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Cardiac and ventilatory motions
cause artifacts at chest computed to-

mography (CT). To determine how

short the scan times on third-genera-
tion units must be to avoid such arti-
facts, motion was measured with fast
and ultrafast CT scans. Minimum
detectable motion was then deter-
mined The longest scan time that
avoided a barely perceptible artifact

was calculated by dividing the mini-
mum detectable motion by the peak
physiologic velocity. The posterior
left ventricular wall moved at a maxi-
mum velocity of 52.5 mm/sec, neces-
sitating a scan time of 19.1 msec or
less to avoid artifact. Lung vessels
near the heart moved at 405 mm/sec

for a scan time of 24.7 msec or less.
During quiet breathing, pulmonary
vessels moved at 10.7 mm/sec for a
scan time of 93.5 msec or less. The
authors conclude that the shortest
scan time on third-generation units
(06 second) cannot prevent all arti-
facts arising from motion in the chest.
Even ultrafast scan times (50 msec)
are not short enough to eliminate ar-
tifacts on these units Thus, reduction
of motion artifacts will require tech-
niques other than fast scanning.

Index terms: Computed tomography (CT),
artifact . Computed tomography (CT),
physics . Heart, CT, 50.1211 . Lung, CT,

60.1211
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P HYSIOLOGIC motion causes artifacts
in computed tomography (CT)

scans. These artifacts are particularly
troublesome in scanning the chest,

where their sources are cardiac con-
tracions and breathing. Similar arli-
facts, caused by intestinal peristalsis,
affect abdominal scans (1,2). The arli-
facts are manifested as black or white
streaks, bands, dark spots, loss of

resolution, or distortion of anatomy
(3-5). Clinically, such artifacts are

important not only because they de-
grade image quality (6) but also be-
cause they can sometimes be mis-

taken for pathologic changes such
as bronchiectasis (7).

Theoretically, motion artifacts can
be reduced by fast scanning (8), gat-
ing (9,10), tube alignment (11), correc-
live reconstruction (12), or postpro-
cessing of the scan (13,14). Several
methods have been proposed to cor-
rect scans containing motion, but
none has proved clinically useful.
Fast scanning (0.05-1.0-second scan

limes) has been used even though

the minimum scan speed needed to
prevent artifacts has not been estab-
lished.

To determine the minimum scan
speed for a third-generation scan-
ner, we first measured the velocities
of cardiac and respiratory motion

from fast and ultrafast CT scans. We
then determined the minimum de-
tectable motion, that is, the magni-
tude of motion that caused a barely
perceptible artifact on images ob-
tamed with a third-generation scan-
ner, and, by combining these data,
we calculated the scan times needed
to avoid motion artifacts. Our re-

sults indicate that the shortest scan
lime currently available on third-gen-
eralion scanners (0.6 second) is not
fast enough to prevent motion arli-
facts. Even ultrafast (50-msec) scan

times are not fast enough to elm-
mate artifacts for third-generation
scanners.

MATERIALS AND METHODS

We first analyzed CT scans in six pa-
tients and measured cardiac and ventila-
tory motion by plotting the positions and
calculating the velocities of pulmonary
vessels and of the left border of the heart.
Second, we determined the minimum de-
tectable motion by simulating third-gener-
ation CT scanning on a computer and in-
crementally increasing the motion in each
scan until our criterion for the existence of
an artifact was exceeded. We verified
these determinations by scanning a mov-
ing phantom. Finally, we calculated the
minimum scan speed (expressed as scan
times) necessary to avoid artifacts from
cardiac and ventilatory motions by divid-
ing the minimum detectable motion by the
greatest observed physiologic velocities.

Measurement of Cardiac and
Ventilatory Motion

Cardiac motion was analyzed from Ima-
tron C-100 ultrafast CT scans (Imatron,
South San Francisco) in three patients.
Collimation was 8 mm. For two patients,
three levels through the heart were
scanned, and, for one patient, four levels
were scanned. At each level, 10 (two pa-
tients) or eight (one patient) 50-msec scans
were acquired with 8-msec interscan de-
lays. Thus, scanning extended over 456 or
572 msec, and scan acquisition, triggered
by the R wave of the electrocardiogram,
began with end diastole.

Ventilatory motion was analyzed from
data acquired on a Toshiba TCT-900S
scanner (Toshiba Medical Systems, To-
kyo). Three patients underwent scanning
with 5-mm collimation, 25#{176}cranial gantry
angulation, 120 kVp, and 200 mA. A set of
23 scans was made from 12 seconds of
continuous gantry rotation (1 second per
rotation) at one anatomic level while the
patient exhaled from full inspiration to full
expiration (the vital capacity) over 10 sec-
onds. Each scan was reconstructed from
240#{176}of angular information (acquired in
0.6 second), and one scan was obtained
every 0.5 second.

Abbreviation: FWTM = full-width-at-tenth-
maximum.
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Figure 1. Left ventricular wall motion. (a) Graph shows several heart wall contours. Ten con-
tours were generated from 10 50-msec images. The interscan delay was 8 msec. Only seven
contours are shown for clarity. (b) Graph shows a magnification of the heart wall motion

alongline x in a. Note the change of direction at end systole.
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For both cardiac and ventilatory motion
analysis, videotaped images of the CT
scans were digitized and then analyzed
with an image processing program (Opti-
mas; BioScan, Edmonds, Wash). (Video-
taped images were used because the im-
age processing program was designed to
read video frames.) From the cardiac data,
four sets of scans were selected on the ba-
sis of how dearly the anatomy of interest
was depicted, and seven lung vessels dose
to the heart wall and 10 heart wall posi-
lions on the left side were analyzed. From
the ventilatory data, seven vessels far from
the heart wall (to eliminate the effect of
cardiac motion) were selected for analysis.
The spatial coordinates of the structures of
interest (the cardiac wall and lung vessels)
were determined from the digitized im-
ages, and these positions were plotted.
(Coordinates of lung vessels were taken at
the center of the mass of the vessel.)

To establish a single point on the left
ventricular wall to track for motion analy-
sis, a ray was derived that was perpendic-
ular to the contour of the free wall of the
ventricle and that extended from the cen-
ter of the mass of the heart, as seen on the
two-dimensional CT scan. Cardiac motion
was determined from plots of the coordi-
nates of the intersection of this ray with
the heart wall on each of the eight or 10
frames of each run of the Imatron data.

Because expiration was prolonged to 10
seconds with the Toshiba data and the
expiratory volume was the entire vital Ca-
pacity, we scaled the ventilatory position
data to simulate normal quiet breathing, as
might occur if a patient (eg, unconscious)

were unable to comply with instructions
to hold his breath. We estimated that the
vital capacity was 4,000 mL, whereas, in a
normal breathing cycle, the tidal volume
would be 500 mL (15). In the respiratory
maneuver used in scanning, exhalation
occurred over 10 seconds, whereas, in
quiet breathing, a respiratory cycle would
last about 4 seconds (15), one-third of
which would be accounted for by inhala-
lion and two-thirds by exhalation. The
resulting scale factor was calculated to be
0.937. To represent the worst possible case
for respiratory motion, that is, the maxi-
mum rate of expiration that would occur
during forced exhalation, we also scaled
the ventilatory position data as if the pa-
tient were able to exhale the entire 4,000
mL at the rate at which a normal person
could exhale during the 1st second of
forced expiration. (The volume exhaled in
the 1st second of forced expiration is nor-
mally 80% of the vital capacity.) The re-
sulting scaling factor was 12.5.

The position plots were used to calcu-
late velocities. Velocities were calculated
by dividing the distances between the po-
sitions of the object on successive scans in
the series by the time between scans.

Determination of Minimum
Detectable Motion

Computer simulations of CT scanning
of a moving object were used to determine

the magnitude of motion that would cause
a barely perceptible artifact. The computer
program simulated a third-generation CT
scanner with the following parameters:
630-mm source to isocenter distance;
1,100-mm source to detector distance;
25.4-mm-high detectors on 1-mm centers,
with an active width of 0.8 mm, 9.2#{176}fan
angle (yielding a 200-mm field of view);
800 projections; 351 samples per projec-
lion; and 3�()O �f projection data. The sim-
ulated test object was a 10 x 10 x 100-mm

effipsoid of attenuation equal to that of
water (0 HU) scanned in cross section and
surrounded by air (-1,000 HU).

Ramp-ifitered, back-projected images
with 0.78-mm pixels were generated in the
simulations (equivalent to scanning a
40-cm field of view and reconstructing a
512 x 512-pixel image with a GE 9800 unit
[GE Medical Systems, Milwaukee]). Ramp
ifitering was used because it approximates
the bone algorithm on the GE 9800 unit
that we and others (16) use for recon-
structing chest CT scans. To simulate the
effect of noise in obscuring small amounts
of motion, we determined the mean and
the standard deviation of the noise result-
ing from scanning air with an actual GE
9800 unit (120 kVp, 40 mA), generated a
corresponding image of noise with a
Gaussian distribution, and added the
noise image to the images of the test object
(17).

Different patterns of motion of the test
object were programmed, varying in mag-
nitude, phase (with respect to the angular
position of the gantry), frequency, and
type of motion. The simulated motion be-
gan with the start of scanning, and the
initial direction of the center ray of the
x-ray fan was vertical. For the computa-
lion of minimum scan speed, we used hor-
izontal, linear motion of constant velocity.
This motion was selected, first, because it
is similar to clinically observed motion
and, second, because motion along the
horizontal axis is the most likely to cause
motion artifact.

For each simulation, we first generated a
static image, that is, an image with the ob-
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ject at rest. We then generated a series of
nine motion images in which the magni-
hide of motion was incremented by 0.1
mm per image through a maximum of 1.0
mm. For each motion image, a series of
proffles of the test object was made at ev-
ery 5#{176},and the full-width-at-tenth-maxi-
mum (FWTM) of each proffle of the test
object was calculated. FWTM was calcu-
lated as the width in pixels of a proffle
through the image at one-tenth the max-
imum pixel value. At each angle, the
FWTM of the motion image was compared
with the FWTM at the corresponding an-
gle of the static image of each of the nine

motion images. When the difference be-
tween any one of the radial set of FWTMs
was greater than the size of 1 pixel (0.78
mm), the distortion of the object was just
perceptible, and minimum detectable mo-
lion was deemed to have occurred.

To validate the accuracy of our corn-
puter programs in simulating a real third-
generation CT scanner, we scanned a 10-
mm-diameter acrylic peg, surrounded by

air, with a GE 9800 unit while the peg was
driven by a computer-controlled motor
that could be programmed for motion in
three dimensions, with a resolution of
0.025 mm (18). Two-second scans were
obtained at 40 mA and 120 kVp, with
10-mm collimation, and were recon-
structed with a 40-cm field of view. We
programmed the motion phantom to re-
create the horizontal motion of the test
object in the computer simulations and
then scanned the peg as the magnitude of
motion increased from 0.0 to 1.0 mm in
0.1-mm increments. We then performed
an identical FWTM analysis, as was done
on the simulation images.

RESULTS

Characterization of Physiologic
Motion

The maximum excursion of the left
ventricular wall was along an oblique
ray about 30#{176}below the horizontal



Patient
No. Level

Frames
Acquired

Velocity (mm/sec)*

Maximum Minimum Mean

1 Upper 8 49.5 4.4 18.4

1 Middle 8 53.4 11.4 26.4

1 Middle 8 53.2 11.3 29.0

2 Middle 10 49.4 0.4 12.7

2 Middle 10 65.9 2.8 31.3

2 Middle 10 23.2 7.7 16.1

3 Middle 10 47.8 3.0 21.9

3 Middle 10 68.1 5.7 31.5
3 Middle 10 62.7 4.6 22.3

3 Lower 10 52.1 5.4 29.4

* Average velocities were 52.5, 5.7, and 23.9; standard deviations were 12.6, 3.6, and 6.7.
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Figure 2. Pulmonary vessel motions resulting from heartbeat. Motions of pulmonary vessels

primarily moving due to motion of the left ventricular wall. (a) Plot shows the left ventricular
wall for reference and the patterns of motion for five vessels. The scale is identical to that in
Figure la. Data come from 10 50-msec scans with an 8-msec interscan delay. (b) Graph shows

a magnification of the boxed vessel in a, demonstrating motion through end systole and early

diastole.
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Table 1

Velocities of the Heart Wall

(Fig 1). Maximum velocities ranged
from 23.2 to 68.1 mm/sec, with an av-
erage of 52.5 mm/sec (Table 1). Lung
vessels propelled by cardiac motion
moved radially with left ventricular

wall motion (Fig 2). Maximum veloci-
ties ranged from 31.2 to 68.4 mm/sec.
with an average of 40.5 mm/sec (Ta-
ble 2). Lung vessels moved by respira-
lion demonstrated predominantly
anteroposterior motion in the upper
chest and radial motion in the lower
chest (Fig 3). Maximum velocities
scaled for quiet breathing ranged

from 6.1 to 20.1 mm/sec. with an aver-
age of 10.7 mm/sec; maximum veloci-
lies scaled for forced exhalation
ranged from 76.1 to 250.6 mm/sec.
with an average of 133.4 mm/sec for
the approximation of forced exhala-
lion (Table 3).

Velocity varied sinusoidally through
the cardiac cycle for the heart wall
(Fig 4a) and adjacent lung vessels (Fig
4b). Velocity also varied sinusoidally
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for lung vessels propelled by respira-
tory motion (Fig 4c). Maximum veloci-
ties of the heart wall and of vessels
close to it were similar (Tables 1, 2),

whereas the maximum velocities of
vessels that were farther from the

heart and, therefore, moving prima-
rily because of quiet respiration were
lower by a factor of five (Table 3). Ves-
sels moving due to forced exhalation

moved at velocities about two and
one-half times greater than those of
the left ventricular wall.

Minimum Detectable Motion

Minimum detectable motion for
horizontal, linear motion from the

computer simulations was 1.0 mm.

The scan with air yielded a mean of
-994 HU and a standard deviation of
1.2 HU. Adding a noise scan based on

these figures to the simulated motion
images did not alter the calculated
minimum detectable motion.

Minimum detectable motion for
horizontal motion from the motion

phantom was 0.8 mm, in close agree-
ment with the computer simulations.
This concordance validates the com-

puter simulations of CT scanning for
the analysis of motion artifacts.

Minimum Scan Speed

Minimum scan speed (expressed as
scan time) necessary to eliminate arli-

facts from motion with average maxi-

mum cardiac velocity was 19.1 msec
(Table 4). The speed necessary to

eliminate artifacts caused by quiet
breathing was 93.5 msec (Table 4).
These values were obtained by divid-

ing the minimum detectable motion
from the simulations (1.0 mm) by the
physiologic velocities in Tables 1-3.

DISCUSSION

Estimating the magnitude of physi-
ologic motion is the first step in re-

ducing or eliminating motion arti-
facts. A pilot study such as this is not
intended to be exhaustive; we con-
fined our analysis to available CT
scans, all of which were obtained for
reasons other than analysis of physio-

logic motion. Furthermore, because

the technique for measuring motion is
laborious, we examined only a small
number of patients, and we cannot
determine how great the population
variance of velocities would be in a
larger series. Also, we did not seek
patients with heart or lung disease
that might cause extreme values of
motion.

However, our results for cardiac
motion are confirmed by ultrasono-
graphic determinations of heart wall
velocity. Kraunz and Kennedy (19)

found the average maximum poste-
rior wall velocity in 25 patients to
be 41 mm/sec. corresponding to our
result of 52.5 mm/sec. Similarly,

Smithen et al (20) found the average

maximum velocity in 11 patients to be
37 mm/sec. Velocity data from yen-
triculograms demonstrated average
velocities of the posterior wall of the
left ventricle to be 27.8 mm/sec (Shee-
han F, unpublished data, 1991). De-
spite this high degree of concordance,

it should be remembered that ultra-
sonographic, ventriculographic, and
CT determinations are not precisely
comparable, since the former two
measure endocardial motion and the
latter measures epicardial motion.

We are not aware of any previous
determination of the respiratory ex-
cursion of lung vessels in the trans-
verse plane. Although Weiss et al (21)



Table 2
Velocities of Pulmonary Vessels Moving Due to Cardiac Motion

Patient
No. Region Level

Frames
Acquired

Velocity (mm/sec)*

Maximum Minimum Mean

1 Left Middle 8 68.4 7.6 21.4

1 Left Middle 8 37.8 7.6 22.9
I Left Middle 8 33.8 10.7 19.1
1 Left Middle 8 37.8 10.7 23.8
3 Left Middle 10 31.2 0.0 14.6
3 Left Middle 10 33.8 0.0 18.1
3 Left Middle 10 40.7 7.6 19.0

U

a.
cm

* Average velocities were 40.5, 6.3, and 19.9; standard deviations were 12.7, 4.5, and 3.2.
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Figure 3. Graphs show lung vessel motions in the right upper lung (a), the left upper lung
(I,), the right midlung (c), and the left midlung (d). All motions were due to respiration. Out-
lines of the inner chest wall at full inspiration are also shown for reference. The scale in all
four images is constant and equal to that in Figures la and 2a. Data come from 12 seconds of
continuous scanning, reconstructed into 23 0.5-second images.

cm cm
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examined the respiratory excursion of
the liver, these determinations apply
to longitudinal, not transverse, mo-
lion. It is clear, however, that longitu-
dinal motion of lung vessels affected
our results. Because lung vessels near
the diaphragm cross the scan plane
obliquely, some of their longitudinal
motion appeared as transverse mo-
lion in the scan plane.

The determination of minimum
detectable motion clearly depends on
how motion artifact is defined. We
sought an objective criterion that cor-

responded to visible changes in the

images. We found that a recognizable

distortion of the test object cone-
sponded to a 1-pixel difference at
FWTM, so we adopted this difference
as the objective criterion for deter-
mining the presence of motion arti-
fact. We originally considered, but
later discarded, the criterion of a
1-pixel difference at full-width-at-

haif-maximum because we found it to
be insensitive to degrees of motion
that were clearly visible to the eye.

We also considered using streaking
as the criterion for presence of motion
artifact but rejected it for two reasons.
First, we found that extremely small
amounts of motion (approaching the

resolution of the motion phantom)
generated streaks when the image
was viewed with a narrow window;
however, at usual window settings
(window, 1,000 HU; level, -700 HU),
we found that a 1-pixel blur was ap-

parent before streaking became visi-
ble, and, thus, the 1-pixel blur was a
more sensitive criterion. Second, there
are other causes of streaks beside mo-
lion (eg, aliasing) so that there are
always some streaks at edges even if
there is no motion in the object being
scanned. Therefore, using streaking as
a criterion for motion artifact necessi-
tates detecting a change in streaking,

which is subjective and hard to quan-
lily.

Another consideration affecting
minimum detectable motion is scan-
ner geometry. A given motion may
generate a different artifact depend-
ing on scanner geometry, and we
have not explored the relative sensi-
livilies of different geometries to mo-

lion. Thus, we emphasize that our
results apply only to conventional
third-generation geometry.

A third consideration affecting mm-
imum detectable motion is the posi-
lion of the object being scanned. We

computed the minimum detectable
motion only for the center of the im-

age. Because resolution decreases
away from the center of the CT scan,
minimum detectable motion would be

expected to be greater near the edges
of the scan (22,23). Therefore, sensitiv-
ity to motion artifacts would also de-
crease away from the center.

Our finding that scan limes exceed-
ing 19.1 msec will not eliminate arli-
facts caused by observed physiologic
motion near the heart is in accord
with the conclusions of Ritman et al

(24,25), who estimated that scan times
of less than 10 msec are necessary to
scan the left ventricular wall. Boyd

and Lipton (26) concluded from gated
cardiac CT studies that 75-msec scans
were not adequate to resolve systolic

cardiac motion and estimated that

scan times of 30-50 msec would be

necessary. Furthermore, even for lung

structures at some distance from the
heart, scan times must be less than
93.5 msec if the patient’s breathing
cannot be restrained. It is clear from
these values that commercially avail-

able third-generation scanners with
scan times of 0.6-1.0 second will not

eliminate motion artifacts. Even if it
could operate at ultrafast speed (50
msec), a current third-generation

scanner would be unable to prevent
cardiac motion artifacts. However, it

is not clear how sensitive the fourth-
generation 50-msec Imatron C-100
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Table 3

Velocities of Pulmonary Vessels Moving Due to Respiration

Patient
No. Region Level

Frames
Acquired

Quiet Breathing (mm/sec)� Forced Exhalation (mm/sec)t

Maximum Minimum Mean Maximum Minimum Mean

4 Left Upper 23 8.9 0.0 2.4 111.3 0.0 30.5

4 Left Upper 23 7.6 0.0 23 94.9 0.0 29.3
4 Right Upper 23 6.7 0.0 2.9 83.2 0.0 36.3

5 Left Middle 23 6.1 0.0 2.0 76.1 0.0 24.6
6 Left Lower 23 14.1 0.0 4.8 176.9 0.0 59.7

6 Left Lower 23 11.2 1.1 4.6 140.6 14.1 57.4
6 Left Lower 23 20.1 0.0 3.7 250.6 0.0 45.7

* Average velocities were 10.7, 0.2, and 3.3; standard deviations were 5.0, 0.5, and 1.1.

t Average velocities were 133.4, 2.0, and 40.6; standard deviations were 62.5, 5.3, and 14.1.
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Figure 4. Graphs show velocity versus time of the left ventricular wall moving (a), velocity versus time of a vessel moving due to heartbeat
(1,), and velocity versus time of a vessel moving due to respiration (c). Note the dampening effect of the lung tissue by comparing the maxi-

mum value in c to the maximum value in b. Calculations were made from the heart wall data in Figure lb for a, from the data in Figure 2b for

b, and from the data in Figure 3c for c.

Table 4

Minimum Scan Speeds

Average Average
Mean Maximum

Velocity Velocity
Moving Structure (msec) (msec)

Heart wall 41.8 19.1

Lung vessels (car-
diac motion) 50.3 24.7

Lung vessels
Quiet breathing 303.0 93.5

Forced exhala-
lion 24.6 7.5

scanner is to motion, given its unique
geometry.

Approaches other than fast scan-
ning are needed to reduce artifacts in
third-generation units. Several alter-
natives might be considered. From
the computer simulalions, it is appar-
ent that the scanner is least sensitive
to motion along the direction of the
center ray of the x-ray fan, and it is

most sensitive to motion perpendicu-

lar to the direction of the center ray
(27). Therefore, if physiologic motion
could be predicted, it might be possi-

ble to adjust start lime and start angle
of the gantry to align the x-ray beam
to minimize sensitivity to motion.

Another alternative would be to

use prospective cardiac gating to ac-
quire most of the scan data during the
quiescent period of the cardiac cycle
(diastole). For scan limes of 500 msec
or longer, this approach would have
to be supplemented by another tech-
nique because the scan lime would
remain longer than diastole and,
therefore, systole would occur late in
the scan. A possible supplemental
technique would be to anticipate the
liming of the next systole and posi-

lion the gantry at the start of scan-
ning to have the x-ray beam aligned
along the axis of the systolic motion.
This alignment would ensure that the
scan was as insensilive as possible to

the unavoidable ventricular motion.
A final alternative would be to im-

plement a more sophisticated correc-
live reconstruction technique that
utilizes models of physiologic motion.
Theoretically, knowing the pattern,
magnitude, and frequency of motion

in advance would allow the use of an
algorithm that could remove the mo-

lion from the projection data and

then reconstruct a motion-free or at
least a motion-reduced image

(12). U
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