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Abstract
Breathingmotion can displace internal organs by up to several cm; as such, it is a primary factor
limiting image quality inmedical imaging.Motion can also complicatematters when trying to fuse
images fromdifferentmodalities, acquired at different locations and/or on different days. Currently
available devices formonitoring breathingmotion often do so indirectly, by detecting changes in the
outline of the torso rather than the internalmotion itself, and these devices are often fixed tofloors,
ceilings orwalls, and thus cannot accompany patients fromone location to another.We have
developed small ultrasound-based sensors, referred to as ‘organ configurationmotion’ (OCM)
sensors, that attach to the skin and provide richmotion-sensitive information. In the present workwe
tested the ability ofOCMsensors to enable respiratory gating during in vivoPET imaging. Amotion
phantom involving an FDG solutionwas assembled, and two cancer patients scheduled for a clinical
PET/CT examwere recruited for this study.OCMsignals were used to help reconstruct phantom and
in vivo data into time series ofmotion-resolved images. As expected, themotion-resolved images
captured the underlyingmotion. In Patient#1, a single large lesion proved to bemostly stationary
through the breathing cycle. However, in Patient#2, several small lesionsweremobile during
breathing, and our proposed new approach captured their breathing-related displacements. In
summary, a relatively inexpensive hardware solutionwas developed here for respirationmonitoring.
Because the proposed sensors attach to the skin, as opposed towalls or ceilings, they can accompany
patients fromone procedure to the next, potentially allowing data gathered in different places and at
different times to be combined and compared inways that account for breathingmotion.

Introduction

Positron emission tomography (PET) allows positron-emitting radiotracers, based on radionuclides such as 18F,
11C, 13N or 15O, to be detected in concentrations as low as the picomolar range (Pichler et al 2008).
Consequently, formany types of cancer, PET has unequaled sensitivity for detecting tumors andmetastases
(Beyer et al 2003). Complementary imaging fromCTorMRI is needed for attenuation correction and
determination of the anatomic location of any suspected disease seen in the PET images.With eitherMRI orCT
(Sawicki et al 2016a, 2016b, Raad et al 2016, Chandarana et al 2013, Riola-Parada et al 2016,Dawood et al
2007, 2006), PET is the gold standard for cancer assessment and tumor staging.However, because PET
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acquisitionsmay last severalminutes or longer, breathingmotion can be problematic (Calabrese et al 1998,
McClelland et al 2013, Dasari et al 2014a, 2014b) as it causes image blurring and respiratory artifacts. In turn,
degradations in image quality (Osman et al 2003, Erdi et al 2004, Keller et al 2013)may impact treatment
planning (Nehmeh et al 2004,Osman et al 2003) and complicate the fusion ofmulti-modality images.Multi-
modality fusion requires amotionmanagement system compatible withmany different systems.

One simple approach tominimizemotion is based on deep-inspiration breath-holding, but this requires a
level of cooperation and repeatability that often cannot be attained by oncology patients and, furthermore,
cannot bemaintained for the typical PET acquisition time. Respiratory bellows (Hope et al 2015), spirometers
(Zhang et al 2003), radar-like technology (Pfanner et al 2013) and optical trackers (Nehmeh et al 2002,Nehmeh
et al 2004, O’Connor et al 2013,Nehmeh and Erdi 2008, Boucher et al 2004, Dawood et al 2007, 2006) can be
used tomonitor breathingmotion. Bellows and optical trackers detect only changes that occur on the outline of
the torso, and the link between such changes and actual internalmotion can be complex (Koch et al 2004, Chi
et al 2006, Fayad et al 2012,Dasari et al 2014a, 2014b, Ruan et al 2008, Dasari et al 2017). Bellows and spirometers
model respiration as a one-dimensional problem,which oversimplifies the nature of human breathing (Madore
et al 2021). Ultrasound scanners can also be used to track internalmotion, as tested in anMRI environment
(Günther and Feinberg 2004, Petrusca et al 2013, Kording et al 2015); however, long cables and difficulties
positioning the ultrasound probe on the patient’s body inside the bore of a scanner can increase the complexity
of the clinical workflow. Alternatively, self-gating or ‘data-driven’ approaches based on tracking changes in the
PET counts over timewithin a given region of interest are available (Kesner et al 2014, Ren et al 2017, Schleyer
et al 2011,Hess et al 2017, Schleyer et al 2014, Liu et al 2011). However, data-driven PETmethods function only
when the patient happens to lie within a PET scanner andwould not be relevant formulti-modality purposes. In
otherwords, self-gating abilities are attached to the PET scanner itself, and as such cannot accompany a patient
through procedures at different locations.

We developed small ultrasound (US)-based sensors alongwith algorithms to interpret their signals
(Preiswerk et al 2018, Cheng et al 2018,Madore et al 2021).We named these devices ‘organ configuration
motion’ (OCM) sensors because they generate signals that are sensitive to the ‘configuration’ of internal organs
at any givenmoment; furthermore, such configurations are dynamic in nature due to the underlying organ
motion. In contrast to other devicesmentioned above,OCMsensors attach to the skin and can accompany
patients through sequential procedures. The emitted and reflectedUSwaves probe the body to sense internal
organmotion directly, rather than indirectly through changes in external body surfaces, contours, or projected
count density. High dimensionality is a further advantage ofOCMsignals; at each time point, anOCM tracemay
consist of up to 20 000 samples (Preiswerk et al 2017,Cheng et al 2018, Preiswerk et al 2015,Preiswerk et al
2018), compared to 1 value for bellows, and roughly a dozen for optical tracking (x, y and z coordinates for a few
reflectivemarkers). OCMsensors are small, about 3 cm×3 cm×1 cm in size (see figure 1), and relatively
inexpensive. To place anOCMsensor on a patient one simply peels off a protective layer and applies the adhesive
surface to the skin.OCMsensors could, in principle, be placed on the skin for afirst imaging session (e.g. a PET/
CTexam); the position could bemarked on the skinwith ink, and the sensors could be re-installed as closely as
possible to the original location on a different day for a second imaging session (e.g. anMRI exam) or treatment
(e.g. radiation therapy). OCMsensors were developedwithmulti-modality imaging inmind and have already

Figure 1. (a)A3D-printed capsule was designed to accommodate an ultrasound transducer and gel. (b)A specialmembrane contains
the gel but does not impede ultrasound transmission. Excess gel is displaced into available openings. (c)The sensor is closed by
screwing the lid on, which pushes the transducer onto the skin for good acoustic coupling. (d), (e)OCMsensors are compact, about
3 cm×3 cm×1 cm in size, and are connected to a flexible coaxial cable. They are assembled in advance so that one simply peels off a
layer at the patient bedside and applies the sensor to the skin.
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been tested inMRI (Preiswerk et al 2015,Madore et al 2021).While our recent work (Madore et al 2021) focused
on developing algorithms to better interpret theOCMsignals, the present work extends the sensor applications
from anMRI to a PET environment.More specifically, the synchronization ofOCMandPETdata streams and
the reconstruction of images from combinedOCMandPET informationwere themain technical challenges
tackled here.

TheOCM+PET approach proposed here can, in principle, reduce blurring artifacts in abdominal and
thoracic PET images acquired in the presence of breathingmotion.However, the availability of alternative
motion-compensation approaches, such as data-drivenmethods as described above,may tend to reduce the
clinical need forOCMsensors for this purpose. In our view at least, the proposed approachmay eventually prove
most helpful in the context of separate imaging session, for example anOCM+MRI and anOCM+PET
session, withOCMsignals acting as a bridge between the two to facilitate image fusion.However, suchmore
elaborate applications should be considered as future work, and the present work focuses on theOCM+PET
aspect only.

Materials andmethods

OCMsetup
TheOCMsensors included a 1MHzMRI-compatible single-elementUS transducer (Imasonic, Voray-sur-
l’Ognon, France), see figure 1.During PET imaging, anOCMsensorwas ‘fired’ 100 times per second, and after
eachfiring useful signals were received for about 0.2ms, i.e. about 30 cmof travel at 1540m s−1 (∼15 cmof
depth). Each firing involved a short negative voltage pulse that approximated a delta function, about 0.5μs in
duration and about−200V in size, being applied to the transducer. AnOlympus 5072PRpulser-receiver was
used tofire the sensor, and a PCI digitizer cardNI 5122mounted into a desktop PCwas used to digitize the
returningUS signals.

As usual withUS devices, the voltage was relatively high but the current (and hence power), as well as risk,
were low. The ‘spatial peak temporal average’ (SPTA) intensity provided by the vendorwas ISPTA=51.5μW
cm−2, far below the FDA limit of 720mWcm−2 for non-ophthalmic applications. Through hydrophone tests
we evaluated themechanical index (MI) at 1.06×10–3,much below the FDA limit of 1.9. The small area of the
transducer and the diverging nature of the field it creates help explain these small ISPTA andMI values.

Timestamps and synchronization
Strategies were needed to synchronize the simultaneous data streams (O’Connor et al 2013) fromPET andOCM
hardware, so that PET coincidence events andOCMsignals could be placed on a common time axis. To do this,
synchronization triggers were digitally created and applied simultaneously to both streams.More specifically, a
USB port of the PC also equippedwith the digitizer card (subsection ‘OCMsetup’ above)was connected to the
respiratory gating port of the PET/CT scanner throughmodified cables/connectors. At irregular time intervals,
incomingOCM traces were flagged at the same time as voltageswere placed on given pins of theUSBport. These
voltage pulses, applied to the PET/CT respiratory trigger port, led to time-stamped entries being created in the
PET/CT raw data (list-mode)file. As a result, a non-periodic pattern of time tags appeared in bothOCMand
PET rawdatafiles, allowingOCMandPETdata to be synchronizedwithout ambiguity. These tags occurred on
average every 3 s, but amodulation on the tag-to-tag interval, T ,nD ensured that the overall patternwould be
non-periodic and thus allow an unequivocalmatch between theOCM traces and the PET timestamps:

( ) ( )/ /T n floor n 1 2; 1 1 , 1n q q q fD = - - = -

where n is an integer that counts tags, and f is the golden ratio, ( )/1 5 2.+ The right-hand side of
equation (1), ( ) /n floor n 1 2,q q- - is contained in the [−0.5, 0.5] interval, appears pseudo-randomas a
function of n, and has amean value of zero. As a result, adding TnD to the tag-to-tag interval does not change its
mean value, which remains 3 s, but itmakes the interval vary fromone tag to the next in pseudo-random fashion
in the interval from2.5 to 3.5 s, thus removing any time-shift ambiguity that a constant interval would have
caused.

Phantomexperiments
Using a Siemens BiographmCT scanner, PET/CT images of a phantomwere obtainedwith andwithout an
OCMsensor in the FOV, to test for presence of artifacts. OCMsensors are notmeant to ‘image’, so they do not
need to be oriented or lined upwith any particular organ of interest, as they are simplymeant here to generate
motion-sensitive signals that can be employed for gating purposes. Because the sensor does not need to be placed
near suspected lesions, therewould be no compelling reason to place it within the PET/CT imaging FOV, but if
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it were bymistake included in the FOVonewould like to knowwhether this could deleteriously affect the PET
and/orCT image quality.

In a second phantom-based test, amotion phantomwas constructed by placing a 18F-fluorodeoxyglucose
(FDG) solution into a conical centrifuge tube, and thenfixing this tube to a smallmoveable plane. The tube and
planewere placed in awater-containing bath alongwith a submergedOCMsensor.While the plane and tube
weremanuallymoved vertically up and down, the tube’s contents were imaged by aGEDRX/VCTPET/CT
scanner, and theOCMsensor captured the ongoingmotion.

In vivo scans
Twopatients scheduled for an oncologic PET/CT examwere scanned for an additional 10 min single-station
PET scan, withOCMsensor in place. The project was approved by the IRB committee at our institution
(protocol number 2002P001824), the researchwas conducted in accordancewith the principles embodied in the
Declaration ofHelsinki and in accordance with local statutory requirements, and all participants gavewritten
informed consent to participate in the study. These in vivo scans involved the sameGEDRX/VCTPET/CT
scanner asmentioned above for themotion phantom scan. The research PET scanwas performed immediately
after the clinical one, using the sameCTdata, so that no additional tracer was injected and no extraCT scanwas
performed. Accordingly, the radiation dosewas not increased for participating patients beyond the dose of the
clinical exam theywere prescribed.

AnOCMsensorwasfixed to the abdomen, a few cmbelow the ribs and to the right of themidline. In general,
placing the sensor anywhere on the thorax should provide the type of breathing-dependent signals needed for
respiratory gating, but placing sensors over the liver (i.e. just below the ribs and on the right side), as done here,
tended to avoid any strong reflections from any possible shallow tissue/bone or tissue/air interfaces, allowing
ultrasoundwaves to penetrate and sample tissues deeper within the abdominal cavity. OCMsignals (0.2ms per
trace, 100 traces per s)were acquired throughout the 10min research PET scan. In terms of workflow, 4 min
were needed to set up the sensor and associated hardware between the end of the clinical scan and the beginning
of the research scan, and 1 minwas needed afterward to remove all equipment from the clinical suite upon
completion of the research scan.

OCMsignal processing
As demonstrated in our prior work (Preiswerk et al 2015, Cheng et al 2018, Preiswerk et al 2017, Preiswerk et al
2018), OCMsignals are very sensitive to internalmotion, and several different algorithms have been tested to
extract such information from the raw signals. Some algorithms based onmachine learningweremore involved
and expressed themotion information inmore elaborate fashion as projections ontomanifolds in function
space (Preiswerk et al 2018), while others generatedmore intuitive breathingwaveforms based primarily on the
phase of theUS signals (Madore et al 2021), and others generated breathingwaveforms primarily based on the
magnitude of envelope-detectedUS signals (Cheng et al 2018). In the present feasibility test the simpler, latter
approachwas implemented. The envelope of the raw ultrasound signal was extracted using aHilbert Transform.
As the breathing cycle progressed from inhalation to exhalation (and vice versa), the distance between sensor and
echogenic tissues increased and decreased, leading to time shifts in the received signals. By selecting a depth
range so that only similarlymoving tissues are considered, cross correlationswere performed between a
reference trace and all otherOCM traces in turn, to evaluate the time shift and the associated breathing-related
changes in sensor-to-tissue distances. Breathing-related variations in time shift and distance readily allowed
expiration periods to be detected, and phase-based respiratory gating (Abdelnour et al 2007, Dawood et al
2007, 2006, Lu et al 2006) to be performed. Each breathing periodwas associatedwith a phase ranging from0 to
2π, andN respiratory gates were created by generatingN bins each one 2π/Nwide. The value ofN, which
represents a tradeoff between temporal resolution and SNR,was set herewithin the range of 8–10 respiratory
frames.

Image reconstruction
Detector-coincidence records from the PET rawdata (i.e. list-mode)file were read and sorted according to the
respiratory state as determined by time-matchedOCMsignals. Eight to ten (smaller) list-mode files, one per
respiratory state, were createdwith custom-builtMatlab software and then reconstructedwith scanner software,
with all usual corrections performed. The reconstructed volumetric field-of-view (FOV) consisted of 47 axial
slices covering a 15.4 cm range in the superior/inferior direction, with a 60 cm circular FOV in the axial plane.
The reconstruction settingswere 3Dwhole body, 21 subsets and 2 iterations using a standard z axis filter and a
post-processing smoothing filter with 5.14mm full width at halfmaximum. ACT-based attenuation correction
with no contrast correction or shift, but corrected by singles, dead time and scatter was applied. Averaging
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images over all breathing states yielded images that were, for all intents and purposes, identical to those
reconstructed by the clinical scanner at the time of the exam.

Results

Phantom results
OCMsensors should be placed so that they are not included in the imaged FOV. They are notmeant to image the
anatomy of interest, but rather to gathermotion-sensitive signals, and as such there is no reason to place them in
the FOV. Even so, their effect onCT andPET imagingwas tested: as seen infigure 2, it is possible to buildOCM
sensors that create no visible artifact in either CT or PET. A second sensor was tested underCTwhich did
produce visible streaking artifacts (data not shown), themain difference between the two is believed to be the
amount and/or type of solder used. At any rate, there seems to be no clear rationale for placing sensors within
the imaged FOVand as such they should be placedwell out of it.

Amoving phantomwas imaged using a simultaneous PET andOCMacquisitionwhile undergoing amostly
vertical, up-and-down, pseudo-periodicmotion. The rawPET list-mode datawere sorted according to the
motion information captured by theOCMsignals, and each temporal phase binwas individually reconstructed.
As shown infigure 3, usingOCMsignals to characterize displacements, PET images were created that
successfully captured the phantom at different locations along its range ofmotion.

In vivo results
Detector-coincidence data in the PET list-mode file were read and sorted according to the respiratory state as
determined byOCM (see figure 4). Eight different 3D respiratory gates were reconstructed and breathing
motion could be visualized by displaying these gates in amovie loop. Patient#1 had a large lesionwith a partially
necrotic central region, in the upper part of the left lung (see figures 5(a), (b)). This lesionwasmostly static, so
that different respiratory gates all captured the lesion in essentially the same location. Averaging all
reconstructed gates (figures 5(a), (b)) led to images that were nearly identical to that generated by the scanner
(the absolute difference image, amplified by 10-fold, is shown infigure 5(c)).

Patient#2was amesothelioma patient with several lesions; some of these lesionswere attached to relatively
stationary tissues andmoved very little throughout the breathing cycle, while othersmoved by up to 10mmor
more, primarily in the superior–inferior (S/I) direction. Figure 6 shows two different coronal slices at
expiration, inspiration andwith all gates averaged. Amaximum-intensity projectionwas applied in the right–left
(R/L) direction, over the S/I extend indicated by dashed gray lines, leading to the plots infigures 6(b), (d).

Figure 2.Aphantomwas scanned by PET/CTwith (see gray arrow) andwithout anOCMsensor in the FOV, to test for presence of
artifacts.
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Discussion

Signals fromour ultrasound-basedOCMsensors were used to enable respiratory gating in a PET acquisition.
Compared to alternative respiratory gating approaches, advantages of theOCM-based approach include low
cost (Willey et al 2020), richmotion-related signals, and hardware that is attached to the patient rather than to
floors, ceiling orwalls. Consequently, they can accompany the patient fromone location to another.While the
primary purpose of this workwas to adapt our sensor system to the PET environment, the richmotion
information it capturedwas not necessarily fully exploited in the current image reconstruction software, which
was based on a relatively simple formof respiratory compensation called phase-based gating. For this reason, the
potential of the present hardware system for improved respiratory gatingmay not have been yet fully realized,
andwe are still developing algorithms to extract and utilize the available informationmore thoroughly (Madore
et al 2021). A little like an optical camera that can focus on different depths, information about the different
motion types that occur at different tissue depths (e.g.figure 4)might help inform an amplitude-based algorithm
optimized for the tissue depth(s) of interest. In comparison, the current phase-based implementation can be
seen as a useful first step that allowed the hardware prototype to be successfully tested.

The present technical work extended the range of applicability ofOCMsensors to PET imaging, and in so
doing laid the groundwork for futuremulti-modal applications, for example usingOCMsensors as a bridge
fromPET toMRI or radiation therapy, i.e. to allow information obtained at one location to informdecisions

Figure 3. (a)Aphantomundergoing a primarily up-and-downmotionwas scanned by simultaneous PET andOCM.The plastic vial
was filledwith an FDG solution, the plastic tubwasfilledwithwater, and theOCMsensorwas submerged in the tub (not shown). (b),
(c)UsingOCMdata to characterizemotion, images were reconstructed showing the phantom in different locations. The images in (b)
and in (c) represent the extreme limits of its range ofmotion, and dashed gray lines were added to help visually appreciate the
difference between the two.
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Figure 4. (a)Themagnitude, envelope-detectedOCM signals (grayscale)were converted into respiratory information phase by
detecting the expiration periods. The respiratory phasewas then employed to bin time-matched PETdata into respiratory gates,
whichwere individually reconstructed into 3DPET images. (b)Examples of sensor data for two different depth ranges (13–21mm
and 27–35mm) are shown for the same 80 s interval,T, starting about 7 min into the scan of patient#2.While the crests and troughs
occur essentially at the same time at both depths, the amplitude and details of the underlying relativemotion are visibly different.

Figure 5. (a)Patient#1 had a single, large and static lesion in the upper-left lung. (b)A3D rendering helps appreciate the volumetric
nature of the data. (c)The absolute difference between the image generated by the product scanner and the average of all reconstructed
respiratory gates was small (about 4%), as displayed here with 10× amplification.

Figure 6. (a)Patient#2 had several lesions, some ofwhich are visible in the two different coronal slices displayed (a) and (c).
Inspiration and expiration gates are shown, alongwith data time-averaged over all gates. Amaximum-intensity projectionwas
performed in theR/L direction (horizontally), over the S/I range highlightedwith gray dashed lines. The resulting plots, for all
reconstructed gates, are shown in (b) and (d). Gray vertical lines are visual aids to highlight the spatial shift betweenwaveforms at
inspiration and expiration.
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made at another in amanner that takes breathingmotion into account. Limitations of the present work include a
lownumber of patients.

Conclusions

A relatively inexpensive approachwas presented that allows respirationmonitoring in a PET environment. An
important characteristic of this approach is the fact that hardware attaches to the patient rather than tofloors,
ceiling orwalls and as such can accompany the patient fromone setting to another, potentially allowing
information obtained in different times and places to be combined in amanner that takes breathing into
account.
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