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Analysis of Acquisition Parameters That Caused Artifacts in
Four-dimensional (4D) CT Images of Targets Undergoing
Regular Motion
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The aim of this study was to clarify the impacts of acquisition parameters on artifacts in four—-dimensional
computed tomography (4D CT) images, such as the partial volume effect (PVE), partial projection effect (PPE),
and mis—matching of initial motion phases between adjacent beds (MMimph) in cine mode scanning. A thoracic
phantom and two cylindrical phantoms (2 cm diameter and heights of 0.5 cm for No.1 and 10 cm for No.2)
were scanned using 4D CT. For the thoracic phantom, acquisition was started automatically in the first scan
with 5 sec and 8 sec of gantry rotation, thereby allowing a different phase at the initial projection of each bed.
In the second scan, the initial projection at each bed was manually synchronized with the inhalation phase to
minimize the MMimph. The third scan was intentionally un—synchronized with the inhalation phase. In the
cylindrical phantom scan, one bed (2 cm) and three beds (6 cm) were used for 2 and 6 sec motion periods.
Measured target volume to true volume ratios (MsTrueV) were computed. The relationships among MMimph,
MsTrueV, and velocity were investigated. In the thoracic phantom, shorter gantry rotation provided more precise
volume and was highly correlated with velocity when MMimph was minimal. MMimph reduced the correlation.
For moving cylinder No. 1, MsTrueV was correlated with velocity, but the larger MMimph for 2 sec of motion
removed the correlation. The volume of No. 2 was similar to the static volume due to the small PVE, PPE, and
MMimph. Smaller target velocity and faster gantry rotation resulted in a more accurate volume description. The
MMimph was the main parameter weakening the correlation between MsTrueV and velocity. Without reducing the
MMimph, controlling target velocity and gantry rotation will not guarantee accurate image presentation given
current 4D CT technology.
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INTRODUCTION

State-of-the art radiation therapies, such as intensity- modu-
lated radiation therapy (IMRT), stereotactic radiotherapy, and
particle therapy, require precise geometric knowledge of tumor
volume.” However, organ motion due to breathing hinders the
exact determination of target volume since it gives rise to seri-

ous representation errors in computed tomography (CT) im-
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ages, thereby increasing uncertainty in treatment planning and
delivery.”® Currently, four-dimensional computed tomography
(4D CT), which is time-resolved CT scanning, is widely used
for mitigating motion artifacts in clinical practice, although it
cannot eliminate all motion artifacts. Four-dimensional CT data
still suffer from artifacts caused by the partial projection effect
(PPE) and mis-matching of initial motion phases between ad-
jacent beds (MMimph).

The parameters contributing to 4D CT image quality include
the gantry rotation speed, interval between images, and scan
duration in retrospect scanning.S'g) Temporal resolution in cine
images is associated with gantry rotation speed relative to sub-

ject motion. In cine scanning which is a retrospective 4D CT
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technique, cine interval time and duration are linked to the
quality of images reconstructed from raw projection data
through one gantry rotation. Prospective scans are theoretically
less prone to cause motion artifacts in 4D CT images. Howev-
er, they require a longer scan time when the patient’s breath-
ing is not regular, since they produce only one series of im-
ages for the predefined respiratory phase. Four-dimensional CT
images acquired by retrospective scanning contain more evi-
dent artifacts while providing multiple series for different res-
piratory phases.

Several authors'®'*' have investigated artifacts in 4D CT
images. Eike Rietzel et al.” explored the impact of target mo-
tion on the PPE, but detailed relationships among motion, pro-
jection parameters, and artifacts were not clearly described.
Mori et al.'” found that banding artifacts were partly caused
by a mismatch among respiratory phases of an organ location
at each of the couch positions. The volume representation on
4D CT images is affected by target speed, and this correlation
was shown by Mitsuhiro Nakamura in a limited range of tar-
get speeds.”

Further research of causes of artifacts and interrelationships
among them is required in order to understand the limitations
of current 4D CT technology and to achieve better imaging of
moving organs. Therefore, we designed and conducted a series
of experiments to explore the partial volume effect (PVE),
PPE, and MMimph in 4D CT scans of a target with regular

motion.

MATERIALS AND METHODS
1. Phantom

Two types of phantoms, a thoracic phantom and three cylin-
drical phantoms, were used in our experiments. An irregularly
shaped target object of approximately 15 cc was inserted into
the lung section of the thoracic phantom. The phantom was
made to move in the superior - inferior (SI) direction with 1
cm/2 cm peak amplitude and a period of 4 sec/6 sec in a si-
nusoidal pattern.

Cylindrical phantoms had a diameter of 2 cm and different
heights; No.l had a height of 0.5 cm and No. 2 was 10 cm.
The shorter height of No. 1 was specially chosen to test
MMimph. The 10 cm height of No. 2 was used to remove the

PVE by scanning an infinitely long object relative to the ac-
quisition scan ranges, which were 2 cm and 6 cm in the
experiments.

The cylinders were positioned parallel to each other, and
their centers were aligned (Fig. 1) on a moving table, similar
to the thoracic phantom. To limit the motion of phantom No.
1 within one scanning bed, the motion peak amplitude in the
SI direction was chosen to be 0.5 cm (peak-to-peak displace-
ment=1 cm). To test the impact of gantry rotation speed rela-
tive to target speed, which is relevant to PPE on image qual-

ity, we selected motion periods of 2 sec and 6 sec.
2. Data acquisition

All CT data were acquired by a 16-slice CT scanner with
an 80 cm bore size (LightSpeed RT16: General Electric Health-
care, Waukesha, WI). First, the static scan data were acquired
as references, and then the respiratory-gated cine CT scan was
performed. The respiratory phase was detected using a real-
time position management (RPM) system (Varian, Palo Alto,
CA). During scanning, 40 cm of display field of view (DFOV)
which is generally used a patient’s torso scan and a standard
reconstruction algorithm was used. Slice thicknesses of 2.5 and
1.25 mm were used for static data, and a slice thickness of 2.5
mm was used for gated cine data.

For the thoracic phantom scanning, clinical scan parameters

were used for the moving phantom (120 kVp and 250 mA).

A 4

31.42 cc
2

Cross-section

Fig. 1. Cylindrical phantoms and their scan positions.
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The scan range encompassed the targeted region, and two gan-
try speeds, 0.5 sec/rotation and 0.8 sec/rotation, were used.

In order to investigate the effect of MMimph on image
quality, the thoracic phantom in motion was scanned twice us-
ing the following motion parameters: 1A4P (1 cm peak ampli-
tude and 4 sec period), 1A6P (1 cm peak amplitude and 6 sec
period), 2A4P (2 cm peak amplitude and 4 sec period), and
2A6P (2 cm amplitude and 6 sec period).

In the first scan, the beam projection was automatically
started at each bed, as in normal practice. In the second scan,
beam projection was manually started when the phantom ar-
rived at the identical respiratory phase with that of the pre-
vious bed. The projection starting time at each bed was syn-
chronized with the respiratory signal; the beam projection was
not initiated until the RPM signal reached a specific phase. In
the third scan, beam projection was manually started at a
phase that was quite different from that of the previous bed in
order to maximize the MMimph in the images.

In the cylindrical phantom experiments, non-clinical scan-
ning parameters, 140 kVp, 500 mA and 0.5 sec/rotation of the
gantry, were used for better image quality. Two sets of scan-
ning measurements were conducted. The first set was a
one-bed scan with a scan range of 2 cm because this elimi-
nated the MMimph by encompassing the No. 1 phantom with-
in one bed. For the No. 2 phantom, only a part of the phan-
tom was scanned. In the second set, images were obtained by
a three-bed scan with a range of 6 cm achieved by shifting
the scan range so that the motion range of the No. 1 phantom
was within two bed widths, while the motion range of the No.
2 phantom was not influenced by the scan range. All scans
were started automatically.

The cine interval was assigned as the ratio of the number of
phases, which was tententen, to the cyclic period. The 4D CT
data were separately reconstructed into ten phases according to
the tagged respiratory phase signal in the Advantage 4D soft-
ware (General Electric Healthcare, Waukesha, WI). To account
for actual phase velocities in the analysis, the RPM data at

each of the sorted data points were recorded.

3. Target volume definition and motion velocity cal-
culation

The target volume was determined using Pinnacle3 (Philips
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Healthcare, Andover, MA). One expert contoured the targets,
and Pinnacle3 automatically calculated the target volumes. To
maintain consistency, the window level and width were fixed
at 1601 and 300, respectively. For cylindrical phantoms, both
static images and the 4D CT images were analyzed, and the
measured volume to true volume ratio (MsTrueV) was calcu-
lated as a measure of imaging accuracy. The true volumes of
the cylindrical phantom were calculated, and the true target
volume in the thoracic phantom was measured.

The velocity of the object at each phase and bed position
was computed following the equation of Mitsuhiro Naka-

11)
mura,

as shown below. Although actual velocities at the
same phase in different bed positions might be different, the

average velocities in all beds were computed as follows:

Vj(p)=_2T bln[%ph] 1
ABS (Vi(p)=IVi(p)l @
V (p)=2j-ai veas ABS (Vj (p))/No. of beds (3)

In these equations, p is the nominal percentage phase and
varies from 0% to 90%, and ph is the percent phase actually
detected by RPM, which is different from the nominal phase
within the allowed error range. Vj(p) is the velocity of the
phantom at the p‘h phase in the jth bed, A is amplitude,
ABS(Vj(p)) is the absolute velocity of Vi(p), and V(p) is the
average of the averaged ABS(Vj(p)) in all of the beds (Fig. 2).

MsTrueV was plotted according to V(p), and the linear correla-
tion between MsTrueV and velocity V(p) was statistically tested.

In order to assess MMimph, the difference in the initial ve-
locities at the starting projection at each bed was calculated as

follows:

v (- ABS (Vi4(p0) —ABS (Vi(p0))/ABS(V;-1(p0'))} 100 (%)
ABS (Vdifference (%))=|Vdifference (%)| ( 4)

difference (%) is the percent difference of the absolute val-

where V
ue of the initial velocities between adjacent beds, and V;(p0)
and V;.i(p0') are the velocities of the initial phases (pO/p0') in
the j" and (j™-1) beds, respectively. The initial phase, p0, at
the initiation of gantry rotation of each bed was defined as the

percent phase of the first slice of each bed, and V™
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0% 10% ...........................
1" bed ABS (V, (0%)) ABS (V, (10%)) e
2™ bed ABS (V, (0%)) ABS (V, (10%)) e
3% bed ABS (V; (0%))  ABS (V; (10%)) s

Averaged out  V (0%) V (10%)
was computed only for the center bed which was the main
part of the whole lesion volume. The relationship among

MsTrueV, its velocity, and ABS(V¥™™™* ™) was analyzed.

RESULTS
1. Thoracic phantom

In Table 1 and Fig. 4 the velocities and MsTrueV values
obtained from the various motions of the thoracic phantom are
summarized. The minimum and maximum velocities were 0.15
and 3.03 cmfsec for 5 sec/rotation, and the corresponding
MsTrueV were 1.35 and 1.75, respectively. For 0.8 sec/rota-
tion, the velocity ranged from 0.23 to 3.08 cm/sec, and the
corresponding MsTrueV ranged from 1.53 to 2.12. As shown
in Table 2, when scanning was automatically performed,
ABS(VTee )y was 3.27% ~53.57%. The correlation be-
tween MsTrueV and velocity ranged from 0.75 to 0.9.
Automatic initiation could not control the initial phase at each
of the beds. When the projection was manually started, the ve-
locity differences ranged from 0% to 200%, and the corre-
sponding correlation coefficients were 0.39~0.93. In the sec-

ond scanning, in which data acquisition was synchronized with

ABS (V, (80%))

ABS (V, (80%))

ABS (V, (80%))

80% 90%

ABS (V, (90%))
ABS (V, (90%))

ABS (V, (90%))

I

Fig. 2. The method of computing

V (80%) V (90%) the absolute velocity at each bed.
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Fig. 3. The correlation between ABS(V™™* ™) and the corre-
lation between MsTrueV and velocity in the moving thoracic
phantom.

the respiratory phase at the initial projection, the difference
was less than 12.42%, and the correlation was greater than
0.86. In the third scanning, 200% of the difference of initial
velocity resulted in a poor correlation of 0.39. We observed a
linear dependency of the correlation between the velocity and
the MsTrueV on the ABS(VE™™™ @) (coefficient - 0.99), as
shown in Fig. 3 and Table 2.
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Table 1. Velocity and MsTrueV values obtained from 1A4P (amplitude 1 cm, period 4 sec), 1A6P, 2A4P, and 2A6P using the
thoracic phantom. The scan was automatically started, and the image slice thickness was 2.5 mm.

) Gantry rotation time Velocity (cm/sec) MsTrueV
Motion type .
(sec/rotation) Minimum Maximum Minimum Maximum
1A4P 0.5 0.27 1.49 1.35 1.68
1A4P 0.8 0.23 1.53 1.53 1.88
1A6P 0.5 0.15 1.02 1.31 1.58
1A6P 0.8 0.23 1.55 1.32 1.62
2A4P 0.5 0.53 3.03 1.26 1.75
2A4P 0.8 0.52 3.08 1.38 212
2A6P 0.5 0.26 2.03 1.34 1.98
2A6P 0.8 0.39 1.53 1.35 1.85
MsTrueV: Measured target volume to true volume ratio.
a b
35+ ] 0.5 Gantry rotation time (sec/rotation) 25 [ 0.5 Gantry rotation time (sec/rotation)
: Il 0.8 Gantry rotation time (sec/rotation) ’ Il 0.8 Gantry rotation time (sec/rotation)
’g 3.0 1 0
(2 .01
= >
EL 2.5+ g
'_
%‘ 204 2 1.5
o)
S IS
> 1.5+ 2
€ £ 1.0
2 5
IS 4
E 1.0 = o5
= 05- '
0.0 T T T 0.0 T T T
1A4P 1A6P 2A4P 2A6P 1A4P 1A6P 2A4P 2A6P
Motion type Motion type

Fig. 4. Velocity and MsTrueV values obtained from 1A4P (amplitude 1 cm, period 4 sec), 1A6P, 2A4P, and 2A6P using the thoracic
phantom. The scan was automatically started, and the image slice thickness was 2.5 mm.

2. Cylindrical phantom

The MsTrueV values of static phantoms ranged from 1.20
to 2.03 (Table 3). Table 4 shows the relationship between the
velocity and MsTrueV. MsTrueV for No.l was much larger
than the static cases, while the value of No. 2 was similar to
the static case. When the No.l (1.57 cc) phantom was moving
with an amplitude of 0.5 cm and a period of 6 sec (0.5A6P),
the linear correlation coefficient between MsTrueV and its ve-
locity was 0.89 and 0.88 in one- and three-bed scans, respec-
tively. For the 2 sec period (0.5A2P), the correlation was very
low (—0.04) in three-bed scans. For the No. 2 phantom in

0.5A6P motion, the correlation was 0.57 and 0.13 in the one-
and three-bed scans, respectively. For 0.5A2P, the correlation

measured in three-bed images was —0.32.

DISCUSSION
1. Static phantom tests

It is known that the volume representation of a static phan-
tom is mainly affected by PVE. The manually defined object
volumes for static cylindrical phantoms were at least 1.20
times larger than the real volume. According to Rietzel’s re-

search” the PVE is more pronounced for a small object and
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results in over-estimation in volume representation

Two cylindrical phantoms have the same cross-sectional area,

Table 2. MMimph and MsTrueV: MsTrueV for 2 cm am-
plitude with 4 sec and 6 sec period motion (2A4P and
2A6P), 1A4P, and 1A6P. Gantry rotations were 0.8 sec per
rotation. Images slice thickness was 2.5 mm. MMimph: V'(p)
is velocity of p% phase in the jth bed (A: amplitude, p: %
phase). ABS(V/(p))=|(Vi(p)|, V¥fereree ) ={ABS(V"'(p")-ABS
(V/(p)}*100(%)/ABS (V"'(p)).

Gantry Scan Correlation
Motion rotation time initiation mABS q between
. (vdiflerence (B MsTrueV
(sec/rotation)  method .
and velocity
1A4P 0.8 Auto 53.57 0.75
1A4P 0.8 Manual 12.42 0.86
1A6P 0.8 Auto 50 0.84
1A6P 0.8 Manual 200 0.39
2A4P 0.8 Auto 27.61 0.9
2A4P 0.8 Manual 0 0.92
2A6P 0.8 Auto 3.27 0.9
2A6P 0.8 Manual 8.11 0.93

MsTrueV: measured target volume to true volume ratio.
ABS(Vj(p))=1(Vj(p) | :Vi(p) is velocity of p% phase in j‘h bed (A:
Amplitude, p: % phase).

VI = ABS(Via(p')~ ABS (Vi(p)} *100(%)/ ABS(Vja(p))-

so the PVE in the axial (cranio-caudal) direction predominates
over the cross-sectional direction. This explanation is supported
by the observation of reduced PVE in thinner slice (1.25 mm)
images, while the PVE for No. 2 was not much different in
the images scanned at 1.25 mm and 2.5 mm (Table 3). The
No. 2 phantom (radius 2 cm and height 10 cm) had nearly the
same MsTrueV in the images scanned at 1.25 mm and 2.5

mm since PVE was relatively small for the large volume.
2. Moving phantom tests

The effects of PVE, PPE, and MMimph on 4D CT motion
artifacts were clarified through our tests.

In the thoracic phantom study, we confirmed that the meas-
ured volumes in low velocity phases, such as 0%, 50%, and
90%, were closer to the true volume, while the volume was
overestimated in the high-speed phases, as previous studies
have reported (Fig. 4)."” The results obtained from the moving
phantom studies, which examined the relationship between
PPE and gantry speed, showed that the detected velocity of
phantom motion was similar but the measured volumes were
different for two different gantry rotation times. MsTrueV of

the 0.5 sec gantry rotation time was less than that of the 0.8

Table 3. Acquisition parameters, volume, and MsTrueV values for the static cylindrical phantom.

Gantry rotation time
No. Scan mode y

Slice thickness (mm)

Measured volume (cc) MsTrueV

(sec/rotation)
1 Axial 0.5 1.25 248 1.58
Axial 0.5 25 3.19 2.03
2 Axial 0.5 1.25 23.13 1.29
Axial 0.5 25 21.67 1.2

MsTrueV: measured target volume to true volume ratio.

ABS(Vj(p))=| (Vi(p) |: Vi(p) is velocity of p% phase in j’h bed (A: Amplitude, p: % phase).

Vet (={ ABS(Via(p')=ABS(Vi(p)}*100(%)/ ABS(Via(p))-

Table 4. MsTrueV values for cylindrical phantoms moving with 0.5 cm amplitude and a 6 sec cycle.

Gantry MsTrueV Correlation between
Motion type rotation time Scan method No. of beds No. of phantoms .
. . MsTrueV and velocity
(sec/rotation) Min Max
0.5A6P 05 Auto 1 1 1.62 215 0.89
2 122 1.26 0.57
0.5A6P 0.5 Auto 3 1 1.74 222 0.88
2 1.19 121 0.13

MsTrueV: measured target volume to true volume ratio.
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sec gantry rotation time in three sets among four sets of mo-
tion (Table 1, Fig. 4). This indicated that a shorter gantry rota-
tion period could provide more precise volume estimation. In
the analysis of projections of phantom motion (6 sec), the pro-
jections acquired during the whole cyclic period of phantom
motion were either sufficient or insufficient depending on the
relative gantry rotation time compared to the motion period. A
shorter gantry rotation time than phantom motion period pro-
vided sufficient data sampling, while longer gantry rotation
time than phantom motion period did not. Therefore, the use
of gantry rotation that is faster than the motion period could
eliminate PPE.

MMimph affects the correlation between MsTrueV and
velocity. We found that smaller ABS(V*™™™* ™) Jed to a bet-
ter correlation between MsTrueV and velocity (Table 2). Fig.

3 demonstrates that an increase in MMimph (V™™ ®) redu-

ced the correlation between MsTrueV and velocity. This phe-

PROGRESS in MEDICAL PHYSICS Vol. 24, No. 4, December, 2013

nomenon is explained in Fig. 5, which plots the calculated ve-
locity vs. the percentage phase actually detected by RPM at
each bed.

As shown in plot, the initial projection angle of the phan-
tom led to deviation of the actual phases of the same nominal

diffe %
ifference (0)y " For example

phase, which was measured by ABS(V
(Fig. 6), for 40% of phases, the phases that were actually de-
tected in the first, second, and third beds were 41%, 35%, and
37%, respectively. This observed deviation resulted in the loss
of correlation between the volume and velocity. From various
motions with different velocities, our data show that the corre-
lation between the velocity and the MsTrueV was better when
ABS(VTe )y \ag smaller. The correlation was larger than
0.9 when ABS(VE™™™* ) was less than 10%, while the co-
efficient was reduced to 0.39 when ABS(VE™e™ )y yag
200%.

For the cylindrical phantom studies, a 0.5 sec gantry rota-

Fig. 5. 4D CT motion artifacts in
1A6P (amplitude 1 cm, period 6
sec) and 2A4P with 0.8 sec gan-
try rotation time: a) 0% of res-
piratory phase for 1A6P, b) 30%
of respiratory phase for 1A6P, c)
0% of respiratory phase for 2A4P,
and d) 30% of respiratory phase
for 2A4P.
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0.8 sec

1% Bed

0.4 sec

0.8 sec

2" Bed

96

Velocity (cm/sec)

2.0 1
1.5 1
1.0 1
0.5 1
0.0

A

0.4 sec

0.8 sec

—0.5-:8 58 68 79 88 98 8 18 2
-1.0 1
-1.5 1

_20 J

A 4

0.4 sec

Fig. 6. Calculated velocity vs. percentage phase actually detected by RPM at each bed. The first phase at the X-axis indicates the
phase at gantry angle 0. Phantom motion had an amplitude of 0.5 cm and a motion period 4 sec. 1A4P: gantry rotation time 0.8
sec, interleaved between images for 0.4 sec in three beds. In the first bed, the initial phase at a gantry angle of 0 degrees was 40%
(actual 41%), while the initial phases changed to 0% and 50% in the second and third beds, respectively. The different initial
projection angles of the phantom, which caused large ABS(V** ™)) resulted in different velocities at the same nominal phase
percent range among beds, which were 41%, 35%, and 37% in the first, second, and third beds, respectively, for the nominal 40%
phase.

Table 5. Computed velocity differences at the starting projection for each bed and MsTrueV values for the cylindrical

phantoms with 0.5 cm amplitude and 6 sec or 2 sec of motion for three-bed scanning.

Scan initiation

Correlation between the velocity

. Gantry rotation time difference (%)
Motion type (sec/rotation) method ABS(V ) No. of phantoms and MsTrueV
0.5A6P 0.5 Auto 8.71 1 0.88
2 0.13
0.5A2P 0.5 Auto 368.78 1 —0.04
2 —0.32

MsTrueV: Measured target volume to true volume ratio.
ABS(Vi(p))=|
Ve = ABS(Via(p') — ABS(V(p) *100(%)/ ABS(Vya (p)).

tion time was used to eliminate PPE for the 6 sec period of
motion. In one-bed images, the artifact due to MMimph was
not seen, and it is believed that No. 1 was moved only inside
one bed. No. 2 simulated an infinite length object to mimic
the minimal motion effect. The correlation between MsTrueV
and velocity was high for the No. 1 phantom (Table 4) under
the condition of no PPE and minimal MMimph. The results

Vi :Vi(p) is velocity of p% phase in i bed (A: Am litude, p: % phase).
iP) |:Vilp ty of p% p j p p:%p

demonstrated that PVE artifact increased with velocity. The re-
sults obtained from 0.5A2P studies (Table 5) showed that
MMimph was the main factor reducing the correlation between
MsTrueV and velocity (—0.04, ABS(VE™™™ @) 368 78%),
although the correlation was supposed to exist due to PPE at
2 sec of phantom motion. In the case of the No. 2 studies, in

which the resultant images were rarely affected by PPE or
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PPV, MsTrueV for various motions was nearly similar to that
for the static state.

The work presented here suggests that PVE, PPE, and
MMimph all contribute to artifacts in 4D CT.

CONCLUSION

The resulting 4D CT images showed significant shape dis-
tortions on the edges of objects under high velocity. PVE ex-
isted in all of the data. The artifacts were more evident on the
smaller objects. Thinner slice thickness provided more accurate
volume estimation for smaller objects.

Small target velocity reduces the PVE, and faster gantry ro-
tation time decreases PPE, which results in more accurate vol-
ume description. We found that MMimph was the main pa-
rameter reducing the correlation between MsTrueV and velo-
city. Without reducing the MMimph, controlling target velocity
and gantry rotation will not guarantee accurate image pre-
sentation given the scope of current 4D CT technology. A res-
piratory phase synchronizes with the gantry starting angle and
then it can potentially improve the accuracy of 4D CT

imaging.
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