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Abstract

Accurate determination of physical/mass and electron densities are critical to accurate spa-
tial and dosimetric delivery of radiotherapy for photon and charged particles. In this manu-
script, the biology, chemistry, and physics that underly the relationship between computed
tomography (CT) Hounsfield Unit (HU), mass density, and electron density was explored. In
standard radiation physics practice, quantities such as mass and electron density are typi-
cally calculated based off a single kilovoltage CT (kVCT) scan assuming a one-to-one rela-
tionship between HU and density. It is shown that, in absence of mass density assumptions
on tissues, the relationship between HU and density is not one-to-one with uncertainties as
large as 7%. To mitigate this uncertainty, a novel multi-dimensional theoretical approach is
defined between molecular (water, lipid, protein, and mineral) composition, HU, mass den-
sity, and electron density. Empirical parameters defining this relationship are x-ray beam
energy/spectrum dependent and, in this study, two methods are proposed to solve for them
including through a tissue mimicking phantom calibration process. As a proof of concept,
this methodology was implemented in a separate in-house created tissue mimicking phan-
tom and it is shown that sub 1% accuracy is possible for both mass and electron density. As
molecular composition is not always known, the sensitivity of this model to uncertainties in
molecular composition was investigated and it was found that, for soft tissue, sub 1% accu-
racy is achievable assuming nominal organ/tissue compositions. For boney tissues, the
uncertainty in mineral content may lead to larger errors in mass and electron density com-
pared with soft tissue. In this manuscript, a novel methodology to directly determine mass
and electron density based off CT HU and knowledge of molecular compositions is pre-
sented. If used in conjunction with a methodology to determine molecular compositions,
mass and electron density can be accurately calculated from CT HU.
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Introduction

Determination of physical/mass density and electron density are the cornerstone of photon
and charged particle dose calculation for heterogeneous (non-water) tissues. In the case of
photon dose calculation, electron density values are used to scale effective pathlength to
account for tissue inhomogeneities in the commonly used superposition/convolution algo-
rithm [1]. For the case of particle therapy, the range of a particle can be determined by the
Bethe-Bloch equation, which is linear with electron density. Thus, errors and uncertainties in
electron density are directly related to range uncertainty, a fundamental problem limiting the
clinical efficacy of proton therapy. In addition, for Monte Carlo based dose calculation algo-
rithms, mass density information explicitly separate from the elemental composition may be
required for accurate dose calculation.

The current clinical standard to determine mass density, p, and electron density relative to
water, p,, is through conversion of single energy kilovoltage computed tomography (kVCT)
scan data. In clinical practice, a relationship between Hounsfield Units (HU)/CT numbers and
the requisite type of density (either mass and/or electron) is determined through a calibration
process involving a tissue surrogate phantom. Subsequent scans rely on this predetermined rela-
tionship to correlate voxel-by-voxel HU values in patient scans to mass density and electron
density, assuming consistent HU values over time. For kVCT, HU is non-linear and non-bijec-
tive with either type of density as average atomic number and elemental composition varies by
tissue [2]. Due to the non-bijective nature of this relationship, the exact composition of the tis-
sue surrogate phantom will bias the accuracy of subsequent HU to electron density conversions
in human tissues with lower energy CT (kVCT) being more sensitive to exact elemental compo-
sition than higher energy CT [3]. As an example of this, uncertainties in mass density [4] have
been found to produce significant changes (of up to 12.5%) to the Monte Carlo calculated dose
distribution for physically reasonable perturbations of the CT to density conversion tables.

As opposed to kVCT, megavoltage CT (MVCT) is considered to be more linear with elec-
tron density due to Compton scattering being the primary mode of photon interaction and
thus less dependent on atomic composition [5, 6]. In prior studies [7-9], high-energy x-rays
beams, in which Compton scattering dominates, has been found to produce images that can
be converted to high accuracy electron density. Even for centers with MVCT capability, kVCT
is still the preferred imaging methodology due to its lower noise, greater soft tissue, and strong
bone contrast not found in MVCT scans [10, 11]. With the requirements for MVCT imaging
being, in general, restrictive due to costly equipment as an imaging device, some groups have
proposed an intermediate energy, orthovoltage CT (OCT) modality [3] that might be more
teasible for clinical imaging. In the work of Yang et al. [3], they found that OCT was less sensi-
tive to beam hardening artifacts and produced a more linear and accurate HU to electron den-
sity relationship than kVCT and more in line with trends found for MVCT. Yet higher energy
CT modalities, such as both OCT and MVCT, are not widely available CT products in the vast
majority of clinics. Thus, understanding and mitigating the source of inaccuracies and degen-
eracy in the relationship between kVCT HU and electron density is crucial to dose calculation
accuracy for most centers and is particularly important for proton therapy centers.

In this manuscript, the fundamental basis for the relationship between HU, mass density,
and electron density was explored considering not only the underlying physics but also related
chemistry and biology. In doing so, it was discovered that kVCT HU exhibits a highly non-
bijective relationship with electron density, when normalized for mass density. Though non-
bijective, this relationship exhibits a multi-dimensional nature that is a function of molecular
and tissue composition which, if known, can be used to improve the accuracy of mass and elec-
tron density determination. As a proof of principle, it is shown in a tissue mimicking phantom
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that mass density and electron density can be uniquely determined by CT HU and knowledge
of the respective tissue/voxel’s molecular composition.

Materials and methods

Theoretical basis for the relationship between HU, mass density, and
electron density

In order to show the mathematical relationship between these various quantities, relevant
quantities of interest in this work are defined. First, HU is defined as:

HU = 1000 x (M) (1)
lLl'WlltEV

where x is either some heterogenous collection of atoms and molecules as in a type of tissue or

even spatially as within a voxel. The total linear attenuation coefficient of the tissue and/or

region, x, at a given x-ray energy (or energy spectrum) is defined as:

=5 (0) )
p;
where p, is the mass density of x, i are all the elemental constituents of x, and w; are the per-
centages by mass for each element of x. It is also helpful to define a mass normalized version of
Eq 2, the mass attenuation coefficient, y,/p,. As the mass density of a material/tissue is not fun-
damental property of that material, it is helpful to define a new quantity, a mass density nor-
malized variant of HU, HU,,, as:

HUp — 1000 x (lux/px - :u’warer/pwater> (3)
luwarer/ p water

such that the attenuation coefficient found in HU was replaced with mass attenuation coeffi-
cient and x is a particular biological molecule or tissue type of interest. From Eqs 1 and 3, HU,
can be solved as a function of HU and p such that:

HU, = [(HU + 1000)/p] — 1000 (4)

and similarly, p, can be written as a function of HU, and HU such that

p = (HU + 1000)/(HU, + 1000). (5)

In the later parts of this work, Eq 5 is used to calculate mass density from HU. It is noted that
HU, is fundamental property of a material/tissue’s attenuation of a given x-ray beam as it is only a
function of elemental/molecular constituents and x-ray beam energy. Thus, Eq 5 provides a rela-
tionship of HU to mass density that can, in principle, be calculated a priori from fundamental
physics and compositional knowledge of a material/tissue. Finally, electron density is defined as:

o[ (o))

Understanding the molecular and tissue specific relationship between HU,
mass density, and electron density
Biological tissues are generally composed of water, lipids, proteins, and minerals/hydroxyapa-

tite with the exact proportions dependent on the particular tissue/organ [12, 13]. Four-compo-
nent models of molecules in the human body have been used previously in the study of human
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tissues [12, 13] and are assumed, in this work, as the model for naturally occurring biological
tissues. Thus, human tissues were considered as some linear combination of all these mole-
cules. Using the NIST XCOM database [14], the mass attenuation coefficient (/p) was calcu-
lated for all major molecules that fit within the aforementioned four categories (water, lipids,
proteins, and minerals) using an estimated x-ray energy spectrum for a 120 kVp kVCT and a
3.5MV MVCT x-ray beams.

To determine HU),, the energy spectrum of these two imaging beam energies was modeled
to calculate total linear attenuation and mass attenuation coefficients for all elements. There
exist multiple developed methodologies [15, 16] to calculate and/or determine x-ray spectra
for diagnostic kilovoltage beam energies as in kVCT. For the modeling of a kVCT 120kVp
beam, the TASMICS methodology of Punnoose et al. [15] was employed with a 120 kVp
Boone/Fewell tube with an assumed equivalent of 1.25mm of Cu filtration. As, to the best of
knowledge of the author, there does not exist an analogous MVCT beam model methodology
(as of SPEKTR), the MVCT energy distribution was modeled with a gamma probability den-
sity function (PDF) with parameters fit to the MVCT energy spectrum found in Jeraj et al. [17]
producing a weighted average energy of 0.86 MeV. HU,, and mass density normalized electron
density relative to water, p,/p, were calculated for all the molecules modeled and the results
were plotted in Fig 1. As can be seen in Fig 1A, for KVCT the majority of organic molecules
(lipids and proteins) lay along a line with water neighboring this regime. This relationship

b
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Fig 1. Calculated mass density normalized HU, HUp, were plotted against mass density normalized electron density, p./p.
For biologically relevant molecules (A) kVCT and (B) MVCT energies. For human tissues at (C) kVCT and (D) MVCT.
Molecule types are indicated by symbols, colors, and with labels in panels A and B. For panels C and D, tissue types contained a
wide range of molecules although trends towards higher lipid, water, and protein content are labelled with text in the figure.

https://doi.org/10.1371/journal.pone.0244861.g001
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suggests that a linear combination of any of these organic molecules within tissues will have a
relatively linear HU,, relationship with p./p. If the case in which water may be a constituent of
these tissues is considered, the errors can increase as there is no longer an accurate one-to-one
relationship to map HU, to p./p. Which is to say, absent of mass density data, there does not
exist a bijective relationship between HU and p,. Errors of 1-2% in p,/p may result due to a
degeneracy of HU,, for any material that contains a combination of organic and water mole-
cules. When considering the case of boney tissues which may include some linear combination
of all types of molecules, this degeneracy of HU,, to p./p increases significantly as hydroxyapa-
tite is distant from the linear relationship found among organic molecules. At HU,, values
around 0 and considering all possible molecules, the relationship with p,/p is much less clear
resulting in a range of values that vary by up to 7%. For MV energies as in Fig 1B, this relation-
ship appears to be linear for most organic molecules and water indicating that a linear combi-
nation of molecules is more likely to produce a one-to-one relationship between HU,, and
pelp-

Biological tissues are a complex combination of biological molecules (water, mineral, and
organic molecules). As such, it is expected that biological tissues exhibit a distinct but related
relationship between HU,, and p./p that depends on prevalence of the biological molecules that
comprise them. Thus, the HU, versus p,/p relationship for biological tissues was explored for
soft tissues and boney tissues using elemental compositions reported from tissues in the litera-
ture [18-21]. Those results are shown in Fig 1C and 1D. As anticipated, the relationship
between HU, and p./p is non-bijective for kVCT. For kVCT (as in Fig 1C), it is noted that tis-
sues tend to distribute along 4 major axes: lipid heavy (as in yellow marrow and adipose),
water heavy (as in urine, blood and cerebrospinal fluid), protein heavy (as in muscle, skin, and
connective tissue), and mineral/hydroxyapatite heavy (as in various types of bone). While tis-
sues tend to group into these four major axes, it should be noted that tissues, in general, tend
to not be predominantly composed of any only one type of molecule. For example, the “stan-
dard” cortical bone of ICRU 44 is approximately 60% mineral/hydroxyapatite, 30% protein,
and 10% water. Most interestingly, within boney tissues there tends to be two major types:
more proteinaceous and more lipid/water heavy and visualized in Fig 1C as two separate set of
points starting at HU, > 50. For MVCT (as in Fig 1D), it is noted that a relatively one-to-one
(linear) relationship exists between HU, and p,/p.

In radiotherapy physics clinical practice, the degeneracy that’s exemplified in Fig 1C is not
as obvious (and often overlooked) due to many biological tissues tending to have mass densi-
ties that are dissimilar from each other. Calibration of HU to p, is then completed by assuming
nominal tissue elemental compositions and densities. The integration of nominal density and
assumed tissue elemental compositions may appear to reduce this degeneracy although groups
have seen that a significant degeneracy still exists for kVCT [2, 3]. While it is anecdotally held
that density uniquely varies with tissue type, density is not a fundamental property of any type
of material or tissue. Soft tissues are intrinsically elastic with mass density changes possible
over time. In addition, there are many tissues that have similar densities such as low-density
bone (trabecular) and high-density soft tissue (muscle) with vastly differing composition.
Thus, assuming fixed densities for specific types of tissues will inevitably lead to significant
uncertainties in the HU to p, conversion process for kVCT.

Determination of mass density and electron density by HU and known
molecular composition

In the prior section, it was shown that, in absence of mass density information, there appears
to be a multi-dimensional relationship between HU, and p./p that could be further predicted
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based on molecular composition. This relationship appears to be linear relative to each of
those molecularly based dimensions. To define this relationship between HU, mass density,
and electron density, were analyzed in a subset of the well-studied tissues of ICRU 44 [21] and
the related works of White et al. [19, 22] and Woodard and White [20, 23] that had both ele-
mental and molecular compositions. In this section, the empirical derivation of parameters for
the relationship between mass density, electron density, HU, and molecular composition is
shown.

First, HU,, is defined as a function of molecular composition. Reorganizing the sum of ele-
ments as in Eq 2 as a sum of those molecular constituents, the mass attenuation coefficient
equation can be rewritten as:

:ux :ui tuwater Aulipids M’pmteins luminemls
— = Zi W= | = Wy + COlipids + wproteins + D inerals : (7)

Py Pi Pvater lipids ppmteins P minerals

where w is the percentage by mass of the respective molecule within x and such that ¥,w; = 1.
Using the result of Eq 3 in Eq 4, HU,, can be written as a function of molecular constituents
such that:

1000 lui ids lu roteins minerals
HUI/ - (7) <(wwater - 1) M + wlipids plpd + wproteins — + wmineml& £ l > (8)

luwater/pwater P water lipids proteins P minerals

= Wypigs0y +w

proteins

Oy + wminemlsa?)

with o; = 1000 x (% X Luwater _ 1) for i = [1,2,3] for lipids, proteins, and minerals, respectively.

Hwater
It is noted that HU, is a multiple linear equation that is a function of each w, the percent by
mass of each molecular component, and constants that are a function of mass attenuation and
x-ray beam energy spectrum. Second, it can similarly be shown that p./p can also be expressed
as a linear sum of molecular composition and constants such that:
(Z> )
A water (9)

with f§, = (% X Suater 1) for i = [1,2,3] for lipids, proteins, and minerals, respectively. Finally,

water

proteins Zmineruls

+w

Zwuter + ZliPid-‘
wwaterA COlipidslq

+w

proteins
lipids proteins

p./p =

minerals A

water minerals

=1 + wlipidsﬁl + wproteinsﬁ? + wminemlsﬁS

electron density, p,, can be defined as an explicit function of HU and molecular compositions
by combining Eqs 8 and 9 with Eq 5 to get:

1 + CUlipidsﬁl + wpmteinsﬁ2 + wminemlsﬁ.‘i
wlipidsocl +w %y + D inerats*3 + 1000

proteins

p, = (HU + 1000) x (10)

To determine f;, p./p was calculated in the tissues of ICRU 44 [21] and the related works of
White et al. [19, 22] and Woodard and White [20, 23] from their tabulated elemental composi-
tions and regressed those values against their respective molecular (lipid, protein, and mineral)
compositions. From those data, the respective parameters for 3; were determined to be:
0.00499, -0.0419, and -0.113 for lipids, proteins, and minerals, respectively, with an R* = 0.998
and an RMS error of < 0.001. As p./p is linear with these parameters, the function’s sensitivity
to uncertainties in molecular composition knowledge can be directed calculated and note
errors of 0.000050, 0.00042, 0.0011, per percent change in lipids, proteins, and minerals,
respectively. In addition, f3; was calculated by assuming hydroxyapatite as the sole mineral and
determined the f; value to be -0.103, and in line with the value of -0.113 from the empirical fit.
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The a; parameters needed to calculate HU,, (as in Eq 8) are energy dependent and must be
determined for a given energy spectrum. As such, they can be calculated through direct knowl-
edge of the energy spectrum of the x-ray imaging beam of interest or indirectly measured. In
this work, the ¢; parameters of Eq 8 were determined by two methods: 1) using the x-ray
energy spectrum to calculate HU, in Eq 3 and 2) using Eq 4 in a phantom with known mass
densities to calculate HU,, then in either case, a; parameters would be determined by fit of
known molecular compositions (w;) for water, lipid, protein, and minerals. By this first
method, two energy spectrums: 1) for a 120 kVp kVCT imaging beam and 2) a 3.5MV MVCT
imaging beam with energy spectra created as discussed in Section 2.2 were, separately, investi-
gated. Then HU, was calculated in all tissues of ICRU 44 [21] and the related works of White
et al. [19, 22] and Woodard and White [20, 23] that had both elemental and molecular compo-
sitions tabulated. With these values of HU, calculated by elemental composition, the a; param-
eters were empirically determined by a multi-linear regression with their respective known
molecular compositions, w;, for each tissue type as given by values in the literature. For kVCT,
the o; parameter values of -35.9, -54.5, and 605.3 were obtained for lipid, protein, and minerals,
respectively. For MVCT, the ¢; parameter values of 3.3, -42.4, and -86.5 were obtained for
lipid, protein, and minerals, respectively. In the second method, ¢; parameters were deter-
mined from a CT scan of a multiple tissue mimicking materials phantom with known mass
density. As it is typically difficult to know/determine the x-ray spectrum, this second method
may be preferred in many cases. For this method, HU,, can be calculated by Eq 4 and fit to
determine the ¢; parameters through a multi-linear regression with known molecular compo-
sitions, w;, for each synthetic tissue type. The workflow of these two methods developed in this
work to determine mass density and electron density from HU and knowledge of molecular
compositions is shown in Fig 2. This methodology and proof of principle results are further
discussed in the next section.

Explicit calibration of phantom HU data to mass density and electron
density

In this study, a Siemens Somatom CT scanner (Somatom; Siemens, Munich) was used to cre-
ate kVCT images of phantoms. Scans were acquired at 120 kVp using a helical acquisition at
an approximate resolution of 1 x 1 x 1 mm in the axial plane (512 x 512 matrix). MVCT imag-
ing (3.5 MV) of phantoms and patients were completed on an Accuray TomoHD system using

Method 1: Parameter fitting by energy spectrum Method 2: Parameter fitting by tissue mimicking phantom
: Based off the CT HU values

Hx/Px = Pwater/Pwater | |USING spectrum _ ]
HU, = 1000x (W) specific 1, /py, HU, = [(HU +1000)/p] — 1000 |and known density values,

" |determine HU,, for each
tissue mimicking material

- calculate HU, for each
human tissue based

on elemental CT scan a phantom with known
Determine or estimate the composition and physical/mass density and
X-ray energy spectrum phySical denSity (from molecular compositions, [OF
the literature)
HUp = Wiipids@1 T Wproteins®2 T OmineraisX3 HUp = Wiipids®1 + Wproteins*2 + Wminerals®3
\ 4
Using literature values for molecular composition, w;, along with Using known values for molecular composition, w;, along with imaging
calculated values for HU,, (prior step), solve for a; determined values for HU,, (prior step), solve for a;

Fig 2. Workflow for the two proposed methods to determine values for a; parameters needed to calculate HUp. In method 1 (left), an energy spectrum must be
explicitly determined a priori whereas in method 2 (right) these parameters are obtained by imaging a phantom.

https://doi.org/10.1371/journal.pone.0244861.9002
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the “fine” pitch mode with reconstructed slices of 1 x 1 x 1 mm in the axial plane (512 x 512
matrix). Conventional HU to p, calibration curves from a CIRS tissue surrogate phantom are
shown in Fig 3. It should be noted that tissue surrogate phantoms (such as the CIRS) are not
composed of the biological molecules (water, lipid, proteins, and minerals) typically found in
actual tissues. Instead, these phantoms tend to mimic tissues by having similar effective atomic
numbers and nominal mass density. Despite that, similar trends in non-linearity for kVCT
(Fig 3A) between synthetic soft tissue, liquid water, and synthetic bone materials exist as in the
analysis seen in Fig 1. The MVCT (Fig 3B) calibration curve is fairly linear with minimal dif-
ferences in linearity for most synthetic tissue types and liquid water.

HU, and p./p were also calculated for this tissue mimicking phantom and plotted in Fig 3C
and 3D for kVCT and MVCT, respectively. From these plots, it can be seen that the lung mim-
icking materials do not well align with the expected trend for the tissue like materials as in Fig
1C and 1D. For the MVCT data as in Fig 3D, it can be seen that the majority of materials have
a linear trend that the lung mimicking materials do not follow. Upon examination of the ele-
mental material composition of these two tissue mimicking materials, it was found that they
were the only materials with significant amounts of chlorine (> 1%) which is not typical of
biological tissues and may, in part, account for their deviations from biologically expected
properties. Thus, these two lung tissues were excluded from the additional analyses as their sig-
nificant deviations away from biological compositions are not well modeled in this work.

a
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Fig 3. HU plotted against p,. For (A) kVCT, (B) MVCT, and HU, plotted against p./p for (C) kVCT, (D) MVCT for a CIRS
tissue surrogate phantom with various tissue mimicking materials and liquid water. Circles (o) represent lung mimicking
materials while plus signs (+) represent other tissue mimicking materials (including synthetic soft tissue, liquid water, and
synthetic bone).

https://doi.org/10.1371/journal.pone.0244861.9003
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Table 1. Tabulated assumed molecular compositions, manufacturer provided p, and calculated p, for the calibration phantom.

Water (%) Lipid (%) Protein (%) Minerals (%) p (g/cc) Pe HU(kV) HU,(kV) HU(MYV) HU,(MV)

Adipose 30 55 15 0 0.958 0.947 -63 -22 -50 -9
Breast 50 25 25 0 0.989 0.974 -31 -20 -24 -13
Liquid Water 100 0 0 0 1.000 1.000 0 0 0 0

Solid Water 100 0 0 0 1.016 1.000 2 -14 4 -12
Muscle 75 5 20 0 1.067 1.047 49 -17 55 -12
Liver 75 5 20 0 1.069 1.050 54 -14 58 -11
Trab Bone 10 40 30 20 1.164 1.119 247 71 134 -26
Dense Bone (800) 5 20 35 40 1.613 1.515 910 184 534 -49
Dense Bone (1750) 3 2 40 55 2.150 1.968 1865 333 1008 -66

HU(kV) and HU(MV) were determined by kVCT and MVCT imaging of this phantom with HU,(kV) and HU,(MV) calculated by Eq 4.

https://doi.org/10.1371/journal.pone.0244861.t001

With HU, and molecular compositions known for a set of phantom materials, the ¢
parameters of Eq 8 can be determined (as in method 2 of Fig 2, right). As the compositions of
the CIRS tissue surrogate phantom are not biological molecules, it is not possible to actually
know the molecular composition of the synthetic tissues in terms of biological molecules (water,
lipids, proteins, and minerals). As a proof of principle, it was assumed the composition of the
phantom materials to be similar to that of nominal tissue compositions as in ICRU 44 [21] and
the related works of White et al. [19, 22] and Woodard and White [20, 23] with the specific
assumed compositions shown in Table 1. For kVCT, the a; parameter values of -50.8, -58.1, and
604.8 were obtained for lipid, protein, and minerals, respectively. For MVCT, the ¢; parameter
values of 4.5, -54.7, and -77.5 were obtained for lipid, protein, and minerals, respectively. These
values are in line with values obtained by method 1 (assuming x-ray energy spectrums for kVCT
and MVCT). As an additional check of this methodology, ¢ (for minerals) was calculated using
the assumed energy spectrum for both kVCT and MVCT assuming hydroxyapatite as the sole
molecule in minerals and obtained the values of 629.9 and -76.7, respectively, which is, again, in
line with both method 1 and 2 values for a5 for kVCT and MVCT.

Creation of a tissue mimicking phantom of known composition, p, and p,

As a proof of principle of p and p, determination, a phantom was developed to specifically
mimic the elemental and molecular composition of tissues but not necessarily be of nominal
mass density. This tissue mimicking phantom was created in-house by mixing known compo-
sitions of distilled water, lipid (coconut oil), protein (porcine gelatin), and minerals (pure
molecular hydroxyapatite) using a process previously developed in Scholey et al. [24]. The
composition of each tissue mimicking material in the phantom is shown in Table 2 and were
designed to be similar in composition to ICRU 44 [21] tissues for the respective tissues. Con-
stituents of each mixture were carefully weighed using a high-precision scale (Practum313-18,
Sartorius Biotech, Germany). The skin mimicking material was created by mixing fixed (by
mass) amounts of gelatin with hot water until dissolved and allowing for solidification. Muscle
and adipose phantoms were created similarly but including coconut oil (adipose solutions
were created separately for each container to prevent premature congealing of the predomi-
nately oil mixture). Spongiosa phantoms were created in a manner similar to skin phantoms
but included hydroxyapatite powder. To determine mass density values of each phantom, vol-
ume and mass were determined using volumetric pipettes and the high precision scale. As gel-
atin and coconut oil are not pure molecular compounds (but rather a mixture of multiple
molecules), elemental composition of these substances was determined at a specialized
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Table 2. Tabulated compositions and calculated p, by imaging for synthetic tissue phantoms.

Tissue Water Lipid Protein Minerals p (g/cc) Pe p(kVy) | pe(kVy) | p(kV5) | pe(kVs) | p(MV7) | pe(MV7y) | p(MV5) | p(MV5)

Type (%) (%) (%) (%)

Skin 75 0 25 0 1.060 £ 0.002 | 1.048 £ 0.002 | 1.052 1.033 1.053 1.042 1.065 1.045 1.068 1.057
(-0.7%) | (-1.4%) | (-0.6%) | (-0.5%) | (0.5%) | (-0.3%) | (0.8%) | (0.8%)

Muscle 75 5 20 0 1.045 £ 0.002 | 1.036 £ 0.002 | 1.034 1.017 1.035 1.027 1.051 1.032 1.051 1.042
(-1.0%) | (-1.9%) | (-0.9%) | (-0.9%) | (0.6%) | (-0.4%) | (0.6%) | (0.6%)

Adipose 47 49 4 0 0.953 £0.002 | 0.955 £ 0.002 | 0.941 0.931 0.946 0.947 0.970 0.958 0.960 0.961
(-1.2%) | (-2.5%) | (-0.7%) | (-0.9%) | (1.8%) | (0.3%) | (0.7%) | (0.6%)

Spongiosa 27 47 13 13 1.060 £ 0.002 | 1.044 £ 0.002 | 1.099 1.071 1.065 1.046 1.055 1.036 1.059 1.041

(3.6%) | (2.6%) | (0.4%) | (0.2%) | (-0.4%) | (-0.8%) | (-0.1%) | (-0.3%)

Ground truth p and p, values were calculated with noted uncertainties and used as a basis of comparison for the two other methods of calculating p and p, by imaging.
For p and p, by imaging (either kV or MV CT), two methods were used in its determination: 1) piecewise linear (1-dimensional) direct interpolation of HU from CIRS
tissue surrogate phantom imaging data (kV,/MV,) and 2) calculation by HU and known molecular composition (water, lipid, protein, and minerals) (kVs/MV5). Errors

compared with ground truth for each imaging determined value of p and p, are shown in parentheses.

https://doi.org/10.1371/journal.pone.0244861.t1002

microanalytical facility via carbon, hydrogen, nitrogen, and oxygen (CHNO) combustion anal-
ysis. Measured mass density and known elemental compositions were used to determine a
ground truth p, for each tissue mimicking material. Error in the determination of mass density
and elemental composition were propagated to determine uncertainties in the values of p,.
Using this phantom, CT images at kVCT and MVCT were acquired and used to determine
HU. These HU values were used to calculate p and p, by CT imaging using two different meth-
odologies: 1) piecewise linear interpolation of HU by CT imaging based on the calibration
curves for p and p, or 2) by Eq 5 and Eq 10 using known water, lipid, protein and mineral com-
positions, HU, and empirically derived parameters for o; and ;.

Results
Evaluation of p and p, accuracy in a tissue mimicking phantom

The accuracy of the classical method for determining p and p, and this newly proposed method
was assessed within a phantom that was specifically designed to mimic tissues in elemental
and molecular composition but that did not necessarily possess ideal nominal mass densities.
The densities within this phantom for skin, muscle, adipose, and spongiosa were

1.060 + 0.002, 1.045 + 0.002, 0.953 + 0.002, and 1.060 + 0.002 g/cc compared with ICRU 44
[21] nominal densities of 1.09, 1.05, 0.950, and 1.18 g/cc, respectively. The creation of a phan-
tom whose mass density differs from nominal mass density provided a unique opportunity to
examine the influence mass density has on the imaging determined accuracy for p and p, using
empirically derived values of method 2 (using a CT scan of the CIRS synthetic tissue phan-
tom). Computed p and p, values were tabulated in Table 2 with errors for each method com-
pared with p and p, calculated by known composition/density are noted in parentheses. In the
case of kVCT, significant errors in both p and p, as determined by the standard clinical
method, linear piecewise interpolation, were found. MVCT determined p, values were accu-
rate with errors < 1% for either method. For kVCT, the piecewise linear approach proved to
be less accurate with errors of around 1-3% for p and p, among the phantom materials created.
In contrast, the multiple linear regression method using kVCT HU values proved to be accu-
rate, with errors of < 1% for all synthetic tissue types. It is likely that the errors measured in
this study include errors in determination of the empirically derived parameters, o;. As
opposed to the synthetic tissue electron density calibration phantom used in this study, the

PLOS ONE | https://doi.org/10.1371/journal.pone.0244861 December 31, 2020 10/15


https://doi.org/10.1371/journal.pone.0244861.t002
https://doi.org/10.1371/journal.pone.0244861

PLOS ONE

CT HU’s molecular composition relationship with electron density

ideal calibration phantom for this work would be one composed of actual biologically based
molecules (water, lipids, proteins, and minerals) with well-known and qualified compositions
for each type of molecule. Calibration using such a phantom may help to further minimize
these errors.

Discussion

In this work, the biology, chemistry, and physics that underlay the relationship between HU, p,
and p, in CT imaging were studied. In doing so, the goal was to not only understand this com-
plex relationship but also learn to make it more accurate. To uncover the dependences in this
relationship, mass density was removed from HU and p, to examine how these quantities
relate if they were independent of mass density. For kVCT, the relationship between HU, and
p./p was found to be highly non-linear with a dependence not only on tissue type but specifi-
cally on the molecular constituents (water, lipid, protein, and minerals) that comprise them.
Based off this information, a newly developed theory and model was created to resolve the
dependence that molecular composition has on the relationship between HU, p, and p,. This
theoretical model to convert HU to p and p, was tested in a phantom where elemental/molecu-
lar compositions, mass density, and electron density were well quantified. In this phantom, the
accuracy of these methods to calculate p and p, by HU was evaluated. It was found to be possi-
ble to accurately (with errors < 1%) calculate p and p, by MVCT (by both models) and by
kVCT with the theoretical basis and model presented in this work. In comparison, kVCT con-
version of HU to p and p, by the clinical standard, piecewise linear interpolation, were gener-
ally much less accurate with errors of up to 3.6% and 2.6% for bone p and p,, respectively.
While it is possible to know the chemical composition of phantoms to great detail, it is often,
unfortunately, not as simple in in vivo studies.

While methods to determine molecular composition were not implemented or investigated
in this work, there are, potentially, many methods that could be used to either assume or deter-
mine the molecular composition of tissues. Recently, spectral CT with photon counting detec-
tors has been devised as a method to discriminate water, fat, and calcium in tissues [25].
Another potential methodology is to assume the molecular composition of tissues based off
their nominal/average values for that organ. To employ such a methodology, it may be useful to
first complete tissue segmentation using one of the growing number of accurate machine learn-
ing based methods [26]. Then, the assumption of nominal molecular compositions may be a
reasonable one. Generally, for soft tissues, compositions vary within 5-10% from a given mean
value indicating that molecular tissue compositions for a given organ may vary but that the vari-
ation may not be that large 19, 20, 22, 23]. Muscle, for example, is reported to have ranges of
68.9%- 80.3%, 2.2%- 9.4%, and 12.9%- 20.0% for water, lipid, and protein, respectively [23].
Similarly, the majority of adipose tissue data lie within 10%- 30%, 70%— 90%, and 0%- 12% for
water, lipid, and protein, respectively. Of note, this relationship appears to be age dependent
and appears to become more consistent for adults [22]. The sensitivity of this model to voxel
specific composition uncertainties was tested with results shown in Table 3. Compositions of
100% pure molecules were assumed and errors were calculated by simulating a 10% error from
a separate molecule type. For all soft tissues, tissue composition uncertainties of 10% (equivalent
to the natural variation found in soft tissue molecular composition) from the assumed composi-
tion resulted in < 0.7% error in both p and p,. For boney tissues, errors due to uncertainties in
mineral composition may be more significant with errors of up to 7.6% occurring in situations
in which the error in the assumed mineral content was 10%, relative to the tissue’s actual com-
position. From the works of White et al. [19, 22] and Woodard and White [20, 23], it can be
seen that adult cortical bone compositions are fairly stable and consistent and thus uncertainties
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Table 3. Sensitivity analysis of the HU and molecular composition to p and p, conversion process for kVCT using
a; values determined by method 2 (CT calibration phantom).

Assumed Pure Composition Simulated 10% Error Error in p (%) Error in p, (%)
Water Lipid -0.5 -0.6
Water Protein -0.6 -0.2
Lipid Water 0.5 0.6
Lipid Protein -0.1 0.4
Protein Water 0.6 0.2
Protein Lipid 0.1 -0.4
Water Minerals 5.7 6.8
Lipid Minerals 6.5 7.6
Protein Minerals 6.6 7.3
Minerals Water -3.9 -5.2
Minerals Lipid -4.3 -5.6
Minerals Protein -4.3 -5.1

Compositions of 100% pure molecules (as noted in the left most column) were assumed and errors were calculated

by simulating a 10% error from a separate molecule type (2™ column from the left).

https://doi.org/10.1371/journal.pone.0244861.t003

in mineral composition may be much lower than the 10% modeled in this work. Though, in
general, more accurate methods to determine mineral content in tissues may be necessary to
limit the uncertainty in p and p, calculation for boney tissues.

The relationship between kVCT HU and p and p, has historically been modeled as linear or
piecewise linear. In reality, this relationship is complex without an explicit one-to-one rela-
tionship in the conversion of HU to p or p,. As conversion of HU to p and p, is critically
important in radiotherapy dose calculation, several methodologies have been proposed to
improve the accuracy of the conversion of HU to p,, p, and stopping power. Dual energy CT
(DECT) has recently been proposed to provide more accurate estimates of p, and has been
explored by many groups [27-29]. Generally, DECT methods decompose the data of two CT
scans of different energies into p, and effective atomic number (EAN). In the case of proton
therapy, EAN is then related to mean ionization potential/average ionization energy (I,,) or I-
value. From a physics perspective, this decomposition elegantly solves the problem of no one-
to-one relationship between p, and HU but there may still be a bit of ambiguity in the determi-
nation of mean ionization potential/average ionization energy (I,,,) with many proposed solu-
tions to relate EAN to I,,, [28, 30, 31]. Molecularly based treatments, such as in the present
work, have even been proposed as a methodology to accurately calculate I,,, [32]. Yet the prom-
ise of DECT has been overshadowed by issues related to DECT’s increased sensitivity to noise
[33, 34] and beam hardening effects [35] with the end result being more modest clinical
improvements in determination of p, and stopping power for proton therapy applications.
Accurate determination of p, is highly important in proton therapy as p, is linear with stopping
power and thus any uncertainties in p, are directly proportional to uncertainties in beam posi-
tion (along the beam axis). The methods proposed in this work may help add another tool in
the growing toolkit of methods to more accurately convert HU to p and p, for more accurate
radiation therapy dose calculation.

Conclusions

In this study, it is shown that kVCT HU is not one-to-one in its relationship with p and p,. It was
found that this ambiguous relationship can be resolved with more information as there is a multi-
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dimensional relationship between molecular (water, lipid, protein, and mineral) composition,
HU, p, and p,.. A novel model-based relationship between molecular (water, lipid, protein, and
mineral) composition, HU, p, and p, was developed and shown to be accurate provided that
molecular composition is known. Further development work in modeling the molecular compo-
sition of tissues may be required to fully realize the improved accuracy of this methodology.
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