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WHAT'S NEW:

v2.1:

SPEKTR v 2.1 includes two bug fixes for the GUI button “Equiv. mmAl”. Previous versions
provided incorrect results for added filtration containing compounds, caused by a bug which
replaced the attenuation coefficients for the compounds C=1-20 with coefficients from the
elements Z=1-20. In addition, the GUI button was modified to report equivalent mmAl
corresponding to the generated spectrum (i.e., based on the kVp, KV ripple, and mmAl settings),
instead of being hard-coded to a 100 kVp spectrum as in previous versions.

v 2.0:

The latest release of SPEKTR (v 2.0) is a “speedy” version of the initial release (v 1.0). It
provides equivalent functionality to v 1.0, but with a boost in processing speed by factors of (25-
150) for the basic SPEKTR functions. For existing users of SPEKTR, the functional interface is
the same. The reduction in processing time was produced by loading all the Excel data
(containing tables of physical constants) into MATLAB .mat files to avoid the speed bottleneck
resulting from the repeated use of the function “xlIsread”. The original .xls files are included as
reference, along with the MATLAB script “spektrXLS2MAT.m” that can be used to convert any
future updates to physical data in the .xls files into the .mat files.
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ARTICLE INFORMATION
Document Number: E-MPHYA6-31-002407

I:
Journal [Med. Phys. 31(11) (2004)]

All Authors: [J. H. Siewerdsen, A. M. Waese, D. J. Moseley, S. Richard, and D. A. Jaffray]

Title: [Spektr: A computational tool for x-ray spectral analysis and imaging system optimization]

DEPOSIT INFORMATION

Description: [Spektr toolset: Matlab files (*.m and *.fig), Microsoft Excel files (*.xIs), and documentation]
Total No. of Files: [34]

File Names: [including README.TXT, plus all other file names]

File Types: [*.m, *.fig, *.xlIs, *.pdf]

Special Instructions: [Spektr functions developed and tested under Matlab v6.5]

Contact Information: [spektr@rmp.uhn.on.ca]

SPEKTR ReadMe
Copyright Princess Margaret Hospital 2004

2004 September Initial Release

WELCOME to SPEKTR

This folder contains a series of Matlab and Excel files comprising the "SPEKTR" toolset for x-ray spectrum
calculation. The toolset is based on the TASMIP algorithm of Boone and Seibert (Med. Phys. 24, 1661-1670
(1997)).

The toolset was developed by members of the Ontario Cancer Institute and Princess Margaret Hospital, and are
being made available at no cost. NOTE: these are not part of any shipping retail product at this point in time, and
therefore are not supported through any official support channels. Use "at your own risk". (See official disclaimer
below.)
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The contents of this folder will be updated over time as we make enhancements to the utilities you see here now,
and as we add new utilities for people to try out. Stop back now and then and see what's changed.

Here's what's available now:

Base spektr functions:
spektrSpectrum.m: computes x-ray spectrum
spektrBeers.m: apply filtration

Auxilliary spektr functions:
e.g., spektrFluencePerExposure.m, etc.

Excel data files:
e.g., spektrMuRhoElements.xls, etc.

Spektr GUI
Run spektr from the Matlab command line

Disclaimer

The Ontario Cancer Institute (OCI) uses its best efforts to deliver a high quality copy of the tool SPEKTR and to verify that
the data contained therein have been selected on the basis of sound scientific judgment. However, the OCI makes no
warranties to that effect, and OCI shall not be liable for any damage that may result from errors or omissions in SPEKTR.

Installing SPEKTR

1. Create a folder for SPEKTR: Right-click on the desktop and choose New:Folder from the pop-up menu. Name
the folder "SPEKTR".

2. Download SPEKTR: Save the files in the Power folder you just created.

3. Either add the SPEKTR folder to the Matlab path or navigate from within Matlab to the SPEKTR folder in
order to use the spektr toolset.

4. You are now ready to use the spektr toolset from within Matlab:

- Start with the base functions: spektrSpectrum( ) and spektrBeers( ) from the command line. These allow you to
generate spectra (according to the TASMIP algorithm) and apply filters (according to Beers Law). These base
and auxiliary functions form the core of the spektr toolset. Use them in Matlab scripts that you develop
for simple and complex calculations related to x-ray spectra.

- The Excel files contain tables of physical constants used by the spektr toolset. DO NOT MODIFY THE EXCEL
FILES, as this will directly affect the performance of spektr. However, you can access the data in the excel files
directly from within Microsoft Excel or the Matlab xIsread( ) functions.

- A simple GUI is provided that encapsulates many of the spektr tools. Launch the GUI by typing spektr at the
Matlab command line (provided the SPEKTR folder is either on the Matlab path or is the current working
directory). Use the GUI judiciously. It is intended for simple calculations of spectra, filtration, etc.
Complex calculations of spectra, filtration, etc. are best conducted using the base functions
spektrSpectrum, spektrBeers, etc. within Matlab scripts that you develop.

- When using the GUI, you will notice that there are no variables in the Matlab workspace. If you would like to
import the quantities (such as the current spectrum) into the Matlab workspace, then use the “global” command
at the Matlab command line.

o0 For example, to import the current spectrum, type “global q” at the Matlab command line. This will

load the current spectrum into a 150-element vector called “q” in the Matlab workspace.

o Similarly, to import the initial spectrum, type “global g0 at the Matlab command line. This will load
the current spectrum into a 150-element vector called “g0” in the Matlab workspace.
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Uninstalling SPEKTR

1. Remove the SPEKTR folder from the Matlab path (if it was added).

2. Delete the SPEKTR folder.

LET US KNOW WHAT YOU THINK

To send comments or feedback, send email to spektr@rmp.uhn.on.ca.

Thanks and enjoy!
- the SPEKTR team

LIABILITY DISCLAIMER -- READ BEFORE INSTALLING SPEKTR:

The SPEKTR software and documentation is provided for your personal use and may not be distributed. The
entire risk arising out of the use or performance of such products and documentation remains with you. In no
event shall Princess Margaret Hospital or its suppliers be liable for any damages whatsoever (including, without
limitation, damages for loss of business profits, business interruption, loss of business information, or other
pecuniary loss) arising out of the use of or inability to use the products or documentation, even if Princess
Margaret Hospital has been advised of the possibility of such damages. Because some states/jurisdictions do not
allow the exclusion or limitation of liability for consequential or incidental damages, the above limitation may not

apply to you.

PREVIOUS CHANGES/BUG FIXES:

9/15/04 Initial Release

Minimum System Requirements:
Matlab v6.5 or greater
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EXAMPLE: Example_AddedFiltration.m

The file Example_AddedFiltration.m is a fairly self-explanatory example illustrating a few of the basic aspects of
the spektr toolset. The m-file and example results are summarized below.

W A R W A R R A A A AR A A AN A A A AR E A A AN AATFARAARNA A AS

%% Aysten name: SPEKTR
%% Module name: Example AddedFiltration.m
Wersion number: 1

A
P

Rewvizion mamber: 00
Revision date: 20-5ep-2004
2004 (C) Copyright by Jeffrevy H. Siewerdsen.

A
P

E13 Princess Margaret Hospital

%% Tzage: script

%% Inputs:

5% Tane

%% Qutputs:

5% none

%% Dezgcription:

5% The script shows a simple application of 3PEETE to model added

%% filtration

%% HNotes:
%%ﬁﬁﬁwﬁ'ﬁﬁﬁﬁﬁtﬁwtwﬁﬁﬁﬁtﬁﬁﬁ'wﬁ'ﬁﬁﬁﬁﬁﬁﬁwﬁ'ﬁﬁﬂ‘ﬁﬂ‘ﬁtwtwﬁﬁ‘ﬁﬁﬁﬁﬁwtﬁ'ﬁﬁﬁﬁﬁtﬁwtﬁﬁﬁﬁﬁﬁﬁwtw
%% References:
%%xrxwa—wwxxwx-xw-xwwwxxxx-m—-xwwwxxxx-x-xwwwwxxxx-x-xwwwwxxx-rx-xwwwwxxx-xw-xwwwxwxxw-xw

Fevizion History
1.000 2004 09 20 DIM Initial released version
R bk o o e R bk e e o ke o o e o o

A
P

A

inherent filtration = 2.5; % [mm Al]
added filtration = [
[ spektrElementZZ('Cu'), 0.1]
[ spektrElementZZi'al'), 2.0]
1:
kEVp = 120: % [EWp]

Phi_tube = spektripectrum(k¥Vp, inherent filtration);
EV = [1:150]':

% Place additional filtration in beam (0.lmm Cu and Zmm 41)
Phi_added = spektrBeers(Phi_tube,added filtration);

fiqure(l);:

plot(kV,Phi_tube, 'k-', k¥, Phi_added, 'x:');

xlabel('keV');

¥label('Photons / mw*2 ¢ Energy Bin'):

grid on;

title|'Spektr-computed Spectrum with and without added filtration'):

legend|[numEstr (KVp, '%. 00" ), 'EVp with ',numdstr (inherent filtration,'%.1L'),...
'mm Inherent filtration'],'hAdded Filtration: Zmm 41, 0.lmwmCu');

x 10* Spektr-computed Spectrum with and without added filtration

Photons / mm? / Energy Bin

Simply type Example_AddedFiltration at the
Matlab command line to run the example code.
The plot shows the computed filtered and
unfiltered spectra.
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Spektr: A computational tool for x-ray spectral analysis and imaging
system optimization
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A set of computational tools are presented that allow convenient calculation of x-ray spectra,
selection of elemental and compound filters, and calculation of beam quality characteristics, such as
half-value layer, mR/mAs, and fluence per unit exposure. The TASMIP model of Boone and Seibert
is adapted to a library of high-level languageatlab™) functions and shown to agree with
experimental measurements across a wide range of kVp and beam filtration. Modeling of beam
filtration is facilitated by a convenient, extensible database of mass and mass-energy attenuation
coefficients compiled from the National Institute of Standards and Technology. The functions and
database were integrated in a graphical user interface and made available online at http://
www.aip.org/epaps/epaps.html. The functionality of the toolset and potential for investigation of
imaging system optimization was illustrated in theoretical calculations of imaging performance
across a broad range of kVp, filter material type, and filter thickness for direct and indirect-
detection flat-panel imagers. The calculations reveal a number of nontrivial effects in the energy
response of such detectors that may not have been guessed from Kiegig filter techniques,

and point to a variety of compelling hypotheses regarding choice of beam filtration that warrant
future investigation. ©2004 American Association of Physicists in Medicine.

[DOI: 10.1118/1.1758350

Key words: x-ray spectrum, optimization, spectral modeling, cascaded systems analysis, imaging
performance, detective quantum efficiency, flat-panel imager

[. INTRODUCTION model to a flexible, extensible high-level language format

Analysis of x-ray spectra and associated beam-quality chafYiz- Matlab™, The MathWorks, Natick, MAis described
acteristics[e.g., mR/mAs, half-value layeiHVL), and flu- and made available for download from an online resource. A

ence per unit exposuregg/X)] is a topic of practical rel- Ii.brary of functions for computing beam-quality f:haracteris—
evance in diagnostic medical physics and research of novdics was produced, along with a graphical user interface and
imaging systems. Diagnostic x-ray spectra have been tho@ large database of mass and mass-energy attenuation coef-
oughly and accurately characterized by experimentaficients compiled in a convenient formatiz, Microsoft Ex-
measurements® and computational methodsRecently, cel). The library of Matlab™ functions, database of attenua-
Boone and Seibettreported on a method for computing tion coefficients, and user interface is loosely termed Spektr.
x-ray spectra based on the method of interpolating polyno- Second, the flexibility and extensibility of the toolset are
mials. Called TASMIP, this model computes tungsten anoddlustrated through analysis of imaging performance for a
x-ray spectra in 1 keV energy bins between 30 and 140 kVpariety of active matrix flat-panel imageFPl) systems
and provides accurate spectral estimation based on the mezeross a broad range of kVp and added filtration. Spectral
surements of Fewebt al? optimization is an important area of ongoing research in the
This article reports on two topics based on such spectraipplication of FPIs in a variety of imaging applications. For
modeling. First, a straightforward adaptation of the TASMIPexample, in the early investigation afSe FPIs in mammog-

1 Med. Phys. 31 (9), September 2004 0094-2405 /2004/31(9)/1/11/$22.00 © 2004 Am. Assoc. Phys. Med. 1



2 Siewerdsen et al.: Spektr: A tool for x-ray spectral analysis

TaBLE |. Summary of functions and data files included in the Spektr computational toolset.

MatLab Function

Description

SpectrumkVp, mmAL, ripple
Beers(q, [filters])
Spektr

Compute x-ray spectrum
Filter the spectrungy by the materials and thicknessed!fifters]
Launch Spektr graphical user interface

C2Compound {i
Compound2Gcompoundl
Element2Z(element
Equiv mmAl ([filters])
Exposure(q)
FluencePerExposure )
HVLn (g,n,Z)
MeanEnergy(q)
MuRhoCompound element$)
Normalize(q)
Z2Element2)

Excel Workbook

Convert compound indeixto chemical symbol

Convert chemical symbol to compound index

Convert chemical symbol to atomic number

Compute equivalent thickness in Al of materials and thicknesséfilters]
Compute mR/mAs for the spectrugat 100 cm from the focal spot
Computeq_olx for the spectrung at 100 cm from the focal spot
Computenth HVL for the spectrung in the materialz

Compute mean energy for the spectrgm

Computeu/p(E) for the compound defined by the constituent§etements
Convert the spectrum to a normalized probability distribution function
Convert atomic numbeZ to chemical symbol

Description

DensityCompounds.xls
DensityElements.xls
MuRhoCompounds.xls
MuRhoElements.xls
TASMIP.xIs

Density of compounds available to the Spekir toolset

Density of elements at STP for atomic numbers 1-92

Linear and mass attenuation coefficients for available compounds
Linear and mass attenuation coefficients for elemefits] —92
Fourth-order polynomial fit coefficiertsor energiesE=0-150 keV

raphy, Fahriget al® showed improved imaging performance Il. METHODS
for digital detectors at kVp higher than typical of screen-film
mammography. For chest radiography, Dobkétsl.” dem-
onstrated the improvement in contrast and signal-to-noise ra- Spektr was designed to provide a flexible, extensible tool
tio to be gained through knowledgeable selection of kVp andor calculation of x-ray spectra, application of x-ray filters,
filtration, indicating a clear trend toward heavier filtration and analysis of spectral characteristics—e.g., mR/mAs,
(Cu) at high kVp. For cone-beam CT of the breast, Glick HVL, and gqo/X. The primary components of the tool are a
et al® investigated optimal kVp using linear cascaded sysdibrary of Matlab™ functions [e.g., spectrunt ) and
tems analysig;!! finding optimal techniques in the range beersg ), below] and a database of x-ray attenuation coeffi-
40-50 kVp, depending on Csl:T1 converter thickness, anaeients for elements and compounds. The functions can be run
tomical background, and electronic noise. Similarly, McKin- from the Matlab™ command line or incorporated within
ley et al!?'% have shown the strong potential for improved scripts or other functions. The database includes mass and
imaging performance in cone-beam CT of the breast usingnass-energy attenuation coefficients for elemen® (
higher kVp and strong filtration. These investigations dem-=1-92) and selected compounds gathered from the Na-
onstrate improved imaging performance for FPIs throughional Institute of Standards and Technold@§iST) tablest®
knowledgeable selection of kVp and filtration, with a trend The tool operates in the energy range 1-150 keV with 1 keV
toward higher kVp and heavier filtration emerging as a com-energy bins. A summary of the functions and database files
mon theme. comprising the Spektr toolset is shown in Table I.

While. the maiq focus of this artigle is the c.ortnpultational 1. The spectrum( ) function
toolset, its utility in spectral analysis and optimization was

illustrated through calculation of imaging performance met- '€ functionspectrum(kVp, mm Al, ripple) is a straight-
rics [including detective quantum efficiendpQE)] based forward adaptation of the TASMIP algorithm of Boone and

on a theoretical linear cascaded systems nfofte! FPIs Seibert to Matlab™, with input arguments of tube potential
which has shown reasonable agreement with measuréfhent!KVP), inherent or total Al filtration(mm Al), and % kv

The calculations are not intended as a rigorous investigatioprIe' It operates over the same range of energies as TAS-

of the relative performance of various FPI systems. RatheIMIP and at the same level of precision relative to the mea-

the analysis across a broad range of kVp, choice of filtePUred x-ray spectra of Fewedt al?

materials, and thickness of added filtration is intended to .

illustrate the extensibility of the toolset, reveal nontrivial ef- 2- 111€ beers(") function

fects regarding choice of added filtration, and provide direc- The functionbeers(q, [filters]) filters a spectrumg, [e.g.,
tion and hypotheses regarding spectral optimization for varicomputed usingspectruni )] by the materials and thick-
ous FPI detector types, including direct and indirect-nesses specified {filters] according to Beer’s law of expo-
detection FPlIs. nential attenuation. The input paramefBiters] is anNx 2

A. X-ray spectral analysis using Spektr

Medical Physics, Vol. 31, No. 9, September 2004
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Fic. 1. Validation of Spektr calculationga) Comparison of TASMIP and Spektr calculations at 70, 90, and 120(l&fpaxis). Each case assumed 2.5 mm

Al filtration and 5% kV ripple. The absolute difference between the spectra at 120 kVp is plotted on the rigtit)akitie outpu{mR/mAg at 100 cm from

the source as a function of added Al filtratidower axi9 and kVp(top axig. Measured values are plotted as solid and open circles, and Spektr calculations
are shown as dashed and solid ling3.Difference between measured and calculated mR/mAs as a function of tungsten thickness. CalibraoprbyV
filtration in Spektr calculations was found to minimize the discrepancy between measured and calculated values, improving agreement és) soothie in
solid (“calibrated”) curve.

matrix, where each row corresponds to a given filter Spektr calculations were compared to measurements of
material—the first column specifying the mater{fdr ele-  photon outputmR/mAS as a function of filter thickness and
ments, Z=1-92) and the second column specifying thekVp. Measurements were performed on an x-ray imaging
thickness(mm). For examplepeers(q, [13 10; 29 3) com-  bench at 100 cm from the x-ray sour@@ad94 x-ray tube in
putes the x-ray spectrum filtered by 10 mm Al and 2 mm Cu.Varian sapphire housingising an R100 diode and Barracuda
A similar function, beerscompound(q, [filters]) filters the  exposure metefRTI Electronics, Molndal, SwedénThe
spectrum by compounds, with the first column [dfters] meter is specified by the manufacturer to provide accuracy
specifying the compound material. An extens{&ec. || A4 better than 3% in exposure measurements from 50 to 150
allows filtration by arbitrary compounds with/p(E) com-  kVp. Example comparisons are shown in Figb)lfor mR/
puted by superpositioff. Attenuation coefficientsu/p(E) mAs as a function of added Abottom axi$ and kVp (top
and .,/ p(E), were bicubic-interpolated to 1 keV bins, with axis). Although the calculations demonstrated reasonable
interpolation below and aboue edges handled separately to agreement with measurements —3% to —5% discrep-
preserveK-edge structure. ancy), we hypothesized that slight discrepancies could arise
Thebeers ) function uses a database of mass attenuatiomwing to anode angle, which is not accommodated in the
coefficients gathered from NIST and compiled in a Microsoft TASMIP model. Therefore, calculations were repeated with
Excel workbook. The workbook format was chosen for fourvarying thickness of tungsten filtration, and the mean differ-
main reasonsfl) the NIST data are irregularly binned and ence from measurements was recorded, as shown in Fig.
inconvenient to access directly from an automated t@®)l; 1(c). A thickness of—1 to —2 um W was found to minimize
this common, familiar format allows the user to view the discrepancy~—1% to —2%) and is consistent with hypoth-
data, plot, copy, and perform quick calculations in Ex¢8Jl;  esis for the fairly large anode andl&4°) used in these mea-
extending the database to include additional materials isurements. This thickness was applied as a “calibration” in-
straightforward; and4) the host applicatiofMatlab™) pro-  cluded as inherent filtration for all subsequent calculations.
vides built-in functionality for accessing workbooks via

xlsread ). 4. A graphical user interface

The Spektr functions and database were integrated in a

3 Validation simple. graphical user interfadSpektr 1.0. The interfgce.
comprises six main groups of controls, labeled A—F in Fig.

Spektr calculations were validated by comparing to TAS-2(a). Group A specifies the kVp, mm Al, and ripple input
MIP spectra (which are known to agree within-1% with  parameters tspectrund ). A Tube Select drop-down menu
the measurements of Fewell al)? and to measurements of allows the user to select from up to ten “tubes” for which
photon output(mR/mAS. Example comparisons of Spektr calibrations(e.g., —2 um W filtration) have been specified.
and TASMIP spectra are in Fig(d, showing only a slight Group B provides simple controls for the x-ray spectrum
discrepancy(~—0.6% in the worst case, due primarily to plot. Group C features a set of tools for calculating mR/mAs,
slight differences in interpolated values pfp(E). Com-  HVL (first, second, and third HVL as well as tenth-value
parisons across a wide range of kVp, added filtration, and k\fayer in Al or any element normalization(conversion of
ripple exhibited similar or better agreement. X-ray spectrum to a probability distribution functipfluence

Medical Physics, Vol. 31, No. 9, September 2004



4 Siewerdsen et al.: Spektr: A tool for x-ray spectral analysis 4

T per unit exposured,/X), and mean x-ray energy. Group D
&)t o : SPERTR 1.0 provides tools for changing applied filtration computed via
beerg ). Elements and compounds are individually selected
from the menus, thickness specified, and added to the list of
added filtration. The menus include 92 elemen& (
=1-92) and 20 compounds corresponding to various
biological” and detectdP materials: adipose; air; blood;
bone(cortical; brain; breast; CdTe; Csl; eye lens; &3S;
GaAs; lung; Hg}; muscle; polyethylene; polymethyl meth-
acrylate; polystyrene; polytetrafluoroethylefieflon); soft
tissue; and water. The “Equiv. mm Al” tool computes the
thickness of Al that would produce the same mR/mAs as the
total filtration in the filter list.

The “Generate Compound” tool launched from group D
[Fig. 2(b)] computes the mass attenuation coefficient,
wlp(E), for an arbitrary compound by superpositith,
given the number and type of constituent elements and the
density of the compound. The resulting p(E) is passed
back to the main application window to be appended to the
list of added filters.

An additional tool, “Spatial Filter,”[Fig. 2(c)] allows the
user to specify one-dimensional spatially varying filters—
useful, for example, in computing Heel effect or the effect of
CT bow-tie filters, compensators, wedges, etc., on beam
quality. The material and analytical shape of the filter are
specified in group H. By selecting from the drop-down in
group |, the user may plot the filter shape or visualize the
spatially varying filtered spectrum in terms of total number
of photons[denotedNtot(x)], total energy] denotedEtot(x)],
or spectrunia two-dimensional colorplot denote@i(x,E)].

B. Application to imaging system optimization

1. Optimization of beam energy and added filtration
for various detector types

The Spektr computational tools were used to investigate
the performance of a variety of x-ray detectors under condi-
tions of varying beam energy and added filtration. These cal-
culations were intended primarily to illustrate the application
and utility of the Spektr computational tools in an area of
interest to the medical imaging community. They were not
intended to provide definitive conclusion regarding optimal
kVp and filtration nor compare the performance of various
FPI designs. The results illustrate detector performance
across a wide range of imaging conditions, revealing non-
trivial trends in energy-dependent detector response and pro-
viding direction for future studies of system optimization.

As listed in Table Il, four detector types were considered,
corresponding to x-ray converter materials used in direct and
indirect-detection active matrix FPt8-2! Nominal detector
design(e.g., converter thickness and pixel pit@dnd imag-

Fic. 2. A graphical user interface for x-ray spectrum analy@sThe main  ing conditions(e.g., kVp and patient thicknessere chosen
window features a set of toolgroups A—F for generatiqg and filtering {4 correspond roughly to systems under development for a
x-ray spectra according to tipectruni ) andbeerg ) functions as well as . LT

computing a variety of spectral characteristics, including mR/mAs, HVL, variety of appllcatlons. System #0 and #1 correspond to
fluence per unit exposure, and mean enefgy.The Generate Compound indirect-detection FPIs under development for cone-beam
tool launched from group D computes/p(E) for arbitrary compounds, computed '[omograph@(:B(:T),22 with nominal kVp, patient
passing the result back to the main window for addition in the Added F”'thickness, and exposure to the detector appropriate to CBCT

tration. (c) The Spatial Filter tool launched from group F allows analysis of .
one-dimensional spatially varying filters. of large anatomy. System #2 and #3 represent hypothetical

Medical Physics, Vol. 31, No. 9, September 2004
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TaBLE II. Summary of detector configurations and nominal imaging conditions. System #0 and #1 correspond
to indirect-detection FPIs under development for cone-beam computed tomography. System #2 and #3 represent
hypothetical direct-detection FPIs for radiography and fluoroscopy. For purposes of brevity, results are shown
below for system #1 and #2 only, which represent two FPI detector types that are currently commercially

available.
Detector configuration Imaging conditions
System X-ray Coverage Pixel pitch mm mm X

# converter (mg/cn?) (mm) kVp Al H,O (mR)
#0 Gad,0,S:Th 133 0.4 110 25 400 0.001
#1 Csl:Tl 250 0.4 110 25 400 0.001
#2 a-Se 214 0.2 70 25 200 0.01
#3 Pb}, 40 0.2 90 25 200 0.001

direct-detection FPIs, with nominal imaging conditions ap-mance by cascaded systems analysis has demonstrated rea-

proximating radiographic and fluoroscopic imaging condi-sonable agreement with experimental measurefféfiand

tions, respectively. the simple model described here is condensed and simplified
Spectral characteristics and detector performance wer@ order to highlight the dominant factors governing detector

computed as a function of kVp, filter material, and filter performance.

thickness for conditions based on the nominal settings in Given this simple linear model, the detector sensitiVity,

Table II. In each case, parameters such as fluence per ung given by:

exposure o/ X), detector sensitivityI', signal per pixel per —

unit exposurg and ze_ro-frequency D_QE (DQE_ were F:@azixaaa (electrons/pixel/mR 2

computed as a function of kVp, filter materialZe, X P

=1-92), and filter thicknedgharacterized by material cov- whereay, is the pixel pitch(equal in this case to the pixel

erage Syer (Mg/Cnf), equal to thickness times denditpa- aperture, g, is the quantum detection efficiency of the con-

rameters describing detector performance were computed us- .. . . .
K%rtmg materialg, is the mean gaiisecondary quanta gen-

ing simple cascaded systems analysis as described later. Terated per interacting x ray—i.e., electrons/interaction or op-

results were examined for optimal choice of filter material_. . ; . - .
. : tical photons/interaction for direct or indirect-detection FPIs,
and thickness—e.gK-edge type filters that attenuate such ) — ) .
respectively, andg, is the coupling efficiency of secondary

that the x-ray spectrum incident on the detector is optimally . ;
matched to detector absorption efficiency, gain, etc. quanta_to the pixel aperturetStage 3 re_prgsents the spatial
spreading of secondary quanta, which is ignored in the zero-

frequency analysis presented in this manusgriphe zero-
o frequency DQE is given by:
Spectral characteristics and detector performance param-

2. Cascaded systems analysis

eters were computed according to well-known relations, and DOE(0) = 019294 3
only a brief summary is provided here. The fluence per unit QE0)= _ _ U;dd' )
exposure,o/X, was computed from the normalized x-ray 1+(g2+ €g2)9at X

spectrumg,e(E), and definition of the Roentgéfi:

Go _ f kil E)
0 E[aE)/p]air

whereeg, is the Poisson excess in secondary quantacagg
is the additive electronic noisgaken to be 1000 e for all
X detector systems in Table)ll o
. . The cascade parametegs, g, €42, andg,, were com-
whereE is x-ray energyl pap/plair is the mass-energy ab- puted using incident x-ray spectra provided by Spektr. For

sorption = coefficient  for air, k is a constant (5.45 example,g; was computed from the mass attenuation coef-
x 10% eV/g/mR), and the integral over the energy domain is P91 P

given by summation across the 1 keV bins used herein. ficient of the detector material:

dE (x rays/mni/mR), )

Detector performance was computed according to param- — [ LB
eters estimated by cascaded systems analysisumber of 91= fo dre(E){1—e H#P=1SdE
simplifying assumptions were made herein, since the pur-
pose of the calculations was primarily to illustrate the utility (interactions/incident x ray (43

of the Spektr tools, rather than provide rigorous characteriza- . .
tion of a given detector. Effects of depth—dependentWhereM/p ands refer. to the detector. Similarly for the gain
absorptioR® and polyenergetic specton image noise were secondary quanta:

neglected. A simple serial cascade was assumed, with effects _— 1 [»__ _

of K-fluorescent x-ray$=2"neglected. A unity fill factor was ~ 92==— jo Urel(E){1—e /7B g,(E)dE
assumed throughout, and effects of noise-power !

aliasing*?®?°were neglected. Description of detector perfor- (secondary quanta/interactign (4b)
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whereg,(E) describes the energy-dependent gain in secondenergy component transmitted below the filkeredge. For
ary quanta. For system #0 (6€0,S:Th), values were taken Z,>~70, the trend ingg/ X (Zsier » Stitier) 1S Similar to that
from the measurements of Trauerniattal®! For system at low values ofZ, for each kVp.
#1-3, the gain was estimated analytically: Of course, examination across this extremely broad range
— . in Zger @ndSsine, iMplies very aggressive filtratiofresulting
92(E) =WEnk(E) 7esc - (secondary quanta/mteractbt()drflc) in a nearly monoenergetic bearfor thick, highZ filters.
Correspondingly, the mR/mAs associated with such heavily
whereW is the number of secondary quanta generated pefijtered beams can be extremely low, as illustrated in Fig. 4,
unit absorbed energyjuanta/keV, 7y is the energy absorp- \here mR/mAs is shown to diminish by one or more orders
tion efficiency(i.e., the fraction of energy converted to sec- ¢ magnitude, depending on filter material and thickness.
ondary quanta, equal to 1 below theedge and reduced by Thys, the calculations herein are idealized in the sense that
loss toK x rays above th& edge, and 7.s.is the escape or  hey assume the x-ray tube can provide sufficient output

collection efficiency of secondary quanta from the convertyyioyt regard for heat loading. While such idealization may

ing medium. For system #1, #2, and #8was approximated
by values taken from the literature50, 20, and 208 quanta/

push the current limits of x-ray tube technology, it is worth-
while to investigate what may be achieved in terms of detec-

. 0,32 . .
keV, respectively’**as was the fractional energy absorption performance if we allow ourselves to set tube loading

efficiency. For system #1, the value gf.. was taken con-
servatively to be a constant equal to 0.5 for the sake of si
plicity, while for system #2 and #3 unity collection efficiency

ing moments of the absorbed energy distribution over th

absorbed spectrum, taken from measurements
Trauernicht! for system #0, from Swank for system #1,
and assumed near ide@wank facto=0.95 for system #2
and #3***® Finally, the coupling efficiency was taken to be
0.80 for system #Qdiscrete “green” emission spectrum for
Gd,0,S:Th) 1°0.65 for system #1broad “yellowish-white”
emission spectrum for Csl:[f° and 1.0 for system #2 and
#3.

[ll. RESULTS

The flexibility and extensibility provided by the Spektr
functions and associated database are illustrated below
calculations of spectral characteristics and detector pe
mance as a function of kVp, filter material, and filter thic

considerations aside and shift an arbitrarily large burden to

Mihe x-ray tube.

Figure 5 shows the quantum detection efficiency, detector
@ghsitivity, and zero-frequency DQE for two of the detector

gf pes in Table II. Calculations were performed for all four

etector types, with results for the two most prevalent
(Csl:Tl anda-Se) shown for purposes of brevity. For each
detector, a resonance is observed over a fairly narrow range
of Zser for which filtration of the beam matches the spec-
trum optimally to the detector attenuation coefficient. For
example, we observe a peakdn in the region abouZye,
~73(Ta) for system #0 and #1, aroudg.,~58 (Ce) for
system #2, and around;.,~ 64 (Gd) for system #3. Note
that these optima do not quite correspond to what might be
guessed from simpl&-edge filtering, where a rule of thumb
might suggest an optimal filter with atomic numkdenoted
ﬁhe,) between theK edges of a compound detector, or

rf()ls_lightly higher than the effective atomic number of the de-
k. tector (denotedZﬁZQ, or perhaps slightly higher than the

; : . ,
ness. The results are highly illustrative of complicategN€aviest constituent element in the detedtignotedZge).
energy-dependent aspects of beam filtration and detector r&ather, the fairly complex spectra and attenuation coeffi-

sponse and reveal a number of non-trivial effects.
A. Investigation of filter material type and thickness

The dependence mﬁlx, I', and DQE on filter material
type Eiier=1—-92) and thicknesssfe, ,mg/cnt) was com-

cients in Eq.4a are such that optimal filters reside at values
of Z related nontrivially to those of the detector. For ex-
ample: system #0 (GO,S:Tb; Z&M=60; Z,.=64; Z¥
~73); system #1(Csl:Tl; z&"=54; 7/, =55; Z¥.,~73);
system #2 §-Se; 25" =34; Z},.=34; Z},,~58); and system

puted for the nominal conditions listed in Table I1. Figure 3#3 (Pbb; Z§i=69; Z(.=82; Zfi,,~64). The simple rule of

showso/ X (Zsirer » Sriter) at €nergies of 70, 90, and 110 kVp
(2.5 mm Al inherent filtration; 200 mm waterCommon

thumb does not describe the optima for all cagesticularly
the last case and analysis of the spectra and attenuation

colorscales were used for ease of comparison. At lower kvpcoefficients—made  trivial with the toolset described
there is a gradual increase a,x with increasing atomic above—is essential to understanding the rather complicated

number out toZg,~55. At higher kVp a more complex
relationship in e, Stier) IS revealed. Each case exhibits
sudden reduction ing/X in the regionZe,~55—69 for all
filter thicknesses, followed by an abrupt increase Zg.,
>~70. The reduction occurs when tieedge of the filter

effect. In each cas&j,, introduces a fairly sharp cutoff in
the filtered spectrum above the filt&r edge, shaping the
spectrum in a manner that is optimal in terms of detector
DQE, including quantum detection efficiency,{, sensitiv-

ity (I'), etc.

(viz, Ex>~35keV) is such that the transmitted spectrum__Aside from the resonance nedj.,, the behavior of
suddenly exhibits a large proportion of low-energy x rays9z (ZiierSiiter) €Xhibits a fairly monotonic decrease for
transmitted belowE, . The abrupt increase occurs when thethicker, higherZ filters (due to higher mean energy of the

K edge of the filter(viz, Ex>~60keV) is such that the

beam. A plot of g, (Zjiter,Siiter) reveals a fairly monotonic

transmitted spectrum consists almost entirely of the lowertrend for all detector types in whiap increases for thicker,
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70 kVp

90 kVp

Filter Material (£5.:)

Filter Thickness (mg/cm’)

L] [ T

Fic. 3. Fluence per unit exposu@lx (photons/mrymR), computed as a fun
110 kVp.

Filter Thickness (mg/cm’)

110 kVp

X filters Stilter )

qy

RIEI]]

55 (mg/cm”)

I]-'ilLur [hickne

ction of filter material ty(.,) and thicknessgje, ,mg/cnt) at 70, 90, and

higherZ filters. Thereforel (Ztier ,Srirer) @s shown in Fig. 5 z* = As described above, the filter material for which this

illustrates the tradeoff betweeng; (Zjiter,Siiter) and

optimum occurs is different from what might be hypoth-

02 (Zsier »Sriter) - FOr system #0, #1, and #2 there is a gradualesized from a simpl&-edge filter rule of thumb.

decrease in I' for thicker, higherZz filters [i.e.,
91 (Ziiter »Sier) dominate$ For system #3not shown we
observe a peak i extending in a band across filters ranging
betweenZg.,~20—-50. For all detectors, a distinct increase

B. Investigation of kVp and beam filtration

Taking the optimal filter material suggested by the various

in T is observed in the region aboif, discussed above, Ziier feSUlts of Fig. 5, the behavior afy/X, I', and DQE

where bothg; andg, are high(andqy/X is high as wel.
Finally, calculations of DQE(Zjijer,Siiter) @re shown in

were investigated as a function of kVp and filter thickness. In

Fig. 6,q_0/X(kVp,sﬁ|ter) is shown for the three filter types:

Fig. 5. In each case, the zero-frequency DQE gradually deiier= 58, 64, and 73, respectively, revealing a complex de-
grades for thicker, higheZ-filters. However, the resonance in Pendence of fluence per unit exposure on kVp and filtration.

g, andT is reflected in increased DQE in the region about Figure 7 showsy,, I', and DQE for two of the detector
types in Table Il, with choice of added filter given ﬁ}*ﬁt_er in

100

a2 | Zeiw=13 (Al)
& ﬁ 105 3
35 Zane=29 (C1)
'§ E 1I=_‘ Zﬁll¢r=5' 8 (CE).
=z f
%‘ E i Z’ﬁ]tcr=64 (Gd)
5 & 0.1 .
O T e
001 .
0.1 1 10
Filter Thickness {mm)

Fic. 4. Reduction in tube output for thick, highfilters. The vertical axis
shows mR/mAs computed using Spektr for a nominal 120 kVp b&at
mm Al inherent filtration, with values scaled to an arbitrary value of 100 for
no added filtration. The horizontal axis is filter thicknéssm), and each
curve covers a range in filter “coverage” or “thensityg/cnf) from 0 to
2000 mg/cri, which is the range of the horizontal axes in Figs. 3 and 5-7.
These curves illustrate the effect of highfilter selection on tube output,

each case. For each detector, a gradual decreagg ia
observed for higher kVp and thicker filtration, owing to
higher mean energy of the beal(kVp, i) again reveals
the tradeoffs betweew, (kVp,Siiter), 92 (KVP,Sjiter), and
do/ X (KVp,Ssiter)» @nd fairly complex, detector-specific rela-
tionships are revealed. Calculations of D(IEVP,Siiter)
suggest a fairly monotonic decrease with kVp for all detector
types. For each detector at a given kVp, however, a signifi-
cant increase in DQE is suggested by proper selection of
filter thickness. For example: system #1 Sgi,
>~800mg/cnd at 110 kVp; and system #2 e

>~ 600 mg/cn at 70 kVp. These results suggest a lack of
a strong optimum in kVp but are compelling in the potential
for improved detector performance through knowledgeable
selection of filter type Zf,;) and thickness.

IV. DISCUSSION AND CONCLUSIONS

A convenient, extensible toolset for x-ray spectrum gen-
eration(based on the TASMIP model of Boone and Seijert
filtration (using a database of attenuation coefficients com-
piled from NIST),'® and calculation of spectral characteris-
tics (including fluence-per-unit-exposure, HVLs, and mR/
mAs) was reported and made available online at http:/

showing reduction in mR/mAs by a factor of 10 to 1000, depending on filterywwww.aip.org/epaps/epaps.html. The toolset provides x-ray

type and thickness. Curves are shown for two common fil&rand Cu as
well as three higtz filters identified as possible optima for the various
detector systems considered. The star symbols identify filter thicknesses
discussed in Sec. IV.
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hins using the TASMIP model of Boone and Seibjentith
polynomial coefficients contained in the data fllRSMIP.xIs
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B LsinerStiner) T firer-Stiter) W DQE( ZsierSriter)

11,

i
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Systcm' #1(
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Se)

Eeuaa

=
ysiem #

Filter Material (£ )

SOy (IR EIEN] =LH)

Flltcr Thickness (mg/cm” %) Fl]te: Thlckntqq.{mE*cm ) Fﬂter T|'Ill._|\r'|t.‘>‘i {mu cm’)

Fic. 5. Quantum detection efficienc;g_{), detector sensitivit(I'), and zero-frequency DQE computed as a function of filter material tpg,f and
thickness §;er) for two of the detector systems in Table I.

in Table I. Extension to mammographic spectra isdependent absorptidt, polyenergetic input spectruff,or
fairly straightforward by replacement of the coefficients in K-fluorescence in the detector.?’ Since the objective of
TASMIP.xIswith the MASMIP coefficients of Boone, Fewell, this study was to illustrate the Spektr toolset and investigate
and Jenningg! although the toolset requires modification to overall trends, rather than provide rigorous characterization
0.5 keV energy bins. The flexibility of the toolset was illus- or comparison of performance between FPls, such effects
trated in calculation of detector performance across a broadere neglected. Furthermore, the results do not consider pos-
range of kVp and beam filtration, highlighting a number of sible K fluorescence and reabsorption of fluorescent x rays
nontrivial trends in the energy-dependent response charactesithin the beam filter itself. The calculations are exploratory
istics of direct and indirect-detection FPlIs. and idealized in that they assume the x-ray tube can tolerate
A simple linear cascaded systems model was applied tan arbitrarily large heat load burden, with sufficient output
investigate the performance of various FPI designs across @ossible even for thick, higB-filters. Furthermore, the cal-
broad range of x-ray spectra. This simple model has demoreulations consider filtration of the spectrum in a manner that
strated reasonable agreement with measured results, but dassoptimized to detector response but do not consider the
not incorporate possible degradation in DQE due to deptheffect on subject contrast; extension of the calculations to

Vi 58 (Ce) ; £

I|||r ®Ii7, filier

= 64 (Gd) : Z. =73 (Ta)

1

1Iil II ]

R{CT] (£ | 340 T

Filter Thickness (mg'em” %) F ]l:.r"l hu.km.i-i- {m;:, em”) i-llh..r Th]Lkl‘lL‘\b [m" em’)

Fic. 6. Fluence per unit exposu@lx (photons/mrymR), computed as a function of kVp and filter thicknesg) for three filter materialsz.,= 58, 64,
and 73, for which increased DQBvas observed in Fig. 5.
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FiG. 7. Quantum detection efficiencg_{), detector sensitivityl'), and zero-frequency DQE computed as a function of kVp and filter thickisggs) (for two
of the detector systems in Table | and added filtration of material &fpe [whereZj,= 73 (Ta) for system #1, andf;., =58 (Ce) for system #2

consider specific imaging tasks is a subject of future workexplored. While considerable attention has been paid to im-
Finally, investigations of DQE were limited to filters com- proving the design and performance of novel detectors such
posed of a single material type, although the Spektr toolseds FPIs, comparably little has been paid to knowledgeable
allows filtration by any number and composition of filters. selection and control of the x-ray beam. Spectral
Investigation of composite filter@.g., Thoraeus filter®,in  optimizatiorf~®*2*3is the first step in gaining such an under-
which a highZ material is followed by a lowZ materia) isa  standing, with a variety of related investigations hopefully to
topic open to future investigation. follow.

A number of interesting, nontrivial results were observed For example, dynamic selection of beam kVp, filter ma-
for various FPI designs. For system #0 and #1 {G5:Tb  terial, and filter thickness for applications in which the expo-
and Csl:Tl-based FPls, respectivelyt was found that a sure conditions change during an exam is a largely unex-
fairly thin (Sger~600 mg/cm; ~0.4 mm) filter with Z},,,  plored area of investigation and one that we hope is
=73(Ta) could provide significant improvement in DQE. facilitated by a convenient computational toolset. Such ap-
Similarly, system #2 &-Se) suggested improvement for plications include contrast-enhanced dual-subtraction imag-
Zor= 58 (Ce; Sjite;~ 600 mg/cnd; ~0.9 mm), as did system ing, dual-energy imaging, and multimode radiography/
#3 (Pbb) at Z§ =64 (Gd; Sqje,~400 mg/cnd; ~0.5 mm).  fluoroscopy. For the last case, we hypothesize that for a
As illustrated in Fig. 4, in which the star symbol on the given detector configuration, the optimal kVp and filter
Ziwer=58, 64, and 73 curves corresponds to these thickwould vary significantly between conditions where the detec-
nesses, use of these filters shifts a large heat burden to ther is strongly quantum limite¢e.g., a high-dose radiograph
tube by diminishing tube outptmR/mAS by more than a and where the detector is electronic noise limitedy., low-
factor of 10. All systems exhibited a fairly monotonic de- dose fluoroscopy and that dynamic filter selection could
crease in DQEwith increasing kVp, suggesting the lack of a significantly improve image quality across all available im-
strong optimum in kVp, but with significant trends and pos-aging modes. In the field of multidetector CT, where there
sible optima in choice of filter type and thickness. The trend$ias been considerable progress in the design and perfor-
presented here were intended primarily to illustrate the utilitymance of CT detectors, there is somewhat of a dearth in the
of the Spektr toolset, and experimental validation is a subjediterature regarding optimal selection of kVp and filtration
open to future studies of spectral optimization. for these new technologies. Similarly, spatially varying filters

The trends in system performance illustrated in this work(e.g., “bowtie” filters) that quantitatively match the filter ma-
would be difficult to ascertain without a flexible computa- terial and profile to the object size and FPI response charac-
tional tool for x-ray spectral analysis, yet the toolset de-teristics is a topic yet to be fully explored, particularly in
scribed makes such analysis straightforward and points to mammography and cone-beam CT. Finally, while it is recog-
variety of enticing research questions that are yet to be fullynized that the use of high-filters shifts a large heat burden
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