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Respiratory motion may reduce the sensitivity of 18F-FDG PET
for the detection of small pulmonary nodules close to the base
of the lungs. This motion also interferes with attempts to use
fused PET/CT images through software or combined PET/CT
devices. This study was undertaken to assess the feasibility of
respiratory gating for PET of the chest and the impact of respi-
ratory motion on quantitative analysis. Methods: Ten healthy
subjects were enrolled in this study. Three-dimensional studies
were acquired with 8 gates per respiratory cycle on a commer-
cial PET scanner with a temperature-sensitive respiratory gating
device built in-house. All scans were obtained over 42 cm of
body length with 3 bed positions of 10 min each after injection
of 18F-FDG at 4.5 MBq/kg. The reconstructed images were
assembled to produce gated whole-body volumes and maxi-
mum-intensity projections. The amplitude of respiratory motion
of the kidneys (as a surrogate for diaphragmatic incursion) as
well as the apex of the heart was measured in the coronal plane.
Phantom studies were acquired to simulate the impact of respi-
ratory motion on quantitative uptake measurements. Results:
The respiratory gating device produced a consistent, reliable
trigger signal. All acquisitions were successful and produced
reconstructed volumes with excellent image quality. Mean � SD
motion amplitude and maximal motion amplitude values were
6.7 � 3.0 and 11.9 mm for the heart, 12.0 � 3.7 and 18.8 mm
for the right kidney, and 11.1 � 4.8 and 17.1 mm for the left
kidney, respectively. In phantom studies, the standardized up-
take value for a 1-mL lesion was underestimated by 30% and
48% for the average and maximal respiratory motion values,
respectively. Conclusion: Respiratory gating of PET of the tho-
rax and upper abdomen is a practical and feasible approach
that may improve the detection of small pulmonary nodules.
Further work is planned to assess prospectively the diagnostic
accuracy of this new method.
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PET technology has improved significantly in the last
20 y. The effectiveness of PET for the evaluation of patients
with a solitary lung nodule or documented bronchogenic

carcinoma is no longer in doubt (1–3). Despite some short-
comings, several studies have demonstrated the utility of
static 18F-FDG uptake values, such as the standardized
uptake value (SUV), for distinguishing benign from malig-
nant pulmonary nodules, and this parameter can be used to
monitor tumor metabolic changes after treatment (4). How-
ever, the SUV can be influenced by imaging techniques or
individual patient characteristics, such as weight (5–7),
plasma glucose level (8,9), or delay after18F-FDG injection
(10). It is well known that respiratory motion can produce
artifacts on CT (11–13) and MRI (14,15), and this motion
certainly has an impact on thoracic PET studies (16) and on
SUV measurements, particularly for small lesions and those
near the base of the lungs. The qualitative aspect of the
heart, diaphragmatic muscles, liver, spleen, and pancreas is
also most likely influenced by respiratory motion. With the
development of new combined PET/CT devices, the impact
of respiratory motion during PET imaging acquires an even
greater importance, as it interferes with coregistration of the
metabolic data on the anatomic images. The objectives of
this study were to demonstrate the feasibility of respiratory
gating of PET of the chest and upper abdomen and to
quantify the impact of respiratory motion on the underesti-
mation of lesion activity.

MATERIALS AND METHODS

Healthy Subjects
A total of 10 healthy subjects (5 female and 5 male, 31.3�

12.7 y old [mean� SD]) were enrolled in this study. All subjects
had fasted for at least 6 h before PET imaging. A peripheral venous
access was installed, and the capillary glucose level was measured
before 18F-FDG injection with a portable glucometer (Accusoft
Advantage; Roche Diagnostics). The capillary glucose level was
normal in each subject (mean� SD, 4.3� 0.7 mmol/L).

18F was produced with a 19-MeV TR PET Cyclotron (Ebco
Technologies Inc.) by use of an18O-water target.18F-FDG was
produced with an automated synthesis module by use of nucleo-
philic substitution, modified from the synthesis technique previ-
ously described by Hamacher et al. (17).

For respiratory gating, a temperature-sensitive device was built
in-house (Fig. 1). A sensitive thermistor was connected to a
discriminator, producing a 5-V pulse and a visual signal (light-
emitting diode pulse) whenever the exhaled temperature rose
above a value selected with a variable-resistance dial to produce a
consistent signal at the beginning of inspiration. The thermistor
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was inserted into the entry of a transparent breathing mask cover-
ing the nose and the mouth of the subjects, so that air exchanges
circulated around the thermistor. At 10 min before PET acquisi-
tion, the breathing mask was placed on the subjects, allowing the
thermistor temperature to be adjusted to the subject’ s exhaled air.
It was possible to regulate the respiratory pulse emission with the
variable-resistance dial to modify the temperature threshold nec-
essary to give a signal.

The subjects were imaged with a full-ring dedicated PET sys-
tem (ECAT Exact HR�; CPS/Siemens). All subjects were injected
with 18F-FDG at 4.5 MBq/kg (211–311 MBq). The PET study was
obtained without septa (3-dimensional [3D] mode) at 60 min after
18F-FDG administration. The scans were acquired with 8 gates per
respiratory cycle by use of the electrocardiographic gating acqui-
sition software supplied by the manufacturer. All respiratory sig-
nals sent by the gating device that were situated outside a window
of 4–30 respirations per minute were automatically rejected during
acquisition. Gated emission scans were obtained over 42 cm of
body length, including the thorax and upper abdomen, with 3 bed
positions of 10 min each. Transmission scans were obtained after
injection with the same bed positions of 3 min each. The trans-
mission acquisition was not gated with respiration.

The gated emission data were reconstructed by use of Fourier
rebinning and the ordered-subset expectation maximization algo-
rithm with 2 iterations and 16 subsets. Postfiltering was applied
with a gaussian filter for a final reconstructed resolution of 10 mm.
The individual gated bed positions were sorted by software written
in-house to simulate 8 separate whole-body studies and assembled
by use of ECAT software (CTI) to produce complete volumes
(neck to upper abdomen) corresponding to each gate of the respi-
ratory cycle. Three-dimensional maximum-intensity projections
also were produced from each of these gated volumes. These
studies were combined to obtain a gated whole-body file and a
gated projection file. Thus, it was possible to visualize the respi-
ratory motion-gated planes and the gated 3D projections in cine

mode by use of the standard viewers provided by the scanner
manufacturer.

The coronal respiratory motion-gated planes were analyzed
with a cine viewer. The amplitude of the respiratory motion of the
kidneys was used as a surrogate for diaphragmatic excursion.
Cardiac motion was measured at the apex of the heart. The
measurements were taken on the coronal plane showing the max-
imal difference throughout the respiratory cycle.

Phantom Studies
An elliptic phantom (model ECT/ELP/P; Data Spectrum Corp.)

filled with water was acquired to evaluate the impact of respiratory
motion on lesion quantification. To simulate spheric lesions, 5
hollow spheres (volumes of 1.2, 2.0, 5.5, 11.5, and 19.4 mL) filled
with a solution of 18F at 427 kBq/mL were placed in the middle of
the phantom. Eight emission and transmission frames were ac-
quired. The scanner table was moved a few millimeters between
each frame (Table 1) to simulate the vertical motion encountered
in a typical respiratory motion-gated study. Only the vertical
motion (as measured in the healthy subjects) was applied to the
phantom. Lateral and anteroposterior respiratory motion compo-
nents were not considered in these phantom studies. The emission
acquisition times for the average and maximal respiratory motion
phantom studies were 600 and 240 s, respectively. The transmis-
sion time for the 2 phantom studies was 300 s at each bed position.

The maximal respiratory motion phantom represented the mo-
tion measured between each set of gates for the subject showing
the largest respiratory incursion (Table 1). The average respiratory
motion phantom represented the average amplitude measured in
millimeters between 2 gates for the 10 healthy subjects after the
gates were realigned so that the maximal amplitude always oc-
curred in the same gate. This step was necessary because the
largest motion did not occur exactly in the same gate from one
subject to another, and simply averaging the values would have
underestimated the true extent of respiratory motion. This situation
was attributable to normal variations in respiratory rates between
subjects. Thus, the highest displacement values in Table 1 were not
observed in the same gates for the average and maximal respira-
tory motion phantoms.

The emission data were reconstructed by use of Fourier rebin-
ning and the ordered-subset expectation maximization algorithm
with 2 iterations and 16 subsets. Postfiltering was applied with a
gaussian filter for a final reconstructed resolution of 7 mm, and a
zoom factor of 1.5 was applied. To obtain a “nongated” study, the
emission and transmission sinograms of the 8 frames were
summed, and a single composite image was reconstructed from the
data for comparison with the first frame of the acquisition (without
motion) as a reference study. The total and maximal activity
concentrations (Bq/mL) of the nongated and reference studies

FIGURE 1. Respiratory gating device built to trigger gated
acquisition at the start of each breathing cycle. A high-sensitiv-
ity thermistor was installed at the inlet of a conventional dispos-
able oxygen face mask. This thermistor was connected to a
simple circuit equipped with a discriminator and a variable-
resistance dial, powered by 5 V with AA batteries. The output of
this circuit was fed to the 5-V input of the PET scanner.

TABLE 1
Bed Movement Between Simulated Gates Used for

Phantom Acquisition

Respiratory
motion

Movement (mm) for the following
bed position:

1 2 3 4 5 6 7 8

Average 0 2.2 0.8 1.4 1.6 6.0 0.1 0.3
Maximal 0 3.4 8.6 1.8 1.7 1.6 1.7 0.1
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were measured for each sphere by use of the region-of-interest
(ROI) tool without correction for partial-volume effects. The mean
activity concentration for a sphere also was measured with the
same tool. The ROIs used were spherical, with a diameter corre-
sponding exactly to the known diameter of the spheres used in the
phantom experiments. Each ROI was applied from the top to the
base of each sphere visualized in the phantom acquisitions.

Data Analysis
The maximal motion for the apex of the heart and the right and

left kidneys was calculated and expressed as mean � SD. The
activity concentrations measured for the phantom spheres were
compared, and the differences were calculated and expressed as a
percentage of the value for a still frame of the same object.

RESULTS

All healthy subjects tolerated the gating device well for
the duration of the PET study without any spontaneous
complaint about its use. There were no problems in adjust-
ing the variable resistance to obtain a regular respiratory
pulse signal for all of the subjects at the beginning of the
study. It was nevertheless important to monitor the respira-
tory gating signal to ensure that there were no shifts in the
thermistor temperature outside the initial setting, as minor
adjustments of the variable-resistance setting occasionally
were necessary during acquisition. However, these adjust-
ments were infrequent.

The resulting gated images were all of good quality and
suitable for interpretation (Fig. 2). There were no contour
indentations or streaks (“stitching lines” ) at the bed junc-
tions in the reconstructed images. This finding confirmed
the constancy of the signal sent by the temperature-sensitive
device throughout the respiratory cycle and over the acqui-
sition duration. If seen, such artifacts could have been
related to an inconsistency of the gating signal. For exam-
ple, if the beginning of the inspiration were located in frame
1 of the first bed and in frame 4 of the second bed, then the

body contours would not match. Visualization of the studies
in cine mode also confirmed that the bed positions were well
aligned and timed properly throughout the respiratory cycle.
Because the transmission scan was not gated, all of the gates
were corrected with a nongated transmission study. For this
reason, it was difficult to distinguish clearly the limits of the
base of the lungs as well as the diaphragmatic surface of the
liver and the spleen.

For an adequate estimation of the amplitude motion in-
duced by respiration in these organs, the measurements
were obtained for the apex of the heart and the 2 kidneys.
Because the subjects had been fasting and were not prepared
for a cardiac 18F-FDG PET study, myocardial uptake was
variable. For this reason, the heart was not visible in 2
subjects.

Mean � SD and maximal motion amplitude values for
the heart were 6.7 � 0.3 and 11.9 mm for the 8 subjects with
cardiac uptake of 18F-FDG. These values were 12.0 � 3.7
and 18.8 mm for the right kidney and 11.1 � 4.8 and 17.1
for the left kidney. The right kidney was not seen clearly in
2 subjects (there was insufficient urinary activity in the
cortex, the calyx, or the renal pelvis to obtain an accurate
measurement), and the left kidney was not seen in 1 subject
for the same reason. These results are summarized in Table 2.

The results obtained with the average motion phantom
show that the average and maximal activity concentrations
in the spheres were significantly underestimated. This un-
derestimation was inversely related to the sphere volume.
For a 1.2-mL sphere, the maximal activity concentration
was underestimated by 41% and the average activity con-
centration was underestimated by 40%. The trend was sim-
ilar with the maximal motion phantom. With this phantom,
the maximal and average activity concentrations were un-
derestimated by 44.8% for the 1.2-mL sphere. The results of
the phantom studies are summarized in Table 3 and Figure 3.

DISCUSSION

Respiratory motion-induced artifacts have been over-
come in SPECT (18), CT, CT-guided needle biopsy, and
MRI by use of different modalities of respiratory gating,
such as spirometry (19,20), impedance plethysmography,
interruption of an infrared beam (21), and a thoracic band
sensitive to stretching. In this study, we used a device that
was sensitive to minimal temperature changes and that was
fixed to a conventional transparent breathing mask. This
device has several advantages: It is easily built, it has a very
low cost, and there are no systems surrounding patients to
impair breathing. This device probably can be used for the
majority of patients evaluated with PET for a thoracic or an
abdominal lesion, except perhaps for patients with oxygen
dependency, because the external air flow could confuse the
temperature probe. The electrical pulses given by the device
were designed to be similar to those obtained with standard
electrocardiographic gating devices. Thus, the signal was
used directly with standard gating software. A visual signal

FIGURE 2. Respiratory gating of 3D projections of the thorax
acquired with the respiratory gating device. The motion of the
heart (upper panel) and the right kidney (lower panel) is shown.
The dotted line represents the initial position of these organs at
the start of the breathing cycle; the solid line represents the
maximal vertical amplitude of the respiratory motion.
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activated at the same time as the scanner trigger signal
allowed technologists to confirm that a stable trigger was
emitted at the beginning of each inspiration, and the trigger
could be adjusted manually during the study. It was impor-
tant to monitor the signal emitted by the device throughout
the entire PET study, as it was occasionally necessary to
adjust the temperature threshold to maintain a consistent
signal throughout the acquisition. This requirement did not
interrupt the acquisition of any study but created an addi-
tional burden on technologists during PET acquisition.
These adjustments could slightly shift data in each bin
during acquisition. Fortunately, they were rarely needed
during the subject studies. We believe that the need for these
adjustments was related to a progressive warming of the
respiratory mask and device when a study was started too
soon after the subject was situated on the table bed with a
variable-resistance setting close to the limit of the signal
release. This problem could be corrected by letting subjects

rest longer to stabilize the device before initiating the ac-
quisition.

We limited our acquisitions to 3 bed positions and 42 cm
of body length over the thorax and upper abdomen to
maintain the study duration at a reasonable length. We used
a 3D acquisition to obtain sufficient counts in each gate of
the PET study, as 2D images likely would have been count
starved because of the low sensitivity of this acquisition
mode. Because of the setup time of each gated acquisition
and the length of the transmission scan, the entire study took
approximately 1 h. With optimized software, the overhead
could be reduced substantially. Our acquisition protocol
produced 24 sinograms for coverage of the chest, necessi-
tating long reconstruction times and large storage require-
ments. The total data storage requirement for a gated study
of the chest (sinograms plus final reconstructed data), ex-
cluding intermediate reconstruction files, was 541 mega-
bytes compared to the 66 megabytes needed for an equiv-
alent nongated 3D study. New computers are able to
manage these additional computing requirements easily.

Semiquantitative evaluation of tumor metabolism with
the SUV is used widely to assess pulmonary nodules and
quantify tumor response to therapy. It has been shown that
the SUV is overestimated in large patients if 18F-FDG
uptake is normalized with the actual patient weight (5–7).
SUV normalization also can be done with the ideal body
weight, lean body mass, or body surface area to reduce this
effect (22). Other factors, such as the time interval after
injection, plasma glucose level, and the size of the lesion,
can also have significant effects on image quantification
(23). All of these factors can interfere with tumor glucose
metabolism quantification but often can be controlled or
corrected to obtain valuable results.

The evaluation of lung lesions situated close the base of
the lungs presents an additional challenge. It has been
shown that normal lung uptake is higher in the lower lung

FIGURE 3. Bar graph showing the maximal activity concen-
trations measured in the spheres in a phantom study simulating
the subject with the largest respiratory amplitude (white bars) in
comparison with the same measurements obtained without
simulated respiratory motion (black bars).

TABLE 2
Organ Motion Observed Throughout Respiratory Cycle

Patient Sex Age (y)

Motion (mm) observed for:

Apex of
heart

Kidney

Right Left

1 M 32 11.9 18.8 17.1
2 M 22 8.6 13.7 13.7
3 M 23 5.1 8.6 3.5
4 M 47 3.4
5 M 26 5.2 5.2
6 F 20 6.8 10.3 12.0
7 F 20 10.3 13.7 15.5
8 F 49 13.7 12.1
9 F 51 5.1 6.9 6.9

10 F 23 3.5 10.3 13.7

Mean 31.3 6.7 12.0 11.1
SD 12.7 3.0 3.7 4.8

TABLE 3
Activity Concentration Underestimation Resulting from

Respiratory Motion in Phantom Studies

SUV

Sphere
volume

(mL)

% Activity concentration
underestimation with the

following motion
phantom:

Average Maximal

Maximum 19.4 21.1 25.8
11.5 23.5 30.5
5.5 27.8 37.2
2.0 32.5 46.1
1.2 41.0 44.8

Mean 19.4 23.5 32.8
11.5 24.2 35.1
5.5 33.6 42.2
2.0 33.1 44.8
1.2 40.0 44.8
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field than in the upper and middle lung fields (24). Miyauchi
and Wahl (24) proposed that this normal variation of back-
ground activity could contribute occasionally to a lower
level of detection of small lesions near the base of the lungs.
Another problem is respiratory motion of the lungs and
thoracic wall during PET emission and transmission acqui-
sition. The influence of this motion on qualitative and quan-
titative aspects of PET studies was described previously for
animals in cardiac (25) or pulmonary (26,27) investigations.
Our phantom studies suggest that SUV measurements are
underestimated by 21%–45% because of respiratory blur-
ring, depending on the lesion size. Obviously, given that
only the vertical motion was simulated in our investigation,
these values represent a best-case scenario. Real respiratory
blurring is significantly more complex, with additional an-
teroposterior and lateral motion components that certainly
contribute to additional underestimation of the real activity
concentration present in lesions close to the diaphragm.

Respiratory gating of PET may improve the quantitative
evaluation of lesions situated close to the diaphragm, be-
cause respiratory motion artifacts are significantly reduced.
To reduce the underestimation attributable to this blurring
effect, we used in this study only 1 of the 8 gates from each
dynamic study. This approach has some limitations. Be-
cause only one-eighth of the information is retained in a
single gated image, delineation of small nodules or lesions
with low metabolic activity may become difficult, as noise
increases at low count statistics. The signal-to-noise ratio
may still improve with gating because of a reduction in the
smearing of small nodules. It may be possible to use image
morphing techniques to merge the 8 gated images into a
single “fi xed” image and recover lost counts. Another ap-
proach would be to sum selected gated frames throughout
the gated acquisition, as respiratory motion occurs only
during a fraction of each respiratory cycle.

In this study, only the emission acquisition was gated for
respiration. It was not possible to gate the transmission scan
on the scanner that we used because of hardware and
software limitations. Because the transmission image used
for attenuation correction was not gated, an “average” at-
tenuation map was used to perform this correction on each
gate throughout the respiratory cycle. As with CT-based
attenuation correction for nongated PET images, an average
transmission map induces artifacts on PET images obtained
with respiratory gating. Optimal implementation of respira-
tory gating of PET data will require gating of the transmis-
sion data as well by use of conventional transmission scan-
ning approaches with 68Ge rod sources or 137Cs single-point
sources or by use of CT-based implementation.

Respiratory gating may be useful for combined PET/CT
scanners, as the optimal method for obtaining CT images
that are optimally coregistered with PET studies is still
under debate. For diagnostic use, CT images are obtained
preferably at the end of maximal inspiration, whereas PET
images normally are obtained over the tidal volume. On
average, PET images are closer to images obtained at the

end of expiration. The main constraint of this situation
arises from the acquisition times of these images, which
varies from a few seconds for CT studies to a few minutes
for PET scans. Breath holds are possible during a CT
acquisition, but they are not feasible for the period of time
necessary for a PET acquisition. This problem results in
significant differences between the images obtained with
these 2 methods, even when these acquisitions are per-
formed just a few minutes apart in the same subject in the
same position. The difficulty in coregistering the images can
have 2 significant impacts: first, an inappropriate correction
for attenuation is applied to PET images, and second, an
inaccurate localization of abnormalities seen on PET can
occur, as demonstrated recently in a study of clinically
significant PET/CT artifacts (28). To minimize the differ-
ence, it was suggested that it would be preferable to obtain
a CT scan at the end of normal expiration, as the position of
the chest is closer to that observed in average PET acqui-
sitions not corrected for respiratory motion (29,30). Another
method for correcting the inevitable respiratory motion oc-
curring during PET would be to use gated acquisition pro-
tocols to adjust the PET images to the CT data. Because
respiratory motion is measured directly rather than mod-
eled, PET data can be applied directly to a comparable CT
acquisition, with reduced blurring and improved resolution
in the chest and upper abdomen. With this intention, it was
initially necessary to prove the feasibility of 3D whole-body
PET acquisitions gated for respiration by use of a simple
temperature-sensitive gating device. Other authors have
used a more complex infrared camera tracking technique to
correct for respiratory motion (31). Our method has the
advantage of simplicity of design and implementation at a
very low cost. With improved PET scanners that use fast
scintillators, such as lutetium oxyorthosilicate and gadolin-
ium oxyorthosilicate, higher peak-noise-equivalent count
rates obtained in the 3D mode with standard 18F-FDG doses
may facilitate the use of gated approaches for correcting
respiratory motion.

CONCLUSION

In this study, we have demonstrated the feasibility of
routinely acquired respiratory motion-gated PET images of
the thorax by use of 18F-FDG with a low-cost device and
standard gated acquisition software and without the need for
hardware modification of a PET scanner or expensive mo-
tion tracking devices. Respiratory motion results in signif-
icant quantitative underestimation of uptake in small lung
nodules at the base of the lungs. The detection of small lung
nodules or small liver metastases might be improved by
respiratory gating, and we intend to evaluate this method in
a selected patient population. This approach also provides
potential means for improving attenuation correction and
image fusion with PET/CT devices, whether by gating the
CT acquisition or by selecting gated PET data that optimally
match CT data.
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