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Purpose: Data-driven gating (DDG) approaches for positron emission tomography (PET) are inter-

esting alternatives to conventional hardware-based gating methods. In DDG, the measured PET data

themselves are utilized to calculate a respiratory signal, that is, subsequently used for gating pur-

poses. The success of gating is then highly dependent on the statistical quality of the PET data. In this

study, we investigate how this quality determines signal noise and thus motion resolution in clinical

PET scans using a center-of-mass-based (COM) DDG approach, specifically with regard to motion

management of target structures in future radiotherapy planning applications.

Methods: PET list mode datasets acquired in one bed position of 19 different radiotherapy patients

undergoing pretreatment [18F]FDG PET/CT or [18F]FDG PET/MRI were included into this retrospec-

tive study. All scans were performed over a region with organs (myocardium, kidneys) or tumor

lesions of high tracer uptake and under free breathing. Aside from the original list mode data, data-

sets with progressively decreasing PET statistics were generated. From these, COM DDG signals

were derived for subsequent amplitude-based gating of the original list mode file. The apparent respi-

ratory shift d from end-expiration to end-inspiration was determined from the gated images and

expressed as a function of signal-to-noise ratio SNR of the determined gating signals. This relation

was tested against additional 25 [18F]FDG PET/MRI list mode datasets where high-precision MR

navigator-like respiratory signals were available as reference signal for respiratory gating of PET data,

and data from a dedicated thorax phantom scan.

Results: All original 19 high-quality list mode datasets demonstrated the same behavior in terms of

motion resolution when reducing the amount of list mode events for DDG signal generation. Ratios

and directions of respiratory shifts between end-respiratory gates and the respective nongated image

were constant over all statistic levels. Motion resolution d/dmax could be modeled as

d=dmax ¼ 1� e�1:52ðSNR�1Þ0:52 , with dmax as the actual respiratory shift. Determining dmax from d and

SNR in the 25 test datasets and the phantom scan demonstrated no significant differences to the MR

navigator-derived shift values and the predefined shift, respectively.

Conclusions: The SNR can serve as a general metric to assess the success of COM-based DDG, even

in different scanners and patients. The derived formula for motion resolution can be used to estimate

the actual motion extent reasonably well in cases of limited PET raw data statistics. This may be of

interest for individualized radiotherapy treatment planning procedures of target structures subjected

to respiratory motion. © 2018 American Association of Physicists in Medicine [https://doi.org/

10.1002/mp.12987]
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1. INTRODUCTION

Respiratory motion has been identified as a major source of

image degradation in positron emission tomography (PET)

imaging of thoracic and abdominal structures for several dec-

ades now.1 It leads to blurred images, a loss of effective spa-

tial resolution, reduced standardized uptake values (SUV) of

lesions, and increased apparent lesion volumes.2 Further-

more, artifacts caused by attenuation correction based on

computer tomography (CT) or magnetic resonance imaging

(MRI) data are often connected to the presence of respira-

tion-related co-registration failures of emission and transmis-

sion data.

Several potential solutions have been developed to reduce

the influence of respiratory motion on PET image quality.

Clinically, the most wide-spread solution is the concept of

“gating” the acquired PET data.3,4 Here, respiratory informa-

tion is acquired in parallel to the PET data, usually by dedi-

cated hardware such as pressure-sensitive belts (e.g., the

Respiratory Gating System AZ-733V, Anzai, Tokyo, Japan;

www.anzai-med.co.jp) or video camera systems (e.g., the

Real-time Position Management System, Varian, Palo Alto,

USA; www.varian.com). The respiration signals can then

easily be used to prospectively or retrospectively sort the PET

data into one or more subsets (“gates”) with highly reduced

motion influence. Multi-gated datasets can additionally pro-

vide estimates of respiratory motion extent.

However, although demonstrated to result in better image

quality, these clinically available solutions are only slowly

starting to be accepted in clinical routine scans. This may be

connected to several potential drawbacks of these methods.

First, they can be time-consuming and difficult to install, and

require trained personnel. Additionally, they may fail to

record accurate motion information.5 Furthermore, they usu-

ally acquire external motion information as surrogate parame-

ters of respiratory motion, not necessarily well correlated to

internal organ movements.6

Data-driven gating (DDG) approaches have been devel-

oped as alternatives to conventional hardware-based methods.

The basic idea in DDG is to analyze the measured PET raw

data in order to extract respiratory motion information. This

potentially allows for user-independence, requires no addi-

tional setup time, and is a software-based rather than a hard-

ware-based approach.7 In contrast to hardware-based

methods, motion information is collected mainly from PET-

active structures within the body instead of relying on external

surface motion effects which could be problematic if effects

like hysteresis come into play.6 Several DDG approaches have

been explored in the last few years, relying on different strate-

gies such as exploiting the inhomogeneous geometric sensi-

tivity of 3D PET systems,8,9 measuring the center-of-mass

(COM) of PET-active structures in PET list mode data,10–12

analyzing sinogram fluctuations13,14 or spectra of sinogram

bin time-activity curves,15,16 or applying dimension reduction

techniques like principal component analysis (PCA).17,18

Recently, the first studies have been published investigat-

ing the effect of DDG in PET scans.19,20 The results

demonstrate that DDG methods on average perform as well

as conventional methods in typical clinical settings.

Similar DDG methods have been successfully developed

for other medical imaging devices like CT.21 The well-known

navigators in MR imaging can also be considered as DDG-

like methods. In this respect, DDG methods for medical

imaging have already proven to be valuable in standard clini-

cal environments.

However, several aspects concerning DDG particular to

PET applications still need to be investigated. One of these is

related to the fact that the success of DDG is directly depen-

dent on the statistical quality of measured PET raw data.

Therefore, we initiated a retrospective study based on

acquired high-quality PET list mode data in order to investi-

gate how the amount of noise in DDG gating signals influ-

ences the success of motion resolution in a DDG approach.

Eventually, this work may be of great interest for radiotherapy

applications where specific knowledge of target motion tra-

jectories may contribute to smaller planning volumes with

consecutive sparing of healthy tissues, and may prove to be a

valuable alternative to conventional CT- or fiducial marker-

based approaches to determine target motion caused by

respiration.

2. MATERIALS AND METHODS

2.A. PET systems

PET systems used within this study were the Biograph

mCT PET/CT and the Biograph mMR PET/MRI (Siemens

Healthcare GmbH, Erlangen, Germany).

The PET/CT scanner covered an axial PET field of view

(FOV) of 21.8 cm and had a patient bore diameter of 78 cm

and a spatial resolution of 4 mm FWHM at the center of the

FOV.22 List mode data were acquired in 3D with axial com-

pression (span 11, 9 segments). Time-resolved list mode data

comprised prompt p(r,φ,s,s,t) and delayed d(r,φ,s,s,t) sino-

gram datasets with 400 radial bins r, 168 angular bins φ, 621

total slices s, with 109 direct and indirect planes and 512 obli-

que planes, and 13 time-of-flight bins s of 312 ps each.

The PET/MRI scanner covered an axial PET FOV of

25.8 cm with a patient bore diameter of 60 cm and a spatial

resolution of 4 mm FWHM at the center of the FOV.23 List

mode data were acquired in 3D without axial compression.

Prompt p(r,φ,s,t) and delayed d(r,φ,s,t) sinogram datasets

comprise 344 radial bins r, 252 angular bins φ, and 4084 total

slices s. This scanner did not offer time-of-flight information

for measured coincidence events.

2.B. Patient/phantom data and scanning
procedures

PET list mode datasets that were retrospectively analyzed

within this study were taken from a patient cohort undergoing

PET/CT or PET/MR imaging prior to high-precision radio-

therapy treatment of malignant lesions (primary tumors or

metastases) located in the liver or in the lower lungs. This
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study was performed in accordance with the ethical standards

of the local ethics committee and with the 1964 Helsinki dec-

laration and its later amendments. PET/CT and PET/MR data

were acquired with clinical indication, hence no explicit

patient consent was needed for this retrospective analysis as

per local institutional guidelines.

The patients fasted overnight before the scan. An intra-

venous dose of approximately 4 MBq [18F]FDG per kg body

mass was injected 1 h prior to scanning. Clinical whole-body

PET/CT or PET/MRI scans were then performed in sinogram

mode. In order to get high-quality PET images for treatment

planning purposes, single bed-position list mode PET scans

were finally performed for 5 to 10 min under free breathing

with the malignant lesions centered in the PET FOV.

As a first step, 19 list mode datasets (14 from PET/CT, 5

from PET/MRI) with organs (myocardium, kidneys) or tumor

lesions of high tracer uptake (SUVmax > 10 in the clinical

whole-body scans) were chosen to investigate DDG motion

resolution with progressively decreasing data statistics as

described below (“training datasets”).

Furthermore 25 PET/MRI list mode datasets comprising

lesions or organs of SUVmax < 10 were available for subse-

quent testing (“testing datasets”). These were acquired in par-

allel to the acquisition of repeated fast sagittal T1w 2D

TurboFLASH MR slices through the liver dome that were

measured during the whole list mode PET scan (TR/

TE = 140 ms/1.4 ms, flip angle: 12°, matrix size: 128 9

160, voxel size: 2.5 9 2.5 mm, slice thickness: 7 mm). This

resulted in around 2140 frames for a 5 min PET scan. Syn-

chronization to the list mode data was achieved by inserting

specific tags within the PET list mode stream whenever

acquisition of MR data for a single slice began and ended,

thus precisely identifying when MR information was mea-

sured. Measurements using a moving phantom demonstrated

that the synchronization accuracy between these MR tags and

the PET list mode stream is below the repetition time TR of

the MR scan (140 ms). This was deemed sufficient for respi-

ratory gating purposes.

Finally, an in-house developed PET/MRI-compatible

anthropomorphic thorax phantom was scanned in the PET/

MRI scanner.24 It comprised realistic inflatable lungs, a dia-

phragm-like membrane, a heart insert, and small movable

tubes simulating PET-active lesions. For this study, [18F]FDG

solution was filled into the background (7 kBq/mL at scan

start), the heart (33 kBq/mL), and a lesion located at the dia-

phragm (180 kBq/mL, volume: 0.3 mL). The respiratory

motion amplitude of the lesion was set to 20 mm in axial

direction; the mean respiratory cycle duration amounted to

6.5 s. PET list mode data was acquired for 5 min, with the

lesion located in the center of the FOV.

2.C. Gating and reconstruction

The list mode datasets were processed for respiratory

motion signals using the segmented COM gating approach.11

This DDG method was utilized as it gives local motion sig-

nals from a specified volume-of-interest (VOI) and since it is

expected to be the most direct measurement of (cranio-cau-

dal) target motion within the list mode data. Briefly, this auto-

matic method worked to determine the brightest regions in

the reconstructed non-attenuation-corrected, nongated PET

image. Then, a sufficiently large cylindrical volume-of-inter-

est was determined around these, which was forward-pro-

jected into sinogram space. This led to a binary mask m with

m(r,φ,i) = 1 for lines-of-response (LOR) crossing the VOI,

and m(r,φ,i) = 0 for those missing the VOI, thus excluding

the latter ones from further processing. A raw respiratory sig-

nal was calculated by determining the axial COM of all single

slice-rebinned prompt events in 50 ms frames:

RrawðtÞ ¼

P

r;u;s z � p r;u; z; tð Þ � m r;u; zð Þ
P

r;u;s p r;u; z; tð Þ � m r;u; zð Þ
(1)

where z denotes the axial coordinate of the prompt LOR after

single slice rebinning. Time-of-flight information in the case

of data originating from PET/CTwas neglected. A smoothed

gating signal R(t) was determined from Rraw(t) using a Four-

ier low-pass filter cutting out frequencies above 2/3 Hz, as

these essentially represent noise.

For each of the 19 PET/CT and PET/MRI list mode files

of the training datasets, this respiration signal was also calcu-

lated from modified raw data where only every 2nd, 4th, 8th,

. . ., 256th measured event was taken into account (corre-

sponding to statistic levels x = 1/2, 1/4, 1/8, . . ., 1/256),

thereby effectively reducing the statistical quality of PET raw

data for signal calculation. This resulted in nine respiratory

gating signals for every bright region that was segmented

from the non-attenuation-corrected, nongated PET image.

A signal-to-noise (SNR) metric that was already used to

assess the quality of DDG methods in earlier publications is

as follows:

SNR RrawðtÞ½ � ¼
f3 � f2

f1 � f0
�

R f1
f0
FT Rraw tð Þ½ �j jdf

R f3
f2
FT Rraw tð Þ½ �j jdf

(2)

with FT denoting the Fourier transform, [f0, f1] = [1/12 Hz,

1/3 Hz] representing an interval of typical respiratory fre-

quencies (corresponding to respiratory periods of 3 s to

12 s), and [f2, f3] = [3 Hz, fmax] representing high frequen-

cies caused by noise alone.19,25 This concept is similar to the

“quality factor” defined in Ref. [13]. Large SNR values reflect

comparatively high amounts of respiratory signal within the

raw signal, while values around 1.0 indicate practically white

noise with no obvious respiratory features in the calculated

signal. Typical values encountered for the employed DDG

method in a similar study amounted to 1.8 � 1.3.25 This met-

ric was calculated for every obtained raw signal.

Further respiration signals were derived from the sagittal

MR frames for the 25 PET/MRI list mode files of the testing

datasets and used for validation. Here, an axial profile was

defined at the liver dome, and the axial coordinate of the liver

— lung border was determined based on a threshold repre-

senting the mean value of averaged lung and liver values

(MR navigator-like signal). With the help of the synchroniza-

tion tags written into the list mode data, and after using a
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spline interpolation to the DDG signal frames of 50 ms

length, these coordinates (as a function of scanning time)

were considered as ground truth respiratory signals for inter-

nal organ motion. These were thus used for additional gated

PET reconstructions.

To evaluate motion resolution qualities for different

respiratory signals, amplitude-based gated reconstructions of

end-expiratory and end-inspiratory phases according to the

signals were performed. More specifically, the amplitude

interval from the maximum amplitude value to a lower

threshold amplitude, defined so that 10% of the scanning

time falls into this interval, was determined, and events mea-

sured during this interval were reconstructed (end-inspiration

gate). Likewise, the interval from the minimum amplitude

value to a higher one encompassing 10% of scanning time

was determined and similarly reconstructed (end-expiration

gate). These reconstructions were performed using an ordered

subsets expectation maximization (OSEM) algorithm with 3

iterations and 21 subsets with normalization but without cor-

recting for attenuation and scatter, as only geometric shifts of

structures with high tracer uptake instead of quantified

radioactivity units were considered in this study. This

procedure avoided attenuation correction artifacts induced by

mismatches between PET and CT/MRI images. All recon-

structions were done using the STIR reconstruction soft-

ware.26 A 5 mm FWHM Gaussian filter was applied after

reconstruction. Image dimensions for PET/CT reconstruc-

tions were 400 9 400 9 109 voxels with volumes of 2.04 9

2.04 9 2.03 mm3, while PET/MRI-based images amounted

to 400 9 400 9 127 voxels with volumes of 2.08 9

2.08 9 2.03 mm3.

A COM DDG signal and its SNR value was similarly cal-

culated from the thorax phantom list mode data. Gated recon-

structions using DDG were performed just as in the patient

scans.

2.D. Data analysis

Reconstructed images of end-expiration and end-

inspiration phases were imported into the AMIDE visualiza-

tion software (available at amide.sourceforge.net). For the 19

PET/CT and PET/MRI training datasets, the coordinates

(xinsp, yinsp, zinsp), (xexp, yexp, zexp) of the COM of the

hottest structure were determined in the gated images, the

respiratory shift vector d~¼ xinsp � xexp; yinsp � yexp;
�

zinsp � zexpÞ was calculated, and its Euclidean length was

regarded as the apparent respiratory shift

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxinsp � xexpÞ
2 þ ðyinsp � xexpÞ

2 þ ðzinsp � zexpÞ
2

q

of the

structure when using the calculated DDG signal for gating.

This parameter was used as a metric for the evaluation of

motion resolution as it is robust against noise effects, as

opposed to standard image intensity values like SUVmax or

derived values like lesion volumes. It has thus been used to

characterize gating methods in the past.10,12,19,20 Furthermore,

an exact knowledge of the average shift vector between end-

expiratory and end-inspiratory phases of target structures is

expected to be of benefit in radiotherapy treatment planning

procedures to account for respiratory movements of target

structures, and DDG PET-based motion delineation may have

advantages over alternative methods.27,28

In order to investigate any general relationship between

SNR and motion resolution, every plot of d against SNR was

analyzed and fitted using the curve fitting tool of MATLAB

(version R2016a; MathWorks, Natick, Mass, USA) to the

following expression:

dðSNRÞ ¼ dmax 1� e�bðSNR�1Þc
h i

(3)

with dmax denoting the actual respiratory shift resolvable

using end-expiratory and end-inspiratory gates as defined

above. This is a general expression with the desired features d

(1) = 0 and limSNR!1 dðSNRÞ ¼ dmax; furthermore, d/dmax
can easily be interpreted as a metric for motion resolution.

Optimal values for dmax, b, and c were individually deter-

mined for every dataset, and globally. The optimal values b

and c found in the latter analysis served as a general model of

motion resolution d/dmax vs SNR of the raw DDG signal.

To test this general model, the statistic level x which gave

SNR values closest to the arbitrarily chosen value of 2.0

(which is on the order of typically encountered values25) was

determined. For this level, the corresponding measured respi-

ratory shift d was taken, and dmax was calculated according to

the general model as

dmax ¼ d

�

1� e�bðSNR�1Þc
h i

(4)

This was then compared to the individually determined

dmax in order to demonstrate the internal consistency of the

general model to the individual datasets. Additionally, for

the same statistic level x resulting in SNR values around 2.0,

the general model was used to estimate d at the original full

data statistic level (x = 1), and compared to the actually mea-

sured value.

Furthermore, the COM of the considered structures in

nongated reconstructions was determined. The Euclidean dis-

tances from this COM to the already determined COM in

end-expiration and end-inspiration were calculated for all

statistic levels and termed dexp and dinsp, respectively. The

ratios dinsp/dexp were analyzed for changes with varying statis-

tic levels x.

For the additional 25 PET/MRI testing datasets, recon-

structions were done only for full list mode statistics (x = 1).

Distance measurements between end-expiratory and end-

inspiratory phases were performed for all organs or lesions

demonstrating noticeable tracer uptake present in the PET

images. The determined respiratory shifts d of the DDG-

based images were additionally extrapolated to dmax accord-

ing to the general model mentioned above, and the shift

values d based on DDG, on the generalized model [dmax as

calculated using Eq. (4), SNR and d], and on the MR naviga-

tor-like signal (dMR), respectively, were compared. Addition-

ally, the angles a between DDG-based and MR-based shift

vectors d~ and d~MR were determined as:
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a ¼ cos�1 d
~ � d~MR

d � dMR

(5)

This was done in order to not only compare the lengths d

and dMR of the different shift vectors d~ and d~MR, respectively,

but also their relative orientation in space, since not only

deviations in length but also in relative angles will lead to dif-

ferent motion trajectories and, when used in radiotherapy

planning procedures, different radiation volumes.

Both the image-derived and extrapolated shift values from

the phantom scan were compared to the predefined value of

20 mm.

Finally, a similarity analysis of DDG-based and

MR-derived respiratory curves was performed by calculating

Pearson correlation coefficients r and relating them to the

SNR value of the DDG raw signals.

d and the extrapolated dmax calculated using the achieved

SNR and the general model were also determined for the

phantom scan data and compared to the predefined actual

shift value of 20 mm.

All numerical data are given as mean � standard devia-

tion. Statistical testing was performed using paired Wil-

coxon’s signed rank tests with Holm–Bonferroni corrections

in MATLAB. P values smaller than 0.05 were considered to

show significant differences.

3. RESULTS

Within the training group, DDG signals were calculated

using automatically determined myocardial VOI in 10 cases,

and liver/lung lesion VOI in four cases, for the PET/CT data-

sets. Prompt and true event count rates amounted to

371 � 61 kcps and 206 � 36 kcps, respectively. For the

PET/MRI datasets, automatically determined myocardial VOI

were used in four cases, and liver lesion VOI were used in

one case. Prompt and true event count rates amounted to

448 � 103 kcps and 221 � 37 kcps, respectively. Within

the testing group, a myocardial VOI was used in nine cases

for DDG signal generation, a kidney VOI was used in three

cases, while a liver/lung lesion VOI was used in 13 cases

for DDG determination. Prompt and true event count rates

amounted to 360 � 99 kcps and 188 � 45 kcps,

respectively.

SNR values of the original list mode datasets of the train-

ing group containing all acquired events amounted to

9.2 � 2.8 (range: 6.0–16.0).

Decreasing the amount of events x from 1 to 1/256 used

for DDG signal generation led to higher amounts of noise in

the calculated DDG signals (Fig. 1) and a corresponding

decrease in SNR values. This relation could be expressed as

SNR ¼ 1þ a1x
a2 in all cases, both for PET/CT and PET/MRI

datasets, with a1 � SNRðx ¼ 1Þ � 1 and a2 being determined

to be 0.59 � 0.04 in the training group (Fig. 2).

The determined respiratory shifts when using the original

list mode datasets at x = 1 amounted to 13.8 � 5.7 mm

(range: 5.9–24.4 mm) in the training group. These shifts gen-

erally decreased when excluding progressively more data

from calculation of DDG signals. Qualitatively, for large SNR

values, d values start on a plateau, but quickly decrease

toward 0 when SNR reaches values of around 1. This behavior

can be expressed by dðSNRÞ ¼ dmax 1� e�bðSNR�1Þc
� �

, where

dmax denotes the plateau height, and b and c describe the

specific appearance of the curve. Within the training group,

average b and c were determined by individual fitting as

1.57 � 0.24 (range: 1.22–2.17) and 0.52 � 0.11 (range:

0.31–0.73), respectively.

Fitting of all individually determined d/dmax values of the

training group to 1� e�bðSNR�1Þc led to optimal values of

b = 1.52 and c = 0.52 (95% confidence interval: 1.47–1.57

and 0.49–0.55 for b and c, respectively; Fig. 3), resulting in

the following general motion resolution model for COM

DDG:

d=dmax ¼ 1� e�1:52ðSNR�1Þ0:52 (6)

No apparent difference in this motion resolution behavior

between the PET/CT and PET/MR subgroups were detected

(Fig. 3).

Measured d values at those statistic levels with SNR values

closest to 2.0 were 11.1 � 4.8 mm, significantly smaller than

the individually determined dmax values at 14.1 � 5.8 mm

(P = 0.00013), while there was no significant difference

between the latter and the dmax values resulting from the

FIG. 1. Example of calculated DDG signals for different statistic levels x

derived from a list mode dataset of the PET/CT subgroup used for training.

FIG. 2. SNR for different statistic levels x, shown here only for the PET/MRI

subgroup of the training group for the sake of clarity.
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general model [Eq. (6); 14.3 � 6.1 mm; P = 0.38]. Further-

more, there was no significant difference between the general

model-based shifts at statistic level x = 1 calculated using the

values at SNR � 2.0 (14.1 � 6.1 mm) and the actually mea-

sured values using all emission events for DDG signal calcu-

lation (13.8 � 5.7 mm, P = 0.17).

The ratios dinsp/dexp in the training group remained constant

over all statistic levels; generally, no systematic drifts or shifts

were detectable (Fig. 4). For x = 1, the ratios amounted to

2.1 � 0.9 (range: 1.1–4.6), for x = 1/8, they were 2.2 � 1.0

(range: 1.1–5.3), and for x = 1/64 they were 2.4 � 1.1 (range:

1.4–5.4). Differences between d and dinsp + dexp were small

and less than a deviation of 1.5 mm for all datasets and statistic

levels (on average always less than 10% of d for all statistic

levels), indicating that the angle between the inspiration vector

and the expiration vector is always very close to 180°.

The respiratory shifts of 55 target structures in the 25

PET/MRI PET scans of the testing group were analyzed.

These comprised 10 hearts, 6 kidneys, and 39 hepatic and

lower lung lesions. On average, SNR values for the testing

group amounted to 3.9 � 1.6 (range: 1.4–8.1); the actually

measured respiratory shifts d using DDG were

11.4 � 5.9 mm (range: 2.4–29.3 mm). dmax calculated from

the general model [Eq. (6)] amounted to 12.7 � 6.2 mm

[range: 2.7–29.7 mm; Fig. 5(a)], while the shifts dMR based

on the MR-derived gating were 12.7 � 6.2 mm [range: 3.0–

30.2 mm; Fig. 5(b)]. The difference in motion resolution was

highly significant between the original DDG shifts d and the

MR-based dMR (P < 10�9) as expected, but no significant

difference was found between the extrapolated shifts dmax and

dMR (P = 0.63). This was also apparent in the determined lin-

ear fits. These demonstrated major differences in slope and

intercept to identity, that is, f(x) = x, when comparing d to

either dmax or dMR (Fig. 5).

On average, a amounted to 5.5 � 5.1° (range: 0–24°); lar-

ger angles were only found when d or dMR were compara-

tively small [Fig. 6(a)]. Mean Pearson correlation

coefficients r between DDG- and MR-derived respiratory sig-

nals amounted to 0.87 � 0.09 (range: 0.58–0.98); there was

a clear correlation between these and SNR of the DDG raw

signal which could be approximated by a similar expression

as the general motion resolution model:

rðSNRÞ ¼ 1� e�1:40ðSNR�1Þ0:46 (7)

The measured shift value d for the simulated lesion in the

phantom scan amounted to 17 mm, underestimating the shift

by 3 mm. Usage of the general model and the achieved SNR

value of 2.8 results in dmax of 19.5 mm, 0.5 mm smaller than

the actual predefined shift.

4. DISCUSSION

DDG methods are promising alternatives to conventional

hardware-based gating approaches. They have already proven

to perform similarly well in first clinical trials.19,20 On the

other hand, there are still challenges that need to be investi-

gated. One is the question of how the statistical quality of the

acquired PET data influences the outcome of gating. The pre-

sented study contributes to this issue by progressively

decreasing the amounts of PET raw data for COM-derived

DDG signal calculation.

As expected, the ability to resolve respiratory motion

decreases monotonically with decreased amounts of data, as

this introduces statistical noise masking the true respiratory

signal (Fig. 1). Surprisingly, this loss in motion resolution

was found to be fairly similar in a wide range of investigated

patient scans (and thus different patient geometries, lesion

locations, actual respiratory shifts etc.) and different scanner

systems, enabling a general model of motion resolution as a

function of SNR calculated from the DDG raw signal [Fig. 3,

Eq. (6)]. The SNR value thus seems to be a potentially robust

metric not only for intra-, but also for inter-patient and -scan-

ner comparisons (although this has to be proven in a wider

range of scans). This allows judging how large the SNR has to

be in order to resolve, for example, at least 90% of the actual

motion shift dmax: d/dmax > 0.9, thus SNR > 3.2 according to

the general model. Alternatively, if the motion should be

FIG. 3. Normalized respiratory shifts for different SNR in the PET/CT

subgroup (black) and in the PET/MRI subgroup (grey). Black line denotes

the optimal fit.

FIG. 4. Ratios dinsp/dexp for different statistic levels in the PET/MRI

subgroup of the training group.

Medical Physics, 45 (7), July 2018

3210 B€uther et al.: Noise in data-driven gating for PET 3210



resolved to below the spatial resolution of the scanner (4 mm

FWHM) at a determined shift d of 15 mm, then d/dmax > 15/

(15 + 4), therefore, SNR should at least be 2.0.

Additionally, the found relation allows a reasonable extrap-

olation to dmax in cases where limited statistical qualities of

measured PET data prohibit an exact measurement from the

gated images. This was demonstrated using this relation to

estimate dmax in several PET/MRI scans where internal

motion information from fast sagittal MR images was avail-

able as ground truth gating signals, and also in a scan using a

dedicated human thorax phantom with realistic motion pat-

terns. It was found that this extrapolation led to an excellent

agreement between DDG and MR-based shifts. On the other

hand, the native original DDG-based shifts underestimated

the whole motion extent (Fig. 5). In the phantom scan, the

general model almost exactly reproduced the predefined

motion extent of 20 mm. Furthermore, the deviations in angle

between DDG- and MR-based shift vectors are small, espe-

cially for larger shifts, demonstrating that the whole trajectory

vector calculated using COM DDG and MR-based gating are

very similar (Fig. 6). Finally, the ratio dinsp/dexp was found to

be fairly constant over all statistic levels (Fig. 4). Therefore,

not only the absolute value of the actual respiratory shift dmax
but also its location relative to the averaged lesion position

can be approximated by the general model.

It should be noted that the found motion resolution model

is only valid for the chosen 10% gated end-inspiration and

end-expiration gates and for SNR as defined here. Any other

definition will lead to different curves and fitting parameters.

Specifically, the apparent respiratory shift of structures will

be smaller when increasing the effective amount of used data

per gate.29

While the results of this study may seem to be more of

theoretical interest, it is interesting to note that SNR as

defined here was found to be a reliable metric of gating suc-

cess for a motion resolution-related parameter like the actual

respiratory shift of PET-active structures. This is different

from hardware-based methods where there is no way of judg-

ing whether the acquired signal really reflects internal

motion. The results shown here are in line with previously

published results, where a quality factor derived solely from

a frequency analysis of the DDG signal was shown to predict

the correlation to a hardware-driven respiratory signal.13 The

general model presented here quantifies this in terms of

motion resolution and thus gating success.

Furthermore, it may be of special interest within the con-

text of personalized radiotherapy treatment planning. A pre-

cise knowledge of respiratory trajectories of thoracic and

abdominal target structures is needed in order to deliver high

FIG. 5. Scatter plots of d (a) and dmax (b) against dMR, and of dmax against d (c) of the testing group. Black lines denote linear fits.

FIG. 6. Determined angles a against dMR (a); correlation coefficients

between DDG- and MR-based respiratory signals against SNR (b). Black line

denotes the optimal fit.
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doses to the target while at the same time irradiating as little

healthy surrounding tissue as possible. DDG-based trajecto-

ries may be an attractive alternative to other methods of mea-

suring and incorporating motion information into the

treatment planning process like using breath-hold CT, 4D

CT, or tracking with invasive fiducial markers. Due to pro-

longed PET scanning times, many respiratory cycles are mea-

sured, allowing statistically defined trajectories which on

average potentially represent physiological motion better than

CT-based approaches with their typically limited number of

monitored respiratory cycles. Future work will have to show

if DDG can really be used for this purpose, but first simula-

tion studies seem to demonstrate promising results.30 A

potential disadvantage of DDG PET-based motion informa-

tion may be the limited spatial resolution of current PET sys-

tems (around 4 mm FWHM for the scanners used in this

study), which is still inferior to high-resolution modalities

such as CT. However, especially for large structures and high

target-to-background uptake ratios, differences in target COM

positions between different respiratory phases (and hence

averaged respiratory trajectories) can be measured with high

precision if the quality of the PET raw data is high enough.

This had already been demonstrated in phantom scans with

predefined respiratory shifts11 and is again confirmed in the

phantom scan performed in this study.

It remains to be seen if other DDG methods yield compa-

rable results. The COM method was chosen for this study as

it gives the most direct measurement of actual internal motion

of an isolated PET-active structure. Furthermore, based on

our experience, it tends to give raw signals with less noise

than sensitivity-based methods,11 thus making it easier to find

high-quality cases for analyzing effects of decreasing statis-

tics. Additionally, the definition of SNR as given here is

straight-forward for the COM method. For other methods like

PCA-based ones, an accurate SNR metric will have to be

defined in a different way and may lead to other results,

potentially not giving simple relations like the one found here

for a wide range of patients.

This study has some limitations. First, the amount of

patient and phantom data analyzed is limited, and patients

with extreme breathing patterns may not behave according to

the determined relation between noise and motion resolution.

Additionally, it remains to be seen how the findings of this

study hold up in cases where no isolated high-uptake struc-

tures are present in the FOVof the scanner.

Furthermore, it remains to be proven that knowledge of a

respiratory shift vector d~ (or, slightly more complex, two shift

vectors d~insp, d~exp pointing from an averaged, ungated posi-

tion to the extreme respiration phases) is sufficient to ade-

quately describe an averaged target trajectory for use in

radiotherapy treatment planning. Considering the amount of

respiration irregularities encountered in patients under free

breathing, this is certainly a challenging task especially for

small target volumes. Additionally, the basic question if target

trajectories determined by DDG PET can be used for radio-

therapy treatment which might take place on a different day

in a different setting remains to be answered. However,

considering that some CT-based techniques with acquisition

in end-inspiration and end-expiration are still used for radio-

therapy planning, DDG PET-based approaches may prove to

be a step forward in terms of accuracy in nongated personal-

ized high-precision applications of radiotherapy.

Finally, it is not clear if the MR navigator-like respiratory

signals, used here as ground truth gating signals, really

reflect valid signals for structures other than the lung–liver

border. There is evidence that hysteresis effects could lead to

a decrease in motion correlation between different parts of

the body.6 On the other hand, the strong correlation between

dmax and dMR seems to demonstrate that this was not a large

effect in the presented study. Nevertheless, this should be

investigated in greater detail in future studies.

5. CONCLUSION

The influence of raw data statistics on motion resolution

success in a COM-based DDG method for PET has been

investigated. A simple general model connecting motion res-

olution and SNR of the DDG raw signal was found, giving

both reasonable quality estimates of the gating success in

COM-based DDG as well as accurate motion vector esti-

mates. This was successfully tested against MR-based respi-

ratory data serving as internal ground truth signals. The

model may thus allow precise estimations of lesion move-

ments due to respiration. This may be of potential interest in

personalized radiotherapy treatment planning approaches,

especially for those cases where PET imaging is part of pre-

treatment imaging strategies anyway. In these cases DDG

PET may not only result in “sharp” motion-resolved images

well suited for gaining detailed information about metabolic

active parts of target structures, but also in their respiratory

trajectories. Knowledge of these could help to deliver high

radiation doses to the target while keeping the burden for

healthy tissue as low as possible. The comparatively long

PET acquisition duration guarantees statistically sound data

compared to 4D CT applications which usually comprise only

a limited number of respiratory cycles. However, future stud-

ies comprising larger patient cohorts will have to confirm

whether DDG-based motion trajectories are really accurate

enough for this purpose; additionally, the question of how to

optimally incorporate this knowledge into the treatment plan-

ning or radiation procedure has to be answered. Finally, other

DDG PET methods should be investigated for their statistical

properties and abilities to resolve respiratory motion.
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