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Aim

A You never know the x -ray spectrum of a real system.
A To give some examples of how to cope with this situation.




Detected X-Ray Spectrum

A Of relevance for artifact correction is the detected spectrum w(E),
and not the emitted spectrum  I(E).

A Emitted spectrum, i.e. photon numbers or intensities (involves
Intrinsic and extrinsic prefiltration):

I(E)
A Detected spectrum, simple model:
w(E) oc B I(E) (1 — ¢~ #p(E)dp)
A Spectra are functions of the detector pixel position ( u, v).

w(u,v, E) o< B I(u,v,E) (1 - e_”D(E)dD(UaU))
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Simple Spectrum Model

A Assume patient to be decomposed into two materials, ptl and pt2.

A Observed spectrum (ano = anode, pr = prefilters, bwt = bowtie, pt =
patient, det = detector):

w(E) o E®XNo(U, E) e~ Hano(E)dano(u, v)
w e Hpr1 (E)dp (u,v) ,—pipr2(E)dpr2(u, v)
w e~ Howt (E)dbw (1, )
o« o Hpt1 (E)lpt1(u,v) ,—ppt2 (E)lpe2 (u, v)
x (1— o~ Hdet (£)ddet (u, ’U))

A Detected spectrum is obtained by setting Iy =l = 0.




Estimating the detected spectrum

X-RAY SPECTRUM ESTIMATION



Estimation of the X -Ray Spectrum

A Monte -Carlo simulation of single
electron tracks through target 1!

A Target configuration of an
Industrial CT system
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Introduction

A CT applications that require accurate knowledge of the emitted or
detected spectrum:
i Organ dose estimation Dose Estimation
I Beam hardening correction
I Dual energy decomposition
I K-edge imaging
I Quantitative perfusion measurements

Ve

T é Without Bowtie With Bowtie

A Existing methods:
I Semi-analytic models
I Monte -Carlo simulation
I Spectroscopy
I Compton scattering

T Transmission measurements
(direct, simple, no extra hardware) Original Corrected
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Beam Hardening Correction




Spectrum Estimation
by Attenuation Measurements

X-ray spectrum estimation for accurate attenuation simulation

Qarsten_Leinweber‘ Joscha Maier, and Marc Kachelrie®
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Materials and Methods

Spectrum Reconstruction-from
Transmission Measurements

A Lambert -Beer law:;
B

N.
T = -mo_ e_leb dm n
No bi_:l ’
A Problem:
i Gi vWondifferent (known)
combinations of p(E) and d, reconstruct oo
w(E). o 740

A Methods:
I Few parameter modelling
I Neural networks
I EXxpectation maximization (EM)
I Truncated singular value decomposition (TSVD)
I New: PTSVD



Materials and Methods

Truncated Singular Value
Decomposition (TSVD)

A Discretized Lambert -Beer law in matrix

notation:
B

Tm = Zambwb —> T=Aw
=1l

A Minimize the least square difference

w=argmin||[A-w—7|7 — w=A"-1 0o % 10

w

A Calculation of the pseudo -inverse AT

I Decompose A into orthonormal basis with
help of SVD:

B

T

A= E Up - SpV),
b=1

i Truncate A™tothe highest R singular values:

R ’LLT
wZZ('vb- ”)-r R<B
b—1 Sp

Tominaga et al. - A Singular Value Decomposition Approach to X  -Ray Spectral Estimation from Attenuation Data (1986)



Materials and Methods

Prior Truncated Singular-Value
Decomposition (PTSVD)

A Minimize the weighted least square T
difference with help of TSVD to obtain the 0 I G
low frequent solution from range:

wp =argmin ||A-w — 7|3, with W = Cov(r,7)"
w

A Calculate a solution from null space that

represents the high frequency components E/&;y 120 160
(here: characteristic peaks): "
B
WN — Z (Ug . wH) Vp . | Prior Spectrum -
b=R+1 ;

A Add the solution from null space to the
solution from range:

w = wpr +wWyN
160

Leinweber et al. - Attenuation -Based Reconstruction of Low and High Frequency Components of Detected

X-Ray Spectra (2016)



Materials and Methods
Simulation / Measurement Study

A Simulation conditions:

I 150 kV tungsten target spectrum simulated according to Tucker et al.

I Spectrum estimation from 28 aluminum (Al) attenuators with lengths
ranging from 0.5 mm to 132.5 mm

I Poisson noise is added to the Al transmission data for varying
numbers N, of incident photons

I Noiseless simulations of polyoxymethylene (POM) with continuous
attenuation length for validation
A Measurement conditions:

I Experimental setup consisting of a 150 kV transmission X -ray tube and
a flat detector

I 28 measurements of Al and POM attenuators with attenuation lengths
ranging from 0.5 mm to 132.5 mm

I Material for spectrum estimation: Al
I Material for spectrum validation: POM

Tucker et al. - Semi-empirical Model for Generating Tungsten Target X  -ray Spectra (1989)



Results:
Noiseless Simulated Data

Spectrum Relative Length Error POM
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Results

Noisy Simulated Data
Ny = 1x10*2

Spectrum Relative Length Error POM
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Results

Noisy Simulated Data
Ny = 1x10%°

Spectrum Relative Length Error POM
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Results

Noisy Simulated Data
Ny = 1%108

Spectrum Relative Length Error POM
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Results

Noisy Simulated Data
Ny = 1%10°

Spectrum Relative Length Error POM
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Results

Measured Data
Noa %1010

Spectrum

Relative Length Error POM
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Conclusion and Discussion

A PTSVD overcomes the limitations of TSVD by incorporating prior
Information about the statistical nature of the transmission data and
about the high frequency components of the spectrum.

A PTSVD is less prone to noise compared to TSVD.

A Simulations show that for accurate transmission data PTSVD leads
to smaller length errors compared to EM.

A Effects that limit the accuracy of transmission measurements:
guantum noise, electronic noise, scattered radiation, image lag,
guanti zation errors, dynamic range,



FIRST ORDER
BEAM HARDENING CORRECTION



Beam Hardening

5 — m/dEw(E)e/dL”(r’ %)

A Single material approximation:  u(r, E) = fi(r)y1(E)

A Measurement

g = —m/dEw(E)e—le(E)

- cupping, first order BH artifacts - cupping correction (water precorrection)
A Two material case: u(r,E) = fi1(r)Y1(E) + fa(r))a(E)

g = — ln/dE w(E)e_plwl(E) — p2th2(E)

- banding artifacts, higher order BH artifacts - higher order BH correction



First Order Beam Hardening

32 cm Water Phantom Phantom with Water Precorrection

Water Precorrection: Determine a function P
such that p = P(q) corrects for the cupping.

C=0HU, W =100 HU



Analytical Cupping Correction
A Know the detected spectrum, e.g.
w(E) oc EI(E) (1 — e~ #p(E)dp)

A Assume the object to be decomposed as

p(r, E) = f(r)(£)

such that

q= ln/dEw(E)e_pw(E) with p—/de("“)

A Invert (numerically) to get




Alternatives if Spectra are Unknown

A Calibrate water precorrection function.
I Use layers of known thickness d,, e.g. PE sheets in steps of 10 mm.
I Thisyields a LUT q(d) that can be inverted.
I This can be done pixel -wise and thus account for the heel effect and others.




I. INTRODUCTION

Due to beam polychromacity in CT, the energy dependence
of the attenuation coefficients,

Marc KachelrieB,* Katia Sourbelle, and Willi A. Kalender
Institute of Medical Physics, University of Erlangen-Niirnberg, Henkestrafie 91,
D-91052 Erlangen Germany

Empirical cupping correction: A first-order raw data precorrection
for cone-beam computed tomography

(Received 5 December 2005; revised 13 February 2006; accepted for publication 21 February 2006;

published 19 April 2006)

We propose an empirical cupping correction (ECC) algorithm to correct for CT cupping artifacts

that are induced by nonlinearities in the projection data. The method is ra

and requires neither knowledge of the x-ray spectrum nor of the attenuatior
linearizing the attenuation data using a precorrection function of polynomia
of the polynomial are determined once using a calibration scan of a homog
puting the coefficients is done in image domain by fitting a series of basi
image. The template image is obtained directly from the uncorrected phai
sumptions on the phantom size or of its positioning are made. Raw data are

them through the once-determined polynomial. As an example we demons
used to perform water precorrection for an in vive micro-CT scanner (To
GmbH, Erlangen, Germany). For this particular case, practical consideratio
tion of the template image are given. ECC strives to remove the cupping
well-calibrated CT values. Although ECC is a first-order correction anc
iterative higher-order beam hardening or scatter correction algorithms, ou
show a significant reduction of bone-induced artifacts as well. A combinatiq
cal techniques yielding a hybrid cupping correction method is possible a
dependent correction functions. © 2006 American Association of Ph
[DOL: 10.1118/1.2188076]

Key words: flat-panel detector CT, C-arm CT, micro-CT, artifacts, image
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Empirical dual energy calibration (EDEC) for cone-beam
computed tomography

Philip Stenner, Timo Berkus, and Marc Kachelriess
Institute of Medical Physics, University of Erlangen-Niirnberg, Henkestrasse 91, Erlangen,
91052 Germany

(Received 1 February 2007: revised 25 June 2007; accepted for publication 17 July 2007;
published 24 August 2007)

Material-selective imaging using dual energy CT (DECT) relies heavily on well-calibrated material
decomposition functions. These require the precise knowledge of the detected x-ray spectra. and
even if they are exactly known the reliability of DECT will suffer from scattered radiation. We
propose an empirical method to determine the proper decomposition function. In contrast to other
decomposition algorithms our empirical dual energy calibration (EDEC) technique requires neither
knowledge of the spectra nor of the attenuation coefficients. The desired material-selective raw data
p; and p, are obtained as functions of the measured attenuation data ¢; and g, (one DECT scan
=two raw data sets) by passing them through a polynomial function. The polynomial’s coefficients
are determined using a general least squares fit based on thresholded images of a calibration
phantom. The calibration phantom’s dimension should be of the same order of magnitude as the test
object, but other than that no assumptions on its exact size or positioning are made. Once the
decomposition coefficients are determined DECT raw data can be decomposed by simply passing
them through the polynomial. To demonstrate EDEC simulations of an oval CTDI phantom, a lung
phantom, a thorax phantom and a mouse phantom were carried out. The method was further
verified by measuring a physical mouse phantom, a half-and-half-cylinder phantom and a Yin-Yang
phantom with a dedicated in vivo dual source micro-CT scanner. The raw data were decomposed
into their components, reconstructed, and the pixel values obtained were compared to the theoret-
ical values. The determination of the calibration coefficients with EDEC is very robust and depends
only slightly on the type of calibration phantom used. The images of the test phantoms (simulations
and measurements) show a nearly perfect agreement with the theoretical p values and density
values. Since EDEC is an empirical technique it inherently compensates for scatter components.
The empirical dual energy calibration technique is a pragmatic. simple. and reliable calibration
approach that produces highly quantitative DECT images. © 2007 American Association of Physi-
cists in Medicine. [DOIL 10.1118/1.2769104]
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Empirical Cupping Correction (ECC)

A Series expansion of the
precorrection function

p=P(q) =) caPulq) =

n

A Go to image domain by
reconstructing g"

folr) =X"1P,(q) = X~
A Find coefficients from

M. KachelrieC, K. , and W. A. K a | -erdedrawrdata pfieEomgztion forc a | cuppiakTire
cone-b e am tomography, el2MéMdy.200Bhys. 33(5): 1269 &)



ECC Template Image

water segment and
phantom specify CT-values

—)

table

Original image Template image Weight image
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cone-beam tomography, él2™MeMdy.200Bhys. 33 (5):1



