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In table 5, two errors were identified:

1 Inverted labelling of the columns five and six.
2 There was a typo error of the values of VF3¢ in the spongiosa region.

The updated table 5 contains the corrected values.

Table5. Values of mass and volume fractions of HA and bone in lumbar vertebrae 1 and 2 from a patient image set.
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Parameter
Region MFya VFua VEg" MFg VEg* Ruas
Whole vertebra® Lumbar vertebra 1 0.138 0.052 0.124 0.249 0.148 0.554
Lumbar vertebra 2 0.145 0.056 0.132 0.261 0.157 0.556
Spongiosa Lumbar vertebra 1 0.113 0.039 0.093 0.203 0.110 0.557
Lumbar vertebra 2 0.116 0.040 0.095 0.208 0.113 0.558

MFy: hydroxyapatite mass fraction. VFy,: hydroxyapatite volume fraction. MFp: bone mass fraction. VFp: bone volume fraction.

* Excluding transverse processes.
b First volume fraction calculation method.
¢ Second volume fraction calculation method.
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Abstract

A complete characterization of spongiosa (bone marrow plus trabecular bone) is required to
calculate the absorbed dose to active bone marrow. Due to the complex microanatomy, it is necessary
to apply non-conventional imaging methods in nuclear medicine. The aim of this study is validating
a phantomless quantification method using dual-energy quantitative computed tomography
(DEQCT) for the quantification of trabecular bone volume fraction for bone marrow dosimetry in
molecular radiotherapy.

First, a phantomless quantification method (mass fraction method) based on x-ray beam and
detector sensitivity was validated in an integrated dual energy SPECT/CT and in a dual source
computed tomography (DSCT) system for comparison. The validation was performed in a phantom
consisting of different water, fat and hydroxyapatite compositions. Moreover, the European spine
phantom (ESP) was used to simulate the spine geometry. Bone mineral content (BMC) of the whole
vertebra and bone mineral density (BMD) in the spongiosa region of each phantom vertebra were
measured using DEQCT and dual energy x-ray absorptiometry (DEXA). Lastly, BMC was measured
in a patient using DEQCT and DEXA.

Measured values of hydroxyapatite fraction and nominal values in the homemade phantom
showed a good correlation. The relative error remained below 14.2%. Quantification of BMC (in
whole vertebra) and BMD (in spongiosa) in the ESP showed a good agreement between measured
values and nominal values. The relative error remained between 0.7% and 7.5% for BMCspgcr/cm
1.1% and 7.7% for BMCDSCT) 5.4% and 32.0 for BMDSPECT/CT> and 59.4% and 10.0% for BMDDSCT-
Quantification of BMC in lumbar vertebrae 1 and 2 of a patient showed relative errors of 7.6% and
-8.4% between DEXA and DSCT.

Our study shows that DEQCT using a mass fraction method (phantomless) enables quantification
of hydroxyapatite in a clinical nuclear medicine setting. An overestimation of the hydroxyapatite
volume fraction was observed in all quantified regions, in particular in the spongiosa region of ESP.
This result might be related to insufficient information about the x-ray spectra and the detector
sensitivity function.

Introduction

One of the main goals of treatment planning in molecular radiotherapy is to predict the level of toxicity
caused by the radionuclide therapy in bone marrow (Hindorf et al 2010). Bone marrow is composed of three
main compartments: red marrow, yellow marrow, and trabecular bone. These three compartments form a
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microstructure with a highly complex spatial distribution. In addition, the volume fraction of each compartment
is age- and gender-dependent (ICRP 1995, 2002, Salas-Ramirez et al 2018).

Red marrow and yellow marrow are equivalent to marrow cellularity and marrow fat fraction, respectively.
This equivalency assumes that the volume occupied by non-hematopoietic cells and structures located in the red
marrow (e.g. marrow support cells, vascular structures, marrow stromal cells and other cells) is small and dif-
ficult to measure in clinical settings (Bolch et al 2001). A definition of marrow cellularity was proposed by Bolch
etal (2001) as the fraction of marrow space not occupied by adipocytes:

(Marrow Cellularity) =~ 1 — (Fat Fraction). (1)

Ina previous study (Salas-Ramirez et al 2018), we evaluated the feasibility of magnetic resonance imaging (MRI)
for quantification of marrow fat fraction in patients. The study validated a non-invasive method for quantifying
the fat fraction of bone marrow in a clinical setting.

A second step in the characterization of spongiosa in patients is the quantification of trabecular bone volume.
Some studies (Bolch et al 2001, Wilderman et al 2013, Geyer et al 2017) have pointed out the necessity to quantify
the trabecular bone volume fraction (fraction of bone marrow space occupied by trabecular bone). This param-
eter, which is typically referred to as TBVE, is a fundamental parameter in 3D dosimetry models of the trabecular
skeleton (Bolch et al 2001, Shah et al 2005, Wilderman et al 2013, Geyer et al 2017). Wilderman et al (2013),
applying a representative mathematical spongiosa model, found that, for marrow cellularities of 20%, 50% and
80%, the dose rates can differ by up to 10% as a function of bone volume. Geyer et al (2017), using micro-CT
segmented images of trabecular bone and considering a relative change of +5%, +10%, and £15% in trabecular
bone volume fraction, observed a variability larger than +10% for radionuclide S value in parietal bone, mainly
due to the high proportion of trabecular bone in this bone site.

Bone tissue is composed of an organic matrix and inorganic salts (ICRP 1996,2002). Quelch et al (1983) doc-
umented for an adult vertebra values of 66.3% mineral content and 33.7% organic content by weight lost during
ashing. According to Neuman (1980), the inorganic component of bone principally consists of submicroscopic
deposits of calcium phosphate forms, which are in transition to solid phase hydroxyapatite [Ca;o(PO4)s(OH),].

Geyer et al (2017) proposed the use of dual-energy computed tomography (DECT) imaging to quantify the
bone mineral density (BMD) and described the trabecular bone volume fraction as a surrogate for bone mineral
density.

Goodsitt ef al (2014) evaluated the use of dual-energy quantitative computed tomography (DEQCT) to
determine the spatial distribution of bone marrow for dosimetry in molecular radiotherapy. They demonstrated
that DEQCT is a promising technique to estimate the spatial volume fraction of red marrow and trabecular bone.

Recently, Booz et al (2017) evaluated an algorithm based on DEQCT imaging to assess BMD in the lumbar
spine and compared the results with x-ray absorptiometry (DEXA). They conclude that the quantification of
BMD in lumbar vertebrae using DECT is feasible.

The implementation and validation of a methodology that permits the quantification of the bone volume
fraction in spongiosa (trabecular bone plus its supported soft tissue (ICRP 2002)) in patients undergoing molec-
ular radiotherapy is a necessity to study the impact of the spatial distribution of fat (yellow marrow), hematopoi-
etic tissue (red marrow) and trabecular bone in the bone marrow on the absorbed dose to each tissue, with special
interest in the red marrow absorbed dose. The aim of this study is to validate a phantomless method for apply-
ing DEQCT to quantify the trabecular bone volume fraction (or bone volume fraction in spongiosa) for bone
marrow dosimetry in molecular radiotherapy particularly with equipment that is readily available in a nuclear
medicine department.

Methods

CT images were acquired with a dual-source CT (DSCT) (SOMATOM Force, Siemens Healthineers 2018) and
with the CT part of a SPECT/CT hybrid system (Symbia Intevo Bold, Siemens Healthineers 2018) with adaptable
CT voltage (80, 110, and 130kV). Dual energy x-ray absorptiometry (DEXA) was performed with a Lunar
Prodigy Advance DEXA system (GE Healthcare).

Analysis of the calibration phantom CT images was performed in Fiji (version Image] 1.51g) (Schindelin
et al 2012, Schneider et al 2012), while the CT images of the patient, the Model 062M electron density phantom
(computerized imaging reference systems, CIRS) and the European Spine Phantom (Kalender 1992) were ana-
lyzed using the Segment Editor tool of 3D Slicer (version 4.8.1) (Fedorov et al 2012, Kikinis et al 2014). All math-
ematical calculations were performed in R (version 3.5.1) (R Core Team 2008).

Fabrication of a validation phantom (homemade phantom)
To validate the material composition quantification techniques applied in this study, 50 ml vials with different
compositions of fat, water, and hydroxyapatite were prepared:
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o A first set was developed for validating the hydroxyapatite quantification. It consisted of three 50 ml vials
with different hydroxyapatite concentrations. Each sample was composed of a mixture of 50% water and
50% Poly(2-hydroxyethyl methacrylate) (pHEMA) mixed with a different concentration of hydroxyapatite
(100mgcm,200mg cm ™, 300 mg cm ) from in situ hydrolysis of alpha-tricalcium phosphate (-TCP)
in the water-pHEMA mixture as described by Christel et al (2013) for the fabrication of dual setting calcium
phosphate bone cements. Considering a hydroxyapatite density of 3000 mg cm >, the volume fraction of
hydroxyapatite in each sample corresponded to 0.033,0.067 and 0.10, respectively. a-TCP was synthesized
from a 2:1 molar mixture of dicalcium phosphate anhydrous (CaHPO,) and calcium carbonate (CaCOs3)
by sintering the powder mixture at 1400 °C for 5h in a high temperature furnance (Oyten), followed by
quenching to room temperature. The sintering cake was manually crushed and then ball milled for4hina
planetary ball mill (PM400, Retsch GmbH).

e Asecond set was developed to evaluate the capability of CT-based hydroxyapatite quantification in a fat-
water medium. This set was composed of two samples from the same preparation: each sample consisted of
amixture of 50% agar (based on Hines et al (2009)) and 50% paraffin (viscous) mixed with a 150 mg cm >
concentration of hydroxyapatite (calcium phosphate tribasic, Thermo Fisher GmbH), corresponding to a
0.05 hydroxyapatite, 0.475 fat, and 0.475 water volume fraction in both vials. In comparison to Hines et al
(2009), the preparation differed in the following points: (1) we used paraffin instead of peanut oil. (2) We did
not use gadolinium or iron because the use of these elements is related simulation of liver tissue in studies
with MRIL.

e Finally, a third set of three more 50 ml vials was prepared: (1) distilled water, (2) pure paraffin,and (3) pure
agar.

Allvials werelocated in a water-filled NEMA phantom to simulate soft tissue attenuation. They were mounted
in the phantom by a 3D-printed insert. The sample arrangement is shown in figure 1.

Image of phantoms acquired with DSCT

Two set of images following the clinical protocol for multiple myeloma were acquired, the acquisition parameter
are specified in table 1. In the dual-source CT, the low and high energy images were acquired simultaneously.
Each set of images was reconstructed with default kernels (Qr40 and Br59) based on the clinical protocol for

multiple myeloma.

Image of phantoms acquired with SPECT/CT
One set of CT images was acquired using an abdominal imaging protocol, the acquisition parameter are specified
in table 1. Both image volumes were acquired subsequently and they were reconstructed using the I41s kernel.

DEQCT—mass fraction method: three material decomposition based on spectral x-ray attenuation method
In our study, we used the methodology proposed by Liu et al (2009). This methodology makes use of the x-ray
tube spectrum and the detector sensitivity. For the SPECT/CT, the manufacturer provided information related to
x-ray filter arrangement and bowtie filter attenuation profiles. Based on this information, the x-ray tube spectra
were created using the Siemens online tool for the simulation of x-ray spectra (Simens Healthineers 2018). For
the DSCT, the manufacturing company provided the isocenter x-ray tube spectra for 80kV, 120kV, 150kV and
150kV with Sn filter. Due to the lack of a 90kV spectrum, this spectrum was generated by choosing the filter
arrangement (titanium and aluminum) that reproduced the 80 kV and 120 kV spectra with the lowest difference.
For both systems, the detector sensitivity was extracted from Liu ef al (2009) under the assumption of GdOS
scintillators.

Lastly, the quantification method presented by Liu et al (2009) requires the mass attenuation coefficients of
(1) the elements with atomic number between 1 and 30, and (ii) the materials to be quantified in the respective
energy range of the x-ray tube spectrum. The materials to be quantified were: (i) Patient tissues: soft tissue, adi-
pose tissue and cortical bone, material definition from Report 44 of the International Commission on Radiation
Units and Measurements (ICRU) (White 1989). (ii) Phantom samples composition was simplified to: water,
adipose tissue and hydroxyapatite, the element weight fractions for water and hydroxyapatite are specified in the
supplementary material table 1(stacks.iop.org/PMB/64/205014/mmedia). The attenuation coefficient data was
taken from the program XMuDat (version 1.0.1) (International Atomic Energy Agency NDSV 1998).

Following the methodology proposed by Heismann et al (2003) and Liu et al (2009), a lookup table for each
x-ray tube spectrum and the detector sensitivity arrangement was prepared. This lookup table provides effective
density (pefflookup-table) and effective atomic number (Zg) of the material to be quantified.

Next, the mass fractions (MF) can be obtained by solving the following equation system (Liu et al 2009):
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Figure 1. Axial view of set of calibration and quantification samples. Equipment: somaton force. Reconstruction kernel: Qr40,
energy: 80kV.

Table 1. Acquisition parameter for DSCT and SPECT/CT.

Voltage Tube Current-Exposure Collimation Slice thick- CTDI,
CT System Image (kv) Time Product (mAs) (mm) Pitch ness (mm) (mGy)
DSCT 1 80 158 64 x 0.6 0.6 1 3.23
150 90 2.79
2 920 130 64 x 0.6 0.6 1 4
150 90 2.82
SPECT/CT 1 80 70 16 x 0.6 0.6 1 2.39
130 53 6.39
E =E,
Heitr, = C-K - Peff,lookup—table/ wg, (E) IMF; X fump 1 (E) + MFy X punp, 2 (E) + (1 — MF) — MF>) X g, 3 (E)] dE
E= 0keV
(2)
E =E,
Hefip, = C- K- peff,lookup—table/ we, (E) [MFy X fimg,1 (E) + MFy X fiyg, 2 (E) + (1 = MF; — MF;) X i, 3 (E)] dE
= 0ke
(3)

E, and E, correspond to the two energies used for image acquisition. MF,;, MF, and MF; are the mass fractions
of the quantified materials (e.g. hydroxyapatite, fat or adipose tissue, and water or soft tissue). p. is the effective
attenuation coefficient in a volume-of-interest (VOI). fiyf, 1 fimE,2 and [y, 3 are the effective mass
attenuation coefficients of the quantified materials (Heismann et al 2003, Liu et al 2009). They were calculated
for each x-ray beam spectrum and for: water, hydroxyapatite, soft tissue, adipose tissue and cortical bone. These
materials were used as decomposition materials. C is an empirical correction factor documented by Liu et al
(2009) and Azevedo et al (2016) to correct the effective density ( pefrookup-table) Obtained from the lookup table due
to the increase of the effective atomic number in the VOI. A second constant K was used in the calculation process
to correct the effective density (pefriookup-table) Obtained from the lookup table. The constant K corrects the lack
of specific information of the x-ray tube spectrum or detector sensitivity function. Both constants (C and K)
permit to calculate the effective density (pesr = C X K X pefilookup-table) in the VOI. An example of C and K
determination can be found in the supplementary material as an appendix. wg,, is a weighting function for E;

and E, which is defined as wg,, = S (E) D(E)/ |, :::f)li:ev S (E) D(E)dE, where S (E) is the x-ray tube spectrum
and D(E) is the detector sensitivity function.
The main goal of this study is to quantify the trabecular bone volume fraction. Therefore all hydroxyapatite

mass fraction (MFy,) values were converted into hydroxyapatite volume fraction (VFy4) using equation (5).
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_ Pef X MFya
PHA )

VFua (5)

pua corresponds to hydroxyapatite density.

Analysis of validation phantom

The mass fraction method was applied to all phantoms. The hydroxyapatite volume fraction in the pHEMA-Water
(50/50) samples was quantified to correlate the measured hydroxyapatite volume fraction of each CT image set
(VFua_pscrand VEua sprcr/cr) against the theoretical hydroxyapatite volume fraction (VFpa o). For the first set
of samples, the three-unknown equation system (equations (2)—(4)) was solved by setting the fat fraction to zero
in equation (4). Hydroxyapatite, water and fat fraction were quantified in the second set of samples (150 mg cm >
hydroxyapatite) presuming hydroxyapatite, water and adipose tissue as material composition, this approach is
applied in all measurement performed on phantoms. An average value was calculated from both samples. All
results are displayed as Bland-Altman plots.

Quantification of bone mineral content in the European spine phantom using DEXA, DSCT and SPECT/CT
The European Spine Phantom (ESP) consists of three vertebrae, each one with three compartments: (i) spongiosa,
(ii) wall and endplate, and (iii) arch and processes. The bone mineral content (BMC) of each vertebrae (1 to 3) of
the ESP (BMCggp) are 4.5 g hydroxyapatite (HA),9.0g of HA and 13.5 g of HA (Kalender 1992).

Using DEXA, ten measurements of the bone mineral area density (BMDpgxa) of ESP (Kalender 1992) were
performed in anterior-posterior position. Next, the area of the automatically selected DEXA-ROI was quanti-
fied. Subsequently, the BMCpgxa was quantified by multiplication of BMDpgxa by the DEXA-ROI area. After-
wards, CT imaging of the ESP (Kalender 1992) was performed using the DSCT and the SPECT/CT systems.
The mean CT# (HU) for each whole vertebra excluding the transverse process was obtained in a VOI analysis.
The transverse processes were excluded because they are suppressed from the quantification region by the auto-
matic threshold segmentation of the DEXA workflow. For quantification, the mass fraction method was applied.
Subsequently, the BMCpscr (or BMCsprcr/cr) was obtained by multiplication of hydroxyapatite volume frac-
tion with the nominal hydroxyapatite density (3000 mg cm~2) to obtain BMDpscr (or BMDsprcr/cr). Then,
BMDpgcr was multiplied by the volume of the VOI to obtain BMCpgcr. In addition, the relative errors between
each imaging modality (BMCpgxa, BMCpsct or BMCsprcr/cr) and BM Cgsp were quantified. All results are dis-
played as Bland-Altman plots.

Quantification of bone mineral density in spongiosa regions of European spine phantom using DSCT and
SPECT/CT

ESP nominal values of bone mineral density (BMDgsp) for spongiosa in vertebrae 1, 2 and 3 are 50 mg cm > of
hydroxyapatite (HA), 100 mg cm > of HA and 200 mg cm  of HA (Kalender 1992). Using DSCT and SPECT/
CT, the mean CT# (HU) for the spongiosa region of each vertebra was measured. The BMD of the spongiosa
regions were measured by multiplication of hydroxyapatite volume fraction with the nominal hydroxyapatite
density (3000 mg cm™?). The relative errors between BMDggp and the bone mineral density measured based on
each CT image set (BMDpgcr and BMDsprcrycr) were calculated.

Clinical application of mass fraction method in a patient image set

To show that the method can be applied clinically, a patient that had previously undergone DEXA and DSCT
imaging in our institution was retrospectively selected. The time difference between the DEXA and the DSCT
study was 1 week. The related DEXA study of that patient had quantified the BMDpgxa of lumbar vertebrae
1 to 4. The patient was scanned for acute pulmonary embolism using DSCT. The DSCT study contains an
imaging volume covering the thorax, including complete lumbar vertebrae 1 and 2. Acquisition parameters were
90kV/150kV (with Sn filter), 120/63 mAs exposure, with 96 x 0.6 mm collimation, slice thickness 1.5 mm, 0.55
pitch, and a Qr40 reconstruction kernel. The CTDI,,; was 3.50/1.85 mGy. Figure 2 shows the segmentation of
lumbar vertebrae 1 and 2, in which transverse processes were not included.

Next, the mass fraction method was applied to the patient images using hydroxyapatite, soft tissue and adi-
pose tissue as material composition. The hydroxyapatite mass fraction, hydroxyapatite volume fraction and bone
mineral content were quantified in each vertebra (again excluding the transverse processes). Also, hydroxyapatite
mass fraction and hydroxyapatite volume fraction were quantified in spongiosa regions.

Methods to quantify the bone volume fraction
In this study two methods were used to quantify the bone volume fraction: (i) to use a reference ratio of mineral
bone mass fraction to total bone mass fraction (Rya/s) and (ii) to change from hydroxyapatite chemical
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Figure2. CT segmentation of lumbar vertebrae 1 and 2. (A) Axial, (B) sagittal and (C) coronal view. Reconstruction kernel: Qr40,
energy: 150kV (using Sn filter).

description to cortical bone chemical description (ICRU report 44 (White 1989)) in the material definition used
in the mass fraction method.

e First method: Reference Ratio of Mineral Bone Mass Fraction to Total Bone Mass Fractions

Considering that bone is composed of minerals and an organic matrix, the mass fraction method (by using
DEQCT) provide directly the hydroxyapatite mass fraction (MFp, ). This parameter is related with the total bone
mass fraction by the ratio of mineral bone mass fraction to total bone mass fraction (Rys/s = MFya/MFg).
Therefore the bone volume fraction (VFg) can be defined as:

X MF MF
Vs = Peff B _ Peff HA

PB pB Ruap’ ©)

pgis the cortical bone density (1.92 gcm ™) (White 1989).

The Rya/p can be quantified by measuring the relative amount of mineral and organic material in bone sam-
ples. Quelch et al (1983) quantified the percentages by mass of minerals and organic material in dry, fat-free
human vertebra. They documented a percentage value of mineral bone equal to 66.3% (adult vertebra). This
value is used as reference value for Ryja/p (0.663). Then the equation (6) can be re-expressed as:

MF
VE = Leff 20HA

o Second Method: Change the Chemical Description from Hydroxyapatite to Cortical Bone

The mass fraction method is based on the element composition of the materials to be quantified. This pro-
vides flexibility for quantifying other materials. Since trabecular bone has the same elemental composition as
cortical bone (Woodard and White 1982), it is possible to change from hydroxyapatite quantification to bone
quantification (using cortical bone element composition from ICRU report 44 (White 1989)).

Both methods to quantify the bone volume fraction were applied to the patient data set. Therefore, the bone
mass fraction and the bone volume fraction were quantified in each vertebra (excluding the transverse pro-
cesses) and in the spongiosa region. Lastly, the ratio of mineral bone mass fraction to total bone mass fraction
(Rua/s = MFia /MFg) was calculated.

Results

The hydroxyapatite volume fraction was quantified for both CT systems (DSCT and SPECT/CT). In case of the
DSCT, hydroxyapatite volume fraction was quantified for two image reconstruction kernels (Qr40 and Br59) and
for two different dual-energy settings (80/150kV and 90/150kV). Therefore, four different parameter sets were
used to quantify the hydroxyapatite volume fraction with the DSCT: Br59-80/150kV, Qr40-80/150kV, Br59—
90/150kV and Qr40-90/150 kV. For the SPECT/CT, only one combination of image reconstruction kernel (I41s)
and dual-energy setting (80/130kV) was used to create the image 141s-80/130 kV. Results for these five images are
presented in the next sections related to hydroxyapatite volume fraction quantification in the phantoms.

Quantification of hydroxyapatite volume fraction in the validation phantom
Figure 3 shows Bland-Altman plots and relative errors of the hydroxyapatite volume fraction quantification
of the samples located in the validation phantom. Bland-Altman analysis revealed good agreement between
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Figure 3. Bland-Altman plots of quantification of hydroxyapatite volume fraction with DSCT and SPECT in validation phantom.
(A) Br59-80/150kV, (B) Qr40-80/150kV, (C) Br59—-90/150kV, (D) Qr40-90/150kV, (E) 141s-80/130kV. Dotted line: mean of
differences. Dashed lines: 95% confidence intervals. (F) Relative error associated to the quantification of hydroxyapatite volume
fraction in phantom samples.

the quantified hydroxyapatite volume fraction of each CT image set (VFua pscr and VFua_specricr) and the
theoretical hydroxyapatite volume fraction (VFua o). In addition, for each image-based quantification, the
bias and limits of the confidence intervals for each Bland-Altman plot are presented in table 2. All plots show a
negative bias, which indicates that the quantification method overestimates the hydroxyapatite volume fraction.
The maximum relative error was 14.2% for sample 150 mg cm > HA in image Br59-90/150kV.

Effective density (pefr) and effective atomic number (Zg) of the samples located in the validation phantom
are listed in supplementary table 2. The quantification of SPECT/CT image showed a better agreement of p.grand
Zegswith their nominal values. Therefore, a better material description was achieved by the SPECT/CT.
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Table 2. Data from Bland-Altman analysis of the quantification of hydroxyapatite volume fraction in the validation phantom.

CT system Dual energy (kV) Reconstruction kernel Bias (VFpa) Lower limit (VFya)  Upper limit (VFy,)
SPECT/CT 80/130 I41s —0.005 —0.013 0.003
DSCT 80/150 Qr40 —0.003 —0.008 0.002
Br59 —0.006 —0.014 0.002
90/150 Qr40 —0.006 —0.011 —0.001
Br59 —0.007 —0.017 0.003
VFya: hydroxyapatite volume fraction.
A CT System: DSCT B CT System: DSCT
Dual Energies: 80/150 kV Dual Energies: 80/150 kV
Reconstruction Kernel: Br59 Reconstruction Kernel: Qr40
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Figure4. ESP whole vertebra BMC quantification. Bland-Altman plots: (A) Br59-80/150kV, (B) Qr40-80/150kV, (C) Br59—
90/150kV, D) Qr40-0/150kV, (E) 141s-80/130kV. (F) Relative errors. Dotted line: mean of differences. Dashed lines: 95% confidence
intervals. (F) Relative error associated to BMC quantification.
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Table 3. Data from Bland-Altman analysis of the quantification of bone mineral content (whole vertebra) in the European Spine

Phantom.
CT system Dual energy (kV) Reconstruction kernel Bias (g HA) Lower limit (g HA) ~ Upper limit (g HA)
SPECT/CT 80/130 141s —0.567 —1.540 0.407
DSCT 80/150 Qr40 —0.277 —0.799 0.245
Br59 —1.687 —3.592 0.219
90/150 Qr40 —0.640 —1.372 0.092
Br59 —1.956 —4.085 0.172
HA: hydroxyapatite.
A CT System: DSCT B CT System: DSCT
Dual Energies: 80/150 kV Dual Energies: 80/150 kV
Reconstruction Kernel: Br59 Reconstruction Kernel: Qr40
"‘E @ Vertebra 1 - Spongiosa - BMD = 50 g/cm’3 "E @ Vertebra 1 - Spongiosa - BMD = 50 g/cm33
= B Vertebra 2 - Spongiosa - BMD = 100 gem S B Vertebra 2 - Spongiosa - BMD = 100 glem
K ; s L . s
o B Vertebra 3 - Spongiosa - BMD = 200 g/cm o B Vertebra 3 - Spongiosa - BMD = 200 g/cm
% 8 % K
= - : - - |
2 3
a a
of ] of .
= =
[ Q| i SSREEREE SIS SIS Sene—""; amne—" 1 [41]
' L i ' foe-seeeeececececececcecececececeeeeeee e -|
% 8‘ . & 8' _____________________ S S ' ________
a . a
1 | gl -
m . A L L A R o . . L L . )
0 50 100 150 200 250 0 50 100 150 200 250
(BMDgsp + BMDpscy) / 2 [g/em’] (BMDgsp + BMDpscy) / 2 [g/em’]
C CT System: DSCT D CT System: DSCT
Dual Energies: 90/150 kV Dual Energies: 90/150 kV
Reconstruction Kernel: Br59 Reconstruction Kernel: Qr40
JE @ Vertebra 1 - Spongiosa - BMD = 50 gicm® "E @ Vertebra 1 - Spongiosa - BMD = 50 g/lcm®
r B Vertebra 2 - Spongiosa - BMD = 100 g/cm r B Vertebra 2 - Spongiosa - BMD = 100 g/cm
G ’ G X
5 W Vertebra 3 - Spongiosa - BMD = 200 g/cm’ ) W Vertebra 3 - Spongiosa - BMD = 200 g/cm®
& 8 % 8
= 3 . - - g
2 3
a a
L . ol §
= =
B et e o
' | J ' fomeememeeeeeeceeeeceececeececeecceececeeaaaa- |
[ IR ... . a 8 e o
a o Q Q[ T
egl . ...*. | ggl -
[2e] ; ) : : : i o ; ; A ; ; )
0 50 100 150 200 250 0 50 100 150 200 250
(BMDgsp + BMDpsct) / 2 [g/em’] (BMDgsp + BMDpsct) / 2 [g/em’]
CT System: SPECT/CT F

BMDgsp - BMDgpecr/cr [9/0'“3] m

Dual Energies: 80/130 kV
Reconstruction Kernel: 141s

@ Vertebra 1 - Spongiosa - BMD = 50 glcm®
r B Vertebra 2 - Spongiosa - BMD = 100 g/cm®
B Vertebra 3 - Spongiosa - BMD = 200 g/cm3

0 50 100 150 200 250
(BMDesp + BMDgpecr/cr) / 2 [g/em’]

8 8

N
o

ki

Br59 Qr40 Br59 Qr40 141s
80/150kV 80/150kV 90/150kV 90/150 kV 80/130 kV

Relative error (%)
o

-20

40 + @ Vertebra 1
B Vertebra 2
W Vertebra3

-60 -

Reconstruction kernel and energies (kV)

Figure 5. ESP spongiosa region BMD quantification. Bland-Altman plots: (A) Br59-80/150kV, (B) Qr40-80/150kV,
(C) Br59-90/150kV, (D) Qr40-90/150kV, (E) 141s-80/130kV. (F) Relative errors. Dotted line: mean of differences. Dashed lines:
95% confidence intervals. F) Relative error associated to BMD quantification.
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Table4. Data from Bland-Altman analysis of the quantification of bone mineral density in spongiosa region of the European Spine
Phantom.

Lower limit Upper limit
CT system Dual energy Reconstruction kernel  Bias (mg/cm® HA)  (mg/cm® HA) (mg/cm® HA)
SPECT/CT 80/130 141s —14.433 —20.499 —8.367
DSCT 80/150 Qr40 —23.240 —28.758 —17.722
Br59 —29.963 —43.457 —12.470
90/150 Qr40 —25.473 —32.887 —18.060
Br59 —27.573 —43.349 —11.797

HA: hydroxyapatite.

Table 5. Values of mass and volume fractions of HA and bone in lumbar vertebrae 1 and 2 from a patient image set.

Parameter
Region MFya VFua MFg VEg? VEg Ruas
Whole Vertebra® Lumbar 0.138 0.052 0.124 0.249 0.148 0.554
Vertebra 1
Lumbar 0.145 0.056 0.132 0.261 0.157 0.556
Vertebra 2
Spongiosa Lumbar 0.113 0.039 0.093 0.203 0.071 0.557
Vertebra 1
Lumbar 0.116 0.040 0.095 0.208 0.072 0.558
Vertebra 2

MFpya: hydroxyapatite mass fraction, VFy,: hydroxyapatite volume fraction, MFg: bone mass fraction, VFp: bone volume fraction.
* Excluding transverse processes.

b First volume fraction calculation method.

¢ Second volume fraction calculation method.

Quantification of fat, water and HA in the validation phantom

Decomposition of the three materials fat, water and hydroxyapatite was not possible as the values of fim pac and
Lim,water are too similar. Therefore, in our study, the determinant of the coefficient matrix (equation A3 in Liu et al
(2009)) resulted in a number close to zero.

Quantification of bone mineral content in European spine phantom

Figure 4 shows the Bland-Altman plots and relative errors of the quantification of BMC in each vertebra of
ESP using the mass fraction method. The BMC measured by DEXA was 4.9 & 0.3 g of hydroxyapatite (HA),
10.3 £ 0.3 g of HA, and 15.0 & 0.3 g of HA for vertebrae 1, 2 and 3 of the ESP, respectively (mean =+ standard
deviation over 10 measurements). The relative errors for DEXA lay between 14.5% and 7.9%. Lower errors and
better agreement between measured values (BMCpgcr or BMCgpgcrycr) and nominal values (BMCgsp) were
achieved based on the Qr40 (DSCT) and the I41s (SPECT/CT) based quantification.

For each image-based quantification, the bias and the confidence interval for each Bland-Altman plot are
presented in table 3. All plots show a negative bias, which indicates that the quantification method overestimates
the BMC. The Br59 (DSCT) based quantification showed the largest standard deviations.

Effective density and effective atomic number for ESP are listed in supplementary table 3. Although there are
no nominal values to compare, they are reported for future comparison studies.

Quantification of bone mineral density in spongiosa regions of European spine phantom

Figure 5 shows Bland-Altman plots and relative error of the quantification of BMDpgcr (or BMDspecrycr) in
the spongiosa region for each vertebra of the ESP. For each image-based quantification, the bias and limits of
the confidence interval for each Bland-Altman plot are presented in table 4. All plots show a negative bias, which
indicates that the quantification method overestimates the bone mineral density in the spongiosa region. The
best agreement between the measured values and the nominal values was obtained with the 141s (SPECT/CT)
based quantification.

The quantification of images acquired with the 80/150kV dual energy setting showed errors between
10.0% and 50.2% for Qr40 and between 18.2% and 41.5% for Br59. The quantification of images acquired with
90/150kV showed relative errors between 12.2% and 59.4% for Qr40 and between 18.2% and 41.5% for Br59.
Quantification based on SPECT/CT showed the lowest relative errors ranging from 5.4% to 32.0%.
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Clinical application of mass fraction method in a patient image set

The patient image set analyzed in this study corresponds to a 49.5 years old female patient with a diagnosis of
osteopenia at the border to osteoporosis (DEXA T-score of -3.6 and 3.0 in lumbar vertebrae 1 and 2, respectively).
The BMC values quantified by DEXA were 8.0 gand 10.9 g for lumbar vertebrae 1 and 2, respectively. The relative
errors between DEXA and DSCT were 7.6% and —8.4% for lumbar vertebra 1 and 2, respectively.

The bone volume fraction obtained by using the first calculation method (reference ratio of mineral bone to
total bone mass fractions) are presented in table 5, together with the bone volume fraction obtained by using the
second method (change the chemical description from hydroxyapatite to cortical bone). Also the mass fractions
of hydroxyapatite and bone the volume fractions of hydroxyapatite and bone, and the ratio of mineral bone mass
fraction and total bone mass fraction (Rya /g = MFpa /MFp) areincluded in table 5.

Discussion
In this study, we propose a method which allows to quantify the mass and volume fraction of bone using DEQCT.

Quantification of VFy, in the validation phantom

In the first part of this study, the mass fraction method was tested in the lower regime of hydroxyapatite
concentrations (between 100 mg cm ™ and 300 mg cm > HA). Thomsen et al (2015) quantified the mineralized
bone volume per total volume (BV/TV) in lumbar vertebra L2 of 41 women and 39 men by evaluating the 3D
microstructure using micro-CT (CT). They documented a linear correlation between trabecular BV/TV and
ageinwomen (r = —0.83,p = 2.0 x 10~'")and men (r = —0.74,p = 8.8 x 10~®). This correlation showed that
trabecular BV/TV decreased significantly with age in women and men. Using the linear regression parameters
proposed by Thomsen et al (2015), it is possible to quantify the BV/TV for different ages. For a 20, 50 and 80 year
old male, the trabecular BV/TV were 0.08, 0.12, and 0.15. In case of a female, these values were 0.07, 0.11, and
0.15. The hydroxyapatite volume fraction and the BV/TV are equivalent definitions. In this study, hydroxyapatite
volume fractions of the samples in the validation phantom were 0.033, 0.067 and 0.10. These hydroxyapatite
volume fractions were selected because: (i) they are representative for the patient age group that can be candidate
for a molecular radiotherapy treatment and (ii) they are in the range of values in which is expected the greatest
quantification errors (Emami et al 2011). For other bone sites with a larger bone density such as femur neck,
iliac crest or cranium, DEQCT must be additionally/further evaluated with representative hydroxyapatite
concentrations.

The mass fraction method provides a phantom-independent methodology as it is based on mass fraction
conservation. However, it requires a good characterization of the x-ray beam and detector.

In this study, conservation of volume fraction was assumed. Liu et al (2009) explained that this assumption of
a constant volume does not always hold. As an example, for solutions in which the solute dissolves in the solvent,
the solute will take a smaller portion of the solution’s volume. In our study, however, the conservation of volume
fraction assumption holds as hydroxyapatite, fat and water are immiscible materials.

Furthermore, the use of hydroxyapatite in solutions or in polymers (as in our study) is a standard in CT
experiments related with bone quantification (Goodsitt et al 1991, Kalender 1992, Liu et al 2009, Goodsitt et al
2014). The main limitation in working with hydroxyapatite is the formation of clusters when it interacts with a
solvent. The technique applied in our study was documented by Christel et al (2013). The size of a-TCP parti-
cles is approximately 9.34 um, and they are distributed homogeneously in the medium. Thomsen et al (2015)
measured the trabecular bone thickness in lumbar vertebra 2. Using the linear regression parameters pro-
posed by Thomsen et al (2015), it is possible to calculate the expected trabecular bone thickness for a 20, 50 and
80 year old male: 139.5 um, 137.13 pum, and 134.8 pum, respectively. Also, for a 20, 50 and 80 year old female:
123.3 um, 126.65 pm, and 130.04 pm, respectively. Considering the volume of a CT voxel (larger than 1 mm?),
it is expected that the hydroxyapatite spatial distribution achieves a good representation of the trabecular bone
spatial distribution.

The Bland-Altman plots from figures 3(a)—(e) show that for all image-based quantification, the mass frac-
tion method overestimates the hydroxyapatite volume fraction. This observation becomes clearer in figure 3(f)
where all relative errors are positive and below 15%. A possible source of error is the disagreement between the
real chemical composition of the materials in the phantom sample and the chemical composition used in the
mass fraction method. To quantify the samples in the validation phantom, we used hydroxyapatite, adipose tissue
and water as material definition, although the samples were made of a mix of pHEMA-water, agar, paraffin and
hydroxyapatite. A second error source lies in the two empirical corrections applied to obtain the effective density.
These corrections were obtained from the hydroxyapatite quantification in a reference bone sample of the phan-
tom CIRS Model 062M. Therefore, these corrections are dependent on the chemical composition of the reference
bone sample of the phantom CIRS Model 062M.
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The quantification of the 150 mg cm ™~ hydroxyapatite samples in an inhomogeneous medium (47.5% vol-
ume of fat and 47.5% volume of agar) shows a similar agreement between the nominal value of hydroxyapatite
volume fraction (HAyr o) and the hydroxyapatite volume fraction quantified with each CT system (HAyr pscr
and HAvr sprcr/cr) as the pHEMA-water and hydroxyapatite samples. Although fat quantification was not pos-
sible in this study, it is possible to observe that the inclusion of fat in the sample (as it is present throughout the
human body) and the assumption of a fat fraction equal to zero in the equation system (equation (4)) will not
affect the hydroxyapatite quantification using the mass fraction method.

Quantification of bone mineral content in European spine phantom (ESP)

The ESP provides a realistic geometry in which the use of different concentrations of hydroxyapatite in each
compartment (i) spongiosa, (ii) wall and endplate and (iii) arch and processes) and changes in compartment size
enables the simulation of different geometries and beam hardening.

DEXA is the clinical gold standard for BMD quantification. In this study, DEXA and DEQCT were compared
by quantifying BMC. Figure 4 shows that the quantification of BMC in whole vertebra is feasible using the mass
fraction method. The Qr40 based quantification agree well with the BMCggp nominal values (figures 4(b) and
(d)), the I41s based quantification presenting a similar tendency. Also, the Qr40 and 141 based quantifications
show a lower bias and a narrower interval of confidence than the Br59 based quantification. Therefore, they
provide a more accurate measurement of the BMC in the whole vertebra. For all image-based quantification, the
mean difference decreases with the increase of BMC (see Bland-Altman plots). This tendency is even more vis-
ible in the Br59 based quantification. The Br59 images enhance the bone signal, which might be the reason of the
large relative error obtained from their quantification (figure 4(f)).

Comparing DEXA with DEQCT (figure 4(f)), one can see that for the Qr40 and 141s based quantification, the
relative errors between two quantification modalities are similar.

Quantification of bone mineral density in spongiosa regions of European spine phantom

The main goal of this study was the quantification of bone volume fraction in the bone marrow for dosimetry in
molecular radiotherapy. The spongiosa region of ESP provides an optimal geometrical configuration to validate
the mass fraction method.

For the ESP dimensions (25 cm lateral and 18 cm anterior-posterior), quantification on images acquired with
SPECT/CT provide the lowest relatives errors of 32.0% for 50 mg cm ™~ HA, 16.5% for 100mg cm > HA and 5.4%
for 200mg cm? HA. Liu et al (2009), for the same hydroxyapatite concentrations but in a cylindrical geometry,
documented relative errors of —20%, —11% and —18% in the mass fraction of hydroxyapatite using a second gen-
eration DSCT (SOMATOM Definition DS, Siemens Healthineers 2018). The difference in geometry between the
samples (cylinders versus vertebrae) might play an important role, due to the beam hardening caused by the cortical
wall of the vertebral bodies, the spinous process and the transverse processes over the spongiosa region. Addition-
ally, the decrease of the relative error in SPECT/CT-based quantification with increasing hydroxyapatite concentra-
tions in the ESP vertebrae can be related to the chemical description of the reference materials (water, adipose tissue
and hydroxyapatite). ESP vertebrae are composed of a mix of HA and epoxy-resin. Therefore, with the increase of
hydroxyapatite concentration, the difference between water and epoxy-resin becomes less important.

The hydroxyapatite volume fraction of the spongiosa region of the first vertebra of the ESP (50mg cm ™
hydroxyapatite—0.0167 hydroxyapatite volume fraction) is a value that is out of the calculated range of
hydroxyapatite volume fraction obtained from Thomsen et al (2015) (between 0.08 and 0.15 for men and
between 0.07 and 0.15 for women). By using the SPECT/CT for hydroxyapatite volume fraction quantification,
the maximum expected error is similar to the one obtained in vertebra 3 of the ESP (200 mg cm ™~ hydroxyapa-
tite—0.067 hydroxyapatite volume fraction), which was 5.44%. In case of DSCT, the expected error is below
10% (80/150kV) and 13% (90/150kV) by using Qr40 based quantification. In patients with malignant bone
lesion in vertebrae is expected lower bone mineral density (or hydroxyapatite volume fraction) due to the bone
destruction (osteolytic lesions) or a buildup of new weaker bone (osteoblastic lesion) (Lipton et al 2009). There-
fore, the quantification of hydroxyapatite volume fraction in patients with malignant bone lesions can present
higher errors then in healthy patients. The Bland-Altman plots in figures 5(a)—(e) show an overestimation of
the hydroxyapatite concentration in the spongiosa region by all image-based quantification. Similar tendency
is observed in figures 3(a)—(e) for hydroxyapatite volume fraction quantification in the validation phantom and
figures 4(a)—(e) for BMC quantification in whole vertebrae of ESP. This overestimation is larger for the DSCT
image-based quantifications. This systematic error might be related to approximations that had to be made due
to insufficient information about the detector response function. The DSCT used in this study is a third genera-
tion CT of the manufacturer. Two main features were included in this equipment: the first is a tin filter which
is used for the high-energy x-ray beam (150kV) typically used in DEQCT. Primak et al (2009) showed that the
use of tin (Sn) filters between 0.5 mm and 0.8 mm increases the dual-energy contrast between clinically relevant
materials. The second feature is an improved detector collimation by using an anti-scatter 3D collimator grid.
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As documented in the methods section, we extracted the detector response function from the publication by Liu
etal (2009), where a second generation DSCT and a third generation detector were used. Therefore, it is expected
that these two detector response functions do not exactly match. A similar problem lies in the SOMATOM Scope
CT (Siemens Healthineers 2018) that is integrated in the SPECT/CT, which uses an ultra-fast ceramics detector,
also corresponding to the manufacturer’s second generation (Ulzheimer and Freund 2018). The fact that the
SPECT/CT-based quantification of hydroxyapatite showed better results than the DSCT-based may be due to a
better characterization of the x-ray beam and detector of the SPECT/CT system.

Furthermore, in Bland-Altman plots (figures 5(a)—(e)), the Qr40 and I41s based quantification show inter-
vals of confidence smaller than Br59 based quantification. Therefore, they provide a more precise measurement
of the BMD in spongiosa. The I41s based quantification show a bias smaller than Qr40 and Br59 based quanti-
fication. This indicates that I41s based quantification provides a more accurate measurement of the BMD in
spongiosa. Also, for the Qr40 and I41s based quantification the mean difference decreases with the increase of
BMD. This tendency is inverted in Br59 based quantification and it is similar to the observation presented in
figures 4(a)—(e).

Clinical application of mass fraction method in a patientimage set

The comparison of DEXA- and DSCT-based BMC quantification in lumbar vertebrae 1 and 2 provides an
important means of validating both quantification techniques in the clinical routine. In our study to compare the
same parameter, we focused on BMC quantification. Regarding the obtained relative errors (7.6% and —8.4%),
agood quantification of lumbar vertebrae 1 and 2 was achieved. Patient positioning represents a potential source
of error.In DEXA studies, lumbar vertebrae are positioned parallel to the patient bed using a padded box. Figure 2
shows an uncorrected vertebra curvature in the DSCT image.

The bone volume fraction was calculated in the patient image set. In previous steps of this study the mass
fraction method was validated by the quantification of the hydroxyapatite volume fraction in the phantom
experiment. Yet, the quantification of bone volume fraction was the principal goal of this study. The quantifica-
tion of marrow cellularity using MR imaging, as it was applied in a previous study by our group (Salas-Ramirez
et al 2018), and trabecular bone volume fraction using DEQCT (Wilderman et al 2013, Goodsitt ef al 2014) are
essential to calculate the bone marrow absorbed dose based on a 3D radiation transport model (Shah et al 2005,
Hough et al 2011, O’Reilly et al 2016, Geyer et al 2017). This 3D radiation transport model of bone marrow
used trabecular bone microstructures to reproduce the bone spatial distribution in spongiosa. In these studies,
the microstructures were obtained from a specific skeletal site of a human cadaver. Therefore, they represent a
specific trabecular bone volume fraction (or bone volume fraction in spongiosa). In contrast, the quantification
of patient-specific trabecular bone volume fraction using DEQCT will permit to adjust the microstructure of
trabecular bone to a patient undergoing molecular radiotherapy.

In this study we propose two methods to calculate bone volume fraction: (i) to use a reference ratio of mineral
bone mass fraction to total bone mass fractions (Rpa/p) and (ii) to change from hydroxyapatite chemical descrip-
tion to cortical bone chemical description (ICRU report 44 (White 1989)) in the material definition used in the
mass fraction method.

The bone volume fraction calculation based on a reference ratio of mineral bone to total bone mass fractions
(Ruasp) 1s easy to implement, because it is based on the quantification of hydroxyapatite mass fraction. However,
there is a lack of values for many bone sites and in the best of our knowledge, only the study of Quelch efal (1983)
provides information about the percentage by mass of mineral bone in a human vertebra.

The change of the chemical description of the quantified material specifically hydroxyapatite to cortical is
also easy to implement and provides a better patient-specific assessment. The principal disadvantage of this
approach is the grade of agreement between the chemical composition of bone (ICRU report 44 (White 1989))
and the chemical composition of bone in an individual patient.

Although both approaches require general assumptions, the second approach provides a better patient-spe-
cificassessment.

In our patient study, we measured the hydroxyapatite mass fraction, hydroxyapatite volume fraction, bone
mass fraction, the bone volume fraction and the ratio of mineral bone mass fraction to total bone mass fraction
(Rua,s) by using both calculation methods. The Ryyyp values were lower than the value (0.663) reported by
Quelch et al (1983). Which quantified the mineral content in dry, fat-free bone samples. Therefore, it is expected
that the quantification of bone volume fraction by the first method (based on a reference ratio of mineral bone to
total bone mass fraction) overestimates the bone volume fraction due to the lack of water content in the calcul-
ation. In table 5, the bone volume fraction obtained by using a reference ratio of mineral bone to total bone
mass fraction provided larger bone volume fractions than the second method (change of material definition—
hydroxyapatite to cortical bone).

Also, in table 5, it is possible to see that hydroxyapatite mass fraction values are smaller than bone mass frac-
tion values. This result is in agreement with the bone composition (mineral bone plus organic material). The
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values of the ratio of mineral bone to total bone mass fraction remain almost constant at 0.554 to 0.558 for both
regions (whole vertebra and spongiosa) and smaller than the value report by Quelch et al (1983). This difference
might by related with water content in the patient’s vertebra.

Lastly, the bone volume fraction is higher in the whole vertebra than in the spongiosa. This result is in agree-
ment with the spatial distribution of bone in vertebrae, as cortical bone (high concentration of bone) plus tra-
becular bone (low concentration of bone) are considered when looking at whole vertebrae.

The International Commission of Radiation Protection (ICRP) in the report 70 (ICRP 2002) documented
the portion of spongiosa occupied by trabecular bone (trabecular bone volume fraction) measured by Arnold
and Wei in adult vertebrae. They documented values of 0.114 in adults at ages between 51-60 years, 0.085 in
adults at ages between 61-80 years and 0.077 in adults at ages between 81-90 years. The patient’s bone volume
fraction in spongiosa (of both calculation methods) are lower than the values documented by Arnold and Wei
(1972). This result might be related with the patient diagnosis of osteopenia.

Studylimitations

Geyer et al (2017) explored the effect of changes in bone mineral density (£5%, £10% and £15%) on S values
for three bone sites (ribs, lumbar vertebra 3 and parietal bone). For lumbar vertebra 3, the S value corresponding
to the irradiation of trabecular bone volume to active marrow for 4 of 6 investigated radionuclides (**Ca, *’Ra,
219Rn, and *'°Po) showed a change with respect to the reference S value equal to or larger than +10%. For the
other two radionuclides (**Sm and *°Y), changes below 10% were found. These changes lie in the order of the
maximum expected quantification relative errors obtained in our study (5.4%—SPECT/CT and 10%—DSCT)
for abone mineral (hydroxyapatite) density >>200g cm ™ in spongiosa. This indicates that, for lumbar vertebrae,
the relative error of the presented method has to be further reduced before it significantly affects S value
calculations.

The phantom geometry was limited to the vertebral geometry. However, the beam hardening effect is
expected to be more important in regions as parietal bone, femoral heads, hips and humeral heads. A test of the
mass fraction method in conjunction with the method proposed by Goodsitt et al (1991,2014) in these anatomi-
cal regions could validate the use of the mass fraction method under different beam hardening conditions.

Lastly, the ESP dimensions do not represent all the diversity of patient sizes. Therefore, a study with other
phantom thicknesses could potentially provide more size-independent information on the mass fraction meth-
od’s performance.

Conclusion

Our study shows that DEQCT using the phantomless mass fraction method represents a technique with sufficient
accuracy to quantify HA in a clinical setting. An overestimation of the hydroxyapatite volume fraction was
observed in all quantified regions, in particular in the spongiosa region of ESP. This observation might be related
to approximations that had to be made due to insufficient information about the x-ray spectra and the detector
sensitivity function. This method requires an adequate characterization of the x-ray beam and the detector. It
is also sensitive to the reconstruction kernel and chemical description of reference materials. In the spongiosa
region the agreement between SPECT/CT-based quantification and the European Spine Phantom nominal
values is better than the agreement between DSCT-based and ESP nominal values, which can be attributed to a
better description of the x-ray beam and detector for the SPECT/CT system. Therefore, the SPECT/CT provides a
clinical approach for DEQCT when using the mass fraction method in our clinical setting.

With this method, it is possible to quantify the bone volume fraction in spongiosa which is equivalent to
TBVF directly with a SPECT/CT in a nuclear medicine department. Therefore, it provides valuable input to a
computational model for obtaining patient-specific values of TBVF in lumbar vertebrae. Subsequent studies
should be performed to evaluate the performance of the mass fraction method in different anatomical regions.
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