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Abstract. Because anatomical information on fluorine-
18 fluorodeoxyglucose (FDG) whole-body positron
emission tomography (PET) images is limited, combina-
tion with structural imaging is often important. In princi-
ple, software co-registration of PET and computed to-
mography (CT) data or dual-modality imaging using a
combined PET-CT camera has an important role to play,
since “hardware-co-registered” images are thereby made
available. A major unanswered question is under which
breathing protocol the respiration level in the CT images
of a patient will best match the PET images, which re-
present summed images over many breathing cycles. To
address this issue, 28 tumour patients undergoing routine
FDG PET examinations were included in this study. In
ten patients, PET and CT were performed using a new
combined high-performance in-line PET-CT camera
without the need for repositioning of the patient, while in
18 patients imaging was performed on separate scanners
located close to each other. CT was performed at four
respiration levels: free breathing (FB), maximal inspira-
tion (MaxInsp), maximal expiration (MaxExp) and nor-
mal expiration (NormExp). The following distances
were measured: (a) between a reference point taken to be
the anterior superior edge of intervertebral disc space
T10–11 and the apex of the lung, (b) from the apex of
the lung to the top of the diaphragm, (c) from the apex of
the lung to the costo-diaphragmatic recess and (d) from
the reference point to the lateral thoracic wall. Differ-
ences between CT and corresponding PET images in re-
spect of these distances were compared. In addition, for
each of 15 lung tumours in 12 patients, changes in tu-
mour position between PET and CT using the same pro-
tocol were measured. CT during NormExp showed the
best fit with PET, followed by CT during FB. The mean

differences in movement of the diaphragmatic dome on
CT during NormExp, FB, MaxInsp and MaxExp, as
compared with its level on PET scan, were, respectively,
0.4 mm (SD 11.7), –11.6 mm (13.3), –44.4 mm (25.5)
and –9.5 mm (25.6). CT acquired in MaxExp and 
MaxInsp is not suitable for image co-registration owing
to the poor match of images in MaxInsp and because of
difficulties with patient performance in MaxExp. With
reference to lung lesions, NormExp showed the best re-
sults, with a higher probability of a good match and a
smaller range of measured values in comparison with
FB. Image misregistration in combined PET-CT imaging
can be minimized to dimensions comparable to the spa-
tial resolution of modern PET scanners. For PET-CT im-
age co-registration, the use of a normal expiration
breath-hold protocol for CT acquisition is recommended,
independent of whether combined PET-CT systems or
stand-alone systems are used.
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Introduction

In modern oncology, diagnosis and staging of disease
processes are based mainly on morphological cross-sec-
tional imaging with computed tomography (CT) or mag-
netic resonance imaging (MRI). However, these modali-
ties are neither as sensitive nor as specific as fluorine-18
fluorodeoxyglucose positron emission tomography (FDG
PET) in identifying manifestations of many tumours or
in defining their biological behaviour and response to
therapy. Therefore, FDG PET has become an important
imaging method. FDG accumulates in many different
malignant tumours [1] and allows them to be identified
with exquisite sensitivity. However, it shows few ana-
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tomical structures, thereby making it difficult to achieve
precise lesion localization and, consequently, lesion
specification and accurate staging. Hence, there has been
increasing interest in combined imaging.

Recent developments in software for image co-regis-
tration and, particularly, advances in dual-modality im-
aging that provide “hardware” co-registration have led to
the development of in-line PET-CT systems [2] that ac-
quire morphological and functional information in the
same examination. Software image co-registration is an
established way of enhancing the interpretation of patho-
logical findings in the brain. Fusion of anatomical and
functional images of the thorax and abdomen is more
difficult because body positioning is variable and motion
artefacts due to respiration are poorly controlled. While
hardware fusion can overcome the former problem, the
latter affects both hardware and software fusion ap-
proaches. It is well known that there is a wide range of
respiration frequencies in healthy individuals (Table 1)
and that respiratory-induced thoracic movements strong-
ly influence the quality of CT images [3,4]. The physio-
logical range of movements of the thoracic cage and in-
ner thoracic organs has been described previously, show-
ing a difference between the left and right diaphragm as
well as changes in chest circumference and vertical
movements of the thoracic cage [5]. A large inter-indi-
vidual range of these movements can be expected. Tu-
mours and organs move widely during the breathing cy-
cle, and the relative relationship between the tumour and
surrounding normal structures may change [3,6,7,8,9]. In
addition, the ability to breathe freely may be limited in
patients with oncological disease. This not only may in-
fluence a patient’s capability to successfully undergo a
PET or CT examination in the supine position but also
may affect the co-registration of images.

To optimize fusion of PET and CT images, the respi-
ratory levels of both types of examination should be
adapted to a best fit. Since the acquisition of a PET scan
takes several minutes per field of view (FOV), it is im-
possible for a patient to keep a defined breathing posi-
tion during the scan. Respiratory gating of PET scanning

is possible in principle, but the time required in this al-
ready lengthy examination makes this approach clinical-
ly impractical. In contrast, patients can be asked to hold
their breath during CT scanning, although defining the
position of breath holding is less than perfect for most
respiratory arrest positions.

The purpose of this study was to evaluate the opti-
mum breath-holding position of patients during CT im-
aging, in terms of providing the best match with PET im-
aging of the thorax, by acquiring CT scans during differ-
ent respiratory phases. This information should help to
define standardized imaging protocols that optimize im-
age co-registration in PET-CT imaging, particularly in
integrated systems.

Materials and methods

Patients. The study group consisted of 28 patients (15 male, 13 fe-
male; mean age 56.4 years, range 34–81 years). All patients un-
derwent a PET examination for oncological staging or restaging in
a routine clinical setup. Eleven patients had bronchogenic cancer,
four cancer of the head and neck, three melanoma, two cancer of
the cervix, two breast cancer, three lymphoma and three colorectal
carcinoma. The study was conducted according the guidelines of
the institutional review board of the hospital, and written informed
consent was obtained from each patient.

Patients were instructed to breathe normally during the PET
scan and to perform four breathing manoeuvres during four sequen-
tial CT scans. During the first CT scan, patients breathed normally
and freely (free breathing = FB). For the second, third and fourth
CT scans, patients held their breath at levels of maximum inspira-
tion (MaxInsp), maximum expiration (MaxExp) and normal expira-
tion (NormExp), respectively. NormExp was defined as the respira-
tory level that was reached when the patient first inhaled and then
exhaled without forcing expiration, and then held the breath in this
position. Before PET and CT examinations started, these four levels
of respiration were explained to and rehearsed with the patient.

Data acquisition. A first series of 18 patients were scanned on
stand-alone PET and CT cameras (GEMS Advance Nxi and
GEMS High Speed CT/i scanner, Milwaukee, Wis., USA) located
approximately 10 m from each other in adjacent rooms, and a sec-
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Table 1. Respiration frequencies in healthy human subjects (adapted from Mead 1959)

Author Year No. of individuals Age of individuals Mean breaths/min (range)

Quetelet 1884 300 Birth 44 (23–70)
15–20 20 (10–24)
20–25 18.7 (14–24)
25–30 16.0 (15–21)
30–50 18.1 (11–23)

Hutchinson 1850 1,714 Adults 20.2 (6–31)
Handbook of Respiration 1958 5 Adults 11.7
Mead 1959 27 Adults 27

Frequency of respiration depends on many factors, such as age,
body weight, and work load. There is a wide physiological range
and each individual has its own normal respiration frequency dur-

ing rest. During the PET emission scan of 4 min and the PET
transmission scan of 2 min, between 66 and 186 breathing cycles
can be considered normal in healthy adult persons



ond series of ten patients were evaluated on a new combined in-
line PET-CT camera (GEMS Discovery LS, Milwaukee, USA).
The PET camera has a 14.6-cm axial FOV and a transaxial resolu-
tion of 4.8 mm full-width at half-maximum at the centre. PET
scans were obtained using an acquisition time of 4 min for the
emission and 2 min for the transmission scan per cradle position,
with a one-slice overlap at the borders of the FOV to avoid arte-
facts. Thus, an examination with six to seven cradle positions
from the top of the head to the pelvic floor resulted in an acquisi-
tion time of roughly 45 min. All PET scans were acquired before
the CT scans. This is not a system requirement. Patients fasted for
at least 4 h prior to scanning, which started approximately 45 min
after the injection of 330–430 MBq of FDG (mean 386 MBq).

Data acquisition with spiral CT was performed covering the
same axial FOV of the body as with the FDG PET scan, with a
512×512 matrix size and a FOV of 50 cm. On the CT/i scanner, da-
ta acquisition was as follows: First, a scout view was obtained in
the antero-posterior view using 120 kV, 10 mA and a maximal scan
time of 13 s. During FB a whole-body CT scan was acquired from
the top of the head to the pelvic floor, using 140 kV, 40 mA, a pitch
of 1.7 and a 5-mm reconstruction interval to match the slice thick-
ness of the PET scan. Furthermore, in each patient of the first se-
ries, CT scans of the thorax were acquired in the three different
breathing positions described above using a pitch of 2.5, without
changing the other low-dose radiation parameters, and covering a
FOV from the shoulders to the upper abdomen. Scanning time was
17 s for each examination, MaxInsp, MaxExp and NormExp.

For the examination, the patients of the first series were posi-
tioned on a mattress containing plastic beads, which upon evacuation
formed a body mould around the posterior and lateral aspects of the
patients, but allowed normal respiration. The position of the patient
was marked within the camera using a laser system, tape and pen
lines. Immediately after the end of the PET scan, patients were
moved within the mattress to the CT scanner, which was located in a
room approximately 10 m away. Repositioning was performed using
the tape landmarks and the laser system installed in the CT camera.
Transfer of the patient and repositioning took between 5 and 10 min.

In the second series, the combined in-line PET-CT system per-
mitted acquisition of perfectly matched data by simply moving the
table position by 60 cm from the CT to the PET gantry. During
system installation, the two gantries had been mechanically aligned
using phantoms to ensure a “hardware” co-registration of images to
within 2 mm in the three spatial directions. Further optimization
down to a “hardware” co-registration match in phantoms of <1 mm
was achieved by electronically adjusting the three spatial offset pa-
rameters. No further patient-specific software image co-registration
was required to obtain the final matched data. PET scans in the com-
bined system were acquired from the head to the pelvic floor using
the same protocol as above, but CT scans were obtained with the
PET table now also operating as a CT table. In contrast to the first
series, the more powerful MDCT scanner used in the combined
system made it possible to acquire a FOV of 867 mm in 22.5 s – a
view from the head to the pelvic floor. Using 40 mA again, data were
acquired with 140 kV and a pitch of approximately 6. After the CT
scans, patients were asked how they could perform the breathing
tasks, and were asked to rank them with respect to comfort.

Image reconstruction and co-registration. PET images were re-
constructed using segmentation and a standard iterative algorithm
(OSEM, two iterative steps). Images were reformatted into axial,
coronal and sagittal views. Before co-registration of all images,
CT data were resampled to the resolution of the PET scan, i.e. a
matrix of 128×128 in the transaxial plane, although the original

CT images were available for viewing at all times. In the first se-
ries, co-registration of PET and CT images was done using in-
house software (PMOD) [10] which allows the registration of two
sets of images with a simple rigid transformation based on ana-
tomical landmarks. Transformation between the two studies was
interactively determined by the users, who practiced image pro-
cessing in eight preliminary patients not taking part in the study.

In the second series, the combined PET-CT system directly
provided co-registration as a result of the hardware configuration
as described above. The acquired images were viewed with soft-
ware providing multiplanar reformatted images of PET, CT and
fused data with linked cursors (eNtegra GE Medical Systems, 
Haifa, Israel). Distance measurements in PET and CT images
were performed using the PMOD software, as in the first series.

Measurement of respiratory and tumour movements. In all of the ac-
quired PET and CT scans, displacement of the diaphragm and of the
thoracic cage was measured (Fig. 1). In addition, movement of the
15 pulmonary lesions identified in the 28 patients was measured
(these lesions were identified in 11 patients with bronchogenic car-
cinoma and one patient with advanced cancer of the head and neck).

As point of reference, the midline point at the upper anterior
border of the intervertebral disc space between thoracic vertebrae
10 and 11 (T10–11) was chosen, which was easily identifiable on
the CT scans of all patients. This choice was based on the assump-
tion that the position of this point of reference in the vertebral col-
umn would be stable during the different parts of the scanning
protocol in a supine patient. The reference point was always de-
fined by the same experienced nuclear physician/radiologist and
listed in a protocol to allow for an exact reference in aligned imag-
es. Because the intervertebral disc space T10–11 is not visible on
PET scans, the reference point was matched from the FB CT onto
the PET emission scan after alignment. The point was tagged with
a cross visible in all three dimensions, and served as the reference
for all comparisons between PET and CT in an individual patient.
As measurements were performed on the non-attenuation-correct-
ed PET images, in which the lung appears substantially darker
than the surrounding tissues, the measuring points could be readily
identified at the edge between the lung and the thoracic wall or di-
aphragm. Furthermore, the contrast level of images was defined
and standardized to guarantee that both collaborators who mea-
sured the distances had equal image qualities and to reduce diffi-
culties in identification of the border between the lung and adja-
cent structures on PET. The following distances were measured:

1. Point of reference to the upper border of the lung on the coro-
nal section on which the reference point was visible (Fig. 1a
and c).

2. Lung apex to the top of the diaphragm (Fig. 1b and d).
3. Lung apex to the posterior costo-diaphragmatic recess, on the

sagittal view, showing the largest cranio-caudal extension of
the lung (Fig. 1b and d).

4. Transverse distance from the point of reference to the lateral
thoracic wall (Fig. 1a and c).

All measurements were performed independently by two collabo-
rators, who practiced these measurements in eight preliminary pa-
tients before the study started. Displacements in relation to land-
marks defined by normal mediastinal and hilar structures such as
the carina and the xyphoid process were not measured because
such structures could not be reliably identified on the FDG PET
scans. Absolute distances were measured in PET and CT scans,
and the differences in the distances between the CT measurement
and the corresponding PET measurement were calculated.
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Fig. 1a–d. Measurements. a In
the first 18 patients distances
were measured from the point
of reference, i.e. the upper an-
terior border of the interverte-
bral disc space between thorac-
ic vertebrae 10 and 11 in the
midline, to the upper border of
the lung visible in the same co-
ronal view. From the reference
point, additional measurements
were performed to the lateral
thoracic wall. b In the sagittal
plane the image with the largest
distance between the apex and
the diaphragm was identified,
and distances between the apex
and the diaphragmatic dome
and between the apex and the
posterior costo-diaphragmatic
recess were measured on the
same slice. c The same mea-
surements as in a are shown in
a PET scan of another patient.
The non-attenuation-corrected
and filtered back-projected im-
ages were chosen for the mea-
surements since the lung ap-
pears darker than in the attenu-
ation-corrected images, thus
improving edge detection be-
tween lung and thoracic wall.
*Artefact due to paravascular
injection of FDG. d The same
measurements as in b. Due to
difficulties in edge detection of
organs in PET images, inter-ob-
server agreement with respect
to measured distances is worse
than with CT. Identification of
the posterior recess is more dif-
ficult than identification of the
diaphragmatic dome. *Artefact
due to paravascular injection of
FDG



Based on the experience gained in the first 18 patients, only
the difference in diaphragmatic positions (i.e. difference in dis-
tance between the apex and the diaphragmatic dome) was mea-
sured in the ten patients scanned on the new integrated PET-CT
scanner, since during respiration the diaphragm has the largest
range of movements.

Finally, as already mentioned, we analysed respiratory move-
ments of lung lesions in 12 patients taking part in this study. Fif-
teen lung lesions were analysed in 11 patients with bronchogenic
carcinoma and one patient with lung metastases of cancer of the
head and neck. Of these tumours, four were located in the upper
lobes, four in the lower lobes and seven near the hila, with two of
them in the middle lobe. For each lesion, the distance to the refer-
ence point T10–11 was measured in the four CT scans and in the
PET scan. The distance measured represents the length of the dis-
tance vector and thus the geometric mean of the three-dimensional
movement of a lesion. Like the reference point, the point of mea-
surement – in larger lesions an identifiable point within or at the
border of the lesion – was defined by the nuclear physician/radiol-
ogist in charge of the study, and all measurements were done inde-
pendently by the two trained collaborators.

Data analysis and statistical evaluation. For each of the measure-
ments listed above, the difference between measured distances in
PET and CT was used for statistical analysis using a paired, two-
tailed t test to check for differences between the respiration levels.
Furthermore, the percentage of good or bad matches between CT
and PET was counted for each respiration level. Inter-observer
agreement between the two collaborators was estimated by means
of Bland-Altman plots [11]. By using this graphical approach the
difference of two measurements against the mean of the same
measurements is shown. This approach allowed visualisation of
the extent to which the measurements differed from each other. In-
ter-observer agreement was evaluated for all PET and CT mea-
surements of anatomical distances done on the separate PET and
CT cameras and for the measurements of diaphragmatic move-
ments on the new combined PET-CT system. Intra-observer agree-
ment for PET and CT measurements was not assessed by the

Bland-Altman method, but repeated measurements performed by a
single person were evaluated.

Results

Patient interview

All patients found that MaxExp was the least comfortable
breathing position, and most of the patients were not able
to maintain this position during the CT scan. Therefore,
values as measured during MaxExp were not reliable.
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Fig. 2a–d. Inter-observer agreement. a Bland-Altman plot show-
ing the differences between all the measurements performed by
two different collaborators in the CT images acquired on a stand-
alone scanner. Mean –0.002 cm; SD 0.13 cm; mean+2SD =
+0.26 cm; mean–2SD = –0.26 cm. 95% of all measurements are
within a 3-mm range above/below the mean. b Bland Altman plot
showing the differences between all the measurements performed
by two different collaborators in the PET images acquired on a
stand-alone scanner. Mean +0.01 cm; SD 0.26 cm; mean+2SD =
+0.53 cm; mean–2SD = –0.51 cm. 95% of all measurements are
within a 5-mm range above/below the mean. This corresponds to
the resolution of the PET scanner. c Bland-Altman plot showing
the differences between two different collaborators with respect to
the measured distance between the apex and the diaphragmatic
dome (four different respiration levels) in the CT images acquired
on a combined PET-CT scanner. Mean –0.01 cm; SD 0.07 cm;
mean+2SD = +0.13 cm; mean–2SD =–0.15 cm. 95% of all mea-
surements are within a 2-mm range above/below the mean. 
d Bland-Altman plot showing the differences between 2 different
collaborators with respect to the measured distance between the
apex and the diaphragmatic dome in the PET images acquired on a
combined PET-CT scanner. Mean –0.09 cm; SD 0.23 cm;
mean+2SD = +0.37 cm; mean–2SD = –0.55 cm. 95% of all mea-
surements are within a 5-mm range above/below the mean.



MaxInsp was also felt to be difficult to perform. Most pa-
tients found that the NormExp level could be held with-
out problems, but for some patients FB was more agree-
able. One patient started to speak and one patient yawned
during the FB CT scan. During NormExp, patients were
more attentive and showed better compliance.

Reliability of measurements

Inter-observer agreement of the two collaborators in
measuring distances in the four CT scans was better than
the inter-observer variability of the measurements in the
PET scan. In the first patient group scanned on the two
separate PET and CT scanners, the measurements in
PET by the two collaborators matched perfectly in
51.2% of cases. In CT, the agreement between the mea-
surements was better: FB CT 74.6%, MaxInsp CT
74.9%, NormExp CT 70.5% and MaxExp CT 79.8%. In
Fig. 2a and b, Bland-Altman plots of all PET and all CT
measurements are shown. On the combined in-line PET-
CT scanner, 20 measurements were done in ten patients.
Two mismatches were found between the collaborators
for each of FB CT, MaxInsp CT and MaxExp CT, while
three mismatches were found for NormExp CT. Taking
all the measurements together (80 distances), the mean
difference between the collaborators was 1 mm (Fig. 2c).
In contrast, an identical distance was measured in the
PET images (20 distances) in only seven patients. The
mean difference was 9 mm, with 95% of all measure-

ments lying within a 5-mm range above or below the
mean (Fig. 2d).

Repeated measurements performed by a single person
showed identical values in only 20% of measurements
on PET, but in 80% of measurements on CT. If measure-
ments within a 3-mm range in PET images were to be
considered identical, then PET would have equalled the
performance of CT.

Measurement of respiratory movements

In the first series of 18 patients, measurements between
the reference point and the upper border of the lung visi-
ble in the same coronal section revealed small differ-
ences between the four respiration levels and between
the left and right sides. Measured differences between
PET and CT ranged between 6 and 20 mm. Differences
between PET and CT were larger when measuring the
distance between the diaphragmatic dome and the apex
of the lung, reaching up to 57 mm on the left side and up
to 41 mm on the right side for the four breathing tasks.
The best or second best matches between PET and CT
were found in 80.5% during NormExp and in 47.2% dur-
ing FB for the left and right sides together. The worst
matches were found during MaxInsp in 88.9% for the
left and right sides together. Still larger differences be-
tween PET and CT were obtained when measuring the
distance between the apex of the lung and the costo-dia-
phragmatic recess. Therefore, measurements of the dia-
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Fig. 3a–d. Movement of the di-
aphragm. a, b Distances be-
tween the apex of the lung and
the right diaphragm (a) and the
apex of the lung and the left di-
aphragm (b) measured on the
combined PET-CT scanner
(mean difference between CT
and PET in cm). NormExp
matches best for image co-reg-
istration. c, d Distances be-
tween the apex of the lung and
the right diaphragm (c) and the
apex of the lung and the left di-
aphragm (d) measured on the
stand-alone PET and CT scan-
ners (mean difference between
CT and PET in cm). In these
patients, NormExp seems to be
slightly better than FB or Max-
Exp only on the left side, with
a smaller range of values



phragmatic dome provided more reliable information
about diaphragmatic movements in this study. In patients
scanned on the combined PET-CT scanner only this dis-
tance was evaluated.

In the second series of ten patients, best or second
best matches between PET and CT were found with
NormExp in 83.3% of all patients for the left and right
sides together (Table 2), and with FB in 40.5% (Table 2).
As in the first series, the worst match between PET and
CT was found during MaxInsp (81.5% of all measure-
ments) (Table 2, Fig. 3 and b). Mean differences in
movement of the diaphragmatic dome on CT under the
four registration levels, as compared with PET, are
shown in Table 3, and statistical comparisons in Table 4.
NormExp, MaxExp and FB CT images did sometimes fit
the PET image, but the probability of a good fit in-
creased when using NormExp for image co-registration
and the range of measured values was smallest when us-

ing NormExp (Fig. 3a and b, Table 3). This was less evi-
dent in the first series performed on two separate PET
and CT scanners (Fig. 3c and d).

Measurements between the reference point and the
left and right thoracic wall showed only small differ-
ences between the four respiration levels and a slight dif-
ference between the left and right side (Fig. 4, Tables 5
and 6). The range of measured values was within 1 cm
for most respiration levels.

In 12 patients, 15 lesions within the lung were evalu-
ated. The movements of lesions depended on their loca-
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Table 2. Match of CT and PET for measurements between the
apex and the diaphragmatic dome on the combined PET-CT cam-
eraa,b

Respiration Best 2nd best 2nd worst Worst 
level match match match match 

(%) (%) (%) (%)

FB 27 13.5 59.5 0
NormExp 52.7 30.6 16.7 0
MaxInsp 5.3 7.9 5.3 81.5
MaxExp 16.2 35.1 24.3 24.4

a If two measured distances were identical for two different respi-
ration levels, they were both considered to be the second best or
worst etc. If they were nearer to the worst match they were called
the second worst; if they were nearer to the best match they were
called the second best. For this reason, columns do not necessarily
total 100%, though all columns together total 400%
b Best match (given in % of measurements for the right and left
thoracic sides together) was found with NormExp, i.e. the defined
expiration level. Free shallow breathing (FB) had a higher range
of measured values and showed worse fits with the PET scan than
normal expiration. Maximal expiration was not performed correct-
ly by most patients and, like maximal inspiration, is unsuitable for
PET-CT image fusion

Table 3. Mean differences (and SD, range) in movement of the di-
aphragmatic dome on CT under the four different respiration lev-
els, as compared with the level of the diaphragmatic dome on the
PET scan

Respiration Mean SD Range
level

NormExp 0.4 mm 11.7 mm –24.7 mm to 18.9 mm
FB –11.6 mm 13.3 mm –29.1 mm to 18.9 mm
MaxInsp –44.4 mm 25.5 mm –82.9 mm to 8.7 mm
MaxExp –9.5 mm 25.6 mm –81.4 mm to 26.2 mm

As values are in relation to the level of the diaphragmatic dome in
the PET scan, they can be negative or positive

Table 4. Significance of the differences (paired two-tailed t test) in
the movement of the diaphragmatic dome on CT under the four
respiration levels

FB vs MaxInsp S P=0.0001 left and right

MaxInsp vs MaxExp S P=0.004 left, P=0.001 right
MaxInsp vs NormExp S P=0.001 left and right
FB vs MaxExp NS P=0.8 left, P=0.7 right
NormExp vs MaxExp NS P=0.1 left, P=0.6 right
FB vs NormExp S/NS P=0.009 left, P=0.1 right

No significant differences were revealed between NormExp or FB
and MaxExp. This was mainly due to the bad performance of
MaxExp caused by most patients inhaling during the CT scan.
Box plots illustrating the mean values and the ranges measured for
patients examined on the combined PET-CT scanner are shown in
Fig. 3

Fig. 4a, b. Movement of the
thoracic wall. Box plots illus-
trating the differences in mea-
sured distances between the
reference point and the left (a)
and right (b) thoracic wall
(mean difference between CT
and PET in cm). In the trans-
verse plane the range of mea-
sured differences is in the order
of several millimetres



tion within the lung. Compared with lesions in the lower
parts of the lung, lesions in the upper parts and near the
hila tended to show a smaller range of movements. As in
diaphragmatic movements, the worst matches between
PET and CT measurements were found during MaxInsp
(range between 5 mm and 33 mm; Table 7; Fig. 6). In
contrast, best and second best matches were obtained
during NormExp (range between 0 mm and 14 mm; Ta-
ble 7). FB was not as good as NormExp, with a larger
range of values, from 0 mm to 31 mm (Table 7).

Discussion

With the introduction of combined PET-CT systems, co-
registration of functional and morphological imaging
studies is intrinsically available due to the hardware ar-
rangement of the PET and CT systems. The only remain-
ing potential co-registration errors in such systems are
due to physiological motion, which in the chest is pre-
dominantly caused by breathing, except in the vicinity of
the heart or with insufficient patient cooperation. Be-
cause a PET scan takes several minutes per FOV and a
PET scan is an average image over many breathing cy-
cles, the co-registration of PET images with CT images
would require respiratory gating of the PET. This is not a
promising approach owing to the substantial resulting in-
crease in imaging time. In contrast, CT is fast and allows
for more flexible imaging protocols; thus, optimization
of co-registration has to focus on optimizing the CT data
acquisition protocol.

The first important step in CT scanning is to acquire it
in one continuous sweep over the whole area examined.
This avoids imaging of the diaphragm at different posi-
tions, which can lead to blurred images and mushroom-
shaped artefacts (Fig. 5) [12]. Continuous efforts have
been made to compensate for motion artefacts on CT
scans, e.g. by the use of ultra-short scanning times in
electron beam CT, modified filtered back-projection al-
gorithms and respiratory gating [13, 14]. Respiratory
movements may cause artefacts in CT that can mimic
disease and even lead to misdiagnoses [15]. With the ad-
vent of MDCT systems, the entire lung can be readily
scanned while a patient holds his breath. In fact, the use
of an MDCT in a combined PET-CT scanner permits
scanning of the lungs with a slice thickness of 5 mm,
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Table 5. Mean differences (and SD, range) between the distances
from the reference point to the left and right thoracic wall mea-
sured on CT under the four different respiration levels, in relation
to the distance measured in the PET scan

Respiration Mean SD Range
level

NormExp –0.5 mm 3.1 mm –5.9 mm to 7.4 mm
FB –0.4 mm 2.9 mm –5.9 mm to 5.9 mm
MaxInsp –3.3 mm 4.5 mm –16.1 mm to 5.9 mm
MaxExp –0.7 mm 3.0 mm –6.0 mm to 5.9 mm

Table 6. Significance of differences(two-tailed t test) in the mea-
sured distances from the reference point to the left and right tho-
racic wall on CT under the four respiration levels

FB vs MaxInsp S P=0.0004 left, P=0.0001 right
MaxInsp vs MaxExp S P=0.0004 left, P=0.0004 right
MaxInsp vs NormExp S P=0.0007 left, P=0.0004 right
FB vs MaxExp NS P=0.8 left, P=0.2 right
NormExp vs MaxExp NS P=0.6 left, P=0.4 right
FB vs NormExp NS P=0.7 left, P=0.6 right

Only MaxInsp showed significant differences compared with the
other respiration levels. Box plots illustrating the mean values and
the range measured for patients examined on the combined PET-
CT scanner are shown in Fig. 4

Table 7. Match of PET-CT co-registered images in 15 lung le-
sions, for the four different respiration levels

Respiration level Best and second Worst and second 
best match (%) worst match (%)

NormExp 67 33
FB 47 53
MaxInsp 27 73
MaxExp 59 41

The best and second best match and the worst and second worst
match are taken together and listed for the four different respira-
tion levels. Measured distances in the MaxExp CT were not reli-
able since some patients could not perform this breathing task. Be-
cause the best and second best match and, respectively, the worst
and second worst match are taken together, the added sum is
200% in each column

Fig. 5. A typical mushroom-shaped respiration-induced CT artefact.
Such artefacts occur when CT of the thorax and abdomen catches
the diaphragm at two different levels. Spiral CT scan should there-
fore be taken in one run over the whole examined body area



MaxInsp, however, the PET lesion appears more posteri-
or than the CT lesion, because the anterior parts of the
lung move forward and upward during the CT image ac-
quisition of MaxInsp. Also the shape of the tumour
changes in the corresponding slice, because of the
through-plane motion. Fifteen lesions were measured in
12 patients and a tendency towards larger relative move-
ments in the lower parts of the lung was found. This is a
preliminary finding and further studies in larger patient
populations with pulmonary nodules will be needed to
evaluate how the size of a lesion, its location within the
lung and the complex three-dimensional movements dur-
ing respiration influence the quality of co-registered PET
and CT images and how the respiration protocol of the
CT acquisition can be optimized.

With the spatial resolution of the best PET scanners in
the range of 5 mm, the match between PET and CT imag-
ing data has to be of that order to be qualitatively accept-
able. Our data on the match of PET and CT imaging show
that in all imaging protocols the differences are small
enough to satisfy this condition. However, our data also
show that it is rather difficult to adequately measure dis-
tances in PET scans, since it is not easy to identify edges of
organs, even when using non-attenuation-corrected PET
images and standardized contrast levelling. The relative
difficulties in correctly measuring distances in PET images
are reflected in the evaluation of inter-observer agreement,
as shown in the Bland-Altman plots (Fig. 2). In the CT
scans 95% of all measured differences between the two
collaborators, corresponding to 2 standard deviations, were
within 0.26 cm above and below the mean. In contrast,
95% of the PET measurements were within a range of
0.52 cm. Although the values measured in PET are much
worse than the measurable differences on CT scans, they
correspond to the spatial resolution of a PET image and,
therefore, are considered to be qualitatively acceptable.

The movements near the diaphragm are clearly the
largest, possibly reaching several centimetres, and are rel-
atively unidirectional. Hence, the cranio-caudal mismatch
of the diaphragmatic positions in PET and CT has to be
minimized. CT acquisition using a NormExp protocol al-
lows co-registration of such lesions with a mean fit of
about 4 mm (SD 12 mm). Therefore, the use of normal ex-
piration provides co-registration to dimensions compara-
ble to the spatial resolution afforded by PET. The relative-
ly large standard deviation suggests that there is substan-
tial variability in patient behaviour. Frequently, a subopti-
mal image match of small lesions in the lung will not af-
fect the diagnostic value of PET-CT, because the image in-
terpreter will readily identify the lack of superposition as a
misregistration artefact due to respiration. Small lesions in
general, and particularly those located close to the pleura
or the diaphragm, pose a potential problem. Small misreg-
istrations may lead to placement of the lesion noted on
PET onto a wrong anatomical structure on CT. In clinical
practice, this poses a problem only if the lesion is located
at the border of anatomical structures like the pleura. If a
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which matches current PET scanner slice thickness, in
less than 10 s. The only co-registration problem not ad-
dressed by a combined in-line PET-MDCT system is
which respiratory level or manoeuvre during CT data ac-
quisition will offer the best match between CT data and
the “free breathing” PET data. Compensation for CT
motion artefacts per se is not enough for successful co-
registration of the data deriving from the two imaging
systems. Movements of the thoracic wall and diaphragm,
as well as within the thoracic cage, are quite different in
magnitude in all three directions, thus leading to distor-
tions and asymmetrical position changes. This is illus-
trated in Fig. 6, showing a PET-CT examination of a pa-
tient with non-small cell lung cancer. The co-registration
of the increased FDG uptake in PET to the anatomical
lesion in CT differs only slightly in NormExp and FB. In

Fig. 6. PET-CT co-registration in a lung lesion. PET-CT co-regis-
tered images of a patient with bronchogenic cancer. The co-regis-
tration of the increased FDG uptake in PET to the anatomical le-
sion in CT differs only slightly in normal expiration (NormExp)
and free breathing (FB) In maximal inspiration (MaxInsp), the tu-
mour changes its position with a rotational component, and FDG
activity appears to shift posteriorly 



lesion is located in the lung parenchyma on CT, even a
misplacement of the PET lesion to the thoracic wall will
not suggest pleural invasion. On the other hand, if a pleu-
ral lesion noted on CT abuts the chest wall, even a lesion
on PET appearing separated from the pleural wall will not
permit one to rule out chest wall invasion.

The data of this study further suggest that maximal
inspiration and maximal expiration are unsuitable for the
acquisition of high-quality fused PET-CT images in the
chest. This is because, first, there is a large difference in
the diaphragmatic positions on CT and PET images dur-
ing maximal inspiration and, second, maximum inspira-
tion and particularly maximal expiration are poorly toler-
ated by patients. Furthermore, a large mismatch of PET
and CT images will not only cause anatomical misregis-
tration but also prevent the use of the CT scan as an ade-
quate attenuation map. It has been shown that the CT
scan can be used to correct for the attenuation of photons
within the patient [16]. Taking a mismatching CT scan
for attenuation correction may lead to incorrect calcula-
tion of FDG activity in the PET image and eventually to
misinterpretation of lesions adjacent to the diaphragm.
This will have to be addressed in further studies.

While free breathing can be performed by all patients,
we found that the defined expiration protocol in normal ex-
piration provides a higher proportion of best-match imag-
ing studies. This may be due to the higher variability of FB
CT studies, leading to a respiration snapshot during the
respiratory cycle. The reason why most patients were able
to hold their breath at normal expiration without difficul-
ties is the MDCT, which allows scanning of the entire pa-
tient from head to pelvic floor in slightly more than 20 s.

Whatever respiration protocol is used for CT acquisi-
tion, the patient should be informed about the beginning
of the CT acquisition. However, during free breathing,
we had two uncooperative patients (sighing/yawning and
speaking) despite the fact that they had been told when
the CT scan was starting. Because factors like degluti-
tion, sniffing, sneezing, coughing, phonation or speech
will decrease the quality of CT scans, it is important to
keep the patient attentive during scanning. Using the
normal expiration protocol, the patient inhales and then
normally exhales before the CT scan is started, which
may enhance attentiveness and cooperation.

Conclusion

Optimal co-registration is obtained with a normal expira-
tion protocol independent of whether a stand-alone PET
and CT system with patient motion restriction or an in-
line PET-CT system is used. The free breathing protocol
is a second-best alternative. A perfect match between
PET and CT is not possible, but the attainable quality of
image co-registration is in the range of the resolution of
the PET camera. Therefore, we recommend the Norm-
Exp respiration level for clinical imaging.
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