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The purpose of this study is to understand the effect of pitch on raw data interpolation in multislice
spiral/helical computed tomograpi€T) and provide guidelines for scanner design and protocol
optimization. Multislice spiral CT is mainly characterized by the three parameters: the number of
detector arrays, the detector collimation, and the table increment per x-ray source rotation. The
pitch in multislice spiral CT is defined as the ratio of the table increment over the detector colli-
mation in this study. In parallel to the current framework for studying longitudinal image resolution,
the central fan-beam rays of direct and opposite directions are considered, assuming a narrow
cone-beam angle. Generally speaking, sampling in the Radon domain by the direct and opposite
central rays is nonuniform along the longitudinal axis. Using a recently developed methodology for
quantifying the sensitivity of signal reconstruction from nonuniformly sampled finite points, the
effect of pitch on raw data interpolation is analyzed in multislice spiral CT. Unlike single-slice
spiral CT, in which image quality decreases monotonically as the pitch increases, the sensitivity of
raw data interpolation in multislice spiral CT increases in an alternating way as the pitch increases,
suggesting that image quality does not decrease monotonically in this case. The most favorable
pitch can be found from the sensitivity-pitch plot for any given set of multislice spiral CT param-
eters. An example for four-slice spiral CT is provided. The study on the effect of pitch using the
sensitivity analysis approach reveals the fundamental characteristics of raw data interpolation in
multislice spiral CT, and gives insights into interaction between pitch and image quality. These
results may be valuable for design of multislice spiral CT scanners and imaging protocol optimi-
zation in clinical applications. €1999 American Association of Physicists in Medicine.
[S0094-240809)02312-3

[. INTRODUCTION struction from finite nonuniform samples is reviewed, and
adapted for the sensitivity analysis of raw data interpolation

Recently, spiral/helical computed tomograpl@yT) began a in multislice spiral CT. In the third section, the effect of pitch

transition from fan-beam to cone-beam geometry with thes numerically studied under the assumption of four-slice spi-

introduction of multislice system’s® These narrow-angle ral CT. Representative results on the sensitivity of data in-

cone-beam spiral CT scanners, also referred to as multislicerpolation in multislice spiral CT are presented with respect

or multirow detector scanners, are now commercially availto the pitch. In the last section, relevant issues and further

able. Cone-beam spiral CT uses a two-dimensi¢2B) de-  research topics are discussed.

tector array, allows larger scanning range in shorter time

with higher longitudinal image resolution, and has important

medical and other applications:’ l. METHODS

In multislice spiral CT, specification of multiple acquisi- A. Sensitivity analysis theory and technique

tion an<fj .reco.nstructlon plararr)et_ers.ls reﬂmred. Fgr the pur- Recently, Tarczynski proposed a methodology for point-
pose of imaging protocol optimization, the most important, ;e quality evaluation of signal reconstruction from finitely

parameters are the number of detector arrays/rows, the deter‘ﬁ'any and nonuniformly distributed sampistie was in-

tor collimation, and the table increment per x-ray source rogpireq by the fact that reconstruction errors are generally
tation. The pitch in multislice spiral CT is defined as the ratiogmgjier in the neighborhood of the sampling instants and
of the table increment over the detector collimation in thisincrease at points remote from the samples.

study, as suggested in Refs. 6 and 8. In the above definition, A pand-limited signalf(z) is assumed in Ref. 16, which
without loss of generality we assume that the detector colliis expressed as

mation for each ol detector arrays is the same, excluding

the cases of either different collimation or combined “mea- sir{w}

o

surement row.”
f(z)= c(k) ———————
In single-slice spiral CT, the effect of pitch on image 2 kzz—w (k) m(z—KkA)

quality was studied experimentally* and theoretically**® A
In this report, we analyze the effect of pitch on raw data "
interpolation in multislice spiral CT. In the next section, a _ 2 c(k)sinc{
recently developed methodology for evaluating signal recon- k==

z—kA
A

()
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wherec(k) are coefficientgin the case of infinite expansion |, norm of the homogeneous solution of E8). Since any
terms,c(k)=f(AKk)]. A is the length of sampling step that solution to the linear equation system can be expressed as the
meets the Nyquist criterion, sirg(=sin(mz)/7z, which is  sum of a particular solution and a homogeneous soldfion,
the interpolation kernel. For the sake of numerical imple-the homogeneous solution can be viewed as “interference”
mentation, the infinite summation is truncated as follows: to signal reconstruction. IQ(zy) =0, all reconstructions of

M f(z) are identical atz,. On the other hand, a larg@(z)
fz)= > c(k)sinc{z_kA) 2 would cause a significant interference to reconstruction of
k=—M A ) f(z). Recently, in order to include noise in the sampling

process. Wang and Han extended Tarczynski’s theory, estab-
lished the minimum error bound of signal reconstruction, and
demonstrated tha@(z) still plays a governing role in the
generalized formulatiof

whereM must be so selected that the interval on whi¢h)
is of interest is deeply contained jr- M,M], meaning that
whenk is close to either—M or M, values ofc(k) do not
contribute significantly to signal reconstruction on the inter-
val of interest.

Supposd (z) is sampled on the s&={z;,z,,...,z.}, the  B. Sensitivity of multislice scanning
signal reconstruction problem is to solve the following linear

equation system for c(k), k=-M,—-M+1,..—2, only the central fan-beam rays

-101.2,.M=1M, of direct and opposite directions are considered, assuming a
M 2(i)— kA narrow cone-beam angle. Traditionally, the contributions of
flz(i)]= E c(k)sinr{—} 3 the central rays are accumulated to construct the slice sensi-
k=M A - : ) i
tivity profile at the isocenter of the scanner gantry. The slice

In parallel to the current framework for studying longitu-
dinal image resolutiofi;” 2%

which can be expressed in the matrix form SenSitiVity prOf”e has been W|d9|y used to depICt the slice
thickness. However, the slice thickness depends on the inter-
ALxam+1X@am+1x1= FLxa, (4 polation algorithm that is used to synthesize complete planar

data sets for the transaxial sections under reconstruction. It
may be argued that the goodness of the pitch in spiral CT
should be solely determined by the scanning/sampling pat-

where the unknown vectoX=x(j)=c(j—M—1), the
sample vectoF=f[z(i)], and the matriXA is defined as

o Sz =(j—M—=1)A tern, that is, should be a feature inherent to the sampled data.
a(i 'J):S'”‘{ A , In other words, the spiral scanning pattern specifies the lon-
. ) gitudinal sampling pattern of the direct and opposite central
i=12,..1,j=12,.. M+1. rays, and the arrangement of sample loci dictates the sensi-
The sensitivity functionQ(z) for reconstruction off(z) ity in any subsequent data interpolation from these
from f[z(i)], zi S, is calculated as follows: samples, just as what was formulated in the preceding sub-
Q(2)=/G'(2)BB'G(2), ( Secton

Figure 1 defines the multislice spiral CT scanning and
whereB is the null space of\, which can be found through imaging geometry. As shown in Fig(d, the three key pa-
singular value decomposition, andG’'(z)=(sinc((z  rameters in multislice spiral CT are the longitudinal dimen-
—MA)/A),... sinc(@z+MA)/A)). Generally, the rank oA sion of the detector collimatio®, the number of detector
is L (sampling locations are all differenthence in this case arraysN, and the table increment per source rotatibn
the dimensionality oB must be M —L+1. where the unit can be either mm or cm. The spiral scanning

The difference must be recognized between the sensitivitpitch p is directly related to the detector collimation and the
in the sensitivity of signal reconstruction and that in the slicetable increment, defined as their rat= T/D. Because of
sensitivity profile. In the signal processing literature, sensithe narrow-angle cone-beam configurati@dhe cone angle
tivity analysis is to determine how much influence or controlrelative to the midplane is less than 0.4°; see p. 555 in Ref.
various inputs or factors have over some output or proces$), the central rays of fan beams are assumed as parallel in
In our study, the sensitivity analysis method is used to quanthis study, as illustrated in Fig.(). Physically, multiple
tify variation in signal reconstruction given a sampling con-detector rows in the multislice spiral CT are arranged as
dition. On the other hand, the slice sensitivity profile is theshown in Fig. 1a). Hence, the ideal longitudinal sampling is
longitudinal profile of the point spread function of a CT generally impossible where the central rays of the fan beams
systemt’ A figure of merit of the slice sensitivity profile is intersect a common transverse plane with equiangular inter-
often convenient to describe the thickness of a tomographieals around the longitudinal axis. Therefore, the image qual-
transaxial image, or equivalently the resolution in the tablety does not decrease monotonically as the pitch increases.
motion direction. The sensitivity of signal reconstruction isa Figure 2 shows sampling patterns of direct and opposite
fundamental property inherent in a data acquisition schemeagentral rays from a single helical turn as well as multiple
while the slice sensitivity profile is an end point of an imag- helical turns, respectively. The single turn case is important,
ing system. because it is the basic element of an elongated helical scan,

The meaning 0f)(z) is the gain between the sup norm of and may be increasingly useful in clinical applications as the
the reconstructed homogeneous componertft(af and the cone-beam angle becomes larger. In the single turn case, the

Medical Physics, Vol. 26, No. 12, December 1999



2650 G. Wang and M. W. Vannier: The effect of pitch 2650

,\l ,\/\2 Samples
50 ‘E 4
= \
= s 10 Samples
-100 ..g (\(-\ - r\ N (\II‘/’M' p:
8 i
Yy 150 ]
X
wes -200
N Detector Arrays of Collimation D
(a) -250 |
<300 -
A z Sample LoFation (mm)
'350.5 0 5 10 15 20 25
gj l/’l\‘:”"i}(S OfD = 1 S — Fic. 3. Sensitivity of signal reconstruction over the rangé-e6, 25] in mm
ollimation - > from 2 and 10 uniformly sampled locations shown as the minimum points
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Fic. 1. Multislice spiral/helical CT geometry with the three key parameters:the pitch, as shown in Fig.(8). Note that plt'Ch IS !n turn
the detector collimatioD, the number of detector array$ and the table depgndent on the table feé-ﬂ) and detector d'men5|OGD)-
increment per source rotatioh (a) 3D illustration of narrow-angle cone- Equivalently, the analysis on the effect of pitch could be
b_eams,(b) direct and opposite central rays that are approximately parallel,presented in terms of a fixédor D as the other parameter is
since the narrow cone angieis typically less than 0.4°. varied. Formulas for the exact sampling locations can be
geometrically derived in either of the cadesut are not in-

total number of longitudinal samples is simgly=2N for a cluded here for brevity.

given x-ray source orientation, as shown in Fi¢g)20n the

other hand, in the multiple turn case, the total number ofll. NUMERICAL ANALYSIS

longitudinal samples over a given longitudinal range depends To demonstrate the utility of the sensitivity analysis ap-
proach in the study on the effect of pitch in multislice spiral
CT, numerical simulation was done based on representative

$ 1@ parameters of the current multislice spiral CT scanners. Spe-
cifically, four detector arrays were used, the detector colli-
5 mationD was set to 2 mm, and the data longitudinal band-
S NS width was selected to be consistent with the detector
A AL collimation, that isA in Eq. (1) was set to 2 mm. Our soft-
D 12, ware for the sensitivity analysis of the effect of pitch in mul-
TER| tislice spiral CT was coded in theATLAB languageMath-

Works, Inc., Natick, MA, and run on a personal computer
@ Gateway 2000 P5-120120 MHz Pentium, 32 MB RAM;
Gateway 2000, Inc., North Sioux City, $D
Figure 3 shows the sensitivity of signal reconstruction
A fz) from a uniformly sampled data set consisting of two and ten
samples. As expected, the sensitivity at the sampling posi-
tions is the lowest; it increases when the reconstruction po-
- N sition is away from the sampling positions, and the more the
AbdAAd AA AL _ samples, the lower the sensitivity. The results in Fig. 3 not
1D o only help visualize the idea of the sensitivity analysis, but
= ¢ ¢ I ¢ 1 ¢ ¢ also serve to verify the correctness of our software, since
LAR AR AR J v ki - they are in excellent agreement with those reported in Ref.
® z 16. They-axis scale for sensitivity is given in terms of deci-
- bels, which indicates the large dynamic range for this param-
Fic. 2. Sampling patterns of direct and opposite central rays @M otar requiring a special care in computatidouble floating
single scanning turn, an@) multiple scanning turns, wheif@ denotes the . o
datg. The cause for different sensitivity values at the sam-

detector collimationN the number of detector arrays, afdhe table incre- 7 - ) = v X
ment per source rotation. pling locations is the finite precision of computation.

N"
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Sensitivity Analysis in the Case of a Single Helical Turn : Sensitivity Analysis in the Case of a Single Helical Turn
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Fic. 4. Sensitivity of multislice spiral CT sampling from a single helical £ 5 Median sensitivity of multislice spiral CT sampling as a function of
turn, where the detector collimatiddb=2 mm, the number of detector ar- he pitch, computed under the same conditions as for Fig. 4, where the

raysN=4, and the pitctp=1,2,...,6 for(2)—(f), respectively. Note that the  getector collimatiorD =2 mm, the number of detector arrayis-4, and the
interval of the abscissa is defined by the minimum and maximum samplingitch interal is[1,9].

locations, hence they vary from plot to plot.

spanned by the direct and opposite rays from one helical turn
with the maximum pitch §=9).
Theoretically, the sensitivity value at any sampling location Figure 4 shows that the overall sensitivity decreases in
must be Q(minus infinite in dB. We strongly underscore the general as the pitch increases. Quite high sensitivity is asso-
fact that higher values of sensitivity under this definition giveciated with pitches of 2, 4, and 6. In these high pitch cases,
less performancéhat is, worse image quality superposition occurs with both direct and opposite rays. The
Although the sensitivity function is most informative for median sensitivity curve in Fig. 5 reconfirms this phenom-
any specific pitch in multislice spiral CT, a figure of merit is enon with peaks at pitches of 2, 4, and 6. This sensitivity-
desirable to describe the overall quality of the sampling patpitch curve also shows that a pitch of a little less than 3 is
tern associated with that pitch, and subsequently to optimizpreferred that gives volume coverage larger than pitch 2 and
the scanning protocol relative to the pitch. Clearly, this figureinterpolation sensitivity less than pitches 2 and those greater
of merit should reflect the global sensitivity in a heuristic than 3. Similar comments can be made on Figs. 6 and 7.
manner. In this study, each sensitivity curve was visuallyNote that the “harmonic oscillation” pitche&t which direct
examined for the overall deviation from the 0 dB line, andand opposite central rays of the fan beams overlap to various
guantitatively represented by the median value of the sensextentg should be avoided, because these pitchs, such as
tivity function.?? The median value was chosen for its appro-pitches of 2, 4, and 6, lead to peaks of the sensitivity-pitch
priateness in capturing our visual impression on the distanceurve.
between the sensitivity curve and the 0 dB line. As compared
to the mean value, the median value is less sensitive to out- L . ) .
. . g . Sensitivity Analysis in the Case of Multiple Helical Turns
liers and errors in computing the sensitivity. Note that fluc- itche]  Piteh=2
tuation in the sensitivity, as measured in dB, is great around ) ’Tq["r“"‘f"ﬁ
the sampling locations, and this randomness can be effec- e | ff
tively suppressed via median filtering. Also, note that the £ ** mwmﬂ @
minimum of the sensitivity function should be always "“"o - S II:LO aﬁ;ﬂ mm;
achieved at sampling locations. o Bitch=3 Pitch=4
Figure 4 includes six sensitivity plots of multislice spiral

g
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sensitivity functions were computed in the interval defined % su
by the two extreme central rays. Figures 6 and 7 show our °
results in the case crhultlple helical turns which are the Fic. 6. Sensitivity of multislice spiral CT sampling from multiple helical

coun.tgr'parts of Figs. 4 and 5. In the mU|tip|e tuml cas.e, thurns, where the detector collimatidd=2 mm, the number of detector
sensitivity functions were computed 0,20, which is  arraysN=4, and the pitctp=1,2,...,6 for(a)—(f), respectively.
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Sensitivity Analysis in the Case of Muitiple Helical Turns : formance can be described in both spatial and temporal
o . . . . . . . terms. Clearly, the computational requirements for more so-
0 phisticated sensitivity studies would be very high, especially
®r z for singular value decomposition, which is needed to deter-
- § mine the null space of the sampling system.
100 12 £ The sensitivity of spiral CT data interpolation is directly
Y related to the longitudinal bandwidth of signal. It is intu-
" S itively clear that given a sampling pattern, the wider the sig-
- H nal bandwidth, the less susceptible the signal reconstruction.
Because the emphasis of this paper is comparison among
- ] different sampling patterns associated with various pitches,
the relationship between the sensitivity and the bandwidth is
ol not quantified in this study. However, this topic deserves
_ further research.
0! s 2 s + n P‘fh : ! The predictive value of the sensitivity of multislice spiral

sampling needs experimental evaluation and validation using
Fic. 7. Median sensitivity of multislice spiral CT sampling as a function of Well-known indexes, especially those for image resolution
the pitch, computed under the same conditions as for Fig. 6, where theand image noise. Image artifacts are also an important aspect
detector collimatiorD =2 mm, the number of detector arrayis- 4, and the of image quality. AIthough these tasks have not been system-
pitch interval is[1,9]. . L . .

atically performed yet, our findings are consistent with pub-

lished knowledge on four-slice spiral ¢F:In one study, a

It is recognized that our results indicate a pitch of 6 to beSc@nning method was developed for superior longitudinal

a local maximum for sensitivityi.e., decreased image qual- sa_lmpling density by ao!ding fractions and shift?ng data trigls
ity), whereas at least one vendor uses that pitch as a point Sf9htly. For example, it was found that the pitch of 2.5 is
optimal image quality. This discrepancy may be explained duite sat|sfa_ct9r)9,|mage quality is higher whefi) the pitch

as follows. The sampling pattern does not uniquely deterlS 3-5 than it is 3, and2) the pitch is 4.5 than it is 3,__|n _
mine the method for image reconstruction, although it dic-2nother study, it was pointed out that unlike single-slice spi-
tates image quality in a fundamental way. In other words,ral CT, multislice spiral CT has favored pitches, suggesting
the pitch of 3 is better than the pitch of'2t is emphasized

some other factors, such as the interpolation algorithm; . e -
might be playing a relevant role. However, as far as thdhat the slice sensitivity profile should not be supplanted by

sensitivity of multislice spiral CT data interpolation is con- the sensitivity analysis. The value of this particular analysis
cerned, a pitch of 6 is not a good choice. lies in determination of the underlying “goodness” of the
sampled data set.
When wide-angle cone-beam spiral CT scanners emerge

IV. DISCUSSIONS AND CONCLUSION in the future, the fan-beams defined by individual detector

We have demonstrated that a pitch study in multislicearrays will no longer be in parallel, but our sensitivity analy-
spiral CT can be performed based on the sampling pattern isis approach can still be applied to quantify the effect of
the Radon domain, and the specifics of the algorithms fopitch. One way for the sensitivity analysis of helical scan-
raw data interpolation do not play any explicit role. This ning in this wide cone-beam angle case is to work in the
methodology is advantageous in at least two aspects. Firdteldkamp-type reconstruction framework. The Feldkamp
the sensitivity function, directly derived from the sampling algorithn?® has been the most popular practical cone-beam
pattern, is quite fundamental regarding the potential andlgorithm, but it is limited by circular scanning and longitu-
limitation of data interpolation in multislice spiral CT. Sec- dinal image blurring. The Feldkamp cone-beam algorithm
ond, the effect of pitch can be examined using the sensitivityvas generalized to allow flexible scanning loci for
analysis approach without involvement of either testing ob-microtomography:?* The generalized Feldkamp cone-beam
jects or raw data interpolation, which may lead to higheralgorithm can be adapted in special cases, such as helical
efficiency in scanner design and protocol optimization. Ac-scanning.?* Recently, the generalized Feldkamp algorithm
tually, raw data interpolation details are often consideredvas reformulated in two step$l) cone-beam to fan-beam
proprietary by manufacturers of CT scanners, and are cumdata conversion via a cosine correction, ga¢ fan-beam
rently unavailable to us. reconstruction via filtered backprojectiéhAs a result, after

Although our work reported in this paper was restricted towide-angle cone-beam data associated with direct and oppo-
the central rays of the fan beams, the methodology can bsite x-rays are weighted by appropriate cosine factors, they
applied to study the sensitivity of interpolation from data can still be regarded as from fan-beams that are in parallel to
associated with all available x-rays. This extension wouldthe gantry plane. Hence, the sensitivity of data interpolation
provide a complete picture of sensitivity of raw data interpo-in the wide cone-beam angle case can be similarly analyzed.
lation in multislice spiral CT. and would be a reasonable In conclusion, using the recently developed sensitivity
indicator of image reconstruction quality. If the temporal di- analysis approaclf, we modeled the effect of pitch on raw
mension is added in the sensitivity analysis, the system pedata interpolation in multislice spiral CT. Our results reveal
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the characteristic sensitivity of multislice spiral sampling for

recovery of Radon data, facilitating understanding of rela-
tionships among pitch, data interpolation sensitivity, and im-

age reconstruction quality in multislice spiral CT, and may
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