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Purpose: This technical note documents a method that the authors developed for combining a signal
to synchronize a patient-monitoring device with a second physiological signal for inclusion into list-
mode acquisition. Our specific application requires synchronizing an external patient motion-tracking
system with a medical imaging system by multiplexing the tracking input with the ECG input. The au-
thors believe that their methodology can be adapted for use in a variety of medical imaging modalities
including single photon emission computed tomography (SPECT) and positron emission tomography
(PET).
Methods: The authors insert a unique pulse sequence into a single physiological input channel. This
sequence is then recorded in the list-mode acquisition along with the R-wave pulse used for ECG
gating. The specific form of our pulse sequence allows for recognition of the time point being syn-
chronized even when portions of the pulse sequence are lost due to collisions with R-wave pulses.
This was achieved by altering our software used in binning the list-mode data to recognize even a
portion of our pulse sequence. Limitations on heart rates at which our pulse sequence could be reli-
ably detected were investigated by simulating the mixing of the two signals as a function of heart rate
and time point during the cardiac cycle at which our pulse sequence is mixed with the cardiac signal.
Results: The authors have successfully achieved accurate temporal synchronization of our motion-
tracking system with acquisition of SPECT projections used in 17 recent clinical research cases. In
our simulation analysis the authors determined that synchronization to enable compensation for body
and respiratory motion could be achieved for heart rates up to 125 beats-per-minute (bpm).
Conclusions: Synchronization of list-mode acquisition with external patient monitoring devices such
as those employed in motion-tracking can reliably be achieved using a simple method that can be im-
plemented using minimal external hardware and software modification through a single input channel,
while still recording cardiac gating signals. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4828844]
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1. INTRODUCTION

During the course of emission imaging, patients undergo
both physiological motion1 and gross body-motion.2, 3 These
can result in reduced image quality and artifacts that can
impact diagnostic accuracy. A number of researchers have
developed list-mode based correction techniques. Examples
include correction methods for patient respiration motion
in single photon emission computed tomography (SPECT)
(Refs. 4–8) and other forms of patient motion during
SPECT.9–12 List-mode correction techniques have also been
reported for both animal motion in preclinical positron emis-
sion tomography (PET) (Ref. 13) and patient head motion
in neuro-PET.14 Additionally, in some imaging protocols
the input of the ECG R-wave pulses allow acquisitions to
be gated in order to capture heart motion to better assess
cardiac function.15 In all of those various methods that
incorporate motion tracking and/or ECG gating there is a
basic need to synchronize external gating/tracking systems
with the imaging system. In our SPECT research we often
incorporate cardiac gating along with corrections for both
respiratory and gross body motion. We have utilized a visual
tracking system (VTS) for estimating signals related to both

respiratory and gross body motion through stereo-imaging of
retro-reflective markers mounted on stretchy bands wrapped
about the patient’s chest and abdomen.16–20 Our correction
methods for both respiratory and body motion have been
previously reported.21–23 To capture external events from
several asynchronous sources some imaging vendors provide
several physiological input channels. Other vendors may only
provide a single physiological channel thereby complicating
the insertion of inputs from two or more sources. Such is our
case in which we can only easily access one physiological
input channel to input both our cardiac gating signal and
our motion tracking timing signal. In the past this has
prevented us from performing respiratory and body motion
corrections along with ECG gated acquisitions. A solution
to our problem which we have formulated, implemented, and
tested in clinical acquisitions is the subject of this technical
note. What we believe is novel about our method is that for
our synchronization timing mark we use a short duration
pulse sequence. This sequence is designed to tolerate a
potential “collision” of the individual pulses in the sequence
with the asynchronous R-wave output whose input channel
to list-mode acquisition it shares. This approach can be
modified to work for other applications; thus we believe
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our method might be useful for other research groups that
might need to input several signals onto one physiological
channel.

2. METHODS

2.A. Description of the problem

As previously stated, we developed a VTS that can be used
to correct patient respiratory and body motion in SPECT my-
ocardial perfusion imaging (MPI).16–20 Our approach consists
of near-infrared MX motion capture cameras, a MX Ultra-
net hardware controller, and software running on a Windows
workstation purchased from Vicon Motion Systems Ltd., Ox-
ford, UK. We use the VTS to track multiple retro-reflective
markers placed on a patient’s chest and abdomen at a marker-
tracking rate of 30 Hz. Motion tracking by this system needs
to be temporally synchronized with the list-mode acquisition
of SPECT studies acquired by our BrightView XCT Imag-
ing SPECT/CT System (Philips Healthcare, Cleveland, OH).
In the past we have performed motion tracking solely in the
absence of cardiac gating. We decided to find a way to in-
put into the BrightView XCT (BVXCT) both the ECG sig-
nal and a pulse sequence generated by the MX Ultranet con-
troller marking the start of VTS acquisition. With a start signal
recorded in the list-mode file of the BVXCT, one-millisecond
VTS temporal synchronization accuracy can be established.
Our problem was how to achieve this synchronization while
also acquiring the ECG through only one physiological input
channel.

2.B. Novel second input signal

Utilizing a second signal to indicate the VTS-start we are
confronted with one fundamental implementation problem.
The issue is that the two signals sharing the single input chan-
nel are asynchronous. Our solution must handle the case in
which any VTS signal arrives during the window in which
an ECG R-wave signal is already asserted (i.e., 150 ms pulse
length). This will result in an obscured VTS signal. We re-
fer to this condition as a “collision case” and the window as
a “collision window.” There are also timing cases that, while
not obscuring the VTS signal, might confound interpretation
of the cardiac gating for one cardiac interval. These cases
would obscure the arrival of the ECG R-wave during the win-
dow in which any VTS signal is already asserted (i.e., 50 ms
pulse length). The special case of the simultaneous arrival of
both an ECG R-wave and a VTS signal may or may not con-
found interpretation depending on the list-mode processing
implementation but again at worst should only confound one
gating interval. Confounding one interval of cardiac gating
is not an issue in our imaging protocol but might need to be
considered in other applications of this method as will be ex-
plained further.

Our basic approach for injecting the start of VTS signal
is to use a short pulse sequence that can be inserted into the
physiological channel such that it will be interpreted by the
BVXCT as an ECG R-wave. Postprocessing will then detect

these pseudo-R-wave events in the list-mode file to determine
if it is a start mark. Our initial concept was to use a reduced
pulse interval. This interval needed to have a sufficient dura-
tion such that it would be detected as an ECG pulse (i.e., it
does not result in an imaging system ECG alarm). We empir-
ically determined that a continuous stream of 50 ms active-
low TTL pulses with a pulse rate greater than 115 ms would
not trigger a BVXCT cardiac alarm. Based on this finding
we decided to use pulse width of 50 ms and a pulse interval
of 125 ms or greater. We verified that synthesized active-low
TTL pulse streams with those limits would be entered as in-
dividual R-wave events in a list-mode file without triggering
an alarm. The shorter pulse width is useful for distinguishing
pulses on an oscilloscope trace but is not absolutely neces-
sary for our implementation. Having separate pulse widths in
order to encode information is known as pulse-width modu-
lation (PWM). PWM might be useful if imaging system ven-
dors were to enhance the capability of a single physiological
channel, as we will recommend in Sec. 4.

Having determined our basic pulse timing, we then fo-
cused on the aforementioned design goal of tolerating “colli-
sion window” cases. We believe that patients would not un-
dergo cardiac stress imaging if they were presenting with
heart rates much greater than 110 bpm (a R-wave on aver-
age of once every 545 ms) so our design goal was that our
short pulse sequence should be able to tolerate a collision for
a patient with a rapid heart rate up to 120 bpm (i.e., heartbeat
once every 500 ms). We realized that if the interval between
pulses were different yet known that we could accurately de-
termine the arrival time of the VTS start. To accomplish start
detection we believe that accurate interval timing between two
consecutive pulses in the four-pulse sequence is needed (i.e.,
one known pulse interval would survive any “collision”). For
a four-pulse sequence we then selected three different pulse
intervals following the first pulse. We experimented with dif-
ferent pulse widths and then somewhat arbitrarily selected in-
tervals of 125, 150, and 175 ms. To summarize our current
sequence specification: (1) four active-low TTL pulses, (2)
each pulse is 50 ms wide, (3) the first pulse occurs at 25 s af-
ter VTS start, (4) the second pulse is 175 ms after the start of
the first pulse, (5) the third pulse is 150 ms after the start of
the second pulse, and (6) the final pulse is 125 ms following
the start of the third pulse.

Our method alters the typical clinical system interface con-
figuration by routing the cardiac trigger monitor (CTM) (Ivy
Biomedical Systems Inc., Branford, CT) coaxial output into a
simple electronic device of our design instead of directly into
the BVXCT. We refer to our device as an input channel com-
biner (ICC). Into this ICC we also route a second TTL input,
which carries the just described four-pulse sequence gener-
ated 25 s after VTS start. Simply, the ICC performs a logical
AND of the two TTL input signals and outputs a combined
TTL signal into the aforementioned BVXCT BNC input con-
nector as shown in Fig. 1.

The “truth” or state table for the ICC using TTL active-low
logic is displayed in Table I. Essentially this table illustrates
that the BVXCT input would be asserted (active-low) when-
ever either ICC input is low.
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FIG. 1. (a) Input channel combiner (ICC), cardiac trigger monitor (CTM),
side of BrightView XCT (BVXCT) imaging bed with channel input BNC
connector. [VTS is off-photo.] (b) Closeup of ICC with input coaxial BNCs
and the output coaxial BNC. The ICC performs a logical AND of two “active
low” TTL signals (cartoon AND-gate upper right).

We add that to generate the four-pulse sequence we take
advantage of the capability of the VTS to generate up to four
separate single-pulses according to user configurable parame-
ters. This allows us to generate the aforementioned pulse tim-
ing. It was necessary for us to combine these separate pulses
in an external device that is conceptually similar to the de-
scribed ICC but implements an active-low TTL quad-AND of
the individual pulses to produce the combined pulse sequence.

2.C. Postprocessing of list-mode file

Following acquisition, output files from the VTS and list-
mode are processed using software from various sources com-
bined into one comprehensive software package written in C.
The first subroutine is a significantly modified version of soft-
ware purchased from Philips Healthcare (Cleveland, OH) to
bin the list-mode data into projection data for conventional
reconstruction. Within the list-mode data stream there is an
event (or in some intervals multiple events) recorded every
millisecond. During this rebinning process, all the ECG R-
wave pulses recorded in the list are detected and stored in
a timing file. After all list-mode events have been processed
and separated into files according to category (timing, control,
and photon events) subsequent processing occurs. By then the
photon events have been collected in 100 ms increments for
each projection. The timing file can be processed for both gat-
ing marks and the unique pulse sequence (i.e., recorded as
“pseudo-R-wave” events). At this point a synchronization file
is generated for use by a second subroutine that aligns the

TABLE I. ICC “truth” or state table.

VTS out (ICC in 1) CTM out (ICC in 2) BVXCT in (ICC out)

H H H
xx L L
L xx L

Note: H = High or ∼5 V (not asserted), L = low or ∼0 V (asserted), xx = either
H or L (i.e., so-called “do not care”) for TTL active-low logic.

SPECT data with the VTS motion data recorded at a rate of
30 Hz in a comma-separated values (csv) text file. After file
processing the data streams are synchronized and can then
be used for subsequent motion estimation and compensation
prior to and during reconstruction, respectively.

2.D. Pulse sequence simulation

We validated our four-pulse sequence design through sim-
ulation. We wrote a simple simulation program using IDL
(Exelis Visual Information Solutions, Inc., Boulder, CO). The
program simulates two signals: a repetitive CTM output trig-
ger pulse for a specified heart rate; the specified four-pulse
sequence previously described. The two signals are logically
combined consistent with a TTL AND-gate. The output is
then analyzed to ensure that VTS start can be detected. For
each case the two signals are combined at every possible inter-
val (at one-millisecond resolution) thereby simulating various
timing interactions. These variations would include all pos-
sible collision and noncollision cases for the specified heart
rate. Any simulated interaction in which the VTS start cannot
be detected is reported. We illustrate a nonobscured timing
case in Fig. 2 and a “collision case” in which VTS start tim-
ing can still be recovered in Fig. 3.

2.E. Clinical application of the method

Under IRB approval24 and with patient consent, all of our
research acquisitions are obtained during the stress portion
of physician-ordered clinical SPECT MPI. Immediately fol-
lowing the clinical stress imaging a second nongated research
study is performed and the patient is asked to move. Both ac-
quisitions require VTS and SPECT synchronization for accu-
rate motion and respiratory correction. For our method a re-
search acquisition requires three additional steps beyond typ-
ical clinical SPECT MPI acquisition:

1. Placement of the retro-reflective markers on the pa-
tient’s chest and abdomen.

2. Use of list-mode acquisition.
3. The addition of the aforementioned ICC device and

reconfiguration of coaxial inputs.

The VTS is started shortly after the start of the imaging
protocol. The VTS pulse pattern starts precisely 25 s after
VTS start. This start interval can be adjusted but for our re-
search this initial 25 s delay period was selected so that the
start pattern would occur prior to actual emission imaging
(i.e., during bed positioning). Our system list-mode acqui-
sition includes the recording of timing marks, camera, and
bed motion, etc., which occur prior to the start of record-
ing emission events. This makes the insertion of our pattern
possible without conflicting with R-wave trigger marks. Other
systems that start list-mode recording only upon start of emis-
sion events there is the likelihood of a conflict that might cor-
rupt one cardiac event. We speculate that for those systems
there is a possibility that the start pattern described herein
would result in a shortened R-wave interval that would then be
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FIG. 2. Illustration of a case in which the VTS start pulse is not obscured despite the proximate arrival of the R-wave signal with the fourth VTS start
pulse. (Left) Shown are the input VTS start pulse sequence at the TOP and the ECG R-wave pulse at the bottom. (Right) Output to the BVXCT. In this
case all four start pulses would be recognized because pulse-width 1-2 (175 ms), pulse-width 2-3 (150 ms), and pulse-width 3-4 (125 ms) are known
and occur within the expected window. The ECG R-wave pulse arrives 9 ms after last start pulse and therefore would not obscure the fourth VTS timing
mark.

rejected by the window employed for acceptance. This would
mean that those emissions for that one interval would not con-
tribute to imaging. Over an entire imaging study this one lost
interval might be acceptable.

3. RESULTS
We verified basic system list-mode timing accuracy of one

millisecond by examining if there were any variations in list-
mode determined timing from a known external timing source

FIG. 3. Illustration of the case of “collision” between R-wave signal and VTS start pulse. (Left) Shown are the input VTS start pulse sequence at the top
and the ECG R-wave signal at the bottom. (Right) Output to the BVXCT. In this case pulses 3 and 4 would be received and pulse-width 3-4 (125 ms) is
known and occurs within the expected window. Start would be detected even though pulse width 1-2 and pulse width 2-3 were obscured by the R-wave
signal.
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(the CTM). The imaging system provides a list-mode event
every millisecond. The CTM can output a simulated heart
rate. We setup test studies with CTM configured for various
heart rates (40, 60, 90, and 120 bpm). In all of those stud-
ies the standard deviation for heart rate was 0 ms. Simula-
tion results confirmed that with a R-wave interval greater than
475 ms (i.e., heart rate less than 126 bpm) one of the known
VTS start pulse intervals would always be detected for any
of the possible collision arrival times throughout a 450 ms
pulse sequence window (i.e., from start of first pulse to start
of fourth pulse). The simulation program examines 610 cases
for any given ECG interval. The number of timing cases cover
an overlap window from 155 ms prior to the first pulse in
the sequence through 5 ms following the fourth pulse in the
sequence in one millisecond steps (i.e., 610 ms overlap pe-
riod). Each output case from the combination of the two asyn-
chronous signals is determined as a variable ECG window is
slid in one millisecond steps over the entire 450 ms pulse se-
quence window. This simulated overlap period will cover all
of the possible collision cases. The simulation results show
that for any ECG interval of 476 ms or greater that at least
one VTS start interval can be reliably detected by the analysis
software.

Since February 2013 we have incorporated our synchro-
nization method into our research protocol. From that time
we have successfully synchronized data streams for 17 clini-
cal research cases. For these cases the research patients’ heart
rates ranged from 66 to 100 bpm. A majority of these cases
involved a collision window obscuring at least one of the
four pulses as will be explained. Keeping in mind the sim-
ulation example illustrated in Figure 3 in which only one of
the known pulse intervals (the 125 ms or 3rd interval between
pulse 3 and 4) was recovered, we examined the pulse inter-
vals for all 17 clinical cases. All three pulse intervals were
captured in five of the cases (i.e., no “collision”). In nine of
the collision cases two intervals were detected (interval 1 and
2 in seven cases; interval 2 and 3 in two cases). In three colli-
sion cases only one pulse interval was recorded (interval 2 in
one case and interval 3 in two cases). The results of these 12
collision cases in the 17 clinical cases reinforce the simulation
results that for typical clinical heart rates, synchronization can
be determined.

4. DISCUSSION

As referenced earlier, we are aware of a previous method
for the synchronization of respiratory motion data with list-
mode data;25 however, we believe that our implementation is
novel because it allows the input channel to be shared and it
handles the so-called “collision window” cases.

While some medical imaging systems do provide addi-
tional physiological channels, we believe there may be in-
stances in which there may be a need to combine asyn-
chronous signals on a single physiological channel. In such
instances we believe our method could be a useful.

Additionally, our method eases postprocessing of two in-
put data streams because only one short four-pulse sequence
must be processed; thereafter all subsequent list-mode in-

put would only be ECG timing events. This simplifies the
postprocessing of timing signals.

In our specific implementation we discovered without ven-
dor assistance that pulse-widths less than 150 ms, as con-
figured by the vendor for ECG R-wave detection in clinical
use, would also be interpreted as R-wave events. As we have
discussed, in our implementation we determined that 50 ms
active-low TTL pulses were equivalent to 150 ms pulses. This
permits us to speculate that it might be possible for us to re-
duce both the CTM pulse-width as well as the VTS start se-
quence pulse-widths. This would reduce but not eliminate the
overlap of any simultaneous active-low TTL signals thereby
somewhat reducing the collision window and possibly al-
low support for higher heart rates. We intend to discuss this
with our vendor and so may modify our pulse timing in the
future.

We offer that it would also be possible for vendors of med-
ical imaging system to use pulse-width modulation (PWM)
and thus enable their channel input processing to differentiate
between different pulse widths in a single channel. By differ-
entiating among list-mode events based on pulse widths, post-
processing would not be needed to discriminate events. We
speculate that it might be possible to extend this concept to
more than two event classes. Ideally, if there were a standard
among vendors for encoding interface pulse sequences, meth-
ods for combining channel input could be even more widely
shared.

We now state a few caveats. No timing drift analysis of
VTS and our SPECT system between synchronization at the
start and the end of SPECT acquisition was performed in our
work. Our results are based on list-mode processing for one
system (BVXCT) and one motion tracking system (Vicon).
While we hope that our method may be useful to others, list-
mode implementations by other vendors and integration with
other motion tracking systems might produce different results.

5. CONCLUSIONS

Patient motion is inevitable during several imaging modal-
ities. Patient motion is known to degrade diagnostic accuracy.
Our overall research goal is to develop and improve methods
for motion tracking and correcting patient motion when it oc-
curs. One of our recent method improvements that we have
just described involved the synchronization of our VTS with
our acquisition list-mode events using a shared BVXCT input
channel.

The distinct and we believe novel aspects of our method
are:

1. Use of a short pulse sequence to insert the second sig-
nal (VTS start) into a physiological input channel con-
figured to receive ECG timing up to ∼120 bpm. The
sequence can be as short as four pulses.

2. Variation of each pulse interval within the pulse se-
quence so that in the event of collision of two asyn-
chronous signals that synchronization can still be de-
termined based on a known pulse interval pattern that
can be detected in postprocessing of a list-mode file.
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We have shown in our current implementation and early us-
age that even in collision cases synchronization can be deter-
mined. While we have only achieved results using our specific
devices, we believe this method could be adapted to work re-
liably in other systems.
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