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This paper deals with methods of reducing the total time required to acquire the projection data
for a set of contiguous computed tomography (CT) images. Normally during the acquisition of a
set of slices, the patient is held stationary during data collection and translated to the next axial
location during an interscan delay. We demonstrate using computer simulations and scans of
volunteers on a modified scanner how acceptable image quality is achieved if the patient
translation time is overlapped with data acquisition. If the concurrent patient translation is
ignored, structured artifacts significantly degrade resulting reconstructions. We present a number
of weighting schemes for use with the conventional convolution/backprojection algorithm to
reduce the structured artifacts through the use of projection modulation using the data from
individual and multiple slices. We compare the methods with respect to structured artifacts,
noise, resolution and to patient motion. Review of preliminary results by a panel of radiologists
indicates that the residual image degradation is tolerable for selected applications when it is
critical to acquire more slices in a patient breathing cycle than is possible with conventional

scanning.
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|. INTRODUCTION

Computed tomography (CT) scanrers are designed to per-
form what we denote studies of a patient. The result of a
study is a set of images of contiguous axial slices. Most clini-
cal CT scanners collect the data necessary to reconstruct the
slices using a repetitive four-step process. In the first step a
source/detector combination, mounted on a gantry, is accel-
erated to a constant rotation speed. Second, for approxi-
mately 360° of rotation, the source is enabled and the read-
ings, called projections or views, are measured by the
detector. The gantry rotates in the xy plane of a Cartesian
coordinate system which is also known as the slice plane. In
the third step the source/detector combination is deceler-
ated to a rest position. Finally, in the fourth step the table, on
which the patient lies, is indexed so that the patient is at the
location of the next axial slice. The table moves along the z
axis which is perpendicular to the xp plane. The total time
that it takes to perform steps one, three and four is denoted
the interscan delay (ISD). It should be noted that step four
can be overlapped with steps one and three. The process is
repeated until all the slices in a study are collected. We de-
note this type of scanning constant z axis (CZA). Figure 1
shows the relative positions of the gantry and the patient for
CZA.

Collimators are placed in the path between the source and
detector in order to define an approximate slab, denoted the
slice volume, in which projection measurements are ac-
quired. The slice profile is defined to be the response to small
objects at various displacements parallel to the z-axis.! In
general, the slice profile is a function of the radial distance
from the isocenter of the scanner. The slice width or thick-
ness is usually defined to be the full width at half-maximum
(FWHM) of the slice profile at the isocenter.
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CT scans of the body are usually acquired in groups while
respiration is suspended. An ISD is required between each
pair of slices in a group. After these slices are acquired, the
scanner waits a time called the intergroup delay (IGD) be-
fore beginning the next group of scans. The patient is al-
lowed to breathe during the IGD. We define the scan rate of
a scanner to be the ratio of the number of scans per group to
the sum of the time required to collect the slices plus the
IGD.

As the resolving power of CT methods increases, addi-
tional slices are required in the z dimension. The time and
expense of a tomographic study increases with the number of
slices required. Also, longer study times increase the discom-
fort to the patient who must remain nearly motionless to
preserve the fidelity of the tomographic reconstructions.
Shorter study times can increase the enhancement caused by
contrast agents or may reduce the dose of the agent for a
given level of enhancement. Accordingly, there is consider-
able interest in increasing the scan rate. The rate can be in-
creased by reducing the time it takes for any of the four steps
listed above assuming a fixed breath-holding time and IGD.
In this paper we concentrate on methods to eliminate the
ISD. We make the assumption that data acquisition is not
limited by tube cooling or by bandwidth limitations in ac-
cessing and storing the projection data.

The gantry is accelerated and decelerated because of the
finite length of the cables that are used to interface to compo-
nents that rotate. We make the assumption that the scanner
can rotate continuously and scans can start at any angle and
therefore the acceleration and deceleration times of steps one
and three can be eliminated. Techniques for constructing a
continuously rotating scanner have been described else-
where.”?

The mathematics of tomographic reconstruction assumes
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F1G. 1. Schematic diagram for constant z-axis scanning (CZA). f is the
gantry rotational angle, ¢ is time, z is the table location, and ISD is the
interscan delay.

that a consistent projection set is acquired. Consistency
means that the projections are collected within the same
plane through the object. This condition implies that the
patient should remain stationary during data collection. The
projection data obtained with CZA is approximately consis-
tent if compensation is made for physical effects such as sys-
tem nonlinearities,*® beam hardening,”® partial vol-
ume,'”!! and scatter.'>'"* Note that partial volume artifacts
are usually in the form of streaks between objects that par-
tially protrude into the slice volume and a degradation of the
slice profile.

It follows from the mathematics that the only way to re-
duce the ISD is by increasing the speed at which the patient
isindexed. However, if the patient is indexed too quickly, the
resulting acceleration forces could induce motion which in
turn would degrade image quality'*'* or cause motion sick-
ness. Another way that the ISD due to patient repositioning
between slices can be eliminated is if the translation is over-
lapped with data acquisition. Data collection in this scheme
generates inconsistent projections because the patient is
moving during data acquisition. Artifacts are introduced be-
cause of this deviation if there is any significant change in the
object along the z axis. The purpose of this paper is to show
how the inconsistencies affect image quality. Typically, the
artifacts appear as streaks, in the direction of the first and
last views, emanating from the edges of objects which change
significantly during a scan. We also show methods to correct
for the inconsistencies.
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FI1G. 2. Schematic diagram for constant speed helical scanning (CSH) and
for variable speed helical scanning (VSH). The gantry rotational angle Bis
shown in (a) and the state of the x-ray source is shown in (b). The table
location z is shown for CSH in (¢) and for VSH in (d). In this figure, ¢
indicates time.

Consider the case when the patient is moved at a constant
speed during data acquisition as shown in Fig. 2. This type of
scanning is termed helical scanning and refers to the appar-
ent path of a point on the gantry with respect to a reference
point on the patient. As used in this paper, constant speed
helical (CSH) shall refer to the use of constant speed trans-
lation of the patient during the acquisition of projection
data. We define the pitch of a helical scan to be the ratio of
the distance that the table moves during 360° of gantry rota-
tion to the slice thickness that would be obtained if the table
did not move. A helical scan with a pitch of zero is equivalent
to CZA.

Several methods have been introduced to reduce the arti-
facts caused by CSH. Mori'® suggested that the pitch of the
helical scan be reduced and then to average the projection
data corresponding to consecutive 360° projection sets. The
effect is equivalent to using a larger slice thickness and to
move less in the z direction during the rotation of the gantry.
Artifacts are reduced using this method, but at the expense
of additional scanning time necessitated by the lower scan-
ning pitch. This method reduces, to some extent, the advan-
tages in scan rate to be gained with helical scanning. Mori
also indicated that additional artifact suppression may be
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gained by changing the weighting of the first and last projec-
tions of the consecutive sets in the averaging process to give
greater weight to the projections closest to the slice plane.

Nishimura and Miyazaki'’ proposed a second approach
to reduce the errors caused by CSH. Two sets of 360° of
projections are linearly interpolated so that one set is genera-
ted at a constant z location. (We would like to refer the
reader to three recently published abstracts that appear to
describe the same method.'®*?° ) We demonstrate that their
method significantly increases the slice profile degradation
caused by partial volume relative to CZA. Because of the
increase in artifacts, Nishimura’s method is approximately
equivalent to using CZA with a larger slice thickness.

We present a number of new weighting schemes that
eliminate the errors caused by CSH. One type of weighting is
derived so that a consistent halfscan®' is formed. Another
type of weighting is obtained by noting that the artifacts
generated with helical scanning are similar to motion arti-
facts. We found that an extant motion correction algo-
rithm?? is effective in removing the artifacts caused by heli-
cal scanning. The weighting schemes utilize projection sets
acquired with gantry rotation < 720°. The degradation of the
slice profile is reduced because of the decrease in gantry rota-
tion.

We also present a second method to move the table during
simultaneous data acquisition. With this method, the patient
is translated at a variable speed as shown in Fig. 2. We call
this method variable speed helical (VSH). The method
causes a concentration of stationary projection data at the
slice plane. The data are reconstructed by attenuating the
projections at the ends of the set, where the table is moving,
and to emphasize the projections in the middle, where the
table is stationary. We show that VSH produces slightly
more structured artifacts than the best CSH algorithm.
However, the slice profile degradation can be significantly
less than that obtained with CSH.

In the next section, we develop the data-acquisition
schemes and the reconstruction algorithms for CSH and
VSH. We then present the results of a computer simulation
study that was undertaken to measure the relative perfor-
mance of the various helical scanning methods. Then we
present the results of an experiment in which we scanned
volunteers on a modified scanner. Finally, we present a dis-
cussion of the anticipated clinical utility of helical scanning
and the impact of helical scanning on scan rate.

Il. DATA ACQUISITION AND RECONSTRUCTION

In this section we discuss a number of algorithms that
remove the artifacts that would be generated if helically ac-
quired data were reconstructed without correction. We ad-
dress correction methods for both CSH and VSH. All the
correction methods begin by selecting a length of projection
data and choosing a set of weights that reduce the inconsis-
tencies caused by table motion.

A. CSH data acquisition

For the following discussion we focus our attention on the
third generation geometry.?* The results can be extended to
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fourth generation® and fan-parallel geometry.?> The geome-
try of third generation scanning is shown in Fig, 3. The view
and detector angles are denoted /3 and y, respectively. The
maximum detector angle is ¥,,. All angles are positive as
defined in Fig. 3. The direction normal to the scan plane is
denoted z. We denote the traditional fanbeam reconstruc-
tion algorithm with 27 views without special weighting in
the reconstruction®® fillscan. The abbreviation FS denotes
the use of fullscan.

Let P(B,y,z) denote a projection acquired at view and de-
tector angles £ and 7, respectively, and at table position z.
For this discussion, we ignore the slice thickness and other
physical effects. In CZA acquisition, z is an independent
variable since P(8,7,z) is acquired with the table stationary

- at various values of z for £ in the range (0,27) and ¥ in the

range ( — ¥,,,¥. )- In CSH, z is not an independent variable
since we acquire P(f3,7,z) at z locations linearly related to
the view angle A so that z(f,y) = ¢f3, where ¢ is a constant.

If CSH data are reconstructed without compensation for
the table motion (the reconstruction is denoted CSH-FS),
structured artifacts result because the projection data are
inconsistent, as is demonstrated later. Our goal is to develop
compensation algorithms which reduce the artifacts to an
acceptable level. We derive two types of compensation meth-
ods. The first type employs interpolation and extrapolation
to create a consistent data set effectively acquired at a con-
stant z location from the projection data. The second com-
pensation type involves the realization that the table motion
causes certain portions of the data to be inconsistent when,
instead, they should be nearly identical,for example at 0° and
360°. This latter compensation involves blending the
“seams” of the data in these areas of greatest inconsistency.

detector

source

Fi1G. 3. The geometry of a third generation scanner. The view and detector
angles are denoted S and y, respectively. The maximum detector angle is
¥.m- All angles are positive as shown.
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B. CSH fullscan with interpolation

In the CSH fullscan method, moving data is acquired for
[ in the range (0,47).A set of CZA data for £ in the range
(0,27) is approximated by linear interpolation of data on
opposite sides of the slice plane located at the position corre-
sponding to view f,, = 2.

We wish to obtain the projection P(S,,7,z,,) which
would result from stationary scanning at table position z,,.
Using linear interpolation

P(B\sv1:2,) = wiP(BY1,2)) + WP (Byya2)) (D
where
B,=p,+2m
V2=71 (2)
The interpolation weights w, and w, are given by
ﬁz - Bsp
W, =———=
ﬂz - ﬁl
w, = By — B (3)
B> — B,

One possible reconstruction method is to perform the in-
terpolation in Eq. (1) prior to filtered backprojection, pro-
ducing a data set with z = z,, and B in the interval (0,27).
Since filtered backprojection is linear, an alternative is to
multiply the data by interpolation weights w(/5,y) and per-
form filtered backprojection on the entire (0,47) data set.
We prefer the latter method which, from now on, we assume
for all algorithms, since it enables pipelining the reconstruc-
tion process. The weights w(f,y) for this method are

2£ 0<pBL2r
wBy) =1, 5 : (4)
=P 27 B<dr
2

The weights are continuous everywhere, go to zeroat 5 =0
and 3 = 41, and go to one at 5 = 27. We use the abbrevia-
tion CSH-HI to denote this algorithm which was also pro-
posed by Nishimura and Miyazaki.'’

C. CSH halfscan with interpolation

Reconstruction with less than 47 views can be achieved by
using the redundancy of fanbeam data as with a convention-
al halfscan reconstruction (see Appendix C). In this meth-
od, moving data is acquired for Sin the range (0,27 + 4y,,).
Stationary data for 3 in the range (0,7 + 27,,) is approxi-
mated by linear interpolation of data on opposite sides of the
slice plane located at the position corresponding to 5.,

= 7 + 2y,,. The advantage of this method over the previous

method, CSH-HI, is that this method uses fewer views and
therefore has less table and patient motion during the scan.
As is seen later, greater table motion causes the reconstruct-
ed image to have a greater effective slice width.

A description of the reconstruction weights is given with
reference to Fig. 4 showing the Radon space (8 vs ) for the
acquired data. We define redundant data as data acquired
along geometric rays which would be identical in the absence
of patient motion. The redundant data are acquired from
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FiG. 4. Radon space for the data acquired with the CSH-HH algorithm. The
slice planeiscrossed at 8 = # + 2y,,. Areas of redundant data are similarly
striped.

both parallel and antiparallel directions. In this figure, areas
of redundant data are similarly striped. The letters A
through D show the boundaries of these regions. The linear
interpolation for-each region must correctly combine it with
another similarly striped area on the opposite side of the
reconstruction slice plane at 8, = 7 + 2y,,.

The data from regions 1 through 4 form a complete set of
halfscan data in the absence of motion. The combination of
the similarly striped areas can be thought of as creating a
new set of stationary halfscan data in regions 1 through 4. We
denote the stationary data thus created in these regions with
the notation 1* through 4*.

Region 1 must be combined with region 7 to effectively
create stationary data for region 1*. Region 1 is not com-
bined with region 4 (assuming we avoid extrapolation ) since
4 and 1 are on the same side of the slice plane. Similarly,
region 3 is combined with region 6. Region 2 however, could
be combined with either region 5 or region 8 since both are
on opposite sides of the slice plane. If both combinations
were used, region 2* would effectively be generated twice.
The two versions would be nearly identical, so that shading
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would result if both were used and duplicates of the other
regions were not used. We assign two sets of linear interpola-
tion weights to region 2, one for combining with region 5, the
other for combining with region 8. The redundancy is then
controlled by a separate set of blending weights (called half
scan weights). Continuing the discussion, region 4 is com-
bined with region 7 to effectively create stationary data for
region 4*. Since region 7 must also be combined with region
1, it requires two sets of weights. Since region 4 is redundant
with region 1, if the table is stationary, this redundancy must
also be eliminated according to the previous discussion.

By this logic we arrive at the following weighting scheme.
Regions 1, 3, 4, 5, 6, and 8 have one linear interpolation
weight to correct for table motion. Regions 2 and 7 have two.
The linear interpolation weights (called helical weights) are
denoted ke, (53,7) or he;(3,¥) where i is the region number.
Each interpolation weight is accompanied by a halfscan
weight to suppress redundancy in the combined stationary
data. The halfscan weights are denoted ha,(B,y) or
ha;(B,7). The combined weights for each region are

1: he,(B,y)ha,(B,y)
: hey(By)Yhay(B,y) + hes (B,v)has (B,y)
: hey(By)hay(B,y)
i hey(B,y)hay(Byy)
hes(ﬁ,}/)ha5 (Bﬂ/)
heg(B,y)Yhas(B,y)
he,(B,y)ha:(B,y) + he; (B, ha; (By)
: heg(Byy)hag(B,y).

The helical weights are dictated by the choice of linear
interpolation and the assumption of which data regions are
to be combined. We use the convention that one realization
of region 2* is from he,(B,7)ha,(B,y) and he,(B,y)
X hag(B,y) and that the other is from he} (B,y)ha; (B,y)
and hes(B,y)has(fB,y). Similarly, region 1* results from
he (B,y)ha,(B,y) and he,(B,y)ha,(B,y) while region 4* re-

sults from he,(B,y)ha,(B,y) and he; (B,v)ha; (B,y). With
this convention the helical weights are given by

(5)

e A ATl

+B-12y,
he,(Boy) = hex(By) = B = 2m 6)
2
heé (B,'}’) = he3(ﬁ,?’) = he4(,3,7/) = sz“ , 7N
2r—B—2y+ 2y,
hes(B,y) = heo(B,y) = hel (B.y) = Yxm
T—2y
(8)
37— B+ 2y,
he,(B,y) = heg(By) = —’T—f—ﬁy—. (9)

If we were to set all of the halfscan weights equal to one in
Eq. (5), region 2* would be created twice and regions 1*, 3*,
and 4* would be created once. Regions 1* and 4* are also
redundant. The halfscan weights could be chosen in a variety
of ways to suppress the redundant data. One way is to sup-
press the creating of region 1* and one of the versions of
region 2*. Creation of region 1* arises from regions 1 and 7.
Creation of region 2* arises from regions 2 and 8 as well as 2
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and 5. Suppose we suppress the version of region 2* created
from regions 2 and 8. The halfscan weights are

ha,(B,y) = ha,(B,y) = ha;(B,y) = ha,(B,y) =0 (10)
hay (By) = ha;(B,y) = ha,(B,y) = has(B,y)

= has(B,y) = ha; (By) = 1. (11) .
Triangles 1 and 8 receive zero weighting. Note that the
weights for this case suppress data combinations which have
the greatest temporal separation, namely 1 and 7 and 2 and
8. A desirable feature of the combined weights in this case is
that they are continuous everywhere.

Many other ways of suppressing the redundant data are
possible. For example, the two versions of region 2* could be
averaged and also regions [ and 4 could be averaged. In this
case, ha,(B,7) would be 1 for regions 3 and 6 and all other
halfscan weights would be 0.5.

We use the abbreviation CSH-HH to denote the algor-
ithms described in this section. In the computer simulations
and experimental data collection that are presented later, the
weights described in Eq. (10) and Eq. (11) are used.

D. CSH halfscan with extrapolation

In this method, moving data is acquired for B in the range
(0,27). CZA datafor Bin the range (0,7 + 2y,, ) is approxi-
mated by linear interpolation and extrapolation of data on
either side of the slice plane located at the position corre-
sponding to B,, = . The extrapolation derives from the sit-
uation where data on the same side of the slice plane are
effectively combined. In contrast, in CSH-HH, data on oppo-
site sides of the slice plane are combined. Figure 5 shows the
Radon space for the acquired data. Boundaries of redundant
data are marked with the letters A through E. For data such

w42y

~¥m 0 yu

F1G. 5. Radon space for the data acquired with the CSH-HE algorithm. The
shaded areas are extrapolated whereas the unshaded areas are interpolated.
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as that in the shaded triangle ABC, the redundant data is on
the same side of the slice plane at B, = 7. Similar comments
hold for the other shaded triangle BDE. These shaded areas
are extrapolated whereas the unshaded areas are interpolat-
ed.

Originally, we derived the interpolative method, CSH-
HH, because we were concerned about the effects of extrapo-
lation and intuitively felt that interpolation should be better.
As shown later, however, there is no degradation caused by
extrapolation. The advantage of this method over CSH-HH
is that this method uses fewer views and therefore has less
table motion and patient motion within the scan. Reducing
the table motion reduces the effective width of the recon-
structed slice as is seen later.

The interpolation weights are given by Eq. (3) and the
view data to be combined is related by

By =B+ 7+ 2y,

(12)
Yo= —71
giving.

B—i% 0<B<7 — 2y

T
wBn =1, 4, (13)

il i) 2y<PL2r

T—2y

Note that w(fB,y) is discontinuous in ¢ along the line
B =7 — 2y, except at ¥ = 0. Data along this line are equiva-
lent to data along the lines # = 0 and 8 = 27 according to
Eq. (12). Since w(f,7) is continuous in y along these latter
lines, there is an inconsistency in the discretely sampled
weighted projection data leading to streaks which appear to
originate from the first view and become deeper for greater
distances away from isocenter. The discontinuity can be eli-
minated by feathering w(f,y) across the line § = 7 — 2y as
discussed in Appendix D. A feathering distance of 10 chan-
nels has been found sufficient. We use the abbreviation CSH-
HE to denote this algorithm.

E. CSH underscan and overscan

A key effect of the table motion is a large discontinuity
between data at 5 = 0 and 8 = 27. We therefore decided to
apply motion correction algorithms which have been tai-
lored to correct for similar discontinuities due to patient mo-
tion. Underscan and overscan (see Appendices A and B) are
two such algorithms. Although the data discontinuity due to
table motion is much larger than that due to patient motion,
we found that the algorithms still worked. They are similar
to the interpolation methods discussed above in the sense
that they reduce the inconsistency of the data set by under-
weighting the data near the beginning and end of the scan.
They differ in the sense that they do not create a set of views
corresponding to data acquired at a constant table location.
Underscan and overscan have the advantage relative to
CSH-HI of requiring less than 4 views of data. Overscan
has the disadvantage relative to underscan of requiring more
than 27 views of data. We use the abbreviations CSH-OS and
CSH-US to denote the use of overscan and underscan, re-
spectively, with CSH.
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F. CSH halfscan

Halfscan algorithms underweight some of the redundant
data at the beginning and end of the scan (see Appendix C).
Such algorithms reduce the data inconsistency caused by
table motion and could be expected to afford some artifact
reduction. They do not create a data set acquired at a con-
stant table position. Halfscan requires the least amount of
data of any of the reconstruction methods discussed, namely
T+ 2y,, views, with the advantage that the table does not
move as far during the scan. We use the abbreviation CSH-
HS to denote the use of halfscan with CSH.

G. Generalized CSH data acquisition and
reconstruction

Fanbeam projections can be mapped into parallel projec-
tions using a technique called rebinning or fan parallel.”®
The resulting parallel projections are reconstructed using
the filtered backprojection algorithm for parallel projec-
tions.”” The table position is not constant for the rebinned
parallel views. The above algorithms can be extended to han-
dle this case.

In fourth generation geometry, it is conventional to rebin
the scan data into detector-vertex fans, i.e., groups of rays
emanating from the same detector and acquired at a range of
tube positions.?* These detector fans are analogous to third
generation data fans except that, in fourth generation geom-
etry, the tube and detector are interchanged relative to third
generation. Since the table motion is synchronized with the
tube motion, the table position is not constant over one re-
binned fanbeam view. The above algorithms can be extended
to handle this case as well.

When the algorithms are extended to the case of rebinned
or fourth generation projections, weights that were contin-
uous in the third generation case will be discontinuous in the
former cases. We have found that the feathering algorithm,
which is presented in Appendix D, can be applied to remove
the discontinuities without having an impact on image quali-
ty.

The interpolative methods that we presented earlier in this
section were based on linear interpolation. We found
through computer simulation that higher-order Lagrange
interpolation was inferior to linear interpolation. Skrabacz*®
and Bresler and Skrabacz®® recently developed helical scan-
ning interpolators based on optimization criteria that were
used for the recovery of band-limited functions.’®™*' Their
interpolator is optimized to minimize the maximum normal-
ized differential error in the resulting reconstructions. They
applied their interpolator to the case of at least 720° of paral-
lel projections. Based on their work, we can extend their
algorithm to the interpolation of at least 1440° of fanbeam
projections. The coefficients for the resulting interpolation
can be found by solving the following set of linear equations

sinc[aﬂ'(k + z—i_—)] = IZ

moe= — Loy

ag(m)sinc[an(m — k)1,

k= —L+1,---L (14)
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sin(x)

where sinc(x) = ,a; are the view dependent interpo-

lation coefficients, the order of the interpolator L must be
greater than or equal to two, and « is a design parameter
which is in the range [0,1]. It is seen that the length of the
interpolator is 2L. As a approaches zero, the interpolator
reduces to a two-point linear interpolator for the case of
L=2

H. VSH data acquisition and reconstruction

In VSH acquisition, data are acquired with £ in the range
(0,27). The table is stationary for most of the scan and trans-
lates between slice positions at the beginning and end of the
scan as shown in Fig. 2. We use the abbreviations VSH-FS to
denote VSH acquisition without projection weighting.

We examined the use of underscan and halfscan to per-
form the reconstruction. It is interesting to note that, with a
sufficiently brief table motion, and appropriate choice of the
halfscan start angle, the table is stationary for all recon-
structed data, reducing to the CZA case. We did not pursue
the use of halfscan with VSH because of its reduction to
CZA.

For the underscan case, the reconstruction can be some-
what optimized by choosing the underscan angle to match
the duration of table motion at the beginning and end of each
slice. We use the abbreviation VSH-US to denote the use of
underscan with VSH. Since our primary interest is third gen-
eration geometry, we did not pursue VSH with fan-parallel
or fourth generation geometry to any extent.

I. Summary

In this section we have presented a number of different
methods for collecting and reconstructing helical data. In
the next two sections we compare the methods using com-
puter simulations and experimental data. The last section of
the paper addresses the issue of the optimum method. The
comparisons are made with respect to CZA reconstructions.
We also show the images that result if the table motion is
ignored and the data are reconstructed using the fullscan
algorithm. In order to make the comparisons easier, Table I
contains a summary of the methods presented above.

lil. COMPUTER SIMULATIONS

In this section we present the results of computer simula-
tions that were used to study the image quality that results
with CSH and VSH. The areas of interest are the slice pro-
files, level of artifact suppression and the signal-to-noise ra-
tio.

A. Details of simulation

A program was written to generate line integrals through
a field of ellipsoids. The source-to-center distance, source-
to-detector distance and detector spacing were 630, 1100,
and 1 mm, respectively. A focal spot was simulated which
was 0.7 by 0.9 mm (axial by width). A target angle of 90° was
used. The incorporation of a realistic target angle would
cause some loss of resolution at the perimeter of the scan-
ner.*? In the discussion of the results presented below, all
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TABLE L. Summary of the data acquisition and reconstruction algorithms
discussed in Sec. I1. The maximum detector angle in a fanbeam projection is
¥., and f3, is the overscan angle.

Method Translation Projections  Projection Weighting
CZA-FS none 27 none

CSH-FS constant 27 none

CSH-HS constant T+ 2y, halfscan

CSH-OS constant 20+ B, overscan

CSH-US constant 2 underscan

CSH-H1 constant 47 interpolation
CSH-HH constant 2T+ 4y, interpolation & halfscan
CSH-HE constant 2T extrapolation
VSH-FS variable 27 none

VSH-US variable 2 underscan

comparisons are made relative to the CZA scan at the same
place in the field-of-view. Therefore, the degenerate target
angle should not affect the comparison of the algorithms.

The focal spot and the detector are broken up into a num-
ber of elements called source-lets and detector-lets, respec-
tively. We used 5 by 1 and 12 by 5 for the source and detec-
tor, respectively, where the notation is the number of axial
positions by the number of azimuthal positions. A number of
simulations were run to verify that the number of /ets was
sufficient to model the two-dimensional integrals over the
two apertures. No source-lets were used in the azimuthal
direction because we were primarily interested in slice pro-
files and not in spatial resolution. The simulated source
starts at the top of the vertical axis.

The number of projections that were generated for each
360° of gantry rotation was 200.The low number of projec-
tions caused some streak artifacts®* to be present in the re-
sulting images. Since conclusions are made using compara-
ble images, the low number is not a problem.
Quarter-detector offset®® was not utilized and therefore
some aliasing® was present in the results. However, the
aliasing artifacts were minor compared to artifacts caused by
helical scanning.

The slice thickness was determined by changing the
length of the detector along the z axis instead of using colli-
mation. Calculations showed that the slice profile at the iso-
center was slightly smaller than when collimators were used.
Off-center, the slices were slightly larger. We do not feel that
these differences had a significant effect on the results since
comparisons are made relative to CZA. A 10-mm slice thick-
ness was simulated. When helical data were generated, the
simulated table was translated 10 mm during each 360° of
gantry rotation corresponding to a unity pitch.

When VSH was simulated, a parameter called vbreak was
introduced which is the fractional number of views that are
affected at the beginning and at the end of the scan.The pro-
gram translated the table five millimeters at the beginning
and end of the scan during the acquisition of a number of
views equal to vbreak times the total number of views. The
table is translated using a piecewise constant velocity profile
for each view as shown in Fig. 2. In practice, a nonlinear
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profile would be implemented. We believe that the constant
profile is acceptable for the simulations.

When underscan and overscan reconstructions were
made, the underscan and overscan angles were set to 45°,

B. Simulation of slice profile

In order to measure the slice profile, we simulated a wire
using a very long and narrow ellipsoid which is tilted 45°
with respect to the slice plane. The reconstruction shows the
intersection of the ellipsoid with the slice, and the length of
the intersection is taken as a measure of slice profile. The
ellipsoid was 600 mm long and had a 1-mm diam cross sec-
tion at its center. The center of the ellipsoid was positioned at
the isocenter.

Figure 6 shows the reconstructions of the wire for differ-
ent data collection and reconstruction modes. The gray scale
has been expanded in order to display subtle artifacts. A
number of artifacts are seen along with cross sections of
varying lengths. The strong streaks are vertical because the
tube starts at the top of the simulated scanner. There are
little black and white regions around the cross sections due
to inconsistencies in the projection data as a direct result of
the helical scanning.

The slice profiles can be obtained by projecting the maxi-
mum values of the images onto the horizontal axis. The re-
sults are presented in Fig. 7. Helical scanning changes the
fairly square profile of CZA into a triangularly shaped pro-
file. The FWHM values for the simulations are summarized
in Table II. Because the profiles for CSH and VSH are not
generally rectangular, we also give the values of the full
width at tenth-maximum (FWTM). We suspect that the
FWHM and FWTM are not necessarily meaningful mea-
sures of the effective slice width because of the irregular slice
profiles. We present the measures because they are tradition-
ally used.

Among the CSH methods, CSH-HS shows the smallest

iR

CRHAHE

YEH vbreak= 4

YEH vhrealk= 2 VSH vbresks 3

YSH vbreak= 1

FIG. 6. Simulated reconstructions of a tilted wire for different data collec-
tion and reconstruction modes. A 10-mm slice thickness was simulated. For
the helical cases, a unity pitch was used.
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FWTM and the most rectangular slice profile (see Fig. 7).
Asseen in the next section, CSH-HS has much poorer signal-
to-noise than any of the methods and might therefore be
objectionable. Still considering only CSH methods, CSH-
HE and CSH-HH have the next smallest FWTM. However,
CSH-HE might be preferable to CSH-HH because of its
smaller FWHM. Only slightly worse than CSH-HE is CSH-
US. Finally, CSH-OS and CSH-HI have significantly larger
values of FWTM and FWHM.

Comparing VSH and CSH methods, Fig. 7 shows that
VSH has a more rectangular profile than all CSH methods
except CSH-HS for values of vbreak less than 0.3. In fact the
VSH FWTM is better than all CSH cases for vbreak less than
0.2. The VSH case with vbreak equal to 0.1 is almost equiva-
lent to CZA.

C. Simulated signal-to-noise

Projections consisting of only noise were generated, pro-
cessed by the various helical methods, and then reconstruct-
ed. A region-of-interest was overlayed on top of the image
and the standard deviation of the noise was calculated. The
results are summarized in Table II with and without dose
normalization. Note that the VSH-FS and VSH-US results
are identical to the CSH-FS and CSH-US results, respective-
ly.

The following comments are made with respect to the
noise measurement for CZA-FS. CSH-FS should be the
same because there is no weighting of the projections. CSH-
HS shows a large increase because only about half the datais
used. When dose is considered, the methods produce com-
parable results. CSH-US has a slight increase because of the
attenuation and amplification of projections. CSH-OS
shows a slight reduction because of the overscan region.
CSH-HI exhibits a large reduction because twice as much

data are used. The reduction is y2/3, as theoretically expect-
ed, confirming the simulation accuracy. The rest of the re-
sults use about 360° of projections and use some projection
weighting and therefore should produce slightly higher
noise readings. In standard CT scanning, the increased noise
of underscan is not noticed. Therefore, CSH-HE, CSH-US,
CSH-HH, and VSH-US should also be acceptable from a
noise point of view. However, from a straight noise point of
view, CSH-HI is the best algorithm.

D. Simulated artifacts

An ellipsoid that was partially protruding into the scan
volume centered at the slice plane was simulated.The ellip-
soid was 100 mm long in the axial direction and had a 6-mm-
diam cross section at its center. It was positioned so that the
bottom of the ellipsoid was 5 mm above the slice plane.

The reconstructions for the ellipsoid are shown in Fig.
8.The mean-square-error (MSE) with respect to the CZA-
FS case is shown in Table II. The MSE was calculated after
deleting the center portion of the images. The deletion was
done so that only the streak artifacts were measured and not
the differences in the slice profiles.

The test is very severe and probably overestimates the arti-
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respectively.

facts that would actually be seen in clinical images. There-
fore any method beside CSH-FS and CSH-HS would yield
acceptable results.

E. Evaluation of the Bresler/Skrabacz algorithm

We implemented the Bresler/Skrabacz algorithm using
the coefficients found using Eq. (14) for 1440° of projections
using L = 2 and @ equal to 0.5 and 1.0. The artifacts and the
FWHM values are found to be equivalent to CSH-HI for all
a.The main problem with their method is that the FWTM
for the simulated slice profiles were 36.00 and 39.84 for a
equal to 0.5 and 1.0, respectively. We speculate that if 720° of
data were used, the FWTM values would still be inferior to
CSH-HE. Therefore, we conclude that this algorithm does
not offer an improvement over the other algorithms present-
ed here.
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IV. EXPERIMENTAL RESULTS

In order to assess the trade-offs posed by the different
reconstruction methods, we modified a conventional CT
scanner to produce helical data. In this section we discuss
the details of this modification and the results of reconstruct-
ing the data with the various algorithms.

A. Experimental data collection

We denote a segment to be 360° of a helical scan. A seg-
ment can be collected using any conventional scanner by
translating the table during normal data collection. Because
we were not able to easily modify a scanner’s software, we
chose to drive a table with external sources. For CSH we
attached an external displacement unit to a table. In the case
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TaBLE I1. Quantitative results of computer simulations. Shown are full-
width-at-half-maximum (FWHM) and full width at tenth-maximum
(FWTM) values of the projections shown in Fig. 7; standard deviation, o,
of the simulated noise for different data collection and reconstruction
modes with and without dose normalization; and mean-square-error
(MSE) of the images shown in Fig. 8 with respect to the CZA case. The
MSE was calculated after deleting the center portion of the images so that
only the streak artifacts were measured and not the differences in the slice
profiles. The units for the standard deviation and the MSE are arbitrary.
The notation NA means not applicable. The dose-normalized standard de-
viation is also normalized by the noise in the CZA-FS case.

FWHMFWTM
Method vbreak (mm) (mm) o g JDose MSE
TCzA-Fs
CZA-FS NA 1039 11.34 4.6 1.00 0.00
CSH-FS NA 7.74 18.13 4.6 1.00 6.79
CSH-HS NA 924 1524 64 1.00 8.33
CSH-US NA 380 1790 5.0 1.09 1.24
CSH-0S NA 7.74 1850 4.5 1.04 3.13
CSH-HI NA 1322 1929 338 1.17 0.57
CSH-HH NA 1005 1748 53 1.17 0.76
CSH-HE NA 8.79 17.25 53 1.15 0.76
VSH-US 0.1 9.97 1193 50 1.09 0.49
VSH-US 0.2 10.00 13.54 50 1.09 1.09
VSH-US 0.3 10.03 1640 5.0 1.09 1.66
VSH-US 04 1009 1790 50 1.09 1.79

of VSH, we applied an external voltage to the translation
motor that is present in a table.

The basis of the unit that was used for CSH is a motor that
is mounted on a slider mechanism. The shaft of the motor
was attached to a screw. The pitch of the screw and the speed
of the motor were chosen to translate the table at 10 or 5
mm/s. The complete unit was set on the end of the table so
that the end of the shaft was positioned next to the wall
opposite the scanner. When a voltage was applied to the mo-
tor, the shaft caused the table to be pushed away from the

L3HEHE

VSN wbreaksy L YEH vbreak# 2 vhrealks 4

FIG. 8. Simulated reconstructions of an ellipsoid partially protruding into
the slice volume for different data collection and reconstruction modes. A
10-mm slice thickness was simulated. For the helical cases, a unity pitch was
used.
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wall. A microswitch was placed under the sliding portion of
the unit. The contacts of the switch were connected to a relay
which was wired in parallel with the scan enable button on
the operator’s console. A scan was begun by setting up the
scanner to collect a scan and then to apply a voltage to the
motor.The switch was positioned so that, after the motor
was running at a constant velocity, it tripped the micros-
witch which in turn started the scan. Because the scanner
starts data collection at a fixed time after depression of the
scan enable button, a segment could be repeated. Contiguous
segments were collected by displacing the switch by the same
amount that the table had to be translated in 360°.

For VSH, the scanner was modified to allow independent
control of the table motor using a microcomputer (PC). The
PCstarted the scan by sending a signal to the relay described
above. The collimator was selected for the experiment to
produce a CZA slice thickness of 10 mm. The table velocity
was empirically adjusted, by examining scans of a wire, to
give 5 mm of table movement during the beginning of each
scan and 5 mm during the end. Several choices of the ramp-
up and ramp-down times were examined. In all cases, ap-
proximately the same time was used for both ramp-up and
ramp-down. Finally based on the computer simulation re-
sults, it was decided to use a ramp time of 0.4 s. This corre-
sponds to a value of the variable vbreak of 0.2 since the scan
time was 2 s.

The experiments were performed using a GE 9800 Hilight
(GE Medical Systems, Milwaukee) scanner in a factory set-
ting. The scanner was maintained so that functionality, but
not image quality, could be verified for new software re-
leases. Instead of using the software present in the scanner,
we reconstructed projection data with special programs that
ran on another computer system. The special programs pro-
duced results that were close to clinical 9800 Hilight images
but not identical. Therefore the images shown in this section
are consistent but cannot be compared to images that would
be generated on a similar scanner in a clinical setting.

B.Scanning results

We scanned three healthy volunteers and collected a num-
ber of segments for CSH and VSH. Along with the helical
images, CZA images at approximately the same slice plane
were collected. The time between segments was approxi-
mately one minute. Therefore, the subjects had to breathe
between the segments. They were given a few seconds warn-
ing before the scans were taken in anticipation of arresting
their respiration at a consistent point. We had varying de-
grees of success with this method. In two cases, the volun-
teers ingested Gastrographin prior to scanning. We scanned
using 120 kV, 170 mA, or 200 mA and two second scan
times. Almost all of the data were collected using collima-
tion set up to produce CZA data with 10-mm-thick slices.
We performed one study in which S-mm helical data was
compared with 5-mm and 10-mm CZA data. ( The notation
of number preceding a scan type indicates that the collima-
tor is set to produce the specified slice thickness if the table
was not translated.) We also experimented with different
pitches. Generally, we scanned with a pitch of one. The im-
ages were reconstructed using the methods described in Sec.
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FI1G. 9. Reconstructions of ex-
perimental data collected from a
modified scanner comparing
CZA to CSH. The following data
collection and reconstruction
techniques were employed: (a)
CZA-FS, (b) CSH-FS, (c¢)
CSH-HS, (d) CSH-OS, (e)
CSH-US, (f) CSH-HI, (g)
CSH-HH, and (h) CSH-HE.
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{a)

(b}

(c)

FIG. 10. Reconstructions of experimental data collected from a modified
scanner comparing CZA to VSH. The following data collection and recon-
struction techniques were employed: (a)CZA-FS, (b) VSH-FS, and (c)
VSH-US.

II. We present a complete discussion of the experimental
results in the next section. Here we would like to present a
few images that are representative of the data that was col-
lected.

Figure 9 shows reconstructions using CZA and CSH for
one of the patients where the slice thickness was 10 mm and a
pitch of one was used. CSH-FS exhibits broad vertical
streaks. The CSH-HS reconstruction demonstrates a change
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in noise and insufficient view streaks. The CSH-HI case has
reduced noise and significant slice profile degradation. CSH-
HI and CSH-OS still exhibit more vertical streaking than we
expected from the computer simulations. We suspect that
the discrepancy is due to respiration being suspended at dif-
ferent locations. In the remaining three cases, CSH-US,
CSH-HH, and CSH-HE, the vertical streaks have been eli-
minated. Varying degrees of slice profile degradation are
present in all the CSH results.

Figure 10 shows reconstructions using CZA and VSH for
another subject. The collimation was set to produce CZA
slices with a 10-mm slice thickness. The VSH-FS reconstruc-
tion also shows vertical streaks caused by the inconsistencies
in the projection data. The streaks are eliminated in the
VSH-US reconstruction. Some slice profile degradation is
also present.

V. DISCUSSION

The computer simulations and the experimental results
demonstrated that good image quality can be obtained with
helical scanning. There is some degradation present in the
images. The degradation consists of increased slice thick-
nesses, a change in noise, and possibly insufficient elimina-
tion of structured artifacts. Therefore, helical scanning can-
not be used as a direct replacement for CZA assuming that
the same collimation is used. In this section we compare the
various scanning techniques and reconstruction algorithms
and try to determine which method produces images closest
to CZA. We also discuss the potential applications of helical
scanning.

We begin our discussion with the determination of the
best CSH reconstruction algorithm. CSH-FS produces un-
acceptable results because vertical streaking is not eliminat-
ed. CSH-HS produces images with too much noise. CSH-HI
removes the streak artifacts and lowers noise, but at the ex-
pense of significant slice profile degradation. The remaining
algorithms produce similar results with respect to noise and
slice profiles. The computer simulations showed that CSH-
OS and CSH-US produced more structured artifacts than
CSH-HH and CSH-HE. These artifacts are not seen in the
experimental results because, we suspect, they are sup-
pressed by quantum noise. The amount of degradation
caused by patient motion is proportional to the scan time.
Therefore CSH-OS and CSH-HH are less preferable than
CSH-US and CSH-HE. We conclude that CSH-US and
CSH-HE are the best algorithms. CSH-US might be chosen
because it could already be implemented in a scanner.

For values of vbreak less than about 0.2, better results are
obtained for VSH than for CSH. VSH is much more difficult
to implement because of the requirements placed on moving
the table at a variable speed. Also, we suspect that motion
artifacts might be introduced with rapid table accelerations.
Values of vbreak less than 0.2 might be difficult to imple-
ment because of limitations placed on the motor used to
drive a table.

Preliminary feedback from radiologists indicates that the
helical reconstruction methods remove the structured arti-
facts that are caused by the simultaneous patient translation
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and do not significantly change the signal-to-noise ratio.
However, the slice profile degradation was noticed. The heli-
cal images were judged to be worse than the CZA image
collected at the same slice thickness and better than the CZA
image collected at twice the thickness. The difference
between VSH and CZA was judged to be smaller than the
difference between CSH and CZA. The clinical feedback
that we have received so far indicates that the increased par-
tial volume artifacts that arise during helical scanning would
be tolerated in exchange for increased scan rate in certain
situations. The increased scan rate could be used to enhance
the utilization of contrast material for imaging contrast me-
chanics or to scan a complete organ in a single breath-hold.

An application where helical scanning may be useful is
surveying of the chest, abdomen and pelvis. In some cases
scan rate is more important than the ultimate contrast detail.
Applications may include trauma, pediatric patients and
ICU patients. The total scan time is also very critical when
the high cost (at least in the U.S.) of nonionic contrast is
considered. Another application of helical scanning is in dy-
namic liver studies. In order to optimize the use of contrast,
the liver should be scanned in less than three minutes and
under two is optimum.>® In both cases, helical scanning al-
lows for more slices to be acquired in a single breath-hold. It
may be possible to scan the complete liver in a single breath-
hold if the patient can hold his/her breath for an extended
period of time, "8

The increase in scan rate that might be possible with heli-
cal scanning can be demonstrated with the following exam-
ple. Assume that patients can hold their breath for ten se-
conds and an IGD of six seconds is required. Also assume
that the scan time is one second and the ISD (only the table
has to move because of continuous rotation of the gantry) is
also one second. Finally, assume that the scan rate is not
limited by tube cooling requirements. Then for CZA a group
consists of five scans and four ISDs yielding a scan rate of 20
scans/min. Now consider one of the helical methods that
utilize 360° of projections. These methods would be CSH-
US, CSH-HE or VSH-US. For helical scanning with a unity
pitch, a group consists of ten scans and no ISD is required.
Therefore, the scan rate for helical scanning is 37.50 scans/
min.

We investigated the use of pitches larger than one. The
results were more structured artifacts and more degradation
of the slice profile. Helical scanning with pitches larger than
one could be used in surveying gross anatomy. We also inves-
tigated the use of pitches less than one. A problem is that in
order to maintain constant dose, the current given to the
tube must be reduced or the collimation narrowed. In either
case, the tube will not be used efficiently. Another problem
with small pitch helical scanning is that it negates the advan-
tage of increased scan rate.

VI. CONCLUSIONS

We have shown that acceptable image quality is obtained
in CT reconstructions when the patient is translated concur-
rently with data acquisition. The patient can be translated at
either a constant or variable speed. We presented a number
of methods to reconstruct the resulting projection data.
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Computer simulations and experimental scanning demon-
strated that the methods remove the structured artifacts that
are present when the simultaneous patient translation is ig-
nored. The results also show that some increase in partial
volume artifacts is seen. Review of preliminary results by a
panel of radiologists indicates that the residual image degra-
dation is tolerable for selected applications when it is critical
to acquire more slices in a patient breathing cycle than is
possible with conventional scanning. Additional experi-
ments in a clinical setting are required so that the potential
benefits of the helical methods can be better understood.
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APPENDIX A: OVERSCAN

In this appendix we review a method that reduces the ef-
fect of motion in conventional (CZA) CT scanning. Patient
motion artifacts in fullscans are frequently streaks along
lines parallel to the rays of the first view. This leads to the
observation that motion frequently causes views at the be-
ginning and end of a full scan to be very inconsistent when
ideally they should be nearly identical. By contrast, patient
motion causes only very small differences from one view to
the next. The small view-to-view differences accumulate
during a scan to produce a large inconsistency between the
first and last views. The small -view-to-view differences are
not very important, however the large inconsistency is very
important. The effect of the data inconsistency is ameliorat-
ed® by taking extra views at the end of the scan through
some angle B, (the overscan angle). This algorithm is called
overscan and we use the abbreviation OS to denote its use.
The extra data in the interval (27,27 + 3,) are blended in
with the data at the beginning of the scan in the interval
(0,8,) thus reducing the inconsistency. A weighting func-
tion such as

wlx(By)] = 3x*(B,y) — 25°(By), (15)
where
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B
£ 0<B<pB,
Bo beb
x(By) =41 Bo<B<L2m (16)
2 _
ﬁu 277<B<277'+Bo

B,

has been found desirable because the derivatives of w(x)
with respect to x are zero for x = 0 and x = 1. The disadvan-
tages of overscan are that it delivers extra dose and has the
potential for even more patient motion than a fullscan. Also,
it must be selected prospectively, so that if patient motion is
negligible, the extra dose is wasted.

APPENDIX B: UNDERSCAN

The disadvantages of overscan led to the development of a
correction method called underscan which does not require
extra data.”> We use the abbreviation US for underscan. By

,
3x% —2x° where x = B
B.
1
=2 0201 s x—B=2221
1
3x* —2x° where x = 27— B
\ 3

APPENDIX C: HALFSCAN

Parallel geometry reconstruction requires a minimum
data set in which the parallel view angle, 8 = 8 + ¥, spans a
range of 7. A fanbeam data set with £ spanning a range
7 + 2v,, contains such a minimum parallel data set. A fan-
beam reconstruction algorithm using this data set is called
halfscan and we use the abbreviation HS to denote its use.
Figure 11 shows the Radon space for halfscan. Unfortunate-
ly, this fan-beam data contains redundant samples of some of
the rays (assuming no patient or table motion). The redun-
dant areas are shaded in Fig. 11. If the redundancy was not
eliminated, gross shading in the reconstructed image would
result.

The redundant sample locations are related by Eq. (12).
The redundancy is eliminated by multiplying the projection
data by a set of weights w(f3,y) which satisfy*'

wByY)+wB+mr+2y,—7)=1 (19)
such as given, for example, by
wlx(B,] = 3x*B,y) — 23 (By), (20)

where
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underweighting the projection data near the beginning and
end of a scan, the inconsistency caused by patient motion can
be reduced without collecting extra views. The underweight-
ing is compensated by overweighting projection data ac-
quired near the middle of the scan.

The weighting is constrained by the fact that a fanbeam
scan with £ in the interval (0,27) contains two samples of
each ray. The two redundant sample locations (/,,7,) and
(Bv,) are related by Eq. (12).This requires that the
weights w(f,y) satisfy

wBy) +wB+7+2y, —y) =2 (17)
Suppose, for example, that the weights ramp up from O to 1
over some angle 3, (the underscan angle), at the beginning
of the scan, and similarly, ramp down from 1 to O over the
same angle S, at the end of the scan. Using the weighting
function in Eq. (15) for the ramp up and ramp down, for
example, and the constraint in Eq. (17), the weights are

0<B<B,

ﬁu<3<ﬂ-—ﬁu - 27

=B, —2y<pB<r+ B, -2y, (18)
7+ B, — 2y<PL2r — B,

27 — B, <BL27r

r
%)
—_— 0<B<2y,, —2
2y, =2 by v
x(By) =41 2y,, — 2y<B<T — 2y .
Yy
2y, + 2y

(21)

The above weights are continuous and differentiable every-
where. Other weights are also possible. For example, the
weighting
1 0BT -2y
w(By) = {
0 7—2y<PB<mr+2y,

eliminates the redundancy. Unfortunately, the weighted
projection data would be discontinuous in 8 and y along the
line 8 = 7 — 2y. If the projection data were not sampled, no
problem would result. However the discontinuity in the dis-
cretely sampled projection data would cause severe streaks
parallel to rays of the first view. The artifacts can be elimin-
ated by feathering the weights along the discontinuity at
B = m — 2y as discussed in Appendix D.

In the latter of the halfscan reconstructions, the smoothed
weight is

(22)
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‘B X+ 2y.

z-2y.

F1G. 11. Radon space for halfscan data collection and reconstruction. The
shaded areas contain redundant information.

1 0<B<r — 2y

— __—_+_
d 2

(23)

where 7, () = (7 — f3)/2 and f(y) is defined in Appendix
D. A feathering distance d corresponding to 10 detector
channels has been found sufficient. The smoothing causes the
weights to depart slightly from those ideally required. How-
ever we have observed no significant artifact thereby in-
duced. Other weighting schemes are possible, such as
weighting the upper and lower shaded triangles in Fig. 11 by
0.5 and the remainder of the data by 1. The above smoothing
would be required at the discontinuities.

APPENDIX D: FEATHERING

The feathering algorithm is illustrated by the following
example. Suppose w, (x) and w,(x) are two functions to be
joined at a point x = x,, as follows

w,(x) x<x,

w(x) = (24)

wy(x)  x>x,

and where w, (x,) # w,(x,) so that w(x) is discontinuous at
x = x,. The discontinuity can be smoothed by extending w,
and w, by a distance d /2 on either side of x = x,, and weight-
ing them so they blend together over the interval d. This is

accomplished by multiplying w, by

X — X L) (25)
f( = +2,
and w, by
X — X 1
1o (X=X —), (26)
75

and summing, where f{x) is given, for example, by
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0 x<0
Sx) =13x" —2x*  O<x<l. (27)
1 x>1
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