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(57 ABSTRACT

An x-ray CT system has a detector which revolves
about the object being imaged to acquire attenuation
data from many different angles through a range of at
least 180°. The response of the detector has a time lag
which as the detector revolves tends to blur the attenua-
tion data. The acquired data is compensated for the
resolution degradation by convolving the data with a
function that is the inverse of a response function of the
detector. An image can be reconstructed from this com-
pensated data. However, this compensation process
tends to reintroduce noise that was reduced by the
blurring. As a result, a modified version of the detector
response function is applied to the compensated data to
reduce the noise without degrading the image resolu-
tion to an unacceptable level.

12 Claims, 3 Drawing Sheets
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COMPENSATION OF COMPUTED
TOMOGRAPHY DATA FOR X-RAY DETECTOR
AFTERGLOW ARTIFACTS

BACKGROUND OF THE INVENTION

The field of the present invention is computed tomog-
raphy and, particularly, computer tomography (CT)
scanners used to produce medical images from X-ray
attenuation measurements.

As shown in FIG. 1, a CT scanner used to produce
images of the human anatomy includes a patient table 10
which can be positioned within the aperture 11 of a
gantry 12. A source of highly collimated X-rays 13 is
mounted within the gantry 12 to one side of its aperture
11, and one or more detectors 14 are mounted to the
other side of the aperture. The X-ray source 13 and
detectors 14 are revolved about the aperture 11 during
a scan of the patient to obtain X-ray attenuation mea-
surements from many different angles about the patient.

A complete scan of the patient is comprised of a set of
X-ray attenuation measurements which are made at
discrete angular orientations of the X-ray source 13 and
detector 14. Each such set of measurements is referred
to in the art as a “view’’ and the results of each such set
of measurements is a transmission profile. As shown in
FIG. 2, the X-ray source 13 produces a fan-shaped
beam which passes through the patient and impinges on
an array of detectors 14. Each detector 14 in this array
produces a separate attenuation signal and the signals
from all the detectors 14 are separately acquired to
produce the transmission profile for the indicated angu-
lar orientation. The X-ray source 13 and detector array
14 are then revolved in direction 15 to a different angu-
lar orientation where the next transmission profile is
acquired.

As the data is acquired for each transmission profile,
the signals are sampled, filtered and stored in a com-
puter memory. The signal from the detectors are over-
sampled to provide twice the number of transmission
profiles as are required to reconstruct an image, for
example. The attenuation measurement samples then
are digitally low-pass filtered and the output of the
filtering is sampled at a rate that produces the required
number of transmission profiles from which to recon-
struct an image. These steps are performed in real time
as the data is being acquired.

The resultant transmission profiles then are used to
reconstruct an image which reveals the anatomical
structures in a slice taken through the patient. The pre-
vailing method for reconstructing image is referred to
in the art as the filtered back projection technique. The
attenuation measurements are converted to integers
called “CT numbers” or “Hounsfield units”’, which are
used to control the brightness of a corresponding pixel
on a CRT display.

Each X-ray detector 14 comprises a scintillator and a
solid state photodiode. X-rays striking the scintillator
produce light photons which are absorbed by the pho-
todiode creating an electric current. The light is not
emitted by the scintillators instantaneously, rather the
emission follows a multi-exponential decay curve. In
fact, the time dependence of the emitted light intensity
can be modelled accurately as a sum of exponentials
with different decay constants. The term “primary
speed” refers to the most prompt of these exponential
decays and is defined as the time in which the detector
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2
light output falls to 1/e of its initial value after being
stimulated by an impulse of X-rays.

As the detector array is rapidly rotating about the
patient, the exponential decay blurs together detector
readings for successive views. This blurring, due to the
response time lag of the detector, is referred to as “after-
glow” and degrades the azimuthal component of the
image resolution. The azimuthal direction 16 of the
image area is perpendicular to a line 17 from the center
of the imaging aperture 11. The amount of blurring
increases the farther the object is spaced from the aper-
ture center, since the speed at which the object is swept
across the detectors 14 effectively increases with this
spacing.

FIG. 3 plots attenuation values from a given detector
for a series of views and graphically depicts the blur-
ring. The solid line represents the output of a single
detector 14 during several views for a square object
being imaged. Ideally the detector data should have a
pulse-like shape as represented by the dashed lines.
However, the effect of the afterglow blurring rounds
the edges of the waveform and extends the object signal
into several adjacent views. When the views are used to
reconstruct an image, the object will appear enlarged
and will not have sharp, distinct edges.

An obvious solution to the resolution degradation is
to slow the rotational speed of the x-ray source and
detectors. However, this prolongs image acquisition
and discomfort to the patient. Heretofore, a certain
level of degradation has been tolerated, but as rotational
scan periods become shorter, approaching one second
for example, the image degradation reaches unsatisfac-
tory levels.

Another solution is to cause the detector to emit light
quicker, e.g. build a better detector. As is well known in
the art, the quantity of light emitted normally decreases
with the speed of its emission. The decrease in the quan-
tity of light results in greater statistical fluctuation in the
detector output, causing a noisier image. It should be
noted that this alternative solution would introduce
noise into the image data to the same extent as the de-
convolution technique of the present invention, when
electronic noise is negligible compared to quantum
noise.

SUMMARY OF THE INVENTION

The present invention relates to a technique for com-
pensating transmission profile data which is used to
reconstruct an image, and more particularly for altering
the transmission profile data to offset the effects due to
afterglow of the image detectors.

The output signal from an x-ray detector can be ex-
pressed as the transmission profile data produced by an
ideal -detector convolved with a first kernel that repre-
sents the detector response to the radiation. Thus data
from a given detector can be compensated for the after-
glow effects by determining a kernel that is mathemati-
cally inverse to the first kernel and convolving the
inverse kernel with the actual detector data to derive
ideal transmission profile data.

Since the afterglow effect which degrades the resolu-
tion also attenuates noise in the image, the compensa-
tion process tends to reintroduce the noise into the
transmission profile data. Thus it may be desirable only
to partially compensate for the afterglow effects. In this
case, a modified version of the first kernel can be con-
volved with the derived ideal transmission profile data
to apply a partial afterglow effect to that data which
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degrades the resolution within tolerable limits, but
which sufficiently attenuates the noise to produce an
acceptable image upon reconstruction.

An object of the present invention is to provide a
method of countering the effects of detector afterglow
on a CT scanner image.

A further object of the present invention is to provide
a method of countering the effects of detector afterglow
on a CT scanner image without significantly reintro-
ducing noise into the image data.

Another object is to provide a detector signal pro-
cessing technique which enables faster image scanning
with conventional detectors without appreciable image
resolution degradation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a perspective view of a CT system in which
the present invention may be employed;

FIG. 2 is a schematic representation of a scanning
technique employed in the CT system of FIG. 1;

FIG. 3 is a graph illustrating the detector readings for
an ideal detector and an actual detector which has reso-
lution degradation due to afterglow;

FIG. 4 is a block diagram of the CT system of FIG.
1; and

FIG. § is a pictorial representation of data which is
acquired and processed by the CT system of FIG. 1.

DESCRIPTION OF THE PRESENT INVENTION

Referring to FIGS. 1, 2 and 4, the operation of the
CT system is controlled by a programmed data process-
ing system 25 which includes a computer processor 26
and a disc memory 27. The disc memory 27 stores the
programs that the computer processor 26 uses in patient
scanning and in image reconstruction and display. It
also stores on a short-term basis the acquired data and
the reconstructed image data. The computer processor
26 includes a general purpose minicomputer with input
and output ports suitable for connection to the other
system elements as shown and an array processor such
as that disclosed in U.S. Pat. No. 4,494,141. The de-
scription of the array processor in this patent is incorpo-
rated herein by reference.

An output port on the computer processor 26 con-
nects to an X-ray control circuit 28, which in turn con-
trols excitation of the X-ray source 13. The high voltage
on the X-ray source 13 is controlled and its cathode
current is regulated to provide the correct dosage. The
high voltage and cathode current are selected by an
operator who enters the desired values through an oper-
ator console 30 and the computer processor 26 directs
the production of the X-rays in accordance with its scan
program.

The X-rays are dispersed in a fan-shape as described
above and received by the array of detectors 14
mounted on the opposite side of the gantry aperture 11.
Each individual detector examines a single ray originat-
ing from the X-ray source 13 and traversing a straight
line path through a patient located in the aperture 11.
The detector array also includes a group of reference
detectors at each of its ends that receive unattenuated
X-rays from the source 13. The currents formed in each
detector 14 are collected as an analog electrical signal
and converted into a digital number by analog to digital
converters in a data acquisition system 31. The signals
are digitized sequentially starting at one end of the de-
tector array and finishing at the other end. The digitized
signals are input to the computer processor 26. The
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4

digitized measurements from all the detectors is a com-
plete view.

U.S Pat. Nos. 4,112,303 and 4,115,965 disclose details
of the gantry construction, U.S. Pat. No. 4,707,607
discloses the details of the detector array 14, and the
data acquisition system is disclosed in U.S. Pat. No.
4,583,240. The descriptions of the components in these
patents are incorporated herein by reference.

The digitized attenuation measurements from the
data acquisition system 31 are preprocessed in a well
known manner to compensate for “dark currents”, for
uneven detector semnsitivities and gains, and for varia-
tions in X-ray beam intensity throughout the scan. This
is followed by beam hardening corrections and conver-
sion of the data to logarithmic form so that each mea-
sured value represents a line integral of the X-ray beam
attenuation. This preprocessing is performed in real
time as the scan is being conducted and, as shown in
FIG. 5, the attenuation values 32 in each view are
stored on one row of a two-dimensional raw data array
33. As indicated by the dashed line 34, each such row of
attenuation data provides a transmission profile of the
object to be imaged when viewed from a single angle.

At the completion of the scan, the raw data array 33
stores, on each of its rows, a transmission profile 34
from one view. One dimension of this array 33 is, there-
fore, determined by the number of views which are
acquired in the scan and the other dimension is deter-
mined by the number of detector signals which are
acquired during each view. The number of detector
signals which are acquired determines the acquired field
of view. In the preferred embodiment, this includes up
to 852 detector signals. Each detector signal produces
data samples along a vertical line, such as line 38,
through the raw data array.

The raw data stored in array 33 has been corrupted
by the afterglow effect caused by the response time lag
of each detector. If these raw data are used in a previous
CT system to reconstruct an image, features of the
image would be blurred as described previously. How-
ever, the present system provides a mechanism which
compensates for the azimuthal resolution degradation
due to the afterglow effects.

In order to determine a correction mechanism for the
image blurring, one must understand the afterglow ef-
fect. The actual output of each detector y(t) is given by
the expression:

Hy=x(r) * g1 (¢))
where x(t) represents an the output from an ideal detec-
tor, * is the symbol for convolution and g(t) represents
the detector response. The detector response g(t) is
measured by turning on the x-ray source 13, abruptly
shutting off the source and measuring the output of the
detectors 14. The convolution is apparent from the
graphical depiction in FIG. 3 of a set of readings from
a detector.

Equation (1) suggests that a mathematical means of
removing the degradation caused by the detector after-
glow could consist of convolving the attenuation values
for each detector with a function h(t) which is the in-
verse of the detector’s response function g(t). This rela-
tionship is given by the expression:

&) * k(1) =58(s). @
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where 8(t) is the Dirac delta function. Thus the raw
data could be corrected by the deconvolution:

x()y=3{r) * (). ©)
If the detector response function g(t) is considered as a
convolution kernel, then the function h(t) is its inverse
convolution kernel.

The response of the detector g(t) is given by:

&) = 'él aje— /i “
i=

where j is the number of the decay time constants, and
a;is the fraction of the light emitted within the detector
with a decay time constant 7;. The measured data for a
detector response g(t) can be fit into the form of Equa-
tion (4) using a numerical method, such as the least
squares technique. The shortest of the decay time con-
stants is referred to as the “primary speed decay time
constant” and usually accounts for most of the emitted
light, as well as most of the resolution degradation. If
only the primary speed decay time constant 7 is consid-
ered the response of the detector g(t) reduces to:

g = TI_ e—i/T (5)

Equation (5) assumes that the signal from each detec-
tor 14 is continuous. However, each detector signal is
periodically sampled and digitized into separate views
in order to process the signal and reconstruct the image
using digital circuits and computers. As a consequence
each detector output signal is not continuous, but is a
series of discrete attenuation values.

Considering only the primary speed decay time con-
stant, the attenuation value y, read from a detector for
view number n can be represented by expanding the
convolution expression of Equation (1} as:

Yn=yn—1 e AT x, (1—e—AUT) 6)
where At is the time between views and y,_; represents
the actual detector attenuation value for the previous
view,

Equation (6) shows that the degraded actual detector
attenuation value y, effectively results from recursive
filtering the ideal attenuation value x,. Conversely, the
ideal attenuation value X, may be obtained by a two
term deconvolution of the degraded attenuation values,
as given by the expression: '

e Aur ™

Yn — Yrn—1

*n = 1 — e—AUT
It follows that the function given'by Equation (7) can
be applied to the raw x-ray attenuation values to pro-
duce an array of attenuation values which have been
corrected for the effects of detector afterglow. This
mathematical operation essentially convolves the raw
x-ray attenuation values with the inverse function of the
x-ray detector response function. With reference to
FIGS. 4 and §, the sets of views for each detector stored
in array 33 are processed by the computer processor 26
according to Equation (7) to produce corresponding
sets of corrected views. As a corrected attenuation
value for each view is produced, it is stored in the disc
memory 27 as an element of a corrected data array 36.
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6

The corrected attenuation values in the corrected data
array 36, then are processed in a conventional manner,
such as by back projection, to reconstruct the image.

The azimuthal resolution degradation of the image
due to the detector afterglow has a beneficial side effect
in that noise also is diminished. The image noise is a
composite of quantum noise from the detector and elec-
tronic noise introduced by the data acquisition system.
As with the resolution degradation, the degree of noise
attenuation that results from detector afterglow is a
function of the distance from the center of the imaging
aperture 11. Compensating for azimuthal resolution
degradation has the adverse effect of counteracting this
noise attenuation, thus reintroducing noise into the de-
tector data.

Deconvolution as a general mathematical process is
well understood. Also well known is that the deconvo-
lution process adds noise into signal data. Thus the
process is not generally accepted for signal processing,
since the added noise can have as adverse an affect on
the signal as the effect, in this case resolution degrada-
tion, that is being reduced by the deconvolution. The
present inventors have discovered that the quantum
noise from the detector is the predominant noise com-
ponent in the attenuation data and that the electronic
noise is negligible in comparison. Thus when the actual
detector signal data is deconvolved, the noise added
into the data is no greater than would be present in data
from a perfect detector. Therefore, although conven-
tional wisdom teaches otherwise, the present inventors
recognized that deconvolution has practical application
in countering the afterglow effects from CT scanner
detectors.

In some applications, where resultant image noise is
negligible, the fully corrected data can be used directly
to reconstruct the image. However, typically an image
that is reconstructed directly from the fully corrected
attenuation values, while being much sharper, will have
an unacceptable level of noise. Thus, it is preferable to
limit the degree of afterglow compensation in a tradeoff
between azimuthal resolution and image noise.

A solution to the reintroduction of image noise is to
provide less than total compensation for the afterglow
affects. In this case, the reconstructed image will be
sharper than without any correction, yet the noise still
will be attenuated to an acceptable level. To accomplish
this, the raw data still is processed as described above to
produce an array of fully corrected attenuation values.
The corrected values then are further processed to
insert a limited degree of resolution degradation suffi-
cient to blur the noise, but not so extreme as to unac-
ceptably affect the resolution. The noise reduction is
performed by processing the fully corrected data ac-
cording to the function given by the Equation (6). How-
ever a value for the decay time constant 7 is used that is
a fraction of the decay time constant value used in the
deconvolution process which produced the fully cor-
rected attenuation values. Preferably one-half the origi-
nal value of the decay constant 7 is used in applying
Equation (6) to the fully corrected data. This subse-
quent step simulates noise from a slightly faster detec-
tor. In a similar procedure to the manner in which the
fully corrected attenuation values were produced, those
values are read from the array in disc memory 27, pro-
cessed by the computer processor 25 according to
Equation (6) and stored as another array of semi-cor-
rected attenuation values. The semi-corrected attenua-
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tion values then are used in the conventional manner to
reconstruct an image.

It may also be possible to convert the two step pro-
cess of deconvolution-convolution into a single decon-
volution step, in which the kernel used for deconvolu-
tion is a modified inverse function of the detector re-
sponse. Thus the deconvolution does not produce the
data that would originate from an ideal detector, rather
data that would be produced from a slightly faster de-
tector than was actually used, i.e. the equivalent of the
semi-corrected attenuation values discussed above.

Alternatively, the deconvolution process can be in-
corporated as part of the preprocessing performed by
the Data Acquisition System 31. As discussed above the
actual detector signal y, is effectively a recursive fil-
tered ideal detector signal x,,. The inverse of a recursive
filter function is an infinite impulse response. However,
experiments have determined that a finite impulse re-
sponse filter may be substituted for an infinite impulse
response in the Data Acquisition System 31. In this
embodiment of the present invention, the afterglow
compensation is performed as a component of the digi-
tal filtering step which is part of the process that pro-
duces the raw data array 33.

1t is further understood that although several pre-
ferred embodiments of the present invention have been
described, it is understood that various modifications
and changes may be made without departing from the
spirit and scope of this invention. For example, al-
though the invention has been described in the context
of a third generation CT scanner, the invention has
equal application to fourth generation CT scanners that
have a stationary detector array encircling the imaging
aperture and a revolving x-ray source.

We claim:

1. A method for producing an image with a CT sys-
tem the steps comprising;:

acquiring a set of attenuation values from a radiation

detector;
convolving the set of attenuation values with a func-
tion that is substantially the inverse of only a por-
tion of an impulse response function of the radia-
tion detector which portion corresponds to a func-
tion having a decay constant corresponding to a
primary speed of the radiation detector, said con-
volving producing a second set of values; and

reconstructing an image from values produced by
said convolving step.

2. The method for producing an image as recited in

. claim 1 wherein said reconstructing step forms an image
by back projecting the second set of values.

3. A method for producing an image with a CT sys-
tem, the steps comprising;:

acquiring a set of attenuation values from a radiation

detector;
convolving the set of attenuation values with a func-
tion that is substantially the inverse of an impulse
response function of the radiation detector, said
convolving producing a second set of values;

convolving the second set of values with a function
derived from the impulse response function of the
radiation detector to produce 2 third set of values;
and

reconstructing an image from the third set of values.
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8
4. The method for producing an image as recited in
claim 3 wherein said reconstructing step forms an image
by back projecting the third set of values.
5. A method for producing an image with a CT sys-
tem the steps comprising:
acquiring a first set of x-ray attenuation values by
periodically sampling at an interval At a signal
produced by an x-ray detector, where y, designates
a specific x-ray attenuation value;
producing a second set of data values from the first
set of x-ray attenuation data values, in which each
data value x, is given by the function:

Yn — Yn—1 e AYT
Xn = ] — e—AUT
where 7 is a response decay time constant of the
x-ray detector; and

reconstructing an image by a back projection tech-

nique based on the second set of data values.

6. The method for producing an image as recited in
claim § wherein 7 is a response decay time constant of
the x-ray detector which is of shortest duration.

7. The method for producing an image as recited in
claim 5 further comprising:

producing a third set of data values in which each

data value z, is given by the function:

Zn=2Zn_1 e—A’/"'+x,,(1 —e—AuT)

where
7' is a fraction of the response decay time constant
7 of the x-ray detector; and

wherein said step of reconstructing an image com-

prises back projecting the third set of data values.

8. The method for producing an image as recited in
claim 7 wherein 7’ is substantially one-half the response
decay time constant 7.

9. A method for producing an image with a CT sys-
tem having a detector that exhibits an afterglow phe-
nomenon, the steps comprising:

acquiring a signal from a detector that is indicative of

an amount of radiation passing through an object;
digitally sampling the signal from a detector to pro-
duce a plurality of n attenuation values, where n is
a positive integer;
filtering the attenuation values with a digital finite
impulse response filter to compensate for the ef-
fects due to the afterglow phenomenon;

digitally sampling results of said filtering step to pro-

duce a plurality of attenuation samples, in which
the number of attenuation samples is given by the
mathematical expression n/m, where m is an posi-
tive integer; and

reconstructing an image from the attenuation sam-

ples.

10. The method for producing an image as recited in
claim 9 wherein said filtering step further includes filter-
ing the attenuation values with a digital low-pass filter.

11. The method for producing an image as recited in
claim 9 wherein said reconstructing step forms an image
by back projecting the attenuation samples.

12. The method for producing an image as recited in

claim 9 wherein m has a value greater than one.
* * * * *



