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Purpose: To test soy lecithin as a substance added to water for the construc-
tion of MRI phantoms with tissue-like diffusion coefficients. The performance
of soy lecithin was assessed for the useable range of adjustable ADC values, the
degree of non-Gaussian diffusion, simultaneous effects on relaxation times, and
spectral signal properties.
Methods: Aqueous soy lecithin solutions of different concentrations (0%, 0.5%,
1%, 2%, 3% … , 10%) and soy lecithin–agar gels were prepared and examined
on a 3 Tesla clinical scanner at 18.5◦ ± 0.5◦C. Echoplanar sequences (b val-
ues: 0–1000/3000 s/mm2) were applied for ADC measurements. Quantitative
relaxometry and MRS were performed for assessment of T1, T2, and detectable
spectral components.
Results: The presence of soy lecithin significantly restricts the diffusion of water
molecules and mimics the nearly Gaussian nature of diffusion observed in tis-
sue (for b values <1000 s/mm2). ADC values ranged from 2.02× 10−3 mm2/s
to 0.48× 10−3 mm2/s and cover the entire physiological range reported on bio-
logical tissue. Measured T1/T2 values of pure lecithin solutions varied from
2685/2013 to 668/133 ms with increasing concentration. No characteristic sig-
nals of soy lecithin were observed in the MR spectrum. The addition of agar to
the soy lecithin solutions allowed T2 values to be well adjusted to typical values
found in parenchymal tissue without affecting the soy lecithin–controlled ADC
value.
Conclusion: Soy lecithin is a promising substance for the construction of diffu-
sion phantoms with tissue-like ADC values. It provides several advantages over
previously proposed substances, in particular a wide range of adjustable ADC
values, the lack of additional 1H-signals, and the possibility to adjust ADC and
T2 values (by adding agar) almost independently of each other.
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1 INTRODUCTION

The ADC of water molecules as determined by DWI plays a
crucial role in the diagnosis and assessment of a variety of
tissue disorders, including cerebral infarctions, malignant
lesions, and tissue fibrosis.1–3 In oncology, the ADC is con-
sidered a promising biomarker for monitoring treatment
response. It has been shown that the ADC value increases
with a decrease of tumor cell density caused by the appli-
cation of radiation therapy.4–10 For a reliable use of ADC
values as biomarkers, it is essential that measurements of
ADC values of tissues are accurate and as consistent as
possible.

Because accuracy and precision of measured ADC val-
ues are difficult to verify in patients, the construction
of phantoms containing materials with known reference
values is of great value to check the performance of imag-
ing techniques and MRI systems. At best, ADC values
of test materials can be adjusted flexibly and cover the
entire range of values found in biological tissue (∼2–0.5
[10−3 mm2/s]). In addition to a wide range of adjustable
ADC values, DWI phantoms should mimic other intrin-
sic tissue properties, such as T2 relaxation times, but also
limited diffusion kurtosis, as these properties have been
shown to significantly affect the quantification of ADC val-
ues in biological tissue.11,12 Although not explicitly stated
as problematic in the literature, it is desirable that T1 relax-
ation times of the DWI tissue-mimicking phantoms also
reflect in vivo conditions.

Several DWI phantoms simulating predefined ADC
values have already been presented.13–17 They are mainly
based on sucrose, polyethylene glycol, or polyvinylpyrroli-
done, with the ADC value being controlled by the con-
centration of the solute or the measurement temperature.
However, as already discussed in the literature,15,17 all
these substances bring with them different problems and
disadvantages, such as a limited range of ADC values,
strong reduction in T2 relaxation time, and/or additional
MR signal components with multiple spectral peaks. In
addition, a relatively large amount of the respective sub-
stance is often required to significantly reduce the ADC of
the solvent.

For this reason, we searched for a substance that
solves the aforementioned problems with the materials
proposed thus far for diffusion phantoms: in short, the
ADC-modifying substance should essentially fulfill 4 cri-
teria: (1) coverage of the full range of ADC values found
in biological tissue, (2) mimicking the approximate Gaus-
sian nature of water diffusion in tissue for b values
<1000 s/mm2, (3) a relatively small effect on the T2 relax-
ation time so that the ADC and T2 values can be adjusted
independently by adding a T2 modifier, and (4) a 1H spec-
trum without undesired lines from the added substance

because interfering signals can lead to artifacts and inaccu-
racies in quantitative measurements. As mentioned above,
it is also desirable that the T1 relaxation times are within
the range of values found in biological tissue.

Recently, soy lecithin, a naturally occurring emulsifier
that is mainly used in the food industry, has been identi-
fied as an attractive agent for the preparation of tissue-like
MRI fat–water phantoms.18,19 In former experiments, it
was found that dissolving small quantities of soy lecithin in
aqueous solution does not lead to visible signals in spectra
with a relatively short TE of 10 ms.18

Soy lecithin molecules are a class of phospholipids
that, due to their amphiphilic nature, form self-assembled
aggregates, so-called micelles, in aqueous solution.
Depending on the concentration, temperature, and ionic
environment, different shapes of aggregates such as bilay-
ers or liposomes can form (Figure 1).20,21 These molecular
constructs are well suited to act as barriers and impede
diffusion of water protons, analogous to cellular structures
in biological tissues. With this background, soy lecithin
seems to be a promising inexpensive (20–30 euros per 250
grams) substance for use in diffusion MRI phantoms that
might meet the criteria mentioned above.

The aim of this work was to systematically investi-
gate the MR-related properties of aqueous solutions with
soy lecithin. The effects on the ADC and on the relax-
ation times (T1 and T2) of water were systematically inves-
tigated using different concentrations (0%–10%) of soy
lecithin. The grade of non-Gaussian diffusion was deter-
mined using diffusion kurtosis imaging. To see if soy
lecithin remains “MR invisible” at higher concentrations
or leads to detectable additional spectral signals at proton
resonance frequencies, the highest concentrated solution
(10%) was also examined by 1H MRS. In addition, signals of
a 10% soy lecithin solution in deuterium oxide (D2O) and
pure D2O were recorded and compared using a gradient
echo sequence with short TE in order to exclude possible
signal contributions from soy lecithin at the water reso-
nance frequency. Series of measurements tested whether
T2 of the aqueous soy lecithin solutions can be controlled
independently of the ADC value by adding agar as a T2
modifier.

2 METHODS

2.1 Sample preparation
and measurement setup

Twelve tubes with aqueous solutions of soy lecithin (Carl
Roth, Karlsruhe, Germany) were prepared in volumes of
50 mL. The concentration of dissolved soy lecithin varied
from 0% to a maximum of 10% (0%, 0.5%, 1%, 2%, 3%… ,
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FRITZ et al. 3

F I G U R E 1 Schematic representation of micellization of lecithin molecules in aqueous solution. Depending on concentration,
temperature, and ionic environment, different types of aggregates form (e.g., bilayer, liposomes)20,21

F I G U R E 2 Sample photos of (A) the preparation process of the aqueous soy lecithin solutions. The solutions were prepared by
dissolving soy lecithin in distilled water using a 125 mL glass beaker and magnetic stirring. (B) The MRI phantom with 12 CELLSTAR tubes
(Greiner Bio-One, Frickenhausen, Germany) containing aqueous soy lecithin solutions of different concentrations. The surroundings of the
tubes were filled with water to reduce susceptibility effects at the wall of the tubes. (C) Soy lecithin solutions with different concentrations
(from left to right: 0%, 2%, 4%, 6%, 8%)

10%) with respect to the solvent. The solutions were pre-
pared by dissolving soy lecithin in distilled water using a
125 mL glass beaker and magnetic stirring (PCE-MSR 300,
PCE Instruments, Meschede, Germany) at 650 revolutions
per minute for 20 min at room temperature (Figure 2A).
All samples were prepared under the same conditions.

Furthermore, a series of soy lecithin–agar gels was
prepared to investigate whether T2 of the aqueous soy
lecithin solutions can be controlled independently of the
ADC value by the addition of agar. The effects of adding
agar on ADC and T1 values of the aqueous soy lecithin
solutions were also monitored. For this purpose, the con-
centration of agar was varied (1%, 2%, 3%, 4%), whereas the
concentration of soy lecithin was kept constant. Series of
measurements were performed for 3 different fixed con-
centrations of soy lecithin of 2%, 4%, and 6%. Because agar
requires high temperature to be solved, the soy lecithin
and agar portions were first dissolved separately and then
mixed. The aqueous soy lecithin solutions were prepared
as described above. The agar solution was prepared by
completely dissolving the appropriate amount of agar
(Agar powdered, AppliChem Panreac, Darmstadt, Ger-
many) in distilled water using a microwave heater. The
agar solution was then cooled, and once the tempera-
ture of the solution dropped below 70◦C, the aqueous soy

lecithin solution was added with gentle stirring to obtain a
homogeneous mixture.

After preparation, all samples were stored in sterilized
CELLSTAR polypropylene tubes (Greiner Bio-One, Frick-
enhausen, Germany) and fixed in a square MRI phantom
for measurement (Figure 2B,C). The surroundings of the
tubes were filled with water in order to reduce susceptibil-
ity effects at the wall of the tubes.

To avoid temperature bias, all samples were stored
overnight in the scanner room prior to measurements to
ensure all samples were at the same measurement tem-
perature. The temperature was measured with an alcohol
thermometer in the water around the tubes before each
measurement (18.5± 0.5◦C).

2.2 Data acquisition and analysis

Imaging and spectroscopy were performed on a clinical,
whole-body 3.0 Tesla MR system (Magnetom Prismafit,
Siemens Healthcare, Erlangen, Germany) using an
18-channel body array coil. All measurements were
performed 3 times, and all data were processed offline
using in-house developed software (MatLab R2020b,
MathWorks, Natick, MA).
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4 FRITZ et al.

DWI was performed using a readout-segmented
spin-echo EPI sequence with a pair of monopolar
diffusion sensitizing gradients and 4 different b val-
ues (0, 50, 500, 1000 s/mm2). TR and TE were set to
5000 and 48 ms, respectively. Other parameters include
FOV = 200× 200 mm, matrix size = 128× 128, slice thick-
ness = 5 mm, number of slices = 10, slice in coronal plane,
bandwidth = 751 Hz/px, GRAPPA factor = 2, fat suppres-
sion = fat sat. standard, number of readout segments = 7,
𝛿 = 6.9 ms, and Δ = 21.7 ms. Noise-corrected ADC maps
were calculated from the acquisitions with multiple b
values using a log-linear fitting of the signal intensities:
ln(S/S0) = −ADC ⋅ b+ c.

Diffusion kurtosis imaging was performed using the
same DWI sequence type as described above. In contrast
to the former measurements, 8 b values 0, 50, 500, 1000,
1500, 2000, 2500, 3000 s/mm2 were chosen, and the fol-
lowing modified parameters were applied: TE = 56 ms,
𝛿 = 10.9 ms, andΔ= 25.7 ms. The natural logarithm of the
signal intensities (S/S0) was plotted as a function of b value
and compared with a linear signal decay observed with free
or Gaussian diffusion in pure liquids. The mean kurtosis
value K was calculated in each solution by pixel-wise fit-
ting the signal intensities as a function of b value using
the following diffusion kurtosis model: ln(S/S0) = −ADC
⋅ b+ b2 ⋅ ADC2 ⋅ K/6+ c. All 8 b values were used for the
fitting procedure.

Measurements of T1 were performed using a turbo
spin-echo-based inversion-recovery pulse sequence with 9
different logarithmically equally spaced TIs (25–6400 ms).
TR and TE were set to 10,000 ms and 9.9 ms, respec-
tively. One slice was recorded in the coronal plane, which
was positioned at the center of the samples. T1 maps
were calculated using a 3-parameter model for pixelwise
mono-exponential fitting of the measured signal intensi-
ties: S = S0 ⋅ [1 – a ⋅ exp(−TI/T1)+ exp(−TR/T1)].

Relaxation times T2 were assessed in the same
slice using a Carr-Purcell-Meiboom-Gill spin-echo pulse
sequence with a TR of 6000 ms and 32 TE values rang-
ing from 50 ms to 1600 ms (increment 50 ms). Because
the addition of agar leads to a strong reduction in the
T2 values, the measurement for the soy lecithin–agar
gels was carried out with shorter TEs in the range of
10–320 ms (incr. 10 ms). T2 maps were calculated by
pixel-wise monoexponential fitting of the measured sig-
nal intensities using a 3-parameter model: S = S0 ⋅
exp(−TE/T2)+ c. All signal values were noise-corrected
before being used for the fit procedure in the specified
model.

ADC, T1, and T2 values of each sample were deter-
mined from circular regions of interest in the calculated
parametric maps. The mean and SD were determined from
all measurements.

Single voxel STEAM spectra were recorded with short
TE from the highest concentrated soy lecithin solution
(10% in water) to check whether signals from 1H atoms
in soy lecithin appear in the spectra, which could lead to
unwanted interference in MRI experiments. Parameters
for measuring a cubic volume of interest (10× 10× 10 mm)
positioned in the center of the sample were TR 5000 ms,
TE = 20 ms, bandwidth 1200 Hz, 16 acquisitions. In
order to investigate possible signal contributions from soy
lecithin at the water resonance frequency, signals of a
10% soy lecithin solution in D2O and pure D2O were
recorded and compared using a gradient echo sequence
with TE = 3 ms.

3 RESULTS

DW images (b = 0 s/mm2, b = 1000 s/mm2), ADC, and
relaxation time maps of the vials filled with aqueous soy
lecithin solutions of different concentrations are shown
in Figure 3A–3E. The vials were arranged as shown in
Figure 3F. The parametric maps reveal a clear dependence
of the ADC value and relaxation times on the concen-
tration of dissolved soy lecithin in water. Chemical shift
artifacts could not be observed in either the ADC or the T1
and T2 maps.

Table 1 summarizes the mean ADC, T1, and T2 values
as a function of the concentration of dissolved soy lecithin.
Both the ADC value and relaxation times show a decrease
with increasing concentration of soy lecithin.

Even small amounts of soy lecithin considerably
restrict the diffusion of the water protons (reduction of
20% at a concentration of 0.5%). The determined ADC
values ranged from 2.02× 10−3 mm2/s for pure water to
0.48× 10−3 mm2/s for the sample with the highest concen-
tration of dissolved soy lecithin (10%). It is striking that
the ADC value and the concentration of soy lecithin show
a nonlinear relationship. The change in ADC value as a
function of soy lecithin concentration slightly decreases at
higher concentrations (Figure 4).

Figure 5A shows the signal decay as a function of b
value for a 5% soy lecithin solution. The dashed–dotted line
represents a linear signal decay, which is expected for free
or Gaussian water proton diffusion observed in pure liq-
uids without barriers. It is obvious that the signal decay
originating from the aqueous soy lecithin solutions at high
b values deviates significantly from the expected values
of Gaussian diffusion, indicating non-Gaussian diffusion
in the aqueous soy lecithin solution. An increase of soy
lecithin concentration was associated with an increase in
the mean kurtosis value K (Figure 5B). Values ranged from
0 for pure water to ∼0.5 for the highest concentrated soy
lecithin solution.

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29543 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [08/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FRITZ et al. 5

F I G U R E 3 Images and
parametric maps of the aqueous
soy lecithin solutions of
different concentrations in an
MRI phantom. (A) DW image
with b = 0 s/mm2. (B) DW
image with b = 1000 s/mm2. (C)
Parametric map of ADC values.
(D) Parametric map of T1

values. (E) Parametric map of
T2 values. (F) Illustration of the
positions of the aqueous soy
lecithin solutions with different
concentrations in the phantom

T A B L E 1 ADC, T1, and T2 values of aqueous soy lecithin
solutions as a function of soy lecithin concentration.

Concentration
(%)

ADC
(10−3 mm2/s) T1 (ms) T2 (ms)

0 2.02 ± 0.02 2685 ± 67 2013 ± 41

0.5 1.59 ± 0.02 2286 ± 70 1089 ± 28

1 1.42 ± 0.02 1993 ± 65 792 ± 37

2 1.22 ± 0.01 1618 ± 48 506 ± 34

3 1.08 ± 0.01 1359 ± 35 375 ± 23

4 0.94 ± 0.01 1170 ± 23 293 ± 9

5 0.86 ± 0.01 1030 ± 18 242 ± 6

6 0.73 ± 0.02 929 ± 13 207 ± 5

7 0.68 ± 0.02 843 ± 8 183 ± 3

8 0.61 ± 0.02 778 ± 6 164 ± 2

9 0.52 ± 0.03 717 ± 4 148 ± 1

10 0.48 ± 0.02 668 ± 4 133 ± 2

As mentioned above, changing the soy lecithin con-
centration not only influenced the ADC value but also
the relaxation times of the aqueous solutions. Measured
T1/T2 values ranged from 2685 ms/2013 ms for pure water
to 668 ms/133 ms for the highest concentration of soy
lecithin.

Figure 6 shows a representative 1H spectrum obtained
from a highly concentrated (10%) aqueous soy lecithin
solution, which was acquired to check for potential soy
lecithin signals at higher concentrations. However, apart
from the water signal at 4.75 ppm, no distinct signals
could be detected in the STEAM spectrum recoded with
TE = 20 ms. Only when zooming in closer, a small signal
shoulder is guessed near the water signal, which, however,
seems to be close to the noise level (red arrow in Figure 6).

F I G U R E 4 ADC values of the aqueous soy lecithin solutions
as a function of the soy lecithin concentration.

This result agrees well with the fact that no chemical shift
artifacts were observed in the ADC and relaxation time
maps. Signal intensities recorded by gradient echo imaging
from solutions of 10% soy lecithin dissolved in D2O con-
firmed the absence of direct signal contributions from soy
lecithin, as signal intensities were not increased compared
to results from pure D2O (99.9%).

Figure 7A–7C shows ADC and relaxation time maps
of the soy lecithin–agar gels. Vials were arranged in the
order of increasing agar concentrations (from left to right),
whereas soy lecithin concentration increases from top
to bottom (Figure 7D). The numbers in the parenthe-
ses indicate the soy lecithin or agar concentrations (soy
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6 FRITZ et al.

F I G U R E 5 (A) Signal decay as a function of b value for a 5% soy lecithin solution. The dashed–dotted line represents the linear signal
decay for free or Gaussian water proton diffusion observed in pure liquids without barriers. (B) Mean kurtosis value K of the aqueous soy
lecithin solutions as a function of the soy lecithin concentration

F I G U R E 6 1H spectrum obtained from a highly concentrated
(10%) aqueous soy lecithin solution using single voxel STEAM
spectroscopy with TE = 20 ms. Apart from the water signal at
4.75 ppm, no distinct signals could be detected. When zooming in
closer, a small signal shoulder is guessed near the water signal,
which, however, seems to be close to the noise level (red arrow)

lecithin/agar). Table 2 summarizes the mean ADC, T1, and
T2 values of the gels as a function of agar and soy lecithin
concentration, respectively. The addition of agar to the
aqueous soy lecithin solutions resulted in a strong decrease
of the T2 relaxation time (Figure 7C). The T2 values of the
aqueous soy lecithin solutions were reduced to a value of
38 ms by adding 4% of agar. On the other hand, the ADC

F I G U R E 7 (A) Parametric map of measured ADC values as a
function of agar or soy lecithin concentration. (B) Parametric map
of measured T1 values as a function of agar or soy lecithin
concentration. (C) Parametric map of measured T2 values as a
function of agar or soy lecithin concentration. (D) Illustration of the
positions of the soy lecithin–agar gels in the phantom. Vials were
arranged in the order in which agar concentration increases from
left to right and soy lecithin concentration increases from top to
bottom. The numbers in the parentheses indicate the soy lecithin or
agar concentration (soy lecithin/agar)

value of the aqueous soy lecithin solutions was hardly
affected with increasing agar concentration (Figure 7A).
Comparing the T2 and ADC values of the gels leads to the
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FRITZ et al. 7

T A B L E 2 ADC, T1, and T2 values of the soy lecithin–agar gels as a function of agar or soy lecithin concentration.

Soy lecithin
(%)

Agar (%)

1 2 3 4

2

ADC (10−3 mm2/s) 1.24 ± 0.02 1.18 ± 0.03 1.17 ± 0.03 1.12 ± 0.04

T1 (ms) 1456 ± 13 1283 ± 18 1165 ± 24 1057 ± 26

T2 (ms) 125 ± 5 78 ± 4 57 ± 3 41 ± 4

4

ADC (10−3 mm2/s) 0.92 ± 0.03 0.85 ± 0.03 0.77 ± 0.04 0.83 ± 0.04

T1 (ms) 1126 ± 18 1031 ± 10 881 ± 25 875 ± 14

T2 (ms) 102 ± 3 66 ± 2 53 ± 5 41 ± 2

6

ADC (10−3 mm2/s) 0.71 ± 0.02 0.66 ± 0.04 0.59 ± 0.04 0.63 ± 0.05

T1 (ms) 884 ± 14 877 ± 23 770 ± 23 718 ± 16

T2 (ms) 96 ± 3 64 ± 4 49 ± 2 38 ± 2

F I G U R E 8 (A) Variation of the ADC and T2 values of the soy lecithin–agar gels depending on the agar and soy lecithin concentration.
(B) T1 values of the aqueous soy lecithin solutions are given as a function of agar concentration

conclusion that the T2 value is mainly dependent on the
amount of agar, whereas the ADC is mainly determined
by the amount of soy lecithin (Figure 8A). With increasing
concentration of agar, the influence of soy lecithin on T2
becomes more and more negligible. In addition to reduc-
ing T2, agar caused a slight decrease in T1 of the gels with
increasing concentration. On the other hand, the influ-
ence of agar on T1 decreased with lecithin concentration
(Figure 8B) (Table 2).

4 DISCUSSION

Soy lecithin is a relatively cheap natural emulsifier that
provides stable emulsions for MR experiments.18 Because
soy lecithin was found to significantly alter the ADC of
water in aqueous solutions, the potential of soy lecithin to
generate DWI phantoms with predefined tissue-like ADC
values was evaluated in this work. To this end, series of
systematic measurements were performed on aqueous soy
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8 FRITZ et al.

lecithin solutions and soy lecithin agar gels, investigat-
ing the influences on diffusion, relaxation times, and the
signal components that occur.

With increasing concentration of soy lecithin in aque-
ous solution, the ADC value of water steadily decreased.
The ADC values achieved were between 2.02× 10−3 mm2/s
and 0.48× 10−3 mm2/s and thus cover a large range of val-
ues that includes the ADCs of most biological tissues and
malignant lesions (e.g., liver, prostate, spleen, pancreas,
gray and white matter).22–24 However, it was found that the
ADC decrease was not linear with soy lecithin concentra-
tion, which was also observed for polyethylene glycol.15

To the authors’ knowledge, no substance has yet been
described in the literature that influences the ADC value
of water to a comparable extent as soy lecithin. Previously
proposed substances such as sucrose, polyvinylpyrroli-
done, or polyethylene glycol require 5 to 10 times the
concentration to simulate the same range of ADC val-
ues. As reported in Wang et al.,17 40% sucrose is required
to achieve an ADC value of 0.61× 10−3 mm2/s, whereas
only about 8% soy lecithin is required here. Soy lecithin
thus enables flexible adjustment of the ADC value of
water with low resource consumption. Diffusion kur-
tosis measurements revealed that the water diffusion
within aqueous soy lecithin solutions (slightly) deviates
from the Gaussian behavior (K> 0) at high b values.
This could be explained by the concentration depen-
dent micellization of soy lecithin molecules. In aqueous
solutions, amphiphilic substances such as soy lecithin
form self-assembled aggregates that act as barriers and
thus restrict the self-diffusion of water protons, similar to
intrinsic microstructures (e.g., cell membranes) in biolog-
ical tissues. As the concentration of soy lecithin increased,
the number and possibly the geometry/size of aggregates
changed, and with it the associated restriction of water
proton diffusion. The mean kurtosis value ranged from
0 for pure water to ∼0.5 for the solution with the highest
concentration (10%). In the latter case, kurtosis was in the
same order of magnitude as reported from biological tis-
sue.25,26 This finding suggests that soy lecithin in aqueous
solution is a promising substance that could mimic not
only ADC values but also—in contrast to sucrose—the
restricted diffusion of water in biological tissues. How-
ever, the mechanism by which the aqueous soy lecithin
solutions generates restricted diffusion appears to be
clearly different from that of biological tissue (or tumors).
In particular, the concentration-dependent micelle mor-
phology (in terms of size and geometry) is considered
critical, as diffusion changes in tumors are understood
to be due to changes in cell density without changes in
basic cell geometry. In addition, the micelles formed are
usually mobile and few 100 nm in size,27 whereas the
cell membranes in the tissues are immobile and their

size is in the order of several micrometers. Therefore,
further work is needed to study micelle formation in
more detail and to understand how well they actually can
mimic tissue microstructure. It needs to be investigated
whether and to what extent the morphology (size/ge-
ometry) of the micelles changes as a function of the soy
lecithin concentration but also of the temperature. Fur-
thermore, relative intra-liposome/extra-liposome water
volumes might be a source of non-Gaussian diffusion.
It is also not yet examined how the kurtosis effects in
soy lecithin solution change using higher b values and
longer diffusion-sensitive time between dephasing and
rephasing diffusion gradients (e.g., using stimulated echo
sequences). In this context, another approach to mimic
diffusion characteristics of tumor tissue should be men-
tioned, which was proposed by McHugh et al.28 This group
developed a biomimetic tumor tissue phantom using hol-
low polymer spheres with predefined sizes to mimic cells
in tissues.

Like other ADC-modifying substances, soy lecithin
causes a reduction in T1 and T2. The measurements indi-
cated that the T1 values of the aqueous solutions of
soy lecithin were in the range of values that most bio-
logical tissues also exhibit (600–1800 ms).29 Only solu-
tions with low soy lecithin concentration (< 2%) presented
T1 values slightly above 1800 ms. However, these could
be safely adjusted by adding T1-active substances (e.g.,
gadolinium-diethylenetriamine pentaacetic acid or nickel
chloride) to the soy lecithin solutions, but this was not pur-
sued further in our experiments. Published studies have
shown that the T1 and T2 values of aqueous solutions
can be adjusted quite well independently by adding nickel
chloride and agar as T1 and T2 modifiers, respectively.30,31

However, possible interactions between nickel chloride
and soy lecithin must then also be taken into account and
investigated, which was not done in our study.

The T2 values of the aqueous soy lecithin solutions
ranged from 2013 to 133 ms, still well above the T2 of
almost all parenchymal tissues.29 This seems to be another
advantage of soy lecithin, as it offers the possibility to
adjust the apparent diffusion coefficient and the T2 relax-
ation time largely independently. As shown in this work,
the ADC value can be controlled by the concentration
of soy lecithin, whereas the T2 values can be adjusted to
the desired values by adding agar. The addition of agar
to the aqueous soy lecithin solutions resulted in a large
decrease in T2 with no significant effect on ADC values
and little effect on T1. A similar approach was previously
proposed by Gatidis et al.15 This group used a mixture of
polyethylene glycol (as ADC modifier) and gadobutrol (as
T2 modifier) to adjust ADC and T2 values independently.

Another remarkable result of the present study is that
soy lecithin, even at the highest concentration, did not
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contribute any direct 1H signal to the spectrum recorded
at a (relatively) short TE of 20 ms. The lack of direct sig-
nals from soy lecithin was confirmed by gradient echo
imaging of 10% soy lecithin dissolved in D2O, where the
signal intensity was equal to that of pure D2O. One expla-
nation could be that soy lecithin molecules, similar to
phospholipids in the cell membranes of intact animal cells,
have very limited mobility within the formed micelles,
which in turn leads to an extremely short relaxation time
(T2 < 1 ms), making them undetectable in MRS or MRI
measurements with TEs of a few milliseconds. This is par-
ticularly advantageous as solute signals could have unde-
sirable effects and cause inaccuracies or even systematic
errors in quantitative ADC measurements. For example,
polyethylene glycol, which has a dominant signal at about
3.7 ppm, caused problems and distortions in the determi-
nation of the ADC value in polyethylene glycol-based DWI
phantoms.15

However, there are also some potential limitations
that should be mentioned. First, soy lecithin is a nature
product; thus, unlike synthetic substances, the composi-
tion of soy lecithin may vary slightly in different product
batches. This could make reproducibility difficult if dif-
ferent sources of soy lecithin are used. Second, because
soy lecithin is an organic substance and the aqueous solu-
tions may mold or rot after some time, a suitable fungi-
cide and bactericide must probably be added to ensure
the long-term stability of the phantoms. Third, the tem-
perature dependence of the DW-MRI–derived parame-
ters (ADC value, mean kurtosis) was not investigated.
However, knowledge of temperature dependence is very
important, especially when the phantom is used in mul-
ticenter studies in which temperature varies from site
to site and over time. Therefore, temperature calibration
curves as described by Wagner et al.32 for polyvinylpyrroli-
done phantoms are needed to make the application of
soy lecithin–based diffusion phantoms practical. Further-
more, there might be a hysteresis effect due to a depen-
dence of micelle composition on the temperature curve
during phantom production, which has to be considered
and further explored.

In summary, the systematic measurements carried out
show that aqueous solutions of soy lecithin are a promis-
ing material for the construction of MRI diffusion phan-
toms with tissue-like diffusion coefficients. The use of soy
lecithin fulfills the criteria mentioned at the beginning
very well and offers several advantages over the substances
used thus far. In addition, soy lecithin is nonhazardous,
inexpensive, and easy to handle. However, there are still
some problems regarding the influence of the manufactur-
ing process and the durability but also the behavior when
applying different DWI methods, which must be worked

on and solved before using soy lecithin as a material for
quantitative diffusion phantoms.
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