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BACKGROUND. The low clinically approved doses of gadolinium-based contrast
agents (GBCAs) do not generate sufficient enhancement on CT for diagnostic purpos-
es. Photon-counting detector (PCD) CT offers improved spectral resolution and could
potentially enable visualization of hepatocyte-specific GBCAs, given their associated
high gadolinium concentrations within hepatocytes.

OBJECTIVE. The purpose of this study was to investigate the potential of gadox-
etate disodium in combination with PCD CT and low-energy virtual monoenergetic im-
aging (VMI) reconstructions to achieve an increase in attenuation in a phantom.

METHODS. A series of solutions was prepared of diluted gadoxetate disodium
(concentrations of 0.250-2.5 umol/mL, corresponding with doses of 25-200 umol/kg).
These solutions, along with deionized water, were evaluated in an anthropomorphic
abdominal phantom using a clinical PCD CT scanner; VMI reconstructions at 40, 50, 60,
and 70 keV and virtual noncontrast (VNC) imaging reconstructions were generated. At-
tenuation measurements were obtained; a linear regression model combined these
values with previously reported in vivo data to estimate hepatic enhancement and CNR
across doses.

RESULTS. Attenuation increased with increasing concentration at a given energy
level and with decreasing energy level for a given concentration; VNC images had the
lowest attenuation. The maximum attenuation reached in the abdominal phantom was
45.2 HU for a concentration of 2.5 pmol/mL at 40 keV. A concentration of 0.25 pmol/mL
had attenuation at 40 keV of 13.0 HU. The model yielded estimated in vivo hepatic en-
hancement at 40 keV of 4.9 HU for a dose of 25 umol/kg, 19.9 HU for 100 umol/kg, and
30.8 HU for 200 pmol/kg; corresponding CNRs were 0.13, 0.52, and 0.81, respectively.

CONCLUSION. The combination of gadoxetate disodium and PCD CT could the-
oretically allow appreciable hepatic enhancement at a 200-pmol/kg dose; such effect
was not observed for the clinically approved 25-pmol/kg dose.

CLINICAL IMPACT. PCD CT achieved attenuation increases for gadoxetate disodi-
um at considerably lower doses than previously documented for CT of GBCAs, albeit at
approximately eight times greater than clinical doses, which were thus too high for clin-
ical use. Additional research exploiting PCD CT technology could seek to reduce further
doses required for sufficient visualization into a clinically feasible range, to potentially
allow CT using a liver-specific agent.

Currently, all clinically approved CT contrast agents are iodine-based, exploiting io-
dine’s relatively high atomic number of 53 to achieve increased x-ray attenuation [1, 2].
These agents have short peak enhancement in tissue, typically up to 2 minutes after in-
jection, potentially limiting their ability to characterize certain pathologic conditions
through a single administration. Whereas administration of iodine-based contrast agents
is safe in most patients, side effects including allergic reactions, hyperthyroidism, and
nephropathy limit the total administered dose and/or the ability to administer repeated
doses in a single examination [3, 4].
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Several studies have explored potential use of gadolini-
um-based contrast agents (GBCAs), which are typically used in
MRI, as alternate contrast agents for CT [5-10]. Similar to iodine,
gadolinium has a high atomic number of 64 and induces a con-
centration-dependent x-ray attenuation related to its mass den-
sity [11]. However, recommended clinical doses are approximate-
ly one hundredfold lower for GBCAs for MRI (e.g., 25-100 pmol/
kg body weight, corresponding to 3.93-15.7 mg gadolinium per
kg body weight) than for iodine-containing compounds for CT
(e.g., 500-700 mg | per kg body weight) [12-16]. Given resulting
low tissue concentrations of gadolinium, standard doses of GB-
CAs do not generate sufficient enhancement on CT for diagnos-
tic purposes [5-7]. Indeed, in one study, doses of a GBCA of ap-
proximately 500 pmol/kg body weight were required to achieve
increased hepatic attenuation on CT [10].

The recent clinical implementation of the first generation of
photon-counting detector (PCD) CT systems has been accompa-
nied by renewed interest in performing gadolinium-enhanced
CT, with varying proposed applications including imaging us-
ing simultaneous administration of different contrast agents (i.e.,
gadolinium-based and iodine-based agents) [8, 12, 13, 17]. PCD
CT systems use energy-resolving detectors that directly count
the number of photons at different energy levels, facilitating en-
ergy discrimination and providing superior spectral resolution
compared with earlier CT technologies. This greater spectral res-
olution in turn allows improved material differentiation and at-
tenuation characterization at low energy levels, such as at 40 keV,
at which GBCAs exhibit increases in attenuation [11, 14]. Despite
such advantages, the ability to achieve meaningful CT image
contrast using GBCAs has remained limited for PCD CT, due pri-
marily to the low GBCA doses currently approved for clinical use.

The combination of a GBCA with PCD CT using low-energy re-
constructions could have a potential novel application, distinct
from previously explored applications, in liver imaging using he-
patocyte-specific contrast agents [8, 15]. For some such com-
pounds (e.g., gadoxetate disodium), approximately 50% of the
administered dose is eliminated via the biliary system, resulting
in a particularly high gadolinium concentration within hepato-
cytes and a plateaulike contrast enhancement between 20 and
300 minutes after administration [16, 18]. If they yield apprecia-
ble enhancement on CT, then hepatocyte-specific GBCAs could
provide comparable advantages as are well-recognized for MRI,
helping to overcome limitations of CT evaluation using current
iodine-containing agents, all of which lack such specificity and
wash out after a few minutes [19]. For example, long-lasting he-
patic parenchymal enhancement could aid liver lesion character-
ization (e.g., identification of hepatocyte-free lesions [20]), and
delayed visualization of the biliary system could aid characteriza-
tion of biliary variants and injuries.

The manufacturer-recommended dose of gadoxetate disodium
for routine clinical MRI examinations is 25 pmol/kg body weight,
lower than for other GBCAs [13, 16, 21]. Nonetheless, the combina-
tion of this agent’s high accumulation in hepatocytes and a PCD
CT examination using dedicated postprocessing techniques (e.g.,
reconstruction of virtual monoenergetic imaging [VMI] at low en-
ergy levels) conceivably may provide sufficient hepatic parenchy-
mal enhancement for diagnostic liver evaluation. Larger doses of
gadoxetate disodium than the clinically approved dose (e.g., doses
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Key Finding

B |n this phantom study, PCD CT with gadoxetate disodium
yielded progressive increases in attenuation at increasing
concentrations. Estimated in vivo hepatic enhancement
at 40 keV was 4.9 HU for the agent’s clinically approved
dose of 25 umol/kg, versus 19.9 HU for 100 umol/kg and
30.8 HU for 200 umol/kg.

Importance

B PCD CTyielded meaningful attenuation increases for
gadoxetate disodium at lower doses than previously
documented for CT of GBCA, albeit too high for clinical use.

of 50-500 pmol/kg body weight) may also be tolerable, although
there is a paucity of relevant data [10, 19-22].

The purpose of this study was to investigate the potential of
gadoxetate disodium in combination with PCD CT and low-en-
ergy VMI reconstructions to achieve an increase in attenuation
in a phantom.

Methods

One author (S.F) is an employee of Siemens Healthineers. This
author provided general technical support in the use of the PCD
CT system, but had no role in the generation of study data. Two
authors (G.J. and H.P.) are employees of Bayer Pharma. These au-
thors conducted the measurement of the dilution series in the
mass spectroscope (as described later in the Methods). The re-
maining authors, who are not employees of the previously noted
companies, otherwise independently conducted the study de-
sign, data analysis, and data interpretation and had full control of
the information submitted for publication.

Gadoxetate Disodium Dilution Series

A series of solutions was prepared, consisting of the hepato-
cyte-specific agent gadoxetate disodium (Primovist, Bayer Schering)
diluted in deionized water to achieve varying gadoxetate disodium
concentrations (measured in micromoles per milliliter of water).
The concentration ranged from 0.00 to 2.5 umol/mL. The gadolin-
ium concentrations ranged 0.250 to 2.5 pmol/mL; this range was
estimated to correspond with gadoxetate disodium doses ranging
from 25 pmol/kg body weight (the routine clinical dose of gadox-
etate disodium) to 200 pmol/kg body weight (a potentially tolerable
larger dose). An additional solution was prepared with a gadolinium
concentration of 0.00 umol/mL (i.e., deionized water only). All solu-
tions were prepared in a sterile environment using single-channel
mechanical micropipettes having a volume range of 100-1000 pL
(Eppendorf Research plus, Eppendorf).

To validate the preparation of the dilution series, the gado-
linium content of each solution was measured using inductive-
ly coupled plasma-optical emission spectroscopy (ICP-OES) with
a mass spectrometer (iCAP 7600 ICP-OES Duo, Thermo Fisher
Scientific). Three aliquots were prepared from each gadoxetate
disodium dilution by adding 50 uL of a 1000-ppm certified in-
ductively coupled plasma calibration solution (Y, Merck) and a
varying volume of 5% nitric acid (HNO,) (125-500 pL, depending
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Fig. 1—Phantoms used in this study.

A, Photograph of custom-built phantom consisting of
plastic stack containing 20 cylindric plastic centrifuge
tubes with screw cap, capacity of 50 mL, length of 115
mm, and diameter of 28 mm.

B, lllustration shows anthropomorphic abdomen
phantom (QRM-20118, QRM) measuring 200 x 300 mm
% 100 mm. (llustration © QRM; used with permission)
C, lllustration shows cylindric core (QRM-10139 spectral
CT-phantom, QRM) designed for evaluation of spectral
CT protocols. Core (top) measures 100 mm in diameter
and contains refillable cylindric inserts (bottom) with
diameter of 20 mm and length of 103 mm. (lllustration
© QRM; used with permission)
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on the gadoxetate disodium concentration), to generate a solu-
tion with a volume of 5 mL. Elemental quantification of gado-
linium content was obtained from each aliquot using a 2-point
calibration and Y as an internal standard; the mean value was ob-
tained across the three aliquots for each dilution. The gadoxetate
disodium concentrations of the original dilutions were then de-
termined on the basis of the dilution factors.

Phantom Setup

The gadoxetate disodium dilution series was evaluated using
two different phantoms, to assess differences in attenuation at
varying concentrations. First, an in-house-developed custom
phantom was used to evaluate the dilution series in a simplified
setting with high image quality. Then, a commercial anthropo-
morphic abdominal phantom was used to simulate a clinical en-
vironment. The phantoms are displayed in Figure 1.

The custom phantom consisted of a plastic stack containing
20 cylindric plastic centrifuge tubes. Each tube had a screw cap,
as well as a capacity of 50 mL, length of 11.5 cm, and diameter
of 2.8 cm. The tubes were filled with 20 distinct dilutions having
increasing concentrations of gadoxetate disodium ranging from
0.00to 2.5 ymol/mL in increments of 0.125 pmol/mL. The anthro-
pomorphic phantom (QRM-20118 abdomen phantom, QRM) con-
tained a cylindric core (QRM-10139 spectral CT phantom, QRM)
designed for evaluation of spectral CT protocols; this core in turn
contained refillable cylindric inserts, each having a diameter of
20 mm and length of 103 mm. The inserts were filled with increas-
ing concentrations of gadoxetate disodium ranging from 0.00 to
2.5 pmol/mL in increments of 0.25 umol/mL (i.e., double the in-
crement used for the custom phantom).

The same originally prepared dilution series was used for both
the custom and anthropomorphic phantoms. A second dilution
series was independently created with the same target concen-
trations and evaluated using the custom phantom.

PCD CT Examinations

The CT examinations were performed using a clinically approved
whole-body PCD CT system (NAEOTOM Alpha, VA50A, Siemens
Healthineers). The custom phantom was intentionally scanned us-
ing parameters yielding high radiation doses to achieve high im-
age quality, including low levels of image noise and artifacts: ener-
gy level of 120 kV, effective tube current-exposure time setting of
121, image quality level of 2600, pitch factor of 0.35, and rotation
time of 0.5 seconds. Because the custom phantom included slots
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for 20 separate tubes, only a single acquisition was required to im-
age all of the dilutions. In contrast, the anthropomorphic phantom
was scanned separately for each dilution. The acquisitions for the
anthropomorphic phantom used settings chosen to mimic a stan-
dard clinical abdominal protocol: energy level of 140 kV, effective
tube current-exposure time setting of 35, image quality level of
90, pitch factor of 0.8, and rotation time of 0.5 seconds. All scans
were performed in Quantum-plus mode, with acquisition of sepa-
rate low- and high-energy information.

For the custom phantom, separate acquisitions were obtained for
the two independently prepared dilution series. For the anthropo-
morphic phantom, each acquisition for the first dilution series was
repeated three times. The CTDI  was recorded for each acquisition.

Image Postprocessing and Analysis

From the acquisitions for both phantoms, spectral postpro-
cessing datasets (i.e., datasets with intact low-energy-weighted
and high-energy-weighted bins) were transferred to a worksta-
tion with dedicated local vendor postprocessing software (Syn-
gowia, version VB60, Siemens Healthineers). This workstation
and software were used for all image analyses. Axial image sets
were reconstructed using a Qr40 kernel with quantum iterative
reconstruction (QIR) strength of 4, slice thickness of 5 mm, and
an increment of 2 mm. Using a material decomposition algo-
rithm, five image sets with these parameters were reconstructed
for each concentration: 70-keV VMI, representing the mean ener-
gy level of a conventional energy-integrating detector (EID) CT
scan at 120 kVp [23]; 40-keV, 50-keV, and 60-keV VMI, represent-
ing energy levels close to the K-edge for gadolinium and iodine,
for relatively greater image contrast with respect to the 70-keV
VMI; and virtual noncontrast (VNC) imaging, representing a neg-
ative control (i.e., absence of gadoxetate disodium). For the VNC
imaging reconstruction, the material decomposition algorithm
used aniodineratio (i.e., the slope of the data points between the
values for the high-energy-weighted and low-energy-weighted
bins) that was adjusted for gadolinium (i.e., slope of 1.67 for 120-
kVp scans in the custom phantom and 1.80 for 140-kVp scans in
the anthropomorphic phantom) to optimize the removal of gad-
olinium from the images. For the custom phantom, separate im-
age sets were also reconstructed for the low-energy-weighted
and high-energy-weighted bins for each concentration.

A single investigator (S.R., 5th-year radiology resident) placed
ROIs to obtain mean and SD values of attenuation measurements
across the gadoxetate disodium concentrations in both phantoms.
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The investigator placed a single ROI in the center of each tube for
the custom phantom and the center of each insert for the anthro-
pomorphic phantom for all reconstructions, to obtain attenuation
measurements across the gadoxetate disodium concentrations. The
ROIs were of a similar size (diameter of approximately 10 mm) and
location across all measurements. The mean and SD were recorded
for each ROL. The mean values were in turn averaged between the
two dilution series in the custom phantom and between the three re-
peated scans in the anthropomorphic phantom; the SD values were
averaged in a similar manner, as an indicator of measurement noise.
These averaged values were used for further analyses (aside from the
scatterplot comparing measurements for each dilution series in the
custom phantom, as described later in the Methods section). Final-
ly, the postprocessing software was used to generate attenuation
curves across the energy range from 40 to 190 keV for five represen-
tative concentrations (0.00, 0.25, 1.00, 1.75, and 2.50 umol/mL) for the
first dilution series in the custom phantom based on an ROI placed
by the investigator in the original spectral postprocessing dataset.

Estimation of In Vivo Hepatic Attenuation and
Enhancement

A simulation was performed to estimate in vivo hepatic attenua-
tion and enhancement across gadoxetate disodium concentrations,
based on the measurements in the anthropomorphic phantom.

First, the theoretic concentration of gadoxetate disodium in hepatic
parenchyma for a dose of 200 pumol/kg was estimated by matching
the calculated increase in attenuation for this dose for 70-keV VMI
(corresponding to the mean electron density for EID CT at 120 kVp)
with the previously reported in vivo enhancement of the liver pa-
renchyma of 13 HU at a gadoxetate disodium dose of 200 pmol/kg
[10]. Based on the derived hepatic concentration of gadoxetate di-
sodium for a dose of 200 pmol/kg, hepatic concentrations were ap-
proximated for lower doses of 25, 50, 75, and 100 umol/kg. For this
purpose, the hepatic concentration was initially calculated assum-
ing a linear correlation. Then, to account for higher hepatic uptake
of gadoxetate disodium at doses less than or equal to 100 pmol/kg
(estimated uptake of 35% vs 45% for doses < 100 umol/kg vs > 100
pumol/kg, respectively), the initially calculated hepatic concentration
was corrected by a factor of 1.29, resulting in the formula:

umol X
X _—
k9" 200 %"/

g

with x representing doses of gadoxetate disodium less than or equal
to 100 umol/kg body weight. This adjustment was based on studies
of pharmacokinetics of gadoxetate disodium and related molecules
(e.g., dysprosium-EOB-DTPA) in humans [10, 22, 24]; such studies re-
vealed greater fecal excretion of gadoxetate disodium at doses great-

hepatic concentration (x) = 200 x129, (1)

Fig. 2—Image from photon-counting detector CT
shows gadoxetate disodium dilution series from
custom phantom with 40-keV virtual monoenergetic
imaging (VMI) (40 keV), 70-keV VMI (70 keV), and
virtual noncontrastimaging (VNC) reconstructions.
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Fig. 3—Scatterplot shows attenuation measurements between low-energy-
weighted and high-energy-weighted reconstructions from two independently
prepared dilution series (A, red dots, and B, green dots) in custom phantom.
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Fig. 4—Schematic shows attenuation curves across energy levels from 40 to
190 keV for five representative gadoxetate disodium concentrations in custom
phantom. Vertical whiskers indicate the SD of the ROl measurement.
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erthan 100 umol/kg, likely due to saturation of hepatocyte transport-
er molecules involved in the agent’s intracellular uptake [9, 25].
Linear regression analyses were then performed to generate
best-fit lines of attenuation as a function of gadoxetate disodi-
um dose for 40-keV VMI and VNC imaging reconstructions in the
anthropomorphic phantom. Subsequently, the hepatic enhance-
ment, HE, for each derived hepatic concentration of gadoxetate
disodium was calculated as the difference between the hepatic
attenuation for the given concentration and the hepatic atten-
uation for deionized water; each such attenuation was in turn
calculated as the difference in respective attenuation measure-
ments between the 40-keV VMI and VNC imaging reconstruc-
tions, based on the best-fit regression lines. This process yielded
an overall formula to determine HE for a given concentration y of:

HE (y) = (40 keV(y) - VNC (y)) - (40 keV (water) - VNC (water)), (2)

To account for image noise in the anthropomorphic phantom,
the CNR with respect to deionized water was calculated for each
concentration x (Gd ) based on attenuation measurements using
the equation:

Gd-H,0
- —
with o representing the previously noted summary SD value ob-
tained from the ROl measurements.

CNR, = 3)

Statistical Analysis

Percent deviation between expected gadolinium concentrations
in the dilution series and measured gadolinium concentrations by
mass spectroscopy were computed. Scatterplots were construct-
ed comparing attenuation measurements from the low-ener-
gy-weighted and high-energy-weighted bins for each concentra-
tion from each of the two dilution series in the custom phantom. The
mean and SD values for attenuation measurements for each combi-
nation of concentration and reconstruction in each phantom were
tabulated. The mean and SD values of the attenuation measure-
ments were plotted for the 40-keV VMI, 70-keV VMI, and VNC imag-
ing reconstructions for the custom phantom, as well as for the 40-
keV VMI and VNC imaging reconstructions for the anthropomorphic
phantom. These plots were qualitatively characterized. The mean
SDs of attenuation measurements across concentrations were com-
pared between the custom and anthropomorphic phantoms us-
ing a paired t test. Linear regression analysis was used to interpolate
missing values between measured data points, presuming linear re-
lationships between adjacent measurements. The difference in es-
timated hepatic attenuation between the 40-keV VMI and VNC im-
aging reconstructions at each theoretic hepatic concentration was
plotted in the anthropomorphic phantom. The results of the previ-
ously described analyses to estimate in vivo hepatic attenuation, en-
hancement, and CNR were further tabulated. The p value was con-
sidered statistically significant if less than 05. All statistical analyses
were performed using Python (version 3.10.12).

Results
Initial Phantom Measurements

The phantom setups, image acquisitions, and image reconstruc-
tions were successfully completed. The mass spectroscopy mea-
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TABLE 1: Mass Spectroscopy Measurements of
Gadoxetate Disodium Concentrations

in the Dilution Series in Comparison
With the Expected Gadoxetate
Disodium Concentration

Deviation From
Expected Value Measured Value Expected Value (%)
0.000 0.000 =
0.250 0.261 44
0.375 0.374 -0.2
0.500 0.495 =11
0.625 0.634 14
0.750 0.777 37
0.875 0.899 27
1.000 1.027 27
1.125 1.155 26
1.250 1.277 2.2
1.375 1.420 3.2
1.500 1.562 4.1
1.625 1.653 17
1.750 1.802 3.0
1.875 1.919 24
2.000 2.052 26
2125 2.135 0.5
2.250 2.303 23
2.375 2.387 0.5
2.500 2.498 -0.1

surements confirmed the validity of the dilution series, showing
deviations between the expected and actual gadoxetate disodi-
um concentrations ranging from -0.2% to 4.4% (Table 1). The mean
CTDI, for the custom phantom (scanned with high doses to reduce
image noise) was 9.59 mGy. The mean CTDI_ of the anthropomor-
phic phantom (scanned with a clinical protocol) was 4.00 mGy.

Figure 2 shows CT images of the custom phantom, with tubes con-
taining the dilution series of gadoxetate disodium concentrations
ranging from 0.00 to 2.500 pmol/mL for 40-keV VMI, 70-keV VMI, and
VNC imaging reconstructions. Visual assessment of the images indi-
cates greater attenuation for 70-keV VMI with respect to VNC imag-
ing reconstructions and for 40-keV VMI with respect to 70-keV VMl re-
constructions. Visual assessment also indicates increasing attenuation
with increasing concentration for the 40-keV VMI reconstructions.

Figure 3 depicts the attenuation measurements for the low-en-
ergy-weighted and high-energy-weighted values for the two in-
dependently prepared dilution series in the custom phantom.
The observed pattern is similar for the two series.

Attenuation Measurements Across Concentrations and
Energy Levels

Figure 4 depicts attenuation curves from 40 to 190 keV for five
representative gadoxetate disodium concentrations (0.00, 0.25,
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TABLE 2: Attenuation Measurements for the Dilution Series in Virtual Monoenergetic and VNC

Reconstructions in the Custom Phantom

Gadoxetate Disodium Concentration
(umol/mL) 40 keV 50 keV 60 keV 70 keV VNC
0.000 13.5+3.8 9.8+3.5 6.0+15 34+14 -27%15
0.250 1M11+44 10.8+3.6 74+£16 43+1.0 03+13
0.375 145+3.8 11.9+3.8 84+18 57+13 09+14
0.500 176 +3.8 125+£3.7 85+17 6.1+£13 1.0+1.2
0.625 19.3+£39 14337 10.1+1.7 69+13 06+13
0.750 21.0+£39 151 +3.3 10.2+1.5 75+1.2 0.5+12
0.875 231+38 16.3+£3.9 11.6+£1.8 84+13 1.2+13
1.000 26.5+39 18.2+3.8 128+1.8 93+13 11+1.2
1125 271+£39 19.2+3.8 13.6+1.8 97+13 1.5+13
1.250 30.2+35 20.1+£3.8 143+£1.7 10.8+1.2 21+£13
1.375 32.8+3.5 23.0+3.7 163+ 1.7 Mn7£13 22+13
1.500 352+3.7 23.8+39 170+£1.8 127+£1.2 24+14
1.625 36.7+39 259+37 185+1.7 13.7+13 28+1.2
1.750 409+39 28.0+3.8 199+ 1.7 147+13 29+14
1.875 40.5+ 4.1 279+4.0 200+ 1.8 150+1.4 32%15
2.000 43.6+£4.0 30.1+£3.8 21.7+£18 16113 36+13
2125 445+39 328+3.8 236+1.8 16.5+1.4 3513
2.250 470+3.8 32.8+3.8 236+ 17 17.5+1.3 40+13
2.375 49.7 +4.2 351+38 25017 184+13 44+14
2.500 526+4.0 354+3.6 251 +1.7 184+1.3 29+1.6

Note—Data represent Hounsfield units and are reported as mean + SD. VNC = virtual noncontrast.

1.00, 1.75, and 2.50 pmol/mL) in the custom phantom. These
curves indicate progressive increases in attenuation with increas-
ing gadoxetate disodium concentration at a given energy level,
as well as an exponential increase in attenuation as the energy
level decreases toward 40 keV for a given concentration.

Figure 5 depicts the mean and SD values for the attenuation
measurements across gadoxetate disodium concentrations for
the 40-keV VMI, 70-keV VMI, and VNC imaging reconstructions
in the custom phantom. For both 40-keV and 70-keV VMI recon-
structions, a progressive increase in attenuation was observed
with increasing concentrations, with a steeper slope of increase
for the 40-keV VMI than for the 70-keV VMI reconstruction; the
VNC imaging reconstruction showed no increase in attenuation
with increasing concentration. At each concentration, attenua-
tion was greater for 40-keV VMI than for 70-keV VMI and for 70-
keV VMI than for the VNC imaging reconstruction. Table 2 sum-
marizes attenuation measurements at each concentration for
each reconstructed image set in the custom phantom, indicating
increasing attenuation with increasing concentration or lower
energy level. The maximum mean attenuation reached was 52.6
HU for a gadoxetate disodium concentration of 2.5 pmol/mL with
40-keV VMI. The solution with a concentration of 0.25 pmol/mL
had a mean attenuation on 40-keV VMI of 11.1 HU. The solution
with a concentration of 0.0 pmol/mL (i.e., deionized water) had a
mean attenuation on VNC imaging of -2.7 HU.
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Figure 6 depicts the mean and SD values for the attenuation mea-
surements across gadoxetate disodium concentrations for the 40-
keV VMI and VNC imaging reconstructions in the anthropomorphic
phantom. As in the custom phantom, progressive increases in atten-
uation were observed with increasing concentration for the 40-keV
VMI reconstruction but not for the VNC imaging reconstruction; at
each concentration, attenuation was greater for 40-keV VMI than for
the VNC imaging reconstructions. Table 3 summarizes attenuation
measurements at each concentration for each reconstructed image
set in the anthropomorphic phantom, indicating increasing attenu-
ation with increasing concentration or lower energy level. The max-
imum mean attenuation reached was 45.2 HU for a gadoxetate di-
sodium concentration of 2.5 pmol/mL at 40 keV. The solution with a
concentration of 0.25 pmol/mL had a mean attenuation on 40-keV
VMI of 13.0 HU. The solution with a concentration of 0.0 umol/mL
had a mean attenuation on VNC imaging of -15.6 HU.

Image noise was substantially greater for the anthropomor-
phic phantom than for the custom phantom, as indicated by
greater SDs, particularly for the 40-keV VMI reconstruction (mean
SD across all concentrations at 40 keV of 38.2 vs 3.9 HU; p < .001).
For concentrations evaluated by both the custom and anthropo-
morphic phantoms, although all mean attenuation values dif-
fered between the two phantoms, the mean attenuation values
in the custom phantom were all within 1 SD of the mean attenua-
tion values in the anthropomorphic phantom at this energy level.
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Simulation to Estimate In Vivo Hepatic Attenuation and
Enhancement With Gadoxetate Disodium

Based on a combination of attenuation measurements in the
anthropomorphic phantom and prior literature-reported data, a
gadoxetate disodium dose of 200 umol/kg was estimated to cor-
respond to a theoretic hepatic gadoxetate disodium concentra-
tion of 2.25 pmol/mL, and lower doses of 25-100 umol/kg were
estimated to correspond with theoretic hepatic concentrations
of 0.36-1.45 umol/mL. Figure 7 depicts estimated hepatic attenu-
ation (i.e., difference in attenuation between 40-keV virtual mon-
oenergetic and VNC images) at each derived gadoxetate disodi-
um hepatic concentration.

Table 4 summarizes the estimated in vivo hepatic enhance-
ment (i.e., difference in hepatic attenuation between the given
gadoxetate disodium dose and deionized water) for gadoxetate
disodium doses at 40 keV, determined using results from linear
regression analyses. Based on this model, the estimated in vivo
hepatic enhancement at 40 keV was 4.9 HU for a dose of 25 umol/
kg (i.e., the standard clinical dose), 19.9 HU for 100 pmol/kg, and
30.8 HU for 200 umol/kg. Table 4 also provides CNR values for
each gadoxetate disodium dose. For doses of 25, 100, and 200
umol/kg, the CNR was 0.13,0.52, and 0.81, respectively.

Discussion

In this phantom study, we systematically investigated dose-de-
pendent increases in attenuation for gadoxetate disodium im-
aged by a whole-body PCD CT system with low-energy VMI re-
constructions. Gadoxetate disodium in clinically approved doses
did not yield meaningful attenuation increases. However, based
on simulations using the phantom measurements to estimate
hepatic attenuation in humans, the combination of gadoxetate
disodium and PCD CT would theoretically allow appreciable he-
patic enhancement, as indicated by a CNR of 0.81 at a dose of
200 pmol/kg. Nonetheless, such a dose is approximately eight-
fold higher than the current clinically approved dose of gadox-
etate disodium of 25 pumol/kg.

GBCAs have low permitted doses in current clinical practice,
given possible acute and chronic side effects as well as concern
for nephrogenic systemic fibrosis (NSF) and gadolinium retention
in various tissues [23, 26-28]. However, limited data support the
potential feasibility of the larger doses. In clinical trials, twofold
and fourfold doses of gadoxetate disodium (50 pmol/kg and 100
pumol/kg, respectively) were not associated with increases in ad-
verse reactions in small numbers of patients [24-26, 29]. An addi-
tional study described side effects after injection of even higher

TABLE 3: Attenuation Measurements for the Dilution Series in Virtual Monoenergetic and VNC

Reconstructions in the Anthropomorphic Abdominal Phantom
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Gadoxetate Disodium Concen-
tration (umol/mL) 40 keV 50 keV 60 keV 70 keV VNC
0.00 147 £40.4 6.6+26.2 23+18.5 -0.2+£126 -15.6+£10.0
0.25 13.0+375 69+24.8 3.5+171 14+12.2 -11.3+£93
0.50 13.9+375 6.8+£26.0 3.8+173 2.2+10.7 -10.3+£9.13
0.75 19.0+38.7 11.0+£25.5 6.5+17.5 3.8+119 -10.2+99
1.00 20.0+40.0 134+247 84+170 48+11.1 —74+95
1.25 26.5+359 16.6£23.8 104 +16.6 6.5+12.1 -8.6+9.38
1.50 304377 189+24.6 121+17.0 84+119 -10.3+9.7
1.75 36.9+38.3 231+254 14.8+17.3 104 +12.1 -13.0+97
2.00 38.7+377 25.0+25.0 16.7 £17.1 1M.2+£115 -9.8+9.7
2.25 42.7 £37.7 26.7+254 18.0+174 127 £11.8 -11.5+9.6
2.50 45.2+38.3 284+25.2 199+17.2 13.6+12.2 -11.0+£10.3

Note—Data represent Hounsfield units and are reported as mean + SD. VNC = virtual noncontrast.

TABLE 4: Estimated In Vivo Hepatic Enhancement and CNR for Different Doses and Corresponding

Theoretic Hepatic Concentrations of Gadoxetate Disodium, Based on Results in the Anthro-
pomorphic Phantom

Gadoxetate Disodium Dose Theoretic Hepatic Concentration of Estimated In Vivo Hepatic Enhance-
(umol/kg body weight) Gadoxetate Disodium (umol/mL) ment (HU)? CNR
25 0.36 49+38.0 0.13
50 0.73 10.0+39.0 0.26
75 1.09 14.9 +40.0 0.37
100 1.45 19.9+38.0 0.52
200 2.25 30.8+38.0 0.81

Note—Hepatic enhancement was estimated by comparing liver attenuation with that of deionized water.
2Reported as mean + SD.
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Fig. 5—Schematic shows mean attenuation values for different gadoxetate
disodium concentrations in custom phantom for 40-keV virtual monoenergetic
imaging (VMI) reconstruction (green), 70-keV VMI reconstruction (red), and virtual
noncontrast (VNC) imaging reconstruction (blue). Dots indicate mean of two
independently prepared dilution series; vertical lines indicate error bars.

doses of gadoxetate disodium of 200-500 pmol/kg including mild
nausea, right upper quadrant discomfort, and burning sensations,
yet considered these doses to be associated with acceptable toler-
ance [10]. Furthermore, no cases of NSF related to gadoxetate diso-
dium have been reported [30-33]. Nonetheless, systematic safety
investigations on high doses of gadoxetate disodium remain lack-
ing, and the high doses found in this study to potentially achieve
hepatic enhancement in combination with PCD CT cannot be ad-
opted in the absence of further safety evidence.

Future investigations should seek to optimally leverage the
benefits of PCD technology for gadolinium-enhanced imaging.
For example, artificial intelligence could be used to refine post-
processing algorithms to achieve improved visualization of gad-
olinium (e.g., through improved denoising and subsequent high-
er CNR). If additional research and development could reduce
further the doses of gadoxetate disodium required to achieve
meaningful hepatic enhancement with PCD CT into a clinically
acceptable level (even if still higher than current clinical doses),
then this combination could hold potential in various clinical set-
tings. For example, the approach could be useful for liver evalu-
ation in settings in which MRI is unavailable, in patients unable
to undergo MRI, and in patients with a history of severe allergic
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Fig. 6—Schematic shows mean attenuation values for different gadoxetate
disodium concentrations in anthropomorphic phantom for 40-keV virtual
monoenergetic imaging (green) and virtual noncontrast imaging (blue)
reconstructions. Dots indicate mean of three repeated acquisitions; vertical lines
indicate error bars.

reactions to iodine-based contrast agents. The availability of a
hepatocyte-specific CT contrast agent would also be beneficial
given the rapid washout of iodine-based agents; the prolonged
enhancement resulting from such agents aids visualization of
certain liver-specific structures and pathologies, with potential-
ly improved detection and characterization of a spectrum of be-
nign and malignant liver conditions. Additionally, for patients
undergoing CT-guided liver biopsy or other liver interventions,
a hepatocyte-specific contrast agent could improve procedural
accuracy by providing long-lasting delineation of target lesions.
Furthermore, the ability to perform quantitative analysis of liv-
er function or regional liver perfusion with a hepatocyte-specif-
icagent would provide complementary anatomic and functional
information, as is more commonly obtained by MRI. These po-
tential applications of gadoxetate disodium, regardless of dose,
would be challenged in patients with liver failure, as adequate
liver function is critical for the agent’s hepatic excretion and con-
sequent hepatic enhancement [34].

A number of limitations impact the present findings’ poten-
tial clinical translation. First, the attenuation curves in the custom
phantom progressively increased as the energy level decreased to-
ward 40 keV and thus diverged from anticipated physical absorp-

Fig. 7—Graph shows estimated in vivo hepatic measurements using data from
anthropomorphic phantom. Green (40-keV virtual monoenergetic imaging)
and blue (virtual noncontrast [VNC] imaging) lines represent best-fit lines from
linear regression analyses of mean attenuation values (dots) to gadoxetate
disodium concentrations. Vertical black lines indicate estimated hepatic
attenuation values (expressed as difference in attenuation between 40 keV and
VNC reconstructions) at theoretic hepatic gadoxetate disodium concentrations.
These hepatic attenuation values of gadoxetate disodium were in turn used in
combination with hepatic attenuation values for deionized water to estimate
hepatic enhancement (see Table 4).
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tion curves for gadolinium, which would be expected to show a
peak at gadolinium’s K-edge of 50.2 keV [11]. This deviation can
be attributed to the spectral postprocessing software, which is
tailored to iodine, characterized by a lower electron density and
lower K-edge of 33.2 keV [2]. Consistent with other dual-energy
CT scanners, the PCD CT system generates VMI reconstructions
based on material decomposition into water and iodine, such that
gadolinium is expressed as an iodine-water mixture. However, for
uncertain reasons, gadoxetate disodium exhibited higher atten-
uation at a low-energy level for PCD CT compared with findings
from prior phantom studies using earlier-generation dual-ener-
gy CT systems. For example, attenuation in the anthropomorphic
phantom for a concentration of 2.5 umol/mL at 40 keV was approx-
imately 45 HU, versus comparable values of 20-28 HU from earli-
er literature [35-38]. PCD CT postprocessing algorithms could be
adapted to account for the specific attenuation characteristics of
GBCAs and thereby improve the precision of attenuation measure-
ments, particularly at low energy levels, for such agents.

Characteristics of the spectral acquisition may also have im-
pacted precision of the attenuation measurements, causing po-
tential deviations from attenuation measurements that may be
encountered in clinical settings. In particular, the PCD CT scan-
ner used in this study had only two available energy bins for di-
rect measurement, such that spectral postprocessing with mate-
rial decomposition was required to generate VMI reconstructions
at various energy levels. PCD technology has the potential to ac-
quire multispectral data using up to four energy bins, although
such acquisitions are currently possible only using dedicated re-
search software. Implementation of additional energy thresh-
olds and appropriate energy threshold weighting could facilitate
better discrimination, especially of low-energy photons, to yield
improved image contrast [39]. An extension of multispectral ac-
quisition that could potentially further improve image contrast is
so-called K-edge imaging, whereby one energy threshold is posi-
tioned close to the material’s K-edge.

Another limitation relates to the challenge of visualizing water
by PCD CT, particularly in terms of calibration offsets. The dilution
with a concentration of 0.00 umol/mL (i.e., deionized water) exhibit-
ed an attenuation for the VNCimaging reconstruction in the custom
phantom of —2.7 HU, not the expected value of 0.0 HU. This error’s
exact cause is uncertain, although it likely represents systematic
postprocessing issues. This discrepancy was observed despite the
software’s use of a gadolinium-specific slope for the VNC imaging
reconstructions. The VNC imaging reconstructions were consistent-
ly used to provide baseline attenuation values when estimating in
vivo hepatic enhancement at 40 keV, partly addressing this issue.

Several additional limitations warrant mention. First, hepato-
cyte-specific GBCAs have more heterogeneous distribution
throughout the body than in phantom tubes or inserts, being in-
fluenced by liver perfusion and function with particular regard to
potential transporter saturations in hepatocytes and other pos-
sible influences like blood flow and renal function [9, 24]. Also,
mean attenuation values for the 40-keV VMI reconstructions
differed between the two phantoms, likely relating to the sub-
stantially higher image noise in the anthropomorphic phantom.
Nonetheless, the mean values from the custom phantom were all
within 1 SD of the mean values from the anthropomorphic phan-
tom. Finally, the nonlinear nature of the applied iterative recon-
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struction algorithm limits the validity of CNR as a comparative
measure of conspicuity among different image sets [40].

In conclusion, the use of PCD CT with low-energy VMI recon-
structions achieved attenuation increases for gadoxetate disodi-
um at considerably lower doses than previously documented for
CT of GBCA, albeit at approximately eight times greater than clini-
cal doses and thus too high for clinical use. Similar attenuation in-
creases were not observed for standard clinical doses. Addition-
al research exploiting currently available PCD CT systems should
seek to reduce further the dose of gadoxetate disodium required
to achieve sufficient visualization into a clinically feasible range.
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