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(57) 	 ABSTRACT 
A new system and method for medical image processing 
using a nonlinear recursive filter are disclosed. An input sig-
nal including two or more pulses received from a medical 
imaging system is sampled at a predetermined sampling rate. 
The maximum magnitude, i.e., peak, and/or the occurrence 
time of the maximum magnitude of the first pulse of the input 
signal is/are determined using a nonlinear recursive filter. 
Predicted magnitude values of the tail of the first pulse can be 
determined and subtracted from the input signal to correct for 
pileup before determining the maximum magnitude and/or 
occurrence time of the next pulses. A medical image can be 
reconstructed using the determined maximum magnitudes 
and/or the occurrence times of the maximum magnitudes of 
the pulses of the input signal. The nonlinear recursive filter 
can be implemented using one or more look-up tables. 
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NONLINEAR RECURSIVE FILTER FOR 
MEDICAL IMAGE PROCESSING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 61/369,840, filed Aug. 2, 
2010, which is incorporated herein by reference in its entirety. 

SPONSORSHIP STATEMENT 

This application has been sponsored by the Research Cen-
ter for Science and Technology In Medicine and the Tehran 
University of Medical Sciences. 

TECHNICAL FIELD 

This application generally relates to medical image pro-
cessing, and more particularly relates to a nonlinear recursive 
filter for medical image processing. 

BACKGROUND 

Data can conventionally be acquired from various data 
detectors, such as, for example, digital cameras, medical 
imaging systems, and nuclear detectors. The acquired data is 
typically processed to create a desired output, such as a two-
dimensional or three-dimensional image. Although data 
acquisition in a simple imaging system does not usually suffer 
from any bottlenecks, typical data acquisition systems can be 
unreliable in high count rate applications. The unreliability of 
these systems is due to the relatively large dead-time for their 
imaging electronics, their difficulty in discriminating detector 
output pulses, their loss ofuseful data signals, their relatively 
low sampling rate, their relatively low pulse pileup recovery 
rate, and their relatively high susceptibility to noise. 

As such, many efforts have been made to enhance signal 
quality and spatial resolution by reducing noise, pileup, base-
line drift, and ballistic deficit. However, prior techniques were 
forced to compromise between their defects such that, for 
example, by improving the count rate, the signal quality was 
lowered. Moreover, signals acquired from photomultiplier 
tubes have noise and exponential decay time, which intro-
duces imprecision in extraction of the pure signal. As such, a 
new system and method is needed to accurately distinguish 
pulse shapes in high count rate systems without the limita-
tions of conventional data acquisition systems. 

SUMMARY 

A method for and system including at least one processor 
connected to at least one storage device can be configured for 
medical image processing using a nonlinear recursive filter. 
One or more look-up tables are created based on a mathemati-
cal pulse model. A baseline signal is sampled at a first prede-
termined sampling rate to extract two or more consecutive 
baseline samples, and a baseline value is determined based on 
the two or more consecutive baseline samples. An input signal 
is received from a medical imaging system including two or 
more pulses and the baseline value is subtracted from the 
input signal to form a baseline corrected input signal. The 
baseline corrected input signal is sampled at a second prede-
termined sampling rate to extract two or more consecutive 
samples within a first pulse of the baseline corrected input 
signal. The two or more consecutive samples within the first 
pulse of the baseline corrected input signal are compared with 

2 
information stored in the one or more look-up tables to deter-
mine the maximum magnitude of the first pulse. The baseline 
corrected input signal is sampled at the second predetermined 
sampling rate to extract two or more consecutive samples 

5  within a second pulse of the baseline corrected input signal, 
where the second pulse of the baseline corrected input signal 
is temporally subsequent to and at least partially temporally 
overlaps with the first pulse of the baseline corrected input 
signal. At least two tail magnitudes of the first pulse of the 

10 baseline corrected input signal are predicted and subtracted 
from the temporally corresponding two or more consecutive 
samples within the second pulse of the baseline corrected 
input signal to correct the two or more consecutive samples 

15  within the second pulse of the baseline corrected input signal 
for pileup resulting from the first pulse of the baseline cor-
rected input signal. The two or more consecutive samples 
within the second pulse of the baseline corrected input signal 
are compared with information stored in the one or more 

20 look-up tables to determine the maximum magnitude of the 
second pulse. 

In some implementations, the mathematical pulse model 
can be 

25 

wherein a is the peak magnitude of a pulse, t is time, a is a 
30 scaling factor, and T is a decay constant. 

In some implementations, a medical image can be recon-
structed based on the maximum magnitude of the first pulse 
and the maximum magnitude of the second pulse and its 
presentation can be enabled. In some implementations, three 

35 or more two-dimensional look-up tables can be created based 
on the mathematical pulse model, where a first one of the 
three or more two-dimensional look-up tables can be used to 
determine the maximum magnitude of a pulse, a second one 

40 
of the three or more two-dimensional look-up tables can be 
used to determine a first predicted pulse tail magnitude, and a 
third one of the three or more two-dimensional look-up tables 
can be used to determine a second predicted pulse tail mag-
nitude. The one or more look-up tables can be created based 

45  on the mathematical pulse model before reception of the input 
signal from the medical imaging system. 

In some implementations, the one or more look-up tables 
can be created based on an injective mathematical pulse 
model. The mathematical pulse model can be received from 

5o an operator, or identified based on comparisons between mul-
tiple predetermined pulse models and the input signal from 
the medical imaging system including the two or more pulses. 
The one or more look-up tables can be created based on a 
single decay mathematical pulse model. 

55 In some implementations, the mean of the two or more 
consecutive baseline samples can be determined. The first 
predetermined sampling rate can be the same as the second 
predetermined sampling rate. The second predetermined 
sampling rate can be between one-half of the rise time of the 

60 first pulse and lower than the total pulse duration of the first 
pulse. 

In some implementations, the two or more consecutive 
samples within the first pulse of the baseline corrected input 
signal can be compared with information stored in one look- 

5 up table to determine the maximum magnitude of the first 
pulse, and the two or more consecutive samples within the 
first pulse of the baseline corrected input signal can be com- 
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pared with information stored in another look-up table to 
determine the time of occurrence of the maximum magnitude 
of the first pulse. 

In some implementations, the two or more consecutive 
samples within the first pulse of the baseline corrected input 
signal can be compared with information stored in at least two 
look-up tables to determine the at least two tail magnitudes of 
the first pulse. A first tail magnitude can be predicted occur-
ring at one sampling period following the two or more con-
secutive samples within the first pulse of the baseline cor-
rected input signal and a second tail magnitude can be 
predicted occurring at two sampling periods following the 
two or more consecutive samples within the first pulse of the 
baseline corrected input signal. The first tail magnitude of the 
first pulse of the baseline corrected input signal can occur at 
the same time as the first sample within the second pulse of 
the baseline corrected input signal, and the second tail mag-
nitude of the first pulse of the baseline corrected input signal 
can occur at the same time as the second sample within the 
second pulse of the baseline corrected input signal. 

Details of one or more implementations of the nonlinear 
recursive filter for medical image processing are set forth in 
the accompanying drawings and the description below. Other 
aspects that can be implemented will be apparent from the 
description and drawings, and from the claims. 

DESCRIPTION OF DRAWINGS 

FIGS. la-b illustrate an example method for medical 
image processing using a nonlinear recursive filter. 

FIG. 2 illustrates an example signal received from a gamma 
camera of a medical imaging system. 

FIG. 3 illustrates an example map of peak pulse magni-
tudes as a function of two sequential detector samples. 

FIG. 4 illustrates an example pulse showing digital sam-
pling details. 

FIG. 5 illustrates an example block diagram of an imple-
mentation of the nonlinear recursive filter. 

FIG. 6 illustrates an example schematic diagram of a board 
for data acquisition and system control. 

FIG. 7 illustrates an example schematic diagram of a data 
acquisition board. 

FIG. 8 illustrates a chart of the registered count rate ratio as 
a function of sampling period. 

Like reference symbols indicate like elements throughout 
the specification and drawings. 

DETAILED DESCRIPTION 

A new system and method for medical image processing 
using a nonlinear recursive filter are disclosed. An input sig-
nal including two or more pulses received from a medical 
imaging system is sampled at a predetermined sampling rate. 
The maximum magnitude, i.e., peak, and/or the occurrence 
time of the maximum magnitude of the first pulse of the input 
signal is/are determined using a nonlinear recursive filter. 
Predicted magnitude values of the tail of the first pulse can be 
determined and subtracted from the input signal to correct for 
pileup before determining the maximum magnitude and/or 
occurrence time of the next pulses. A medical image can be 
reconstructed using the determined maximum magnitudes 
and/or the occurrence times of the maximum magnitudes of 
the pulses of the input signal. The nonlinear recursive filter 
can be implemented using one or more look-up tables. 

Referring to FIGS. la-b, a method for medical image pro-
cessing using a nonlinear recursive filter is disclosed. One or 
more look-up tables (hereinafter "LUTs") can be created 

based on a mathematical pulse model (step 102). The nonlin-
ear recursive filter is based on the principle that the response 
of an imaging detector follows a deterministic shape pattern 
that only varies with time and magnitude. More simply, it is 

5 assumed that the shape of each pulse of an input signal only 
scales with magnitude and moves with time. It follows, then, 
that the magnitudes of two consecutive samples within a 
pulse will depend on the maximum magnitude of the pulse 
and the first sampling time (as the second sampling time is a 

io sum of the first sampling time and the sampling period). 
Each pulse can be modeled using an injective mathematical 

equation, e.g., a one-to-one function, based on, for example, 
the type of medical imaging system and/or detector of the 
medical imaging system used to capture the input signal. In 

15 some implementations, single exponential decay equations 
and double exponential decay equations can be used to model 
scintillation detector pulses. Because the mathematical equa-
tions are injective, by knowing the magnitudes of the two 
consecutive samples, the first sampling time and the sampling 

20 period, the maximum pulse magnitude and its time of occur-
rence can be determined. Based on the maximum pulse mag-
nitude and/or its time of occurrence, the exact mathematical 
model of the pulse shape can be determined, as explained in 
greater detail below. 

25 	Referring to FIG. 2, an input signal is received from a 
gamma camera of a nuclear medicine imaging system is 
illustrated. In some implementations, an operator of the sys-
tem can identify the equations to use to model the detector 
output. In other implementations, two or more known models 

30 can be cross-correlated with the detector output, such as the 
signal illustrated in FIG. 2, to identify the model with the 
highest correlation for use as the pulse model. An injective 
mathematical function that can model each pulse of the input 
signal illustrated in FIG. 2 is provided by EQ. 1: 

35 

f(a,t)=a't'e 
T 	 (1) 

40 where a is a power scaling factor and T is a decay constant 
based on the particular medical imaging system and detector 
used to capture the input signal. In some implementations, the 
power scaling factor and the decay constant can be deter-
mined by, for example, curve fitting performed automatically 

45 or manually by an operator. For example, in some implemen-
tations, a can equal 3 and ti can equal 185 ns. The variable a 
represents the maximum pulse magnitude and t represents 
time. As such, according to EQ. 1, to determine the maximum 
pulse magnitude a and its time of occurrence t,, the inverse of 

5o EQ. 1 must be independently solved once for both a and t,, as 
shown in EQS. 2-4: 

(a,ta)=f-'(x,y) 	 (2), where 

55 	a= f o(x,y) 	 (3), and 

=ft(x,Y) 	 (4), 

where x represents the magnitude of a first sample and y 

60 
represents the magnitude of a second sample within a first 
pulse of the input signal. Following some algebraic opera-
tions, a and t, can be determined according to EQS. 5-7: 

x 	 (5) 
65 	a= 	 , and 

g 
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Due to the computation complexity of solving EQs. 5-7 for 
each pulse of an input signal, especially in real-time configu-
rations, it is more practical to implement these equations by 
way of 2-dimensional LUTs. The LUTs can map the (x,y) 
sample pair to values for a and t,. For example, a map of the 
function a=f o(x,y) (EQ. 3) is illustrated in FIG. 3. Each one of 
the many curves in FIG. 3 corresponds to a locus of all x and 
y values corresponding to a single pulse peak for a pulse 
model. A similar map and corresponding LUT can be con-
structed for ta. 

Moreover, 2-dimensional LUTs can be constructed for pre-
dicting pulse tail magnitudes following the pulse peak. For 
example, if three pulse tail magnitudes are necessary for 
pileup correction, as explained in greater detail below with 
reference to step 112, three LUTs can be constructed to pre-
dict the pulse tail magnitudes at three consecutive sampling 
periods using the known pulse model. In some implementa-
tions, the input of the LUTs used to predict pulse tail magni-
tudes can be the (x,y) sample pair that is also used to deter-
mine the maximum magnitude of the pulse and/or its 
occurrence time, as explained in greater detail with reference 
to FIG. 5. 

In some implementations, the construction of the LUTs can 
performed following sampling of the input signal in step 108 
using known (x,y) values. However, to construct the LUTs 
before imaging, rather than using a range of (x,y) points to 
determine the corresponding values of a and t,, a reverse 
method can be implemented by sweeping a range of (a, t,) 
pairs to calculate corresponding (x,y) points. The sweeping 
range for t, should be at least twice the sampling period is to 
ensure that all possible (x,y) points within a pulse will be 
included in the LUTs. The sweeping resolution should be 
small enough to avoid any holes in the LUTs and the estima-
tions for a and t, can be interpolated to improve the resolution 
of the LUTs. In addition, in some implementations, the small 
magnitude values, such as, for example, magnitudes below 
ten percent of the peak magnitude a of a pulse, for x and y can 
be removed from the LUTs to improve noise robustness of the 
nonlinear filter. 

The resolutions of the estimations for a and t, depend on the 
resolution of the LUTs. In particular, the resolutions of the 
values of x and y in the LUTs directly correlate to the reso-
lution of the estimations of a and t,. In implementation, for 
example, if the values of x and y have an 11-bit resolution, 
their corresponding LUT would require at least 44 megabits 
to be stored. 

An input signal is received from a medical imaging system 
including two or more pulses (step 104). The input signal can 
be, for example, any voltage and/or current magnitude that 
can be sampled over time. The input signal can be received 
from a medical imaging detector and/or from another source, 
such as, a digital storage medium. In some implementations, 
the detector can be one or more of the following types of 
detectors: nuclear detectors, such as, for example, gaseous, 
scintillation, and/or semiconductor detectors; nuclear medi-
cine imaging systems, such as, for example, gamma and/or 
x-ray detection systems; single photon emission computed 
tomography (hereinafter "SPECT") systems; positron emis-
sion tomography (hereinafter "PET") systems; computed 

tomography (hereinafter "CT") systems; time-of-flight PET 
systems; spectroscopy systems; and/or industrial radiogra-
phy systems. 

The medical imaging system can include a scintillation 
5 detector, such as a gamma camera, and one or more photo-

multiplier tubes that output a series of pulses whose magni-
tudes represent the magnitude of energy, e.g., gamma rays, 
deposited on the scintillation detector. In some implementa-
tions, the input signal can include a finite number of pulses 

io and be time-invariant. An example of such an input signal 
received from a medical imaging system is illustrated in FIG. 
2, which shows a series of spikes measured as voltages over 
time. 

Next, baseline and/or power line correction can be per- 
15 formed on the input signal (step 106). Before receiving the 

input signal in step 104, a series of baseline samples can be 
collected at a predetermined sampling rate to determine the 
baseline voltage of the system due to noise and/or power line 
interference. The predetermined sampling rate can be the 

20 same sampling rate used to sample the input signal or a 
different sampling rate. In some implementations, two or 
more consecutive samples can be collected before the input 
signal is received and averaged to determine the baseline 
voltage. Then, the magnitude of the baseline voltage can be 

25 subtracted from the input signal before sampling in step 108 
to perform baseline correction. 

While in some implementations, the baseline samples are 
averaged to determine the average baseline of the system, in 
other implementations, a weighted average, a moving aver- 

3o age, or a median of the baseline samples can be calculated and 
used as the baseline of the system. In some implementations, 
the average baseline can be calculated every time the system 
is turned on, while in other implementations, the average 
baseline can be calculated every time before reception of an 

35 input signal, while in yet other implementations, the average 
baseline can be calculated at predetermined time intervals. 

The baseline corrected signal is then sampled at a prede-
termined sampling rate to extract two or more consecutive 
samples within a first pulse of the input signal (step 108). 

4o Referring to FIG. 4, for example, a pulse of the input signal is 
consecutively sampled at a first time t and a second time t+ts, 
where is is the sampling period and the inverse of the sampling 
rate. A single pulse within a signal received from a detector is 
typically composed of a rising edge, a peak, and a tail. The 

45 magnitude x corresponds to the detected voltage at time t 
during the rising edge of the pulse and the magnitude y 
corresponds to the detected voltage at time t+ts during the tail 
of the pulse. The magnitude a corresponds to the detected 
voltage at the peak of the pulse. As such, the first extracted 

50 sample can correspond to the point (c, x) and the second 
extracted sample can correspond to the point (t +t, y) in FIG. 
4. 

The sampling period is can be selected based on the char-
acteristics of the input signal and the hardware capabilities of 

55 the image reconstruction system. For example, with respect to 
the hardware capabilities, the capacity and speed of the ana-
log-to-digital converter of the system and the capacity and 
speed of the memory of the system should be used as limits 
for the sampling period ts. 

60 	With respect to the characteristics of the input signal, by 
reducing the sampling period t, the noise sensitivity of the 
nonlinear recursive filter of this application increases because 
the difference between the magnitudes of samples captured 
too close to one another may be significantly based on noise. 

65 In some implementations, the sampling period is can be 
greater than the one-half of the rise time of the pulse and lower 
than the total pulse duration. Between these two limits, how- 

5 
-continued 

c , 	 (6) a = 	where 
1-~ 

(X \ 	 (7) 
=e r. .I_~~ 
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ever, the sampling period is  should selected in light of the 
desired pileup recovery ratio and robustness. Preferably, the 
sampling period is  can be close to the rise time of the pulse. 

In addition, depending on the specific pulse model, a par-
ticular number of samples within the tail of the pulse are 
needed to correct for pileup errors and, therefore, the sam-
pling period should be low enough to capture the particular 
number of samples within the tail of the pulse. Moreover, 
because of the nonlinear behavior of the filter, the sampling 
rate can be selected below the Nyquist rate without missing 
valuable information within the signal. In some implementa-
tions where the rise time of a pulse is 550 ns and can be 
generally modeled by EQ. 1, for example, the sampling 
period is  with the best performance is 333 ns. 

The maximum magnitude of the first pulse a and/or its 
occurrence time t, are then determined based on the compari-
son of the two or more consecutive samples with the infor-
mation stored in the LUTs (step 110). In particular, using the 
x and y values sampled from the input signal in step 104, the 
values of a and/or t, can be estimated without computation 
complexity by referring to the appropriate LUTs. For 
example, the values of x and y can be compared with a LUT 
based on the maps of the maximum magnitudes illustrated in 
FIG. 3 to determine the maximum magnitude of the first 
signal. In some implementations, only the value of a may be 
determined, while in other implementations only the value of 
t, may be determined, while yet in other implementations, 
both the value of a and t, can be determined. For example, in 
some medical imaging systems, such as those that employ 
gamma cameras, the time of occurrence of the peak magni-
tude t, is not necessary for image reconstruction, whereas in 
others, such as time-of-flight PET systems, t, is necessary for 
image reconstruction. 

Next, the input signal is corrected for pileup by predicting 
the magnitude values of the tail of the first and subsequent 
temporally overlapping pulses, which are then subtracted 
from the baseline corrected input signal (step 112). The tail of 
a pulse can return to its baseline in various forms after passing 
its peak and the fall time is usually longer than the rise time 
due to the physical characteristics of data detectors. This 
phenomenon can significantly affect the interpretation of sub-
sequent pulses in an input signal that are temporally close to 
a previous pulse, as the rising edge of the subsequent pulse 
can temporally overlap with the falling edge of a prior pulse, 
resulting in pileup. Therefore, to remove the effects of pileup, 
the magnitude values of the tail of the temporally overlapping 
pulses must be predicted and subtracted from the baseline 
corrected input signal. 

The predicted pulse tail magnitudes can be determined by 
comparing the values of x and y with appropriate LUTs based 
on the known pulse model. Specifically, by knowing the pulse 
shape and the values of the maximum pulse magnitude a, 
subsequent magnitudes of the pulse at the system sampling 
periods can be predicted by z=f, (a, t+n*ts), where n is an 
integer greater than or equal to 2. 

For example, referring to FIG. 5, the input signal is 
sampled at a predetermined sampling period is  and input into 
a series of shift registers 502-512. Initially, the shift registers 
502-512 are set to zero. The first sample magnitude x for the 
first pulse is input into shift register 502. Because shift regis-
ter 504 is initially set to zero, the value of x is not adjusted 
before it is shifted to the next shift register after the sampling 
period. Next, the value of the first sample magnitude x is 
shifted into shift register 504 and the second sample magni-
tude y for the first pulse is input into shift register 502. Using 
the values of x and y in shift registers 504 and 502, respec-
tively, the values of the maximum pulse magnitude a and/or 

8 
its time of occurrence t, can be determined by functions f,, 
and f , corresponding to EQS. 3 and 4, respectively, using the 
LUTs constructed in step 102. The values of maximum pulse 
magnitude a and/or its time of occurrence t, are then output 

5  for use in image reconstruction. 
Simultaneously, the value of x and y in shift registers 504 

and 502 are fed into functions f2  to  f7  to determine the 
predicted values of the pulse tail at subsequent times that are 
a multiple of the sampling period. For example, the function 

10 
2  can comprise of a LUT to predict the magnitude of the 

pulse at a time equal to twice the sampling period following 
the time of the first sample. Similarly, function f 3  can com-
prise of a LUT to predict the magnitude of the pulse at a time 

15  equal to three times the sampling period following the time of 
the first sample, and so forth. In some implementations, such 
as the implementation illustrated in FIG. 5, the predicted 
magnitudes are then turned negative and added to the magni-
tude value being shifted in the next shift register using an 

20 adder. In other implementations, the predicted magnitudes 
remain positive and are subtracted from the magnitude value 
being shifted in the next shift register using a subtracter, so 
that the sum of the tail magnitudes of multiple pulses at the 
same time is determined. 

25 	For example, in the implementation of FIG. 5, once the two 
samples for the first pulse x and y are determined, the pre-
dicted magnitude of the sixth pulse tail calculated by the 
function f 7  is turned negative and input into shift register 506, 
the predicted magnitude of the fifth pulse tail calculated by 

30 the function f 6  is turned negative and input into shift register 
508, the predicted magnitude of the fourth pulse tail calcu-
lated by the function f s  is turned negative and input into shift 
register 510, the predicted magnitude of the third pulse tail 
calculated by the function f 4  is turned negative and input into 

35 shift register 512, the predicted magnitude of thesecondpulse 
tail calculated by the function f 3  is turned negative and added 
to the sample magnitude of the baseline corrected input signal 
being input and then input into shift register 502, and the 
predicted magnitude of the first pulse tail calculated by the 

40 function f2  is turned negative and added to the value stored in 
shift register 502 and then input into shift register 504. 

Following the next sampling period, the magnitudes of the 
tail predictions of the next pulse are turned negative and 
added to the corresponding tail predictions of the prior pulse 

45 so that the cumulative tail magnitudes are determined. For 
example, the sixth pulse tail of the first pulse from shift 
register 506 is added to the fifth pulse tail of the second pulse 
from function f6  and stored in shift register 508. Similarly, 
following the next sampling time period, the fourth pulse tail 

50 of the third pulse is added to the value stored in shift register 
508, which is a sum of the sixth pulse tail of the first pulse and 
the fifth pulse tail of the second pulse, and input into shift 
register 510. 

As such, the cumulative tail magnitudes of six pulses are 
55 subtracted from each x sample in shift register 504, so that the 

actual magnitude contributed by the pulse being sampled is 
used to determine the maximum pulse magnitude. The num-
ber of pulse tail predictions used to correct for pileup depends 
on the model of the pulse. In particular, the number of pulse 

60 tail predictions should be such that the last pulse tail predic-
tion has negligible magnitude, i.e., the pulse tail does not 
significantly contribute to pileup and is close to zero. For 
example, if a pulse tail requires a period of six times the 
sampling period to have a negligible tail magnitude, then six 

65 pulse tail predictions are necessary to correct for pileup. In 
some implementations, between three and nine pulse tail 
predictions may be necessary for pileup correction. 
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Following pileup correction, the medical image is recon-
structed based on the maximum magnitudes of the pulses 
and/or their occurrence times (step 114). The algorithm used 
for image reconstruction depends on the particular imaging 
system and/or type of image to be reconstructed. In some 
implementations, filtered back projection techniques can be 
used, while in other implementations, the stochastic expecta-
tion maximization ("SEM") iterative technique can be used to 
reconstruct the medical image in step 114. Preferably, for 
gamma ray detectors, the maximum-likelihood expectation 
maximization ("MLEM") iterative technique can be used for 
image reconstruction. 

Finally, the reconstructed medical image can be displayed 
(step 116). The reconstructed medical image can be displayed 
on, for example, a display device, such as a monitor or LCD 
screen, for displaying the medical image to a user. In some 
implementations, presentation of the medical image on a 
display can be enabled by, for example, sending the medical 
image to a system capable of displaying the medical image 
and/or storing the medical image on a computer-readable 
storage medium. 

FIG. 6 shows an example schematic diagram of an example 
board 600 for data acquisition and system control for a scin-
tillation detector imaging system, such as a gamma ray detec-
tor imaging system. The board 600 includes a main board 602 
that is connected to one or more data acquisition cards 604. 
The main board 602 includes at least one processor 606, a 
communication interface 608, and a clock 610. In some 
implementations, the main board 602 can also include a 
memory. Each of the components of the board 600 can, for 
example, be interconnected using a device bus. Each of the 
data acquisition cards 604 are connected to a photomultiplier 
tube of the scintillation detector imaging system to capture an 
output from the photomultiplier tube. As such, in spectros-
copy applications, only one data acquisition card 604 is 
required. 

The processor 606 is capable of processing instructions for 
execution within the scintillation detector imaging system. 
For example, the processor can be capable of creating the 
LUTs, managing the data acquisition cards 604, and/orrecon-
stracting the medical image. For example, in some implemen-
tations, the processor 606 can be capable of determining the 
pulse peak and/or its time of occurrence based on the pileup 
corrected data from each of the data acquisition cards 604. In 
other implementations, the pulse peak and/or its time of 
occurrence can be determined in the data acquisition cards 
604. The processor 606 can be capable of determining the 
location of a pulse among several photomultiplier tubes for 
image reconstruction. The processor 606 can also be capable 
of other forms of data correction, such as, for example, uni-
formity correction, scatter correction, and/or attenuation cor-
rection. In some implementations, the processor 606 is a 
single-threaded processor, while in other implementations, 
the processor 606 is a multi-threaded processor. For example, 
the processor 606 can be a field programmable gate array 
("FPGA") processor. 

The communication interface 608 makes a direct or indi-
rect connection to a main system, such as a computer used by 
a user. The communications interface 608 can link to the 
computer through, for example, a wired or wireless pathway. 
In some implementations, the communications interface 608 
can be a universal serial bus ("USB") interface. The clock 610 
synchronizes the data acquisition cards 604 and the main 
board 602. The data output from each of the data acquisition 
cards 604 is transferred to the main board 602 by a parallel or, 
preferably, a serial interface. 

10 
FIG. 7 shows a schematic diagram of an example data 

acquisition board 604. Initially, an analog signal 702 from a 
photomultiplier tube is input to an amplifier 704 to amplify 
the analog signal 702 to a voltage suitable for analog-to- 

5 digital ("A/D") conversion. An AID converter 706 converts 
the analog input signal 702 to a series of discrete points that 
are input into a processor 707. The processor 707 includes 
two or more and, preferably, three shift registers 708 that store 
consecutive baseline samples of the input signal before the 

10 start of data acquisition. A baseline predictor 710 calculates 
the mean of the consecutive baseline samples to determine a 
baseline for the system, which is subtracted from the input 
signal, resulting in a baseline corrected input signal. The 
baseline corrected input signal is then sampled at a predeter- 

15 mined sampling frequency and the samples are input into the 
shift registers 712, which operate as described with reference 
to FIG. 5. The LUTs for determining the maximum pulse 
magnitude and/or its occurrence time, and for predicting the 
pulse tail magnitudes, in addition to other system information 

20 are stored in a memory 714. The memory 714 can be a 
read-only memory and/or a random access memory. For 
example, a synchronous dynamic random access memory can 
store the LUTs. In some implementations, if one LUT is used 
to determine the pulse peak magnitude and nine other LUTs 

25 are used to predict nine pulse tail magnitudes, then 440 Mb of 
storage space in the memory 714 is necessary to the store the 
LUTs. 

The memory 714 is connected to a memory controller 716 
that is capable of writing the LUTs and/or other data in 

30 memory 714. The LUTs and/or other data are received from 
the main board 602 via the bus 718. In some implementations, 
because the same LUTs are stored on each of the data acqui-
sition cards 604, the memories 714 of the data acquisition 
cards 604 can be filled in parallel, while in other implemen- 

35 tations, the memories 714 of the data acquisition cards 604 
can be filled in a round robin, i.e., chain, manner. In the round 
robin technique, the first data acquisition card 604 in the chain 
can receive the LUT data and then pass the LUT data to the 
next card after storing it. 

40 In some implementations, the memory controller 716 also 
receives the input samples from the shift registers 712 and 
compares the sample values to the LUTs stored in the 
memory 714 to determine the peak magnitude of a pulse 
and/or its time of occurrence. The memory controller 716 

45 then outputs the peak magnitude and/or its time of occurrence 
to the processor 606 for determining, for example, the loca-
tion of the pulse. In some implementations, the processor 606 
can weight the inputs received from the memory controllers 
716 so that different data acquisition cards 604 are assigned 

50 different weights and, therefore, different significances. 
In one implementation, sample input signals including two 

or more pulses were created using a monte-carlo method at 
various count rates and used to test the effectiveness of the 
nonlinear recursive filter disclosed above. The sampling 

55 period used was 300 ns and the pulse was modeled by 

s  
J (t) = !M43af 

60 

The full-width half-max ("FWHM") of a pulse as a percent-
age of pulse width and the registered count ratio of the non-
linear recursive filter were measured to determine perfor-
mance of the filter. The lower the FWHM percentage of the 

65 detected pulse, the more the detected pulse resembles a spike. 
Also, the higher the registered count ratio of the input signal, 
the lower the number of undetected, i.e., dropped, pulses. The 
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performance of the nonlinear recursive filter at different count 
rates is shown in TABLE 1 below: 

Count Rate (kcps) FWHM (%) 	Registered/Total Count 

50 11.69 0.958 
100 11.69 0.954 
200 11.76 0.907 
300 12.00 0.852 
400 12.46 0.804 
500 12.69 0.760 
750 13.30 0.654 

1,000 14.53 0.562 
1,250 16.92 0.476 

As shown in TABLE 1, as the count rate of the input signal 
is increased from 50 kcps to 1,250 kcps, the detected pulse 
becomes wider and, thus, less resembles a pulse. In addition, 
the registered count rate ratio decreases from 0.958 at a count 
rate of 50 kcps to 0.476 at a high count rate of 1,250 kcps. 
However, at a count rate of up to 500 kcps, the registered 
count rate is 0.760, meaning that less than 25% of the pulses 
were dropped by the nonlinear recursive filter. 

Referring to FIG. 8, a chart of the registered count rate ratio 
as a function of the system sampling period is  is illustrated. As 
shown in FIG. 8, the sampling period having the highest 
registered count rate ratio is about 300 ns. In addition, due to 
the nonlinear nature of the filter, as the sampling period is  is 
doubled to 600 ns, the registered count rate ratio decreases by 
less than 20%. 

The nonlinear recursive filter provides several advantages, 
such as, for example, a relatively high count rate capability, 
powerful pileup detection and, resultantly, a relatively high 
pileup recovery rate, the ability to employ a sampling rate 
below the Nyquist sampling rate due to the nonlinearity of the 
filter, a stable image resolution even at high detector count 
rates, a relatively low susceptibility to noise, the ability for 
real-time baseline restoration, a relatively fast pulse response 
detection, the ability for high resolution differential time-of-
flight detection, the customization of the filter for various 
signal shapes, a relatively high system flexibility for various 
detection applications, and a relatively low cost and low com-
plexity implementation. 

It is to be understood that the disclosed implementations 
are not limited to the particular processes, devices, and/or 
apparatus described which may, of course, vary. It is also to be 
understood that the terminology used herein is for the purpose 
of describing particular embodiments only, and is not 
intended to be limiting. As used in this application, the sin-
gular forms "a," "an," and "the" include plural referents 
unless the content clearly indicates otherwise. 

Reference in the specification to "one implementation" or 
"an implementation" means that a particular feature, struc-
ture, characteristic, or function described in connection with 
the implementation is included in at least one implementation 
herein. The appearances of the phrase "in some implementa-
tions" in the specification do not necessarily all refer to the 
same implementation. 

Accordingly, other embodiments and/or implementations 
are within the scope of this application. 

What is claimed is: 
1. A method for medical image processing using a nonlin-

ear recursive filter, comprising: 
creating one or more look-up tables based on a mathemati-

cal pulse model; 

12 
sampling a baseline signal at a first predetermined sam-

pling rate to extract two or more consecutive baseline 
samples; 

determining a baseline value based on the two or more 
5 	consecutive baseline samples; 

receiving an input signal from a medical imaging system 
including two or more pulses; 

subtracting the baseline value from the input signal to form 
a baseline corrected input signal; 

10 	sampling the baseline corrected input signal at a second 
predetermined sampling rate to extract two or more con-
secutive samples within a first pulse of the baseline 
corrected input signal; 

15 	comparing the two or more consecutive samples within the 
first pulse of the baseline corrected input signal with 
information stored in the one or more look-up tables to 
determine the maximum magnitude of the first pulse; 

sampling the baseline corrected input signal at the second 
20 	predetermined sampling rate to extract two or more con- 

secutive samples within a second pulse of the baseline 
corrected input signal, wherein the second pulse of the 
baseline corrected input signal is temporally subsequent 
to and at least partially temporally overlaps with the first 

25 	pulse of the baseline corrected input signal; 
predicting at least two tail magnitudes of the first pulse of 

the baseline corrected input signal; 
subtracting the at least two tail magnitudes of the first pulse 

of the baseline corrected input signal from the tempo- 
30 	rally corresponding two or more consecutive samples 

within the second pulse of the baseline corrected input 
signal to correct the two or more consecutive samples 
within the second pulse of the baseline corrected input 

35 	signal for pileup resulting from the first pulse of the 
baseline corrected input signal; and 

comparing the two or more consecutive samples within the 
second pulse of the baseline corrected input signal with 
information stored in the one or more look-up tables to 

40 	determine the maximum magnitude of the second pulse. 
2. The method of claim 1, further comprising: 
reconstructing a medical image based on the maximum 

magnitude of the first pulse and the maximum magni-
tude of the second pulse; and 

45 	enabling presentation of the reconstructed medical image. 
3. The method of claim 1, wherein creating the one or more 

look-up tables based on the mathematical pulse model com-
prises creating three or more two-dimensional look-up tables 
based on the mathematical pulse model. 

50 	4. The method of claim 3, wherein a first one of the three or 
more two-dimensional look-up tables is used to determine the 
maximum magnitude of a pulse, a second one of the three or 
more two-dimensional look-up tables is used to determine a 
first predicted pulse tail magnitude, and a third one of the 

55 three or more two-dimensional look-up tables is used to deter-
mine a second predicted pulse tail magnitude. 

5. The method of claim 1, wherein creating the one or more 
look-up tables based on the mathematical pulse model com-
prises creating the one or more look-up tables based on an 

60 injective mathematical pulse model. 
6. The method of claim 1, wherein creating the one or more 

look-up tables based on the mathematical pulse model com-
prises receiving the mathematical pulse model from an opera-
tor. 

65 7. The method of claim 1, wherein creating the one or more 
look-up tables based on the mathematical pulse model com-
prises identifying the mathematical pulse model based on 
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comparisons between multiple predetermined pulse models 
and the input signal from the medical imaging system includ-
ing the two or more pulses. 

8. The method of claim 1, wherein creating the one or more 
look-up tables based on the mathematical pulse model com- 5  
prises creating the one or more look-up tables based on a 
single decay mathematical pulse model. 

9. The method of claim 1, wherein determining the baseline 
value based on the two or more consecutive baseline samples 
comprises determining the mean of the two or more consecu- 10  
tive baseline samples. 

10. The method of claim 1, wherein the first predetermined 
sampling rate is the same as the second predetermined sam-
pling rate. 

11. The method of claim 1, wherein the second predeter- 15  
mined sampling rate is between one-half of the rise time of the 
first pulse and lower than the total pulse duration of the first 
pulse. 

12. The method of claim 1, wherein comparing the two or 
more consecutive samples within the first pulse of the base- 20  
line corrected input signal with information stored in the one 
or more look-up tables to determine the maximum magnitude 
of the first pulse comprises comparing the two or more con-
secutive samples within the first pulse of the baseline cor-
rected input signal with information stored in one look-up 25  
table to determine the maximum magnitude of the first pulse 
and comparing the two or more consecutive samples within 
the first pulse of the baseline corrected input signal with 
information stored in another look-up table to determine the 
time of occurrence of the maximum magnitude of the first 30 

pulse. 
13. The method of claim 1, wherein predicting the at least 

two tail magnitudes of the first pulse of the baseline corrected 
input signal comprises comparing the two or more consecu-
tive samples within the first pulse of the baseline corrected 35 

input signal with information stored in at least two look-up 
tables to determine the at least two tail magnitudes of the first 
pulse. 

14. The method of claim 1, wherein predicting the at least 
two tail magnitudes of the first pulse of the baseline corrected 40 

input signal comprises predicting a first tail magnitude occur-
ring at one sampling period following the two or more con-
secutive samples within the first pulse of the baseline cor-
rected input signal and predicting a second tail magnitude 
occurring at two sampling periods following the two or more 45 

consecutive samples within the first pulse of the baseline 
corrected input signal. 

15. The method of claim 1, wherein creating the one or 
more look-up tables based on the mathematical pulse model 
comprises creating the one or more look-up tables based on 50 

the mathematical pulse model before reception of the input 
signal from the medical imaging system. 

16. The method of claim 1, wherein the first tail magnitude 
of the first pulse of the baseline corrected input signal occurs 
at the same time as the first sample within the second pulse of 55 

the baseline corrected input signal, and the second tail mag-
nitude of the first pulse of the baseline corrected input signal 
occurs at the same time as the second sample within the 
second pulse of the baseline corrected input signal. 

14 
17. The method of claim 1, wherein the mathematical pulse 

model is 

wherein a is the peak magnitude of a pulse, t is time, a is a 
scaling factor, and T is a decay constant. 

18. A system comprising at least one processor connected 
to at least one storage device, wherein the at least one proces-
sor is configured to: 

create one or more look-up tables based on a mathematical 
pulse model; 

sample a baseline signal at a first predetermined sampling 
rate to extract two or more consecutive baseline 
samples; 

determine a baseline value based on the two or more con-
secutive baseline samples; 

receive an input signal from a medical imaging system 
including two or more pulses; 

subtract the baseline value from the input signal to form a 
baseline corrected input signal; 

sample the baseline corrected input signal at a second 
predetermined sampling rate to extract two or more con-
secutive samples within a first pulse of the baseline 
corrected input signal; 

compare the two or more consecutive samples within the 
first pulse of the baseline corrected input signal with 
information stored in the one or more look-up tables to 
determine the maximum magnitude of the first pulse; 

sample the baseline corrected input signal at the second 
predetermined sampling rate to extract two or more con-
secutive samples within a second pulse of the baseline 
corrected input signal, wherein the second pulse of the 
baseline corrected input signal is temporally subsequent 
to and at least partially temporally overlaps with the first 
pulse of the baseline corrected input signal; 

predict at least two tail magnitudes of the first pulse of the 
baseline corrected input signal; 

subtract the at least two tail magnitudes of the first pulse of 
the baseline corrected input signal from the temporally 
corresponding two or more consecutive samples within 
the second pulse of the baseline corrected input signal to 
correct the two or more consecutive samples within the 
second pulse of the baseline corrected input signal for 
pileup resulting from the first pulse of the baseline cor-
rected input signal; and 

compare the two or more consecutive samples within the 
second pulse of the baseline corrected input signal with 
information stored in the one or more look-up tables to 
determine the maximum magnitude of the second pulse. 

19. The system of claim 18, wherein the at least one pro-
cessor is further configured to: 

reconstruct a medical image based on the maximum mag-
nitude of the first pulse and the maximum magnitude of 
the second pulse; and 

enable presentation of the reconstructed medical image. 
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