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[57] ABSTRACT

A method of reducing image artifacts in images ac-
quired with fan beam, helical scanning, tomographic
imaging systems uses half scans of less than 360° of
projection data of an imaged object on each side of the
slice plane being imaged. The half scans are weighted
with half scan weighting factors to compensate for
redundant data and are weighted with helical scanning
weighting factors to interpolate the half scans projec-
tion data to projection data at the slice plane. The im-
aged object may be moved one slice thickness for each
360° of scanning so that the half scans are concentrated
closer to the slice plane thereby reducing interpolation
errors. Alternatively, for a series of slice images, the
imaged object may be moved one slice thickness for
each half scan to reduce average slice acquisition time.

12 Claims, 6 Drawing Sheets
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COMPUTED TOMOGRAPHIC IMAGE
RECONSTRUCTION METHOD FOR HELICAL
SCANNING USING INTERPOLATION OF
PARTIAL SCANS FOR IMAGE CONSTRUCTION

BACKGROUND OF THE INVENTION

This invention relates to computed tomography using
helical scanning. More specifically, the invention relates
to an image reconstruction method for reducing image
artifacts that result from acquiring tomographic projec-
tion data in a helical scan.

As used herein, computed tomography shall refer to
both tomography using ‘“‘transmission imaging’’ that is,
detecting radiation transmitted through the body being
imaged, and ‘“emission imaging”, detecting radiation
emitted from the body being imaged, e.g., such as that
being emitted by radiopharmaceutical isotopes.

In a transmission imaging computed tomography
system, an x-ray source is collimated to form a fan beam
with a defined fan beam angle. The fan beam is orien-
tated to lie within the x-y plane of a Cartesian coordi-
nate system, termed the “imaging plane”, and to be
transmitted through an imaged object to an x-ray detec-
tor array orientated within the imaging plane. The de-
tector array is comprised of detector elements which
each measure the intensity of transmitted radiation
along a ray projected from the x-ray source to that
particular detector element. The detector elements can
be organized along an arc each to intercept x-rays from
the x-ray source along a different ray of the fan beam.
The intensity of the transmitted radiation is dependent
on the attenuation of the x-ray beam along the ray by
the imaged object.

The x-ray source and detector array may be rotated
on a gantry within the imaging plane, around the im-
aged object, so that the fan beam intercepts the imaged
object at different angles. At each angle, a projection is
acquired comprised of the intensity signals from each of
detector elements. The gantry is then rotated to a new
angle and the process is repeated to collect a number of
projections at different angles to form a tomographic
projection set.

The acquired tomographic projection set is typically
stored in numerical form for computer processing to
“reconstruct” a slice image according reconstruction
algorithms known in the art. The reconstructed slice
images may be displayed on a conventional CRT tube
or may be converted to a film record by means of a
computer controlled camera.

In either emission or transmission computed tomog-
raphy the detector array may be rectilinear rather than
arcuate.

A typical computed tomographic study entails the
imaging of a series of slices of an imaged object with the
slices displaced incrementally along a z-axis perpendic-
ular to the x and y axes, so as to provide a third spatial
dimension of information. A radiologist may visualize
this third dimension by viewing the slice images in
order of position along the z-axis, or the numerical data
comprising the set of reconstructed slices may be com-
piled by computer programs to produce shaded, per-
spective representations of the imaged object in three
dimensions.

As the resolving power of computed tomography
methods increases, additional slices are required in the
z-dimension. The time and expense of a tomographic
study increases with the number of slices required.
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Also, longer scan times increase the discomfort to the
patient who must remain nearly motionless to preserve
the fidelity of the tomographic reconstructions. Ac-
cordingly, there is considerable interest in reducing the
time required to obtain a slice series.

The time required to collect the data for a series of
slices depends in part on four components: a) the time
required to accelerate the gantry to scanning speed, b)
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projection set, c) the time required to decelerate the
gantry and d) the time required to reposition the patient
in the z-axis for the next slice. Reducing the time re-
quired to obtain a full slice series may be accomplished
by reducing the time required to complete any of these
four steps.

The time required for acceleration and deceleration
of the gantry may be avoided in tomographic systems
that use slip rings rather than cables to communicate
with the gantry. The slip rings permit continuous rota-
tion of the gantry. Hereafter, it will be assumed that the
CT systems discussed are equipped with slip rings or
the equivalent to permit continuous rotation of over
360°.

The time required to acquire the tomographic data
set is more difficult to reduce. Present CT scanners
require on the order of one to two seconds to acquire
the projection set for one slice. This scan time may be
reduced by rotating the gantry at a faster speed. A
higher gantry speed, in general, will reduce the signal-
to-noise ratio of the acquired data by the square root of
the factor of rotational rate increase. This may be over-
come to some extent in transmission tomography de-
vices by increasing the radiation output of the x-ray
tube, but is subject to the power limits of such devices.

A reduction in patient repositioning time may be
accomplished by translating the patient in the z-axis
synchronously with the rotation of the gantry. The
combination of constant patient translation along the
z-axis during the rotation of the gantry and acquisition
of projection data has been termed “helical scanning”
and refers to the apparent path of a point on the gantry
with respect to a reference point on the imaged body.
As used herein, “helical scanning” shall refer generally
to the use of continuous translation of the patient or
imaged object during the acquisition of tomographic
imaging data, and “‘constant z-axis scanning’ shall refer
to the acquisition of the tomographic data set without
translation of the patient or imaged object during the
acquisition period.

Continuous translation of the imaged object during
scanning shortens the total scanning time required for
the acquisition of a given number of slices by .eliminat-
ing the length of time normally required for reposition-
ing the patient between scans. However, helical scan-
ning introduces certain errors with regard to the data in
the acquired tomographic projection sets. The mathe-
matics of tomographic reconstruction assumes that the
tomographic projection set is acquired along a constant
z-axis slice plane. The helical scan path clearly deviates
from this condition and this deviation results in image
artifacts in the reconstructed slice image if there is any
significant change in the object in the z-axis. The sever-
ity of the image artifacts depends generally on the
“helix offset” in the projection data, measured as the
difference between the table locations of the scanned
data and the z axis value of the desired slice plane. Er-
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rors resulting from helical scanning will be referred to
collectively as *“‘skew” errors.

Several methods have been used to reduce skew er-
rors in helical scanning. A first approach disclosed in
U.S. Pat. No. 4,630,202 issued Dec. 16, 1986, reduces
the pitch of the helical scan and then averages the pro-
jection data of consecutive 360° tomographic projec-
tion sets. The effect is equivalent to using a detector
array with a larger width along the z axis, which also
moves less in the z direction during rotation of the
gantry, i.e. with a lesser scanning pitch. Skew errors are
reduced using this method, but at the expense of addi-
tional scanning time necessitated by the lower scanning
pitch. Thus, this method reduces, to some extent, the
advantages to be gained by helical scanning.

Skew errors at the ends of the tomographic projec-
tion set may be reduced in conjunction with this ap-
proach by changing the weighting of the last and first
projections of the consecutive 360° tomographic pro-
jection sets in the “averaging” process to give greater
weight to the projection closest to the slice plane.

A second approach disclosed in U.S. Pat. No.
4,789,929 issued Dec. 6, 1988, also applies weighting to
the projections of combined, consecutive 360° tomo-
graphic projection sets, but the weighting is a function
of the helical offset of each projection at the given
gantry angle. This approach of interpolating over 720°
generally increases partial volume artifacts. Partial vol-
ume artifacts are image artifacts arising when certain
volume elements of the imaged object contribute to
only some of the projections of the projection set.

A third approach, described in copending U.S. Pat.
No. 5,046,003 entitled: “Method for Reducing Skew
Image Artifacts in Helical Projection Scanning” and
assigned to the same assignee as the present invention,
uses non-uniform table motion to concentrate the heli-
cally acquired projections near the slice plane while
limiting the accelerative forces on the patient.

SUMMARY OF THE INVENTION

It is understood in the art, that a tomographic image
may be prepared from less than 360° of projection data.
Generally, this result arises from the equivalence in
attenuation of certain rays in projection acquired at
gantry angles 180° apart. The method of reconstructing
a tomographic image from less than 360° of data is
termed “‘half scan” and requires that the acquired data
be weighted by a “half scan weighting function” prior
to reconstruction of the image.

The present invention reduces skew artifacts by inter-
polating between two or more half scan tomographic
projection sets comprised of less than 360° of projection
data as opposed to full scan tomographic image sets
comprised of 360° of projection data. A first and second
half scan of projection data is acquired on either side of
a slice plane and a half scan weighting function is ap-
plied to this data. A helical scan weighting function is
also applied to this data and the combined first and
second data sets, as weighted, are reconstructed into a
slice image.

It is one object of the invention to permit the acquisi-
tion of projection data, for an interpolated tomographic
projection set, over a shorter z-axis distance. For a
given scan pitch, the use of half scans rather than full
scans requires less z-axis travel in a helical scan. This in
turn concentrates the projections acquired at points
closer to the slice plane and thus improves the accuracy
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4
of the interpolation and decreases partial volume arti-
facts.

It is another object of the invention to permit the
acquisition of projection data, for an interpolated tomo-
graphic projection set, over a shorter time period.
Image artifacts may result from patient motion during
the acquisition of the projection data of a tomographic
projection set. For a given gantry speed, the use of half
scans rather than full scans permits the acquisition of the
necessary data in less time. This in turn can reduce
patient-motion induced partial volume artifacts.

It is yet another object of the invention to permit a
series of slice images to be acquired in less time. The
scanning pitch may be increased so that the distance
between slice planes corresponds to the gantry rotation
required to acquire a half scan rather than a full scan.
For a given gantry speed, this will decrease the time
required to acquire of a series of slice plane images.

The foregoing and other objects and advantages of
the invention will appear from the following descrip-
tion. In the description, reference is made to the accom-
panying drawings which form a part hercof and in
which there is shown by way of illustration, a preferred
embodiment of the invention. Such embodiment does
not necessarily represent the full scope of the invention,
however, and reference must be made therefore to the
claims herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a pictorial representation of a CT apparatus
including gantry, table and imaged object, and showing
the relative angles and axes associated therewith;

FIG. 2(a) and 2(b) are schematic illustrations of the
imaged object of FIG. 1 showing the relative orienta-
tion of the gantry and imaging plane with respect to the
imaged object for constant z axis scanning and helical
scanning respectively. The pitch of the helical scanning
is exaggerated for clarity;

FIG. 3 is a block diagram of a CT control system that
may be used with the CT apparatus of FIG. 1, and that
is useful for practicing the present invention;

FIG. 4 is a diagram showing the geometry of an x-ray
fan beam produced by the CT apparatus of FIG. 1 with
the gantry shown positioned at two gantry angles 6 as
viewed along the z-axis;,

FIG. 5 is a graphical representation of the arguments
8 and ¢ associated with the projection data of two half
scans acquired in a helical scan with the CT apparatus
of FIG. 1;

FIG. 6(a) is a graphical representation of the acquisi-
tion of helical full scans;

FIG. 6(b) is a graphical representation of the acquisi-
tion of helical half scans according to a first embodi-
ment which reduces the z-axis distance and time over
which the projection data for the interpolated tomo-
graphic projection set is acquired;

FIG. 6(c) is a graphical representation of the acquisi-
tion of helical half scans according to another embodi-
ment which reduces the time during which the projec-
tion data for the interpolated tomographic projection
set is acquired.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIG. 1, a CT gantry 16, representative
of a “third generation” CT scanner includes an x-ray
source 10 oriented to project a fan beam of x-rays 24
through imaged object 12 to detector array 18. The fan
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beam 24 is directed along an x-y plane of a Cartesian
coordinate system, the “imaging plane”, and subtends a
“fan angle” of 2dmax as measured along the imaging
plane. The detector array 18 is comprised of a number
of detector elements 26 which together receive and
detect a value proportional to the magnitude of a pro-
Jjected image resulting from the transmission of x-rays
through the imaged object 12, or in the case of emission
tomography, from the radiation emitted from the radio-
pharmaceutical isotopes within the imaged object 12.
The angle ¢, measured from the centermost ray 20 of
the fan beam 24, may identify each ray 21 of the fan
beam 24 and its associated detector 26 and will be
termed the fan beam angle.

The angular position 8 of the gantry 16 with respect
to the imaged object 12 is arbitrarily referenced to zero
when the fan beam’s center most ray 20 is vertical and
directed downward. The gantry 16 is coupled to the
gantry associated control modules 48, shown in FIG. 3
and to be described below, by means of slip rings 50 and
is therefore free to rotate continuously through angles
greater than 360° to acquire projection data.

The imaged object 12 rests on table 22 which is radio-
translucent so as not to interfere with the imaging pro-
cess. Table 22 may be controlled so that its upper sur-
face translates along the z axis perpendicular to the x-y
imaging plane, by moving the imaged object 12 across
the imaging plane swept by the fan beam 24. For sim-
plicity, it will be assumed henceforth that the table 22
moves at a constant velocity and therefore that the z
axis position of the table 22 is proportional to the angu-
lar position 6 of the gantry 16. Accordingly, the tomo-
graphic projections acquired may be defined either in
terms of z or 6.

Referring to FIGS. 2(a) and 2(b), the angular position
of the gantry and the z-axis position of the imaging
plane with respect to the imaged object is shown by
projection arrows 20 for a constant z-axis scan and a
helical scan, respectively. In the constant z-axis scan,
shown in FIG. 2(a) each tomographic projection set is
acquired at a constant z-axis position and the imaged
object is moved along the z-axis to the next slice plane
between such acquisitions.

This differs from the helical scan in FIG. 2(b) where
the z-axis position of the imaged object with respect to
the imaging plane changes constantly during the acqui-
sition of each tomographic projection set. Accordingly,
arrows 20 trace a helix within the imaged object along
the z-axis. The pitch of the helix will be referred to as
the scanning pitch.

Referring now to FIG. 3, the control system of a CT
imaging system suitable for use with the present inven-
tion has gantry associated control modules 48 which
include: x-ray control 54 which provides power and
timing signals to the x-ray source 10, gantry motor
controller 56 which controls the rotational speed and
position of the gantry 16 and provides information to
computer 60, and data acquisition system 62, regarding
gantry position, and image reconstructor 68 which re-
ceives sample and digitized signals from the detector
array 18 via the data acquisition system 62 to perform
high speed image reconstruction according to methods
known in the art. Each of the above can be connected to
its associated elements on the gantry 16 via slip rings 50
and serves to interface computer 60 to various gantry
functions.

The speed and position of table 22 along the z-axis, is
communicated to and controlled by computer 60 by
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6

means of table motor controller 52. The computer 60
receives commands and scanning parameters via opera-
tor console 64 which is generally a CRT display and
keyboard which allows the operator to enter parame-
ters for the scan and to display the reconstructed image
and other information from the computer 60. A mass
storage device 66 provides a means for storing operat-
ing programs for the CT imaging system, as well as
image data for future reference by the operator.

In conventional CT imaging, 360° of projection data,
a full tomographic projection set, is acquired and recon-
structed into a slice image. Alternatively, a tomograph-
ically reconstructed image may be derived from projec-
tion data acquired over less than 360° of gantry 16 rota-
tion provided at least a minimum gantry rotation of 180°
plus the fan beam angle is obtained. Image reconstruc-
tion using less than 360° of projection data will be
termed “half scan™ to distinguished it from ‘““full scan”
image reconstruction which requires 360° of projection
data. The data used to reconstruct a half scan image will
be termed a ‘“‘half scan data set”.

As a result of the fan beam geometry of the x-ray
source 10 and the detector array 18, to be discussed
further below, a half scan will contain certain redundant
data. This redundant data requires that the half scan
data set be weighted with a “half scan weighting” func-
tion so that the redundant data does not make a dispro-
portionate contribution to the final image when incor-
porated with the non-redundant data. The weighting
and reconstruction of images from a half scan data set
are discussed in detail in ‘“‘Optimal Short Scan Convolu-
tion Recomnstruction for Fanbeam CT”, Dennis L.
Parker, Medical Physics 9(2) March/April 1982.

The source of the redundant data within a half scan
acquired with a fan beam geometry may be demon-
strated graphically. Referring to FIG. 4, a fan beam 24
at first gantry position =0 includes ray A at angle
— ¢ max within the fan beam 24. The ray A is received by
a detector element 26 (not shown) which produces a
signal P(0;, —dmax), where 68;=0, proportional to the
line integral of the absorption of the x-ray radiation
along ray A by imaged object 12. At a second fan beam
24 at second gantry position 82=7 —2dmax, it will be
appreciated that the same line integral absorption mea-
sured along ray A in the first gantry position, is also
measured along ray A’ in the second gantry position,
where ray A’ is at angle 4+ dmax within the fan beam 24.
The x-ray along ray A’ is received by a detector ele-
ment 26 (not shown) which produces a signal P(62,
& max). The identity of the measurements along ray A
and A’ may be generalized by the following relation-
ship:

P9, $)=PO+7+2¢, —) (&)
where 8 and ¢ are any gantry angle and any fan beam
angle respectively.

In the present invention, two consecutive half scans
of tomographic data are acquired over a gantry 16 rota-
tion 360° plus twice the fan beam angle, 2d,,,,x. During
the acquisition of these half scans, the table 22 and
hence the imaged object 12 are advanced along the
z-axis. Referring to FIG. 5, the arguments 6 and ¢ for
data for this first and second half scan are shown sche-
matically. Lines parallel to AB represent projections
taken at gantry position 8 and includes detector signals
from angles b:— Pmox <P < + Pmax. The gantry angle 8
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of the projection along line AB is arbitrarily assigned to
0 and is the first projection of the first half scan. Succes-
sive projections are acquired at increasing gantry angles
6 up to 6 =1 +2dmax radians while the table 22 is ad-
vanced along the z-axis, per helical scanning techniques
discussed above.

When the gantry angle reaches 8 = + 2dmax radians,
the first half scan is complete and the slice plane z,, of
the imaged object 12 has been aligned with the imaging
plane. A second half scan is then initiated starting at
gantry angle @ =7 +2dma and continuing to gantry
angle 8=27 +4¢max.

As mentioned, each half scan must contain at least
7 + 2d max radians of projections in order to reconstruct
a full tomographic projection set. Nevertheless, as 2
result of the geometry of scanning, each half scan con-
tains some projections with “duplicative” rays per
equation 1. For example, the rays of projections in tri-
angular zone “1” at the start of the first half scan, as
shown in FIG. §, are equivalent, per equation 1, to the
rays in triangular zone “4” at the end of the first half
scan. Note, however, that unlike the case of constant
z-axis scanning, the data in zone “4" does not necessar-
ily have same values as the corresponding data in zone
“1” because the imaged object 12 has been displaced
along the z axis between the zone measurements be-
cause of the helical scanning. The term “redundant
data” will be used to refer to this data within each half
scan whose rays are related by equation 1 even though
the values of the data may differ as a result of the helical
scanning.

Referring again to FIG. 5, in the present invention,
the data in each of two consecutive half scans is interpo-
lated to the slice plane. Accordingly, two sets of
weighting factors must be considered: an interpolation
weight and a half scan weight. The weighting used for
interpolation will be termed the ‘“helical weighting
function” to distinguish it from the *‘half scan weighting
function™ applied to the redundant data within each half
scan.

For convenience of discussion, the following zones,
as shown in FIG. 5, are defined with respect to a slice
plane positioned at the image plane when the gantry is
at 6 =77+ 2¢)max.

ZONE BOUNDARIES
1 0< 6 < 2¢max — 20
2 2dmax — 20 < 0 < 4dmax
3 4dmax < 8 <7 — 29
4 7 — 20 <6 <7+ 2bmax
s T+ 20max < 8 < 7 + 4dmax — 24
6 T + 4bmax — 20 < 6 < 27
7 2 < 0 < 27 + 2bmax — 26
H 27 + 2dmax — 20 < 6 < 27 + 4dpox

These zones distinguish areas of redundant data
within each half scan and ‘“complementary” data be-
tween half scans. Complementary data is data in one
half scan that is equivalent per equation 1, to data in the
other half scan on the opposite side of the slice plane.

Zones 1 and 4 are redundant per equation 1, and
zones 1 and 4 are each complementary with zone 7 per
equation 1. Likewise, zones 5§ and 8 are redundant, and
complementary with zone 2, and zones 3 and 6 are
complementary.

For interpolation, the helical scan weights must be
chosen to combine each zone with another complemen-
tary zone on the opposite side of the slice plane a
97 + 2 max. For example, zone 1 must be combined with
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8
zone 7 to effectively interpolate data to the slice plane.
Zone 1 is not combined with zone 4 because they are
both on the same side of the slice plane. Similarly, zone
3 is combined with zone 6. Zone 2 could be combined
with either zone 5 or zone 8 since both are on opposite
sides of the slice plane. When both combinations are
used, however, zone 2 will receive disproportionate
weighting in the reconstruction. Therefore two helical
scanning weights are assigned to zone 2, corresponding
to zones 5 and 8, and the weight of the zone is later
adjusted by the half scan weights to be described below.

Continuing this progression, zone 4 is combined with
zone 7. Zone ‘7 must also be combined with zone 1 and
therefore requires two sets of helical scan weights.
Again, the effect of these two combinations of zone 7 is
accounted for in the half scan weights described in
detail below.

After the application of these weights, the combined
first and second half scan may be reconstructed directly
into an image interpolated to the slice plane by opera-
tion on the combined data set of 180° plus the fan beam
angle. Alternatively, because of the linearity of the
reconstruction process, the helical scan weights and
half scan weights may be applied and the two half scans
may be reconstructed directly as 360° plus twice the fan
beam angle of projection data, as is known in the art.

The total weighting for each zone, as mentioned, will
be a combination of helical scan weights and half scan
weights. The helical scan weights for each zone will be
a function of & and ¢ and denoted he,;, where i is the
zone number of the data being weighted and j is the
zone number of the other data in the complementary
zone. The half scan weights for each zone also will be a
function of @ and ¢ and denoted ha;,;, where iis the zone
number of the data being weighted and j is the zone
number of the other data in the complementary zone.
With this convention, the total weight applied to each
zone will be:

ZONE TOTAL WEIGHT

(hay,7 - bey7)
(hay s - hea ) + (hazg - hezs)
(haz ¢ - heag)
(hagy - heg7)
(has s - hes2)
(hag,3 - heg,3)
(hay,4 - hez ) + (hag1 - heyp)
(hag - heg )

[ B VR S S

For a linear interpolation assuming the zones are
combined as described above, the helical scan weights
are functions of 8 and ¢ as follows:

e — 6 2
he|_7=hq's=l+Tx£— @
hess = h A b — 8, ®

e2,s = heye = heg7 = 1 + = T 2d
8, — 6 )
= = = 3
hesy = heg3 = hera =1 + -—f-—,” —r

O, — 6 5

h87,|=heg,2=l+—§£2—ﬂ— 2

where @y, is the value of € at the slice plane (7 + 2 max
as shown in FIG. 5).
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These weights satisfy two conditions 1) the weights
assigned to complementary points sum to one, and 2)
the weight for each point of the complementary pair is
proportional to its relative distance from the slice plane.

Half scan weights must be chosen so that the weights
assigned to combined zones of redundant data equal the
weight assigned to zones of non-redundant data. Fur-
ther, the half scan weights assigned to complementary
data points in opposing half scans must be equal so that
the interpolation is not biased toward one half scan over
the other by the half scan weights.

The following half scan weights as functions of 8 and
¢ may be used:

hay 7 = 3x12 — 2x13 where x; = m ©®
hazg = 3x32 — 2x3 where x3 = —ﬁ% M
hazs = 1 — hass ®
hase = haes = 1 ®
hagr = 3x42 — 2x43 where x5 = X l:;ax_—a ) a0
hasy = 3x52 — 2x53 where x5 = "2(‘:'";—9_:% an
hayt = 3x72 — 2x9% where x7 = 6 —2m a2

Abmax — $)

hay4 = 1 — hay) (13)

205, — 6 14)

hagz = 3xg2 — 2x33 where xg m

The cubic function forming the basis of these half
scan weighting is chosen to have a slope of zero at the
edges of zones being weighted and hence to reduce any
half scan weighting induced discontinuities.

It will be understood from this description that other
half scan weighting functions may be used including a
binary weighing function that applies a weight of zero
to one zone of each pair of redundant data within a
complementary set of data, effectively discarding the
redundant data. In a second embodiment, therefore, the
half scan weighting of zones 1 and 8 may be mad equal
to zero and the half scan weights of regions 2 through 7
may be made equal to one.

Referring to FIGS. 6(a), a typical helical full scan
image acquisition, as is well known, may acquire full
tomographic projection sets every 27 radians of gantry
rotation while the imaged object moves distance D
which may but need not be equal to the slice thickness.
After a first and second full scan have been acquired, an
interpolated full scan at the slice plane may be derived
from the first and second full scans. Thereafter, an addi-
tional interpolated full scan may be calculated after
every additional consecutive full scan.

Referring to FIG. 6(b), a first method of helical half
scan image acquisition acquires a half scan every
7 4+ 2dmax radians of gantry rotation which is less than
the 27 radians of gantry rotation required for full scans,
while the imaged object moves an equally reduced
distance along the z-axis over a shorter period of time.
For example, for a fan beam angle of 45°, a half scan
may be acquired in only 63% of the distance and time
required for a full scan. Reducing the distance from the
slice plane over which the scan is acquired improves the
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accuracy of the interpolation to the slice plane. Reduc-
ing the time required for the scan can reduce patient
motion image artifacts.

Referring to FIG. 6(c), a second method of helical
half scan image acquisition increases the scanning pitch
such that the imaged object moves the slice thickness D
during each half scan of 7+ 2¢max of gantry rotation.
The distance along the z-axis over which the half scan
is acquired is not reduced over that required for a full
scan, however, each successive half scan follows imme-

-diately after the previous half scan thus shortening the

time required to obtain a slice series of consecutive
slices.

In both of the above methods the second scan may be
reconstructed at any rotation after the first image, so
that images can be obtained at any small displacement in
z from the first image. A set of images which are sepa-
rated by a distance in z smaller than the slice thickness
is useful for reformation and three dimensional display.
These images are obtained with less dose than required
by single slice scanning.

Many modifications and variations of the preferred
embodiment which will still be within the spirit and
scope of the invention will be apparent to those with
ordinary skill in the art. For example, other interpola-
tion methods than linear interpolation may be used
including those using data from additional half scans
‘before and after the first and second half scans and using
higher order interpolation methods. Further, as men-
tioned, other half scan weighting functions observing
the principles described herein may be used. It also
should be noted that the half scan reconstruction
method is applicable to data sets having projections
acquired over greater than 180° plus the angle of the fan
beam provided that that the data set is properly
weighted, per a half scan weighting function, prior to
reconstruction. Generally, this half scan weighting
function requires that the sum of the combined weights
for any redundant data points, per equation 1, add to the
weight a non-redundant data points.

We claim:

1. A method of producing a tomographic image of an
image object from data acquired in a helical scan, the
data comprising a series of fan beam projections at a
plurality of gantry angles @ about a z axis, the fan beam
projections subtending an angle 2dmyox Within an imag-
ing plane, comprising the steps of:

a) identifying a slice plane zy relative to the imaged

object and parallel to the imaging plane;

b) moving the imaged object along the z-axis and
rotating the gantry so that the imaging plane
crosses the slice plane at a gantry angle of 0¢;

c) acquiring a first half scan data set prior to the
imaging plane crossing the slice plane;

d) acquiring a second half scan data set subsequent to
the imaging plan crossing the slice plane; and

e) interpolating and reconstructing a tomographic
image at the slice plane from the first and second
half scans.

2. The method of claim 1 wherein the first half scan
data set is acquired of @ such that @o— 7 —2¢max-
< 8 <8pand the second half scan data set is acquired for
@ such that 80<8 <O0p+ 7+ 2dmax-

3. The method of claim 1 wherein the first half scan
data set is acquired of ¢ such that 6p—a <8 <080 and
the second half scan data set is acquired for 8 such that
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80< 0 <00+ a where a is less than 277 but not less than
7+ 2P max-

4. The method of claim 3 where the half scan
weighting function is constant within zones of non-
redundant data and varies with angles 8 according to a
function Ax)=3x2—2x3 in zones of redundant data
where x is a variable that varies linearly as a function of
angles 8 between zero and 1 in zones of redundant data.

5. The method of claim 1 where the tomographic
image is interpolated and reconstructed from the first
and second half scan data sets by:

applying a half scan weighting function to the data in

the first and second half scan data sets;

applying a helical scan weighting function to the data

in the first and second half scan data sets; and
reconstructing the first and second weighted half
scan data sets.

6. The method of claim 5 including the step of sum-
ming the data of the weighted first and second half scan
data sets before reconstructing the first and second
weighted half scan data sets.

7. The method of claim 5 including the step of com-
bining the weighted first and second half scan data sets
into a larger data set before reconstruction.

8. The method of claim 5 where the half .scan
weighting function is such that the sum of the weights
assigned to redundant data within a half scan is equal to
the weight assigned to non-redundant data within the
half scan and corresponding data between half scans are
assigned the same half scan weights.

9. The method of claim 5 where the half scan
weighting function is one of two binary values.

10. The method of claim 9 wherein one binary value
is zero.

11. A method of producing a series of tomographic
images of an imaged object, separated by slice thickness
D, from data acquired in a helical scan, the data com-
prising a series of fan beam projections within an imag-
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ing plane at a plurality of gantry angles 8 about a z axis,
comprising the steps of:

a) identifying a slice plane relative to the imaged
object;

b) moving the imaged object along the z-axis and
rotating the gantry so that the imaging plane
crosses the slice plane;

¢) acquiring a first half scan of projection data prior
to the imaging plane crossing the slice plane;

d) acquiring a second half scan of projection data
subsequent to the imaging plane crossing the slice
plane;

¢) moving the imaged object so that the imaged ob-
ject is moved D along the z-axis during each half
scan; and

f) interpolating and reconstructing a tomographic
image at the slice plane from the first and second
half scans.

12. A method of producing a series of tomographic
images of an imaged object, separated by slice thickness
D, from data acquired in a helical scan, the data com-
prising a series of fan beam projections within an imag-
ing plane at a plurality of gantry angles 6 about a z axis,
comprising the steps of:

a) identifying a slice plane relative to the imaged

object;

b) moving the imaged object along the z-axis and
rotating the gantry so that the imaging plane
crosses the slice plane and so that the imaged ob-
ject is moved D along the z-axis during each 27 of
gantry rotation;

¢) acquiring a first half scan of projection data prior
to the imaging plane crossing the slice plane;

d) acquiring a second half scan of projection data
subsequent to the imaging plane crossing the slice
plzne; and

e) interpolating and reconstructing a tomographic
image at the slice plane from the first and second

half scans.
t 3 3 * * *



