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Theaccuracy of four-dimensiona computed tomography (4DCT) imaging depends
ontemporal characteristics of the acquisition protocol—for example, the temporal
spacing of the reconstructed images (al so known as cine duration between images)
and the gantry rotation speed. These parameters affect the temporal resolution of
4ADCT images, and asingle default acquisition protocol, ascommonly used in most
clinics, may be suboptimal for a subset of respiratory motion characteristics. It
could lead to substantial inaccuraciesin target delineation. The aim of the present
study wasto evaluate the interplay between parameters affecting temporal resolu-
tion and the accuracy of the resulting images.

Weacquired 4DCT images of cylindrical phantoms under repetitive motion induced
by atrandation platform. Acquisition settings varied with respect to temporal spac-
ing, gantry rotation speed, and motion period of the phantoms. Reconstructed
imageswere sorted into 10 phase bins and were compared to static phantom images
acquired at corresponding positions of the respiration phase. Acquisitions with
different temporal spacing did not play asignificant role in the amount of motion
observed in full-cycle maximum intensity projectionimages. Target delineation ac-
curacy at end-of-inhalation phase was observed to be constant up to athreshold in
the value of the reconstruction interval, beyond which it varied arbitrarily. This
threshold was found to be correl ated with the number of phase bins and the motion
period. No observable variationswere noted with images from the end of exhalation
when temporal spacing was varied. Target delineation accuracy was observed to be
enhanced in acquisitions using faster gantry rotation speeds. An evaluation of the
acquisition parameters needs to be performed depending on the period of the
motion and limiting factors such as the availability of acquisition settings, X-ray
tube workload, image storage, and processing power.

PACSnumbers. 87.53.Xd, 87.57.-s, 87.57.Gg, 87.59.Fm
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. INTRODUCTION

Intrafraction respiration motion has been shown to introduce significant uncertainties into the
visualization and localization of anatomy.( Additionally, lack of temporal information for tumor
volumes or nearby healthy critical structures may cause dosimetric errors and therefore lead to
suboptimal radiation trestments.2 With the advent of new technol ogiesincorporating respiration
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motion into existing imaging modalities—for example, four-dimensional computed tomography
(4DCT)9—theability to identify the full excursion of critical anatomy improved substantially.
Additional temporal information provided with 4ADCT imaging has been shown to facilitate the
application of motion-incorporated radiotherapy techniques,™® providing increased conformality
and therapeutic advantagein the treatment of mobiletumors.

Despitesmplicity of operationin principle, ADCT imaging systemsare a so proneto errorsthat
could be propagated to undesirable dosimetric consequences. Potential sources for such errors
includeirregular breathing by patients,(19 inaccurate assessment of respiratory motion,112 or
inappropriate selection of acquisition parameters. Thefocus of the present study was on selection
of the 4DCT acquisition parameters and subsequent evaluation of how the selected temporal
parametersaffect the accuracy of thefinal images. Conventional X-ray imaging parameterssuch as
tube current, peak voltage, collimation size, and slicethicknesswere kept consi stent while acqui-
sition parametersthat affect thetemporal resolution wereinvestigated:

e Tempora spacing inacine scan (At)
The At parameter controls the temporal spacing between two consecutive images recon-
structed at the same scan position. It is also called “cine time between images’ in some
commercial scanning systems.

+  Gantry rotation speed (Tg)
The T, parameter representsthe timeit takes for the X -ray tube to make onefull rotation. It
equalsthelength of the projection dataused for the reconstruction of asingleimage under full
segment reconstruction mode.

Fig. Lillustratesthese parametersand their rolesin 4DCT image reconstruction.

—
M
Tr
] L] L] L] ] |
Tcine

Fic. 1. The four-dimensional computed tomography temporal acquisition parameters: temporal spacing (At) and
gantry rotation period (Tp).

1. MATERIALS AND METHODS

We analyzed imagesfrom morethan 504DCT studiesacquired using a16-dice GE LightSpeed RT
scanner (GE Healthcare Technol ogies, Waukesha, W1). The image studies were acquired under

cine mode, amodified axial scanning mode that enables multiple gantry rotationsfor each couch
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location. Imageswere acquired with dicethicknesses of 1.25 mm and acollimation thicknessof 10.0
mm. A peak X-ray tubevoltageof 120kV and atube current of 200 mA were selected for scanning,
with a T of 1 s (gantry rotation). For shorter gantry rotation periods (<1 s), we adjusted the
milliamperes such that thetotal milliampere-seconds (mA s: mA x T.,) was kept constant so asto
establish comparable noiselevelsin reconstructed images.

A motion platform was used to simulate respiratory motion for phantoms placed atop the
platform. The platform consists of threelinear motors(LinMot, Delavan, WI), two moving along
the horizontal axesorthogona to each other, and onemoving along thevertical axisasshowninFig.
2. Athree-dimensional controller and an encoder system executes position commandsfor the plat-
form at frequenciesof up to 500 Hz. With the use of custom-devel oped control software, the platform
can simulatefunctional formsof respiration motion at ameasured accuracy of 0.0+ 0.3 mm.D

M otion management is performed retrospectively using the Varian Real-Time Position Man-
agement system, ver. 1.6.5 (Varian Medical Systems, PaoAlto, CA). Aninfrared camerarecording
the motion of asurrogate marker block placed atop the motion platform tracks the simulated
respiratory motion.

For quantitative analysis of target delineation accuracy, acrylic cylindrical phantomsare placed
on the motion platform such that the motions of the surrogate marker block traced by therespira-
tory management system and the phantoms are alwaysidentical. Five cylindersof radii 1.43 cm,
1.91cm, 2.54cm, 2.86 cm, and 3.18 cm (here cdlled phantoms 1—5, in order of increasing radius) were
placed asin the setup shownin Fig. 2, modeling target objects observed clinically. The phantoms
were arranged such that acoronal view of captured images showsthe circular cross-sections of
phantoms. In the acquired cine scans, phantoms were mobile along the longitudinal direction of
the scanner, perpendicular to the scan plane, following the periodic motion of equation 1,13

2(t) = z,+ Z-cos® (2nt/ T), @

wherethe constant parameter Z representsthe maximum excursion of the motion observed during
asingle period T. Throughout the study, we used a peak-to-peak motion amplitude of 2.0 cm (2).
We acquired 4DCT scans with agantry rotation period (Tg) of 1 swhile the phantoms were
under simulated respiratory motion with periods (T) of 3s,4 s, and 5 s. Theseimageswere then
reconstructed offlinewith temporal spacing (At) of 0.155s,0.20s,0.25s,0.30s,0.355,0.40s,0.455s,

Fic. 2. The motion platform used in this study. Cylindrical phantoms were placed on the platform, together with
the Varian Real-Time Position Management system marker block, and moved periodically along the longitudinal
axis of the phantom (in and out the scanner bore).
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0.50s,0.605s,0.705s,0.80s,0.905s, and 1.00 s, corresponding to 39 different ADCT studies. To study
theroleof variousgantry rotation speeds, 4DCT studies corresponding to faster gantry scans (T, =
0.55,0.65,0.75,0.8 s, and 0.9 s) were acquired and reconstructed with atemporal spacing of 0.2 s.

Reconstructed imageswere then sorted into 10 phase binsfor final evaluation using GE Advan-
tage 4D software (GE Healthcare Technol ogies). Each phase binistherefore athree-dimensional
image constructed from axial diceswith similar phases. Thesethree-dimensional imageswerethen
compared to static scans, which were acquired in axial mode whilethe programmable platform was
positioned at longitudinal locations corresponding to 0%, 10%, 20%, 30%, 40%, and 50% phases
of themotion. Maximum intensity pixel (MIP) imageswere constructed from the phaseimagesand
were used to assess the effect of acquisition parameters on awider time range, such as the full
motion period.

Compared to static scans, scans using the acquisition parameters studied here show effects
that reflect differencesin residual motion, motion artifacts, and other motion blurring that are
finally quantified intermsof the ddlineated size of the phantoms. Acrylic phantomshave Hounsfield
unitsin thereconstructed CT images close to those of muscle tissue (40 HU) and are efficiently
visualized using apulmonary window and level (1000 HU and—700 HU). A coronal view of the
images showing the circular cross-section of the phantoms was extracted as an 8-hit grayscale
image with aresolution of 512 x 512 pixels for further analysis. These 8-bit images were then
imported into the ImageJimage processing software (National Institutesof Health, Bethesda, MD),
and measurements with respect to the relative sizes of the phantoms were performed using the
automatic contouring and other image processing toolsavailablein Imagel.

Weinvestigated the temporal spacing parameter (At) intermsof itseffect on target delineation
for thefull range of motion and for individual phase images (0% peak inhal ation and 50% peak
exhalation). For the full range of motion, we compared MIP images constructed from all phase
images of the phantoms under simul ated motion to static phantom images.

We investigated the effects of gantry rotation speed by comparing MIP images involving a
range of motion under various gantry rotation speeds for a fixed temporal spacing value of 0.2
seconds. Maximum intensity pixel imagesfrom thefull respiration cycle (that is, [0% — 90%)]
phase window) and those that were constructed from several different phase bin ranges were
centered at the end of exhalation for quantitative comparisons—that is, [40%, 60%], [ 30%, 70%],
and [20%, 80%]. The motivation for the selection of shorter phase windows was based on
scenarios in which respiratory gating could be performed at the end of exhalation. Therefore
selection of the phase windowsinvestigated in the study corresponds to gated treatment duty
cyclesof 3.3, 2.0, and 1.4 respectively.

[1l. RESULTS AND DISCUSSION

A. Temporal spacing (At)

Fig. 3(a) showsMIPimagesof static phantoms created offlineand pixed subtractionimagesfor MIP
images of the phantoms under motion acquired with various temporal spacing values (At). The
MIPimagesof static phantomswere created by applying apixel maximum val ue operator toimages
of static phantoms.

Fig. 3(b) plotstherelative size of each phantom in the motion MIPimageswith respect to those
inthe staticimages. For thefull range of motion represented by the MIPimages, the phantom size
did not present any considerabl e dependence on the sel ection of temporal spacing between im-
ages (At). A slight underestimation of sizeis apparent in the 4ADCT MIPimagesfor al phantom
sizes. Thisunderestimation isattributable to the fact that the M 1P construction from staticimages
iscreated using phaseimages, including the exact 0% (peak inhal ation) and 50% (peak exhalation)
phases—that is, the motion extremes. However theimages representing the phases at the motion
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extremesfor the4DCT MIPimages may not fall at the actual motion extreme, becausethey are
binned from arange of possible actual phases. For example, the 0% phase images contain axial
imageswith cal culated phases ranging from 96% to 3%.

To represent situationsin which asubset of motion isconsidered, we al so eval uated the effect
of temporal spacing onindividual phaseimages. Comparisonsof single phaseswere used the 0%
and 50% phase images corresponding to images at the end of inhalation and the end of exhalation
respectively. Fig. 4(a) shows subtraction images betweenthe4DCT and staticimagesfrom theend
of inhalation phase (0%0), in which theintensity val ues represent the absol ute value of differences
between corresponding pixelsof thetwo images. Errorsin target definition weremeasured fromthe
subtraction images and reported astheratio of non-zero pixelswithin aregion of interest created
around the phantom to the non-zero pixelsinthe staticimage. The only non-zero pixelsinthestatic
image were aresult of the presence of phantom abjects, and therefore the pixel count within a
specific region of interest in static imagesis ameasure of the actual cross-sectional size of each
phantom. Pixel differenceswere normalized with respect to the number of pixelsinthestaticimage
and wereplotted in Fig. 4(b) for phantom 4 with aradiusof 2.86 cm.

Below aparticular threshold value, the delineati on errors show no dependence on At. However,
deviations with respect to the static images fluctuated arbitrarily beyond this threshold value,
which appeared to be about At = 0.5 s. We observed that thisthreshold was consistent for respira-
tion motion periodsof 3s,4 s, and 5 s; however, the magnitude of therelative errorswas observed
to be greater for shorter motion periods. This threshold corresponds to the minimum statistical
sampling necessary for defining an accurate flow of motion given the phase binning choseninthe
analysis. Under-sampling isevidenced by an amplified range of phaseerrorsfor each phasebin as
temporal spacing increases. Therange of maximum phaseerrorsfor the0% phasebin(T=4s, Ty =
1s)isshowninFig. 5asafunction of At. Theseerrorsare calculated by comparing the cal culated
respiration phase of individual sliceimages and the value of the phase bin to which the relevant
imageisassigned. For atemporal spacing parameter of 0.45 sand larger, al images contributing to
the 0% phase image had phase errors exceeding +5%. The magnitude of the spatial artifacts
resulting from these phase errorsvaried with the respiration period, because the amount of residual
motion changed, but the reconstruction interval time (or gantry rotation speed) was unaltered.

(b)

MIP Size vs Temporal Spacing
(T=4s and Te = 1s)
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Fic. 3. Maximum-intensity pixel (MIP) images for the full range of motion are constructed using static images and
images of phantoms under motion. (a) To highlight differences and to facilitate quantitative comparisons with
static counterparts, only subtraction images for the phantoms are shown, corresponding to a selection of tempo-
ral spacing parameters. (b) Apparent sizes of the phantom objects in MIP images are shown relative to the
corresponding static images.
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Fic. 4. (a) End-inhalation images (0% motion phase) are shown from static and subtraction images acquired with
a selection of tempora spacing parameters. (b) Relative delineation errors as defined in the text are shown for one
phantom as a function of the temporal spacing parameter.
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Fic. 5. Maximum phase errors within the construction of the 0% phase bin (T = 4 s, T, = 1 s) are shown as a function
of temporal spacing, At.

Phaseimages corresponding to the end of exhalation (50% phase) did not present any depen-
dence on thetemporal spacing between images. Fig. 6 shows subtraction imagesfor the 50% phase
and the plot of relative target delineations with respect to the static images. Despite the fact that
the 50% phase-bin images were subject to sampling problems as At increased, the resulting phase
errors did not produce the same target delineation errors as the 0% phase did, because of the
amplitude plateau at this phaselocation.
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Fic. 6. (a) End-of-exhalation images (50% motion phase) are shown from static and subtraction images acquired
with a selection of temporal spacing parameters. (b) Relative delineation errors as defined in the text are shown
for one of the phantoms as a function of temporal spacing.

B. Gantry rotation speed (Ty)

Fig. 7 showsthe pixel subtractionimagesof MIPimages constructed by the phaseimages of static
and mobile phantoms acquired under various gantry rotation speeds. A plot of therelative differ-
encesintheimages of the phantoms measured from the subtractionimagesisalso providedinFig. 8
for one of the phantoms. The gantry rotation speed controlsthe temporal length of the projection
datain thereconstructed images, and images acquired with faster gantry rotationswill becloser to
aperfect snapshot in time and therefore closer to the static images used for comparisons. This
effect isdemonstrated very clearly in Fig. 8, in which target delineation errorswere decreased in
comparison with the stati c images asthe rotation speed of the gantry increased. For arespiration
motion period of 4 s, an image with a 1-stemporal reconstruction length spans a phase range of
+12.5%. Ontheother hand, astherotation speed is doubled for the same motion, the reconstructed
images span a phase range of +6.25%. The dependence on gantry rotation speed a so showed a
correlation with the size of the MIP phase window selected about the end of exhalation phase
([40% — 60%], [30% — 70%)], and [20% — 80%)]). The effect of gantry rotation speed was less
apparent for smaller window sizes because the narrow phase window selectionsincorporated less
residual motion. In addition, the phantom sizesin the MIPimages corresponding to thefull range
of motion (that is, [0% —90%]) showed no notabl e change with respect to their static counterparts
and showed no dependence on gantry rotation speed.

(a) b)
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(

Fic. 7. Effects of gantry rotation speed for several phase window selections in the construction of maximum-
intensity pixel (MIP) images. The first row of images is obtained from the corresponding phases of the static
images. The remaining rows present MIP images for gantry rotation speeds of 0.6 s, 0.8 s, and 1.0 s, from top to
bottom respectively. (a) [40%, 60%)]. (b) [30%, 70%]. (c) [20%, 80%)].
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MIP Size vs Gantry Rotation Period
(Phantom #4, T=4s, At=0.2s)
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Fic. 8. Effect of gantry rotation period on the delineation of phantom 4 (radius: 2.86 cm), shown as a function of
various maximum-intensity pixel (MIP) combination phase windows. The last window (0% — 90%) represents the
full range of respiratory motion.

V. CONCLUSIONS

We studied the dependence of target delineation accuracy on the temporal resolution factors
effecting 4ADCT acquisitions. Thetemporal spacing parameter wasfound to control thetemporal
accuracy of the reconstructed phase images. Choosing finer temporal spacing below a given
threshold was observed to have no change on image integrity and to unnecessarily increase the
number of images created in the 4DCT study. On the other hand, very large temporal spacing
valuesresulted in under-sampling the range of phaseimages, causing an increasein phase errors
for images assigned to aparticular phase bin. Therefore, thetemporal spacing between the recon-
structed images requires that users carefully adjust their selection based on the period of the
motion and the number of phase bins created. We recommend that temporal spacing be optimized
such that phase errorsin any phase bin be smaller than the half-width of the phase bin.

In addition, an improvement in delineation accuracy with faster gantry speeds was also ob-
served because of acquisition of the projection datawithin ashorter time period. However, this
correlation varied when different ranges of motion wereinvestigated. Size of the phantomsin MIP
images constructed from full range of motion phases showed no change with respect to the
rotation speed because an increased rotation period or reconstruction interval incurred no extra
residual motion. However, large phase windows sel ected around the end of exhal ation were prone
to more residual motion and were observed to benefit the most from faster gantry speeds. The
effect of rotation speed wasless significant when shorter ranges of phaseimageswere analyzed.
In no casedid faster gantry rotation speedsinvolve apenalty intermsof image quality. However,
in some cases, increasing the tube current with increased rotati on speeds required more frequent
tube cooling.
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