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ABSTRACT

An inverse-geometry volumetric CT (IGCT) system for imaging in a single fast rotation without cone-beam
artifacts is being developed. 1t cmploys a large scanned source array and a smaller detector array. For a single-
source/single-detector implementation, the FOV is limited Lo a [raction of the source size. llerc we explore
options to increase the FOV without increasing the source size by using multiple detectors spaced apart laterally
to increase the range of radial distances sampled. We also look at mudtiple source array svstems for faster scans.
To properly reconstruct the FOV, Radou space must be sufficiently covered and sarapled in s uniform manner.
Optimal placement of the detectors relative to the source was determined analytically given system constraints
(Sem detector width, 25em source width, 45cm source-to-isocentor distance). For a 1x3 system (three detectors
per source) detector spacing (DS) was 187 and source-to-detector distances (SDD) were 113, 180 and 113¢m Lo
provide optimum Radon sampling and a FOV of 44cm. For multiple-scurce systems, maximum angular spacing
between sources cannot cxceed 1257 since detectors corresponding to ope source cannot be occluded by a second
source. Therefore, for 2x3 and 3x3 systems using the above DS and SDD, optimuin spacing between sources is
115 and 61° respeciively, rogniring minimua scan rotations of 1159 and 1072, Also, & 3x3 svstem can be much
faster for full 360° dataset scans than a 2x3 system (1209 vs. 245°). We found that a signilicantly increased
FOV can be achieved while maintainiug uniform radisl sampling as well as a snbstantial reduction in scan time
~using several different geometries. Further multi-parameter optimization iy underway.

Kevwords: Volumetric CT, VCT, CT geometry, invorse-geometry C'T, IGCT

1. INTRODUCTION

An inverse-geometry volwnetrie CT (IGCT) system has been proposed recently.’ It consisis of & large scanned
source array coupled with a fast small detector array. The aim is to reconsiruct a volume in a single rotation
with negligible cone-beam artifacts that arise in traditionad cone-heamn tomography systems.” Figure 1(s) iz a
depiction ol this system.

1

Alihough the source array and detector array have the same axial extent, lhe source array is much larger
than the detector array in the in-plane direction. Thus in-plane projections are [an-like and the systemn needs
only a single rotalion 1o acquire s complete dataset for all axial plancs. In addition, rays that cross through the
plane of interest at an angle (i.e. rays that arc not in-plane) may be used for reconstruction.

Since the source array is much larger than the detector array, the in-plane held-of-view (FOV) is determined
mastly by the in-plane (iransverse) extent of the source array as can be seen in Fig. 1{h). However, if more
small detector arrays are added to the system (each with the same axial extent as the source array). the FOV
increases substantially without changing the source size. For example, if instead of one small detector array
there are three detector arrays, spaced apari ploperii then the FOV increases by about a factor of three as can
be seen in Fig. 1(c).

Further, Lo reduce scan time, more source/multi-detector pairs can be added so that more projection data
may be acquired simultaneously,

1.1. Increasing the FOV

The primary objective is to increase the FOV in the transverse direction, by adding more smiall detector arrays.
It is also desirable to keep a relatively uniform sampling of rays that are eguidistant from the FOV center.
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Figure 1. IGCT system with a single detector array {3-D and trausverse views) and transverse view of a system with
three detector arrays with a ihirce-fold increase in the Seld-of-view.

1.2, Reducing scan time _
The secondary objective is to reduce the scan time. Becanse a source/multi-detector pair dees not fully surround
the object, one can envision adding additional source/multi-detector pairs that do net overlap so that the CT
acquisition may be done in o more parallel fashion. This would significantly reduce both the full and partial-scan
times.

This study is an analysis of an IGCT system with multiple detector arrays with emphasis on increasing FOV
and reducing scan time,

2. SYSTEM GEOMETRY

We define the z-axis to be the axis of rotation of the system. The z-axis 15 also relerred to as the axial dircction.
A transverse direction is any direction perpendicular to the axial direction. Thus a transverse plane is a cut
through the system perpendicular to the axis of rotation.
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The bage systern consists of a flag scanned-anode x-ray source array opposite multiple flat detector arrays that
are mach smaller in the fransverse direction but are of the same axial extent as the source array. The lengihs of
the source and detector arrays are paraliel to the zaxis and the widths are their exients in the transverse planc.
Beeause the FOV In the axisl direciion depends only on the axial extent of the source snd detector arrays, we
model the IOCT system strictly in the transverse plane to simplify the analysis. From now on, FOV will refer
to the transverse FOV. :

We model the source array in the transverse view as a line paraliel to the horizontal x-axis. The detector arrays
are slan modeled as lines and are situated across from the source array. Each detector ayrayv is perpendicular to
the line counecting its center to the center of the sonree array.

2.1. System Parameters

We cougider a systom with three detector arrays consisting of one central array and two placed symmetrically
on either side (Fiz. 2). A system with only two detector arrays (with the same dimensions) does not fead to
a significant enough increase in the FOV. We define O to be the isocenter (axis of rotation) and 5 to be the
point defining the center of the source array, Let D be the center of the central detector array and Dy be
the center of the righi-most detector array. Let SDD¢ be the source-lo-detector-distance from & to D and let
SDD5x be the distance fromn 8 to Dg. Let 57D, the source-to-isocenter-distance, be the distance from 5 to 0.
To characterize the angular position of the outer detectars relative to the source we lel o be the angle betweon
the lines S0 and SDg. Note that the three detector array positions are [ully characterized by the parameters
SDD(?, SDDR and e.

Figure 2. System with three detector arrays outlining the main parameters characterizing the system geometry.

For this study, values for the parameters listed in Table 1 were fixed while o and SDDp were considered
to be the fres parameters. The goal was 1o select the values of & and SD Dy that optimized the uniformity of
radial sampling in Badon space v deseribed below,

Tabie 1. Spectfications for IGCT system with three detector arrays.

SD e 100 cm
sro 45 vn
Source srray width 25 cm
Detoctor array widths - Bon
Source array spdt Spacing (.25 cin

Detector array element spacing | 0.1 cm
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3. UNIFOBRM SAMPLING IN RATION SPACE

As shown in Fig. 3 the FOV in the IGUT system increases as the detector arravs are moved. farther apart.
However, if the detector arrsys are moved too far apart, then one can see that portions within the FOV will be
undersanpind relative to others. Thus there is a balance between FOV size and uniform sampling within the
FOV. *
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Figure 3. Detector array spacing results in a tradeoff betwesn FOV size and over fundersampled regions in FOV.

It is helpful to look at the problem in Radop space. Consider Fig. 4. We characterizo each ray by two
parameters (p,8): p is the signed distance between the ray and the isocenter. and # is the angle between the
horizontal x-axis and the ray’s perpendicular line to the isocenter. Becouse p is signed we have p € [~ Fi‘;v, £ gvl
and ¢ ¢ [ 7. ).

Wo now need a mapping hetween a general ray and its point in Radon space {p, #). Let the ray origin be Rg
and the ray destination at the detector be By, Let ¢ be the signed distance from the source midpoint to Rg
and d be the signed distance from the detector midpoint to 5. That is, £ is the displacement of the ray origin
from the source center and d is the displacement from the center of the corresponding detector array. Then from
basic geometry we have the following mapping equaiions:

scos{o) — d

SDDcos(e) — dsina)

# = arctan{ — tan{n)} _ {1}

sin(a)
cos{ex -+ )

p=deos{n+0) 4+ SDDsin{o + ) — §ED{cos(8) tan{a + ) — } (2)

Whers, again, o is the angular displacernent of the detector array hit by the ray (& = 0 for the central detector
array), and SDD is the distance beiween Lhe source and the the detector array (for our purposes SO = §DD ¢
or §ODg). ' : :

Since every ray ropresents o point in Raden space, we can look al the coverage in Radon space of a system
with three detector arrays at s single angular position of the gantry. Figure 5(a) shows this for a = 207 and
SDDp = 113cm, The horizontal axis is the signed distance p, the vertical axis is the ray augle §. Each detector
array contribules points in Radon space that [all inside a polvgon that rescmbles s paraliclogram. The central
polygon in the figure represents the contribution from the central detector array. The length of the long axis of
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Figure 4. Relationship belween a ray’s Cartesian parameters and its Radon space parameters (p,#). The figure is for
illustration purposes and is not to scale.
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{a) Radon space coverage for a system with (b) p sampling histogram thatl shows un-
three detector arrays. Each detector array dersamapled areas in the FOV. Note that
contributes samples to one of the polvsons. the outer delector arrays intrinsically have

a non-uniform sampling density {the his-
togram slopes in thesc areas).

Figure §. Radon space analysis for a systom with three detoctors that are spaced to widely apart. Althongh the FOV ig
arge, undersampling of some areas in the FOV can he seen.

the polygon is determined by the width of the senurce array while the shorier axis is determined by the width of
the detector array. We can now easily see how adding more detector arrays can significantly inerease the FOV.

Figure 5(k} shows a histogram of the mumber of samples per unit p which is simply a vertical integraiion of
Fig. 5(a). From this graph it is cicar that some p distances are undersampled. If the detector arrays are brought
tno close together, the parallelograms in Fig. 5(a) move closer together and we will have oversampled regions
where they overlap at the expense of FOV size, Therefore we would like the histogram to be relatively flat o
achieve g uniform sampling in Radon space while maximizing the FOV. Note thal we cannot achicve a perlectly
flat histogram because the outer defector arrays have an intrinsic non-uniform sampling property: rays closer 1o
the isocenter (smaller p distances} are sampled more densely since 8 changes more slowly for those rays,
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3.1. Choosing the Datector Positions

Since we are dealing with three detector arrays, sud we are leaving Lhe cultral deteclor array distance S0 D¢
fixed, we have e and 5Dy, as two free parameters o very to achisve the goal of maximizing the FOV while
maintaining a p-uniform sampling in Radon space.

Il we force SDDg (representing both euter detector array distances due to symrmetry} to be fixed and are
allowed Lo vary o, then the Radon space polygons meve relative to each other. Since we wish the resulting
@ sampling histogram to be uniform we would like to overlap the polygons 8o that the vertical integration is
refatively constaut over p (neglectiug the FOV edge areas where p is close to +£ %”) Since the left and right
detector array positions should be symunetric, we focus on the central and right deteclor arrays. Inluitively, «
should be chosen so that as p increases to the edge of the sampling provided by the central detector, the right
detector’s FOV sampling will compengate. Thus we want to choose o so that the midpoints of she short sides of
their Radon space polygons are aligned at the same p position. Let S, and Sg denote the left and right ends of
the zource array. 'Then these midpoints correspond fo the tavs SpDe and 51, Dy (sec Fig. 6).

D¢ Dr
4
p‘l N .-:
P2 . 2 4
{=p1)
a/
SL SR

Figure 6. w is chosen so that the two rays shown have the same p distance. Intuitively, the right detector picks up at
the same p at which that the center detector ends.

Since the correct ¢ results in these rays having the same g value, Egqus. 1 and 2 must be solved in o for both
rays where P P d1 - dg - 0, 1 = =8y = 35;,{ — S§ SI)-D] = ISI)J;’(_'," SD])Q == SD)D]{ &1 — U, and (AT R A

We now examine the problom of choosing the best S22 D), keeping o fixed. Increasing §2 0z means that the
outer deteetor arrays move outward away from the source aad thus the FOV of the outer detector arrays inerease
slightly. Because the central and outer detectors are assumed to have the same number of detector elements, with
an approximately equal A botwoen neighboring rag mcasuremeonts, g-uniform sampling iz achieved when their
respective FOV sizes are cqual (Lo, when cach detector “sees” the sozpe amounnt of the total FOV), We can again
use Fans. | and 2 to solve for 1305 given o so that FOV) = pi pgrax — prarn = Paarax — poaerny = FOV;.

Because the optilizution involves only two sealar parameters, « and SDDp, a combined solution can be
solved for numerically by itorating between marginal solutions until convergence. The algorithm sizaply chooses
an initial & = aq, finds the best corresponding SDP g = 0105 then recal(,ulat,e% the best o and repeats. The
resnliy are detailed in Section B.1.

4. MULTIPLE SOURCE ARRAY SYSTEMS

The sccondary objoctive of this study is to analyze IGCT svstems with multiple source arrays in an cffort to
reduce scan time. The idea is to replicate the entire system so that rnage acquisition may be done in parallel
by two or more sets of datector arrays detecting xrays from two or more source arrays. Figure 7 illustrates a
systom with two source arrays, cach aimed at their respective set of throe detector arrays,

There are fwo questions to consider: 1} At what angle should the two {or more) souree arrays he situated
relative to each other? 2} What iy the minimum rotation amount of the system to acquire a comnplete data set
Lo Dudly reconstruct the volue?
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Figure 7. System with two source arrays for parallsl aconisition to reduce scan time.

4.1. Partial-scan analysis

Since the objective now is speed of acquisition, we consider the minimum partisl-scan rotation angle ~. This
is the smallest angle by which the syslem needs Lo rotale in order to acquire a complete 180° dala sei 1o
fully reconstruct the volume. For a traditional 2-D fan-beam sysiem with a point source and a linear detector,
A=+ OFay whese $pay is the full fan-sngle of the fan-beam system.®  In our case, the fan-angle is a little
ambizuous since neither the source nor the detector iz a point. We define the fan-angle for the IGCT system
in this analysis (with a single source array) to be dpaw = Grsax — Garrn = 200 4 {due to symmetry), where
1 ax 18 the Badon angle # of the ray going from Sp to the left-most detectar element of the left. detector array
(L.e. the most obligue ray angle}. We found that the minimwm rotation angle is v == 7 1 26,7 4% for a systom

with one source array.

To see what is happening in Radon space, we make the usual assumption that two opposing rays are equivalent.
That is. {p. #) = (—p. &+ 7). Figure & shows Radon space coverage with this svmmetry for a single-source three-
detector system. To acguire a full 180° dats set then, a full 360° range in this svmmetric Radon space must be
covered. Rotating the gantry by an angle v is equivalent to a vertical “srocaring” of points in Radon space by
the same vertical distance 5. So to cover the full space, 5 rotation of 4 = 7+ 20y7.4x i3 necessary.

Radon-svace Covearage wf Symmetry

TR Rk

thela {dedrens)

B P . - POPCR

o
the fem)

Figure 8. Radon space coverage of a single source array system with the symmetry condition (p, @) = (—p, 0 + 7). A
rotation of w4 2874 x 15 necessary to cover the space completely.

Therelore, [or a system with two source srravs, the minimum partial-scen rotation engle is v = %7 =
7 +Uarax 88 long as we situate both source arrays to be exactly v apart. Then as the gantry rotates, each
source array {and their correspouding detector arpays) will acquire data from cowpleentary regions in Radon
space. This would reduce the total scan time by 50%.
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We can imagine an even further reduction in sean time with three source arravs situated v = £ + %ﬂMAX
apart. Unfortunately the system geometry prohibits this due to some sowrce arrays occluding the view of
detectors corresponding to other sonrce arrays.

5. RESULTS
5.1. Detector Placement

Tterative joiut optimization of the paramaters o and SD Dy, characterizing tho positions of the detector arvays,
was performed. For the fixed system parameters outlined in Table 1 of Section 2.1, the best & and SO LR were
17.9% and 113cm, respectively, vielding a FOV of 44cm. The algorithin converged alter 3 iterations and because
the results show a uniform sampling histogram, we ean be sure thas it converged to a nearly optiiual solution.
Fignre 9 shows the detector placement and corresponding Radon space coverage and sampling histogram.
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Figure 9. Optimal geometry for fixed SD e = 100cm.

5.2. Multiple Sources

Three different multiple-source geometries were analyzed, all of them using the FOV-optimized parameters
derived in the previous section. The first was a system with two source arrays separated by 7o = T4-05r4x = 1157
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This system has a minimum partial-scan rotation of 1159 and a fullscan (360° dataset] minimum rotation of
360 — 115 = 245°. The other two geometrios wers both systems with three source arrays. Oue had a separation
beiween sources of 61° which is the maximum separation allowed due to geomelry limitations, The other system
had a svmmetric spacing of 120° so that the full-scan time was minimized. All three geometrics are depicted in

Figure 10.

2-0 Zramstry, FOM = 44 1 2m 2-0 Geometsy, FOY = 44 uim ,'!_-I'J Gann:atty, FOV = 44 oy
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(#} Two source srrays separated by {h} Three source arrays separated {c) Three source arrays separated
115°. by 817 (limited by the system ge- by 1207 to minimize the full-scan

ometry;. time.

Figure 10. Three different multi-source systems were analyzed.

Table 2 outlines the resulls [rom the geometries considered for multiple sowrce array systoms using the
FOV-oplimized parameters. Note that the rotation angle directly correlates with scan time,

Takle 2. Multi-source IGCUT systern minimum rotatlon angles.

Nuwmber of Angular Spacing | Partial-Scan Full-Scan

Source Arrays | between Sources | Rotation Anple | Rotation Angle

1 - 229° 360°
2 115° 117 | 245°
3 6l 107° 177
3 120° 1207 120°

8. CONCLUSIONS

In extending the basic single-detector-array 10CT system to o three-detector-array systern, we have increased
the FOV by three times while maintaining uniform radial saxepling of rays. We have also investigated possible
multiple source array parallel geometries to reduce the total partial-scan time by B0% of the original partial-scan
time using o two-gource svstem and by a little rnore with a three-source system.

This study focused on maximizing the FOV and minimizing scan thne. Other factors such as image resolution,
dose eficiency, system complexity, noise, and scatter porformance need to be studied. Further multi-parameter
optimization is underway.
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