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Purpose: Advances in photon-counting detectors have enabled quantitative material decomposition
using multi-energy or spectral computed tomography (CT). Supervised methods for material decom-
position utilize an estimated attenuation for each material of interest at each photon energy level,
which must be calibrated based upon calculated or measured values for known compositions. Mea-
surements using a calibration phantom can advantageously account for system-specific noise, but the
effect of calibration methods on the material basis matrix and subsequent quantitative material
decomposition has not been experimentally investigated. Therefore, the objective of this study was to
investigate the influence of the range and number of contrast agent concentrations within a modular
calibration phantom on the accuracy of quantitative material decomposition in the image domain.
Methods: Gadolinium was chosen as a model contrast agent in imaging phantoms, which also con-
tained bone tissue and water as negative controls. The maximum gadolinium concentration (30, 60,
and 90 mM) and total number of concentrations (2, 4, and 7) were independently varied to systemati-
cally investigate effects of the material basis matrix and scaling factor calibration on the quantitative
(root mean squared error, RMSE) and spatial (sensitivity and specificity) accuracy of material
decomposition. Images of calibration and sample phantoms were acquired using a commercially
available photon-counting spectral micro-CT system with five energy bins selected to normalize pho-
ton counts and leverage the contrast agent k-edge. Material decomposition of gadolinium, calcium,
and water was performed for each calibration method using a maximum a posteriori estimator.
Results: Both the quantitative and spatial accuracy of material decomposition were most improved
by using an increased maximum gadolinium concentration (range) in the basis matrix calibration; the
effects of using a greater number of concentrations were relatively small in magnitude by compari-
son. The material basis matrix calibration was more sensitive to changes in the calibration methods
than the scaling factor calibration. The material basis matrix calibration significantly influenced both
the quantitative and spatial accuracy of material decomposition, while the scaling factor calibration
influenced quantitative but not spatial accuracy. Importantly, the median RMSE of material decom-
position was as low as ~1.5 mM (~0.24 mg/mL gadolinium), which was similar in magnitude to that
measured by optical spectroscopy on the same samples.

Conclusion: The accuracy of quantitative material decomposition in photon-counting spectral CT
was significantly influenced by calibration methods which must therefore be carefully considered for
the intended diagnostic imaging application. © 2017 American Association of Physicists in Medicine
[https://doi.org/10.1002/mp.12457]
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1. INTRODUCTION

X-ray computed tomography (CT) provides low cost ana-
tomic and diagnostic imaging at high spatial and temporal
resolution.' ® Conventional clinical and laboratory CT imag-
ing systems utilize a polychromatic x-ray source with a pho-
ton energy spectrum ranging from a lower threshold of
~20 keV, set by beam filtration, to a peak tube potential of 80
to 140 kVp.® Materials and tissues exhibit photon energy-
dependent differences in x-ray attenuation coefficients over
this energy range.> However, conventional CT systems
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utilize an energy integrating detector, which sums the photon
counts over the entire energy spectrum, ignoring energy-spe-
cific spectral information.® Dual-energy CT (DECT) captures
limited energy-dependent differences by imaging at two peak
tube potentials and applying a weighted subtraction to
decompose and quantify material composition.”® However,
DECT increases radiation exposure and is typically limited to
the separation of two materials, usually soft tissue and hard
attenuators, such as bone or contrast media.”® Multi-energy
acquisition is required to decompose a greater number of
material and tissue compositions.
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Recent advances in energy-sensitive x-ray detectors have
enabled multi-energy or spectral CT using a single polychro-
matic x-ray source.”'” Energy-sensitive detectors measure the
number of photon interactions with the detector and the
energy of each interaction by the charge output of the detector
chip. Advances in photon-counting detectors have decreased
the computational time required to evaluate these interac-
tions, allowing photon energies to be accurately measured in
high flux, multipixel applications.'""'* Photon-counting
detectors, such as the Medipix 3RX, make count corrections
for charge summing and pulse pileup, based upon the pulse
height and analysis of coinciding photon interactions,
decreasing spectral blurring and increasing image quality.'"'?
The measured energy-dependent attenuation coefficients
enable identification of material composition (material
decomposition).'®*""7  Material decomposition has been
investigated with photon-counting spectral CT using both
simulated'®">~'® and 21(:quired14’]8’19 data sets, and these
investigations have primarily focused on algorithm design.

Spectral unmixing or material decomposition can be
accomplished in the projection'*'*'*" or image'*'> domain
using, for example, least squares regression models,'” maxi-
mum likelihood estimators,'”'®° or maximum a posteriori
(MAP) estimators.”’ Supervised decomposition methods uti-
lize an estimated attenuation for each material of interest
within each energy bin. The estimated attenuation must be cal-
ibrated based upon calculated or measured values for known
compositions. Measurements using a calibration phantom are
advantageous in accounting for system-specific sources of
variability which are not readily described by tabulated or sim-
ulated data. However, the effect of calibration methods on the
material basis matrix and subsequent quantitative material
decomposition has not been experimentally investigated.

Therefore, the objective of this study was to investigate
the influence of the range and number of contrast agent con-
centrations within a modular calibration phantom on the
accuracy of quantitative material decomposition in the image
domain. A systematic analysis of calibration phantom con-
centrations was performed using a commercially available
photon-counting spectral micro-CT system with five energy
bins selected to normalize photon counts and leverage the
contrast agent k-edge. Material basis matrix values were esti-
mated using multiple linear regression models. An increase
in the maximum concentration (range) and number of con-
centrations utilized in the calibration was hypothesized to
result in an increased signal-to-noise ratio in each energy bin
for improved accuracy and precision in the material basis
matrix values, and thus improved accuracy of quantitative
material decomposition.

2. METHODS
2.A. Calibration phantom

Gadolinium was chosen as a model contrast agent for spec-
tral CT due to clinical use as a contrast agent for diagnostic
imaging and the presence of a k-shell absorption edge within
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the clinical x-ray energy spectrum. Gadolinium (III) nitrate hex-
ahydrate, Gd(NO3);-6H,O (Acros Organics, 99.9%), solutions
were prepared in deionized (DI) water at selected concentra-
tions ranging from 0 to 90 mM through dilutions from a com-
mon stock solution prepared at 100 mM. The maximum
gadolinium concentration (30, 60, and 90 mM) and total num-
ber of concentrations (2, 4, and 7) were independently varied to
investigate the effect on quantitative material decomposition
(Table I). Calcium signal was calibrated using a custom bone
mineral density phantom with compositions ranging from 0 to
60 vol% (0 to 1860 mg/cm®) hydroxyapatite in polyethylene.>”

Gadolinium concentrations were verified by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES, Optima
7000, Perkin Elmer, Waltham, MA, USA) after digesting sam-
ples in 5% nitric acid. Calibration curves for ICP-OES were cre-
ated by diluting certified standard gadolinium solutions (SPEX
CertiPrep, assurance grade, Metuchen, NJ, USA). Measured
gadolinium concentrations were compared with the expected
concentrations using linear least squares regression and a paired
r-test JMP® 11.0, SAS Institute, Inc., Cary, NC, USA).

2.B. Sample phantom

A sample phantom containing 0, 5, and 10 mM concentra-
tions of gadolinium nitrate dissolved in DI water, as well as a
rabbit femur embedded in 1% agarose (Thermo Scientific,
molecular biology grade), was used to evaluate the material
decomposition calibrations. The range of contrast agent con-
centrations was selected to be feasible for in vivo targeted deliv-
ery to a site of interest, based upon preclinical animal models,
while challenging the detection limit of conventional CT.**

2.C. Image acquisition

For both the calibration and sample phantoms, Eppendorf
tubes containing each gadolinium and calcium concentration
were placed in a modular phantom for imaging. Images of
both the calibration and sample phantoms were acquired
using a commercially available spectral CT (MARS-12 v.5,
MARS Bioimaging Ltd., Christchurch, New Zealand)

TasLE 1. The range and number of gadolinium contrast agent concentrations
used to systematically investigate the effect of calibration methods on quanti-
tative material decomposition.

Concentration Maximum Number of

range concentration (mM) concentrations Step size (mM)
30 x 2 30 2 30
30 x 4 30 4 10
30 x 7 30 7 5
60 x 2 60 2 60
60 x 4 60 4 20
60 x 7 60 7 10
90 x 2 90 2 90
90 x 4 90 4 30
90 x 7 90 7 15
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equipped with a polychromatic x-ray source operating at
120 kVp, 1.96 mm aluminum beam filtration, and a photon-
counting detector comprising a CdZnTe semiconductor sen-
sor bonded to a Medipix 3RX chip with five energy bins.
Energy thresholds were set at 30.9, 50.0, 60.1, and 73.1 keV
to normalize photon counts across energy bins and leverage
the k-edge discontinuity of gadolinium at 50.2 keV.** Each
pixel was limited to a mean of 2000 counts total across all
energy bins to mitigate the effects of pulse pileup. Recon-
structions were performed with a 100 pm isometric voxel size
and a nominal resolution of ~300 pum. Five replicates of the
calibration and sample phantoms were imaged for each cali-
bration method (Table I). Images for all calibration and sam-
ple phantoms were acquired over four separate days of
imaging with a flatfield correction image taken each day. The
phantom design and relatively low contrast agent concentra-
tions obviated the need for beam hardening correction due to
the absence of hard attenuators in-line with the x-ray source.
The measured x-ray attenuation was correlated with gadolin-
ium concentration for each energy bin using linear least
squares regression (JMP® 11.0). For representative images,
grayscale values were converted to Hounsfield units (HU) by
calibration with air (—1000 HU) and water (0 HU).

2.D. Material basis matrix

The material basis matrix, C, is an M x N matrix of the
estimated x-ray attenuation for each material in each energy
bin, where M is the number of energy bins and N is the num-
ber of materials to be decomposed. Attenuation is assumed to
be approximately linear for each composition on a bin-by-bin
basis. The measured effective attenuation within the jth voxel
for the kth energy bin can be described by,

R = Zi\lz] (kjexi) M

where N is the total number of materials to be identified, y; is
the mass attenuation coefficient of the ith material, and x; is
the volume fraction (or fractional abundance) of the ith mate-
rial. The estimated attenuation of gadolinium in each energy
bin was determined using a multiple linear regression of
known gadolinium concentrations as,

W =">by + bi1x1 + brx» ()

where [ is the effective attenuation of voxels within the mea-
sured volume of interest (VOI), b, is the intercept, which was
assumed to be zero, b, is the estimated attenuation of gadolin-
ium, and b, is the estimated attenuation of water. Given the
known concentrations of gadolinium in each calibration range
(Table 1), the theoretical volume fraction of gadolinium and
water in each composition was calculated using,

v~ (m1/py)
(m1/py) + (m2/py)
where v, is the volume fraction of gadolinium, m; and m, are

the mass of gadolinium and water respectively, p; and p, are
the density of gadolinium and water, respectively, and the

3
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volume fraction of water is v» =~ 1 — v;. The linear model
was then computed using the estimated volume fraction of
gadolinium and water, and the mean x-ray attenuation mea-
sured within a 97 mm°® cuboidal VOI, for each calibration
composition and imaging replicate. The calculation was
repeated for each of the five energy bins to complete the basis
matrix (C). The measured x-ray attenuations of gadolinium
and water were paired for each calibration method and imag-
ing replicate. The same process was repeated for the calcium
calibration phantom, using the volume fraction of hydroxyap-
atite and polyethylene as the input variables. A single vector
of estimated attenuation for calcium was calculated and used
for all material basis matrices.

2.E. Material decomposition

Material decomposition of gadolinium, calcium, and water
was performed on sample phantom images using a quadratic
programming function (quadprog, MATLAB, v.9.0, Math-
Works, Inc., Natick, MA, USA) with a MAP estimator” and
material basis matrices calculated for each calibration
method. A MAP estimator was chosen to mitigate the large
number of possible solutions to the linear system of equa-
tions, which were constrained to satisfy both full additivity
and non-negativity. The volume fraction (or fractional abun-
dance) of materials in each voxel of sample phantom images
was estimated by minimizing the equation,

min, 0.5 -x" -H-x+f7 - x 4)
where x is a vector of volume fractions of length N, and
H=2.CT.C %)
f=-2-c"-x (6)
such that,
A-x<b (7
Acq - x = by 8)
-l 0 -
0o .
10 0 Iy
A=1.0 0 o ©)
0o . 0
L0 0 —l1y]

where b is an N x 2 vector containing N ones and N zeros,
A.q 18 a vector of length N comprised of ones, and b, is equal
to one. Eq. (7) limits the solution to remain between 0 and 1,
satisfying the non-negativity constraint. Eq. (8) ensures that
the vector of volume fractions sums to 1 for each voxel, satis-
fying the full additivity constraint.

2.F. Postdecomposition scaling

Postdecomposition scaling was utilized to quantify the
material decomposition as material concentration. The mean
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x-ray attenuation of each concentration within the calibration
VOI was determined for all energy bins. These mean attenua-
tion values were then decomposed using the MAP estimator
for each of the basis matrices used for material decomposi-
tion. The estimated volume fraction of each concentration
was correlated with the known concentration (mM) in the
calibration VOI. Linear least squares regression was per-
formed for each possible combination of calibration methods
(Table I) for both the material basis matrix and scaling factor.
The intercept, b,, was allowed to be nonzero to determine the
best-fit regression line. Decomposed images were then scaled
to millimolar (mM) concentrations using the linear regression
resulting in a total of nine decompositions, each with nine
distinct scaling factors, using the nine calibration methods
(Table 1).

2.G. Evaluation of quantitative material
decomposition

Material decomposition was evaluated on sample phantom
images for each permutation of the material basis matrix and
scaling factor calibration (Table I). Evaluation of the effects
of the calibration method on quantitative material decomposi-
tion was limited to the gadolinium concentration to focus on
contrast media and simplify interpretation. True positive
VOIs included the two concentrations of gadolinium; true
negative VOIs included the water and rabbit bone. Each VOI
was 101 mm® including 20 slices of the reconstruction within
the inner diameter of each Eppendorf tube.

The accuracy of the quantitative material decomposition
for each calibration method was evaluated by measuring the
root mean squared error (RMSE) of the measured gadolinium
concentrations compared with the known concentrations
within the sample phantom. The spatial accuracy of the quanti-
tative material decomposition for each calibration method was
evaluated by measuring the specificity and sensitivity at a
5 mM threshold. Area under the receiver operating character-
istics (ROC) curve (AUC) was calculated by evaluating the
specificity and sensitivity over a range of concentrations (0—
20 mM) which exceeded the concentrations within the sample
phantom. The RMSE, specificity, sensitivity, and AUC for
each possible combination of calibration methods for both the
material basis matrix and scaling factor were compared using
box plots showing the 10th, 25th, 50th (median), 75th, and
90th percentiles from the five replicates. Effects of the range
and number of contrast agent concentrations in the material
basis matrix and/or scaling factor calibration on RMSE, speci-
ficity, sensitivity, and AUC were examined using multiple and
two-way analysis of variance (ANOVA) (JMP® 11.0). The
level of significance for all tests was setat P < 0.05.

3. RESULTS
3.A. Calibration phantoms

The accuracy of gadolinium concentrations in the calibra-
tion phantom was verified by ICP-OES (Fig. 1). Measured
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Fic. 1. Expected gadolinium concentrations in the calibration phantom com-
pared with measurements by ICP-OES. Measured gadolinium concentrations
exhibited a strong linear correlation with the expected concentration
(P < 0.0001, R = 0.999, RMSE = 1.03 mM), and were greater than
expected concentrations overall (P < 0.0001, paired #-test) with a mean error
of 3.2 mM and a RMSE of 3.4 mM (Table II). Note that the range of con-
centrations included and exceeded concentrations expected to be utilized in
preclinical and clinical imaging.

gadolinium concentrations exhibited a strong linear correla-
tion with the expected concentration (P < 0.0001,
R? = 0.999, RMSE = 1.03 mM). Overall, measured gadolin-
ium concentrations were greater than the expected concentra-
tions (P < 0.0001, paired ¢-test) with a mean error of 3.2 mM
and a RMSE of 3.4 mM (Table II). The RMSE of gadolin-
ium concentrations in the phantom decreased slightly with a
decreased maximum concentration or increased number of
concentrations (Table II).

Grayscale CT images exhibited increased x-ray attenuation
with increased gadolinium concentration (Figs. 2 and 3), as
expected, and no apparent beam hardening artifacts [Fig. 2(a)].
The maximum x-ray attenuation for a given gadolinium con-
centration occurred in the 50-60.1 keV energy bin (Figs. 2 and
3), corresponding to the kedge of gadolinium. The measured
x-ray attenuation exhibited a strong linear correlation
(R* > 0.95) with gadolinium concentration for each energy bin
of the photon-counting detector (Fig. 3). Therefore, material
basis matrix values were estimated using multiple linear regres-
sion models for each calibration method (Table I). RMSE in
multiple linear regression models was increased for higher
energy bins, and with an increased maximum concentration
(range) or number of concentrations in the calibration, but was
generally less than 30 HU (Table II).

3.B. Overall effects of calibration methods on
material decomposition

The overall effects of calibration methods on the quantita-
tive (RMSE) and spatial (sensitivity, specificity, and AUC)
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TasLE II. RMSE of linear regressions for gadolinium concentrations measured by ICP-OES versus expected concentrations, and x-ray attenuation measured by
spectral CT for each energy bin of the photon-counting detector versus expected gadolinium concentrations, for each calibration method used to estimate the x-
ray attenuation in the material basis matrix.

x-ray attenuation (HU)

Concentration range ICP-OES (mM) 20.0-30.9 keV 30.9-50.0 keV 50.0-60.1 keV 60.1-73.1 keV 73.1-120 keV
30 x 2 29 3 3 4 10 16
30 x 4 29 3 6 11 16
30 x 7 2.8 9 6 9 12 16
60 x 2 4.8 5 5 6 20 40
60 x 4 39 8 7 7 17 33
60 x 7 32 16 10 15 17 31
90 x 2 4.5 3 4 5 9 20
90 x 4 4.2 16 12 12 34 45
90 x 7 39 17 12 13 30 38
Overall 3.4 15 10 23 25 34
accuracy of material decomposition were evaluated by vary- decomposition (Table III). Similarly, the maximum concen-
ing the maximum concentration (30, 60, and 90 mM) and tration used in the scaling factor calibration significantly
number of equally distributed concentrations (2, 4, and 7) influenced the RMSE, specificity, and sensitivity
within the calibration phantom (Table I) for both the material (P < 0.001), but not AUC. The number of concentrations
basis matrix and scaling factor calibrations. The maximum used in the material basis matrix calibration significantly
concentration used in the material basis matrix calibration influenced the specificity and AUC (P < 0.005), but not
significantly influenced the RMSE, specificity, sensitivity, RMSE and sensitivity, of the resulting material decomposi-

and AUC (P < 0.0001, MANOVA) of the resulting material tion (Table III). In contrast, the number of concentrations
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FiG. 2. Representative (a) grayscale CT image slices of a calibration phantom comprising of 0, 5, 10, 15, and 20 mM gadolinium concentrations showing exam-
ple VOIs (boxes) used for determining material basis matrix calibrations, and (b) cropped grayscale images of VOIs spanning the full range of gadolinium con-
centrations, for each energy bin of the photon-counting detector. Note that all grayscale intensities were converted to HU. [Color figure can be viewed at
wileyonlinelibrary.com]
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FiG. 3. The measured x-ray attenuation (HU) of all gadolinium concentra-
tions for each energy bin of the photon-counting detector. Error bars show
one standard deviation of the mean. Gray lines show the overall best fit line
for each energy bin using linear least squares regression. The RMSE of linear
regressions for each calibration method and each energy bin of the photon-
counting detector is tabulated in Table II.

used in the scaling factor calibration significantly influenced
the RMSE and sensitivity (P < 0.05), but not specificity and
AUC. Significant interactions between the range and number
of contrast agent concentrations in the material basis matrix
calibration were observed for RMSE, specificity and AUC
(P <0.001), but not sensitivity. Significant interactions
between the range and number of contrast agents in the scal-
ing factor calibration were observed for RMSE, sensitivity,
and specificity (P < 0.001), but not AUC.

3.C. Material basis matrix calibration

The effects of the calibration method on the material basis
matrix calibration and subsequent material decomposition
were further evaluated using the same calibration method
(Table I) for both the material basis matrix and scaling factor
calibrations. Representative gadolinium segmented images of
the sample phantom after material decomposition qualita-
tively demonstrated that overall image quality was visually

improved with an increased maximum concentration or num-
ber of concentrations in the calibration (Fig. 4). Specificity
for gadolinium compared with hard attenuators was notice-
ably compromised using the lowest maximum concentration
(30 mM) in the calibration as evidenced by the presence of
gadolinium signal in the bone sample. On the other hand,
specificity for gadolinium compared with soft attenuators
(e.g., polypropylene sample tubes) that were not included in
the basis matrix was improved using the lowest maximum
concentration (30 mM) in the calibration. Specificity for
gadolinium was visually improved for both hard and soft
attenuators using an increased number of concentrations in
the calibration (Fig. 4).

Quantitative evaluation of material decomposition
revealed that calibration using a greater concentration range
significantly improved the RMSE [Fig. 5(a)], specificity
[Fig. 5(c)], and AUC [Fig. 5(d)] (P < 0.0001, ANOVA), but
decreased sensitivity [Fig. 5(b)] (P < 0.0005, ANOVA). The
effects of using a greater number of concentrations in the cal-
ibration on the RMSE, sensitivity, specificity, and AUC of
the material decomposition were smaller in magnitude com-
pared with the maximum concentration (Fig. 5) and were not
statistically significant (P > 0.16, ANOVA) for the sample
size (power < 0.37). However, the interaction between the
range and number of concentrations was statistically signifi-
cant for AUC (P < 0.05, ANOVA), reflecting that a greater
number of concentrations in the calibration significantly
improved AUC for the lowest concentration range (30 mM),
but not the higher concentration ranges [Fig. 5(d)]. Increas-
ing the range and number of concentrations in the calibration
from the minimum (30 x 2) to maximum (90 x 7)
improved the median RMSE, specificity, and AUC from ~2.5
to ~1.5 mM, ~0.75 to ~0.90, and ~0.85 to ~0.93, respectively,
while the median sensitivity decreased from ~0.87 to ~0.80
(Fig. 5). Thus, the median RMSE of material decomposition
was similar in magnitude to that measured by ICP-OES on
the same samples [Fig. 5(a) and Table II].

3.D. Scaling factor calibration

The effects of the calibration method (Table I) on the scal-
ing factor calibration and subsequent material decomposition
were further evaluated using a fixed calibration method (e.g.,
30 x 2 and 90 x 7) for the material basis matrix (Fig. 6).
Quantitative evaluation of material decomposition revealed

TasLE III. MANOVA for the overall effects of the range and the number of gadolinium contrast agent concentrations on the quantitative (RMSE) and spatial
(sensitivity, specificity and AUC) accuracy of material decomposition for each possible combination of calibration methods for both the material basis matrix
and scaling factor (Table I). Statistically significant effects are shown by italicized P-values.

Material basis matrix calibration

Scaling factor calibration

Metric Maximum concentration Number of concentrations Interaction Maximum concentration Number of concentrations Interaction
RMSE <0.0001 0.10 <0.0001 <0.0001 <0.005 <0.0001
Sensitivity <0.0001 0.79 <0.0001 <0.0001 <0.0001
Specificity <0.0001 <0.005 <0.0001 <0.001 0.09 <0.001
AUC <0.0001 <0.0001 <0.001 0.68 0.47 0.92
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FiG. 4. Representative gadolinium segmented images of the sample phantom after material decomposition using the same calibration method (Table I) for both
the material basis matrix and scaling factor. The minimum and maximum threshold for gadolinium segmentation was set at 0 and 20 mM, respectively. Note that
for evaluation of accuracy, true positive VOIs included the two concentrations of gadolinium, while true negative VOIs included the water and bone samples.

that the effects of the scaling factor calibration (Fig. 6) were
smaller in magnitude compared with the material basis
matrix calibration (Fig. 5). Nonetheless, several trends were
apparent. Scaling factor calibration using a greater concentra-
tion range significantly increased RMSE and sensitivity for
lowest concentration range (30 mM), but decreased RMSE
and sensitivity for the higher concentration ranges (60 and
90 mM) [P < 0.05, ANOVA, except P = 0.07 in Fig. 6(a)].
Similarly, an increased number of concentrations in the scal-
ing factor calibration increased RMSE and sensitivity for the
lowest concentration range (30 mM), but decreased RMSE
and sensitivity for the higher concentration ranges (60 and
90 mM); however, these effects were not statistically signifi-
cant (P > 0.37, ANOVA) for the sample size (power < 0.21),
except for sensitivity using the 30 x 2 basis matrix calibra-
tion [P > 0.05, ANOVA, Fig. 6(b)].

4. DISCUSSION
4.A. Calibration phantoms

Differences between the measured and expected gadolin-
ium concentration in calibration phantoms were systematic
(mean error =~ RMSE ~ 3 mM). The accuracy of ICP-OES

Medical Physics, 44 (10), October 2017

calibrated by certified standards is typically on the order of 1—
10%.2° Therefore, the measured differences were most likely
due to expected error in ICP-OES combined with random
error in the preparation of the gadolinium stock solution from
which aliquots were subsequently diluted for each gadolinium
concentration. For comparison, the RMSE of the measured x-
ray attenuation used in multiple linear regressions (Table II),
ranged from 0.4 to 2.7 mM in the three lowest energy bins and
1.3 to 10.7 mM in the two highest energy bins, as estimated by
converting the RMSE from HU (Table II) to mM using the
slope of the linear regression. Moreover, the RMSE of the
measured x-ray attenuation of gadolinium concentrations in
the calibration phantoms was typically < 30 HU. A differen-
tial contrast (AHU) of 30 HU has been suggested to be the
threshold for visible perception.”” A greater RMSE for higher
energy bins of the photon-counting detector (Table II) was
expected due to decreased photon counts from the x-ray source
with increased photon energy. Moreover, a deviation from lin-
earity was evident in the relationship between x-ray attenua-
tion and gadolinium concentration for the 60.1-73.1 and 73.1—
120 keV energy bins at concentrations greater than 60 mM
(Fig. 3), where low photon counts were exacerbated by higher
concentrations absorbing more photons and further reducing
photon counts at the detector.
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Fic. 5. Boxplots showing the (a) RMSE, (b) sensitivity, (c) specificity, and (d) AUC of the resulting quantitative material decomposition of gadolinium using the
same calibration method (Table I) for both the material basis matrix and scaling factor. The box and whiskers show the 10th, 25th, 50th (median), 75th, and 90th
percentiles. The overall effects of the range and the number of gadolinium concentrations in the calibration are shown in Table III.

4.B. Quantitative accuracy of material
decomposition

Photon-counting spectral CT was able to achieve a median
RMSE as low as ~1.5 mM (~0.24 mg/mL) for quantifying a
gadolinium contrast agent [Figs. 5(a) and 6(c)], which was
similar in magnitude to that measured for gadolinium in pre-
vious studies'®*® and to that measured by ICP-OES on the
same samples in this study [Fig. 5(a) and Table II]. There-
fore, the quantitative accuracy of material decomposition
using photon-counting spectral CT was comparable to that of
optical spectroscopic techniques commonly used to measure
mM (and lower) elemental concentrations in media. This sug-
gests potential for using photon-counting spectral CT in ana-
Iytical applications that extend beyond diagnostic imaging in
biomedicine. In diagnostic imaging, an RMSE of ~1 to
1.5 mM is desirable to improve the signal-to-noise ratio to ~3
for an observable signal of ~5 mM (~0.8 mg/mL
gadolinium) in this study.
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4.C. Effects of calibration methods on material
decomposition

The results of this study demonstrate important effects of
calibration methods on the accuracy of quantitative material
decomposition using photon-counting spectral CT. The mate-
rial basis matrix calibration was more sensitive to changes in
the calibration methods than the scaling factor calibration
(Table III, Figs. 5 and 6). The material basis matrix calibra-
tion significantly influenced both the quantitative (RMSE)
and spatial (AUC) accuracy of material decomposition, while
the scaling factor calibration influenced RMSE but not AUC
(Table III). Note that AUC is a robust measure of the overall
spatial accuracy based on the relative gain in specificity with
decreasing sensitivity over a range of thresholds.”” The mate-
rial basis matrix and scaling factor calibrations might be
expected to exhibit a primary influence on the spatial (AUC)
and quantitative (RMSE) accuracy of material decomposi-
tion, respectively, based on their implementation. However,
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the material basis matrix not only identifies the spatial loca-
tion of a material of interest in the decomposed image, but
also provides an initial estimation of the fractional abundance
[Egs. (1)—(3)], and thus determines the variance in fractional
abundance of a material of interest. The scaling factor subse-
quently converts the fractional abundance to concentration
using the linear regression models. Therefore, the material
basis matrix calibration exhibits a primary influence on both
the quantitative (RMSE) and spatial (AUC) accuracy of mate-
rial decomposition.

Both the quantitative (RMSE) and spatial accuracy (AUC)
of material decomposition were most improved by using an
increased maximum concentration (range) of the gadolinium
contrast agent in the basis matrix calibration (Fig. 5). A small
decrease in sensitivity was observed for an increased concen-
tration range, but this effect was outweighed by greater
improvements in RMSE and specificity, which was further
confirmed by improved AUC as a measure the overall spatial
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accuracy (Fig. 5). Therefore, these results suggest that an
increased maximum concentration of the gadolinium contrast
agent in the calibration phantom provided a greater signal-to-
noise ratio during calibration, which subsequently improved
the accuracy of quantitative material decomposition.

An increased number of gadolinium contrast agent con-
centrations in the material basis matrix and scaling factor cal-
ibration was able to improve the quantitative (RMSE) and
spatial (AUC) accuracy, respectively, of material decomposi-
tion (Table III), but the magnitude of these effects was rela-
tively small compared to the effects of the concentration
range and not always statistically significant (Figs. 5 and 6).
An increased number of concentrations (or samples) was
expected to reduce variance in the linear regression models,
improving the accuracy of the initial estimation of the frac-
tional abundance from the material basis matrix and the sub-
sequent material decomposition. However, the MAP
estimator simultaneously evaluates the linear regression for
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each energy bin such that the overall signal-to-noise ratio of
the calibration, which was maximized at the highest concen-
tration range, primarily governed the spatial and quantitative
accuracy of material decomposition. Therefore, the results of
this study suggest that calibration methods for quantitative
material decomposition may not require more than one con-
centration (for a two-point calibration) of a material of inter-
est. On the other hand, the results also suggest that a low
spatial accuracy (specificity and AUC) of material decompo-
sition, due to a low (30 mM) concentration range in the cali-
bration, can be mitigated by using an increased number of
concentrations [Fig. 5(d)].

Effects of the calibration methods on the scaling factor cal-
ibration were also noteworthy, despite their smaller magnitude
compared with the material basis matrix. For a material basis
matrix calibration that performed relatively poor (30 x 2),
increasing both the range and number of concentrations in the
scaling factor calibration improved (decreased) RMSE, but
also decreased sensitivity, compared to using the same range
and number of concentrations in the scaling factor calibration
[Figs. 6(a) and 6(b)]. However, note that increasing only the
range or number of concentrations in the scaling factor cali-
bration resulted in increased RMSE and no change in sensitiv-
ity. For a material basis matrix calibration that performed
relatively well (90 x 7), decreasing both the range and num-
ber of concentrations in the scaling factor calibration
decreased variability in the measure RMSE and sensitivity,
compared to using the same range and number of concentra-
tions in the scaling factor calibration [Figs. 6(c) and 6(d)].

Finally, overall variations in calibration methods that
improved quantitative accuracy (RMSE) compromised sensi-
tivity, and vice versa (Fig. 5). Moreover, RMSE and sensitiv-
ity were the only metrics significantly influenced by the
scaling factor calibration at a fixed basis matrix calibration
(Fig. 6). These results suggest that selection of the most
appropriate of calibration methods may be application-speci-
fic. For example, in applications where high sensitivity is
desired — perhaps the detection of breast microcalcifications,
metastatic cancer, or kidney stones — calibration methods
should utilize a lower maximum concentration (range) and
greater number of concentrations. Thus, to detect an expected
concentration of ~5 mM at a signal-to-noise ratio of 3, cali-
bration methods might include five concentrations spanning
0 to ~10 mM. On the other hand, in applications where quan-
titative precision and accuracy (RMSE) is desired — perhaps
bone densitometry or imaging the biodistribution of a tar-
geted contrast agent — calibration methods should utilize a
higher maximum concentration and require a fewer number
of concentrations.

4.D. Limitations

Several limitations should be considered when interpreting
the results of this study and their implications. Material
decomposition was performed in the image domain rather
than the projection domain. While the implementation of
image- and projection-based decomposition is fundamentally
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different, the effects of calibration methods should be similar
for either approach provided that all other factors (e.g., pho-
ton counts) are similar. Therefore, the general trends in the
results of this study are expected to be broadly applicable to
supervised material decomposition in both the image and
projection domain.

Evaluation of the quantitative and spatial accuracy of
material decomposition included only the decomposition of
gadolinium to simplify the interpretation of results. However,
the hard-constrained MAP estimator requires a fully defined
material basis matrix to produce accurate results. Therefore,
fluctuations within the vector of values used to define the
gadolinium signal can adversely affect the results of other
material channels. All material channels should be consid-
ered simultaneously in order to fully evaluate the material
basis matrix calibration. Moreover, decomposition of
gadolinium and calcium was performed separately. Therefore,
future studies should investigate mixed combinations of two
materials (e.g., gadolinium and calcium) for both calibration
and evaluation.

True positive and true negative sample sizes were kept
equal for evaluation of spatial accuracy (sensitivity, speci-
ficity, and AUC). However, the same sample sizes were used
for evaluation of quantitative accuracy (RMSE) such that the
zero concentration samples were more heavily weighted due
being equivalent in size to the 5 and 10 mM gadolinium con-
centrations combined. Therefore, RMSE measurements may
be either under- or overestimated depending on whether
residuals at zero concentration were lower or higher, respec-
tively, compared with higher concentrations. This effect
could be minimized by increasing the number of samples
within the sample phantom concentration range.

Beam hardening was not corrected prior to material
decomposition, such that artifacts were observable within the
lowest energy bin in voxels adjacent to the highly attenuating
bone sample. Beam hardening artifacts had minimal effect on
the results of this study, but would be expected to have a
stronger influence on the material decomposition for a larger
specimen size. Thus, a beam hardening correction may need
to be implemented for larger specimens, e.g., animal or
human subjects

Finally, the magnitude of metrics used to evaluate the spa-
tial and quantitative accuracy of material decomposition is
dependent on the concentrations in the sample phantom. In
this study, the sample phantom contained 0, 5, and 10 mM
gadolinium concentrations that were selected to cover the
expected range that would be observable in vivo. However,
this limited the analysis of sensitivity and specificity to a min-
imum threshold value of 5 mM. A more robust evaluation of
the accuracy of material decomposition closer to the desired
detection limit could be obtained by increasing the number of
samples analyzed between 0 and 5 mM.

5. CONCLUSIONS

The accuracy of quantitative material decomposition for
detecting a gadolinium contrast agent in photon-counting
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spectral CT was significantly influenced by calibration meth-
ods which must therefore be carefully considered for the
intended diagnostic imaging application. The material basis
matrix calibration was more sensitive to changes in the cali-
bration methods than the scaling factor calibration. Both the
quantitative (RMSE) and spatial (AUC) accuracy of material
decomposition were most improved by using an increased
maximum gadolinium concentration (range) in the basis
matrix calibration. An increased number of gadolinium con-
trast agent concentrations in the material basis matrix and
scaling factor calibration was also able to improve the spatial
(AUC) and quantitative (RMSE) accuracy, respectively, of
material decomposition, but the magnitude of these effects
was relatively small compared to the effects of the concentra-
tion range and not always statistically significant. Impor-
tantly, the median RMSE of material decomposition was as
low as ~1.5 mM (~0.24 mg/mL gadolinium), which was sim-
ilar in magnitude to that measured by optical spectroscopy on
the same samples.
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