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Purpose: ECG-gated CT enables the visualization of motions caused by the beating of the heart.
Although ECG gating is frequently used in cardiac CT imaging, this technique is also very prom-
ising for evaluating vessel wall motion of the aortic artery and the motions of �stent grafts inside�
abdominal aortic aneurysms �AAA�. Late stent graft failure is a serious complication in endovas-
cular repair of aortic aneurysms. Better understanding of the motion characteristics of stent grafts
will be beneficial for designing future devices. In addition, these data can be valuable in predicting
stent graft failure in patients. To be able to reliably quantify the motion, however, it is of importance
to know the performance and limitations of ECG gating, especially when the motions are small, as
is the case in AAA. Since the details of the reconstruction algorithms are proprietary information on
the CT manufacturers and not in the public domain, empirical experiments are required. The goal of
this study is to investigate as to what extent the motions in AAA can be measured using ECG-gated
CT. The authors quantitatively investigate four aspects of motion in ECG-gated CT: The detect-
ability of the motion of objects at different amplitudes and different periodic motions, the temporal
resolution, and the volume gaps that occur as a function of heart rate.
Methods: They designed an experiment on a standard static phantom to empirically determine
temporal resolution. To investigate motion amplitude and frequency, as well as patient heart rate,
they designed dynamic experiments in which a home-made phantom driven by a motion unit moves
in a predetermined pattern.
Results: The duration of each ECG-gated phase was found to be 185 ms, which corresponds to half
of the rotation time and is thus in accordance with half scan reconstruction applied by the scanner.
By using subpixel localization, motions become detectable from amplitudes of as small as 0.4 mm
in the x direction and 0.7 mm in the z direction. With the rotation time used in this study, motions
up to 2.7 Hz can be reliably detected. The reconstruction algorithm fills volume gaps with noisy
data using interpolation, but objects within these gaps remain hidden.
Conclusions: This study gives insight into the possibilities and limitations for measuring small
motions using ECG-gated CT. Application of the experimental method is not restricted to the CT
scanner of a single manufacturer. From the results, they conclude that ECG-gated CTA is a suitable
technique for studying the expected motions of the stent graft and vessel wall in AAA. © 2009
American Association of Physicists in Medicine.
�DOI: 10.1118/1.3213530�
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I. INTRODUCTION

In recent years, there have been major advancements in com-
puted tomography �CT�. Shorter rotation times and the de-

velopment of multidetector CT �MDCT� enabled the tech-
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nique of ECG gating.1 ECG gating uses the ECG signal of
the patient to divide the raw scan data into bins that corre-
spond to consecutive phases of the heart beat. The data are
reconstructed into a number of volumes, each corresponding
46160…/4616/9/$25.00 © 2009 Am. Assoc. Phys. Med.
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to a different phase of the heart cycle. This allows 4D visu-
alization of the scanned object and enables the investigation
of its temporal behavior.1,2

ECG gating is extensively used in cardiac exams,3–5 espe-
cially for the assessment of coronary arteries.6–8 The goal in
most of these studies is to limit the effect of motion rather
than to examine the motion itself for which the technique can
also be utilized. Recently, ECG-gated CT angiography
�CTA� was used to study the pulsating motion of abdominal
aortic aneurysms �AAA�9–11 and the motion of the renal
arteries.12 Finally, ECG gating can also be used to evaluate
the motion of implanted abdominal stent grafts.13

Late stent graft failure is a serious complication in endo-
vascular repair of aortic aneurysms.14–17 Better understand-
ing of the motion characteristics of stent grafts will be ben-
eficial for designing future devices. In addition, these data
can be valuable in predicting stent graft failure in patients. If
detected, these patients will benefit from early reintervention.

The abdominal aorta is constantly in motion caused by the
pressure waves from the contracting heart. However, the dy-
namics of this motion are more subtle than the motions
present in the heart itself. To be able to reliably quantify
these motions, it is of importance to know the capabilities
and limitations of the applied ECG gating technique, espe-
cially when the motions of interest are small as in the case of
AAA �of the order of 2 mm �Refs. 9 and 10��. Several stud-
ies have been performed to validate the use of ECG gating
for diagnostic purposes.3,4,6,7,18 Quantitative performance19

and simulation20 studies have also been performed. However,
to the best of our knowledge, there are no quantitative stud-
ies on the performance of ECG-gated CTA with respect to
the detectability of motions in AAA. Such a study is required
to be able to distinguish measured motion from measurement
errors in studies on motion using ECG-gated CTA and will
help in designing future experiments to study motions of
stent grafts in AAA.

The purpose of this paper is to investigate the perfor-
mance of ECG gating quantitatively in motion detection for
AAA. The results are compared to values that are theoreti-
cally determined on the basis of the scan parameters. This
provides insight into the effects of the complex reconstruc-
tion algorithms—and the applied proprietary optimizations
and corrections applied by manufacturers—on the motion
detectability. Furthermore, the limits of the motion that can
be detected in clinical practice by ECG gating is determined.
In the present study, the research questions can be divided
into four topics, which are discussed in the next sections.

I.A. Temporal resolution

In ECG-gated CT, temporal resolution consists of two
parts �Fig. 1�: The first is the width of each phase Tw, which
is fully determined by the rotation time and reconstruction
algorithm. Its value determines as to what extent motion
causes artifacts in the resulting data. The second is the �tem-

poral� distance between phases Td, which is determined by

Medical Physics, Vol. 36, No. 10, October 2009
the number of phases and the heart rate. If more phases are
reconstructed, then Td decreases and the overlap between
phases increases.

Since using redundant data degrades the temporal
resolution,21 optimal temporal resolution in terms of Tw is
achieved by minimizing the number of projections used to
reconstruct the image. There are a variety of reconstruction
algorithms, which result in different values for Tw. For stan-
dard fan beam reconstruction, for example, the minimum
range of projections is 180° plus the fan beam.21 For parallel
beam reconstruction, however, temporal resolution of half of
the rotation time can be achieved.1,2,20–22 Multisegment re-
construction can result in an even higher temporal resolution
for some heart rates by reconstructing a volume using the
raw data from different heart cycles.6,8,22,23 To be able to use
an N-segment reconstruction, the spiral pitch factor �or pitch�
has to be low enough and the heart rate high enough such
that every z location is imaged during at least N heart beats.
Because lowering the pitch generally results in a higher ex-
posure, the technique can only be used at high heart rates.

Since Tw depends on the applied reconstruction algorithm,
which is often chosen by the manufacturer and of which the
details are not in the public domain, an experiment was de-
signed to determine it empirically.

I.B. Amplitude

The motions typically seen in �stent grafts inside� AAA
are of the order of 2 mm.9,10 The detectability of these mo-
tions depends on the localization accuracy of the object in
each phase. The accuracy can be increased by using fitting
techniques to find the noninteger �subpixel� location between
two voxels of an object. However, the localization fit suffers
from errors in the found location �localization noise�, which
can be larger than the motion itself if the motion’s amplitude
is low. We investigated the amplitude limit below which mo-
tions cannot be detected.

I.C. Frequency

The data collected during the time Tw result in a single
phase. Due to this averaging effect, there is an upper limit f1

on the frequencies that can be measured. For a sinusoidal

FIG. 1. Diagram illustrating the two aspects of temporal resolution. Tw is
determined by the rotation time and reconstruction algorithm. Td is deter-
mined by the heart rate TRR and the number of phases that we chose to
reconstruct �5 in this example�.
motion, this limit is
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f1 =
1

2Tw
. �1�

In order to measure motions accurately, a sufficient sampling
rate is required �Nyquist frequency�. This introduces a sec-
ond upper limit f2 for the measurable frequencies,

f2 =
1

2Td
=

Nphases

2TRR
=

Nphases · B

120
, �2�

where TRR is the time of one heart cycle and B is the beats
per minute. Hereby is shown that patient’s heart rate has a
linear relation to the maximum frequency and, consequently,
may affect the detectability of motion.

Motions in the abdominal aorta are produced by the pres-
sure wave of the blood induced by the pumping of the heart.
It has been shown that this pressure has a relatively simple
shape: The pressure first increases quickly in around 200 ms
and then decreases slowly until the next pressure wave.24–26

When the heart rate increases, the shape of the pressure in-
crease is approximately constant.

In the present study, the aim is to determine which fre-
quencies can be reliably detected before evident motion arti-
facts occur. To evaluate whether this is sufficient to reliably
measure the motions as they occur in a clinical setting, the
result is compared to the frequency components present in a
pressure profile measured in vivo in the aortic artery, pub-
lished in a study by Hazer et al.26 Additionally, we investi-
gate whether certain motions, like motions synchronous with
the rotation of the scanner, can result in unexpected behavior.

I.D. Minimum required heart rate

Figure 2 shows a diagram that illustrates the process of
ECG gating. The dark patches represent a part of the phase in
each heart beat. The overlap in the z direction between these
patches depends on the patient’s heart rate. Increasing the
number of phases will result in subsequent phases being
closer together �in time�, but two patches of the same phase
will remain at equal distance �both in time as in the z loca-
tion�.

In Fig. 2�b� it is shown that the time between two subse-
quent heart beats is too large for 40 bpm: The z coverage for
two subsequent heart beats does not overlap, but shows a
volume gap. To prevent this, the table displacement is limited
to the nominal beam width during one heart cycle. The mini-
mum heart rate Bmin required to prevent volume gaps is given
by21,27

Bmin =
60 · p

Trot
, �3�

with p as the pitch and Trot as the rotation time.
To lower the minimum heart rate, the pitch should be

reduced, resulting in a longer scan time. Increasing the rota-
tion time is not an option as it would increase motion blur
�except for multisegment reconstruction at a certain heart
rate�. Equation �3� shows that if the rotation time is reduced,
the pitch should be reduced accordingly. Since the number of

photons that contribute to the reconstructed image depends
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on the rotation time and the tube current only, decreasing the
rotation time requires an increase in the tube current for the
noise to remain the same. Because lowering the rotation time
requires also lowering the pitch, the total exposure is in-
creased. A faster rotation thus leads to a higher temporal
resolution at the cost of increased exposure.20,21

It is of importance to verify the above theoretical limit
and to know how the scanner performs in the presence of
volume gaps since this can occur in clinical practice.

II. MATERIALS AND METHODS

All experiments were performed on a Siemens Somatom
64-slice CT scanner �Siemens Medical Solutions, Erlangen,
Germany� with a rotation time of 0.37 s, a pitch of 0.34, and
2�32�0.6 mm2 collimation. An effective tube current time
product of 180 mAs was used at a tube voltage of 120 kVp.

FIG. 2. Diagram illustrating the process of ECG gating. The light gray band
indicates the covered z positions of the detector during the scan. The dark
gray patches represent parts of the phase in each heart beat. The horizontal
lines that connect the patches indicate the measured z position in subsequent
parts of the same phase. They show the overlap �as in �a�� or volume gap �as
in �b�� between the patches that belong to the same phase. The dotted ver-
tical lines indicate the time at which the gantry is at 0°.

FIG. 3. Schematic drawing of the phantom used for detecting motion. The
phantom consists of a PMMA cylinder with stent wire fragments embedded

at 20 mm intervals.
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The same parameters are used in the clinic, with the excep-
tion of the automated tube current modulation, which was
turned off for our experiments. Retrospective gating was ap-
plied to obtain ten �equal distant� cardiac phases, unless
stated otherwise. Each volume was reconstructed using the
B36f reconstruction filter and resulted in approximately 80
slices of 512�512 voxels. The slices �thickness of 2 mm�
were spaced 1 mm apart, and the spacing between voxels in
the xy plane was approximately 0.5 mm.

To quantitatively study motions in ECG-gated CT, a de-
vice capable of moving in a predetermined pattern was used
�PC Controlled Phantom Device, QRM, Möhrendorf, Ger-
many�. It consists of a motion unit that moves a lever to
which a phantom can be attached. The phantom �constructed
in-house� consisted of a cylinder made of PMMA �length of
160 mm, diameter of 10 mm� in which pieces of nitinol wire
were embedded at 20 mm intervals �Fig. 3�. The wires
�length of approximately 6 mm and diameter of 0.2 mm�
were cut from the framework of a stent graft and resulted in
highly localized points �with a full width at half maximum of
approximately 2–3 voxels in the xy plane�. A standard CTDI
body phantom �32 cm in diameter� was used to provide a
tissuelike medium and functioned as a guide for the cylindri-
cal phantom to move in �Fig. 4�. To drive the motion unit,
seven amplitude patterns and seven frequency patterns were
designed �Table I�. Triangular motion patterns were used
such that the resulting motion was linear and could easily be
mathematically described. No assumptions about the shape
of the motion were made since the goal of the present study

FIG. 4. Schematic drawing of the setup. The motion unit �M� drives the
phantom �Fig. 3� inside the CTDI phantom’s center hole, which is depicted
in front of the gantry �G�. The left and right hand sides show the setup for
measuring in the z and x directions, respectively.

TABLE I. The motion patterns used in the experim
frequency.

A0 A1

No. of periods per phase 1 1
Heart rate 60 60

Frequency �Hz� 1.0 1.0
Amplitude �mm� 0.2 0.4

B0 B1

No. of periods per phase 2 2
Heart rate 45 54

Frequency �Hz� 1.5 1.8
Amplitude �mm� 3.0 3.0
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was to investigate the motion’s frequency components indi-
vidually. To realize a higher frequency, some patterns con-
sisted of multiple triangular periods per cardiac phase. An
ECG signal was provided by the motion unit during the scan.

Using profiles A0–A6 �Table I�, measurements of the mo-
tion amplitude were performed. Note that with amplitude, we
refer to the peak-to-peak value of the motion. For each pro-
file, one scan was performed in the x direction and one in the
z direction �Fig. 4�. The detectability in the x and y directions
can be assumed equal due to the scanner geometry. To quan-
tify the effects of the amplitude on the detectability of mo-
tion, the bright spots where the nitinol wires penetrate the
slice are detected. Next, a triangular shape with the appro-
priate amplitude is fitted through the points, and the localiza-
tion errors of the detected points are calculated by subtract-
ing the fitted triangle from the found locations.

Profiles B0–B6 were designed to investigate the fre-
quency characteristics and were set up to go from low to
above the expected maximum measurable frequency. Profiles
B0–B3 have a TRR around the expected minimum required
heart rate, which is �according to Eq. �3�� 55.1 beats /min.
Profile B4 is designed to move synchronous with the rotation
of the scanner. All measurements with profiles B0–B6 were
done in the z direction because of practical considerations
concerning the setup. To measure the detectability of motion
as a function of frequency, the same approach was used as
for the amplitude measurements. To be able to compare the
results of the frequency measurements with the frequency
characteristics present in a clinical setting, the reported pres-
sure profile published by Hazer et al.26 was used. The spec-
trum of the profile was obtained using the fast Fourier trans-
form.

To measure the temporal resolution �Tw�, the uniform
module of the Catphan phantom �The Phantom Laboratory,
Salem, USA� was scanned with ECG gating using the simu-
lation ECG signal of the scanner at 70 bpm. This single scan
was then reconstructed eight times with the number of
phases ranging from 3 to 10. For three phases, there was no
overlap between two subsequent phases. For higher number
of phases, the overlap between two subsequent phases in-
creases. We measured the correlation coefficient for a set of

A0–A6 vary in amplitude, while B0–B6 vary in

2 A3 A4 A5 A6

1 1 1 1
60 60 60 60

.0 1.0 1.0 1.0 1.0

.7 1.2 2.0 3.0 4.0

B3 B4 B5 B6

2 3 3 3
60 54.05 60 80

.87 2.0 2.7 3.0 4.0

.0 3.0 3.0 3.0 3.0
ents.

A

1
60
1
0

B2

2
56
1
3
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voxels in two subsequent phases: �a,b=E��A−�a��B
−�b�� / ��a�b�, with E as the expected value operator, A and
B as the voxel data of the two phases, � as the mean, and �
as the standard deviation. The resulting number �between 0
and 1� indicates as-to what extent the noise is correlated �i.e.,
coming from the same source� and is a measure for the over-
lap between the two phases. The point at which there is just
no overlap between subsequent phases is the point where Td

and Tw are equal. Estimating this point gives us Tw.
We developed algorithms in Python �an open source pro-

gramming language, www.python.org� to process the data on
a PC. To process the results of the moving phantom scans,
the slices penetrated by the nitinol wires in the phantom were
manually selected. To compensate for the noise in scans in
which motion in the z direction was measured, multiple
slices were averaged. Next, the locations of the stent graft
wires in the phantom were automatically detected by finding
the voxel with maximum intensity in a region where the wire
is expected, and the subpixel location is estimated using a
polynomial fit. Would a 2D quadratic fit be used, the system
of equations is overdetermined �nine equations and five un-
knowns� and the result would be a least squares solution,
which is noninterpolating and can therefore deviate more
than half a pixel from the detected integer location. There-
fore, two 1D quadratic polynomials were used to fit the x and
y subpixel locations independently.

III. RESULTS

To measure Tw, the overlap of the different phases was
determined from the correlation of the noise. The correlation
between two subsequent phases is shown in Fig. 5. For a low
number of phases, the correlation is 0. From the point where
Tw equals Td, the correlation increases as the number of
phases increases. It can be seen in Fig. 5 that this occurs after
approximately four phases �for 70 beats /min�. The dotted
line represents the correlation of two phases that are sepa-
rated by one phase, in which case the correlation starts to rise
after 8 or 9 phases. In Fig. 5�b� the correlation is plotted as a
function of the temporal distance Td. The lines incline in a
linear fashion, which enables fitting a line through the points
and finding the point �on the x axis� where Td is equal to Tw.
The dashed line shows the fit, which intersects with zero
correlation at Td=186.6�2.4 ms, which corresponds to half
of the rotation time as used in the experiment. Hence the
exact value of Tw can be assumed to be 185 ms.

The motion detectability was derived from the measured
positions �with the mean subtracted� of the detected points
and is shown for different amplitudes in Fig. 6. The scans
contain four or more points in each of the ten phases, result-
ing in at least 40 data points per scan. The triangular shape
becomes more apparent as the amplitude increases. The ab-
solute error as a function of amplitude �after subtraction of
the known triangular shape� is illustrated in Fig. 7.

To determine which frequencies can be reliably detected,
the absolute error was calculated for different frequencies
�Fig. 8�. Figure 9 shows an example of a detected motion for

profile B5 �3 Hz�. In Sec. I, we discuss the possibility of
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unexpected results for motions synchronized with the gantry
rotation. This was investigated �using the scan with motion
profile B4�, but no differences compared to the other scans
were detected. Figure 10 shows the shape and spectrum of a
pressure profile measured in vivo in the aortic artery. It can
be seen that the spectrum contains several higher harmonics.

The minimum required heart rate was determined by ex-
amining four slices through the phantom at heart rates
around the minimum required theoretical heart rate of
55.1 bpm. Figure 11 illustrates four example slices at profiles
B0–B3. From the lowest heart rate in Fig. 11, one can clearly
observe the noisy bands due to the volume gap, which propa-
gate from top to bottom for increasing phase number. At
54 bpm the bands are still visible, but very thin. For 56 bpm,
which is just above the theoretical limit, a band can be ob-
served in some phases �near the top of the shown image, for
example� on close examination. For 60 bpm, however, the
images contain no noise bands. In Fig. 11�a� four bars of the
phantom can be seen, of which the first, third and fourth
from the top are clearly visible. The second, however, seems
to have disappeared, while it is clearly visible in the other
phases and in the other examples.

IV. DISCUSSION

In the current study, several experiments were performed
to evaluate the temporal resolution, the effect of amplitude,
and frequency on the detectability of motion, and the mini-

FIG. 5. Illustration of the correlation between subsequent phases against the
number of phases �a� and against the time between phases �b�. The dashed
line in �b� is a linear fit through the seven data points left of the 180 ms
mark.
mum heart rate.



4621 Klein et al.: Detectability of motions in AAA with ECG-gated CTA 4621
IV.A. Temporal resolution

The value of Tw was found to be 185 ms, which corre-
sponds to half of the rotation time. This result strongly sug-
gests that the scanner used a half scan reconstruction algo-
rithm. However, above a certain heart rate some scanners
might switch to multi segment reconstruction, which results
in higher temporal resolution.8,23

The number of phases to reconstruct should be chosen
such that there is overlap between subsequent phases �Td

�Tw� even for patients with low heart rates. For our settings
and a heart rate of 50 bpm �TRR=1.2 s� this is 1.2 /0.185=7
phases. Using more phases results in a higher temporal res-
olution �in terms of Td�. However, because more than 50%
overlap between subsequent phases results in redundant data,
a maximum number can also be calculated: For a heart rate
of 50 bmp this is achieved at 2�1.2 /0.185=13 phases. We
can thus conclude that for ECG gating �on our scanner type�
using 8–12 phases is a reasonable choice.

The described experiment enables measuring the temporal
resolution in a generic and reliable way, is applicable to other
scanner types, and can be performed on any phantom with a

FIG. 6. Illustration of the moving position of the points for different
amplitudes.
uniform volume.
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IV.B. Amplitude

Figures 6 and 7 show that, as expected, the error in local-
ization is higher in the z direction because the voxel size is
approximately twice as large as in the x direction �1.0 mm
versus approximately 0.5 mm�. From Fig. 7 it can be seen
that, as anticipated, the error is nearly constant. The slight
slope is probably due to the effect of motion artifacts, which
become more prominent as the amplitudes increases. In Figs.
7�a� and 7�b� the amplitude exceeds the noise level when the

FIG. 7. Illustration of the error versus amplitude. The solid line represents
the mean absolute error. The dotted lines are the 25 and 75 percentile of the
sorted absolute error of the 40+ data points in each experiment. The dotted
45° line indicates where the error and amplitude are equal.

FIG. 8. Illustration of the error versus frequency. The solid line represents
the mean absolute error. The dotted lines are the 25 and 75 percentile of the

sorted absolute error.
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error is to the right of the dotted 45° line. Naturally, this is
not an abrupt process: The motion will emerge from the
noise with increasing amplitude. Nonetheless, from Fig. 6 it
can be seen that amplitudes as small as 0.4 mm in the x
direction and 0.7 mm in the z direction can be detected.

In the experiments for the amplitude measurements, it is
of importance that the phantom moves accurately according
to the intended profile. Two sources of error can be distin-
guished. First, the motion unit. According to its specification,
the precision of the start position of the motion unit is better
than 0.2 mm and the reproducibility of motion profiles in
quasistationary state better than 1%. This suggests that the
device may introduce small errors for the lower amplitudes.
Second, the transfer of the motion to the phantom. In the z
direction this transfer was realized by directly attaching the
phantom to the lever. The lever was then fixed in such a
position �using bolts� that the phantom moved smoothly in
its guide. Due to mechanical restrictions for the x direction,
however, the motion had to be transferred via a corner piece,
which allows some minor bending. By ensuring the phantom
moved smoothly in its guide, the friction was reduced as
much as possible. The fact that the accuracy was found to be
better in the x direction suggests that the measurements were
not unduly affected by the latter source of possible error.

FIG. 9. Example of the detected motion �solid� of a point at 3.0 Hz and the
known profile �dotted�. The horizontal boxes indicate the temporal width Tw

of 185 ms.
FIG. 10. Illustration of the shape �left� and the Fourier response �right� of a
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Noise in the image data causes errors in the subpixel lo-
calization. Thus it is expected that when images with less
noise would be produced, the accuracy will increase. How-
ever, to realize the latter, exposure will have to be increased.
In our experiments we used an exposure comparable with
that used in the clinical setting.

IV.C. Frequency

The B0 measurement �1.5 Hz� had a relatively large error
due to the heart rate that was too low during this measure-

FIG. 11. Illustration of the noise bands in the CT images caused by the
volume gaps due to a too low heart rate during scanning. At 45 bpm, the
�horizontal� noise bands are clearly visible �indicated by the arrows�. It can
be seen how it hides the second bar from the top. At 54 bpm, the noise
bands are very thin. At higher heart rates, no noise bands can be detected.
pressure profile in the aortic artery, as reported in literature �Ref. 26�.
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ment �Fig. 8�. The next three measurements had a relatively
low error, and from 2.7 Hz and up the error increases.

With ten phases and a heart rate of 50 bpm, Td=120 ms
and the Nyquist frequency is found at 4.2 Hz �Eq. �2��,
which is well above the frequencies examined. Since higher
heart rates give rise to even higher Nyquist frequencies, the
Nyquist criterion is of minor importance for our experiments.

Due to the temporal width of the phases, the effect of
motion artifacts increases with increasing frequency, until
they reach an upper limit, above which the motion should not
be measurable. Given Tw=185 ms, the upper limit is found at
2.7 Hz �Eq. �1��. However, the results suggest that motion at
2.7 can be measured relatively well. To study this in more
detail, the detected motion of a point at 3 Hz is shown in Fig.
9, indicating the temporal phase width Tw using horizontal
boxes of 185 ms. �Half scan reconstruction was assumed, as
the bpm in this measurement was lower than that used in the
temporal resolution experiment.� As 185 ms is over half of
the period of motion �167 ms�, we would expect the esti-
mated motion to be poor, yet �for most points� the estimated
locations are good. This surprising result can be explained by
the way the data—acquired during half a rotation—is pro-
cessed; because of the reconstruction, motion during the ac-
quisition results in highly localized motion artifacts and not
necessarily blurring. Therefore, the location of the detected
point can still be relatively accurate.

Figure 10 shows that the pressure �and thus the motion� in
the aortic artery contains frequency components higher than
2.7 Hz. This will express itself in motion artifacts in the
phases acquired during the sudden rise of pressure at the start
of the cardiac cycle. Consequently, these phases can be ren-
dered useless if the motion artifacts are too strong, in which
case the motion needs to be estimated from the other phases.
The cause of this problem is the width of the phase Tw,
which can be reduced by using smaller rotation times or
using dual source CT. However, as we have discussed in Sec.
I D, this requires an increase in exposure in order for the
minimal required heart rate to remain equal.

IV.D. Minimum required heart rate

The results in Fig. 11 show that the minimum required
heart rate is close to the theoretical limit of 55.1 bpm calcu-
lated in Sec. I D. In a volume gap, the voxel data are unde-
fined. Nevertheless, the scanner attempts to fill in the gap; it
can be seen that the black vertical lines �the air between the
phantom and its guide� are continued in the bands, which
suggests interpolation. The fact that the bar in Fig. 11�a� was
completely hidden implies that the scanner fills in the bands
to some extent, but the data are very noisy and not reliable.

V. CONCLUSIONS

We performed experiments to investigate the effect of am-
plitude and frequency on the detectability of small motions
in ECG-gated CT. Also investigated were temporal reso-
lution and minimum required heart rate. The experimental
methods can be applied to CT scanners of other manufactur-

ers.
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The experiment designed to measure the temporal reso-
lution empirically clearly showed that the duration of each
ECG-gated phase is 185 ms for our scanner and settings,
which corresponds to half of the rotation time. The other
experiments showed that motions become detectable from
amplitudes as small as 0.4 mm in the x direction and 0.7 mm
in the z direction. Motions up to 2.7 Hz can be accurately
detected. Volume gaps caused by a too low heart rate are
expressed in noisy bands in the data that propagate in the z
direction. The reconstruction algorithm uses some form of
interpolation, but cannot prevent objects in volume gaps be-
coming hidden.

This study gives insight into the possibilities and limita-
tions for measuring small motions using ECG-gated CT.
From the results we conclude that CTA is a suitable tech-
nique for studying the expected motions in AAA.
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