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Abstract

Background. Respiratory motion in positron emission tomography/computed tomography (PET/CT) causes underesti-
mation of standardized uptake value (SUV) and variation of lesion volume, while PET and CT attenuation correction 
(CTAC) mismatch may introduce artefacts. The aim was to compare end-expiratory gating methods of PET and CTAC.
Material and methods. Three methods named the minimum-constant, slope-based and amplitude-median were devel-
oped and evaluated on gating efficiency. Method evaluation and optimization was performed on 23 simulated and 23 
recorded signals from a mixed patient group. The optimized methods were applied in PET/CT imaging of seven patients, 
consisting of non-gated CTAC, whole-body PET and four-dimensional (4D) PET/CT. Gating efficiency was evaluated 
by preservation of the respiratory signal, PET-CTAC alignment, image noise and measurement of lesion SUV maximum 
(SUVmax), SUV mean (SUVmean) and volume. The methods were evaluated with non-gated PET and end-expiratory 
phase of five-bin phase-gated PET. End-expiratory gated 4D-CTAC and averaged CTAC were compared for attenuation 
correction of end-expiratory gated PET.
Results. Mean fraction of data preserved was larger (23–34%) with end-expiratory gating compared to phase-gated 
PET. End-expiratory gating showed increased SUVmax (8.2–8.4 g/ml), SUVmean (5.7–5.8 g/ml) and decreased lesion 
volume (-11.3–16.8%) compared to non-gated PET (SUVmax 6.2 g/ml, SUVmean 4.7 g/ml) and phase-gated  
PET (SUVmax 8.0 g/ml, SUVmean 5.6 g/ml). Using averaged CTAC and end-expiratory 4D-CTAC produced similar 
results concerning SUVmax, with less than 5% difference. Additionally, CTAC-PET-mismatch was minimal when  
end-expiratory 4D-CTAC was used.
Conclusion. End-expiratory gating in PET/CT results in SUVmax and SUVmean increase and reduced lesion volume 
compared to non-gated PET and phase-gated PET. End-expiratory 4D-CTAC or averaged CTAC will offer similar accu-
racy for attenuation correction of end-expiratory gated PET.

Respiratory motion is a well-known problem in pos-
itron emission tomography/computed tomography 
(PET/CT). Motion blurring causes increased partial 
volume effects (PVE), underestimation of maximal 
standardized uptake value (SUVmax) and average 
standardized uptake value (SUVmean) and variation 
of lesion volume [1–4]. Additionally, small targets 
may be troublesome to differentiate as the lesion 
target-to-background ratio is reduced [1–4]. Finally, 
a respiratory-induced spatial mismatch between  

positron emission tomography (PET) and computed 
tomograpy attenuation correction (CTAC) may 
introduce AC artefacts, especially in borders of two 
tissues with large density differences [1–4].

To reduce the effect of motion, numerous respira-
tory gating methods have been introduced [5,6]. The 
most common method used in the clinical practice 
is phase-gated PET/CT [7]. In phase-gated PET/CT, 
the PET list-mode data and phase-matched four-
dimensional CT (4D CT) images are divided to 
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equivalent-size segments temporally [7]. To improve 
the temporal match between PET and CTAC, meth-
ods based on average CT have been deemed effective 
[8–10]. While numerous amplitude-based gating 
methods have been introduced [11], they have not 
yet gained a wide adoption clinically although com-
mercial solutions exist [12]. Additionally, several 
methods based on breath hold performed PET/CT 
have been introduced [13,14]. The benefit of these 
methods is improved spatial match between PET 
and CTAC and an improved signal-to-noise ratio 
(SNR) [13,14].

Methodologically, phase-gating does not take 
into account neither the baseline drift in the respira-
tory signal nor the variation of the cycle amplitudes 
[15]. Furthermore, both effects have been reported 
to exist in a considerable proportion of patients. As 
gating bins have equivalent magnitude, using more 
than five bins conserves less than 20% of acquisition 
statistics, resulting to noise increase unless acquisi-
tion time is increased accordingly. Additionally, 
increased noise levels have been reported to cause 
variation in SUVmax measurements [15].

Therefore, extracting a long-duration, stable 
respiratory period would be beneficial for respiratory 
gating as proposed by Liu et al. [15].The respiratory 
period would need to be: 1) inherently stable for 
maximal motion reduction; 2) have a long duration 
to conserve count statistics; and 3) be easily extract-
able from the signal. Therefore, both the SNR and 
SUVmax should improve if the lesion trajectory fol-
lows the quiescent period of respiration [15]. Addi-
tionally, as Liu et  al. applied end-expiratory gating 
only to PET, they concluded that end-expiratory 
gated CT would potentially improve the quantitative 
accuracy of the gated images and encouraged further 
studies [15].

The aim of this study was to apply and compare 
end-expiratory gating methods to both PET and 
CT. Based on these requirements, three end-expi-
ratory respiratory gating methods were developed. 
The methods were validated and optimized with 
simulation studies and analysis of patient respira-
tory signals. The optimized methods were then 
applied to an oncologic PET/CT study and were 
evaluated concurrently with phase-based respira-
tory gating.

Material and methods

Three end-expiratory methods to form gated PET/
CT images from the respiratory signal recorded with 
a Varian Real-Time Position Management (RPM) 
(Varian Medical Systems, Palo Alto, CA, USA) were 
developed and evaluated. The development was 
based on two principles: the end-expiratory periods 

should be extracted and at least 20% of the respira-
tory data should be saved. The methods were named 
as: minimum-constant, slope-based and amplitude-
median method and were designed to be optimal  
to a particular type of respiratory curve. The inher-
ent properties of the developed gating methods  
are summarized in Supplementary Table I avail-
able online at http://informahealthcare.com/doi/ 
abs/10.3109/0284186X.2014.926028.

Each method has a set of parameters which can 
be used for patient-specific optimization. However, 
in this study the parameters were optimized empiri-
cally with analysis of simulated and previously 
acquired signals, after which a set of fixed parameters 
was used. After optimization, the parameters were 
fixed with values of 1.0% and 30% for the minimum-
constant method, 1.0 and 1.0 for the slope-based 
method and with values of 26% for the amplitude 
threshold and 65% for the median of selected points 
for the amplitude-median method.

Minimum-constant method

The minimum-constant method finds the minimum 
amplitude in the RPM signal for every respiratory 
cycle and evaluates the found minima based on their 
median absolute deviation (Supplementary Figure 1, 
available online at http://informahealthcare.com/doi/
abs/10.3109/0284186X.2014.926028). The median 
absolute deviation can be multiplied by a factor of 
0.8–2.0, where a larger value results in larger preser-
vation of signal. A constant value is computed as a 
product of the median amplitude and the parameter-
ized percent amplitude threshold, where a preferable 
value is 20%–40%. For every selected respiratory 
cycle, the amplitude threshold is specified as a sum 
of the minimum of the respiratory cycle and the con-
stant value. The end-expiratory period is defined as 
an area which falls within the specified amplitude 
threshold. Finally, extracted periods which have a 
median deviation of five times larger than the devia-
tion in the entire signal from the median respiratory 
cycle length are discarded.

Slope-based method

The slope-based method finds the minima and max-
ima of cycle amplitudes and evaluates two values for 
every cycle: the left and the right slope thresholds, 
which are the slopes of the lines between the mini-
mum and the maxima of each cycle. Size of the 
period can be adjusted with parametrized threshold 
coefficients, where the preferable range is 0.8–1.2 
(Supplementary Figure 2, available online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.926028). The method discards periods on the 
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following principles: 1) the median deviation of dura-
tion is three times larger than the deviation in the 
entire signal; 2) the difference between the first and 
the last point of the period is farther than 90% from 
the median of other differences; and 3) the value of  
the first point is farther than 90% from the mean of 
the first points of the other periods.

Amplitude-median method

Liu et  al. introduced [15] a cycle-based quiescent 
period gating (QPG) method. The cycle-based 
method extracts RPM data below a certain percent 
threshold of the amplitude in each cycle [15]. The 
amplitude-median method is partly based on a  
similar idea: the method selects the end-expiratory 
periods based on a percent amplitude threshold 
(Supplementary Figure 3, available online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.926028). The percent amplitude threshold 
and the threshold value related to the median of the 
selected points are parameterized, where the prefer-
able values for the percent amplitude threshold  
is between 20% and 30% and the median of the 
selected points is 60–80%.

Computer simulation

The methods were tested and validated with 23  
simulated RPM signals. The simulated signals were 
created based on sine curve, where random variation 
was introduced on duration of the cycles, baseline 
drift and respiratory amplitude (Supplementary  
Figure 4, available online at http://informahealthcare. 
com/doi/abs/10.3109/0284186X.2014.926028). 
In addition, the cycle bases were made less sharp in 
order to imitate more of the end-expiratory periods. 
In general, the simulated and RPM signals are simi-
lar in appearance, although the simulated signals 
appear much smoother as they do not contain ampli-
tude fluctuations or noise typical to RPM signals 
(Supplementary Figure 5, available online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.926028).

Method evaluation was based on efficiency of 
extracting the end-expiratory period. To derive an 
estimate of the SNR, the fraction of the respiratory 
signal preserved was calculated. The analysis was 
performed on simulated RPM signals and repeated 
for RPM signals from 23 clinical studies. The RPM 
signals were gathered from patients with suspected 
oncologic, cardiac sarcoidosis or coronary plaque 
pathology during PET/CT imaging. The parameters 
specific for each method were optimized, after which 
a set of fixed parameters was created and used for 
rest of the study.

Patient study

Patient study consisted of seven oncologic patients 
with altogether nine quantifiable lesions. Written 
informed consent was obtained from all patients and 
the study was conducted according to the guidelines 
of the declaration of Helsinki. The study was approved 
by the ethical committee of Kuopio University  
Hospital. Patient data was acquired with the Disco
very 690 (D690) PET/CT scanner (General Electric 
Medical Systems, Waukesha, WI, USA) [16].

Imaging protocol consisted of a non-gated CTAC 
and a whole-body PET scan followed by 4D PET/
CT of one bed position. 4D PET was collected for 
10 minutes, while the whole-body scan was acquired 
for two minutes per bed position. 4D CT was  
collected immediately after 4D PET acquisition to 
exclude any potential respiratory changes. The imag-
ing time of each bed position in 4D CT was the 
average breathing period observed during the 4D 
PET acquisition added with one second.

Non-gated CTAC and 4D CT were acquired 
with the standard protocol. Non-gated CTAC was  
a helical low-dose CT at 120 kV with a current of 
10–80 mA. The current was adjusted by dose adapta-
tion software according to the noise level and patient 
anatomy. 4D CT was acquired at 80 kV and 30 mA. 
Respiratory data was collected with the RPM Respi-
ratory Gating System, which tracks the respiratory 
signal by following the vertical displacement of a 
plastic marker block [6]. The RPM allows respiratory 
triggers to be recorded to the PET list-mode data 
and collection of 4D CT for retrospective gating of 
CT. Additionally, the respiratory signals can be 
exported for off-line processing.

All PET image reconstructions were performed 
off-line with the GE research gating tool (RGT) soft-
ware package. For non-gated PET, a non-gated CTAC 
was used for attenuation correction of PET images. 
For respiratory-gated PET, both end-expiratory gated 
4D-CTAC and averaged CTAC from 4D CT acqui-
sition were used in attenuation correction of PET 
images. All necessary quantitative corrections were 
performed. Images were reconstructed by using a 700 
mm field-of-view (FOV), 256  256 47 image matrix 
size and 6 mm Gaussian post-filtering. The image 
reconstruction algorithm was a 3D ordered-subset-
expectation-maximum 3D-OSEM with two iterations 
and 24 subsets. No resolution modeling (PSF) was 
applied in image reconstruction.

Method comparison

Gating efficiency was evaluated visually and quan-
titatively. The methods were compared against non-
gated PET and five-bin phase-gated PET, where bin 
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number 3 was selected for comparison with the end-
expiratory gating methods. PET-CT alignment and 
image quality in regard to image noise increase were 
evaluated. Liver SUV standard deviation as an 
approximation of image noise was measured with a 
spherical VOI with a size of 7.90 cm3 placed on a 
homogenous part of the liver. As an alternative mea-
sure of the SNR, fraction of counts preserved in 
each end-expiratory gate was used similarly to Liu 
et al. [15].

In the quantitative evaluation, lesion SUVmax, 
SUVmean and volume were measured. SUV and 
volume measurements were performed on an AW 
Workstation 4.5 (GE Medical Systems, Milwaukee, 
WI, USA) utilizing contour-based based definition 
of volume of interest (VOI). SUVmax was deter-
mined as the maximum uptake value of a voxel while 
SUVmean was determined as the mean uptake in 
the VOI. Tumor volume was measured as a percent-
age threshold from SUVmax, where 50% threshold 
was applied to five patients and 60% threshold was 
applied to two patients.

The accuracy of CT gating was evaluated between 
end-expiratory gated 4D-CTAC and averaged CTAC 
by comparing lesion SUVmax, SUVmean and vol-
ume. End-expiratory gated 4D-CTAC was derived 
by applying the gating methods to CT RPM signal 
and CT images collected during 4D CT. Averaged 
CTAC was implemented as a weighted average of all 
respiratory phases collected during 4D CT.

Results

The fraction of saved respiratory signal in the  
end-expiratory bin had a good agreement between 
the simulated signals and patient signals. Mean 
fraction of signal preserved was 23  2% for mini-
mum-constant, 25  5% for slope-based, 30  1% 
for amplitude-median in simulations and 23  5% 
for minimum-constant, 32  6% for slope-based, 
33  4% for amplitude-median in patient signals. 
The processing time for each method was similar 
to standard phase-gating, requiring only few sec-
onds to derive the gating information. Based  
on signal analysis of 23 patients, the slope-based 
method was able to preserve the required 20% of 
the respiratory signal with least amount of required 
acquisition time in 14 patients while the amplitude-
median was the fastest method in nine patients.

The noise level in end-expiratory gated PET 
images was improved over phase-gated PET as a 
larger fraction of counts was preserved. Similarly, the 
measured standard deviation of SUV in a homoge-
nous VOI in liver was 0.157 for non-gated, 0.314  
for phase-gated and 0.243 for amplitude-median, 
0.257 slope-based and 0.286 for minimum-constant 

method on average. Non-gated images had the least 
amount of image noise, as expected. Finally, the 
methods were able to save a large fraction of emission 
data similarly to the simulation and patient signals 
when applied to the oncologic study (Figure 1).

While averaged CTAC improved the PET-CT 
alignment in all cases, the CT-mismatch was evalu-
ated minimal when end-expiratory gated 4D-CTAC 
was used, which is supported by the quantitative 
results. Additionally, in a single patient, a CT- to PET 
mismatch was detected in phase-gated PET which 
obscured a location of a lesion detectable in other 
methodologies. The mismatch was due to a respira-
tory change, which occurred during the collection of 
the PET data. All of the developed methods were 
insensitive to this respiratory change and were able 
to delineate the lesion successfully. Individual patients 
experienced fairly large increases in SUVmax and 
SUVmean (Figure 2).

In the quantitative evaluation, all methods proved 
to be superior to non-gated PET and improved 
quantitative accuracy by average increase in SUV-
max and SUVmean compared to phase-gated PET 
(Table I, Supplementary Figures 6 and 7, available 
online at http://informahealthcare.com/doi/abs/ 
10.3109/0284186X.2014.926028). Largest increase 
in SUVmax and SUVmean compared to non-gated 
PET and phase-gated PET was measured when both 
PET and CT were gated to the end-expiratory phase 
(Table I). By using any of the end-expiratory gating 
methods for PET with averaged CTAC offered sim-
ilar increase in SUVmax and SUVmean compared 
to end-expiratory gated 4D-CTAC (Table I).

Lesion volume reduction was larger in end- 
expiratory gating methods than in non-gated PET or 
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Figure 1. Box-plot of the fraction of counts saved in the PET/CT 
patient study by each method. Whiskers define the maximum and 
minimum value of the counts saved, while the horizontal line 
defines the median of the counts saved.
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phase-gated PET (Table I). Even after an unquanti-
fiable lesion on phase-gated PET measurement  
was dismissed from volume measurement, the end- 
expiratory gating methods displayed a larger lesion 
volume reduction on average. Concerning individual 
patients, at least one of the gating methods was supe-
rior to phase-gated PET in each measurement, 
exhibiting a larger SUVmax, SUVmean and smaller 
lesion volume than phase-gated PET (Table I,  
Supplementary Figures 6 and 7 available online at 
http://informahealthcare.com/doi/abs/10.3109/ 
0284186X.2014.926028). All methods had a consid-
erably larger SUVmax, SUVmean and smaller lesion 
volume compared to non-gated PET (Table I).

Discussion

In five-bin phase-gating the fraction of counts in a 
bin is 20%, if no cycles are discarded and if the gates 

are divided equally. Increasing the number of gates 
will increase motion compensation but will also result 
to lower SNR, which will hinder visual interpretation 
and might cause variability in SUV measurements 
[17]. Each of the developed gating methods was able 
to preserve at least the required 20% in both the 
simulated and recorded respiratory signals and also 
in the patient study. Furthermore, in majority of 
cases the fraction of counts saved was 30% or more, 
allowing a reasonable trade-off between SNR and 
motion compensation. The liver SUV standard devi-
ation measurements are also consistent with the frac-
tions of counts saved in the patient signals.

Several methods to gate PET emission data  
with multiple or single breath holds have proven  
to preserve even a larger fraction of the emission  
data [13,14]. However, these methods need consi
derable patient-technologist co-operation, which 
might increase the variability in SUV measurements 

Table I. Measured SUVmax and SUVmean values with each gating method.

Method
SUVmax g/ml 
(mean SD)

SUVmean g/ml 
(mean SD)

SUVmax 
change (%)

SUVmean 
change (%)

Volume 
change (%)

Non-gated PET 6.2  2.1 4.7  1.5 – – –
Phase-gated PET 8.0  2.7 5.6  1.9 16.16 16.00 3.1
Minimum-constant (Gated CT) 8.2  2.5 5.7  1.7 17.64 17.65 9.6
Slope-based (Gated CT) 8.2  2.6 5.7  1.8 17.94 18.60 11.3
Amplitude-median (Gated CT) 8.4  2.7 5.8  1.8 19.34 19.23 13.1
Minimum-constant (Average CT) 8.2  2.2 5.7  1.5 17.61 17.97 16.8
Slope-based (Average CT) 8.1  2.3 5.7  1.6 17.05 17.49 12.1
Amplitude-median (Average CT) 8.3  2.4 5.7  1.5 18.38 18.29 19.0

Figure 2. Example case of a patient, showing a clear increase in SUVmax and SUV mean with reduction of lesion volume.
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and methods are needed to minimize SUV and  
volume variations between sessions [20–22]. Theo-
retically, end-expiratory gating should produce more 
consistent results between imaging sessions. The 
quality and reproducibility of the respiratory signal 
recording and the reproducibility of the extracted 
respiratory period will have an effect on the SUV 
and lesion volume measurements between consecu-
tive treatment and imaging sessions [20,21]. Ulti-
mately, the most suitable method for end-expiratory 
gating will have the smallest variability between con-
secutive sessions.

A limitation of the end-expiratory gating is sim-
ilar as in methods using multiple or single breath 
holds [13,14]. In both, only a single PET bin is 
produced by the image reconstruction which does 
not allow quantifying tumor motion from PET. 
Therefore, tumor motion has to be quantified from 
the 4D CT series alone as motion information  
is commonly desired for radiotherapy planning  
[20–22]. This might eventually limit the applicabil-
ity of end-expiratory gated PET in radiotherapy 
planning. Thus, studies on applicability of end- 
expiratory gated PET in radiotherapy planning are 
therefore highly encouraged.

It should be noted that the respiratory trace qual-
ity and the internal tumor motion also play a large 
role in efficiency of respiratory gating. Assuring a 
successful recording of a regular breathing pattern is 
essential [21]. In this study, it was clearly seen that 
each method performs slightly differently in indi-
vidual subjects, although all methods were able to 
achieve a similar accuracy on average. This is 
expected, as each method was designed to be optimal 
for a certain type of respiratory trace.

Therefore, it is expected that not all patient cases 
will exhibit a large SUV increase due to imperfect 
external-internal motion correlation between the 
optical marker and tumor motion. The exact knowl-
edge of tumor motion would have to be derived from 
raw PET data [23]. Methods which use this knowl-
edge improving correlation of external gating signal 
should therefore be even more effective. Additionally, 
due to the small size of the patient group in this 
feasibility study, a larger clinical study of the appli-
cability of end-expiratory gating for gated PET/CT 
is warranted.

In conclusion, three methods for end-expiratory 
respiratory gating in PET/CT were successfully 
developed and applied in a patient study. All methods 
were superior in quantitative accuracy when com-
pared against non-gated PET. Quantitative accuracy 
and image quality over phase-gated PET is improved 
when the most suitable method for the respiratory 
signal in question is selected. Using either averaged 
CTAC or end-expiratory gated 4D-CTAC for PET 

if breath hold instructions are not followed accord-
ingly. Additionally, not all patients may able to pro-
duce optimal breath holds due to old age or existing 
pathology. The benefit of the end-expiratory gating 
compared to breath hold methods is the ability to 
acquire the PET and CT data in free breathing. 
Additionally, the spatial match between PET and CT 
is also improved.

In their article, Liu et  al. proposed that end- 
expiratory gating methods could be improved by  
creating a weighted average CTAC or 4D CT for 
attenuation correction and encouraged further  
studies [15]. Based on the results, using either aver-
aged CTAC or end-expiratory gated 4D-CTAC will 
result in similar increase in SUVmax, SUVmean and 
reduction of lesion volume. Rosario et al. found sim-
ilarly only small differences between phase-matched 
and mid-ventilation averaged attenuation correction, 
with the largest differences in the tumor volume 
between averaged and phased attenuation correction 
[18]. The minimal differences between average 
CTAC and end-expiratory gated 4D-CTAC are 
therefore consistent with their findings (Table I).

Additionally, the PET-CT match is improved 
when using either of the methods, based on the 
visual analysis. However, with mobile tumors resid-
ing in the vicinity of large density differences, end-
expiratory 4D-CTAC combined with end-expiratory 
PET should provide the most accurate estimate of 
the tumor SUV recovery [19]. With large, immobile 
tumors the average attenuation correction (average 
CTAC) should give the correct result as it is nearly 
the same as end-expiratory attenuation correction 
[19]. Therefore, average CTAC can be recom-
mended as an alternative where 4D CT is not tech-
nically possible.

Gating of both PET and CT to the end-expiratory 
phase improved quantitative accuracy or offered sim-
ilar accuracy compared to standard phase-gated PET 
in all tested cases except one, when the most appro-
priate method for gating the respiratory signal  
in question is selected. This is expected, since each 
method was specifically developed to be suitable  
for various types of respiratory signals commonly 
encountered in patients (Supplementary Table I avail-
able online at http://informahealthcare.com/doi/abs/ 
10.3109/0284186X.2014.926028). Additionally, the 
quantitative accuracy of each method could be 
improved by patient-specific tuning of the method-
specific parameters. To ease the selection of the 
appropriate gating settings, the gating settings should 
be automatically determined for the respiratory signal 
in question.

However, in the evaluation of treatment response 
and especially when using 4D PET/CT for radio-
therapy planning a set of standardized parameters 
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attenuation correction will result in increase of SUV-
max and SUVmean and reduction of lesion volume, 
while using end-expiratory gated 4D-CTAC will 
result in larger SUVmax and SUVmean over aver-
aged CTAC.
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