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Abstract

Practical implementation and exploration of dual
energy computed tomography methods for Hounsfield
units to stopping power ratio conversion
David Kennbäck

The purpose of this project was to explore the performance of methods for
estimating stopping power ratio (SPR) from Hounsfield units (HU) using dual energy
CT scans, rather than the standard single energy CT scans, with the aim of finding a
method which could outperform the current single energy stoichiometric method.
Such a method could reduce the margin currently added to the target volume during
treatment which is defined as 3.5 % of the range to the target volume + 1 mm . Three
such methods, by Taasti, Zhu, and, Lalonde and Bouchard, were chosen and
implemented in MATLAB. A phantom containing 10 tissue-like inserts was scanned
and used as a basis for the SPR estimation. To investigate the variation of the SPR
from day-to-day the phantom was scanned once a day for 12 days. The resulting SPR
of all methods, including the stoichiometric method, were compared with theoretical
SPR values which were calculated using known elemental weight fractions of the
inserts and mean excitation energies from the National Institute of Standards and
Technology (NIST). It was found that the best performing method was the Taasti
method which had, at best, an average percentage difference from the theoretical
values of only 2.5 %. The Zhu method had, at best, 4.8 % and Lalonde-Bouchard 15.6
% including bone tissue or 6.3 % excluding bone. The best average percentage
difference of the stoichiometric method was 3.1 %. 

As the Taasti method was the best performing method and shows much promise,
future work should focus on further improving its performance by testing more
scanning protocols and kernels to find the ones yielding the best performance. This
should then be supplemented with testing different pairs of energies for the dual
energy scans.
The fact that the Zhu and Lalonde-Bouchard method performed poorly could indicate
problems with the implementation of those methods in this project. Investigating and
solving those problems is also an important goal for future projects. 
Lastly the Lalonde-Bouchard method should be tested with more than two energy
spectra.
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Sammanfattning

I modern cancerbehandling används ofta str̊albehandling med gammastr̊alning
som komplement till andra behandlingsformer s̊a som cellgifter eller operation.
Gammastr̊alning har dock en nackdel i och med att mycket utav str̊alningen
passerar rakt igenom kroppen och kan därmed orsaka skador p̊a frisk vävnad
b̊ade framför och bakom tumören. Detta kan förbättras genom att istället be-
str̊ala tumörer med protoner. Protoner gör mindre skada p̊a frisk vävnad p̊a
vägen till tumören och genom att interagera med omgivande vävnad avger pro-
tonerna sin rörelseenergi tills de till slut stannar. När protonerna saktar ned
s̊a f̊ar de mer tid att interagera med vävnader och avge mer energi, därmed
gör protonerna som mest skada precis innan de stannar. Vid behandling ser
man därför till att protonerna stannar i själva tumören. Frisk vävnad bakom
tumören f̊ar d̊a inga str̊alskador alls.

För att protonerna ska stanna p̊a rätt djup i kroppen görs först en skiktröntgen
p̊a patienten innan behandlingen. D̊a röntgenstr̊alning beter sig p̊a samma sätt
som gammastr̊alning s̊a m̊aste data fr̊an skiktröntgen omvandlas till n̊agot som
är mer lämpat för protoner. Denna omvandling kan däremot inte göras exakt
utan uppskattas. För att försäkra sig om att tumören änd̊a f̊ar en adekvat dos
vid behandlingen lägger man därför p̊a en marginal runt tumören och bestr̊alar
ett större omr̊ade. För att minska onödig bestr̊alning av omgivande frisk vävnad
är det därför viktigt att felet p̊a uppskattningen blir mindre s̊a att marginalen
kan göras s̊a liten som möjligt.

I nuläget används oftast en energi p̊a röntgenstr̊alningen när en skiktröntgen
tas och den metod som används för omvandlingen kallas för den stökiometriska
metoden. Genom att istället använda tv̊a energier f̊ar man mer information ur
en skiktröntgen och med metoder som är anpassade för detta kan omvandlingen
bli exaktare. I den här rapporten undersöks tre s̊adana metoder, av Taasti,
av Zhu, och av Lalonde och Bouchard. Resultatet av omvandlingen med dessa
metoder har sedan jämförts med resultatet fr̊an den stökiometriska metoden.

Alla metoderna behöver n̊agon form av kalibrering för att omvandlingen ska
fungera. Till detta används dels en s̊a kallad fantom i plast, som representerar
ett tvärsnitt av en person och som inneh̊aller vävnadsliknande pluggar som
skiktröntgas, och dels en referens lista med riktiga vävnader.
I b̊ade den stökiometriska metoden och metoden utvecklad av Zhu inleds kali-
breringen p̊a liknande sätt d̊a Zhu metoden är en version av den stökiometriska
som har anpassats till att använda tv̊a energier.
Taasti metoden använder tv̊a empiriskt framtagna ekvationer som kalibreras
med hjälp av fantomen och referens listan. När kalibreringen är klar behöver
metoden bara tv̊a steg för att göra omvanlingen vilket är det lägsta antalet steg
utav alla metoder i den här rapporten.
Metoden av Lalonde och Bouchard kalibreras genom att ett antal matematiskt
konstruerade virtuella material tas fram. Andelen av dessa virtuella material i
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vävnader uppskattas och hur dessa material interagerar med protoner kan sedan
beräknas. Denna metod är även den enda som skulle kunna användas med fler
än tv̊a energier.

Resultatet av mätningarna som gjorts visar att Taasti metoden hade minst fel
i sin omvandling och var därför den bästa metoden som testades. Zhu metoden
var sämre än den stökiometriska och metoden av Lalonde och Bouchard fick
ett mycket d̊aligt resultat vilket kan bero p̊a att metoden är komplex och sv̊ar
att implementera eller att den behöver fler energier för att fungera optimalt.
I framtida projekt bör fler inställningar p̊a skiktröntgen testas för att hitta de
inställningar som göra att metoderna, främst Taasti, fungerar optimalt. Olika
par av energier än de som testades i detta projekt borde ocks̊a provas. Till sist
bör även problemen med Zhu och Lalonde och Bouchard metoderna undersökas
närmare, och den senare bör även testas med fler än tv̊a energier.
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Nomenclature

CT - Computed tomography
SE - Single energy
DE - Dual energy
HU - Hounsfield unit
SPR - Stopping power ratio
ρ - Density
ρe - Electron density
ρ̂e - Relative electron density
µ - Linear attenuation coefficient
µ/ρ - Mass attenuation coefficient
u - Reduced Hounsfield unit
I - Mean excitation energy
ω - Elemental weight fraction
PC - Principal component
eV - Electronvolt
kVp - Peak kilovoltage
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1 Introduction

Conventional radiation treatments for cancer utilize X-rays to treat tumors deep
inside the body where surgery often isn’t an option due to the location of the
tumor or to avoid complications related to surgery. A downside of photon
based radiation treatments is how photons interact with matter. A photon beam
entering the body will deposit its energy along the entire beam path. This means
that any tissues in front of, as well as behind of, the target, along the beams
path, will exposed to the radiation. Tissue exposure to photon radiation could
be decreased with various irradiation techniques, but completely eliminating any
radiation damage between the beam entering the body and reaching the target
is impossible. However, exposing tissues behind the target is unnecessary and
can be avoided.
This can be done by using an ion beam instead of photons. A charged particle
interacts electromagnetically with the surrounding tissue and deposits energy
by ionizing atoms along its path. The ionization density is dependent upon the
kinetic energy of the incoming particle. As it slows down the particle has more
time to interact with surrounding atoms and deposit more of its energy. This
means that the energy deposition is greatest at the end of the particles path
before quickly dropping to zero as the particle has lost all it’s kinetic energy and
comes to a halt. In a plot of ionization density as a function of travel distance
the energy deposition at the end will form a peak known as the Bragg peak.
When treating a tumor the energy of the incoming particles should be adjusted
such that the Bragg peak falls within the tumor itself.
To accurately place the Bragg peak in the tumor the patient first has to un-
dergo a computed tomography (CT) scan. The CT scan not only allows for
the localization of the tumor but the data from the scan can be also used to
calculate where the Bragg peak will be. A CT image characterizes materials
in what’s known as Hounsfield Units (HU). Every pixel in the image has an
HU value which is based on the X-ray attenuation of the material in that pixel.
Various methods can be used to convert the HU value of the CT to a stopping
power ratio, or SPR for short, for the charged particles used in treatment. The
stopping power is the force acting on a charged particle by surrounding matter
which causes a loss of energy of the charged particle. It is given as a ratio to the
stopping power of water and used to determine the range of a charged particle
in matter. The most widely used method today is the stoichiometric method
developed by Schneider et al. [1] which uses single energy CT (SECT) scans to
make the HU to SPR conversion. A HU-SPR plot can then be made which is
used in treatment planning.
However, the conversion is not without limitations. Two materials with different
densities can have the same HU value and as the range of charged particles is
affected by material composition and density this can lead to differences in
the theoretical and practical range of the particles in the patient. To account
for these limitations and to ensure that the target is properly treated despite
these uncertainties a margin is added to the treatment volume. The Harvard
Cyclotron Laboratory (HCL) introduced a margin of 3.5% of the proton range
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in the body + 1 mm in the 1980’s which is still the standard margin used today
[2]. Such a margin does of course increase the irradiated volume and lead to
more healthy tissues immediately surrounding the tumor being unnecessarily
exposed to therapeutic dose levels. It is therefore of great interest to develop
new and more accurate methods which would make it possible to introduce new
margins which are smaller than the HCL margin.
One way to improve the accuracy of the HU to SPR conversion is to improve
the material characterization by using dual energy CT (DECT) scans where the
patient is scanned with two different X-ray energy spectra, either simultaneously
or in quick succession. With DECT every pixel in the CT image has two HU
values determined by two different spectra and this additional information allows
DECT methods to estimate the density of the scanned material as well. This is
still not enough information to make an exact HU to SPR conversion but the
additional information together with new conversion methods could lead to a
reduced margin [3].
The aim of this report is to investigate three DECT methods developed by
Taasti et al. [7], Zhu et al. [10], and Lalonde and Bouchard [12] respectively
by comparing the resulting SPR with both the results from the stoichiometric
method by Schneider and theoretical values.

2 Theory

The HU values measured by the CT [4] are defined as

HU = 1000 ·
(
µ

µw
− 1

)
, (2.0.1)

where µ is the linear attenuation coefficient of the scanned material and µw is
the linear attenuation coefficient of water. Houndsfield units range from -1000
for vacuum up to typically over a couple of thousand for dense materials like
bone. Rearranging this equation gives the definition of the so called reduced HU
value, u, which is equal to the relative linear attenuation, µ/µw, and is defined
as

u =
HU

1000
+ 1. (2.0.2)

The stopping power ratio, or SPR, is the ratio of the stopping power of a material
to the stopping power of water. Stopping power is the force exerted on a charged
particle by surrounding matter resulting in a loss of kinetic energy of the charged
particle. SPR is used in treatment planning to calculate the range of protons
in tissues. The theoretical SPR of a tissue can be calculated with the Bethe
equation [5] which is given by

SPR = ρ̂e

ln
[

2mec
2β2

Im(1−β2) − β
2
]

ln
[

2mec2β2

Iw(1−β2) − β2
] , (2.0.3)
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where ρ̂e is the electron density of the material relative to water, me is the rest
mass of the electron and is given in eV/c2, Iw is the mean excitation energy of
water in eV and is set to 75 eV. β is the speed of the proton relative to c and
is given by

β =

√√√√1−

(
1

Ek

mpc2
+ 1

)2

, (2.0.4)

where Ek is the kinetic energy of the proton in eV and mp is the mass of the
proton in eV/c2.
I is the mean excitation energy of the composite material and is usually calcu-
lated with the Bragg additivity rule [6] given by

lnIm =

∑
ωi
(
Z
A

)
i
· lnIi∑

ωi
(
Z
A

)
i

, (2.0.5)

where Z is the atomic number, A is the atomic weight, Ii is the mean excitation
energy of element i and ωi is the elemental weight fraction which is defined as

ωi =
1

mtot

∑
i

mi, (2.0.6)

with mi being the mass of element i and mtot being the total mass of the
mixture.

3 Methods

What all three methods have in common is that they rely on data from a scanned
phantom that has a number of plugs called inserts that have similar characteris-
tics as real human soft and bone tissues with known density, ρ, relative electron
density, ρe, and elemental weight fractions. When scanned by a CT the inserts
in the phantom should give similar HU values as the real tissues would.
The methods also make use of a list of reference human tissues which is a list
of a variety of real tissues where the density, relative electron density and ele-
mental weight fractions have been examined.

3.1 Stoichiometric method

For comparison, the SECT stoichiometric method developed by Schneider et
al. [1] is also implemented and works in the following way. First, the number
of electrons per unit volume, Ng, given by equation 3.1.1 is calculated for the
inserts, for water, and for the reference tissues. Here NA is Avogadro’s number,
ωi is the elemental weight fraction of the ith element, Zi is the atomic number
and Ai is the atomic weight.
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Ng = NA

∑
i

ωiZi
Ai

. (3.1.1)

In the paper by Schneider et al. the HU value is defined as starting at zero
instead of -1000. Therefore the Hounsfield unit is defined as

HU = 1000
µ

µw
, (3.1.2)

where µ is the linear attenuation coefficient of the tissue or material being
scanned and µw is the linear attenuation coefficient of water. The linear atten-
uation coefficient of a composite material is given by

µ = ρNg(KphZ̃3.62 +KcohẐ1.86 +KKN), (3.1.3)

where Kph are Kcoh are constants which characterize the cross-sections of the
photoelectric effect and coherent scattering and KKN is the Klein-Nishina cross
section. The values of the two exponents of Z̃ and Ẑ were assigned to 3.62 and
1.86 respectively by Rutherford et al. [11]. Z̃ and Ẑ are given by

Z̃ =

[∑
i

λiZ
3.62
i

]1/3.62

and

Ẑ =

[∑
i

λiZ
1.86
i

]1/1.86

,

where

λi = N i
g/Ng

and where N i
g is the number of electrons per unit volume of element i given by

N i
g = NA

ωiZi
Ai

.

Combining equations 3.1.2 and 3.1.3 allows for the constants Kph, Kcoh and
KKN to be estimated by using the HU values and linear attenuation coefficient
of the scanned inserts, along with the linear attenuation coefficient of water and
applying a linear regression fit. The MATLAB (Version 8.5, release R2015a,
MathWorks) function lsqnonlin was used to make the linear regression fit on

HU = 1000

(
ρNg

ρwNgw

KphZ̃3.62 +KcohẐ1.86 +KKN

KphZ̃3.62
w +KcohẐ1.86

w +KKN

)
, (3.1.4)

with the electron density relative to water being given by
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ρ̂e =
ρNg

ρwNgw
, (3.1.5)

where ρw and Ngw is the density and the number of electrons per unit volume
of water. Having calculated the three constants the HU values of the reference
tissues can be determined by first calculating their Z̃ and Ẑ, and insert these,
along with the density ρ and the number of electrons per unit volume of the
tissue, into equation 3.1.4. The SPR is also calculated using equation 2.0.3 using
a proton kinetic energy of 100 MeV.
A piecewise linear HU-SPR fit can then be made using the data from the ref-
erence tissues. When an unknown material is then scanned the SPR is simply
read off the HU-SPR curve.

3.2 Taasti Method

The first step in calculating the SPR with the method developed by Taasti et
al. [7] is to assume that the polychromatic CT scans for high and low energy
each can be described by a single energy called the effective energy, Eeff.
The linear attenuation coefficient of the inserts are calculated for all energies up
to the maximum energy of the two energy spectra, j. Along with the measured
HU values from the low (j =L), and high (j =H) energy CT scans, given by
HUmeas

j , a linear fit is made for eq. 3.2.1, using the two rightmost expressions.

utj =
µ(Ej)

µw(Ej)
=
HUmeas

j

Atj
+Btj , (3.2.1)

where the linear attenuation coefficient for each insert is described by equation
3.2.2 as a sum of the mass attenuation contribution of each element, µi/ρi,
where µi and ρi is the linear mass attenuation and density of element i which
is then weighted by the elemental weight fractions, ωi and multiplied by the
density of the insert, ρ [8, eq. 1.12]. Atj and Btj are two constants whose value
will be determined by a fit and t denotes either soft or bone tissue.

µ(E) = ρ
∑
i

ωi
µi(E)

ρi
. (3.2.2)

The mass attenuation values for the individual elements were gathered from
tables provided by the National Institute of Standards and Technology (NIST)
[9]. As not all energies from 1 keV up to the maximum energy of each spectrum
are tabulated a fit had to be made from 1 keV to the first tabulated value with
an energy greater than or equal to the maximum energy of the spectrum with
steps of 1 keV.

The effective energies, Eeff, L and Eeff, H, are then determined as the energies
which maximizes the coefficient of determination, R2. The inserts are then sep-
arated into two groups, soft tissue (t=soft) and bone tissue (t=bone). Any
insert with a low energy HU value of ≤ 240 is categorized as soft tissue while
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the others are categorized as bone tissue with the HU value of air being -1000.
This split is necessary since the effect of beam hardening is greater for highly
attenuating materials, like bone. A single fit over all HU values would therefore
not accurately describe all tissues. For the two energies and for the two tissue
groups a fit is again made for eq. 3.2.1 using the two rightmost expressions at
the effective energy to determine the eight characteristic parameters {Atj , Btj}.

The next step is then to calculate the reduced HU value, given by eq. 3.2.1 using
the two leftmost expressions instead, for the list of reference human tissues with
known density and elemental weight fractions. As in the previous step, the
linear attenuation coefficient at the effective energy is calculated as a sum of
the elemental contributions given by eq. 3.2.2. The reference tissues are then
separated into soft and bone tissues where bone tissues have a calcium content
greater than 0.5 %. The SPR is then calculated using the Bethe equation given
by eq. 2.0.3 with a proton kinetic energy of 100 MeV. The SPR and reduced
HU number of the reference human tissues are then used to fit the two sets of x
parameters, x1 - x4, to the two equations 3.2.3 and 3.2.4 representing the two
tissue groups using the nonlinear least squares regression algorithm lsqnonlin in
MATLAB.

SPRest
soft = [(1 + x1)uH − x1uL] + x2u

2
L + x3u

2
H + x4(u3

L + u3
H). (3.2.3)

SPRest
bone = [(1 + x1)uH − x1uL] + x2

uL

uH
+ x3(u2

L − u2
H) + x4(u3

L + u3
H). (3.2.4)

When an unknown tissue or material is then scanned it is first categorized as
either a soft or bone tissue depending on its low energy HU value being ≤ 240
or not. The appropriate set of characteristic parameters {Atj , Btj} are then
used in equation 3.2.1 to calculate the reduced HU value, utj , of the unknown
tissue for both energy spectra. The SPR is then calculated directly by using the
appropriate set of x parameters and one of the two equations 3.2.3 or 3.2.4.

3.3 Zhu Method

The method developed by Zhu et al. [10] is a dual energy adaptation of the
SECT stoichiometric method by Schneider et al. [1]. The linear attenuation of
a scanned material can be calculated using equation 3.3.1 in a similar way as in
the SECT case, using equation 3.1.3, as

µ = ρ
NA

A
[ZKKN(E) + ZnKSCA(E) + ZmKPE(E)]. (3.3.1)

The reduced HU value of the material is given by the ratio of the linear attenu-
ation coefficient of the material and the linear attenuation coefficient of water.
Equation 3.3.1 is used for both materials and the ratio is given by equation
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µ

µw
=

ρNA

A ZKKN(E)
[
1 + Z1.86k1(E) + Z3.62k2(E)

]
ρw

NA

Aw
ZwKKN(E) [1 + Z1.86

w k1(E) + Z3.62
w k2(E)]

, (3.3.2)

where

k1 =
KSCA

KKN
,

k2 =
KPE

KKN
.

The relative electron density of the material is defined by equation 3.3.3

ρ̂e =
ρNA

A Z

ρw
NA

Aw
Zw

. (3.3.3)

Together with the definition of the Hounsfield units, given by equation 2.0.1,
equation 3.3.2 can be rewritten as

HU

1000
+ 1 = ρ̂e

1 + Z1.86k1(E) + Z3.62k2(E)

1 + Z1.86
w k1(E) + Z3.62

w k2(E)
. (3.3.4)

Like in the SECT Schneider method, for a composite material the atomic num-
ber Z in equation 3.3.4 can be replaced by two effective atomic numbers, Z̃ and
Ẑ. Equation 3.3.1 can then be rewritten as

µ = ρeK
KN
[
1 + k1Ẑ

1.86 + k2Z̃
3.62
]
, (3.3.5)

where

ρe = ρNA

∑
i

ωiZi
Ai

,

and where

Ẑ =

[∑
i

λiZ
1.86
i

]1/1.86

,

Z̃ =

[∑
i

λiZ
3.62
i

]1/3.62

,

λi =
ωiZi
Ai

∑
i

ωiZi
Ai

,

with ωi being the weight fraction of the ith element in the composite material.
Thus for a composite material equation 3.3.4 can be rewritten as

HU

1000
+ 1 = ρ̂e

1 + Ẑ1.86k1(E) + Z̃3.62k2(E)

1 + Ẑ1.86
w k1(E) + Z̃3.62

w k2(E)
. (3.3.6)
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The phantom with tissue equivalent inserts is then scanned and a nonlinear
least squares regression algorithm used to calculate the two parameters k1 and
k2 for both the high and low energy scan.

With the two sets of k parameters known, the effective atomic number, Zeff, of
the inserts can be calculated. By taking the ratio of the high and low energy
versions of the equation the unknown relative electron density is eliminated and
combined the two equations can be written as

HUL + 1000

HUH + 1000
=

1 + Ẑ1.86k1,L + Z̃3.62k2,L

1 + Ẑ1.86
w k1,L + Z̃3.62

w k2,L

· 1 + Ẑ1.86
w k1,H + Z̃3.62

w k2,H

1 + Ẑ1.86k1,H + Z̃3.62k2,H

. (3.3.7)

One then makes the assumption that both Ẑ and Z̃ are equal to Zeff and solve
for it by finding the roots of equation 3.3.7. This assumption will still provide a
fairly accurate relative electron density. By then calculating the mean excitation
energy of the inserts given by Bragg’s additivity rule 2.0.5 a Zeff - ln I calibration
curve can be made as a piecewise linear fit.
For an unknown tissue equation 3.3.7 is used to calculate Zeff and a corre-
sponding ln I is read off the calibration curve. By reversing equation 3.3.6 and
inserting Zeff, the relative electron density, ρ̂e, can be calculated by

ρ̂e =

(
HUH

1000
+ 1

)
/

(
1 + Z1.86

eff k1(E) + Z3.62
eff k2(E)

1 + Ẑ1.86
w k1(E) + Z̃3.62

w k2(E)

)
, (3.3.8)

where the high energy HU values are used since high energy scans have less
noise. With the relative electron density calculated and the mean excitation
energy estimated from the calibration curve, the SPR can be calculated using
the Bethe equation 2.0.3.

3.4 Lalonde-Bouchard Method

The method developed by Lalonde and Bouchard [12] uses a technique called
principal component analysis (PCA) where one can determine the ratios of vir-
tual materials called principal components in an unknown scanned material.
Relative electron density and elemental weight fraction can then be approxi-
mated from those ratios. The method can also make use of more than two
energies for an improved result
First the phantom with tissue-like inserts is scanned. The inserts are composed
of M elements (H, C, O, N etc.), each having an associated elemental weight
fraction ωm with m ∈ [1,M ]. The fraction of electrons of each element in the
material is then defined as

λm =
ωm
(
Z
A

)
m∑M

m=1 ωm
(
Z
A

)
m

, (3.4.1)
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where λm is the fraction of electrons of element m and
(
Z
A

)
m

is the number
of electrons per atomic weight of element m. Calculating the virtual materials
requires a calibration to be performed by scanning materials with known prop-
erties. This calibration results in sets of parameters, one for each energy, which
are later used to estimate the properties of unknown materials. First one defines
the so called Z-space of a known material as

Zl =

M∑
m=1

λmZ
l
m (3.4.2)

for l = 1, ...,M − 1. A calibration matrix can then be created where each row
of the matrix represents one of the calibration materials as the relative electron
density of the material times its Z-space. It is required that the number of
calibration materials, Q, is greater than, or equal to, the number of elements,
i.e. Q ≥M . The calibration matrix is defined as

Fcal =


ρ̂e,1 ρ̂e,1Z1 · · · ρ̂e,1Z

M−1
1

...
...

. . .
...

ρ̂e,Q ρ̂e,QZQ · · · ρ̂e,QZ
M−1
Q

 , (3.4.3)

where ρ̂e is the relative electron density. For each energy the reduced HU-value
of the calibration materials, given by equation 2.0.2, is collected in a vector,
ucal, given by

ucal =

u1

...
uQ

 . (3.4.4)

The energy specific calibration parameters (b1, . . . , bM ) are then given by equa-
tion 3.4.5, similarly to the calibration in Bourque et al. [13].

b = (FTcalFcal)
−1FTcalucal. (3.4.5)

Calculating the principal components require a list of reference human tissues
with known relative electron density and elemental weight fractions. Due to the
difference in interaction of X-rays and protons between soft tissues and bone
tissues two sets of principal components has to be calculated. For the reference
tissues, bone tissues are defined as any tissue with a calcium content ≥ 0.5%.
As with the calibration materials the fractions of electrons is calculated using
equation 3.4.1. For each type of tissue one then defines a partial density matrix
containing N tissues composed of M elements

X =

x1

...
xN

 , (3.4.6)

13



where xn = (ρ̂e,nλn1, . . . , ρ̂e,nλnM ) for n ∈ [1, N ]. Each row of X adds up to
the relative electron density, ρ̂e. By multiplying with the vector JM×1, which is
a M ×1 vector with all elements equal to 1, this constraint can be verified

XJM×1 = ρ̂e, (3.4.7)

where ρ̂e is the vector containing the relative electron density ρ̂e of all M ele-
ments. The constraint can also be written as

ρ̂e,n =

M∑
m=1

xnm. (3.4.8)

The covariance matrix of X is then given by

Cx =
1

N − 1
XTX− 1

N(N − 1)
XTJN×1J

T
N×1X. (3.4.9)

The principal components are a new base of M virtual materials, each consisting
of M elements. This provides an alternative way to describe a tissue. In the
new base the partial density matrix is described by

Y =

y1
...

yN

 , (3.4.10)

where yn = (ρ̂e,nλ
∗
n1, . . . , ρ̂e,nλ

∗
nM ) for n ∈ [1, N ], λ∗n being the fraction of

electrons in the new base. Y is also subjected to the same constraint as X,

YJM×1 = ρ̂e. (3.4.11)

Which, like for X, also can be written as

ρ̂e,n =

M∑
m=1

ynm. (3.4.12)

Transformation between the two bases is done by the M ×M transformation
matrix P

YP = X, (3.4.13)

where

P =

 p1
...

pM

 , (3.4.14)

which has the constraint

PJM×1 = JM×1, (3.4.15)
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or

M∑
i=1

pim = 1 ∀ m ∈ [1,M ], (3.4.16)

where pim is the mth element of the ith row in the transformation matrix P.
The relation between the two bases given by equation 3.4.13 can then also be
written as

xm =

M∑
i=1

pimyi. (3.4.17)

The transformation matrix should be constructed in such a way that the new
base is orthogonal. To achieve this the covariance matrix of the partial density
matrix Y has to be diagonal. One can show from equations 3.4.9 and 3.4.13
that

Cx = PTCyP. (3.4.18)

This is equivalent to an eigenvalue problem Cx = EDET where E and D are the
matrix of eigenvectors and the diagonal matrix of eigenvalues of Cx respectively.

E = (e1 . . . eM ), D =

d1 · · · 0
...

. . .
...

o · · · dM

 . (3.4.19)

From this the solution for P is given by

P =

 c1e
T
1

...
cMeTM

 , (3.4.20)

where the constant cm is given by

cm = (emJM×1)−1 =
1∑M

i=1 emi
. (3.4.21)

Constructing P in such a way solves equation 3.4.18 and ensures that Cy is
diagonal.

Cy =


d1
c21
· · · 0

...
. . .

...

0 · · · dM
c2M

 . (3.4.22)

The matrix P is the M ×M principal component matrix. Each row represents
a so called principal component (PC), a virtual material made of M elements.
In the new base, instead of representing a tissue as a mixture of M elements, a
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tissue can be represented as a mixture of the M virtual materials. However, for
an unknown scanned tissue it is only possible to solve for the fractional com-
position of K PCs where K is the number of energies (for DECT K = 2). It
is therefore desirable to order the PCs (pT1 , . . . ,p

T
M ) by decreasing variance by

applying the condition d1
c21
≥ . . . ≥ dM

c2M
.

Since only the first K PCs can be resolved with the information available the
remaining M − K PCs have to be assumed invariant for all tissues and are
compounded into one residual PC. For each element m ∈ [1,M ], the elemental
weight fraction of the residual PC is given by

p0m =
1

y0

M∑
k=K+1

ykpkm, (3.4.23)

where y0 is the invariant fraction of the residual PC and is given by

y0 =

M∑
m=1

M∑
k=K+1

ykpkm, (3.4.24)

where yk is the average partial electron density of element k taken from the
partial density matrix Y.

For an arbitrary medium the relative linear attenuation coefficient is equal to
the reduced HU value and is given by

u = ρ̂ef
med, (3.4.25)

where fmed is the electronic cross section of the arbitrary medium relative to
water and is in turn given by

fmed =

M∑
m=1

λmf
elem
m , (3.4.26)

where f elem
m is the relative electronic cross section of the mth element. By

combining equation 3.4.25 with 3.4.26 it can be rewritten as

u =

M∑
m=1

xmf
elem
m , (3.4.27)

which in the new base is equivalent to

u =

M∑
m=1

ymf
pc
m , (3.4.28)

with fpc
m being the relative electronic cross section of the mth PC. With help of

the calibration parameters given by equation 3.4.5 fpc
m can be approximated by

first calculating the Z-space of the first K PCs given by
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Zlpc,k =

M∑
m=1

pkmZ
l
m ∀ l ∈ [1,M − 1]. (3.4.29)

The relative electronic cross sections can then be approximated as

fpc
k ≈ f̂

pc
k =

M∑
l=1

blZl−1
pc,k, (3.4.30)

for the PCs k = 0, 1, . . . ,K where k = 0 gives the relative electronic cross
section of the residual PC, p0. This is to be done for all K sets of calibration

parameters b leading to a K ×K matrix where
{
f̂
pc(k)
1 , . . . , f̂

pc(k)
K

}
is given by

calibration set b(k). The fractions of first K PCs of the unknown material is
then estimated by

 ŷ1

...
ŷK

 =


f̂

pc(1)
1 · · · f̂

pc(1)
K

...
. . .

...

f̂
pc(K)
1 · · · f̂

pc(K)
K


−1

u(1) − y0f̂
pc(1)
0

...

u(K) − y0f̂
pc(K)
0

 , (3.4.31)

where
{
u(1), . . . , u(K)

}
are the reduced HU values of the unknown material for

the scanned energies 1, . . . ,K given by equation 2.0.2. Analogously to equation
3.4.12 the relative electron density is approximated as

ρ̂e ≈ ρ̂′e = y0 +

K∑
k=1

ŷk. (3.4.32)

By combining the definition of the partial density matrix X where
x = (ρ̂eλ1, . . . , ρ̂eλM ) with equations 3.4.8 and 3.4.17 the fractions of electrons,
λ, of the unknown material can be approximated as

λ̂ =
P̂ŷ

ρ̂′e
. (3.4.33)

Here P̂ is the partial principal component matrix given by (pT1 , . . . ,p
T
K ,p

T
0 )

where pTk is the kth row of the principal component matrix P and pT0 is the
residual PC. ŷ = (ŷ1, . . . , ŷK , y0)T are the fractions of each PC. Each PC, pTk ,
gives a contribution to the total fraction of electrons for an element when mul-
tiplying with the fraction of the kth PC in the material, ŷk, and summing over
all PC fractions. By dividing with the approximated relative electron density,
ρ̂′e, the elemental electron fraction vector, λ̂ = (λ1, . . . , λM )T , is normalized to
1.
Equation 3.4.1 can then be used to solve for the elemental weight fractions, ωm,
by solving the equation system
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λ1 = ω1

(
Z
A

)
1
/
(
ω1

(
Z
A

)
1

+ · · ·+ ωM
(
Z
A

)
M

)
...

λM = ωM
(
Z
A

)
M
/
(
ω1

(
Z
A

)
1

+ · · ·+ ωM
(
Z
A

)
M

)
 . (3.4.34)

The equation system can be rewritten such that the solution is given by the
following matrix equation


(λ1 − 1)

(
Z
A

)
1

λ1

(
Z
A

)
2

· · · λ1

(
Z
A

)
M

λ2

(
Z
A

)
1

(λ2 − 1)
(
Z
A

)
2
· · · λ2

(
Z
A

)
M

...
. . .

...
λM

(
Z
A

)
1

λM
(
Z
A

)
2

· · · (λM − 1)
(
Z
A

)
M



ω1

ω2

...
ωM

 = 0, (3.4.35)

where 0 is the zero vector of length M. With the elemental weight fractions
solved for, the mean excitation energy of the unknown material can be calculated
using Bragg’s additivity rule given by equation 2.0.5. Together with the relative
electron density calculated previously the SPR of the material can be calculated
using the Bethe equation given by 2.0.3.

4 Experiments

A model 062M CIRS phantom was used with tissue equivalent inserts. In order
of increasing density the ten inserts were: lung (inhale), lung (exhale), adipose
tissue, breast tissue, muscle, liver, bone 200 mg/cc, bone 800 mg/cc, bone 1250
mg/cc and cortical bone. The phantom also had an insert containing a small
vial that was filled with liquid water and an insert called plastic water made
from the same material as the phantom itself. Figure 1a shows the phantom
with its inserts. Note that there are duplicates of some of the inserts.

The phantom with the inserts were scanned on 12 days during a period of three
weeks using a Siemens SOMATOM Definition AS CT scanner. On each day
four calibration scans were made using two different preexisting scanning pro-
tocols, each with two different kernels, at 80 and 140 kVp. A kernel is a matrix
used in digital image processing to apply various filters, such as sharpening or
blurring, with different filters being more suitable for different types of tissue.
The four calibration scans are, in order: DE Abdomen Monoenergetic (AM)
with the B30F kernel, DE Abdomen Monoenergetic with the D30F kernel, DE
Spine Metal (SM) with the D30F kernel and DE Spine Metal with the B30F ker-
nel. This exact ordering is used throughout whenever different calibration scans
are compared. The Spine metal scanning protocol was chosen as, by visual in-
spection, the protocol also applies a filter which reduces noise in the final image.

Each scan took one CT image every 1 mm resulting in a total of 61 cross sec-
tional images. In order to measure an HU value for each insert, to later be used
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(a) The phantom with tissue like
inserts standing upright, ready to
be scanned by the CT. Several in-
serts had duplicates in order to fill
all the empty insert slots in the
phantom.

(b) A cross section image of the
scanned phantom. Darker colours
mean lighter density. The three
bone inserts can be seen as white.
The two lines below come from the
table it’s standing on.

Figure 1: The figure shows the phantom and a CT scanned
image of the phantom.

in calibrating the four methods, the images from each scan were first ordered
and the five central images were then chosen. These five images are situated at
roughly the center of the phantom thus avoiding any partial volume effects at
the front and back face of the phantom. The HU value of an insert was then
given by the average HU value of pixels in the insert for all five images.

The SPR for each insert was calculated using all four methods for the 12 days.
As the HU values measured by the CT can vary slightly from day to day the 12
SPR values for each insert and method were averaged and called SPRmean. The
difference between the measured mean values and the theoretical SPR values
is then given by ∆SPR = SPRmean − SPRtheo. The maximum and minimum
difference, called ∆SPRmax and ∆SPRmin, was also calculated.

5 Results

The theoretical SPR for the inserts were calculated using equation 2.0.3 with
elemental weight fractions and relative electron density from CIRS [14], and
with Im given by equation 2.0.5 with elemental I values from NIST [15]. The
results are listed in table 1.
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Table 1: Theoretical SPR values for all inserts.

Tissue SPRtheo

Lung (inhale) 0.204
Lung (exhale) 0.504
Adipose 0.970
Breast 0.996
Muscle 1.062
Liver 1.070
Bone 200 mg/cc 1.118
Bone 800 mg/cc 1.428
Bone 1250 mg/cc 1.633
Cort. Bone 1.704

The differences between the measured and theoretical values, ∆SPRmean, given
by SPRmean−SPRtheo, are shown in tables 2 - 5 below along with the maximum
and minimum differences, ∆SPRmax and ∆SPRmean, all of which multiplied
by 103 for readability.

Table 2: The table shows the the mean, maximum and minimum dif-
ferences between the measured SPR and the theoretical as ∆SPRmean,
∆SPRmin, and ∆SPRmax, all times 103, for the ten tissues using the
Schneider low energy (L), Schneider high energy (H), Taasti, Zhu and
Lalonde-Bouchard (LB) methods, based on a scan using the DE Abdomen
Monoenergetic scanning protocol with the B30F kernel.

DE Abdomen Monoenergetic with B30F kernel
∆SPRmean [∆SPRmin,∆SPRmax] ·103

Inserts Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 38 [35, 42] 37 [36, 39] 6 [2, 13] 40 [35, 45] 20 [11, 29*]
Lung (exhale) 51 [49, 52] 27 [25, 30] -22 [-30, -17] 27 [21, 32] -38 [-60, -13]
Adipose -2 [-7, 1] 5 [3, 9] -4 [-10, 2] 39 [30, 46] -14 [-32, 11]
Breast -6 [-9, -3] -2 [-4, 1] -16 [-20, -10] 29 [22, 37] -40 [-69, -12]
Muscle -3 [-4, -1] -4 [-6, -2] -15 [-19, -10] 30 [26, 36] -72 [-101, -41]
Liver -6 [-7, -4] -14 [-15, -13] -35 [-38, -32] 11 [7, 14] -116 [-161, -74]
Bone 200 mg/cc 39 [37, 41] 16 [14, 18] -25 [-29, -20] 35 [27, 49] -458 [-584, -405]
Bone 800 mg/cc 36 [32, 42] 16 [12, 20] -60 [-70, -51] 51 [37, 86] -418 [-544, -367]
Bone 1250 mg/cc 77 [71, 86] 49 [45, 54] -54 [-64, -38] 77 [60, 121] -352 [-467, -306]
Cort. Bone 1 [-1, 2] -4 [-6, -3] -57 [-69, -50] 86 [77, 102] -447 [-584, -389]

* These values also have a small imaginary component, only real component
shown.
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Table 3: The table shows the the mean, maximum and minimum dif-
ferences between the measured SPR and the theoretical as ∆SPRmean,
∆SPRmin, and ∆SPRmax, all times 103, for the ten tissues using the
Schneider low energy (L), Schneider high energy (H), Taasti, Zhu and
Lalonde-Bouchard (LB) methods, based on a scan using the DE Abdomen
Monoenergetic scanning protocol with the D30F kernel.

DE Abdomen Monoenergetic with D30F kernel
∆SPRmean [∆SPRmin,∆SPRmax] ·103

Inserts Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 38 [34, 41] 37 [36, 38] 5 [0, 11] 38 [33, 44] 21 [11, 29]
Lung (exhale) 44 [42, 45] 23 [21, 26] -23 [-33, -18] 29 [23, 33] -35 [-65, -12]
Adipose 3 [-2, 6] -1 [-3, 1] -3 [-8, 5] 40 [33, 45] -10 [-31, 14]
Breast -3 [-6, -1] -7 [-8, -5] -15 [-19, -7] 30 [25, 39] -36 [-68, -6]
Muscle -5 [-7, -3] -3 [-5, -2] -15 [-19, -10] 34 [30, 40] -67 [-96, -38]
Liver -8 [-10, -7] -13 [-15, -11] -35 [-38, -31] 16 [12, 19] -112 [-154, -74]
Bone 200 mg/cc 38 [34, 41] 17 [16, 19] -28 [-31, -24] 56 [48, 69] -544 [-697, -478]
Bone 800 mg/cc 51 [47, 57] 30 [27, 32] -58 [-68, -49] 104 [89, 138] -499 [-651, -444]
Bone 1250 mg/cc 104 [98, 111] 73 [70, 75] -48 [-68, -33] 151 [132, 193] -428 [-566, -378]
Cort. Bone 27 [23, 29] 21 [16, 23] -47 [-58, -40] 157 [147, 173] -535 [-700, -467]

* These values also have a small imaginary component, only real component
shown.

Table 4: The table shows the the mean, maximum and minimum dif-
ferences between the measured SPR and the theoretical as ∆SPRmean,
∆SPRmin, and ∆SPRmax, all times 103, for the ten tissues using the
Schneider low energy (L), Schneider high energy (H), Taasti, Zhu and
Lalonde-Bouchard (LB) methods, based on a scan using the DE Spine
Metal scanning protocol with the D30F kernel.

DE Spine Metal with D30F kernel
∆SPRmean [∆SPRmin,∆SPRmax] ·103

Inserts Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 38 [34, 41] 37 [36, 38] 3 [-8, 16] 37 [33, 42] 21 [11*, 32]
Lung (exhale) 43 [42, 44] 24 [21, 26] -24 [-32, -16] 28 [23, 33] -34 [-45, -19]
Adipose 1 [-2, 3] -1 [-2, 4] -3 [-9, 3] 39 [32, 45] -9 [-41, 6]
Breast -4 [-7, -2] -7 [-9, -5] -16 [-20, -7] 30 [24, 37] -34 [-55, -17]
Muscle -5 [-6, -3] -3 [-5, -2] -15 [-19, -11] 33 [29, 38] -65 [-88, -49]
Liver -8 [-9, -7] -13 [-15,-11] -36 [-39, -32] 15 [10, 19] -109 [-135, -82]
Bone 200 mg/cc 34 [32, 36] 17 [16, 18] -27 [-33, -19] 52 [46, 60] -543 [-582, -508]
Bone 800 mg/cc 51 [48, 54] 30 [28, 33] -56 [-66, -47] 93 [81, 116] -496 [-536, -457]
Bone 1250 mg/cc 104 [100, 108] 73 [70, 77] -44 [-52, -36] 139 [121, 165] -423 [-469, -373]
Cort. Bone 27 [19, 33] 21 [14, 24] -43 [-73, -29] 144 [109, 175] -530 [-585, -470]

* These values also have a small imaginary component, only real component
shown.
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Table 5: The table shows the the mean, maximum and minimum dif-
ferences between the measured SPR and the theoretical as ∆SPRmean,
∆SPRmin, and ∆SPRmax, all times 103, for the ten tissues using the
Schneider low energy (L), Schneider high energy (H), Taasti, Zhu and
Lalonde-Bouchard (LB) methods, based on a scan using the DE Spine
Metal scanning protocol with the B30F kernel.

DE Spine Metal with B30F kernel
∆SPRmean [∆SPRmin,∆SPRmax] ·103

Inserts Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 38 [35, 42] 37 [36, 39] 5 [-6, 16] 38 [35, 44] 21 [10*, 31]
Lung (exhale) 50 [48, 51] 27 [25, 30] -23 [-32, -16] 27 [21, 32] -36 [-49, -19]
Adipose -3 [-6, -1] 6 [3, 10] -5 [-11, 2] 40 [35, 46] -12 [-43, 1]
Breast -7 [-9, -4] -2 [-4, 1] -17 [-21, -9] 29 [23, 36] -38 [-55, -24]
Muscle -3 [-4, -1] -4 [-6, -3] -16 [-20, -11] 30 [26, 36] -68 [-88, -50]
Liver -6 [-7, -4] -14 [-17, -11] -36 [-39, -31] 10 [5, 14] -112 [-142, -83]
Bone 200 mg/cc 37 [36, 38] 16 [14, 17] -23 [-30, -16] 31 [24, 45] -455 [-494, -420]
Bone 800 mg/cc 36 [33, 39] 15 [14, 19] -58 [-67, -49] 40 [25, 63] -414 [-448, -379]
Bone 1250 mg/cc 78 [73, 82] 48 [44, 53] -51 [-63, -42] 64 [43, 95] -348 [-384, -311]
Cort. Bone 1 [-6, 6] -5 [-11, -2] -55 [-79, -42] 72 [33, 105] -442 [-497, -390]

* These values also have a small imaginary component, only real component
shown.

The percentage difference between the estimated mean SPR and the theoretical
SPR values can be calculated using

diff% =
∆SPRmean

SPRtheo
· 100 (5.0.1)

The average absolute percentage difference, |avg.|, is then defined as

|avg.| = 1

n

∑
n

∣∣diff%,n

∣∣ (5.0.2)

The average percentage differences for all four scans and all five methods are
shown in table 6. The percentage differences of each insert can be found in
tables A1 - A4 in appendix A.
Also in appendix A tables A5-A8 contain the standard deviation, σ, for the
mean SPR of a single days scan which indicate the level of noise in the final
SPR image given by each of the five methods.
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Table 6: The table shows the average percentage difference for all four
scans using the Schneider low energy (L), Schneider high energy (H), Taasti,
Zhu and Lalonde-Bouchard (LB) methods.

Percentage differences [%]
Calib. Schneider L Schneider H Taasti Zhu LB
AM B30F 4.1 3.1 2.7 5.3 15.9
AM D30F 4.4 3.4 2.6 6.7 18.0
SM D30F 4.3 3.5 2.5 6.3 17.8
SM B30F 4.1 3.2 2.6 4.8 15.6

5.1 Stoichiometric method

The SECT stoichiometric method by Schneider et al. was implemented to be
used as a comparison with the other three DECT methods. As the method only
uses a single energy it was applied separately to the two different energy levels
of the DECT scans. The three different constants Kph, Kcoh and KKN from
equation 3.1.3 and 3.1.4 are listed in table 7 for the low and high energy case
and for the four calibration scans: DE Abdomen Monoenergetic with a B30F
kernel, DE Abdomen Monoenergetic with a D30F kernel, DE Spine Metal with
a D30F kernel and DE Spine Metal with a B30F kernel.

Table 7: The three K constants for the linear attenuation coefficients
given by equation 3.1.3 and 3.1.4 for the high and low energy scan for each
of the four calibration scans.

Calibration Nr.
1 2 3 4

Kph
L 0.0172 0.0246 0.0256 0.0177

Kcoh
L 3.0539 2.0007 1.9029 2.9516

KKN
L 580.7 716.1 727.1 580.1

Kph
H 0.0234 0.2362 0.5273 0.0254

Kcoh
H 2.4836 2.0696 1.3683 2.4862

KKN
H 1696.9 1367.9 3004.8 1810.2

5.2 Taasti Method

Table 8 shows the calculated effective energy for the low and high energy spectra
for all four calibration scans for a single day. The values listed in the Taasti
et al. paper were generated using ImaSim and are included in the table for
comparison.
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Table 8: Calculated effective energy of the four calibration scans for both
the high and low energy spectra along with the effective energy calculated
by Taasti et al.

Calibration Nr.
1 2 3 4 Taasti

Eeff,L 62 62 62 61 61
Eeff,H 90 90 90 90 95

Table 9 lists the A and B coefficients from equation 3.2.1 for the four calibration
scans. It’s divided in two parts for the two tissue groups, soft and bone tissues,
with each group having coefficients for both the high and low energy spectra.
The coefficients calculated by Taasti et al. are also included for comparison.
The A and B coefficients can also be compared to the theoretical values of 1000
and 1 respectively as seen in equation 2.0.1

Table 9: A and B coefficients from equation 3.2.1 for both high and low
energy for the two tissue categories, soft and bone tissues. The parameters
calculated by Taasti et al. are included for comparison.

Calibration Nr.
1 2 3 4 Taasti

Asoft,L 978.3 976.8 977.6 978.6 999.6
Bsoft,L 0.9674 0.9673 0.9679 0.9682 1.0003
Asoft,H 973.2 971.9 972.4 974.0 999.9
Bsoft,H 0.9764 0.9763 0.9758 0.9759 1.0001

Abone,L 985.5 955.1 964.0 955.8 1010.4
Bbone,L 0.9833 0.9643 0.9706 0.9895 0.9998
Abone,H 994.2 963.7 962.6 992.8 1002.3
Bbone,H 0.9889 0.9764 0.9767 0.9885 1.0000

The two sets of four x coefficients for soft and bone tissues given by equations
3.2.3 and 3.2.4 are listed in tables 10 and 11 respectively. As before there are
four different calibration scans and the values listed in the Taasti paper are
included.

24



Table 10: The table shows the soft tissue coefficients from equation 3.2.3
for the four calibration scans. The values from the paper by Taasti et al.
are included for comparison.

Soft Tissue
Calibration Nr.

1 2 3 4 Taasti
x1 3.5990 3.5990 3.5990 3.1807 3.161
x2 1.2730 1.2730 1.2730 1.0954 1.176
x3 -1.2669 -1.2669 -1.2669 -1.0913 -1.136
x4 -0.0058 -0.0058 -0.0058 -0.0048 -0.01883

Table 11: The table shows the bone tissue coefficients from equation 3.2.4
for the four calibration scans. The values from the paper by Taasti et al.
are included for comparison.

Bone Tissue
Calibration Nr.

1 2 3 4 Taasti
x1 1.1469 1.1469 1.1469 1.0367 0.8251
x2 0.0073 0.0073 0.0073 0.0102 0.03853
x3 0.0701 0.0701 0.0701 0.0739 0.1150
x4 -0.0039 -0.0039 -0.0039 -0.0046 -0.008910

5.3 Zhu Method

The k parameters from equation 3.3.6 for both the high and low energy scans
are listed in table 12 along with the values from the Zhu et al. paper in the last
column.

Table 12: The k parameters from equation 3.3.6 for both low and high
energy.

Calibration Nr.
1 2 3 4 Zhu

k1,L 0.0055 0.0030 0.0028 0.0053 2.85 · 10−5

k2,L 2.87 · 10−5 3.35 · 10−5 3.44 · 10−5 2.97 · 10−5 0.0011

k1,H 0.0016 0.0003 0.0002 0.0015 1.49 · 10−5

k2,H 1.31 · 10−5 1.66 · 10−5 1.69 · 10−5 1.33 · 10−5 0.0007
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5.4 Lalonde-Bouchard Method

The two K×K relative electronic cross section matrices from equation 3.4.31 for
soft and bone tissues respectively are given in table 13 with K, i.e. the number
of energies, being equal to two. The last row of the table gives the relative
electronic cross section of the residual principal component given by equations
3.4.29 and 3.4.30 and also used in equation 3.4.31.

Table 13: Relative electronic cross sections from eq. 3.4.31 for soft and bone tissues.

soft f̂pc,(1) f̂pc,(2) bone f̂pc,(1) f̂pc,(2)

f̂pc
1 1.7781 1.5749 f̂pc

1 2.2065 1.5054

f̂pc
2 0.9906 1.0072 f̂pc

2 2.1178 1.3269

f̂pc
0 -0.0100 -0.0068 f̂pc

0 0.0072 0.0092

Equation 3.4.24 gives the partial electron density of the invariant residual PC
which is then used in equation 3.4.31. The two partial electron densities of
the residual PC for soft and bone tissues are listed in table 14. The principal
component matrices for soft and bone tissues, along with the residual PC, p0,
for both, given by equation 3.4.23, are shown in tables 15 and 16 below.

Table 14: Partial electron densities of the invariant residual PCs for soft and bone tissues.

soft bone
y0 -0.0020 0.2353
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Table 15: The 12 principal components for soft tissues along with the
residual principal component, p0,soft

Elemental electron fraction pim (%)
PC# C O H N Ca P Cl S Mg Ba Na K
1 -298.6 375.0 10.7 6.9 0.1 1.6 1.3 0.6 0.0 0.0 1.2 1.3
2 43.5 34.1 18.9 2.9 0.0 0.1 0.1 0.2 0.0 0.0 0.1 0.0
3 7.9 5.4 -47.3 124.9 1.2 2.5 -3.6 8.8 0.0 0.0 -0.9 1.2
4 18.1 16.4 -67.8 -32.7 0.7 115.9 -0.8 41.9 0.0 0.0 14.0 -5.9
5 -14.9 -14.1 56.4 19.9 1.4 49.3 -22.2 5.7 0.0 0.0 -44.8 63.2
6 -9.0 -8.6 33.4 14.1 -1.5 18.8 33.4 7.7 0.0 0.0 31.3 -19.7
7 5.2 4.4 -19.4 -8.5 -49.4 -26.9 48.6 34.9 0.0 0.0 31.0 80.2
8 -2.6 -2.4 9.9 -0.3 46.9 -15.0 -50.9 41.9 0.0 0.0 54.7 18.0
9 4.0 3.4 -14.6 -2.7 68.7 5.9 40.6 -43.2 0.0 0.0 6.2 31.9
10 -0.8 -0.5 2.6 -6.7 70.9 -38.4 69.4 134.8 0.0 0.0 -100.3 -31.0
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0
p0,soft 12.1 9.1 -63.3 122.5 -0.8 11.7 -2.5 9.8 0.0 0.0 3.3 -1.8

Table 16: The 12 principal components for bone tissues along with the
residual principal component, p0,bone

Elemental electron fraction pim (%)
PC# C O H N Ca P Cl S Mg Ba Na K
1 -45.4 76.7 -10.6 9.3 47.5 21.1 0.0 0.7 0.5 0.0 0.1 0.0
2 45.0 -18.0 -9.5 0.1 58.8 24.9 -0.8 -0.3 0.5 0.0 0.1 -0.8
3 -215.6 -251.1 -88.9 544.2 130.1 -130.5 50.4 29.3 -19.1 0.0 0.1 51.1
4 26.8 22.8 34.5 23.9 -3.0 -11.6 3.0 2.8 -2.2 0.0 0.1 3.0
5 -165.5 -132.2 314.0 -62.1 99.0 83.9 -73.1 10.6 99.6 0.0 -0.1 -74.1
6 -28.8 -25.4 50.2 -13.6 -14.0 96.3 94.7 21.5 -176.9 0.0 0.1 96.0
7 -261.7 -113.8 255.6 -1043.4 1087.4 -2009.5 1067.9 -138.7 173.8 0.0 0.0 1082.3
8 1.6 0.5 -2.3 1.5 -6.7 13.2 16.6 30.4 28.3 0.0 0.1 16.8
9 2.6 0.3 8.1 24.2 -26.5 61.4 63.3 -179.9 82.3 0.0 0.1 64.1
10 -0.1 -0.1 0.0 -0.1 -0.1 -0.1 -90.7 -0.1 -0.1 0.0 102.1 89.3
11 -0.1 -0.1 0.0 -0.1 -0.1 -0.1 36.2 -0.1 -0.1 0.0 100.4 -35.9
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0
p0,bone 48.2 44.0 27.8 2.0 -16.1 -6.6 0.3 0.2 -0.2 0.0 0.1 0.3
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6 Discussion

6.1 Taasti method

The idea behind the method developed by Taasti et al. is to estimate the SPR
directly from the HU values given by a CT scan. The relative electron density,
ρ̂e, of the unknown scanned material never has to be estimated, nor does the
effective atomic number, Zeff. The latter would be used to estimate the mean
excitation energy, Im, often by an Zeff − lnIm fit. Both parameters will be
sources of uncertainties when the SPR is calculated using the Bethe equation
given by 2.0.3. By eliminating those steps two sources of uncertainty in the SPR
could potentially be avoided.

In the original paper the method was compared to a method by Han et al. [16],
the YLS method which is a combination of work by Yang et al.[3], Landry et
al.[17], and Saito[18], and the stoichiometric method. In the paper the HU values
of both the inserts and the reference tissues were found theoretically. The root-
mean-square error (RMSE) and the maximum error of the SPR were obtained
for the reference tissues and the RMSE for the inserts. For the reference tissues
the Taasti method performed best, with an RMSE of 0.12 % and a maximum
error of 0.39 %, followed by the YLS method, the Han method, and lastly the
stoichiometric method which had an RMSE of 1.49 % and a maximum error of
5.20 %. For the inserts the RMSE of the Taasti method was 0.62 % compared
to 0.53 % and 0.58 % for the YLS and Han methods respectively.
The range error in tissue was also estimated using the continuous slowing down
approximation. The Taasti method had an error interval of [-0.4, 1.0] mm,
The YLS method had [-0.6, 1.3] mm, the Han method had [-0.8, 8.3] mm and
the stoichiometric method had [-39.1, 9.1] mm. The range error distribution
of the YLS method had a sharper peak around 0 mm but the Taasti method’s
distribution was narrower.
The density and elemental composition of the reference tissues were also varied
slightly. Only the Taasti method was affected by variations in density how-
ever the change in RMSE was small. The Taasti method was the method most
affected by changes in hydrogen composition but least affected by changes to
calcium composition. The Taasti method was also the least affected by induced
noise.

Out of the three DECT methods examined in this project the Taasti method
had the smallest ∆SPRmean for nearly all tissues. It also had the smallest
average percentage difference as seen in table 6 with the DE Spine Metal scan-
ning protocol with a D30F kernel gave the best result. When comparing the
best average percentage of the stoichiometric method and the Taasti method,
which uses the DE Abdomen Monoenergetic B30F kernel and DE Spine Metal
D30F kernel calibration scans respectively, the Taasti method is 0.6 percentages
better. In fact, all four calibration scans show significant improvement over
the stoichiometric method. It should be noted however that the stoichiometric
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method, being a single energy method, is mostly used at around 120 kVp, and
not the 80 kVp and 140 kVp used in this project.
As the method has a negative ∆SPRmean for all tissues bar lung (inhale) tissue
in tables 2 - 5 the method tends to underestimate the SPR of most tissues.

Another advantage of the Taasti method is that, once the calibration has been
made and the parameters are known, the method can be applied to new images
quite quickly as it isn’t very computationally intensive. Each pixel in the new
image has to pass through an ”if” statement which determines if the HU value of
the pixel is less than or greater than the HU value limit between soft and bone
tissues. The HU value is then converted to its reduced form by equation 3.2.1
and the SPR is finally calculated using either of the two equations 3.2.3 or 3.2.4.

However, the day-to-day variations of the SPR, given by the ∆SPR range in
tables 2 - 5, are larger for the Taasti method than for the stoichiometric method
yet they are still small enough that they don’t have much of an impact on the
SPR overall.
When comparing the standard deviations, σ, of the Taasti method and the
stoichiometric method from tables A5 - A8 in appendix A they are around 4-
5 times higher for the Taasti method overall, meaning that it produces more
noise. The DE Spine Metal with the B30F kernel in table A8 has slightly lower
σ than the other three calibration scans and thus the lowest noise but it also has
the second worst percentage difference as seen in tables 6 and A4, although still
better than any of the stoichiometric method scans. There is thus a compromise
to be made between more accuracy or less noise for different calibrations.

6.2 Zhu method

The Zhu method is a dual energy adaptation of the stoichiometric method, with
many of the equations being the same but it uses a Zeff− lnIm calibration curve
instead of HU - SPR. However, in this project the method turned out to be
inferior to the stoichiometric method.

In the paper by Zhu et al. the method was compared to the SECT stoichiometric
method. A phantom containing Catphan inserts made from a few common plas-
tic materials was scanned and their theoretical SPR values were calculated. The
percentage difference of the SPR measured with the Zhu ranged from −2.2 % to
2.0 % whereas the percentage difference with the stoichiometric method ranged
from −12.8 % to −0.9 % for the six measured inserts. The noise of the SPR was
also measured and the mean standard deviation of the Zhu method was found
to be 0.0023 while the stoichiometric had 0.0010.
To test the accuracy of dose calculation the Zhu and stoichiometric methods
were used in the IMPT dose calculation engine on a region of the phantom. For
the stoichiometric method the maximum error was 7.8 % and the RMSE was
2.1 %. The Zhu method had a maximum error of 1.4 % and a RMSE of 0.4 %.
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As seen in tables 2 - 5 the Zhu method consistently overestimates the SPR and
generally show larger differences from the theoretical SPR compared to both
the stoichiometric method and the Taasti method. This can also be seen in
table 6 where the best average percentage difference of the Zhu method is still
0.4 percentages worse than the low energy stoichiometric method with the other
average percentages being almost double that of the high energy stoichiometric
method.
It should be noted that the k parameters in table 12 for the four calibration
scans appear to be switched when compared to the parameters given in the
Zhu paper. However, when the parameters were swapped the method couldn’t
estimate Zeff properly for some inserts anymore. Which inserts were affected
depended on which calibration scan was used but none of the four calibrations
were unaffected.

The method also had an issue with being unable to calculate SPR for certain
pixels. This is caused by the MATLAB function fzero being unable to find
Zeff for that pixel given by the root of equation 3.3.7. These faulty pixels are
randomly distributed within the lighter inserts as well as the phantom itself.
The density of faulty pixels is affected by the density of the material as the very
light lung (inhale) insert had by far the most faulty pixels whereas bone inserts
had none.
The fzero function itself is also responsible for making the method very com-
putationally intensive and slow as the function has to be applied to each pixel
when the SPR is estimated for a new image. For the normal 512× 512 px im-
age this means 262144 executions of the root finding function, making the Zhu
method by far the slowest out of the four.

The amount of noise, as shown by the standard deviation σ in tables A5 - A8
in appendix A, is slightly better than for the Taasti method but still around
four times higher than what is achieved with the stoichiometric method. The
DE Spine Metal D30F scan in table A7 had the lowest average σ. The day-to-
day variations of the SPR shown as [∆SPRmin,∆SPRmax] in tables 2 - 5 are
roughly equal to those of the Taasti method with the exception of bone where
they are 2-3 times larger.

6.3 Lalonde-Bouchard method

Rather than estimating the effective atomic number, Zeff, or the relative electron
density, ρ̂e, the Lalonde-Bouchard method aims to estimate the elemental weight
fractions of the unknown material as fractions of virtual materials.
What is unique about this method is that it is not limited to just two energies
and can be expanded to make use of as many energies as would be required
to reach the desired accuracy. More energies could however mean having the
patient exposed to a higher dose of radiation unless newer CT scanners with
multi-energy support are used.
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In Lalonde and Bouchard’s paper the method was tested using simulated HU
values. It was compared with two other methods, a parametrization method by
Hünemohr et al. [19] and a decomposition method by Malusek et al. [20] which
relies on a decomposition of soft tissues into water, lipid, and protein fractions
and is referred to as the WLP method.
The methods were calibrated using a Gammex phantom with tissue like inserts.
Soft and bone tissues from two publications by Woodard and White, and White
et al. were then used as a basis for calulating SPR. The SPR was calculated us-
ing all methods for soft tissues but just the Lalonde-Bouchard method and the
Hünemohr method for bone tissue. For soft tissues it was found that the average
RMSE was 0.29 % for the WLP method, 0.13 % for the Hünemohr method, and
0.11 % for the Lalonde- Bouchard method. For bone tissues the average RMSE
was 0.07 % for Hünemohr and also 0.07 % for Lalonde and Bouchard.

In this project the method ended up performing very poorly with large ∆SPRmean

for nearly all inserts, especially for bone. This is also reflected in table 6 where
the Lalonde-Bouchard method has more than 15 % differences on average. Even
with bone excluded the average percentage difference from the theoretical val-
ues is over 6%, double that of the stoichiometric method. This is due in part
to the complexity of the method itself making it difficult to determine whether
some intermediate value is erroneous. It could also be that the method would
perform much better with more energies although this was not tested in this
project.
Furthermore the method also has much higher day-to-day variations in tables
2-5 than the other methods, in many cases over ten times higher, and while the
standard deviation σ in tables A5 - A8 was rather low, it was still the worst out
of the four.

After calibration, calculating the elemental weight fractions of the unknown
material doesn’t require any roots to be calculated or any fits to be made.
Many of the calculations are instead performed using vector and matrix algebra
making the method relatively fast. This advantage could be reason enough to
take a second look at this method.

7 Conclusion

Out of the three DECT methods by Taasti, Zhu, and, Lalonde and Bouchard
that were implemented and evaluated in this project the Taasti method ended up
performing the best with the lowest percentage difference from the theoretical
SPR values overall and especially when using the DE Spine Metal scanning
protocol with the D30F kernel. The same scanning protocol, but with the B30F
kernel instead, had the lowest noise but reduced SPR accuracy. The method
can therefore be considered a candidate for DECT treatment planning.
The Lalonde-Bouchard method performed poorly but hasn’t been tested with
more than two energies in this project. This could be worth exploring in future
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works as more energies allow for more information to be extracted from the
scanned material and this could improve SPR estimation.
The Zhu method wasn’t able to outperform the stoichiometric method but dif-
ferent ways of creating the piecewise linear Zeff - lnI plot, i.e. how the data
points are divided into different groups and fitted, and how those fits are then
joined together to create the entire plot, could be investigated. It could also be
worth looking into why the k parameters were seemingly switched as this could
be a sign of an underlying problem with the current implementation and if so
could lead to an improved result if solved.
All methods could also benefit from testing different scanning protocols as it has
been shown in this report that the choice of scanning protocol for the calibration
scan can have a noticeable impact on SPR estimation, and although it wasn’t
tested in this report the same could be said about varying the energy of high
and low energy CT scans.
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Appendix A

Percentage differences

Table A1: The table shows the percentage difference of the mean SPR
from the theoretical values for the ten tissues using the Schneider low en-
ergy (L), Schneider high energy (H), Taasti, Zhu and Lalonde-Bouchard
(LB) methods, and based on a scan using the DE Abdomen Monoenergetic
scanning protocol with the B30F kernel.

DE Abdomen Monoenergetic with B30F kernel
[%] Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 18.9 18.3 2.8 -19.7 10.0
Lung (exhale) 10.0 5.4 -4.3 -5.4 -7.4
Adipose -0.2 0.6 -0.4 -4.0 -1.4
Breast -0.6 -0.2 -1.6 -2.9 -4.0
Muscle -0.2 -0.4 -1.4 -2.8 -6.8
Liver -0.5 -1.3 -3.3 -1.0 -10.9
Bone 200 mg/cc 3.5 1.4 -2.2 -3.2 -40.9
Bone 800 mg/cc 2.5 1.1 -4.2 -3.6 -29.3
Bone 1250 mg/cc 4.7 3.0 -3.3 -4.7 -21.6
Cort. Bone 0.0 -0.3 -3.4 -5.1 -26.2
|avg.| 4.1 3.1 2.7 5.3 15.9

Table A2: The table shows the percentage difference of the mean SPR
from the theoretical values for the ten tissues using the Schneider low en-
ergy (L), Schneider high energy (H), Taasti, Zhu and Lalonde-Bouchard
(LB) methods, and based on a scan using the DE Abdomen Monoenergetic
scanning protocol with the D30F kernel.

DE Abdomen Monoenergetic with D30F kernel
[%] Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 18.7 18.2 2.3 18.8 10.4
Lung (exhale) 8.7 4.6 -4.5 5.8 -7.0
Adipose 0.3 -0.1 -0.3 4.1 -1.0
Breast -0.3 -0.7 -1.5 3.0 -3.6
Muscle -0.5 -0.3 -1.4 3.2 -6.3
Liver -0.8 -1.2 -3.3 1.5 -10.4
Bone 200 mg/cc 3.4 1.5 -2.5 5.0 -48.7
Bone 800 mg/cc 3.6 2.1 -4.1 7.3 -35.0
Bone 1250 mg/cc 6.3 4.5 -3.0 9.2 -26.2
Cort. Bone 1.6 1.2 -2.7 9.2 -31.4
|avg.| 4.4 3.4 2.6 6.7 18.0
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Table A3: The table shows the percentage difference of the mean SPR
from the theoretical values for the ten tissues using the Schneider low energy
(L), Schneider high energy (H), Taasti, Zhu and Lalonde-Bouchard (LB)
methods, and based on a scan using the DE Spine Metal scanning protocol
with the D30F kernel.

DE Spine Metal with D30F kernel
[%] Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 18.5 18.2 1.68 18.1 10.5
Lung (exhale) 8.5 4.7 -4.72 5.5 -6.8
Adipose 0.2 -0.1 -0.35 4.0 -0.9
Breast -0.4 -0.7 -1.56 3.0 -3.5
Muscle -0.5 -0.3 -1.42 3.1 -6.1
Liver -0.8 -1.2 -3.31 1.4 -10.2
Bone 200 mg/cc 3.0 1.5 -2.37 4.7 -48.6
Bone 800 mg/cc 3.6 2.2 -3.89 6.5 -34.7
Bone 1250 mg/cc 6.4 4.5 -2.71 8.5 -25.9
Cort. Bone 1.6 1.2 -2.55 8.5 -31.1
|avg.| 4.3 3.5 2.46 6.3 17.8

Table A4: The table shows the percentage difference of the mean SPR
from the theoretical values for the ten tissues using the Schneider low energy
(L), Schneider high energy (H), Taasti, Zhu and Lalonde-Bouchard (LB)
methods, and based on a scan using the DE Spine Metal scanning protocol
with the B30F kernel.

DE Spine Metal with B30F kernel
[%] Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 18.9 18.3 2.4 18.9 10.2
Lung (exhale) 9.9 5.4 -4.5 5.3 -7.0
Adipose -0.3 0.6 -0.5 4.1 -1.2
Breast -0.7 -0.2 -1.7 2.8 -3.8
Muscle -0.2 -0.4 -1.5 2.8 -6.4
Liver -0.5 -1.3 -3.3 0.9 -10.5
Bone 200 mg/cc 3.3 1.4 -2.0 2.7 -40.7
Bone 800 mg/cc 2.5 1.1 -4.0 2.7 -29.0
Bone 1250 mg/cc 4.8 2.9 -3.1 3.7 -21.3
Cort. Bone 0.1 -0.3 -3.2 4.0 -26.0
|avg.| 4.1 3.2 2.6 4.8 15.6
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Standard deviations

Table A5: The table standard deviation σ from the mean SPR in a single
days scan for the ten tissues using the Schneider low energy (L), Schneider
high energy (H), Taasti, Zhu and Lalonde-Bouchard (LB) methods, and
based on a scan using the DE Abdomen Monoenergetic scanning protocol
with the B30F kernel.

DE Abdomen Monoenergetic with B30F kernel
σ Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 0.0256 0.0198 0.0921 0.0356 0.0860
Lung (exhale) 0.0252 0.0187 0.0840 0.0483 0.0987
Adipose 0.0169 0.0131 0.0505 0.0571 0.0975
Breast 0.0171 0.0134 0.0515 0.0569 0.1045
Muscle 0.0144 0.0107 0.0316 0.0324 0.0763
Liver 0.0149 0.0152 0.0461 0.0480 0.1045
Bone 200 mg/cc 0.0109 0.0116 0.0518 0.0478 0.0220
Bone 800 mg/cc 0.0121 0.0156 0.0650 0.0681 0.0265
Bone 1250 mg/cc 0.0118 0.0125 0.0476 0.0544 0.0227
Cort. Bone 0.0200 0.0128 0.0505 0.0581 0.0339
Avg. 0.0169 0.0143 0.0571 0.0507 0.0673

Table A6: The table standard deviation σ from the mean SPR in a single
days scan for the ten tissues using the Schneider low energy (L), Schneider
high energy (H), Taasti, Zhu and Lalonde-Bouchard (LB) methods, and
based on a scan using the DE Abdomen Monoenergetic scanning protocol
with the D30F kernel.

DE Abdomen Monoenergetic with D30F kernel
σ Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 0.0251 0.0195 0.0924 0.0297 0.0839
Lung (exhale) 0.0247 0.0184 0.0842 0.0421 0.0963
Adipose 0.0154 0.0154 0.0506 0.0530 0.0952
Breast 0.0156 0.0157 0.0516 0.0497 0.1020
Muscle 0.0141 0.0113 0.0317 0.0297 0.0744
Liver 0.0147 0.0157 0.0461 0.0439 0.1020
Bone 200 mg/cc 0.0109 0.0117 0.0534 0.0434 0.0310
Bone 800 mg/cc 0.0127 0.0163 0.0670 0.0654 0.0387
Bone 1250 mg/cc 0.0123 0.0131 0.0489 0.0529 0.0320
Cort. Bone 0.0208 0.0134 0.0519 0.0555 0.0450
Avg. 0.0166 0.0151 0.0578 0.0465 0.0701

III



Table A7: The table standard deviation σ from the mean SPR in a single
days scan for the ten tissues using the Schneider low energy (L), Schneider
high energy (H), Taasti, Zhu and Lalonde-Bouchard (LB) methods, and
based on a scan using the DE Spine Metal scanning protocol with the
D30F kernel.

DE Spine Metal with D30F kernel
σ Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 0.0250 0.0195 0.0923 0.0290 0.0836
Lung (exhale) 0.0247 0.0184 0.0841 0.0406 0.0960
Adipose 0.0155 0.0155 0.0505 0.0504 0.0948
Breast 0.0157 0.0158 0.0516 0.0474 0.1016
Muscle 0.0140 0.0113 0.0317 0.0286 0.0742
Liver 0.0146 0.0157 0.0461 0.0425 0.1016
Bone 200 mg/cc 0.0103 0.0117 0.0533 0.0427 0.0286
Bone 800 mg/cc 0.0126 0.0164 0.0669 0.0637 0.0354
Bone 1250 mg/cc 0.0123 0.0131 0.0488 0.0517 0.0295
Cort. Bone 0.0208 0.0134 0.0517 0.0538 0.0421
Avg. 0.0166 0.0151 0.0577 0.0450 0.0687

Table A8: The table standard deviation σ from the mean SPR in a single
days scan for the ten tissues using the Schneider low energy (L), Schneider
high energy (H), Taasti, Zhu and Lalonde-Bouchard (LB) methods, and
based on a scan using the DE Spine Metal scanning protocol with the
B30F kernel.

DE Spine Metal with B30F kernel
σ Schneider L Schneider H Taasti Zhu LB
Lung (inhale) 0.0256 0.0198 0.0831 0.0348 0.0834
Lung (exhale) 0.0252 0.0187 0.0766 0.0470 0.0958
Adipose 0.0170 0.0142 0.0478 0.0550 0.0946
Breast 0.0172 0.0145 0.0490 0.0550 0.1014
Muscle 0.0142 0.0111 0.0306 0.0315 0.0741
Liver 0.0147 0.0154 0.0447 0.0470 0.1014
Bone 200 mg/cc 0.0105 0.0112 0.0480 0.0473 0.0206
Bone 800 mg/cc 0.0121 0.0157 0.0598 0.0665 0.0246
Bone 1250 mg/cc 0.0117 0.0126 0.0433 0.0533 0.0212
Cort. Bone 0.0199 0.0128 0.0454 0.0565 0.0323
Avg. 0.0168 0.0146 0.0528 0.0494 0.0649

IV


