J of Nuclear Medicine Technology, first published online October 23, 2014 as do0i:10.2967/jnmt.114.145748

Comparison of a Free-Breathing CT and an Expiratory
Breath-Hold CT with Regard to Spatial Alignment of
Amplitude-Based Respiratory-Gated PET and CT Images

Charlotte S. van der Vos'2, Willem Grootjans', Antoi P.W. Meeuwis!, Cornelis H. Slump?, Wim J.G. Oyen!,

Lioe-Fee F. de Geus-Oei'-2, and Eric P. Visser!

!Department of Radiology and Nuclear Medicine, Radboud university medical centre, Nijmegen, The Netherlands;
and *MIRA Institute for Biomedical Technology and Technical Medicine, University of Twente, Enschede, The Netherlands

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 amplitude-based
respiratory-gated PET images is investigated. Methods: Whole-
body '8F-FDG PET/CT imaging was performed in 52 patients with
125 lung lesions. '8F-FDG PET was performed using optimized,
amplitude-based respiratory gating. For CT, 36 patients were ran-
domly 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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BreaTH-HOLD CT IN RESPIRATORY-GATED PET o

PET combined with CT is an essential multimodality
molecular imaging method for accurate staging and diag-
nosis of a variety of diseases, particularly in oncology (/,2).
The advantage of combined PET/CT imaging is that it pro-
vides both anatomic and molecular information on the pa-
tient, 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 tumor
types (6-9).

During PET acquisition, patients are instructed to breathe
freely because of the relatively long image acquisition times.
As a consequence, respiratory motion can result in signifi-
cant blurring of structures within the thorax and upper
abdomen, reducing quantitative accuracy of radiotracer up-
take 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 demon-
strated that breathing-induced image-blurring can significantly
affect the quantification of radiotracer uptake in PET im-
ages. Additionally, underestimation and overestimation of
the SUVs can also be caused by a spatial mismatch between
PET and CT, resulting in inappropriate PET attenuation cor-
rection (14,15). The spatial mismatch can even be increased
by respiratory gating on the PET images, because the le-
sions can be captured in a respiratory phase different from
the CT scan. The effect of inappropriate attenuation correc-
tion on quantification of radiotracer uptake will be largest in
moving lesions at the interface of anatomic regions with dif-
ferent densities (e.g., the lower lung and liver dome) (76).

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
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[Table 1]

[Table 2]

TABLE 1
Demographics of Patient Population

Characteristic FB group BH group
Average age iny 66.7 (9.5) 70.9 (9.8)
Average weight in kg 77.7 (12.1) 70.6 (11.9)
Sex

Female 12 6

Male 24 10
Confirmed malignancy

Primary lung cancer 25 10

Metastasis 3 3

Other and unconfirmed 8 3
Lesion size on CT in mm3 8,261.6 (22,914.4) 8,890.2 (21,872.8)
Average '8F-FDG dose in MBqg 247.7 (40.2) 225.8 (41.5)
Minimum SUV,, in g/cm3 0.67 1.03

Data in parentheses are SDs.
SUVmax = maximum SUV.

and may facilitate, in particular, clinical decision making
during early treatment response monitoring and the incorpo-
ration of PET in radiotherapy treatment planning (/3).

To improve PET/CT coregistration, 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.

MATERIALS AND METHODS

Patients

Whole-body (WB) '8F-FDG PET/CT imaging was performed in
52 patients with 125 lung lesions. The demographics are shown in
Table 1. When respiratory gating became available for '8F-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 2.

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 nongated 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 con-
sists 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 x 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 instruc-
tions were given to the patients during CT imaging. The patients in
the BH group received an end rest-expiratory BH instruction dur-
ing 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.

Image Reconstruction

The PET images were reconstructed using an algorithm with a
spatially varying point-spread function incorporating time-of-flight
information (UltraHD PET; Siemens). Images were reconstructed
with 3 iterations, 21 subsets, and a transaxial matrix size of 400 x 400
(pixel size, 2.04 x 2.04 mm?). The slice thickness of the PET im-
ages was matched to the slice thickness of the attenuation CT, and
postreconstruction filtering was performed with a 3-dimensinal
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
amplitude-based optimal respiratory-gated algorithm, integrated in
the Syngo 2011A MLPET/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 al-
gorithm 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 compo-
nents in the reconstructed images. In this study, images were re-
constructed using a duty cycle of 35%, corresponding to 126 s of
PET data per gated bed position. This duty cycle provides the best
trade-off between number of counts, scan time, and reduction of

TABLE 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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motion artifacts (/2,13). For the nongated 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

I8F.FDG PET and the CT images were analyzed using the
Inveon Research Workplace 4.1 Software (Preclinical Solutions,
Siemens Medical Solutions USA). To quantify the mismatch be-
tween lesions in the PET and CT images, 2 methods were used:
measurement of the distance between the centroids of the PET and
CT lesions (/6,17) and calculation of the Jaccard similarity co-
efficient (JSC). The JSC quantifies the spatial overlap of 2 volumes
and can be calculated using Equation 1 (/9).

VOlIcr N VOIpgr

J(VOIcr, VOIpgy) VOIcr U VOIpgr

Eq. 1

Here the volumes of interest on the PET images were delineated
using a fixed-threshold region-growing segmentation algorithm.
The threshold was set to 40% of the maximum SUV (/3,16,20).
The lesions were manually delineated on the low-dose CT images
using the lung setting (window center, —450 HU; width, 1,500 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 ef-
fect 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. (/3). Lesions that
demonstrated invasive growth into or attachment to large struc-
tures (i.e., the main bronchi, arteries, and veins) of the lung hilum
were assigned to the central group.

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

[Fig. 1] the FB group. Figure 1 depicts a PET/CT image that exhib-

its such a spatial mismatch.

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

[Table 3] centroids between the PET and CT images are described in
[Table 4] Table 3. In Table 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

FIGURE 1. Coronal respiratory-gated PET images. (A) Patient
with squamous cell carcinoma in FB group. Lesion delineation
using PET (green) and CT (red). Difference between centroids of
PET and CT images is 10.5 mm. JSC is 0.29. (B) Patient with
adenocarcinoma in BH group. PET lesion delineation is green,
and CT delineation is red. Difference between centroids of PET
and CT images is 4.0 mm; JSC is 0.50.

and lower lobes. However, there is a statistically significant
difference between both groups in the lesions located near
the lung hilum.

No explanation was found for the outliers as shown in
Figures 2 and 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 2.

In Figure 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).

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 differ-
ences 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 (Fig. 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).

TABLE 3
Results of Distance of Centroids Between PET and CT Images

FB group BH group
Location (mm) (mm) P
Upper lobes 4.7 £ 3.1 6.0 £ 3.0 0.11
Middle and lower lobes 58+43 51+29 0.70
Central 4.8 +4.6 5.6+2.0 0.24
Total 5.1+3.8 55+29 0.16
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TABLE 4
Results 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 £0.17 027 +0.18 0.95

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 pro-
vided 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 intrapatient
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.

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
maneuver 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
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FIGURE 2. Distribution between difference of centroids be-
tween PET and CT scan. There are several outliers, depicted
as O, 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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FIGURE 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.

suspected lung lesions, some of whom experienced respira-
tory 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, adjust-
ing 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 be-
tween the PET and the CT scan.

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). For-
tunately, 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 reconstruc-
tions (26) to reduce radiation dose to the patient. We are cur-
rently investigating the feasibility of respiratory-triggered CT
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acquisitions in combination with these dose-reduction strate-
gies 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 experi-
enced 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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