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With the recent advent of integrated PET/MR hybrid systems, the
need for simultaneous PET and MR phantom measurements arises.
Phantom fluids that are used in stand-alone MR systems, especially
in larger phantoms and at a high magnetic field strength, are not
necessarily applicable in PET imaging and vice versa. In this study,
different approaches to fluid selection were considered and
systematically evaluated with respect to their usability for simulta-
neous PET/MR phantom imaging. Methods: Demineralized water,
water with increased electrical conductivity, a water-oil emulsion,
and monoethylene and triethylene glycol were investigated in MR
and PET measurements using the most common PET tracer '8F-
FDG. As an alternative to '8F-FDG, a modified PET tracer ('8F-fluo-
ride Kryptofix 222 complex) was investigated toward its ability to
dissolve in pure oil, which provides good signal homogeneity in MR
imaging. Measurements were performed on a 3.0 T integrated PET/
MR whole-body system using a National Electrical Manufacturers
Association quality-standard phantom. Results: All tested fluids
dissolved the radiotracer '8F-FDG homogeneously. Regarding their
suitability for MR at 3.0 T, all fluids significantly improved the ho-
mogeneity compared to pure water (increase of excitation flip angle
within the tested phantom by a factor of 2.0). When the use of 18F-
FDG was preferred, triethylene glycol provided the best compro-
mise (flip angle increase by a factor of 1.13). The potential alterna-
tive tracer, '8F-fluoride Kryptofix 222 complex, dissolved in pure oil;
however, it is not optimal in its tested composition because it accu-
mulates at the bottom of the phantom during the time of measure-
ment. Conclusion: This study provides a systematic approach to-
ward phantom fluid selection for imaging a given quality-standard
body phantom—and phantoms of comparable size—at 3.0 T. For
simultaneous PET/MR scans using the standard tracer '8F-FDG, an
alternative fluid to water and oil is proposed that serves as a viable
option for both imaging modalities. Nevertheless, when water is
preferred, ways to improve MR image homogeneity are presented.
The tested alternative PET tracer enables the use of pure oil in
combined scans, but the tracer composition needs to be optimized
for phantom measurement applications.
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In medical imaging, phantom measurements are a necessity for
quality-control purposes of the scanner hardware and software
and for evaluating newly developed algorithms and methods. With
the recent introduction of sequential and integrated PET/MR hy-
brid scanners, the need for combined and simultaneous MR and
PET phantom measurements arises (/,2). However, phantom fluids
that are used in separate PET or MR imaging may not be inter-
changeably applicable.

In both imaging modalities, phantoms usually consist of
plastic containers filled with signal-providing liquid. In PET
imaging, pure water is used in phantom inserts and in the
surrounding background fluid because it can dissolve the most
commonly used radioactive tracer, '8F-FDG, well. However,
water may induce strong artifacts in MR imaging when scan-
ning large phantoms (Fig. 1A) at a high magnetic field strength
(above 1.5 T). These artifacts are caused by inhomogeneous
radiofrequency (RF) excitation when fluids with high relative
permittivity g, such as water (g, = 76, Table 1), are imaged
(Fig. 1B) (3—12). Thus, in those cases oil-based substances are
preferred as MR phantom fillers because of the low &, of oil (&,
= 2.7, Table 1). However, oil-based substances are in turn not
applicable for PET imaging because they do not dissolve the
tracer '8F-FDG (Fig. 1C).

In addition to the &, of a substance, the electrical conductivity
o of the medium also contributes to the distribution of the RF
field. An increase in the o causes the RF field to be attenuated
toward the center of the sample, and the aforementioned RF
artifacts are significantly reduced (7-9). Consequently, 2 ap-
proaches for avoiding these artifacts can be pursued: either
using alternative substances with decreased ¢, compared to
water, or increasing the conductivity of water. However, for
the 2nd approach the extent to which the inhomogeneous RF
excitation (in the present coil-phantom setup resulting in an RF
increase toward the phantom center) is compensated by addi-
tional higher conductivity needs to be evaluated.

As a 3rd approach, instead of searching for an appropriate
solvent for '8F-FDG, one can consider using a different tracer that,
as opposed to 8F-FDG, dissolves in pure oil.

The goal of this study was therefore to evaluate phantom
fluids and alternative tracers with regard to their usability in
both MR and PET imaging in larger phantoms. Aiming toward
homogeneous MR and PET signal across large phantoms will
potentially allow for simultaneous and time-efficient measure-
ments of PET and MR image quality parameters or will im-
prove MR-based attenuation correction (AC) of PET phantom
measurements.
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FIGURE 1. International Electrotechnical Commission standard
61675-1 body phantom investigated in this study (A) (74). Images of in-
homogeneous MR excitation in water (B) and inhomogeneous PET
tracer distribution in oil-based substances (C).

MATERIALS AND METHODS

PET/MR Hybrid Scanner

Measurements were performed on an integrated PET/MR whole-
body hybrid system (Biograph mMR; Siemens AG Healthcare Sector),
which allows for simultaneous PET and MR imaging.

The hybrid system consists of an actively shielded 3.0 T magnet
and a gradient coil unit characterized by a maximum amplitude of 45
mT/m and a maximum slew rate of 200 T/m/s. RF excitation is
performed using a single-channel quadrature RF body coil.

The PET detector unit is completely integrated into the hybrid
system and is located between the MR gradient coil unit and the RF
body coil inside the scanner. One PET detector block contains 8 x 8
lutetium oxyorthosilicate scintillator crystal elements and uses an array
of 3 x 3 avalanche photodiodes (/3). Eight detector rings form the PET
detector unit, each consisting of 56 detector blocks.

Phantom

Phantom fluids are evaluated in a body-mimicking phantom (PTW)
conformable to standard 61675-1 of the International Electrotechnical
Commission (Fig. 1A). This phantom is commonly used in PET im-
aging and is part of image quality tests according to the standard of the
National Electrical Manufacturers Association (/4,15).

The dimensions of the phantom housing are given in Figure 1.
According to the manufacturer’s specification, the phantom body is
built of acrylic glass material and has a volume of 9.6 L when no
inserts are used. The insert features 6 hollow glass spheres with dif-
ferent inner diameters (10, 13, 17, 22, 28, and 37 mm). These can be
filled with fluid and PET tracer separately from the large surrounding

TABLE 1
Parameters of Chosen Fluids
Medium € o in (S/m)
Water (demineralized) 75.68 0.003
Water (1 L) + 3.75 g of NiSO4 77.57 0.192
Water (1 L) + 3.75 g of 72.84 1.109
NiSO,4 + 5 g of NaCl
Monoethylene glycol 39.41 0.022
Triethylene glycol 21.66 0.020
Emulsion (75% oil, 25% water) 12.38 0.007
Qil 2.68 0.001

Measurements were performed at resonance frequency of
125.5 MHz (~Larmor frequency at 3 T) at 23°C (73.4°F). Substan-
ces are listed according to decreasing ¢, from water to oil.
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compartment and thus simulate different lesion sizes and lesion—to—
background activity ratios.

Phantom Fluid Selection: Overview

Figure 2 describes the approaches of phantom fluid selection that
were investigated in this study. If the standard PET tracer '8F-FDG or
other polar tracers are preferred, polar phantom fluids are necessary.
Similarly, for nonpolar oil as a phantom fluid, nonpolar PET tracers
are required. Because these nonpolar tracers are in general not com-
mercially available, the use of crown ethers as phase-transfer catalysts
was investigated.

Concerning phantom fluid suitability for MR measurements, the goal
of this study was to obtain artifact-free images throughout a wide range of
MR imaging sequences. Therefore, artifacts originating from inhomo-
geneous RF excitation or T1 relaxation artifacts are to be minimized.

In addition to the aforementioned specific requirements for PET and
MR imaging, the compatibility with acrylic glass material is of
general importance. Information about acrylic glass compatibility can
be obtained from manufacturers.

Fluid Selection for 18F-FDG PET

Pure Fluids as Alternative to Water. 'F-FDG is the most commonly
used tracer for PET imaging in patients and is therefore frequently used
in phantom experiments in clinical routine. Because liquids with reduced
€, are less polar and therefore in general less miscible with other polar
substances such as '8F-FDG, the goal of this study was to find a practical
compromise between low ¢, and sufficient '8F-FDG miscibility.

Among general solvents, one group of fluids that meets all of the
specific requirements mentioned is ethylene glycols. Monoethylene,
diethylene, and triethylene glycol are characterized by a significantly
lower ¢, than water (Table 1), and a sufficient resistance of acrylic
glass to glycols is reported (/6). For investigation in MR and PET
measurements, monoethylene and triethylene glycol were chosen.

Emulsions as Alternative to Water. Because of the described
characteristics of its individual components, it is evident that a mixture
of oil and water would be preferable for PET/MR phantom measure-
ments. Oil is used to reduce the ¢ and water to dissolve '8F-FDG.
However, oil and water do not mix because of their different polarities
(17). To address this problem, an emulsifier was used.

In a preliminary study evaluating various emulsifier and oil-water
compositions (data not shown), it was empirically determined that
a mixture of 7 mL of emulsifier—consisting of 62% polysorbate 80
(CAS registry no. 9005-65-6; Caesar & Loretz GmbH) and 38% sor-
bitan trioleate (CAS registry no. 26266-58-0; Caesar & Loretz
GmbH)—per 100 mL of oil-water emulsion (75% oil, 25% water)
resulted in the best emulsion composition. In the small samples, the
tested emulsion was stable for at least 1 day. In the large volume of the
body phantom (~10 L), the stability decreased significantly to 1-2 h
because of the increased difficulty in emulsion preparation.

Supplementing Water for Artifact Reduction. In addition to water’s
high ¢, a further potential source for image artifacts is the long T1 re-
laxation time of water. In combination with specific imaging parameters
(e.g., short repetition time), artifacts may be caused that show patterns
different from those that derive solely from high permittivity. Therefore,
a shortened T1 relaxation time, which can be accomplished by adding
nickel sulfate (NiSQy), is preferable. A T1 time reduction from the ini-
tial value of approximately 2600 ms to 100 ms was achieved by the
addition of 3.75 g of NiSO, per liter of demineralized water.

Adding NiSO, and NaCl to water increases the electrical conduc-
tivity o (Table 1). Empiric investigation with various amounts of NaCl
(data not shown) showed that 5 g of NaCl per 1 L of water-NiSO,
mixture gave the best results, and hence this amount was used. This
fluid composition is identical to common MR phantom fluids used by
manufacturers in phantom liquid bottles.

Ziegler et al. 1465
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FIGURE 2. Overview over investigated approaches of fluid selec-
tion in this study.

Tracer Selection for Use of Oil as Phantom Fluid

Replacing '8F-FDG with a tracer that dissolves in nonpolar oil
would provide the best PET/MR imaging conditions. For this purpose,
crown ethers could be used. These cyclic polyethers contain a polar
region in their cavity and a nonpolar exterior and thus have the ability
to cause polar compounds to dissolve in nonpolar, organic solvents.
The specific crown ether 18-crown-6, for example, will bind positively
charged potassium ions (K*) in its cavity and can be used to transfer
negatively charged ions (e.g., tracer '8F-fluoride ions) into the organic
environment (/8). These crown ethers (trade name Kryptofix 222,
CAS registry no. 23978-09-8; Merck KGaA) are generally used in
the synthesis of '8F-FDG where fluoride anions ('3F~) are eluted with
an aqueous acetonitrile solution of Kryptofix 222 and potassium car-
bonate from an ion exchange column (/9-23). Because the linkage
with glucose is negligible for phantom measurements, the '8F decay in
this stage provides the same imaging conditions as with '8F-FDG. In
this study, this intermediate stage without further processing is eval-

uated as a potential tracer in PET/MR phantom measurements. This
tracer is termed !'8F-fluoride Kryptofix 222 complex.

Parameter Overview of Selected Fluids

Table 1 gives an overview of the fluids under investigation and their
respective €, and o.

These values were measured using a calibrated setup consisting of
a probe head immersed in a measurement chamber filled with the
different fluids. The probe head was connected to a network analyzer
(ZVL3; Rohde & Schwarz GmbH).

PET Data Acquisition

To analyze whether the tracer used (either '3F-FDG or '8F-fluoride
Kryptofix 222 complex) dissolved in the selected fluids, a first test
with small samples of liquids (100 mL) was performed on a PET/CT
system featuring a 40-slice CT scanner (Biograph mCT; Siemens AG
Healthcare Sector). Subsequently, scans were obtained on the Biog-
raph mMR PET/MR system (Siemens AG Healthcare Sector) using
the described body phantom (Fig. 1A). Triethylene glycol and the
emulsion were selected as phantom background fluid. A scan with
water mixed with NiSO, served as reference. The spheres were filled
with water and gadolinium contrast agent (Gadovist; Bayer) in the
ratio of 80:1. The tracer was injected into both the spheres and the
phantom background fluid in an approximate activity concentration
ratio of 8:1. Detailed imaging and reconstruction parameters are spec-
ified in Table 2.

The solubility of the '8F-fluoride Kryptofix 222 complex was inves-
tigated in samples of oil, water, monoethylene glycol, and triethylene
glycol. In the large body phantom, the tracer was injected into pure oil
as background fluid into the water-filled inserts. The tracer solution
consisted of 15 mg of Kryptofix 222 and 15 pL of potassium carbon-
ate, dissolved in 200 L of water and 800 wL of acetonitrile.

MR Data Acquisition

For MR data acquisition, the body phantom was positioned on the
spine array RF coil built into the PET/MR hybrid system’s patient
table. For all tested protocols, 6 of 24 coil elements of the spine array
coil were activated for RF signal reception. Additionally, the phantom
was covered by a 6-channel RF body matrix coil.

For MR image quality comparison, different standard MR sequences,
as specified in Table 3, were scanned for each fluid in the body phantom.

TABLE 2
PET Imaging and Reconstruction Parameters

18F-FDG

18F-fluoride Kryptofix 222 complex

Scan parameters 100-mL samples

Body phantom

100-mL samples Body phantom

Activity concentration at 2 MBq Bg: 25-38 MBq, 4 MBq Bg: 58 MBq,
scan time (range) Sph: 1.28-1.32 MBqg Sph: 2.3 MBq
Scan duration (min) 2 60 3 60
Reconstruction algorithm OSEM incorporating point OSEM OSEM incorporating point OSEM
spread function spread function
(TrueX; Siemens ) (TrueX; Siemens)
Iterations 2 3 2 3
Subsets 12 21 12 21
Pixel matrix 200 x 200 172 x 172 200 x 200 172 x 172
Pixel size (mm?) 4.07 x 4.07 417 x 417 4.07 x 4.07 417 x 417
Slice thickness (mm) 3 2.03 3 2.03

Scans were performed for both 100-mL samples and large body phantom using '8F-FDG and '8F-fluoride Kryptofix 222 complex.

Ranges of activity concentration at scan time result from measurements of different fluids.
Bg = background; Sph = spheres; OSEM = ordered subset expectation maximization.

1466  THE JoURNAL OF NUCLEAR MEDICINE * Vol. 54 « No. 8 * August 2013



TABLE 3
MR Imaging Parameters of Measured Sequences

2D 3D

Parameter T2 HASTE T1 FLASH VIBE AC Dixon VIBE in-phase B4 map
Repetition time/echo time (ms) 670/48 540/2.5 3.25/1.23 3.6/2.46 300/14
Flip angle (°) 150 75 8 10 90
Field of view (mm?) 248 x 320 261 x 310 261 x 310 328 x 500 310 x 310
Matrix size 320 x 248 320 x 270 512 x 432 192 x 126 128 x 128
Slice thickness (mm) 4 3 2 3.12 10
Echo train length 256 1 1 1 1

HASTE = half Fourier-acquired single-shot turbo spin echo; FLASH = fast low angle shot; VIBE = volume interpolated breathhold examination.

A 3-dimensional Dixon volume interpolated breathhold examination
sequence (VIBE) was used for AC of the PET data in PET/MR hybrid
imaging (24). Additionally, the RF homogeneity was measured and
quantified directly, using a 2-dimensional spin-echo sequence, which
generates maps of the spatial distribution of the RF field in the object
(B; maps). These maps are calculated from the amplitude ratio of
stimulated echo and spin echo arising from 3 applied RF pulses with
flip angles «, 2a, o.

Demineralized water with NiSO,4, water with NiSO, and NaCl,
monoethylene glycol, triethylene glycol, and the emulsion were used
as background fluid. The spheres were filled with water and gado-
linium contrast agent in the ratio of 80:1.

RESULTS

18F.FDG PET Imaging

Water and oil served as references for the best and worst
18F-FDG miscibility, when '8F-FDG dissolvability was tested in
the liquid samples (Fig. 3A). Monoethylene and triethylene glycol
and the emulsion dissolved '8F-FDG homogeneously.

The tracer distribution in the different fluids for the large body
phantom is shown in Figure 3B and was additionally evaluated in
Figure 4. Two circular regions of interest (ROIs) were placed in
the center of the phantom in transversal and coronal orientation.
The ratio of mean activity concentration within each ROI and
mean value over all slices within the phantom was calculated
and plotted in the corresponding graphs. In the large phantom,
the emulsion and triethylene glycol dissolved ®F-FDG compara-
bly to water with NiSO,4 (Figs. 3B and 4). However, because of the
reduced permittivity and polarity, respectively, it is inevitable that
the 18F-FDG dissolvability is reduced, compared to water. There-
fore, more time and mixing effort are required. Concerning the
emulsion, air bubbles appeared and accumulated at the top part
of the phantom where, consequently, no tracer was present (Fig.
3B, indicated by the arrow). Furthermore, reduced stability can
cause the separation of the emulsion into its water and
oil components over time and hence impair longer phantom
measurements, as can also be detected in the performed scan
(Fig. 4B).

18F-Fluoride Kryptofix 222 Complex
PET Imaging

A Tracer: *F-FDG B Tracer: ®*F-FDG

Water -

oi |l
Monoethylene glycol
Triethylene glycol

bg: water + NiSO4 bg: emulsion

Emulsion: 75% oil 25% water

C Tracer: "®F-fluoride
Kryptofix 222 complex

Water G

Moanoethylene glycol

Triethylene glycol

bg: oil - time1

bg: oil - time2

18F-fluoride Kryptofix 222 complex as
a tracer dissolved well in all tested liquid
samples (Fig. 3C). In the context of this
study, the solubility in pure oil is of sig-
nificance. At the same time, the additional
solubility in water is valuable for PET/
MR phantom measurements because the
same tracer could thus be used in inserts
filled with water plus in oil as background
fluid.

However, when testing this setup in the
large body phantom, the tracer composi-
tion turned out to be not optimal for
phantom measurements (Fig. 3D). The
tracer accumulated at the bottom of the
phantom over time, already early after

bg: triethylene glycol

FIGURE 3. PET measurements demonstrating '8F-FDG distribution in liquid samples (A); in
body phantom with water plus NiSO,4, the emulsion, and triethylene glycol as background
fluid (B); and the tracer distribution using '8F-fluoride Kryptofix 222 complex as tracer (C and
D). '8F-fluoride Kryptofix 222 complex distributed well in all liquid samples (C). Additional
tests in body phantom are shown in sagittal view of maximum-intensity projection in images
in D. These images show increasing inhomogeneous tracer distribution due to tracer accu-
mulation on bottom of phantom already 20 min after injection (time1). This phenomenon

increased over time (3 h after injection) (time2). bg = background.

PuantoM FLuiDs FOR SiMuLTANEOUS PET/MR

tracer injection (Fig. 3D; timel =
20 min after injection) and increasingly
during longer measurements (Fig. 3D;
time2 = 3 h after injection). This accu-
mulation can also be observed in Figure 4.
Additional mixing efforts between scans
did not improve the tracer homogeneity.
After the '8F decay, a small amount of
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¥ fault scanner protocols, optimized for pa-
tient imaging, is improved. Consequently,
a T1 reduction should generally be pre-
ferred when scanning water.

The increased o by the subsequent ad-
dition of NaCl led to a reduction of the
central brightening effect in the images
(Fig. 5, row 4).

Figure 6 shows the distribution of the
B; field in the fluids and the deviation
from the excited 90° flip angle along the
vertical center line in the phantom. The
flip angle distribution was further quanti-

=353 .
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gion and in the center of these B; maps of

FIGURE 4. Normalized tracer distribution in PET measurements of body phantom in
mean of circular ROI (indicated in maximum-intensity-projection images on the left) for
each slice in transversal (A) and coronal orientation (B). Both emulsion and triethylene
glycol dissolved '8F-FDG comparably to water in phantom. Increase of activity concen-
tration at bottom of phantom in emulsion suggests that emulsion had started to separate
into its components during PET scan. Accumulation of tracer at bottom of phantom when *8F-
fluoride Kryptofix 222 complex in oil is used (activity peaks of gray and purple line plots)

can be observed.

Kryptofix complex remains in the oil, but will not negatively affect
subsequent measurements.

MR Imaging

Figure 5 provides a comprehensive matrix of MR images of the
selected fluids measured with the described standard MR proto-
cols. When pure water is scanned, the automatic RF transmitter
adjustment—optimized for patient imaging—adjusts to a high
voltage value, which is caused by water’s dielectric properties,
leading to 2 effects. On the one hand, the magnetization is flipped
to such an extent that signal voids can be seen in ring patterns
(Fig. 5, row 1, adjusted at 279.5 V). On the other hand, artifacts of
a different pattern can be observed in the AC in-phase images
(Fig. 5, second to last column) and assigned attenuation values
(Fig. 5, last column). The latter artifacts derive from the combi-
nation of water’s high permittivity and its long T1 relaxation time.

Reducing the initial voltage of the adjustment algorithm leads to
a lower adjusted RF transmitter voltage and results in the images
shown in Figure 5 (row 2, adjusted at 74.6 V). The in-phase
images of the AC sequence are improved, resulting in an im-
proved AC p-map. Here, the buildup of a steady state before
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the phantom (Supplemental Fig.1; supple-
mental materials are available online only
at http://jnm.snmjournals.org). The rela-
tion between the mean flip angle in the
center of the phantom and the mean flip
angle in the outer regions was calculated.

The graphs demonstrate that, com-
pared to pure water, the increased o by
the addition of NiSO, and NaCl reduces
the B; elevation in the phantom’s center to a certain extent
(remaining flip angle increase in phantom center by a factor of
1.17). But because the 2 competing effects are not opposed
exactly, the RF field cannot be homogenized completely in the
phantom. Furthermore, the RF energy deposition increases, caus-
ing specific absorption rate (SAR) limits to be reached earlier
and thus leading to reduced flexibility in the imaging protocols.
Additionally, the generated AC p-map may be geometrically
distorted because of false segmentation of the underlying seg-
mentation algorithm when water is used (Fig. 5, AC p-map of
water plus NiSO4 plus NaCl). Monoethylene and triethylene
glycol significantly improve RF homogeneity compared to water
but exhibit residual minor flip angle elevations in the phantom
center for the tested body phantom (flip angle increase of 1.28
and 1.13; Fig. 6). Because of this, the central brightening effect
cannot be completely eliminated in the MR images (Fig. 5). The
chosen emulsion provides a more homogeneous flip angle dis-
tribution (flip angle increase by a factor of 1.06), closer to pure
oil. However, as mentioned, resulting air bubbles within the
emulsion can be seen in both PET (Fig. 3) and MR images
(Fig. 5).
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regard to their usability for simultaneous
PET/MR phantom imaging.

Compared to water, both triethylene
glycol and monoethylene glycol improve
MR homogeneity notably and therefore
enable phantom imaging, even with RF-
intensive MR sequences in the given
phantom and in phantoms of comparable
size. The emulsion was superior in terms
of homogeneity of RF excitation in MR
imaging; however, its preparation is time-
consuming and cumbersome. Addition-
ally, air bubbles may appear within the
emulsion and impair potential quantitative
phantom measurements. A different emul-
sifier composition might exist that yields a
more suitable emulsion with better stabil-
ity and homogeneity. However, the ques-
tion is whether the advantage of a rather
small improvement in B; homogeneity,
compared to triethylene glycol, outweighs
the drawback in emulsion preparation.

As mentioned, the mixing process of the
tracer and alternative fluid in the large
phantom is more time-consuming, and more
effort is needed than for the process with
water. The best solubility was achieved
when the tracer was injected into a small
volume of the fluid first, to allow stirring
before the tracer—fluid mixture was added to

AC p-map

FIGURE 5. Different MR sequences measured with various fluids in PET standard phantom.
Inhomogeneous B, excitation, due to high ¢, and low o, was observed when water was used as
phantom fluid (upper 3 rows). Image-windowing properties were adjusted individually for best dem-
onstration purposes. AC p.-maps provide attenuation values of phantom fluid for water, fat, and
air only. FLASH = fast low angle shot; HASTE = half Fourier-acquired single-shot turbo spin echo.

Rating Based on Fluid Suitability for '8F-FDG PET/MR
Measurements

On the basis of the obtained results, the tested fluids were rated
with respect to their suitability for PET/MR phantom measure-
ments. This rating considers PET imaging with 8F-FDG as a tracer
only. The criteria for this rating are the ability to dissolve '3F-
FDG; homogeneity of RF excitation at 3 T; and a general rating on
practicability for phantom experiments, considering aspects such
as handling effort (mixing and cleaning), availability, stability,
cost, safety, and effort of disposal (Table 4).

Before using the described substances, material safety data sheets
for all fluids, including risk and safety statements, need to be
considered. NiSOy, for example, is reported to be a carcinogen and as
being toxic by inhalation and ingestion. Monoethylene and triethy-
lene glycol exhibit specific target organ toxicity and are an eye and
skin irritant as well. Substances should be handled with extra caution.

More cleaning effort is required when substances other than pure
water are used. Costs will be highest when glycols are used (at present,
~$300 USD per 10 L of triethylene glycol; costs vary between man-
ufacturers). Prices for all other fluids were below $50 USD.

DISCUSSION

In this study, different approaches of phantom fluid and tracer
selection were considered and systematically evaluated with

PuantoM FLuiDs FOR SiMuLTANEOUS PET/MR

the already partially filled phantom. For in-
creased mixing effectiveness, it is recom-
mended that the phantom not be completely
filled at first. Sufficient time (e.g., 45 min)
should be invested for the tracer to dissolve
before the first scan. Other mixing techni-
ques, such as stirring the tracer—fluid mixture in the half-filled body
phantom, may eventually lead to an even faster tracer distribution.
Concerning the fluid compatibility with the acrylic glass
material of the phantom, this study relied on information obtained
from literature (/6) or from manufacturers’ specifications. The
effect of the fluid on additional materials of the acrylic phantom,
such as rubber seals or glue, was not considered but should be
additionally investigated when long-term exposure to the fluid is
planned. In terms of the exposure only for the time of a single or
several subsequent measurements, none of these factors limited
the use of the proposed substances in the performed scans.
Crown ethers such as used in the '8F-fluoride Kryptofix 222
complex showed promising results with their ability to dissolve
the tracer in both oil and water. However, in its tested composition,
the tracer '8F-fluoride Kryptofix 222 is not yet usable for phantom
scans. Further preliminary tests suggested that reduced solubility
of acetonitrile in oil may cause the problem. Possibly the sub-
stitution of acetonitrile in the tracer solution by a different organic
solvent, such as dimethylformamide, might enable sufficient sol-
ubility in oil. Using azeotropic drying in the tracer synthesis pro-
cess would clear the tracer solution of water, which may also have
negatively affected the solubility in the reported scans. These
modifications might enable the use of fluoride-18 in combination
with crown ethers as a tracer in combined PET/MR phantom
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FIGURE 6. Measurement of B; homogeneity as function of phantom fluid in body standard
phantom. By maps and flip angle profiles along vertical center line in transversal orientation
show increasing By homogeneity when using phantom fluids with decreasing ¢, according to

Table 1.

measurements with oil. Here, further investigations concerning the
suggested alterations of the tracer composition are needed.
Regarding AC of the PET images, this study discusses only the
homogeneous display of the phantom content, for example, as an
important prerequisite for successful MR-based AC. Because the
PET/MR scanner in the current implementation differentiates only
between water and fat attenuation values, the AC values for other
fluids, such as glycols, need to be adjusted manually. Additionally,
both phantom plastic housing and glass material of hollow spheres
are materials that need to be attenuation-corrected for, to obtain
a true PET quantification. The effect of neglecting AC for these
materials can be observed in Figure 4. The decrease of activity
concentration at the edges of the plots in coronal and transversal

TABLE 4
Rating of Fluids on Criteria Important for PET and MR
Imaging
RF
18F-FDG  homogeneity
Fluid solubility in MR at3.0 T Practicability
Water A --- TFaFar
Water + NiSO,4 +++ --- -
Water + NiSO, Frarr I+ -
+ NaCl
Monoethylene + + +
glycol
Triethylene 4F 4 4
glycol
Emulsion + +++ -
Qil --- deaeaF 44k
+++ = very good; - - - = not acceptable; - = complex han-

dling; + = sufficient; ++ = good.
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attenuation map of the fluid-filled regions
is required, the use of water scanned with
reduced transmitter voltage or water with
added NiSO,4 may lead to the desired re-
sult using the current AC-scanning param-
eter settings. Nevertheless, to obtain full flexibility in the choice of
imaging parameters and for homogeneous MR contrast throughout
the spectrum of MR sequences, an alternative fluid to water is
mandatory.

CONCLUSION

This study provides a systematic approach of phantom fluid
selection for a given quality-standard phantom—and phantoms of
comparable size—at 3.0 T MR field strength. For simultaneous
PET/MR phantom scans using the standard tracer '8F-FDG, tri-
ethylene glycol as an alternative fluid to water and oil is proposed
that serves as a viable option for both PET and MR imaging. When
water is preferred, workarounds for generating an improved AC
pw-map are presented.

An additionally tested PET tracer, '8F-fluoride Kryptofix 222
complex, enables the use of pure oil in simultaneous PET/MR
scans; however, the tracer needs to be optimized for the applica-
tion in phantom measurements.
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