
zonder ademhalingsinstructies en functioneerde als de controle. De tweede CT scan
(gemaakt na de PET scan) werd gemaakt met ademhalingsinstructies. Tijdens de PET en
tweede CT scan werd de ademhaling van de patiënt gemeten. De ademhalingsinstructies
tijdens de CT scan werden afgestemd zodat de ademhaling op het moment van de scan
overeen kwam met het amplitudebereik waarin de PET werd gereconstrueerd. Met deze
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methode was er meer controle over het precieze moment tijdens de ademhalingscyclus
waarop de CT scan gemaakt werd. Deze studie laat een verbetering in overlap tussen
de twee beelden zien wanneer er gerichte ademhalingsinstructies worden gegeven
tijdens de CT scan.
Tijdens beide studies waren er patiënten die moeite hadden met het uitvoeren van de
ademhalingsinstructies. Het was moeilijk, of in sommige gevallen zelfs niet mogelijk,
om de adem vast te houden op het moment dat de CT scan gemaakt werd. In de derde
studie naar de vermindering van ademhalingsartefacten is er daarom voor een andere
methode gekozen. Deze studie wordt beschreven in hoofdstuk 5. Hier wordt het
ademhalingssignaal gebruikt om de CT scan aan te sturen. Ook voor deze studie kregen
alle patiënten naast de PET scan twee CT scans. De tweede CT scan werd met een
andere opnametechniek gemaakt, waarbij de scan niet in een keer gemaakt werd maar
in meerdere stappen. Deze stappen waren ingesteld op het amplitudebereik waarin de
PET werd gereconstrueerd. Er werden tijdens deze studie geen ademhalingsinstructies
gegeven, de patiënten konden bij beide CT scans doorademen. De resultaten laten zien
dat de overlap tussen de PET en CT beelden verbetert wanneer deze methode wordt
gebruikt.

Vermindering van metaalartefacten
In hoofdstuk 6 wordt de laatste studie van dit proefschrift beschreven. Bij deze studie
is er gekeken naar het verminderen van metaalartefacten in PET/CT beelden. De
aanwezigheid van metaal in het lichaam kan ernstige artefacten veroorzaken op de CT
beelden. Dit geldt voor grotere implantaten zoals heup- en schouderprothesen, maar
(in mindere mate) ook voor kleinere metalen voorwerpen (bijvoorbeeld schroeven en
vullingen in het gebit). In de gecombineerde PET/CT scan kan dit, naast de beoordeling
van de scan, ook gevolgen hebben voor de kwantificatie van de PET beelden. Er zijn
methoden beschikbaar om de metaalartefacten te verminderen op CT. Deze zijn sinds
kort ook beschikbaar voor de gecombineerde PET/CT scanner. In deze studie wordt een
methode getest op PET/CT scans van patiënten met verschillende soorten implantaten
en verschillende scan indicaties. Er is gekeken naar het verschil in kwantificatie van de
PET wanneer deze nieuwe techniek wel en niet gebruikt werd. Daarnaast hebben twee
artsen de beelden geëvalueerd en gekeken of de kwaliteit van de scans goed genoeg
was om de beelden goed te kunnen beoordelen. Uit deze studie blijkt dat de geteste
artefactreductiemethode een belangrijke invloed heeft op de CT beelden en daarmee
ook op de correctie van de PET beelden. Dit leidt niet alleen tot een nauwkeuriger
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kwantificatie van radiofarmaconopname, maar het resulteerde tevens in verbeterde
scankwaliteit, waardoor de artsen de beelden beter konden interpreteren. Dit leidde tot
een hoger niveau van vertrouwen in de beoordeling van de beelden.
In dit proefschrift is allereerst een overzicht gegeven van de meest recente ontwikkelingen
op het gebied van PET/CT. Daarna zijn verschillende artefactreductie methoden en
technieken besproken voor artefacten die kunnen ontstaan door de combinatie van
de PET en CT scan. De innovaties op het gebied van artefactreductie zullen nu en in de
toekomst significante impact hebben op de kwalitatieve en kwantitatieve verbetering
van PET/CT.
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