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SPECTRAL IMAGING

DESCRIPTION

The following generally relates to spectral imaging and finds particular

application to spectral computed tomography (CT). However, it is also amenable to other

medical and non-medical applications.

An integrating computed tomography (CT) scanner generally includes an x-

ray tube mounted on a rotatable gantry opposite a detector array. The x-ray tube rotates

around an examination region and emits polychromatic radiation that traverses the

examination region, and the detector array receives the radiation that traverses the

examination region. The detector array includes a scintillator array optically coupled to a

photosensor array, which is electrically coupled to detector electronics. The scintillator

array absorbs radiation and produces light indicative thereof, the photosensor array

converts the light into an electrical signal indicative thereof, and the electronics integrates

the electrical signal, producing a signal indicative of a mean or average intensity value for

each integration period. The resulting signal is reconstructed to generate volumetric image

data, which can be processed to generate an image of a scanned subject or object. The

resulting image includes pixels that typically are represented in terms of gray scale values

corresponding to relative radiodensity. Such information reflects the attenuation

characteristics of the scanned subject or object.

Various techniques have been proposed for deriving spectral information

from an integrated signal. For example, one technique includes stacking rows of

scintillator pixels on top of each other in the direction of the incoming radiation and

providing respective photosensor pixels for each row. Generally, the lower energy photons

are absorbed in the rows closer to the incoming radiation and the higher energy photons are

absorbed in the rows farther from the incoming radiation. In another example, the tube

voltage is switched between different voltages, providing one set of measurements for the

lower tube voltage and another set of measurements for the higher tube voltage. In yet

another instance, an imaging system is configured with multiple x-ray tubes, each being

driven with a different tube voltage and, thus, multiple sets of measurements for different

emission spectra are obtained. Unfortunately, the above-noted techniques may add

specialized hardware and/or complexity, and/or increase overall system cost.



Aspects of the present application address the above-referenced matters and

others.

In accordance with one aspect, a detector array of an imaging system

includes a radiation sensitive detector that detects radiation and generates a signal

indicative thereof. A current-to-frequency (I/F) converter converts the signal into a pulse

train having a frequency indicative of the signal for an integration period. Circuitry

generates a first moment and at least one higher order moment or higher order central

moment based on the pulse train.

According to another aspect, a method includes detecting polychromatic

radiation generated by a radiation source of an imaging system for an integration period,

generating an electrical signal indicative of the detected radiation, generating a pulse train

indicative of the electrical signal, and generating at least two moments for the integration

period based on the pulse train.

According to another aspect, an imaging system includes a source that emits

radiation that traverses an examination region and a detector array that detects radiation

traversing an examination region. The detector array includes a radiation sensitive detector

that receives the radiation and generates a signal indicative thereof. A current-to-frequency

(I/F) converter converts the signal to a pulse train having a frequency indicative of the

signal. Circuitry generates a first moment and at least one higher order moment based on

the pulse train.

The invention may take form in various components and arrangements of

components, and in various steps and arrangements of steps. The drawings are only for

purposes of illustrating the preferred embodiments and are not to be construed as limiting

the invention.

FIGURE 1 illustrates an example imaging system.

FIGURES 2 and 3 illustrate example processing electronics.

FIGURES 4 and 5 illustrate example spectral detectors.

FIGURES 6 and 7 illustrate example multi-energy imaging systems.

FIGURE 8 illustrates an example method.



FIGURE 1 illustrates an imaging system 100 such as a computed

tomography (CT) scanner. The system 100 includes a generally stationary gantry 102 and

a rotating gantry 104. The rotating gantry 104 is rotatably supported by the generally

stationary gantry 102. A radiation source 106, such as an x-ray tube, is supported by the

rotating gantry 104 and rotates therewith around an examination region 108 about a

longitudinal or z-axis, and emits polychromatic radiation. A source collimator or the like

collimates radiation emitted by the radiation source 106, producing a generally cone, fan,

wedge or otherwise- shaped radiation beam that traverse the examination region 108.

A detector array 110 subtends an angular arc opposite the examination

region 108 relative to the radiation source 106. The detector array 110 receives radiation

that traverses the examination region 108. The illustrated detector array 110 includes a

two-dimensional array of detector mosaics or tiles 112. A non-limiting example of a such

a detector array is described in US patent 6,510,195Bl, filed July 18, 2001, and entitled

"Solid State X-Radiation Detector Modules and Mosaics thereof, and an Imaging Method

and Apparatus Employing the Same," which is incorporated herein by reference in its

entirety.

The detector array 110 includes a radiation sensitive detector such as a

detector tile 112 having a scintillator array 114 optically coupled to a photosensor array

116 (as illustrated) or a direction conversion material such as a CZT, CdTe, or other direct

conversion material. The scintillator array 114 receives the radiation and produces light

indicative thereof. The photosensor array 116 receives the light and generates a signal

such as an electrical current or voltage indicative thereof. Detector electronics 118 process

the signal and generate data indicative thereof. An example of a suitable detector tile 112

is described in "A New 2D-Tiled Detector for Multislice CT," Luhta et al., Medical

Imaging 2006: Physics of Medical Imaging, Vol. 6142, pp. 275-286 (2006).

In the illustrated embodiment, and as described in greater detail below, the

detector electronics 118 include a current-to-frequency (or voltage-to-frequency) converter

that integrate the signal output by the photosensor array 116 during an integration period

and generates digital data, such as a pulse train having a frequency indicative of the signal,

for the integration period. An example of a suitable converter is described in US patent

6,671,345B2, filed November 7, 2001, and entitled "Data Acquisition for Computed

Tomography," which is incorporated herein by reference in its entirety. Another suitable



converter is described in US patent 4,052,620, filed November 28, 1975, and entitled "Data

Acquisition for Computed Tomography," which is incorporated herein by reference in its

entirety.

Circuitry or a moment generator 120 generates one or more moments (e.g.,

1st moment, 2nd moment, 3rd moment, . . ., n-th moment) based on the digital signal from

the current-to-frequency converter. Generating at least two moments allows for obtaining

spectral information from the integrated signal. The moment generator 120 may be part of

the detector electronics 118 on a tile 112, electronics remote from the tile 112, or a

combination of electronics partially integrated with the detector electronics 118 on the tile

112 and partially remote from the tile 112.

A reconstructor 122 reconstructs the output of the moment generator 120.

In one instance, the reconstructor 122 individually reconstructs at least two moments using

a conventional reconstruction algorithm. The resulting volumetric image data can then be

used to obtain additional spectral information on a pixel-by-pixel basis from the effective

absorption at different energy moments. In another instance, the reconstructor 122

reconstructs the moments based on a spectral reconstruction algorithm. For example, the

reconstruction algorithm may include decomposing the signals to obtain various absorption

components in the signals, such as a photo electric component, a Compton component, one

or more K-edges, etc. The component signals can then be used in conventional

reconstruction algorithms to generate component images showing the density distribution

of the components.

A couch or patient support 124 supports a subject, such as a human or

animal, or an object within the examination region 108. The support 124 is movable,

which enables an operator or the system to suitably position the subject within the

examination region 108 before, during and/or after scanning. A computing system such as

an operator console 128 facilitates user interaction with the scanner 100. Software

applications executed by the operator console 128 allow the user to configure and/or

control operation of the scanner 100. For instance, the user can interact with the operator

console 128 to select a spectral or conventional imaging protocol.

As noted above, in the illustrated embodiment a current-to-frequency (I/F)

converter integrates the photosensor array 116 output signal during an integration period

and generates digital data such as a pulse train having a frequency indicative of the signal



for the integration period. The output signal of the photosensor array 116 can be

represented as E(t), and the output of the I/F converter, from a first pulse NOat time TN0 to

a last Ni pulse at time TN of an integration period T, can be represented as a function of

Equation 1:

Equation 1:

or in discrete form as shown in Equation 2 :

Equation 2 :

NQP NQP, o r
T N l - T N 0 A T

wherein N represents the number of pulses in the interval from TNo to TNi , excluding the

very first pulse, Qp represents a predetermined constant charge value between adjacent

pulses, and AT= TN - TNo- Equation 2 can be used as an estimate of the input signal E(t)

and represents the mean value / , or the first moment, of E(t).

The variations between the individual pulses in a pulse train can be used to

estimate higher moments, as discussed next. The n-th moment can be determined based on

Equation 3 :

Equation 3 :

A pulse is generated during the integration period if the equality of Equation 4 is satisfied:



Equation 4 :

wherein the interval from Uto ti i represents the time interval between adjacent pulses in

the integration period. E(t), for the interval from to +i , can be approximated as a

function of Equation 5 :

Equation 5 :

QP QP, o r

Substituting Equation 5 into Equation 3 renders Equation 6 :

Equation 6 :

or in discrete form as Equation 7 :

Equation 7 :

" ) .

or as Equation 8 :

Equation 8 :

JJVVll--II 1

Q L_
re-1

Equations 7 and 8 provide an estimate of the n-th moment over the interval from TNo to TNl-



FIGURE 2 illustrates a non-limiting embodiment of a photosensor pixel 200

of the photosensor array 116, the detector electronics 118 and the moment generator 120

when configured to generate moments based on the Equations 2 and 8. An analog-to-

digital (A/D) converter 202 includes an integrator 204 (an amplifier 206 and an integrating

capacitor 208) and a discriminator or comparator 210. As noted above, the illustrated A/D

converter 202 is employed as a current-to-frequency (I/F) converter.

The integrator 204 integrates a summation of the signal (E(t)) output by the

photosensor pixel 200 and a bias current 212 during an integration period. In one instance,

the bias current 212 is set so that the analog-to-digital converter 202 produces a

predetermined number of pulses over a predetermined number of integration periods such

as at least one pulse over three integration periods, at least two pulses per integration, etc.

The comparator 210 compares the output of the integrator 204 with a threshold 214 during

the integration period and generates a digital pulse when the output of the integrator 204

meets the threshold 214.

A reset switch 216 is used to reset the integrator 204 during the integration

period in response to the generation of a digital pulse. The reset switch 216 may also be

used to reset the integrator 204 between integration periods. Resting the integrator 204

may include injecting charge stored in a capacitor 218 into the input of the integrator 204

to cancel the charge at the input of the integrator 204. When open, the switch 216

electrically connects the reset capacitor 218 with a reference voltage 220. Logic 222

controls the reset switch 216, including closing the reset switch 216 to reset the integrator

204 in response to detecting a pulse in the comparator output, on an integration period

boundary, and/or otherwise.

A first moment generator 228i generates the mean value / , for example, via

Equation 2, which, as discussed above, provides an estimate of the input signal E(t). In one

instance, a counter 230 counts the number of pulses output by the comparator 210 for an

integration period and a timer 232 determines a time between a first pulse to a last pulse of

the integration period. From this data, the first moment generator 228 1 generates the first

moment, for example as a function of a ratio of the pulse count to the time between the first

and last pulses.

A second moment generator 2282 generates the second moment, for

example, based on Equation 8. A reset timer 234 is used to determine the time between



adjacent pulses (At1) during an integration period for a plurality of pulses of the pulse train.

An inverter 236 inverts the time value between the adjacent pulse, and an accumulator 238

accumulates the inverted data. The reset timer 234 determines a new time value for each

pair of adjacent pulses, and the accumulator 238 accumulate inverted data in response to

the generation of each pulse. As such, the second moment is incrementally generated with

the generation of each pulse during an integration period. A multiplier 240 multiplies the

accumulated time by the constant charge value raised to the second power ( Q1) . The

accumulator 238 is initially invoked to accumulate the output of the multiplier 240 in

response to generation of a first pulse during an integration period, and cleared or rest at

the end of the integration period after the accumulated data is read out. The reset timer 234

is reset in response to the generation of a pulse.

An n-th moment generator 228n generates an n-th moment, for example,

based on Equation 8. Again, the reset timer 234 is used to determine the time between

adjacent pulses. An inverter 242 inverts the time value, and a multiplier 244 multiplies the

inverted value by itself n-1 times, or raises the inverter value to the (n-l)-th power. An

accumulator 246 accumulates this data for the integration period. A multiplier 248

multiplies the accumulated time the constant charge value raised to the n-th power (Q").

Likewise, the accumulator 246 is invoked to accumulate in response to the generation of a

first pulse in the integration period and is cleared or reset at the end of the integration

period after the accumulated data is read out, and the reset timer 234 is reset in response to

the generation of a pulse. The nth moment generator 228n can alternatively or additionally

be used to generate the first and/or second moments, as well as one or more higher

moments.

In the illustrated embodiment, the logic 222 resets the reset timer 234 and

invokes and clears the accumulators 238 and 246. In other embodiment, the reset timer

234 is otherwise reset and/or the accumulators 238 and 246 are otherwise invoked and/or

cleared. In addition, a sub-portion or all of the components of the moment generator 120

can be integrated with the detector electronics 118 on the tile 112 or can be located remote

from the tile 112. The generated moments are conveyed to the reconstructor 122, which

reconstructs the moments individually and/or in combination as described above.

The following describes another non-limiting technique for generating one

or more moments. With this example, central moments are employed to determine higher



order moments. As noted above, the mean / of the current signal E(t), which the

photodiode generates from the light generated in the scintillator can be estimated as a

function of Equation 2. The mean / can also expressed as shown in Equation 9 :

Equation 9 :

NQ
Σ Nl-l '

I=JVO '

wherein At represents the time intervals between adjacent pulses, and N=Nl-NO

corresponds to the number of all pulses in the measurement interval excluding the very first

pulse. The n-th central moment of the current signal can be estimated as a function of

Equation 10 (which represents the discretized version of the definition of the n-th central

moment):

Equation 10:

wherein I is a function of Equation 11:

Equation 11:

/ , = β / ∆ , .

Substituting Equation 11 in Equation 10 and expressing / as shown in Equation 12:

Equation 12:

results in Equation 13:



Equation 13:

which can, for n=2, also be expressed as Equation 14 (observing that for a random signal

I(t) the 2nd order central moment is given by σ](t) = E[(I - E[l]f]= E[I 2 }- E 2 [l], where

E [m] denotes the expectation value or mean value):

Equation 14:

where / is again expressed as shown in Equation 12, and / " (for n=2) is expressed as

shown in Equation 15:

Equation 15:

For n>2, the general relationships between the central moment Mn =E[I - E[FJ)"] and the "moment

about the origin" M * = E[F] have to be observed, e.g. M 3 = M 3
* - 3M *M 2

* + 2[M *\ for n=3.

The general rule is: M = M * (- M 1
*); , where M := 1, and M 1

* = Z?[/] is the ordinary

mean value.

FIGURE 3 illustrates a non-limiting embodiment of the photosensor pixel

200, the detector electronics 118 and the moment generator 120 when configured to

generate moments based on the Equations 2 and 13 or 14. As discussed above, the analog-

to-digital (A/D) converter 202, which is configured as a current-to-frequency (IfF)



converter, includes the integrator 204 (the amplifier 206 and the integrating capacitor 208)

and the comparator 210. The integrator 204 integrates a summation of the signal output by

the photosensor pixel 200 and the bias current 212 during an integration period, and the

comparator 210 generates a digital pulse when the output of the integrator 204 meets the

threshold 214. The logic 222 controls the reset switch 216, which resets the integrator 204

for an integration period and in response to the generation of a digital pulse during the

integration period.

In this embodiment, the moment generator 120 includes a pulse counter 302

that counts the pulses in the output of the comparator 210 during an integration period.

The moment generator 120 also includes a time latch 304 that latches the time instances of

the pulses during the integration period. In one non-limiting instance, the time latch 304

includes a register or the like with as many memory cells as there are clock ticks in the

integration period. With this configuration, the cells are set to an initial known state (e.g.,

"0"), and the logic 222 writes a known value (e.g., "1") to a cell if a pulse is generated with

the corresponding clock tick. The distance in cell position of cells storing a logical "1"

provides information that can be used to derive the time distance, in clock ticks, between

adjacent pulses. Other embodiments of the time latch 304 are also contemplated herein.

The logic 222 invokes read out of the pulse count and time instances and resets or clears

the pulse counter 302 and/or the time latch 304.

A processing component 306 generates one or more moments, such as at

least two moments, based on the output of the pulse counter 302 and the output of the time

latch 304 based on Equation 13 or 14.

For the embodiments herein and variations thereof, a sampling rate of the

converter 202 can be determined based on a highest moment to be generated. By way of

non-limiting example, the sampling rate for determining a suitable estimate of / *

generally is higher than for determining a suitable estimate of / . For instance, the Fourier

transform (F{ }) of In(t) is n-fold convolution of F{I(t)}. As an approximation, the

sampling rate for determining higher order moments can be increased by a factor of n,

relative to n=l, since the bandwidth of F { In(t)} is approximately n times the bandwidth of

F{I(t)}. The sampling rate can be adjusted through the threshold 214, with a smaller

threshold resulting in a higher sampling rate relative to a higher threshold, and/or

otherwise.



It is to be appreciated that the embodiments described herein can be used in

connection with one or more other spectral imaging approaches. For instance, the

embodiments described herein can be used in combination with a spectral detector (e.g. a

dual-layer system), kVp switching, and/or a multi-tube system. By combining the

embodiments described herein with one or more of the techniques and/or other techniques,

the spectral separation resolution can be increased.

An example of a spectral detector is shown in FIGURE 4. A scintillator

array 402 includes first and second layers of scintillator pixels 404, 406 are stacked in a

direction of the incoming radiation. Absorption of the incoming radiation in the scintillator

array 402 is energy-dependent, with lower energy photons travelling on average a shorter

distance through the scintillator array 402 before being absorbed in the first layer 404, and

higher energy photons travelling on average a greater distance through the scintillator array

402 before being absorbed in a second layer 406. As such, the depth of the absorption is

indicative of the energy of the detected radiation. The scintillator array 402 is optically

coupled on top of a photosensor array 408 having a first photosensitive pixel 410 with a

first spectral response tuned to one of the first or second scintillator layers 404, 406 and a

second photosensitive pixel 412 with a second spectral response tuned to the other of the

first or second scintillator layers 404, 406. In this manner, the photosensor array 408 will

have two spectrally different outputs.

Another example of a spectral detector is shown in FIGURE 5. In this

example, the first and second scintillator pixels 404, 406 are respectively optically side-

mounted to the photosensor array 408. Likewise, the photosensor array 408 will have two

spectrally different outputs. A light reflective film or coatings can be placed on the sides

of the scintillator pixels 404, 406 not coupled to the photosensor array 408 to direct light

towards the photodiode array 408. With either or both FIGURES 4 and 5, it is to be

appreciated that the scintillator pixels 404, 406 can be formed from the same or different

emitter materials, and/or the scintillator pixels 404, 406 can have similar or different

dimensions, such as similar or different depths in the direction of the incoming radiation.

Of course, more scintillator layers and photosensitive pixels can be used in other

embodiments.

FIGURE 6 illustrates an example of kVp switching. In this example, an x-

ray tube controller 602 switches the tube voltage between two (or more) different voltage



levels. The controller 602 can switch the tube voltage during a scan (e.g., within a view,

between views, etc.), between scans, and/or otherwise, for example, based on scanning

information from the console 128. The detector array 110 will generate first signals

corresponding to a first tube voltage and second signals corresponding to a second tube

voltage.

FIGURE 7 illustrates an example a multi-tube system. For explanatory

purposes, the system is shown with a first tube/detector pair 106i/l 1Oi and a second

tube/detector pair IO62/HO 2. In other embodiments, the system can be configured with

more tube/detector pairs such a three or more tube/detector pairs. In this example, each

tube IO61/IO62 is operated at a different tube voltage. As a result, each detector 1lOi/l I O2

provides an output corresponding to different spectra.

In yet another instance, a spectral decomposition algorithm can be used to

separate various components such the photo-electric effect component and the Compton

effect component. A suitable decomposition is described in Roessl et al., "K-edge imaging

in x-ray computed tomography using multi-bin photo counting detectors," Physics in

Medicine and Biology, 2007, pages 4679-4696, vol. 52. Another suitable decomposition is

described in application serial number PCT/IB 2007/05 5105, filed on December 14, 2007,

and published as WO2008078231, which is incorporated herein by reference in its entirety.

In the latter, the decomposition is extended to derive K-edge components for K-edge

materials administered via contrast agents.

Exemplary applications in which the systems and methods described herein

can be employed include, but are not limited to, baggage inspection, medical applications,

animal imaging, heart scanning, material testing, non-destructive imaging, machine vision,

and material science. In addition, applications apply to x-ray CT systems using multiple

tubes (and multiple detectors) on a single CT gantry. Other suitable applications include

applications where tissue differentiation through higher spectral performance plus the

possibility to implement K-edge imaging in a CT system based on current-integrating

detectors is desired.

FIGURE 8 illustrates a method.

At 802, polychromatic radiation traversing an examination region is

detected.

At 804, a signal indicative of the detected radiation is generated.



At 806, a pulse train having a frequency indicative of the detected radiation

is generated based on the signal.

At 808, one or more moments are generated based on the pulse train as

described herein.

At 810, the moments are spectrally resolved in the projection and/or image

domains.

The invention has been described with reference to the preferred

embodiments. Modifications and alterations may occur to others upon reading and

understanding the preceding detailed description. It is intended that the invention be

constructed as including all such modifications and alterations insofar as they come within

the scope of the appended claims or the equivalents thereof.



CLAIMS

What is claimed is:

1. A detector array ( 110) of an imaging system (100), comprising:

a radiation sensitive detector (114, 116) that detects radiation and generates a signal

indicative thereof;

a current-to-frequency (I/F) converter (202) that converts the signal into a pulse

train having a frequency indicative of the signal for an integration period; and

circuitry (120) that generates a first moment and at least one higher order moment

based on the pulse train.

2. The detector array (110) of claim 1, wherein the first and the at least one higher

order moment correspond to different spectral information for polychromatic radiation

illuminating the radiation sensitive detector (114, 116).

3. The detector array (110) of any of claims 1 to 2, wherein the first and the at least

one higher order moment are spectrally resolved in a projection data or image data domain.

4. The detector array (110) of any of claims 1 to 3, wherein the circuitry (120)

generates the at least one higher order moment during the integration period.

5. The detector array (110) of any of claims 1 to 4, further including a reset timer

(234) that determines a time value between adjacent pulses in the pulse train, wherein the

circuitry (120) generates the at least one higher order moment based on the time between

adjacent pulses.

6. The detector array ( 110) of claim 5, further including:

an inverter (236, 242) that inverts the time value; and

an accumulator (238, 246) that accumulates a plurality of inverted time values

corresponding to different pairs of pulses during the integration period, wherein the



circuitry (120) generates the at least one higher moment based on the accumulated inverted

time values.

7. The detector array (110) of claim 6, wherein the accumulator (238, 246)

accumulates the inverted time value in response to generation of a pulse in the pulse train.

8. The detector array ( 110) of any of claims 6 to 7, further including a multiplier (240,

248) that multiples the accumulated time values by a predetermined charge value.

9. The detector array (110) of any of claims 6 to 8, further including a second

multiplier (244) that multiples the inverted time value, prior to being accumulated, by itself

n-1 times, wherein n corresponds to a degree of the higher order moment.

10. The detector array ( 110) of any of claims 1 to 2, further including a time latch (304)

that latches time data for pulses in the pulse train.

11. The detector array (110) of claim 10, wherein the time data includes time

differences between adjacent pulses in the pulse train.

12. The detector array (110) of any of claims 10 to 11, further including a processing

component (306) that generates the first and the at least one higher order moment based on

a pulse count of the pulses in the pulse train and the time data.

13. A method, comprising:

detecting polychromatic radiation generated by a radiation source (106) of an

imaging system (100) for an integration period;

generating an electrical signal indicative of the detected radiation;

generating a pulse train indicative of the electrical signal; and

generating at least two moments for the integration period based on the pulse train.

14. The method of claim 13, wherein the at least two moments correspond to different

spectral information about the detected polychromatic radiation.



15. The method of any of claims 13 to 14, further including spectrally resolving the at

least two moments.

16. The method of any of claims 13 to 14, further including determining time

differences between adjacent pulses in the pulse train, and wherein generating the at least

two moments includes generating the at least two moments based on the time differences.

17. The method of claim 16, further comprising generating the at least two moments

during the integration period as time differences are determined.

18. The method of claim 16, further comprising generating the at least two moments

upon conclusion of the integration period.

19. The method of any of claims 13 to 18, further comprising reconstructing the at least

two moments to generate volumetric image data.

20. An imaging system (100), comprising:

a source (106) that emits radiation that traverses an examination region (108); and

a detector array (110) that detects radiation traversing an examination region (108),

the detector array (110), comprising:

a radiation sensitive detector (114, 116) that receives the radiation and

generates a signal indicative thereof;

a current-to-frequency (I/F) converter (202) that converts the signal into a

pulse train having a frequency indicative of the signal; and

circuitry (120) that generates a first moment and at least one higher order

moment based on the pulse train.
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