IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 27, NO. 7, JULY 2008

897

Variable Pitch Reconstruction Using John’s Equation
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Abstract—We present an algorithm to reconstruct helical cone
beam computed tomography (CT) data acquired at variable pitch.
The algorithm extracts a halfscan segment of projections using an
extended version of the advanced single slice rebinning (ASSR) al-
gorithm. ASSR rebins constant pitch cone beam data to fan beam
projections that approximately lie on a plane that is tilted to op-
timally fit the source helix. For variable pitch, the error between
the tilted plane chosen by ASSR and the source helix increases,
resulting in increased image artifacts. To reduce the artifacts, we
choose a reconstruction plane, which is tilted and shifted relative
to the source trajectory. We then correct rebinned fan beam data
using John’s equation to virtually move the source into the tilted
and shifted reconstruction plane. Results obtained from simulated
phantom images and scanner images demonstrate the applicability
of the proposed algorithm.

Index Terms—Advanced single slice rebinning (ASSR), com-
puted tomography (CT), helical, John’s equation, NSR, spiral,
variable pitch.

I. INTRODUCTION

ONSTANT npitch helical cone beam (CB) computed to-
mography (CT) has been used for medical and security
applications. The pitch is defined as the ratio of the table or con-
veyor displacement per gantry rotation divided by the height of
the detector array along the axis of rotation (z) at isocenter. In
certain applications, however, scanning at variable pitch is de-
sirable. For example, in medical CT scanners, variable pitch re-
construction may be useful for scanning multiple organs in one
helical scan or for tracking the bolus of injected contrast during
angiography [1], [2]. In security CT scanners used for explosive
detection [3], it is useful to slow down or stop the conveyor until
the results of automated threat detection are available or increase
the conveyor speed between bags to increase throughput.
Variable pitch algorithms have been developed as extensions
of the Feldkamp algorithm [4], PI-line based reconstruction [5],
[6], and exact 3-D reconstruction [7]. These methods employ
computationally expensive cone-beam backprojection, i.e.,
backprojection along measurement rays. Therefore, they do
not have the computational simplicity of 3-D reconstruction
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algorithms based on 2-D rebinning such as advanced single
slice rebinning (ASSR) [8]-[10]. The computational limitations
justify a continuing investigation for faster but approximate
2-D rebinning algorithms which can readily be implemented
in existing (very-large-scale integration) VLSI hardware. This
warrants an extension of the ASSR algorithm to handle variable
pitch reconstruction.

The ASSR algorithm rebins helical cone beam data into fan
beam data, which are reconstructed into tilted slices that are in-
terpolated into parallel slices. Since the source helix does not
completely lie in the tilted reconstruction plane, the choice of
fan data is approximate. In order to reduce the approximation
error, Defrise ef al. [10] showed that John’s equation [11]-[13]
can be used to compute a correction to the rebinned data to vir-
tually move the source helix into the reconstruction plane to im-
prove image quality.

To extend the ASSR algorithm to variable pitch, one would
expect it to be sufficient to change the tilt angle of the slice plane
to minimize the distance between the reconstruction plane and
the halfscan segment of the varying source helix. However, this
approach is not sufficient because the rays at the beginning and
the end of the segment do not lie in the same plane and de-
viate in an asymmetric manner with respect to the center view in
the halfscan segment. The corresponding reconstructed images
show streak artifacts.

In this paper, we describe an algorithm called variable pitch
ASSR (ASSRw) to reconstruct helical CB data by extending
the ASSR algorithm as described in [14] and [15] to handle
data acquired at variable pitch. In the ASSRwv algorithm, we
first compute rebinned data by applying the ASSR algorithm
to the variable pitch data. The reconstruction planes used for
rebinning are tilted and shifted relative to the source trajec-
tory. We then use John’s equation to compute a correction to
the rebinned data, which moves the source virtually into the re-
construction plane. The correction is applied during rebinning
using the method described by [10] with modification for vari-
able pitch scanning.

We tested the ASSRwv algorithm for medical applications
using simulated variable pitch helical CB data of mathemat-
ical models of morphological phantoms. We also tested the
algorithm for security scanners using simulated variable pitch
helical CB data and data acquired by scanning bags on the
COBRA checkpoint scanner manufactured by Analogic Corpo-
ration (Peabody, MA). In both cases, the reconstructed variable
pitch images show image quality comparable to the images
generated from constant pitch reconstructions. We therefore
demonstrate the applicability of the proposed algorithm to
reconstruct variable pitch data for the specific variable pitch
profiles tested.
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Fig. 1. Geometry of the acquisition system. The source travels on a helical
trajectory of radius R along the z axis. The detector is defined by coordinates
u and v.

II. BACKGROUND

A. Acquisition Geometry

Fig. 1 illustrates the data acquisition geometry that will be
used in the algorithm description in the manner described by
[10]. We denote F'(r) with r = (x,y, z) as the smooth density
function to be reconstructed. We measure CB projections for
source vertices on the helical path a(\) oriented along the z axis

a(A) = (Rcos A\, Rsin A, f())) (1)

where A is the view angle measured with respect to the x axis,
and f(\) represents the source axial position during variable
pitch data acquisition. Note that f(\) reduces to hX for con-
stant pitch, where h is equal to source axial displacement per
radian of gantry rotation and R is the source to isocenter dis-
tance. We consider a flat area detector, which moves with the
cone vertex. We also assume that the detector coordinates are
defined at isocenter, i.e., the detector array contains the z-axis
and the source to detector distance is equal to R. We use carte-
sian coordinates (u, v) to locate the detector elements in the de-
tector plane. These coordinates are defined by unit vectors e,
and e, given by

ey = (—sin A, cos A, 0)
eo =(0,0,1).

(2a)
(2b)

We assume that the detector is large enough to avoid truncation
of the projections along the u axis.

The CB projection data g(u, v, A, ¢) for source position A are
defined as

lo(u)+Al(u)
g(u7v7/\7§) = F(X()\7u,l)7Y()\,u/l),
lo(u)—Al(u)

FO) +l+0)dl (3a)
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Fig. 2. Reconstruction plane chosen by ASSR. The solid line represents the
source trajectory. The shaded ellipse represents the reconstruction plane, which
is tilted to fit the source trajectory.

where
XM\ u,l) =RcosA\+1(—Rcos A —usin\)) (3b)
Y(A\u,l)=Rsin A+ (—RsinA+ucosA))  (3c)
R2
W) =gy G
2 —u?)(R? — Rioy
Al(u) = \/(Um u?) ( Fov) (3e)

R? +u?

where ( is the axial displacement of the source-detector as-
sembly (i.e., an axial shift of the ray at fixed orientation), Rrov
is the radius of the field-of-view (FOV) and u € [~ Um]-
Note that the measured helical cone beam data g1, (u, v, \) are
equal to g(u,v, A\, = 0).

B. Advanced Single Slice Rebinning

The ASSR [9] is a method to reconstruct constant pitch he-
lical cone beam data using 2-D backprojection. ASSR extracts
segments of fan beam data from CB data. The fan beam data are
chosen to lie on a tilted plane that is fit to the source helix. The
fan data span an angular range known as a halfscan segment (¢),
which is equal to 7 + 6, where ¢ is the fan angle. The fan beam
data are then reconstructed into tilted slices. The tilted slices are
interpolated to obtain axial slices.

A schematic of the tilted plane chosen by ASSR is shown
in Fig. 2. The plane is tilted about the central ray of the cen-
tral view in the halfscan segment. For a halfscan segment of
views acquired between (—¢/2, ¢/2), the plane is tilted about
the z-axis. The equation of the tilted plane, which intersects with
the helix at A = 0, is given by

z=ytann “4)

where the tilt angle 7 is chosen to minimize a cost function re-
lated to the average axial deviation between the rays and the
tilted slice. The distance between the axial position of the source
(source trajectory) and the axial position at which the recon-
struction plane intersects the cylinder described by the source
trajectory is shown in Fig. 3(a). The two curves intersect at three
points, as described in [9].
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Fig. 3. Plot of the source trajectory and the reconstruction ellipse chosen by ASSR for constant pitch for (a) source moves at constant pitch (c) source moves at
variable pitch. Images reconstructed with ASSR from (b) constant pitch data (d) variable pitch data.

A set of fan data is chosen from the cone beam data to approx-
imate data that lie on the plane. The data are chosen to minimize
the axial deviation of each ray from the tilted plane according to
the equations described in the Appendix. For constant pitch re-
constructions, the error due to the mismatch between the axial
positions of the tilted plane and the source trajectory is max-
imum at the edges of the halfscan segment. In order to reduce
artifacts caused by the edge mismatch, overscan correction is
used during reconstruction [9], [16]. In overscan correction, ad-
ditional views spanning an angle ¢,s, are extracted along with
the halfscan segment. During reconstruction, the last N (¢dos)
views, where N (¢os) is the number of views spanning the angle
$os, are blended with data from the first V (¢os) views to reduce
artifacts. The halfscan segment with overscan will be denoted as
¢, throughout the text and is equal to ¢ + ¢os.

C. Virtual Source Movement Using John’s Equation

In order to reduce the distance between the reconstruction
plane and the source trajectory, it is possible to correct the mea-
sured projection data to virtually move the source into the re-
construction plane, as shown by Defrise et al. [10]. The correc-
tion is possible because the cone beam projection data satisfy
a consistency condition known, as John’s equation [11]. The
reader is referred to [10]-[12] for the mathematical details of
the derivation of John’s equation, the results of which are stated
here without proof.

For constant pitch helical CT, the consistency condition on
the weighted cone beam projections g(u, v, A, () is described
by the following ultra-hyperbolic partial differential equation:

R?guc —2ug, — (R?+u*)guw = Rgro — Rhgue +uvgy, (5a)

where g,,, represents the partial derivatives of the projections
g with respect to variables x and y. Following the derivation
in [10], John’s equation can be extended to variable pitch data
acquisition using source axial positions defined by f(\) as
follows:

RzguC _2u.gv - (R2 +u2)guv = Rg)w - Rf)\gvc +UVGyy (Sb)

where f is the partial derivative of f(\) with respect to A.

III. METHODS

A. Assumptions

In this paper, the following assumptions are made.

1) The detector array is sufficiently wide along the u direction
so that projection data are not truncated.

2) The velocity of the conveyor belt or patient table can be
varied continuously between zero and the velocity used for
constant pitch data acquisition.

3) The patient table position or belt displacement is available
during reconstruction.
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Fig. 4. Reconstruction flow diagram for ASSRwv.

B. Overview of ASSRv

In the case of variable pitch, ASSR generates artifacts in
the reconstructed images. The cause of the artifacts can be
explained with respect to Fig. 3(c), which shows the axial
position of the source for a variable pitch trajectory and the
axial position at which the reconstruction plane intersects
the cylinder described by the source trajectory. Note that the
error between the reconstruction plane and source trajectory
increases as the source decelerates and the two curves intersect
at two points instead of three points and the chosen fan beam
data when backprojected produce streak-like artifacts. The
artifacts are evident when comparing the image reconstructed
with ASSR from data acquired at constant pitch as shown in
Fig. 3(b) with the image reconstructed with ASSR from data
acquired at variable pitch as shown in Fig. 3(d) where the belt
is stopped during acquisition.

To reduce the aforementioned artifacts, the ASSRwv algorithm
consists of the following steps applied to each halfscan segment
of data that is reconstructed. The flow of the algorithm is shown
in Fig. 4.

1) Calculate the tilt angle, and the position which define a

reconstruction plane.

2) Correct the data to virtually move the source into the plane

a) compute the error between the plane and the source
position;

b) compute partial derivatives of the projection data;

c) apply a correction with partial derivatives using
John’s equation extended to variable pitch data.

3) Reconstruct the data into tilted slices.

4) Axially interpolate the tilted slices to generate untilted
slices.

The sections that follow present the detailed description of
each of the above algorithmic steps.
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C. Calculation of Reconstruction Plane

For constant pitch, the tilt angle 7 of the reconstruction plane
is computed as described in [9]. For variable pitch, the recon-
struction plane is specified for each half scan segment centered
at a view angle g as follows. In addition to the optimum tilt
angle (7, ), we also compute the axial position offset of recon-
struction plane relative to the axial position of the source in the
central view of each halfscan segment (z,,). These quantities
are computed as functions of A\ as

)\04:%
(Mrgs 22 ) = arg min / ()2d\ (62)
7,20
Ao—2
where the function ¥ is
U = Rtannsin(A — X)) + 20 — {f(A) — f(XAo)}  (6b)

Equation (6a) minimizes the mean square error between the
slice plane and source trajectory and is solved numerically for a
given source trajectory to determine 7y, and zy,.

D. Selection of Fan Beam Data From Cone Beam Data

For the tilted slice corresponding to \g, the halfscan fan-beam
data, g™ (u, )\), are estimated from the CB data, gcp,(u, v, \),
acquired on the segment of the helix centered on a()\g). Each
ray is approximated by the equation of the ASSR algorithm

97 (1, A) & geb (u, Vag (u, A), A) (N

where the rebinning row function V), (u, A) is given by

Vo (1, A) = tanny, (—Rsin A, + ucos \;.)

2 2
+ (%) {Rsin A, tan s, +23 — f0)+F (o)} (8)
where the relative angle A\, = A — ). The detector row coordi-
nate is chosen so that the measured ray intersects the rebinned
row at a point P that lies closest to the z axis. The mathemat-
ical details of the calculation of V), (u, \) are described in the
Appendix.

E. Data Correction Using John’s Equation

The measured ray chosen by ASSR intersects the rebinned
ray at a point that is closest to the z-axis. This point corresponds
to a value of the integration variable [ in (3-D). In order to ob-
tain exact rebinning, we must rotate the ray about the above in-
tersection point until it lies within the tilted slice as follows. The
source must move axially by A{ = Rsin(A — A\g) tanny, +
Zx, — (f(A) = f(Ao)) and simultaneously the detector row co-
ordinate must move by —A((u?/R?) as determined by the ge-
ometry of similar triangles. However, the detector array moves
with the source cone vertex according to the definition of ( in
Section II-A. Therefore, a shift of A in source position also in-
troduces a shift of A( in detector array position. Therefore, the
detector row coordinate must be shifted by a total displacement
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of —A¢ — A((u®/R?), which is equal to —A((R? + u?)/R?
to achieve exact rebinning.

As discussed in [10], these two shifts are equivalent to a ro-
tation of the measured ray (u, V), (u, A), A) in a vertical plane,
until the ray is contained within the oblique slice. The corre-
sponding fan beam data g?" (u, \) are given by

95" () = g (u, Va, (1, ) = AC(R? +u?) /R, X, AC)
©)
The data g?o (u, A) are obtained through a Taylor’s series ex-
pansion of (9) around the measured data ({ = 0)

97 (u, A) = g™ (u, A) + Alge (u, Vay (u, A), A, 0)

2 2
A <RR;> 9o (1, Vi, (4, 1), 1,0) + O(ACY) (10)

In order to obtain the derivative of the data with respect to the
variable (, we take the partial derivative of (10) with respect to
the detector coordinate u to obtain

995" (u, A) _ 997 (u, N)
du du

2u R2 4+ 42
+ AC {guC - ﬁgv - <T> Guv

OV, (u, A) R? +u?
+——F—— | Goc — Rz

ou
(11)

+ O(AC?).

Inserting John’s Equation (5b) into (11), we get

9gy° (u,\) _ dg*(u,)) | A¢ uw
M = e + R {.CIAv = faguc + Egvv
OV, (u, A R? +u?
+% (.CIDC - Tgvv)} + O(AC2) (12)

All of the partial derivatives with the exception of g, can be
computed using measured data. We, therefore, approximate gy,
by guw/lo in (12), as described in [10]. Integrating (12) with
respect to u, we generate improved rebinned data for variable
pitch halfscan segments |A — A\g| < ¢p,/2 as

9;0 (u, A) = g (u, A) + Cy / du'{Fi + C2F»}

— 00

v=Vy, (u',A)
(13a)

where C1, Cs, F1, and F5 functions are defined as

_ Rtanmy, sin() + 22, — FA) + /(Ao)

Cq I (13b)

Fi =gxo(u/,v,),0) (13¢)
Ru'v — f\(R? 4+ u/?)

Cy = = (13d)

F2 qun;(ul7v7)\>0)- (136)

Note that for simplicity of the notation the dependencies of C1,
Cs, F1 and F3 on v/, v, and A are omitted. The v integral is

computed as a weighted average of the integrals from the two
boundaries u = Fu,, of the FOV, as described in [10]

/du':“’;_“ / du'—“’;Jr“/du’. (14)
. U, U,

Note that the algorithm described in this section is extended to
cylindrical detector arrays, (-, z), through the detector mapping
given by [9]

u= — Rtanvy (15)
z

v = (16)
cos 7y

where -y is the angle subtended by the detector within the fan
and z is the z-coordinate of the detector.

F. Derivative Computation

The correction of the data using John’s equation requires the
computation of the second derivatives of the projection data with
respect to the projection view angle A and the detector row v
denoted by gy, and g,.,, respectively. The derivatives are com-
puted using the following steps. Let the location at which the
derivatives are to be computed be denoted by (u, v, A). The pro-
jection data at locations (u, v;, A), i = 0, 1, 2 where vg < v <
v1 < w2 can be approximated using a Taylor’s series expansion
as follows:

g(’l,L,’l}i7 /\70) = g(u7v,)\7 0) + (vi - ’U)gU(U7U7 )‘/0)

)2
Mgvv (u7 v, )‘7 0)

M

a7
which is the standard 3 point finite difference discrete approxi-
mation using the first and second derivatives.

The partial derivatives g, and g, can be obtained by solving
(17) simultaneously using data from three consecutive samples
in a single view, ¢+ = 0, 1, 2 where vy < v < v; < vs.

Similarly, the mixed partial derivative g, is obtained by
solving the equations

gv(uvlvv )‘jv 0) = .QU(U’7 v, /\7 0) + ()‘] - )‘)g)\v(u7 v, )‘7 0) (18)

for two adjacent views j = 0, 1 where A\g < A < Aq.

To reduce artifacts introduced by high-frequency errors in the
derivatives computed from sampled projection data, the data are
filtered before computing the first and second derivatives with
respect to v. This is achieved by convolving the data with a
three-point triangular kernel applied along the v direction.

G. Image Reconstruction and Axial Interpolation

The data gk’}o (u, \) are rebinned and reconstructed into tilted
slices Ittt 7, ktire] using standard 2-D filtered backprojection
[17], [18], where ¢ and j are pixel coordinates, 0 < 7 < Ny and
0 < j < Ny. The tilted slices are generated with a slice spacing
of Az.

During axial interpolation, the tilted slices are linearly inter-
polated to obtain axial slices [, j, k] as follows. We assume
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TABLE 1
SIMULATION AND RECONSTRUCTION PARAMETERS

Parameter

Medical Scanner

Security Scanner

Source to isocenter distance (R) (mm)

Projections per rotation

Half fan angle % (deg)

Tilt angle for constant pitch 7 (deg)
Detector width in z at isocenter
Number of rows

Scanner type

Detector array shape

Object translation for constant pitch per gantry rotation (mm) = 27h

621

30

960

24

0.684

1.237

16

31 generation
Cylindrical detector array

24
31 generation
Cylindrical detector array

that the axial slices are also generated at a slice spacing of Az
so that the kth axial slice has a z coordinate z[k] equal to kAz.
The pixels in the ky;y; tilted slice have z-coordinates calculated
as

Ztie |8 J, ki) = —x[1] sin Ao[Keine] tan nx, k)

+ylj] cos Ao[Kire] tan nx, (ko] + 2o ko] + Fiedz (19)

where Ao[Ktite]> xo ke ]> A0 20 [k, are the values of Ao, 7y,
and zy, for the ki tilted slice, z[¢] and y[j] are the pixel coor-
dinates calculated in millimeters with respect to isocenter given

by
N, —1
zfi] = (i— T) bp + To

. O Ny—1
y[l]=—<1——’2 >5p+yo

(20)
(2D
where 0p is the pixel size and zg and ¥, are = and y coordinates

of the image center. The axial image I[7, j, k] is then calculated
as

I[Z/]7 k] = ’lU[Z,_]/ k]Itilt [i7j7 knn_tilt]

+(1 - UJ[Z”] k])ltilt[i7j7knn_tilt + 1] (22)
where ky, ti1¢ 1S the nearest tilted slice calculated as
Fan_site = 0ax 2 [3, 7, Frire] < 2[K] (23)
tilt

and wli, j, k] are linear interpolation weights calculated as
Z[k] — Rtilt [ij knn_tilt]

Zeit8, J, kon_tit + 1] — Zeie [, J, Fon_tite]
(24)

w[”?J, k] =1-

as determined by the distance of each pixel in the axial slice
from the neighboring tilted slices.

IV. TESTING AND RESULTS

We tested the ASSRwv algorithm for medical applications
using simulated variable pitch helical CB data for mathematical
models of morphological phantoms and for security scanners
using simulated variable pitch helical CB data and data ac-
quired by scanning bags on the COBRA checkpoint scanner.
The simulation and reconstruction parameters for both medical
and security scanners are given in Table I.

A. Medical Application

1) Simulated Data Generation: The ASSRw algorithm was
tested using simulated helical CB data generated for the modi-

35

30f
25|
20
150

10

Source axial position (mm)

0 0.5 1 15 2
Time (seconds)

Fig. 5. Source axial position used to simulate variable pitch scanning of the
head phantom on a medical scanner. The circles mark the slice locations for
constant pitch and variable pitch reconstructions presented in Fig. 6.

fied version of the head phantom defined in [19]. The modifica-
tion was done to exclude anatomical structures that were speci-
fied using clip planes, which cannot be handled by our simula-
tion software. The data were simulated for the geometry of a 16
row medical CT scanner. The data were generated for the ve-
locity profile shown in Fig. 5, where the phantom was moved
at constant pitch for one rotation and then decelerated to zero
within an angular range of 50°.

2) Slice Sensitivity Profile: The slice sensitivity profile (SSP)
was measured using simulated helical CB data generated for
two identical 0.3-mm-thick coins each centered on the scanner
axis. Each coin was modeled in air with a diameter of 20 mm
and a linear attenuation coefficient of ;1 = 2 cmn~!. The data
were generated for the velocity profile shown in Fig. 5 where
the circles mark the slice locations intersecting the centers of
the coins. The overlapping images with an increment of 0.0625
mm were reconstructed with ASSR and ASSRw algorithms. For
each image the mean CT value was measuredin a2 mm X 2 mm
region centered at isocenter. The variation of the mean value as
a function of slice location was used to obtain the SSP. The full-
width at half-maximum (FWHM) of the SSP was computed.

3) Dose Utilization: Following the definition in [9], the dose
utilization is computed by calculating the fraction of the detector
array that is covered by the intersection lines defined by (8).
The dose was measured in the constant pitch and variable pitch
regions for the slice locations marked by circles in Fig. 5.

4) Results: Fig. 6 shows axial images of the head phantom
reconstructed with ASSR and ASSRw as follows. The top
panels [Fig. 6(a) and (b)] show reconstructions of data obtained



ULKER KARBEYAZ et al.: VARIABLE PITCH RECONSTRUCTION USING JOHN’S EQUATION 903

(d)

Fig. 6. Transaxial section of the head phantom reconstructed with the ASSR
and ASSRuv algorithms at slice locations specified in Fig. 5. (a) Constant
pitch data reconstructed with ASSR. (b) Constant pitch data reconstructed with
ASSRw. (c) Variable pitch data reconstructed with ASSR. (d) Variable pitch
data reconstructed with ASSRv. The images are displayed with a window of
150 HU and a level of 35 HU.

by simulating constant pitch scanning. The bottom panels
[Fig. 6(c) and (d)] show reconstructions of data obtained by
simulating variable pitch scanning. The images are displayed
with a window of 150 HU and a level of 35 HU.

At constant pitch (top panels), the image quality of the
ASSRw reconstruction around petrous bone improves over
ASSR in the manner described by [10]. When the pitch is de-
creasing during the scan, the images reconstructed with ASSRv
have comparable image quality to the images reconstructed at
constant pitch while the reconstruction of variable pitch using
ASSR is degraded as visible in the region of inner ear and
frontal sinus. The low-frequency windmill artifacts visible in
Fig. 6(b) reduce as shown in Fig. 6(d) due to the increase in
longitudinal sampling associated with reduced pitch [20].

At constant pitch, the FWHM value of the SSP for the ASSR
algorithm is 1.61 mm. The corresponding FWHM value of the
SSP measured in images reconstructed with the ASSRw algo-
rithm from variable pitch data is 1.62 mm. This result shows that
the difference in measured SSP between ASSR and ASSRuw is
less than 1%.

The dose is measured in the constant pitch and variable
pitch regions for the slice locations marked by circles in
Fig. 5. At constant pitch, the dose utilization is 99.2% for
¢os = 0.35 radians. In the variable pitch region, the dose
utilization is reduced to 43.1%.

B. Security Scanner

1) Simulated Data Generation: The ASSRwv algorithm was
tested using simulated helical CB data generated for the Turbell

80

20k

40 ........... .......

Source axial position (mmy}

0 02 04 06 0.8 1 1.2
Time (seconds}

Fig. 7. Source axial position used to simulate variable pitch scanning of the
Turbell clock phantom on security scanner. The circles mark the slice locations
for constant pitch and variable pitch reconstructions presented in Fig. 9.
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Fig. 8. Source axial position measured on the COBRA scanner during variable
pitch scanning. The circles mark the slice locations for constant pitch and vari-
able pitch reconstructions presented in Fig. 10.

clock phantom [21]. The data were simulated for the geometry
of the checkpoint COBRA scanner described in Table 1. The
data were generated for the velocity profile shown in Fig. 7,
where the phantom was moved at constant pitch for one rota-
tion and then decelerated to zero in the second rotation within
an angular range of 50°. The deceleration rate was chosen to
simulate the deceleration of the conveyor belt on the COBRA
scanner. To account for the differences between the FOV of the
COBRA relative to a medical scanner, the dimensions of the
clock phantom was scaled by a factor of three.

2) Scanner Data Acquisition: The ASSRwv algorithm was
also tested using data acquired by scanning bags on the COBRA
scanner. To simulate scanning at variable pitch, the conveyor
belt was stopped during the scan. The position of the conveyor
was available in the raw data through an encoder that measures
the conveyor speed. The conveyor position is shown in Fig. 8.

3) Results: Fig. 9 shows axial images of the Turbell clock
phantom reconstructed with ASSR and ASSRw as follows. The
top panels [Fig. 9(a) and (b)] show reconstructions of data ob-
tained by simulating constant pitch scanning. The bottom panels
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Fig. 9. Transaxial section of the clock phantom reconstructed with the ASSR
and ASSRw algorithms on a security scanner at slice locations specified in
Fig. 7. (a) Constant pitch data reconstructed with ASSR. (b) Constant pitch data
reconstructed with ASSRwv. (c) Variable pitch data reconstructed with ASSR.
(d) Variable pitch data reconstructed with ASSRwv. The images are displayed
with a window of 256 HU and a level of 0 HU.

[Fig. 9(c) and (d)] show reconstructions of data obtained by sim-
ulating variable pitch scanning. The images are displayed with
a window of 256 HU and a level of 0 HU.

At constant pitch (top panels), the image quality of the
ASSRuv reconstruction improves over ASSR in the manner
described by [10]. When the pitch is decreasing during the scan,
the images reconstructed with ASSRwv have comparable image
quality to the images reconstructed at constant pitch while the
reconstruction of variable pitch using ASSR is degraded.

The corresponding results for scanner data are presented in
Fig. 10. The images were obtained from the scan of an image
quality phantom containing various objects. The section shown
includes a metal comb at the top of the phantom, a central sheet
object and a diagonal aluminum rod at the bottom. Again, the
reconstruction of variable pitch data using ASSRv is compa-
rable to the reconstruction of constant pitch data using ASSR.
Note that streak artifacts are present in the image in the region
of the sheet. These artifacts are not visible in simulations of the
clock phantom and head phantom. We also verified that the ar-
tifacts are not visible in simulations of the sheet object used for
testing. Therefore, the artifacts are not caused either by rebin-
ning or by the reconstruction algorithm. The atomic number of
the sheet object is intentionally chosen to be higher than the ma-
terial for which the beam hardening correction is derived. We
believe that the artifacts are caused by the insufficient correc-
tion for beam hardening of X-rays passing through the length of
the sheet object.
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(b)

(c) (d)

Fig. 10. Transaxial section of the image quality phantom reconstructed with the
ASSR algorithm and ASSRw at slice locations specified in Fig. 8. (a) Constant
pitch data reconstructed with ASSR. (b) Constant pitch data reconstructed with
ASSRuv. (c) Variable pitch data reconstructed with ASSR. (d) Variable pitch
data reconstructed with ASSRw. The images are displayed with a window of
512 HU and a level of 0 HU.

V. DISCUSSION

We have demonstrated the feasibility of ASSRwv to recon-
struct images from helical cone beam data obtained at variable
pitch. The current study was based on simulated phantom
images and the data acquired from the COBRA checkpoint
scanner. We have shown that at constant pitch, the image
quality of the ASSRw reconstruction improves over ASSR in
the manner described by [10]. When the pitch decreases during
a scan, the images reconstructed with ASSRv have compa-
rable image quality to the images reconstructed at constant
pitch while the reconstruction of variable pitch using ASSR is
degraded.

To extend ASSR for variable pitch scanning, intuitively one
would assume that it is sufficient to vary the tilt angle of slice
plane as a function of variable pitch rather than varying both the
tilt angle and the axial offset of the plane with respect to the cen-
tral view of each halfscan segment. A comparison of the slice
planes chosen by both scenarios for a given source trajectory is
shown in Fig. 11. When only the tilt angle is varied [Fig. 11(a)],
the optimal slice plane may intersect the source trajectory only
at the central view when compared with at least two intersec-
tions when the plane is chosen by optimizing both the tilt angle
and axial offset of the slice plane [Fig. 11(b)]. The mean square
error (MSE) between the source trajectory and the slice plane for
each scenario is compared with that for constant pitch ASSR in
Table II. The MSE values indicate that the slice plane chosen by
optimizing both the tilt angle and axial offset is a better choice
than the slice plane chosen by optimizing the tilt angle alone.
This was verified by comparing images reconstructed on each of
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TABLE II
COMPARISON OF MEAN SQUARE ERRORS FOR SLICE PLANES CHOSEN FOR VARIABLE PITCH USING DIFFERENT OPTIMIZATION CRITERIA

Reconstruction Data Optimization MSE | Error relative to constant pitch
Constant pitch | Constant pitch Tilt Angle 14 1.0
Variable pitch Variable pitch Tilt Angle 6.5 4.6
Variable pitch Variable pitch | Tilt Angle and Axial Position Offset 3.1 2.2
20
Variable pitch reconstruction is desirable on medical scanners
157 for contrast enhanced CT angiography (CTA). CTA can be used
o} PRPE S to visualize blood flow in arterial and venous vessels throughout
E - the body using a bolus of injected contrast. To achieve the best
- 5 image quality, the data should be acquired when the intravas-
E o cular concentration of contrast material is at its peak. To avoid
T misdiagnosis associated with scanning too early or too late rel-
§ -5 ative to the arrival of peak concentration, the CT data acquisi-
N 0 tion must be individualized and optimized as described in [1].
However, these methods are limited because the table translation
-15 source trajectory| cannot be synchronized with the propagation of the bolus peak
_opLs . == slice plane during constant pitch scanning. This misalignment causes image
15 - 05 0 0.5 1 15 artifacts when the helical scanning speed is fast, contrast volume
view angle (radians} is small, and as well as when there are vessels from aneurysm
(a) formation or occlusive disease [1]. The use of a variable pitch
20 : offers the opportunity to synchronize the scanning aperture with
I the moving bolus peak for acquisition of data with maximized
151 | information [1], [2].
1o} | Variable pitch reconstruction is desirable on security scanners
E ! T that scan baggage at airports. The reconstruction on security
E— 5 ! scanners built by Analogic Corporation assumes that data are
8 gl et Y ] acquired at constant pitch [8]. However, at airport checkpoints,
- et~ ol Gt where baggage is inspected, the time taken by screeners to re-
g 5 solve on-screen threats varies from bag to bag. On-screen threat
N _10 resolution includes resolving threats detected by automatic ex-
plosive detection systems (EDS) and weapon detection algo-
-15 source trajectory |- rithms and visually identifying prohibited items. A bag filled
""" slice plane with objects may therefore require more time than the average
_20_11 _1‘ _0:5 0 0:5 1 15 time taken by operators to make a decision whether the bag

view angle (radians}
(b)

Fig. 11. Comparison of the slice planes chosen for a given variable pitch source
trajectory by (a) varying the tilt angle of slice plane (b) varying both the tilt angle
and the axial offset of the plane with respect to the central view.

the slice planes. Assuming that the MSE can be used as a mea-
sure indicative of the image quality of the reconstructed images,
neither of the slice planes fit the source trajectory with the same
MSE as the slice planes chosen for constant pitch. Therefore, in
order to achieve image quality comparable to ASSR, it is nec-
essary to apply the additional step of John’s correction to the
data. This correction allows the source trajectory to move into
the reconstruction plane, which in turn reduces the MSE to be
equal to or less than the MSE for constant pitch.

One of the limitations of the ASSR for medical CT is incom-
plete dose utilization for small pitch values [9]. Since we use
the ASSR methodology to choose the rebinning row function on
the detector array, the dose utilization of ASSRv is equivalent
to ASSR algorithm. Future work includes extending ASSRw
to more advanced rebinning methods such as [22], [23], which
better utilize the detector area.

should be manually searched. At an airport checkpoint, oper-
ators may therefore not be able to keep up with bag throughput
at peak time. In the aforementioned situation, the operator may
stop the conveyor belt in order to control access to bags while
awaiting screener decision. When the belt is stopped, the im-
ages generated by the current reconstruction contain artifacts,
as shown in Fig. 3. Since the artifacts can interfere with anal-
ysis by EDS, the scanner concept of operations requires that the
conveyor backup and the bags be rescanned at constant pitch.
The process of backing up the conveyor and rescanning the
bags reduces operational throughput. Variable pitch reconstruc-
tion allows the scanner to reconstruct images with acceptable
image quality as the conveyor is slowing down or stopped. As-
suming that one out of five bags is rescanned because the oper-
ator stops the conveyor belt, the use of variable pitch reconstruc-
tion allows a 20% increase in operational throughput by elimi-
nating the need for conveyor backup and rescan. Additionally,
variable pitch reconstruction can potentially allow an increase in
conveyor speed between bags in order to increase throughput.
Future work includes extending the ASSRw algorithm to the
Nutating Slice Reconstruction (NSR) algorithm. The ASSR [9]
and NSR [8] algorithms are both methods to reconstruct con-
stant pitch helical cone beam data into tilted slices using 2-D
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backprojection. The difference between the ASSR and NSR al-
gorithms lies in the method used to select fan beam data that
lie on the tilted plane. In the case of ASSR, the fan data are
chosen using an analytical expression that describes the inter-
section of the slice plane with the detector array. In the case of
NSR, the interpolation table is derived from simulations. Given
the computational simplicity of ASSR, we chose to extend the
ASSR algorithm for variable pitch. Additional future work in-
cludes a comparative analysis of methods for axial resampling
of the tilted slices, analysis of the sensitivity of the algorithm to
errors in reported table speed, and real time implementation of
ASSRw.

VI. CONCLUSION

ASSRw can be used to reconstruct helical cone beam CT
data obtained at variable pitch. ASSRv combines the ASSR
algorithm with a correction based on John’s equation. Results
obtained from simulated phantom images and scanner images
demonstrate the applicability of the proposed algorithm for
medical and security applications.

APPENDIX
SELECTION OF FAN DATA

The fan data are selected to minimize the axial distance be-
tween the measured ray and the rebinned surface as described
by [14]. The axial deviation, 6z at position [ along the fan beam
ray (u, A) is

62()‘7’“71) = f()‘) - f()‘o) + lV}\O (U’7 )‘) - (yta‘n M + Z)xo) :
(25)

The quantity 6z should be minimized over the range
A € [)\0 — §bh/27)\0 + (,bh/Z], U € [—um7um] and
I € [lo(u) — Al(u),lo(u) + Al(u)] which define the in-
tersection of the ray with the limits of the field of view.

Following [14], we select the function V), which minimizes
a cost function @ that is equal to a weighted square of the axial
deviation

lo(u)+Al(u)
Q(Vx,) = % (5z(\,u, 1)) dl. (26)
lo(u)—Al(u)
Applying the constraint that d@Q /dVy, = 0, we get
lo(u)+Al(u)
o (1, A) = o () A () Odl (27a)
lo (u)—Al(u)
where the function © is given by
O = tanny, (Rsin A, + I(—=Rsin A, + ucos ;)
+2x — (f(A) = f(Xo))  (27b)

where the relative angle A\, = A — Ag. The (27a) can be solved
to obtain the rebinning function

Vo (1, A) = tanny, (—Rsin A, + ucos \;.)
R2 + 2

+ RQ” {Rsin A, tannx, +2x, — (fF(N)—Ff(ho))}  (28)
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Note that for constant pitch, z), = 0, and (28) reduces to the
equation defined by ASSR [9], [14].
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