United States Patent [
Doi et al,

Patent Number:
Date of Patent:

4,841,555
Jun. 20, 1989

(1]
[45]

[54] METHOD AND SYSTEM FOR REMOVING
SCATTER AND VEILING GLATE AND
OTHER ARTIFACTS IN DIGITAL
RADIOGRAPHY

Primary Examiner—Craig E. Church

Assistant Examiner—John C. Freeman

Atiorney, Agent, or Firm—Oblon, Fisher, Spivak,
McClelland & Maier

[75] Inventors: Kunio Doi, Willowbrook; Yuichiro [57] ABSTRACT
Kume, Clarendon Hills, both of I1l. A method and system for reconstructing image data
731 Assi . Universitv of Chi Chicago, Til. obtained fr.om plural sequential expc.)sur_es'of an object
[73]  Assignee niversity o cag0, Lhucag ’ by a radiation source through a multiple slit beam scan-
[21] Appl. No.: 81,001 ning assembly, wherein frames of original image data in
. the form of plural pixels are obtained for each discrete
[22] Filed: Aug. 3, 1987 scanning step/exposure and a minimum pixel value of at
[51] Int. CL4 e reercreneeneaens HO5G 1/64  least one frame is determined. Based on this determined
[52] US. CL coovererremsommnersessennessessne 378/99; 378/62; ~ minimum value, a cutoff value is determined. The pixel
378/146; 358/111  Vvalues of each frame are compared with the cutoff
[58] Field of Search ............ococc. 358/111; 378/62, 99, ~ Vvalue, and the image is reconstructed by summation of
3787146  all the pixel image data above the cutoff value for each
respective pixel. In order to improve spatial resolution,
[56} References Cited the slit width of the scanning assembly is selected be the
U.S. PATENT DOCUMENTS narrower than the pixel size. Pixel image data produced
] by exposure from radiation passing through the same
1’323’233 é/ }gz‘;' gonkenstem ------------------ 3;% }‘;g slit of the scanning assembly in consecutive scanning
209 6’231 6;1 78 B:rzes """""" 178/14  Steps are then assigned to adjacent pixels in a direction
4323973 4/1982 Greenfield T 3sg/111 perpendicular to the scanning beam of an enlarged pixel
4,633,307 12/1986 Honda ... " 3sg/111  matrix. To achieve a balanced aspect ratio, pixel values
4,718,076 1/1988 DO0i €t al. .oovvereevessessesmmmenmenne 378/146  for pixels in a direction parallel to the scanning beam are
assigned by interpolation between pixel values assigned
FOREIGN PATENT DOCUMENTS in the perpendicular direction.
0230155 7/1987 European Pat. Off. ............ 378/146
2061660 5/1981 United Kingdom ................ 358/111 18 Claims, 12 Drawing Sheets
CBTAIN n FRANES
g o T L
100 v L
Moy "1 % ik o
THRESHOLDING
DEVICE IOH) L
‘ CL[[)‘{%FFEFRNNE
(L1 pe—" (imin+k LEIYn%)
\1 MEMORY FOR
n FRAMES 110, l
']
o — e
SELECT ONE
™1 IMAGE FRAME
‘ 118
SUT IMAGE,
PROFILE IDENT-
IFICATION CIRCUIT
{ 1%
]29/ SUMMATION DEVICE
FOR SUT LARGE SQUARE
IMAGE PROFILE MATRIX
) 1
122~ STORE IMAGE OUTPUT
L[ ELEMENTS IN LARGE RECONSTRUCTED
REE(TEAMN(?#YLAR | 2; " HIGH &EAS(%UHON




MULTIPLE SLIT

GENERATOR

4

ASSEMBLY (MSA)
10 z OpECT 16 20
X—RAY TUBE _ v C;)MERA
— [ |
vy Tk !
STEPPING
MOTOR WITH || 14
ENCODER
i _~I"26
.
24 22
3 Yy =
: VICRO- DIGITRON 2
. et DSA
COMPUTER SYSTEM
v
VAX 11/750
o5} COMPUTER
FIG. 1

JuerEd ‘ST

6861 ‘0T ‘unp

C1 JO T 1994S

CSSTH8Y



US. Patent  Jun. 20, 1989 Sheet20f12 4,841,555

| )
N N N\ AT
4 ¥ )
> f\ J\ll f\ f‘ FRAME 2
a 1
SN N e
: ] o
% h Jaw 2\ N FRAME 4
[1
N NN N FRAME 5
1
] L
" I
2%'_‘}’] nn %
=== [nnnnomnnannnannomm_
<{ Q. LJ
w <= l
a > CUTOFF LEVEL FOR
s SCATTER AND
R32 (VEILING 6LARE
S L L1 1+
| 2 3 4 5

FRAME NUMBER

FIG. 2



US. Patent  Jun. 20, 1989 Sheet30f12 4,841,555

IMAGE OBTAIN n FRAMES| o
INPUT > OF ORIGINAL T~
DEVICE MSA IMAGE DATA
|
{
100 \
7/104
IMAGE MEMORY 106
FOR n FRAMES §
DETERMINE Imin
] FOR FACH PIXEL
112
“T THRESHOLDING | _
DEVICE 108,
DETERMINE
CUTOFF LEVEL
\ (Imin+k_+/Imin)
1134+ SUMMATION
DEVICE FOR
n FRAMES
PLANE
\ — MEMORY
5T output \
RECONSTRUCTED {
IMAGE 110

FIG. 3



U.S. Patent  Jun. 20, 1989 Sheet40f12 4,841,555
1.0 - 15cm LUCITE PHANTOM
Ll
=
<
< 0.8 R
o0
5 00— —
= WIDE BEAM IMAGE
= 0.8 WIDE BEAM IMAGE WITHOUT GRID
g WITH GRID
S
w) 04 .
S —e
5
S 02r wﬁﬁ 'E;”Q,%E MSA IMAGE
t WITHOUT GRID
Y h
O | AAN /\ iy A \ A
0 5 10 15

LEAD DISK DIAMETER (mm)

FIG. 4



4,841,555

Sheet 5 of 12

Jun. 20, 1989

U.S. Patent

JOVAI
J3LONYLSNOIY

(NOILISOd YSW
1OFHYOONI)

¢ JAVYHS

¢ JNVYA

| dNvYS

JONVLSIC

‘914

A

]

_
_
_
_
_
_
|

A

—_——_——t e e ——

—— e — et — s ————

e e — R —

ALISNALINI TYNOIS



US. Patent  Jun. 20, 1989 Sheet6of 12 4,841,555
SIGNAL
INTENSITY
A —> <— ARTIFACT SIZE (E)
SAMPLING APERTURE
OF 1L.=TV SYSTEM APERTLRE SIZE (s)
PETECTED SiGNAL  DECREASE DUE
wEnsy  EVEL () TO ARTIFACT (a)
NN

FRACTIONAL VARIATION IN DIGITAL
IMAGE SIGNAL DUE TO ARTIFACT: al/I = E/S

FIG. 6



4,341,555

Sheet 7 of 12

Jun. 20, 1989

U.S. Patent

A
A
PR _m_u_
=
A
T
w
e——ay ()
”"ﬂ
—_—
—
o™~ AISNaIN
AN LYY “WNOIS
ONFTHYS 3193130

FIG.7



4,841,555

Sheet 8 of 12

Jun. 20, 1989

U.S. Patent

8914

JOVAI
J3LONYLSNOIFY

(NOILISOd YSW
103MYOINI)
9 Invyd

G JNVY4

v JNvYHS

¢ AV

¢ INvH4

VAR

JONVISIa

A

—

—

—

==

3]

P

mmu_

NOILOW

o

Sy
4

e —

T

—
i
-t

A

A

Ju
—— et —— — e e e e e e

—_—— e — — b ——

A

A

ALISNAINI TYNOIS



4,841,555

r FRAME 1

FRAME 3

FRAME 2
FRAME 3
FRAME 1
FRAME 2

NP S - NS

Sheet 9 of 12

T ———f—— =~

L I SN R |

e eeh e ] {P SOOI . VN D

—_—

L TINTT

IMAGE RECONSTRUCTION FOR RESOLUTION
IMPROVEMENT WITH NARROW SLIT MSA

Jun. 20, 1989

U.S. Patent

e R R S Bttt il

l— — —— — —f — 4 — — ) —— ] ————]

- ) -« - e -

ALISNAINI ISNOJSTY ALISNZINI
TYNDIS JUNLY3dv TVNOIS
INIdAVS (4193130

STRUCTED

RECON-
IMAGE

DISTANCE

FIG.9




US. Patent  Jun. 20, 1989 Sheet 10 of 12
OBTAIN n FRAMES
IMAGE INPUT OF ORIGINAL MSA | 102
DEVICE IMAGE DATA
}
100 ‘
104
IMAGE MEMORY 1068
FOR n FRAMES )
|  DETERMINE Imin
> FOR FACH PIXEL
THRESHOLDING
DEVICE — 108
A
DETERMINE
\ CUTOFF LEVEL
o
PRIVARY IMAGE (min-+ irin)
MEMORY FOR
n FRAMES "o, |
] |l e
MEMORY
SELECT ONE
IMAGE FRAME
118
ST IMAGE
PROFILE IDENT—
IFICATION CIRCUIT
124
\
- SUMMATION DEVICE ADJUST TO
FOR SLIT LARGE SQUARE
IMAGE PROFILE MATRIX
- STORE IMAGE OUTPUT
ELEMENTS IN LARGE RECONSTRUCTED
RECTANGULAR 1o¢ [ HIGH RESOLUTION
MEMORY IMAGE |

FIG. 10

4,841,555




4,841,555

Sheet 11 of 12

Jun. 20, 1989

U.S. Patent

Vd
CINVYS 7 INVY4 e[\ VR
§ §
w A w
Wl U] il ou | S
Vil ‘914
eI -
7 IWdd_F ¢
¢ Em\H\ S o I g PPN
¢ Invyd—t
\J/ d—
——— L 101S
| \\\ ~ f\\%// 1S
~ —— Z / s ¢ NS
L 101S

ALISNZINE TYNOIS

all 914



US. Patent  Jun. 20, 1989 Sheet 120f 12 4,841,555

1 2 .2 2
F'ml A "m3
m | )/mn ]3m2 /
S Mm2 Y'ms
ASSIGNMENT OF PIXEL IMAGE
VALUES IN ENLARGED MATRIX
FIG. 11C
|
_ Gm1 :
.
ST =——————=-
R o
7 ===
n /1 I
I'n1 {

ASSIGNMENT OF PIXEL VALUES IN
ENLARGED MATRIX BY
LINEAR INTERPOLATION

FiG. 11D



4,841,555

1

METHOD AND SYSTEM FOR REMOVING
SCATTER AND VEILING GLATE AND OTHER
ARTIFACTS IN DIGITAL RADIOGRAPHY

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a method and system for
removing scatter, veiling glare and other artifacts in
X-ray images obtained using multiple slit beam imaging
techniques in digital radiography.

2. Discussion of Background

Scatter radiation from an object can significantly
degrade the image quality of radiographs. It has been
shown that the fan beam imaging technique, in which a
single slit scanning x-ray beam is used, is an effective
method for removing the scattered radiation, and thus
for increasing the contrast sensitivity of the acquired
image. However, this method requires a long exposure
time for beam scanning, and the x-ray beam utilization is
extremely poor. These disadvantages for practical use
for such techniques can be improved by employing
multiple slit x-ray beams. Although studies with multi-
ple slit beams were initially carried out with conven-
tional screen-film systems, some of these methods are
now being applied to digital imaging systems. In some
of these digital systems image intensifier-television (1.1-
TV) systems are employed as detectors. However, the
images obtained with the 1.L-TV system include veiling
glare which arises from the input and/or output phos-
phor of the LI, from the optical system, and from the
TV camera. The veiling glare is known to degrade
image quality. In addition, scatter and veiling glare
degrade contrast signals non-linearly and hinder quanti-

25

30

tative measurements such as quantitation of iodine con-

tent by video-densitometry.

SUMMARY OF THE INVENTION

Accordingly, one object of this invention is to pro-
vide a novel method and system for removing scatter
and veiling glare and other artifacts in original radio-
graphic image data obtained by multiple slit beam scan-
ning of an object.

Another object of this invention is to improve con-
trast and spatial resolution in reconstructed images ob-
tained in processing of original image data to enable
reliable quantitative measurements of predetermined
image characteristics from the reconstructed image
data. )

These and other objects are attained according to the
invention by providing a new and improved method
and system for reconstructing image data obtained from
an image acquisition system from plural sequential ex-
posures of an object by a radiation source through a
multiple slit beam scanning assembly, wherein frames of
original image data in the form of plural pixels are ob-
tained from each discrete scanning step/exposure and a
minimum pixel image value of at least one frame is
determined. Based on this determined minimum value, a
cutoff value is determined. The pixel values of each
frame are compared with the cutoff value, and the
image is reconstructed by summation of all the pixel
image data above the cutoff value of each respective
pixel. ’

Further, according to the invention, line artifacts are
reduced by overlap scanning, in which the beam widths
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of adjacent frames of radiation exposure overlap adja-
cent sampling apertures.

According to a second aspect of the invention, in
order to achieve spatial resolution improvement with
the multiple slit beam imaging technique, the slit width
is selected to be narrower than the pixel size of the
image acquisition system. In particular, the slit width
projected onto the image input plane is selected to be a
predetermined fraction of the sampling aperture of the
image acquisition system, and thus two signals corre-
sponding to two different slit placements in two differ-
ent frames may be detected by the same sampling aper-
ture. According to the invention these two detected
signals are assigned to the two different but adjacent
pixels in an image matrix of twice the size of the original
image matrix. Thus, the matrix size of the reconstructed
image in a direction perpendicular to the slit openings
becomes twice as large as that of the image acquisition
system.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and
many of the attendant advantages thereof will be
readily obtained as the same becomes better understood
by reference to the following detailed description when
considered in connection with the accompanying draw-
ings, wherein:

FIG. 1is a block diagram of a multiple slit x-ray beam
imaging system with an LL-TV digital system used in
development of the present invention;

FIG. 2 is a timing diagram illustrative of the method
of the invention used for the reconstruction of an image
based on the primary component of radiation impinging
on the detection system, wherein at each pixel, the
detected signals above the cutoff level selected for scat-
ter and veiling glare are summed to yield the primary
component;

FIG. 3 is a schematic block diagram illustrating the
image reconstruction processing performed according
to the present invention;

FIG. 4 is a graph illustrating the fraction of scatter
and veiling glare, measured with the lead disk method
in conventional wide beam images and in reconstructed
MSA images according to the invention with and with-
out the use of an antiscatter grid;

FIG. 5 is a timing diagram illustrating line artifact
caused by a scan motion error;

FIG. 6 is a timing diagram illustrating detected arti-
fact in a digital image signal, in which line artifacts are
observed only after the analog signal is detected
through the sampling aperture and converted to the
digital signal;

FIG. 7 is an illustration of moire pattern caused by
undersampling of the image signal, in which the moire
pattern is formed by interference of two different spatial
frequencies included in the MSA and the data sampling;

FIG. 8 is a timing diagram illustrating overlap scan-
ning of the MSA can reduce the magnitude of line arti-
facts caused by MSA slit width, lead spacer width, or
scan-motion error, wherein line artifact is reduced to
one-half by the overlap scanning;

FIG. 9 is a timing diagram illustrating a technique of
the invention useful for improving spatial resolution of
a reconstructed image;

FIG. 10 is a schematic block diagram illustrating the
image reconstruction system of the invention used in
implementing the technique shown in FIG. 9; and
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FIGS. 11q, 115, 11c and 11d are schematic illustra-
tions of the state of image reconstruction at selected
locations in FIG. 10.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings, wherein like refer-
ence numerals designate identical or corresponding
parts throughout the several views, and more particu-
larly to FIG. 1 thereof, there is shown a block diagram
of a radiographic system used in the development of the
present invention. In FIG. 1, a multiple slit assembly
(MSA) 10 was placed between an x-ray tube 12 and an
object 14. An image intensifier (I.I.) 16 TV system 18
with progressive scanning mode were employed as the
detector system 20. An antiscatter grid (40 lines/cm,
12:1 and paper spacer) (not shown) was used. The lines
of the grid were placed perpendicular to the slit open-
ings of the MSA 10 and the antiscatter grid. A digital
subtraction angiography (DSA) system 22 (Siemens
Digitron 2) connected to a Garantix 1000 generator (not
shown) was employed for real-time and digital image
acquisition. The images were digitized by a 10 bit ana-
log-to-digital (A/D) converter after logarithmic ampli-
fication. The matrix size of the digitized image with this
system is 512X 512. The MSA 10 was scanned mechani-
cally with a stepping motor 26, which was controlled
by a microcomputer 34 and was synchronized with
pulsed x-ray exposures to move the MSA 10 to the next
position between exposures. The digital data of ac-
quired MSA images were transferred via magnetic tape
from the DSA 22 to a DEC VAX computer 28 which
was connected to an image processor system (not
shown). The calculations required for image recon-
struction from the original MSA images were per-
formed by the VAX system 28.

The configuration of the MSA 10 is similar to that of
an antiscatter grid and consists of lead spacers and of
aluminum foils which correspond to slit openings. This
mechanical structure makes it possible to construct the
MSAs accurately, even if the slit width and lead spacer
width are very narrow. The slit openings are focused to
the focal spot of the x-ray tube. The thickness of the
MSA is approximately 2 mm.

Original images (called “original” because other im-
ages can be constructed from them) obtained from the
MSA. image frames include bright lines which corre-
spond to the slit openings and which contain the pri-
mary component, together with some scatter and veil-
ing glare, and dark areas between bright lines which
include scatter and veiling glare components which are
contributed from the x-ray beams transmitted through
the slit openings. An enhanced image, which consists
mainly of the primary component, is reconstructed
from a set of similar MSA images, the summation of
which can provide an image equivalent to that obtain-
able with a conventional wide beam exposure.

The method of image construction according to the
present invention is illustrated schematically in FIG. 2,
in which five image frames are assumed to be required
for image reconstruction. A schematic diagram illus-
trating the processing performed in image reconstruc-
tion according to the invention is shown in FIG. 3. In
FIG. 2, image profiles and sampling apertures are
shown in a direction perpendicular to the slit openings.

Referring now to both FIGS. 2 and 3, using an image
input device (block 100), such as shown in FIG. 1, n
frames of original MSA image data are obtained and
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stored in an image memory (block 104). In FIG. 2, the
shadowed pixel detects the shadowed portion of the
original MSA image signal in each frame. For each
pixel of the LL-TV digital system 20, a minimum de-
tected signal intensity, I;nin, for the n frames of image
data is determined (block 106). Then a cutoff level,
Ieurofrs is determined (block 108). The Icywfr level for
each pixel is stored in a plane memory (block 110).
Then, the cutoff levels stored in plane memory (block
119) are synchronously read out and applied to thre-
sholding device (block 112) while the n frames of image
data stored in memory (block 104) are applied to the
thresholding device (block 112). After detecting which
pixels of the n frames of image data exceed the respec-
tive cutoff levels by means of the thresholding device,
the detected signals above the cutoff level are summed
to yield the primary component (block 113) with scatter
and veiling glare removed. The cutoff level Loy is
determined empirically as the minimum signal intensity
plus a predetermined amount, e.g., one-fourth of the
square root of the minimum signal intensity, which
corresponds to the lowest value among the n frames.
Thus, in block 108 Icuroft=Lmin+kV1mi where k is a
predetermined fraction less than one. If the chosen
cutoff level is too low, the final reconstructed image
will contain some scatter and veiling glare. Conversely,
if the cutoff level is too high, some primary components
will be lost, and thus it may result in dark line artifacts.
The computation for image reconstruction is performed
in terms of relative x-ray intensity, which is converted
from the pixel value by use of the characteristic curve
of the I.1.-TV system 20. The reconstructed image data
are normalized to the maximum value of the recon-
structed image date, which is obtained by searching for
the largest value in the reconstructed image, and then
converted back, for image display and storage, to pixel
values by use of the characteristic curve and then out-
putted (block 115). In actual experiments performed, it
was clear that the contrast and sharpness of the recon-
structed MSA image are superior to those of the con-
ventional 1.I-TV image. This advantage of the recon-
structed image is due to the reduction of scatter and
veiling glare, as discussed in detail below.

In order to quantify the unique advantage of the
MSA imaging technique in terms of the rejection of
scatter and veiling glare components, the fraction of
scatter and veiling glare was measured by using the lead
disk method described by K. Doi, et al.,, Radiology
161:513 (1986). A lucite phantom of 15 cm thickness
was employed. The 3 mm thick lead disks, the diameters
of which were 2.25, 2.5, 3, 5, 8, 10 and 15 mm, were
placed on the x-ray tube side of the phantom. The frac-
tion of scatter and veiling glare was determined by the
ratio of the x-ray intensity behind the lead disk to the
x-ray  intensity outside the disk. The fractions were
measured for conventional wide beam images and for
reconstructed MSA images, which were obtained with
and without grid.

FIG. 4 shows the relationship between the measured
fractions and the lead disk diameter. It is apparent that
scatter and veiling glare are reduced significantly when
the MSA imaging technique is used. The reduction of
these fractions in images without grid is far greater than
that with the grid. In original MSA images, however,
scatter and veiling glare are much greater without than
with the grid, and thus the amount of scatter and veiling
glare which is included in areas behind the lead spacers
tends to be overestimated in the present reconstruction
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method when the grid is not used. Therefore, the frac-
tion of scatter and veiling glare remaining in the recon-
structed image becomes smaller than that with the grid.

FIG. 5 illustrates a line artifact caused by an error in
scan motion. It is assumed that the position of the MSA
in Frame 3 is incorrect because of this error. This results
in a shift of the corresponding slit image so that one side
of that image in this frame is spaced away from the slit
image in the preceding frame, and another side of the
slit image partially overlaps that in the next frame.
Therefore, a pair of light and dark line-artifacts appears
in the reconstructed image

The scan motion line artifacts just described and
other artifacts will be observed in the LL-TV digital
system 20 only after the analog signal is converted to a
digital signal through a sampling aperture (or pixel
size), as illustrated in FIG. 6. If a small, dark line-artifact
appears over a uniform signal, the detected signal over
this artifact will be proportional to the total analog
signal averaged over the sampling aperture. Therefore,
the fractional variation in the digital image (AI/I) due to
this artifact is given by the ratio of the artifact size (E)
to the aperture size (S), i.e., Al/I=E/S. Thus, the mag-
nitude of the detected artifact in digital images is related
not only to the actual size of the artifact, but also to the
size of the sampling aperture.

Table 1 shows the calculated fractional variation in
the digital image due to various sizes of line artifacts for
different pixel sizes obtained with three LI input
modes. It is apparent that the detected artifact increases

23
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shifted by one-half the slit width, namely, the recon-
structed image resulted in a counter-phased moire pat-
tern. Therefore, if the final reconstructed image is made
by the sum of these two images, that is, if the MSA
original images are obtained from an “overlapped” scan
by shifting of the MSA by a distance increment of one-
half the slit width, the moire pattern can be eliminated.

Overlap scanning of the MSA can also reduce the
magnitude of line artifacts caused by the MSA itself or
by scan-motion error, as shown in FIG. 8. In overlap
scanning, the beam widths of adjacent frames of radia-
tion exposure overlap, for example, by roughly 50% as
shown in FIG. 8. The line artifact caused by this scan-
motion error is reduced to one half by the overlap scan-
ning. If one MSA is scanned with an increment of one-
quarter of the slit width, the magnitude of the line arti-
fact will be reduced further, to one quarter. It is ex-
pected that, as the number of overlaps in the acquired
MSA images increases, the magnitude of these artifacts
will decrease. Table 2 summarizes the artifacts associ-
ated with the MSA imaging technique. The artifacts
may be caused by inaccuracy of the slit width, lead
spacer width and scan motion of the MSA and by un-
dersampling. In an actual imaging system, it is likely
that the artifacts are caused by a combination of these
factors.

TABLE 2

Increase (+) or

Number of Artifacts/

30 Decrease (~) in Slit-Plus-Spacer
as the pixel size decreases, and thus the use of a small Case of Artifact Signal Distance
pixel size requires a high mechanical accuracy in the  Slit Width
MSA device and also in the scanning motion. Since the Oversized + N-1
slit images are usually blurred by the unsharpness of the Undersized - N -1
imaging system, the fractional variation due to the arti- 5 =ad Spacer
facts is expected to be smaller than the variations listed =~ Oversized - 1
in Table 1. Thus, the calculated values in Table 1 may g;ff r‘i}lz;gl (Oversized) + A';d B N _ 11 And 1
be regarded as upper limits for these artifacts. and Lead Spacer
TABLE 1 (I\?ngsslii?-Motion
INACCURACY LL INPUT FORMAT (DIAMETER 40 o o e — And + 1 And 1
(ARTIFACT (PIXEL SIZE)) Undershift + And — 1 And 1
SIZE) IN MSA 14 cm 17 cm 25 cm Undersampling Moire Pattern
OR SCAN MOTION (0.28 mm) (0.36 mm) (0.55 mm) N = Mini number of image frames required for reconstruction (slit-plus-spacer
0.01 mm 5.1% 4.0% 2.6% distance slit/width)
0.02 mm 10.2% 7.9% 52% 45
0.03 mm 15.3% 11.9% 78% The results obtained in the study performed by the
inventors indicate that scatter and veiling glare in the
When the sampling distance (or pixel size) for digiti- image obtained with the LI-TV system can be reduced
zation of MSA original images is large, the signals may  effectively with the multiple slit beam imaging and
be undersampled, and consequently a moire pattern 50 image data reconstruction technique above described.
may appear in the detected signals, as shown in FIG. 7. The contrast and sharpness of images obtained with the
The upper portion illustrates the one-dimensional pro-  LL-TV system can be improved significantly. Addi-
file of an original MSA image. This image signal is  tional potential advantages of the MSA imaging tech-
sampled by the sampling apertures shown in the middle. nique include an improvement in the signal-to-noise
When the MSA image is undersampled, the moire pat- 55 ratio (SNR) and in the dynamic range of the recon-
tern will appear in the detected signal as the inteference structed image, as has been demonstrated in previous
of two different spatial frequencies that are included in studies by Plenkovick, et al. and Doi, et al., above
the MSA and the data sampling. The moire pattern will noted.
remain in the reconstructed image. Since the frequency One disadvantage of the MSA imaging technique is
of the moire pattern is determined by the difference 60 the long exposure time required for obtaining a number
between the two spatial frequencies, the moire pattern is of imaging frames, in comparison with that in the con-
a low frequency pattern, which is easily recognizable ventional wide beam technique. The total exposure time
and often distracting. used with the technique with pulse exposure mode is of
Experimental results were obtained with the MSA the order of a few seconds, because of the mechanical
which included an 0.2 mm slit width and 0.8 mm lead 65 scanning of the MSA. However, the total exposure time

spacers, and the 25 cm LI mode. It was found that
reconstructed images showed two slightly different
moire patterns when the initial position of the MSA was

can be reduced substantially to a level that can be ap-
plied to many practical situations in clinical studies. One
approach to shortening the exposure time will be to
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employ a scanning x-ray tube (See Doi, et al., supra) so
that the mechanical scan of the MSA can be eliminated.
The rapid sequence of pulsed or continuous exposures
from the scanning x-ray tube will provide a number of
image frames to be used for image reconstruction. An-
other approach is to move the MSA continuously at a
constant high speed, while continuous x-ray exposures
are made and a number of image frames are acquired at
a high frame rate, up to the TV frame rate. Since the
frame rate of the Siemens Videomed H TV system
which were employed in this study is 60 frames/s, a
total of 10 image frames can be obtained in 0.167 sec-
onds, which appears to be short enough for clinical
applications.

The MSAs used in the study performed by the inven-
tors required a relatively large number of image frames
for reconstruction, namely, at least 5, 10, and 20 frames.
Such a large number of image frames tend to decrease
scatter and veiling glare because of the relatively wide
lead spacers of the MSA; however, this requires a long
exposure time. Therefore, another useful approach to
achieving short exposure times will be to use MSAs
with a small number of image frames required for re-
construction (e.g., 2, 3, and 4 frames). An additional
advantage of such MSAs is an improvement in the x-ray
beam utilization and consequently a lesser requirement
for the x-ray tube output.

One of the important considerations in the MSA
imaging technique is the proper selection of the slit
width, the lead spacer width, and/or the minimum num-
ber of image frames required for reconstruction. How-
ever, it is difficult to find an “optimal” combination,
since the imaging properties and some of the practical
factors are related in a complicated way to changes in
many parameters. For example, the large number of
image frames required for reconstruction can reduce
the fraction of scatter and veiling glare included in the
original MSA images, whereas a small number of image
frames can decrease the total exposure time and in-
crease the efficiency of x-ray output utilization. A wide
slit tends to decrease the fraction of scatter and veiling
glare in the original MSA images, whereas a narrow slit
tends to decrease the fraction of scatter and veiling
glare in the reconstructed image. A wide lead spacer
reduces the fraction of scatter and veiling glare in the
original MSA images, whereas a narrow lead spacer can
provide a good estimate of a narrow-angle, localized
scatter and veiling glare distribution, thus yielding an
enhanced image. -

Summarizing, as above described, a first technique in
image reconstruction according to the present invention
includes the removal of scatter and veiling glare from
initially acquired original MSA images. The minimum
x-ray intensity (or signal level) at each pixel is deter-
mined from a set of original MSA images. Then the
cutoff level, which is expected to remove scatter and
veiling glare, is determined empirically as the minimum
intensity plus a constant (k=13 has been determined to
give excellent results) times the square root of the mini-
mum intensity. By subtracting the cutoff levels at each
pixel from the original MSA images, a set of slit images
with the same matrix size as that of the LL-TV digital
system, which mainly contain primary components, can
be obtained. These calculations are performed in terms
of relative x-ray intensity which is converted from pixel
value using the characteristic curve of the L.L-TV digi-
tal system. (See Fujita H, Doi K, Giger ML, Chan H-P:
Med Phys 13:13, 1986.)
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A second technique which can be used in conjunction
with the above-noted technique, according to the in-
vention is directed particularly to improving the spatial
resolution by use of a MSA having a narrow slit width.
When the slit width of the MSA is narrower than the
pixel size of the I.I1.-TV digital system, one pixel detects
at least two signals from different MSA placements in
different image frames. According to this aspect of the
invention, the detected signals of the slit images are
assigned to a large size matrix. The spatial resolution in
the direction perpendicular to the slit openings thus can
be improved along with the increased contrast and SNR
as the scatter and veiling glare can be removed also.

In particular, in the first technique of the invention
above described, the computations for the image recon-
struction in previous studies were performed at each
pixel in the L.I.-TV digital system. Therefore, the recon-
structed images were obtained in the same matrix size as
that of the LL-TV digital system. The matrix size of
LI-TV digital systems commonly used for digital sub-
traction angiography (DSA) is 512X 512, and a large
matrix size of 1024X 1024 is also available. However,
these matrix sizes are not large enough to yield as high
a resolution image obtainable with a conventional
screen-film system. In order to achieve such resolution,
according to the present invention the primary compo-
nents corresponding to the slit openings in each image
frame are assigned to proper locations in the large ma-
trix, as illustrated in FIG. 9.

According to the invention as shown in FIG. 9, a
projected slit image in an actual L1.-TV digital system
may be distributed over two or more pixels. In order to
determine the primary component for a given slit in
each image frame, therefore, the corresponding slit
image profile is identified in the direction perpendicular
to the slit openings, and the relative x-ray intensities
distributed over neighboring pixels due to a slit opening
are summed up as the primary component. Thus, the
primary components corresponding to slit openings in
each frame are obtained, and then assigned to appropri-
ate pixels in the enlarged matrix in the direction perpen-
dicular to the slit openings. In the other orthogonal
direction parallel to the slit openings, the matrix size
remains the same as that of the detector system. How-
ever, in order to balance the image aspect ratio, the
matrix size is expanded in the direction parallel to the
slit openings, and the corresponding pixel values in the
expanded matrix are determined by linear interpolation.

FIG. 10 shows a system for implementing the en-
hanced resolution image reconstruction technique
shown in FIG. 9. In FIG. 10, from an image input de-
vice (block 100), n frames of original MSA image data
are obtained (block 102). The n frames of original MSA
image data are stored in an image memory (block 104).
Then, the minimum pixel intensity (Imix) is determined
for each pixel for the n frames of stored image data
(block 106) and a cutoff level for removing scatter and
veiling glare is determined (block 108). The determined
cutoff levels for each pixel are then stored in a plane
memory (block 110). Thereafter, the image data stored
in the image memory are read out from the image mem-
ory and subjected to thresholds comparison with re-
spective cutoff levels stored in the plane memory (block
112). The n frames of image memory having scatter and
veiling glare removed therefrom as a result of the thre-
sholding (block 112), are then stored in a primary image
memory (block 114).
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In the blocks 116-122 shown in FIG. 10, pixel assign-
ment in a direction perpendicular to the slit width in the
expanded matrix is performed. Before describing these
blocks, however, reference is made to FIGS. 11z and
115, FIG. 11q schematically illustrates three frames of
image data obtained in block (102) and FIG. 115 sche-
matically illustrates the primary image for the three
frames at an arbitrary line m perpendicular to the scan-
ning slit shown in FIG. 11g of each frame. In other
words, FIG. 115 illustrates schematically the slit image
profiles along the lines m of each of frames 1-3 shown
in FIG. 114, with the effects of scatter and veiling glare
removed.

Because of signal spreading in image acquisition
(block 102), even through the beam width of each MSA
slit is narrower than a pixel size, nevertheless the slit
image profile obtained at any one line m (block 114)
spreads across plural pixels. In constructing an ex-
panded image matrix, the slit image profile from each
slit of the MSA is first determined and then assigned to
adjacent pixels in the expanded image matrix in a direc-
tion perpendicular to the scanning beam, consistent
with the scanning movement of the MSA.

The above matrix expansion is next described in rela-
tion to blocks (116)-(122) shown in FIG. 10. In block
(116), one of the image frames is selected, for example,
the first image frame. Then, for each line, such as the
line m shown in FIG. 11q, the slit image profiles for
each beam of that frame is identified in block (118).
More particular, in block (118), in the selected frame
those pixels along the line m having a maximum signal
intensity are determined. Then, in block (120), the slit
image profile is defined by adding the pixel value of
each pixel identified in block 118 to the pixel values of
the adjacent pixels on either side thereof. In block (122),
the result of the summation is stored in a large rectangu-
lar matrix as shown in FIG. 11c.

Thus, as seen in FIG. 11¢ for the reconstructed
image in the expanded matrix along the line m, the first
pixel in the expanded image is assigned the pixel value
derived from the slit image profile In1!. The second
pixel in the expanded matrix along the line m is assigned
the summation indicative of the slit image profile of the
second frame, I;12, again along the line m, obtained
from the first scanning beam. Similarly, the third pixel
of the expanded matrix is assigned a value based on the
slit image profile 1,13 obtained from the first beam in
the third frame. The overall geometry is selected such
that the slit image profile of the first beam of the last
frame is assigned to the pixel in the enlarged image
matrix immediately adjacent the pixel assigned the
value of the slit image profile of the second beam in the
first frame of image data, and so on. In this way, each
line of the expanded image matrix, i.e. expanded in a
direction perpendicular to the slit of the scanning beam,
is determined.

After obtaining the one-dimensionally expanded
image matrix shown in FIG. 11¢, in one embodiment of
the invention the expanded matrix is expanded in a
direction parallel to the slit of the scanning beam by
interpolation (linear interpolation being preferred, it
being noted that other interpolation techniques can be
used) of the pixel values assigned in a direction perpen-
dicular to the slit of the scanning beam. In this way, the
aspect ratio of the reconstructed image is equalized in
block (124) shown in FIG. 10. Then, in block (126)
shown in FIG. 10 the reconstructed high resolution
image is output.
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Instead of using interpolation to equalize the aspect
ratio of the reconstructed image as above described,
other techniques offering improved resolution are also
possible according to the present invention. In particu-
lar, after completing the processing steps performed in
the block (124) shown in FIG. 10, the position of the
MSA 10 is rotated 90°. Then, the scanning and image
processing steps previously described are repeated for
the data obtained by scanning of the MSA rotated 90°,
to obtain a second reconstructed image having its reso-
lution improved in a direction perpendicular to that in
the first reconstructed image. Then, according to the
invention, the pixel values of the first and second images
can simply be added to derive a reconstructed image in
which scatter and veiling glare have been removed and
in which resolution is improved in two dimensions.

Alternatively, another technique for obtaining two
dimensional improvement in resolution is to employ
two MSAs 10 arranged perpendicular to one other
between the x-ray tube 12 and the object 14. In this
embodiment, one of the MSAs 10 would be scanned at
a rate faster than the other to achieve a raster effect.

Experiments were performed with the set-up shown
in FIG. 1 using an MSA 10 having an 0.2 mm slit width
and 1.8 mm lead spacer width. The MSA. 10 was placed
between the x-ray tube 12 and object 14. The distance
between the x-ray tube focal spot and the MSA 10 was
63 cm, and the distance between the x-ray tube focal
spot and the LI. input image plane was 87 cm. An antis-
catter grid (not shown) of 40 lines/cm, 12:1 ratio and
paper spacer was used. A Siemens Optilux RBV 25/17
image intensifier/Videomed H TV system (1024 lines
with progressive raster scanning) 20, and a Digitron 2
DSA system 22 connected with a Garantix 1000 genera-
tor were used as a detector system. The acquisition
matrix size of the system was 512X 512. A continuous
exposure mode was employed, where the DSA system
22 integrates adjacent two raster lines to reduce pro-
gressive scanned 1024 lines to 512 lines. The LI input
format was 25 cm diameter, yielding an effective pixel
size of 0.55 mm. Therefore, the projected slit width on
the LI input plane was approximately one half the pixel
size. The MSA 10 was continuously moved by using a
stepping motor with a speed of 3.0 mm/sec and the
frame rate of image acquisition was 15 frames/sec. This
resulted in the MSA being shifted between the image
acquisition frames by a distance of 0.2 mm which corre-
sponds to the slit width. Acquired MSA image data
were transferred via a magnetic tape to a DEC VAX
11/750 computer 28 interfaced with a Gould FD 5000
image display system (not shown). All of the calcula-
tions for the image reconstruction were performed on
the VAX system 28.

The experiments performed confirmed that multiple
slit beam imaging technique by using narrow slit open-
ings and the reconstruction methods of the invention
can improve the spatial resolution of images obtained
with the L.I-TV digital system, in addition to improve-
ment in the contrast and SNR by reducing the scatter.
and veiling glare. However, it should be noted that in
the described study, improved resolution occured pre-
dominantly in one direction, namely, in the direction
perpendicular to the slit openings when pixel values in
the parallel direction are assigned using interpolation.

It is possible in principle that a very large improve-
ment of spatial resolution in one direction can be real-
ized by employing a very narrow slit width much less
than the pixel size of the system and which is far less
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than the slit width used in this study. However, the
practical importance of the resulting overall improve-
ment and the limitations of such anisotropic images are
not known. In order to examine the effect of anisotropic
resolution on the overall image quality, a simulation
study was performed. From these results, the matrix
size in one direction which is twice as large as that in the
other direction seems to provide an appreciable im-
provement in the overall image quality. Therefore, the
selection of the slit width at one half the pixel size is
appropriate for a resolution improvement achievable
with multiple narrow-slit beam imaging techniques.

Obviously, numerous modifications and variations of
the present invention are possible in light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims, the invention may be
practiced otherwise than as specifically described
herein.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A method for reconstructing an image obtained
from plural sequential radiographic exposures of an
object using a multiple slit beam scanning system in-
cluding a radiation source for radiating the object, a
multiple slit beam scanning assembly positioned be-
tween the source and the object, and means for per-
forming plural successive image acquisition steps for
acquiring successive frames of original image data,
wherein the original image data of each successive
frame is in the form of plural pixels and corresponds to
radiation passing through the scanning assembly and
the object at respective of successive image acquisition
steps, comprising the following steps:

producing relative movement between the source

and the scanning assembly;

performing plural successive image acquisitioin steps

during production of said relative movement,
wherein original image data are acquired for each
pixel at each of said successive image acquisition
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steps during production of said relative movement; 40

determining for each pixel a minimum pixel value of
original image data acquired during the successive
image acquisition steps;

comparing the image data of each pixel acquired at
each of the image acquisition steps with a respec-
tive comparison cutoff value which bears a prede-
termined relationship to the minimum value for
each pixel determined in said determining step;

summing for each pixel only the values of original
image data acquired during the plural image acqui-
sition steps which exceed said cutoff value as deter-
mined in the comparing step; and

ouiputting a reconstructed image data based at least
in part on the sums produced in said summing step.

2. The method according to claim 1, wherein said

comparing step comprises:

selecting said comparison cutoff value, Icury; as fol-

lows,

Icuraﬂ=1min+k VImin,

where Imin equals the minimum value of original
image data acquired during said successive image
acquisition steps, and k equals a predetermined
positive fraction less than one.
3. The method according to claim 2, wherein k equals
one-fourth.
4. The method according to claim 1, comprising:
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selecting a slit beam width of said scanning assembly
to be larger than a pixel size of the original image
data acquired by said means for performing plural
successive image acquisition steps, and producing
said relative movement at a distance step smaller
than the slit beam width so that beams from the
scanning assembly overlap during consecutive
image acquisition steps.

5. The method according to claim 1, comprising:

selecting a slit beam width of said scanning assembly

to be narrower than a pixel size of said original
image data acquired by said means for performing
plural successive image acquisition steps at an
image plane of said means for performing plural
successive image acquisition steps.

6. The method according to claim 5, wherein the slit
beam width is selected to be less than the pixel size,
further comprising:

acquiring a series of image data derived from radia-

tion passing through a common slit of said scanning
assembly in consecutive image acquisition steps;
and

forming an enlarged matrix by assigning said series of

image data to adjacent respective series of pixels in
the enlarged matrix in which the adjacent series of
pixels are arranged in a direction perpendicular to
the scanning beams.

7. The method according to claim 6, comprising:

balancing an image aspect ratio of the enlarged ma-

trix by assigning pixel values using linear interpola-
tion to selected pixels of the enlarged matrix in a
direction parallel to the scanning beams.

8. A system for reconstructing an image obtained
from plural sequential exposures of an object by a radia-
tion source comprising:

multiple slit beam scanning means positioned be-

tween the source and the object for exposing said
object with radiation emanating from said source
and passing through said scanning means;

means for performing plural successive image acqui-

sition steps in which successive frames of original
image data each in the form of plural pixels are
acquired at said plural successive image data acqui-
sition steps during relative movement of said
source and said scanning means;

means for determining for each pixel a minimum

value (In;) of image data acquired during the suc-
cessive image data acquisition steps;

means for comparing the image data of each pixel

acquired for each frame with a comparison cutoff
value which bears a predetermined relationship to
the minimum pixel value for that frame;
means for summing for each pixel all of the values of
original image data which exceed said cutoff value
for all of said frames of original image data; and

means for outputting a reconstructed image data
based at least in part on the sums produced by said
summing means.

9. The system according to claim 8, wherein said
comparing means comprises:

means for producing a cutoff value, Icutofﬁ as follows:

Teutoff=Imin+&V Inin,

where k is a predetermmed positive fraction less
than one.
10. The system according to claim 9, wherein k equal
one-fourth.
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11. The system according to claim 8, comprising:

said scanning means having a slit beam width selected

to be larger than a pixel size of the original image
data acquired by said means for performing plural
successive image acquisition steps; and
said relative movement producing means producing
relative movements at a distance increment smaller
than the slit beam width so that beams from the
scanning means overlap during consecutive image
acquisition steps.
12. The system according to claim 8, comprising:
said scanning means having a slit beam width selected
to be narrower than a pixel size of said original
image data acquired by said means for performing
plural successive image acquisition steps at an
image plane of said means for performing plural
successive image acquisition steps.
13. The system according to claim 12, further com-
prising:
means for producing based on said original image
data a series of image data derived from radiation
passing through a common slit of the scanning
means in successive image acquisition steps; and

means for forming an enlarged image data matrix by
assigning said series of image data to a respective
series of adjacent pixels in said enlarged matrix in
which the respective series of adjacent pixels are
arranged in a direction perpendicular to the scan-
ning beams.

14. The method according to claim 13 comprising:

means for balancing an image aspect ratio of the en-

larged matrix by assigning pixel values using inter-
polation to selected pixels of the enlarged matrix in
a direction parallel to the scanning beams.

15. A method for reconstructing an image obtained
from plural sequential radiographic exposures of an
‘object using a multiple slit beam scanning assembly
including a radiation source for radiating the object, a
multiple slit beam scanning assembly positioned be-
tween the source and the object, means for producing
relative movement between the source and the scanning
assembly, and means for performing plural successive
image acquisition steps in which original image data in
the form of plural pixels are acquired at said successive
image acquisition steps during relative movement of
said source and said scanning assembly, said original
image data corresponding to radiation passing through
the scanning assembly and the object at each of said
image acquisition steps comprising:

selecting a slit beam width of said scanning assembly

to be narrower than a pixel size of said original
image data acquired by said means for performing
plural successive image acquisition steps at an
image plane of said means for performing plural
successive image acquisition steps;

producing relative movement between the source

and the scanning assembly;
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producing a series of image data derived from radia-
tion passing through a common slit of the scanning
assembly in consecutive image acquisition steps
performed by said means for performing plural
successive image acquisition steps during relative
movement of said source and scanning assembly
steps;

forming an enlarged pixel matrix by assigning said

series of image data to respective series of adjacent
pixels arranged in a direction perpendicular to the
scanning beams of said scanning assembly in the
enlarged pixel matrix; and

forming an image based at least in part on said series

of image data assigned to said enlarged pixel ma-
trix.

16. The method according to claim 15 further com-
prising:

balancing an image aspect of the enlarged pixel ma-

trix by assigning pixel values using linear interpola-
tion to pixels in the enlarged matrix arranged in a
direction parallel to the scanning beams.

17. A system for reconstructing an image obtained
from plural sequential exposures of an object by a radia-
tion source, comprising:

multiple slit beam scanning means positioned be-

tween the source and the object for exposing the
object with radiation emanating from said source
and passing through said scanning means;

means for producing relative movement between the

source and the scanning means;

means for performing plural successive image acqui-

sition steps in which successive frames of original
image data each in the form of a matrix of plural
pixels are acquired at each of said plural image data
acquisition steps upon relative movements of said
source and said scanning means;

said scanning means having a slit beam width selected

to be narrower than a pixel size of the pixel matrix
at an image plane of said means for performing
plural image acquisition steps;
means for producing based on said original image
data a series of image data derived from radiation
passing through a common slit of the scanning
means in consecutive image acquisition steps;

means for forming an enlarged pixel matrix by assign-
ing said series of image data to a respective series of
adjacent pixels arranged in a direction perpendicu-
lar to the scanning beams of said scanning means in
the enlarged pixel matrix; and

means for forming an image based at least in part on

said series of image data assigned in said enlarged
pixel matrix.

18. The system according to claim 17, comprising:

means for balancing an image aspect ratio of the en-

larged matrix by assigning pixel values using inter-
polation to selected pixels of the enlarged matrix in

a direction parallel to the scanning beams.
* * % * *
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