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The primary advantage of helical computerized tomography (CT) is the capahility of scanning
a complete anatomical volume in a single breath hold. Due to the table motion and subsequent
interpolation process, the slice sensitivity profile (SSP) in helical CT is worse than the response
function of the detector array. In this paper, image longitudinal resolution in volumetric x-ray
CT is analytically characterized, and a comparison made between conventional and helical CT.
First, the SSPs are derived for both conventional and helical CT with the half-scan interpolation
method under the condition that the table increment and detector collimation are the same.
Then, the corresponding transfer functions are obtained for bandwidth determination, which
directly describe the spatial resolution. Both one-tenth-cutoff and mean-square-root measures
are used to quantify the bandwidth. Although it appears that broadening the SSP in helical CT
could adversely affect longitudinal resolution, it is proved that for a given x-ray dose, helical CT
allows substantially better longitudinal resolution than conventional CT due to its inherent
retrospective reconstruction capability. To make full use of the potential of helical CT scan data,
it is recommended that about five slices be reconstructed per table increment. Helical CT is

superior in applications requiring a high longitudinal resolution.
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I. INTRODUCTION

Helical computed tomography (helical CT, also referred to
as spiral CT) is a major recent advance in x-ray CT for
rapid volumetric scanning and has been clinically accepted.
In helical CT, source rotation, patient translation, and data
acquisition are continuously conducted. This imaging
mode has the primary advantage of scanning a complete
anatomical volume in a single breath hold, ensuring slice-
to-slice contiguity. '™

Helical CT requires that planar projection sets be pro-
duced from raw helical scan data via interpolation. Among
various interpolation techniques, linear interpolation is
usually preferred due to its accuracy and efficiency. Typical
lincar interpolation techniques include full scan (FS), un-
der scan (US), full-scan interpolation (FI or 360LI), half-
scan (HS), half-scan interpolation (HI or 180LI) and
half-scan extrapolation (HE) methods.’ The HI method is
routinely used as the best linear interpolation method for
most applications. In the HI method, a set of planar pro-
jection data is obtained via linearly interpolating neighbor-
ing raw data at the opposite orientations.

It has been demonstrated that the image quality of he-
lical CT with the HI method is basically equivalent to that
of conventional CT, cxcept for some differences in the im-
age noise, artifact patterns, and slice sensitivity profiles
(SSPs).>” The image noise and artifacts have been studied
and are beyond the scope of this paper. The SSP in helical
CT is known to be a broadened version of the response
function of the detector array,s"" but the helical CT image
longitudinal resolution has not been well investigated. Be-
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cause the longitudinal resolution is an important issue in
high-resolution volumetric x-ray CT imaging,'">"” we will
perform an analysis in this paper.

In Sec. I, the SSPs in conventional and helical CT with
the HI method are analytically derived under the condition
that the table increment is equal to the detector collima-
tion. Previously, the only analytically obtained SSP in he-
lical CT (Ref. 5) is that associated with the FI method,
which is inferior to the HI method and out-of-date. In Sec.
I11, the transfer functions (TFs) of the SSPs are found and
the longitudinal bandwidths determined according to the
one-tenth-cutoff and mean-square-root criteria, respec-
tively. In Sec. 1V, the practical implications of our findings
are detailed. Section V concludes the paper.

Il. SLICE SENSITIVITY PROFILES

A system point spread function (PSF) is determined by
the detector array response function in conventional CT
and by both the detector array response and table motion
functions in helical CT. The slice sensitivity profile in CT is
defined as the system PSF restricted to the line along the
table motion direction and through the center of the gantry
aperture. Therefore, the SSP reasonably describes the lon-
gitudinal resolution.

Let us assume that detectors in the array are densely
arranged transversely and their response can be modeled as
f(z)=(1/D)rect(z/ D), where z is the longitudinal coor-
dinate, D is the longitudinal dimension of the detector col-
limation, and rect( ) is the rectangular function
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FIG. 1. Diagram showing variables and geometric relationships in the HI
method.
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rect(x) = (1)

0, otherwise.

If the table increment is sufficiently small, it can be imme-
diately obtained that the SSP in conventional CT, p2).1s
the same as the detector array response function

1 z
D.(z) =5 rect(5> (2)

(projection and reconstruction are inverse operations to
each other); otherwise, the SSP with a reconstruction in-
terval kD in conventional CT, Dc«(2), is the convolution of
the detector array response function (1/D)rect(z/ D) and
the low-pass filtering function (1/kD)sinc(wz/kD),

Pex(2)= Dzsmc(k;)*rect(%), (3)

where k is the ratio of the table increment to the detector
collimation, and

sin x
—. (4)
X

sinc(x) =

Due to the table motion and resulting interpolation pro-
cess, the SSP in helical CT is degraded compared to p,(z).
Recognizing its performance and popularity, we will focus
on the HI method in this study. Let 6 denote the normal
direction of a central projection ray /, B;, and f3, the angles
of its opposite rays make with respect to the axis x, z;, and
z, the longitudinal coordinates of the x-ray source positions
where the opposite rays radiate, and D the table increment,
as illustrated in Fig. 1. Note that the table increment in
helical CT has been assumed to be the same as the detector
collimation, since in practice the pitch (the ratio of the
increment to the collimation) is typically equal to one.
Then, we have

Medical Physics, Vol. 21, No. 3, March 1994

T
/31=9+5’
] fz 5)
- €37 ) (
BZZG_Ey
and
D
31 ( += )
6
D D 0 T (©)
fz—%ﬁz—ﬁ( 3 )

Assume that an ideal impulse is located at the origin of
the reconstruction coordinate system, the contribution to
the reconstruction at a point (0,0,—z), p,(—2,0), made
from the projection values associated with the opposite
rays is computed below in the HI method:

Pi(—=2,0) =kip(z+2)) +kp (z+2,), (N
where
et 4}
1 /7 (8)
=t (240)
Hence,

0= (T _g
pu(—z, )_1—r (5— )Pc

D 0 T
#3043

1 (7 0 D 0 T 9
+;(§+ )Pc Z+‘27r( —E) . (9)
Averaging p,(—z,0) with respect to 8, we have
Pr(—=2)=py(2)
1 72 1 /7 0 D o T 20
L a Gl (o3)]
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Substituting x = DO/21 into the above equation, it becomes

Dy (1 2mx D\2mr
=3 [ M( ) )f (l*"*z)ﬁ""

D/4 (m 2mx D\2xw
ﬂzf e [345 Jr)5
D/4 2x
=D Con (2 D)f(z+x+ )dx

D/4 1 Dd
Z4x——)dx.
55 (35) (%)

Introducing g,(x) and g,(x) as follows:

(11)
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TABLE I. One-tenth-cutoff bandwidth in conventional CT as a function of the table increment kD, where D

is the detector collimation and was set to 1, .=,

k € 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
17&,( 0.908 0.908 0.908  0.833 0.625 0.5 0.417 0.357 0.312 0.278  0.25
1 4x DD both approaches are equivalent. In this study, it is more
21 (x) = D DV x€ y w"{); (12) convenient _to Work inAthej Fourier domain, because the
. reconstruction interval in C1 can be considered as a sam-
0, otherwise, pling step, whose effect is of an ideal low-pass filter. In the
and Fourier domain, the spatial resolution is typically param-
etrized as the bandwidth (a signal can bc fully rccovered if
RS B )_1_)). its bandwidth stays within the bandwidth of the imaging
ex)={D D 4’4y (13)  process). Among various definitions of bandwidth, both
0, otherwise, the one-tenth-cutoff and mean-square-root measures are
- . used.
it is obtained that
© ( D 4
zZ)= x)flz+x+—|dx
Pi(z) f - & f( 4 /) A. Transfer functions
® D A Fourier transform pair'® is denoted as
+ f gz(x)f(z—i—x——_“— dx
o f(x) < F(u) (18)
= J.w gl(x_z_g)f(x)dx with the definitions
w D F(u)= f f(x)e™ X gy, (19)
+ J gz(x—z+z)f(x)dx -
- and
w D D 4
= f_m gl(x—Z—-4>+g2(x—Z+4) f(x) X. f(x): f F(u)el21TltX du‘ (20)
4 R R
. . Using the known Fourier transform relationships
Equaling g(z—x) to g,(x—z— D/4)+g,(x—z+ D/4), it
follows that rect(x) <> sinc(wu), 21)
2 4x D . 2
hiad )l tri(x) < sinc“(mu), (22)
D+ Ik X€ 2] ,()),
where
g(x)=4{2 4x D _ (15)
p D *€|07) I+x, xe[—1,0);
0, otherwise. tri(x)={ l—x, xe[0,1); (23)
Therefore, 0, otherwise,
pu(2) =g(2)*f(2). (16) and the properties that
Here, g(*) is referred to as the table motion function in the S(x/a) <> aF(au), where a is a scaling factor,
HI method. In other words, the SSP in helical CT, p,(z), (24)
is the convolution of the detector array response and table F(x) & f(u), if f(x) is an even function,  (25)

motion functions. Similarly, the SSP with a reconstruction
interval kD in helical CT, p,,(z), is the convolution of
py(2) and 1/k D sinc(wz/k D), that is

1 Tz
Pl =15 sinc(ﬁ)*gu)*f(z). (17)

lil. LONGITUDINAL BANDWIDTHS

While the SSP completely describes the longitudinal im-
age resolution, the transfer function (the Fourier trans-
form of the SSP) poussesses (he same information content;
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the transfer functions P.(u), P, x(u), Py(u), and Py (u),

corresponding to p.(z), p.(2), py(2), and p,, ;(z), respec-
tively, can be shown to be the following:

P,(z) =sinc(7Du), (26)
P (u) =sinc(7 Du)rect(kDu), (27)
Py(u) :sinc2(77Du/2)sinc(1TDu), (28)
Py (u) =sinc® (7 Du/2)sinc(r Du)rect (kDu). (29)
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TABLE II. One-tenth-cutoff bandwidth in helical CT as a function of the reconstruction interval kD, where
D is the detector collimation and was set to 1, u,=u,, .

k €
0.838

0.2
0.838

0.4
0.838

0.6
0.833

0.8

i 0.625

1.0
0.5

1.2
0.417

1.4
0.357

1.6
0.312

1.8
0.278

20
0.25

B. One-tenth-cutoff bandwidths

Given a TF, its one-tenth-cutoff bandwidth can be
found out by setting it to 0.1 and solving the equation on
the interval of the main lobe. Because in some cases we
cannot obtain closed-form solutions to the involved non-
lincar cquations, the software tool MATHEMATICA™ was
utilized to find the numerical roots. Tables I and II list the
bandwidths in conventional and helical CT as a function of
k; kD is the table increment in conventional CT and re-
construction interval in helical CT (D is the detector col-
limation and was set to one in the computation without
loss of generality). Note that the one-tenth-cutoff band-
widths u,=u,_ =lim._y 4, and u,=u, =lim,_, 1}, .

C. Mean-square-root bandwidths

The mean-square-root of a Fourier power spectrum is
another reasonable measure of the bandwidth.?*?! The
mean-square-root bandwidth # of a TF F(u) is defined as

L, J¢ W F(w)|?du

CETTEIF) P du
In our computation, some integrals with singularities and
infinite limits were involved. MATHEMATICA™ was used
with proper care to express the integrals in terms of stan-
dard functions such as the sinc integral and then to deter-
mine the integral values. Tables IIT and IV list the band-
widths in conventional and helical CT as a function of k;
kD is again the table increment and reconstruction interval
in conventional and helical CT (D=1 in the computa-
tion). Note that the mean-square-root-bandwidths
U =u..=lim,_ i, and )= iy =lim,_, Upe-

(30)

IV. PRACTICAL IMPLICATIONS

The longitudinal resolution depends on hoth the detec-
tor collimation and table increment. Suppose the table in-
crement is sufficiently small (a small fraction of the colli-
mation), the longitudinal resolution is solely determined
by the detector array response function in conventional CT
and then reaches its theoretically possible maximum. With
the table increment being equal to the collimation in helical
CT, even the reconstruction interval is sufficiently small,
the longitudinal resolution in helical CT would not be as
good as the maximum possible one in conventional CT.
Similarly, if the table increment in both conventional and

helical CT are the same and equal to the reconstruction
interval in helical CT, the longitudinal resolution in helical
CT would not bc favorably comparable to that in conven-
tional CT.

These facts could lead to the erroneous impression that
the longitudinal resolution in conventional CT is superior.
However, the above arguments overlook two important
factors. First, a sufficiently small table increment results in
a very large x-ray dose, which is practically impossible in
general. As a result, the maximum possible longitudinal
resolution in conventional CT (u,) is seldom reached, and
the real longitudinal resolution is then the low-pass filtered
version (u.;) of the maximum possible one (u,). Second,
the reconstruction interval in helical CT can be made suf-
ficiently fine only at cost of computing resources. Setting
the reconstruction interval to the table increment is just
one of possible choices. To compare longitudinal resolution
in conventional and helical CT, it is only fair to require not
only the collimation but also the x-ray dose be the same.
The identical x-ray dose means equal table increments. In
conventional CT, the reconstruction interval is the same as
the table increment, and the retrospective reconstruction is
achieved via Shannon’s interpolation. In helical CT, the
reconstruction interval is arbitrary, and it is feasible to
reach the maximum possible longitudinal bandwidth u,,
Therefore, in evaluating the longitudinal resolution, it is
u,, (the longitudinal bandwidth in conventional CT with
the same table increment as the detector collimation) and
u, (the maximum possible longitudinal bandwidth in heli-
cal CT) that should be compared.

Based on the bandwidth computations, the longitudinal
resolution in helical CT is superior to that in conventional
CT, as the helical ClI bandwidths are substantially
larger than the conventional CT counterparts
[4,(0.838) >u,,(0.5) and @,(0.297) >u,,(0.256)]. To
utilize helical CT to its full capability, it is rccommended
that about five slices be reconstructed per table increment
[44,02(0.838) =, (0.838) and i,(,(0.296) ~1,(0.297)].
To achieve the same longitudinal resolution in conven-
tional CT, about a 30% slice overlap is needed (a 60%
more x-ray dose) [u,(6(0.833) =u,(0.838) and
i1,05(0.296) ~,(0.297)].

V. CONCLUSION

We have formulated the SSPs and TFs for both conven-
tional and helical CT with the half-scan interpolation

TABLE I1I. Mean-square-root bandwidth in conventional CT as a function of the table increment kD, where
D is the detector collimation and was sct o 1, #,=#, .

€ 0.2
ok © 0.514

0.4
0.349

0.6
0.331

0.8
0.296

& =

1.0
0.256

1.2
0.222

1.4
0.194

1.6
0.173

1.8
0.155

2.0
0.14
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TABLE IV. Mean-square-root bandwidth in helical CT as a function of the reconstruction interval kD,
where D is the detector collimation and was set to 1, #t,=j, .

k € 0.2 0.4 0.6 0.8
Up s 0297 0.296 0294 0291 0272

0.242

1.0 1.2 1.4 1.6 1.8 2.0
0213 0.189 0.169 0.152 0.138

method, and computed the corresponding bandwidths ac-
cording to the one-tenth-cutoff and mean-square-root cri-
teria. In addition to the advantage of short data acquisition
time, we have analytically recognized another major ad-
vantage of helical CT—better longitudinal image resolu-
tion, compared to conventional CT. To make full use of
helical CT scan data, about five slices should be recon-
structed per table increment. We recommend helical CT in
applications requiring high longitudinal resolution, such as
skull base and temporal bone imaging, and lesion detection
and measurement.
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