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Helical Computed Tomography (HCT) has become the method of choice for many routine clinical
studies. The advantages of HCT include the capability of scanning a complete anatomical volume
in a single breath hold, the capability of generating images at any desired location, and the im-
proved patient throughput. However, these advantages come at the expense of some image quality
compromises. This is mainly caused by the fact that the projection set is inherently incomplete and
inconsistent, due to the constant patient translation during the data acquisition process. In this paper,
we will briefly review the research work performed in this area and present a more general ap-
proach to the problem. We give two specific examples of the general approach and compare the
performance of one of the examples with one of the best methods available today. © 1996 Ameri-

can Association of Physicists in Medicine.

I. INTRODUCTION

For years, x-ray computed tomography (CT) scans have been
acquired with a step-and-shoot mode. The scanning process
contains data acquisition (DA) and non-data acquisition
(NDA) periods. During the DA period, the patient remains
stationary while the x-ray tube (and the detector for the third
generation systems) rotates about the patient to acquire a
. ccmplete set of the projections. In the NDA period, the pa-
tient is indexed to the next scanning location. The NDA is
typically on the order of seconds to minimize patient motion
induced by the force of acceleration.!> Compared to the DA
period of one second, the duty cycle (or the scanning time
efficiency) of the CT scanner is only 50% at best. In addition
to a reduced patient throughput, this approach often results in
a lack of complete anatomical organ coverage in a single
breath hold.

With the recent advancement in CT scanners, a continu-
ous data acquisition mode has been developed.>* In this
mode, the data is continuously acquired while the patient is
translated at a constant speed. It is called helical or spiral
scan (HCT), referring to the path of a point on the gantry
with respect to a fixed reference point. The speed of the table
increment is often described in terms of a helical pitch, in-
stead of an absolute velocity.” A helical pitch is defined as
the ratio of the distance that the table moves during 360° of
gantry rotation to the slice thickness prescribed by the colli-
mator. Therefore, a 1:1 helical pitch indicates that the dis-
tance between the first and the last views in any 360° gantry
rotation is the same as the nominal slice thickness. This defi-
nition is convenient, not only for estimating the coverage of
the patient, but also in defining the discrepancies in the pro-
Jjection dataset. Because the patient is indexed at a constant
speed, there is no patient motion resulting from the force of
acceleration or deceleration. HCT reduces the NDA to zero
and a near 100% duty cycle is obtained.

There are several advantages associated with the HCT
approach. First of all, it makes the complete volume cover-
age (e.g., a subvolume of a lung or the entire volume of a
pancreas) in a single breath hold possible.’~” Clinically, this
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is very important in eliminating registration problems related
to patient motion and reducing the contrast material uptake
of the patient.® Another advantage of HCT is its ability to
retrospectively select the plane of reconstruction at arbitrary
locations, due to the volume scanning characteristics of the
HCT, where each plane inside the scanning volume is
equally sampled. (This is not the case, however, for the con-
ventional CT, where the plane of reconstruction has to be
identical to the plane of scanning.) This feature is particu-
larly important when considering the case of isolating a
small pathology. The ability to center the reconstructed slice
at the object of interest will improve its contrast and visibil-
ity. Finally, HCT offers an improvement in patient through-
put. The improvement is closely related to the helical pitch
selection. In general, the higher the helical pitch, the faster
that a volume can be covered and a CT study can be com-
pleted. Typically, a helical pitch of 1:1 is used for scanning
bodies. A helical pitch as high as 2:1 is sometimes used when
scanning time is critical.

Although HCT has many advantages, the quality of the
image generated from the helical scan mode is, in general,
inferior or at the best comparable to the images acquired
with a step-and-shoot mode.” This is caused by the deviation
from the basic tomographic reconstruction assumption that
the projections should be collected from the same object.
When the object is heterogeneous along the axis of transla-
tion, the attenuation distribution inside the scanning plane
changes constantly. If proper correction is not rendered, un-
desirable image artifacts, such as shading or streaking, will
result. ‘

To overcome this difficulty, Mori suggested a scanning
protocol of reduced helical pitch. The projection data corre-
sponding to consecutive 360° are averaged and weighted.
The end result is equivalent to utilizing a larger slice thick-
ness with a small helical pitch. Although this method is ef-
fective in reducing shading or streaking artifacts due to the
data inconsistency, it is obtained at the expense of a reduced
efficiency and volume coverage.

Nishimura and Miyazaki proposed a 47 interpolative al-
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gorithm to reduce the projection inconsistency error.’ The
method uses projections from two sets of 360° to estimate
one set of projections at a constant location by linear inter-
polation. Although the method overcomes the shortcomings
of reduced efficiency, as compared to the previously pro-
posed scheme, it produces a significantly degraded slice
profile.” Because the longitudinal resolution is an important
issue in high resolution CT imaging, helical reconstruction
algorithms that offer minimal slice broadening are
desired.'*-!?

Crawford and King proposed a number of weighting
schemes that reduce or eliminate errors caused by the con-
stant table movement.® One type of weighting is derived so
that a consistent half-scan is formed (the definition of a half-
scan can be found in Ref. 14). In this method, moving data is
acquired for view angles in the range (0, 27+4v,,), where
v,, 1 the maximum detector angle. By linear interpolation of
data on opposite sides of the slice plane, a set of stationary
data in the range (0,77+27,,) can be approximated. Since the
method uses less than 44 data, the projections should contain
less table and patient motion and the slice profile should be
improved. However, the slice profile is still inferior to the
ones that use only 27 projections.

Another weighting scheme makes use of the underscan
and overscan algorithms that are currently employed in the
step-and-shoot mode for patient motion reduction.'>1® A key
effect of table motion is a large discontinuity between data at
angles 0 and 27. This inconsistency can be minimized by
underweighting the data near both ends of the scan. Since
both algorithms use less than 47 views of data, they offer
improved slice profiles.

One of the better weighting algorithms is the helical ex-
trapolative (HE) algorithm.!”” The HE algorithm makes use
of the fact that each projection set within 27 rotation can be
divided into two sets of half-scans. By performing interpola-
tion and extrapolation, a more consistent set of projections at
a predefined slice plane can be obtained. Based on computer
simulations and phantom studies, it was found that this
method gives an overall best performance in terms of artifact
reduction and slice profile.” Because of the nature of the fan
beam geometry, the weighting function derived from the al-
gorithm is discontinuous along a line in Radon space. To
avoid any artifact caused by the discontinuity, a feathering
algorithm is employed.

In this paper, we present a more general approach to the
problem. Similar to the HE algorithm, projections of signift-
cantly less than 47 gantry rotation are employed in the re-
construction of an image. This will ensure the least degrada-
tion in slice profile. The major difference between our
approach and the previously proposed schemes is the elimi-
nation of the plane of reconstruction constraint. As a result,
the algorithm is interpolative and is therefore more stable
than its extrapolative counterpart. Furthermore, the weight-
ing function derived is continuous everywhere, and no feath-
ering is required. Finally, the weights derived from this ap-
proach are exclusively in the range [0,1]. Therefore, a better
noise property can be expected.
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Fic. 1. Third generation scanner geometry.

Il. THE GENERAL APPROACH

In this section, we will discuss a general approach to re-
move the artifacts that would be generated if a helical dataset
were reconstructed without correction. For the purpose of
illustration, we will give two specific examples and compare
the performance of one of them against the HE algorithm.
We hope that the example will demonstrate the advantages
that the general approach offers as a result of the flexibility
of the weight selection.

A. Scan geometry and data acquisition

For simplicity, we will limit our discussion to the third
generation CT geometry.18 The discussion can be easily ex-
tended to the fourth generation and the fan-paraliel
geometrit‘s.]g’20 Figure 1 shows the geometry of a third gen-
eration scanner. The source and the detector are stationary
with respect to each other, while the entire apparatus rotates
about the patient. Following existing convention, the scan
plane is denoted x —y, and the direction normal to the scan
plane is denoted by z. The view angle and detector angle are
denoted by B and v, respectively. For a conventional step-
and-shoot mode, a projection ray can be uniquely defined by
variables 8 and 7. In the case of a helical scan mode, how-
ever, the projection is also a function of the table location z.
When the table is indexed at a constant speed, z is directly
proportional to the view angle B and it is no longer an inde-
pendent variable (note that since both 8 and z are linearly
proportional to time ¢, there is a fixed linear relationship
between B and z). Therefore, a projection can still be
uniquely defined by P(B.7y).

Although they differ tremendously in terms of theory and
implementation, previously proposed weighting schemes
have one important property in common: the plane of recon-
struction (POR) is always placed halfway within the projec-
tion dataset and is always perpendicular to the axis of trans-
lation, as shown in Fig. 2. If we make the assumption that the
error introduced in the projection measurement is propor-
tional to the distance from POR, the selection of POR in the
middle will minimize the overall inconsistency in the dataset.
Note that the second constraint placed on POR is nothing but
convention. It is inherited from the step-and-shoot scan
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FiG. 2. Nustration of plane of reconstruction (POR).

mode, where POR is always perpendicular to the direction of
patient translation (z axis). Furthermore, there is no logical
reason to insist that POR has to be flat.

B. Review of the helical extrapolative (HE) algorithm

To fully understand the impact of the selection of POR on
the weighting function, let us examine in detail the weights
for the helical extrapolative (HE) algorithm.® The selection
of the HE algorithm is based on the conclusion that it pro-
vides one of the best overall image quality (in terms of slice
profile, artifact reduction, and noise performance) among dif-
ferent weighting schemes that were investigated. By exam-
ining it in detail, we could obtain some insight into the nega-
tive impact of the POR constraint on the property of the
weighting function. Figure 3 shows a Radon space represen-
tation of projections with the horizontal axis representing the
fan angle and the vertical axis representing the view angle.
For the HE algorithm, POR is represented by line DC’. Note
that the projections of 27 rotation contain two complete
datasets (regions AEA'E’ and A’E’ A"E"). The HE algorithm
makes use of this data redundancy to minimize the impact of
the starting and ending views by assigning less weights to
these views. Since some of the redundant samples are located

2n

B=2n-2y D

Fan Angle vy

FiG. 3. Radon space for data acquired with the HE algorithm,
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on the same side of POR (e.g., region ABC and A'B'C’), an
extrapolative scheme has to be employed. The resulting
weighting function is given by

B+2y
<B<7—
m+2y’ O<p=<m=2y,
WBN=\ yr_ g2y M
_— - < B= .
T2y T=2y<B=27

Note that the function w(,v) is discontinuous in 7y along the
line B=r—27v. This is mainly caused by the fact that POR is
selected such that extrapolation has to be performed in re-
gions A'B’C’ and DB’E’. In addition, because of the ex-
trapolation, w(B,v) is less than zero in the two shaded tri-
angles ABC and B"D’E”, and is larger than 1 in A'B'C’ and
DB'E’. These weights will contribute to the increase in the
noise, as compared to the weights that are in the range [0,1].
To eliminate the discontinuity, w(8,v) is feathered across the
line B=m—27y. The feathering of w(B,y) will destroy the
property that the sum of the weights of the redundant sam-
pling pair equal 1.

C. Region of reconstruction

Although the primary objective of the weighting scheme
is to reduce the image artifact level caused by the projection
data inconsistency, other factors that affect the overall image
quality should also be considered. For example, it is well
known that the noise characteristics changes with the selec-
tion of the weighting function.?! Some of the weighting func-
tions will generate patterned noise (photon statistics related)
that have a distinct orientation, due to the variation of
weights as function of 8. The patterned noise often appears
as a faint shower like pattern in a relatively uniform back-
ground (e.g., a liver). Although radiologists can ‘‘read
through” it (since it does not mimic any pathology), the pat-
terned noise is not a desirable feature. Another important
parameter is the noise nonuniformity as a result of the
weighting. Since most of the weights are detector channel
dependent, the image noise contribution from the weights
will, in general, be a function of vy (the 47 algorithm is one
of the few exceptions®). In theory, we would like to preserve
the noise level as uniform as possible across the entire field
of view (FOV). Therefore, a weighting function that adds
noise more uniformly would be preferred over the ones that
significantly modulate the noise pattern. In addition, we
would like to ensure the continuity of the weighting function
in 7, since discontinuity could cause streaking artifacts in the
image. Although it has been shown that feathering algorithm
can be used to successfully bridge the discontinuity, it de-
stroys the property that the weights of the complementary
sampling pairs need sum up to unity. When we are restricted
by the constraint that POR has to be perpendicular to the z
axis and located halfway in the dataset, there is little flexibil-
ity in the selection of weights.

A more general approach to the problem is to define a
“region of reconstruction” (ROR}, as shown in Fig. 4. The
ROR can be a warped plane or an irregularly shaped volume.
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plane
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FiG. 4. Illustration of the region of reconstruction (ROR).

By eliminating the constraint that the projection estimation
has to be performed with respect to a single flat plane per-
pendicular to the z axis, we gain the flexibility of being able
to optimize the weighting function with respect to other im-
age quality parameters. The optimization criteria can be
based on noise uniformity, continuity, or smoothness of the
weighting function, or other parameters that are deemed im-
portant to the image quality.

Let us now compare POR and ROR in Radon space. As-
sume the entire projection data is in the range (0,26). For the
case of HE algorithm, f=a. For the case of a half-scan
algorithm® é=m+27y, . Based on our previous discussion,
the POR is a horizontal line located at 8= 6, as shown by the
solid line in Fig. 5. The selection of ROR will extend the
reference of interpolation in the 8 direction to cover an area
indicated by the shaded region. This area could be a straight
line at a angle, a curved line, or a region of nonzero width.

D. Two exampies ROR

As the first example, let us select the ROR such that it
overlaps with the line 8=+ v, — v in the Radon space, as
shown in Fig. 7. It can be shown that samples along this line
form a set of parallel projections with a view angle 7+7v,,.

20
POR
[5-%
=)
2
g
> ROR
0
~Ym 0 Ym
Fan Angle vy

FiG. 5. Radon space representation of POR and ROR.
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reference plane for
—Ymsy<0

reference plane for
0<sy<ym

:

FI1G. 6. An example of the ROR.

In real space, ROR represents double cone shaped planes, as
shown in Fig. 6. The interpolation for channels 0<vy=<y,
references the bottom portion of the double cone, and the
channels — y,,<y<0 reference the top portion of the double
cone. For the clarity of illustration, we have purposely mag-
nified the extent of the double cone in the z direction. In
reality, the maximum distance along z is very small. For
example, for a 10 mm slice thickness and 1:1 pitch helical
scan, A, ,, is only 1.25 mm. Intuitively, one would like to
reduce A, to its minimum to minimize the extent of the
ROR in the 7 direction. Experiments have shown, however,
that this is not of critical importance.

To derive a weighting function, let us examine the data
sampling pattern in Radon space, as shown in Fig. 7. Let us
denote by p, and p, a complementary sampling pair with z
coordinates of z, and z,. Further, let us denote the intersec-
tions of the ROR with two lines (parallel to z) passing
through p, and p, by z,; and z,,. Following the operation of
linear interpolation, the weighting factor, w, for point p, is
given by

_ 272
(22—~ 2,2+t (z1—21)

@

wi

Similarly, the weighting factor, w,, for point p, is

B=2m+ Yo~y I
@ P2 lT 3
%)b T+ 2¥m id B Y~y =
< |
g | Zr2 T
> P1 * Z3
2Ym Yoy
0 0
—Ym 0 Tm
Fan Angle vy

FiG. 7. Sampling pattern in Radon space for PI.
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2%

Fan Angle vy

FiG. 8. Sampling pattern in Radon space for HI.

_ 21— 0
(z2_2r2)+(zrl_zl) '

©)

Wy

Considering the fact that both the patient and the gantry
move at constant speeds, the table position z is proportional
to the projection angle 8. We then have

ﬂZ_BrZ

WI=.32_BI+Br1_Br2 (4)
and
W, Brl_ﬂl (5)

=BZ_B1+Br1_Br2.

In order for the two sampling points to form a complemen-
tary sampling pair, the following relationship has to exist:
Bo=p;+7+27y,. Considering the fact that ROR is defined
by B=1+1v,,—7, we obtain

w(B,7y)
B+y—vy
—Wﬂ, Ym— YSBST+ Y~ Y,
=¢ 27+y,—B—y

- y T Y. Yy<B=27+7y,,— 7,

0, otherwise.

(6)

Note that w(B,y) reaches zero at both the beginning and
ending views of the dataset (8=7y,,—y and B=2m+7y,—y
for the beginning and ending dataset, as shown in Fig. 7). In
addition, the weighting function is continuous and equals to
one along the line 8=+ v, —v. Therefore, w(B,y) is con-
tinuous everywhere. For the ease of future reference, we
name this weighting function parallel interpolation (PI).

Now, let us consider a second example where ROR is
selected, such that it overlaps with the line B=m—27, as
shown in Fig. 8. The entire Radon space is nicely divided
into two half-scan regions. In real space, the ROR is similar
to that shown in Fig. 6. Following the same derivation, we
obtain the following weighting function:
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B
, O0=sB=sm1-2y,
P ™
2m—B T—2y<B=<2m.
T+2y’

Similarly, at the ROR (B8=m—21v), both equations equal 1.
This indicates that the weighting function is continuous ev-
erywhere. It is also interesting to note that w(B,y) ap-
proaches zero when 8=0 and S=2. This is a desired prop-
erty, since the inconsistency in the projections is expected to
be the worst at both locations. In addition, the range of the
equations is [0,1] in their respective domains. For the conve-
nience of future reference, we name it the helical interpola-
tive (HI) algorithm.

Il. PERFORMANCE EVALUATION

To demonstrate the benefits of the added flexibility in se-
lecting ROR, we performed detailed comparisons between
the HI and the HE algorithms. Since both approaches used
projection data in the same range (0,24), the comparison will
be a direct measure of the performance of the weighting
functions. We compare their performance in three major ar-
eas: noise performance, z-axis slice profile, and helical arti-
fact suppression.

A. Noise performance

Since the projection will be multiplied by w(8,y) on a
point by point basis, the noise power, N(y), of w(,7) can be
defined as the integration of the weighting function squared
along B. (If a uniform phantom of cylindrical shape is
scanned at the isocenter, the noise power will be a measure
of noise increase for each channel due to the weighting pro-
cess.) It can be easily shown that the noise power for the HI
algorithm is

27
Ng(y)= J;) w*(B,y)dp

a=2y ﬁz
‘fo (m-2y 8

2w (2w-B)? 2
* L_n (mr2y)? =3 ™ ®

Note that the noise power is not a function of v (the detector
channel). In other words, the impact of multiplying the pro-
jection by w(B,y) is uniform across the entire detector. This
property is desirable since the noise characteristics should be
as homogeneous as possible. On the other hand, the noise
power for the HE algorithm can be shown to be

'7T3+8’)'3
3(77—2'y)2'

’773—8 3
Y -+
3(m+27y)

Obviously, the noise power is a function of 7y (the detector
channel). It is interesting to note that at the isochannel (y
=0), the noise powers for both algorithms are identical. As
increases, Nyg is always higher than Ny;. This indicates that
the HI algorithm will perform better in terms of noise sup-

Nyg(y)= ©)
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Fia. 9. Noise power ratio of HE over HI.

pression. Figure 9 depicts the ratio of Nyg over Ny for the
entire fan angle. At the edge of FOV, the HE algorithm is
more than 20% higher in terms of noise measurement, as
compared to the HI algorithm.

To confirm our analysis, we performed the following ex-
periment. A uniform cylindrical phantom 48 in. in diameter
was placed at the isocenter and scanned. The data was recon-
structed with no weighting, HE weights, and HI weights.
Since the phantom is uniform in z, no artifact associated with
HCT should be observed. We want to perform the standard
deviation measurement of the reconstructed images (in
40X 40 pixel square regions) inside the phantom and map the
measurements as function of y (for the third generation CT
scanner, there is an one to one relationship between the dis-
tance from the isocenter and the detector channel 7).

Note that any standard deviation measurement will in-
clude the estimation of photon related noise as well as any
imperfection in the system. For example, small residual
variations in the detector channel gains can produce rings in
the reconstructed image. When the magnitudes of the rings
are small, they can be masked by the photon noise and will
not be observed visually. However, the rings will add errors
to the standard deviation measurements. To overcome diffi-
culties associated with the imperfect system calibration, we
first subtracted the image generated with no weighting from
the HE and HI images. We then performed standard devia-
tion measurement on the difference images. Figure 10 shows
the result of the experiment. The crosses and diamonds rep-
resent the actual measurements and the curves represent
second-order polynomial fits to the measurement points.
Note that the standard deviation associated with HE is con-
sistently higher than that of HI, as predicated by the previous
analysis. Figure 11 depicts the square of the ratio of the two
fitted curves in Fig. 10. It is interesting to note that the vari-
ance ratio follows the noise power ratio quite nicely.

B. Slice profile

Because of the simultaneous translation motion of the pa-
tient, the slice profile of HCT is no longer determined solely
by the x-ray focal spot size, collimation, and geometry. It
also depends on the selection of the reconstruction algorithm.
To compare the slice profiles of the HE and HI algorithms,
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Fic. 10, Standard deviation measurement of a uniform phantom with HE
and HI algorithms.

we performed the following experiment. A 0.002 in. tungsten
wire was placed at 45°, with respect to the z axis at three
different locations: 0.5, 8.0, and 14.4 cm from the isocenter
of the system. For each location, a HCT was performed with
5 mm collimation and 1:1 helical pitch. Both HE and HI
weights were used during the reconstruction.

The wire was purposely placed at a steep angle with re-
spect to the z axis for two reasons. First, a steeper angle will
improve the accuracy of the slice profile measurement. Note
that the calculation of the z-axis profile is based on the in-
tersection of the wire with the slice. A shallower angle will
reduce the slice profiles in the x-y plane. For the angle of
45°, the magnification factor is 1. The second consideration
for the wire angle is the image artifact evaluation. In general,
a wire placed at a steeper angle will produce worse artifacts
than a wire at a shallow angle (when the wire is placed
parallel to the z axis, no helical related artifact will be
present).

To illustrate the appearance of the helical artifacts, we
reconstructed images without any weighting, as shown in the
left column of Fig. 12. Some shading artifacts can be clearly
observed near the 6 and 12 o’clock positions. Not surpris-

1.20

1.15 /

1.10 =
1

\

1.05
L

—

1.00
026 028 030 032 034 036

Fan Angle y (radians)

020 022 024

Fic. 11. Ratio of variance of HE over HI.
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Fi. 12. Reconstructions of a tilted wire.

ingly, this is closely related to the starting scan position. We
then performed HE and HI weighting to the same scan data
and the reconstructed images are shown in the middle and
the right columns of Fig. 12. Although some distortion can
still be observed at the edge of the wire, they are less in
intensity and more symmetrical. It is worth noting that the
images produced by HE and HI algorithms are almost iden-
tical.

C. Artifact suppression

There are various helical related image artifacts. We have
performed image artifact analysis on various phantoms and
clinical studies. The results of the studies have been very
consistent. Due to the limited scope of this paper, we will
only present one example.

We selected a human skull phantom and scanned it near
the base of the brain region. In this area, the anatomical
structure changes quickly in the z direction to produce vari-
ous helical related artifacts (shading and streaking). There-
fore, it will be a good test of the algorithm’s ability to sup-
press artifacts related to the projection inconsistencies as a
result of the table movement. The phantom was first scanned
in an axial scan mode (no table motion during scan) and then
scanned in a helical mode with 1:1 pitch. In both cases, a 5
mm collimation was used. The image generated with the
axial scan is used as the “gold standard” for artifact com-
parison, as shown in Fig. 13(a). For the ease of artifact iden-
tification, we reconstructed the helical scan without any cor-
rection, as shown in Fig. 13(b). Severe shading and streaking
can be easily observed along the direction of the starting and
ending view angles. This is not surprising, since the distance
in z between these views is maximum and therefore produces
the least consistency. Figures 13(c) and 13(d) depict images
reconstructed with HE and HI algorithms. It is clear from the
figure that most of the artifacts have been greatly reduced or
eliminated. Visually, the two images are very similar in terms
of their artifact reduction level. To quantitatively evaluate
their artifact reduction capabilities, we performed region of
interest (ROI) analysis for a number of locations. For each
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FiG. 13. Reconstructed images of a phantom. (a) axial scan mode (no table
motion during scan); (b) helical without weight: (c) helical with HE: (d)
helical with HI.

location, we calculated the average difference in a 10X 10
pixel region between the axial image and the images gener-
ated with HE or HI algorithms. The locations and the results
are depicted in Fig. 14. Note that in the majority of the
locations (18 out of 21), the HI algorithm performs better
than its HE counterpart, as indicated by the lower magnitude
in the average difference from the “gold standard” image. A
closer inspection of the two images also indicates that the HI
algorithm performs slightly better in suppressing streaks near
the edge of the bone. This is probably due to the fact that the
weighting function used in the HI algorithm is continuous
everywhere and no feathering is applied. Other phantom
studies have also indicated that the HE algorithm sometimes
produces a very slight shading near the starting view angle
orientation. This is not the case for the HI algorithm. This
can be contributed to the fact that the weights for HI are
zeros at the two extreme view angles, while the weights for
HE are negative.

D. Discussion

Because the weighting function is continuous everywhere
for HI, some modifications or extensions can be easily made
to the HI algorithm. Note that the current algorithm employs
linear interpolation to arrive at the projection values at the
ROR. Although the linear interpolation is easy to implement,
it lacks the property of preserving high-frequency compo-
nents in a signal. A natural extension to the HI algorithm is
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location | ACT | ACT location | ACT | ACT location ACT | ACT
X, Y) HE HI X, Y) HE HI X, Y) HE Hi

1 345,126 434] 379]8 285,235 0.6 05] 15| 215,136 | -1.6 1.0
2 396,220 | 47.0 | 44419 198,81 | —14.2 | 139 | 16] 240,385 0.5 0.4
3 372,142 -9.5 | -12.7]110} 186,210 46| -36]17| 160,398 | —1.0 | -1.3
41 418, 77 -29}) -23]11| 328,220 1.7 13]118] 278,96 | 1.0 0.3
5] 254,280 -18] -15]12] 188,309 -0.3 0.1] 19| 328,368 0.4 0.2
6 450,209 -3.2| -39}13| 134,179 -1.1 0.0}]20f] 275428 | -1.1 | -0.9
7| 376,427 -2.3] -1.6]114| 306,297 0.13] 0.12 21} 376,305 1.0 0.7

FI1G. 14. Average CT number differences (HE—axial) and (HI-—axial). HE and HI refer to the reconstructed brain phantom images using the respective
algorithms and axial refers to the reconstructed brain phantom image from an axial scan mode with no table motion during the scan.

by using nonlinear interpolation schemes. The nonlinear in-
terpolation includes the use of higher-order interpolation, as
well as piecewise linear interpolation. These schemes are
currently under investigation.

We have presented in detail only one example of the gen-
eral approach. Other extensions to the general approach are
also possible. For example, the ROR could be selected as a
rectangular shape in Radon space. The weights in this region
can be assigned to 1 and their complementary samples to 0.
The ROR can also take other irregular shapes for the purpose
of optimizing other image quality parameters.

IV. SUMMARY

In this paper, we presented a general approach to the he-
lical reconstruction. By removing the constraint that the
plane of reconstruction (POR) has to be flat and perpendicu-
lar to the z axis, a region of reconstruction (ROR) concept
has been developed. This modification has added more flex-
ibilities in defining the weighting schemes used in the recon-
struction process. The added flexibility can be used to opti-
mize system performance parameters beyond the simple
artifact reduction.
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For the purpose of illustration, we gave two specific ex-
amples of the ROR and derived the corresponding weighting
functions. In addition, we performed detailed image quality
analysis for one of the examples (HI), and compare it to one
of the best helical reconstruction algorithms (HE) available
to date. Although both the HE and HI algorithms use projec-
tions of 277 rotations for image reconstruction, the weighting
function derived from the HI algorithm is continuous every-
where. Therefore, no feathering is required. The characteris-
tics of the interpolation also limits the HI weights in the
range [0,1], which results in a better performance in terms of
noise suppression. In addition, the weights employed in HI
exhibit a uniform behavior in terms of its noise power, while
the HE algorithm is channel dependent. This results in a
better noise homogeneity for HI. We have also performed
detailed comparative analysis between HE and HI in terms of
their artifact reduction capability. Using the axial image (no
table movement during scan) as the “‘gold standard,” the
quantitative ROI analysis has shown that the HI algorithm
outperforms HE. Closer visual inspection of the images has
also indicated that HI performs better than HE in terms of
shading artifacts related to the starting angle and streaking
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off the bones. Finally, Phantom studies have indicated that
the HI algorithm performs equally well as compared to the
HE in terms of their z-axis profiles and z-axis resolution.

We have also explained various ways of expanding the
algorithm beyond linear interpolation and HI and PI weight-
ing. These expansions can result in weighting functions that
optimize image performances in other areas.
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