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Abstract

Background: The paper covers modern approaches to the evaluation of neoplastic processes with diffusion-
weighted imaging (DWI) and proposes a physical model for monitoring the primary quantitative parameters of DWI
and quality assurance. Models of hindered and restricted diffusion are studied.

Material and method: To simulate hindered diffusion, we used aqueous solutions of polyvinylpyrrolidone with
concentrations of 0 to 70%. We created siloxane-based water-in-oil emulsions that simulate restricted diffusion
in the intracellular space. To obtain a high signal on DWI in the broadest range of b values, we used silicon
oil with high T2: cyclomethicone and caprylyl methicone. For quantitative assessment of our phantom, we
performed DWI on 1.5T magnetic resonance scanner with various fat suppression techniques. We assessed
water-in-oil emulsion as an extracorporeal source signal by simultaneously scanning a patient in whole-body
DWI sequence.

Results: We developed phantom with control substances for apparent diffusion coefficient (ADC)
measurements ranging from normal tissue to benign and malignant lesions: from 2.29 to 0.28 mm2/s. The
ADC values of polymer solutions are well relevant to the mono-exponential equation with the mean relative
difference of 0.91%.

Conclusion: The phantom can be used to assess the accuracy of the ADC measurements, as well as the
effectiveness of fat suppression. The control substances (emulsions) can be used as a body marker for quality
assurance in whole-body DWI with a wide range of b values.

Keywords: Magnetic resonance imaging, Diffusion-weighted magnetic resonance imaging, Water diffusion,
Emulsion, Imaging phantom

Key points

� Presented physical models feature control substances
with predefined apparent diffusion coefficients ranging
from normal tissue to benign and malignant lesions.

� Aqueous polymer solutions are models of hindered
diffusion mathematically described with a mono-
exponential equation.

� Water-in-oil emulsions (silicone oils) are models of
restricted diffusion.

� Water-in-oil emulsions can be used as an
extracorporeal signal source in routine practice.

Introduction
Currently, diffusion-weighted imaging (DWI) is widely
implemented in scanning protocols for various organs
and systems, including whole-body magnetic resonance
imaging (WB-MRI). Calculated values obtained through
the mathematical processing of DWI data, such as
apparent diffusion coefficient (ADC map), are used for
accurate diagnostics and treatment.
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The ADC is a relative value and depends on the equip-
ment characteristics, scan parameters, and image quality
[1, 2]. Therefore, ADC values between different regions
of interest should be compared only within a single
study [3, 4]. Currently, there is no unitary standard for
DWI despite a large number of publications and the
widespread utilization. Incorrect field uniformity correc-
tion may result in incomplete fat suppression, signal
summation, and the appearance of artifacts. Also, in
some, tissue’s perfusion effects are present. They are as-
sociated with the blood flow in the capillary bed and can
be conditionally considered as accelerated diffusion of
water molecules. The isotropic diffusion restriction asso-
ciated with the multicomponent environment (macro-
molecules, cellular structure) is poorly studied and
difficult to simulate, although it occupies a significant
place in clinical practice. Some publications introduce
mathematical models describing the relationship be-
tween ADC, signal-to-noise ratio, and other technical
characteristics [2].
The paper describes modern approaches for ADC

evaluation and proposes a physical model for monitoring
the primary quantitative parameters of DWI and quality
assurance.

Materials and methods
The principles of DWI
DWI is based on a T2-weighted spin-echo pulse se-
quence, typically with echo-planar imaging (EPI)
readout.
Since DWI is a T2-weighted sequence (Fig. 1), signal

intensity depends on the repetition time (TR) and echo
time (TE) as well as the parameters of the scanned ob-
ject: proton density (PD) and relaxation times T1, T2,
and ADC:

IDWI ¼ k PDð Þ � 1−e−
TR
T1

� �
� e−TE

T2 � e−b�ADC ð1Þ

For most MRI systems, ADC is calculated with the fol-
lowing equation [5]:

ADCb2−b1 ¼ ln Ib1=Ib2ð Þ= b2−b1ð Þ ð2Þ
This equation does not account for perfusion, which

can affect the ADC values.
In most cases, only one b value characterizing diffu-

sion gradients can be selected for DWI:

b ¼ q2tD ¼ q2 Δ−
δ
3

� �
ð3Þ

whereas tD is the diffusion time, q2 characterizes gradient
pulses, and depends on their amplitude and duration. In
a case when the pulse shape is close to rectangular, q2 =
(γ G δ)2, where γ is the gyromagnetic ratio of hydrogen;
G, δ, and Δ are the amplitude, duration of diffusion gra-
dients, and the time interval between them, respectively.
In DWI scan settings, the interval between diffusion-

sensitizing gradients (Δ) can be adjusted through the G
value while the b-factor and δ remain constant [6]. For
example, with the b-factor of 250 s/mm2, Δ can be set to
40 ms or 100 ms. Only a slight change in the signal in-
tensity of normal tissue is observed with longer interval
Δ and the same b value. However, the signal intensity of
tissue with restricted diffusion increases by 140% [5].
We consider this a promising direction of future DWI
development as it has not yet been widely implemented
in clinical practice, but has a high potential for cell size
assessment, conversely reflecting the degree of malig-
nancy in some neoplastic processes.
As a result of diffusion-weighted MRI, the radiologist

determines the ADC value range. Thus, the b value

Fig. 1 Timing diagram and main characteristics of a diffusion-weighted pulse sequence
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depends on the amplitude of the diffusion-sensitizing gra-
dients and their temporal spacing: different combinations
of G, δ, and Δ can be set for the constant b. In the future,
this relationship can be fine-tuned to determine cell size
and assess the degree of tissue malignancy.

The influence of perfusion on diffusion-weighted imaging
and apparent diffusion coefficient calculation
As mentioned above, ADC depends on the selected b
value can represent both perfusion and true diffusion of
water molecules [7].
Higher b values are associated with a decrease in signal

intensity, which was initially defined as mono-
exponential, accounting for unlimited diffusion of water
molecules only. In the 1980s le Bihan introduced the
term “intravoxel incoherent motion” IVIM describing any
random movement of water molecules in a voxel [8]. We
can evaluate both “fast” diffusion (i.e., microperfusion)
and “slow” diffusion (i.e., true diffusion of water mole-
cules) with DWI. The IVIM model is bi-exponential (Fig.
2). This was further expanded with the Kärger model and
its modifications reflecting the diffusion restriction be-
tween intracellular and intercellular spaces and the mu-
tual exchange of water molecules between them [9].
The decrease in signal intensity with high b values cor-

responds to the anatomical and physiological characteris-
tics of the organ [8]. For example, the liver is
characterized by the presence of several types of vessels,
sinusoidal capillaries, bile ducts, and a rich lymphatic sys-
tem, which requires a tri-exponential diffusion model. The
mean squared errors of mono-, bi- and tri-exponential
models were 44.32, 18.9 and 16.67 respectively.
In routine practice, the ADC values for normal and

pathological tissues depend on the b values used for the
calculation. Perfusion effects will lead to slightly higher
ADC values with b = 0 s/ mm2 and b = 1000 s/mm2.
This decreases the accuracy of ADC calculation and can

be corrected with the lowest b value of 250 s/mm2 or
multiple b values [1].

Modeling diffusion processes
In living tissues, water molecules are confined to the
intracellular and intercellular spaces with different diffu-
sion patterns. Inside the cell, the movement of water
molecules is limited by macromolecules, organelles, and
cell membranes. In the intercellular space, outer borders
of the cell membranes hinder water molecule diffusion.
In normal tissues, the ADC values inside the cell are
lower than in the intercellular space. However, an in-
crease in cell density leads to a decrease in intercellular
diffusion [9, 10]. Also, there is a continuous mutual ex-
change of water molecules between the intracellular and
extracellular spaces.
The following diffusion models are discussed in the

publications: non-restricted (i.e., free), hindered, and re-
stricted with semi-permeable and impermeable mem-
branes (Fig. 3) [11].
In the cases of hindered (slowed) diffusion (Ds), ADC

values can be used to estimate the average molecular
displacement 〈r〉 with the Einstein–Smoluchowski rela-
tion (three-dimensional version):

rh i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 � tD � Ds

p
ð4Þ

According to the Einstein-Smoluchowski relation for
water molecules simplified as spherical Brownian parti-
cles, the diffusion coefficient D in three-dimensional
space is calculated as:

D ¼ kT
3πηd

ð5Þ

whereas η is the viscosity, d is the particle diameter, k is
the Boltzmann constant, and T is the absolute
temperature. The equation characterizes molecular
movement speed resulting from the Brownian motion.
The diffusion of water molecules inside the cell is re-

stricted (or hindered) by the cell membrane. Therefore,
the Ds depends on the diffusion time tD (equation no. 3)
or, in some cases, the Δ (Fig. 3). The 〈r〉 value includes
information about the cell size. Equal true and the ap-
parent diffusion coefficients will be observed only if the
mean square displacement of the water molecule does
not exceed the radius of a micelle.
In other words, in a large cell with a semi-permeable

membrane, we will register hindered diffusion attributable
entirely to the viscosity of the medium. However, with
smaller cells or longer tD, the apparent diffusion coeffi-
cient will be affected by collisions with the cell membrane,
creating a mismatch between apparent and true diffusion
and mimicking a slightly hindered diffusion.

Fig. 2 The relationship between relative signal intensity, b value,
and perfusion (according to data from the [7])
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Comprehensive DWI quality assurance with differ-
ent diffusion models, b values, and vendor-specific
options requires a physical model with predefined
varying diffusion restriction levels. Also, the develop-
ment of such phantom is also vital for WB-MRI as
processed images from several radio-frequency coils
should reflect the true diffusion as closely as possible
and avoid data contamination from the hardware. The
phantom needs to generate an extracorporeal signal
for comprehensive assessment and differentiation
diagnostics.

Development of a physical model
We developed a comprehensive phantom for quality
assurance in DWI (QA-DWI). The phantom contains
tubes filled with control substances with predefined
ADC values ranging from normal tissue to benign
and malignant lesions. Materials with restricted and
hindered diffusion were used to simulate intra- and
intercellular diffusion.
High or low polymers are usually used to simulate hin-

dered diffusion caused by the collisions of water mole-
cules with macromolecules, cell organelles, or
compartments [12]. In the QA-DWI phantom, we used
aqueous solutions of polyvinylpyrrolidone (PVP) with
concentrations of 0, 10, 20, 30, 40, 50, 60, and 70% by
weight.
We created siloxane-based water-in-oil (W/O)

emulsions simulate restricted diffusion in the intracel-
lular space. The emulsion consists of water micelles
distributed in a fatty medium and surrounded by the
emulsifier molecules. The W/O emulsions are refer-
ence signal systems representing pathological tissues

with low ADC. The optimal substance should have a
high signal on DWI images in the broadest range of
b values, creating an extracorporeal reference signal
during the scan.
We used substances with high T2, namely cyclomethi-

cone (Cyc-Me) and caprylyl methicone (Cap-Me), to ob-
tain a high signal on diffusion-weighted images.
We measured relaxation times with MR relaxome-

try. As T1 and T2 depend, to a small extent, on the
magnetic field strength and considering the high
availability of 1.5T MR scanners, we chose “Bruker
the minispec” relaxometer with operational frequency
of 60 MHz, which is close to the resonance frequency
of 62.4 MHz for 1.5 T. The T1 and T2 values were
1070 ± 20 ms and 720 ± 20 for Cyc-Me and 950 ±
20 ms and 174 ± 7 ms for Cap-Me, respectively.
We tested the following emulsions with varying pro-

portions of water/fatty phases and emulsifier (Em):
1:1 Cap-Me:Water (8% Em.),
1:1 Cyc-Me:Water (8% Em.),
2:1 Cap-Me:Water (5% Em.),
2:1 Cap-Me:Water (8% Em.).
We determined emulsion stability by centrifuging and

determining isolated phase percentage (fat/water) and
selected the emulsions with the highest total and micel-
lar stability. We incorporated silicone oils (cyclomethi-
cone and caprylyl-methicone) into the control
substances to simulate fatty tissue.
The reference size of a pathological cell for manufac-

turing the W/O emulsions was 3–12 μm [5]. According
to the dispersion analysis, the size of micelles in the
emulsions is 4.8 ± 1.8 μm when diluted with
polymethylsiloxane-5 and 4.2 ± 1.6 μm for hexane.

Fig. 3 Four diffusion types: non-restricted, hindered, restricted with semi-permeable, and impermeable membranes: a Apparent diffusion
coefficient dependencies of diffusion time. b Relative signal intensity dependencies from b value for different diffusion types
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Scanning parameters
We performed one DWI scan on a 1.5T MR scanner
with the following parameters: EPI sequence, TR 2000
ms, TE 120 ms, the number of averages = 1, pixel
size 2.0 × 2.0 mm, slice thickness 5.0 mm, echo train
length 116, and b value 0, 50, 100, 200, ... 1000 s/
mm2. Every MRI scan was acquired with two b value
groups: equal and higher than 0 (i.e., 0 and 50 to
1000 s/ mm2) per the technical limits of the scanner.
We normalized signal intensity for each b value (Ib)
to the corresponding value Ib = 0. We also qualita-
tively and quantitatively evaluated fat suppression
with the QA-DWI phantom.
We also assessed the phantom as an extracorpor-

eal source signal by simultaneously scanning a pa-
tient and elongated sealed W/O emulsion-filled
tubes. DWI was performed on another 1.5T MR
scanner in WB-MRI mode. Scan options were as
follows: whole-body DWI sequence, TR 4600 ms;
TE 68 ms; the number of averages = 2; pixel size
2.3 × 2.3 mm; slice thickness 6.0 mm; echo train
length 35; and three series of b values 0, 5, 10 ....
50; 0, 167, 333, 500, 667, 833, 1000; and 0, 500,
1000 ... 3000 s/mm2. In this case, we performed
DWI with select b values in the following intervals:
0–50, 0–1000, and 0–3000 s/mm2.

Results and discussion
Phantoms simulating hindered diffusion
Multi-b DWI with the developed QA-DWI phantom
yielded the signal attenuation dependencies (i.e., the ra-
tio of signal intensity with the non-zero b value to the
signal intensity without the diffusion-sensitizing gradi-
ents) for the control substances (Fig. 4a, b). Figure 4c
shows the ADC distribution for the aqueous solutions of
PVP with varying concentration as well as ADC values
of some normal tissues and pathological conditions:
cerebrospinal fluid and gray matter [13], vasogenic, and
cytotoxic cerebral edema [14].
The ADC value distribution (Fig. 4c) shows that water

(PVP concentration 0%) represents the upper ADC limit,
the W/O emulsion corresponds to the lower limit, and
PVP aqueous solutions—to average values. The total ADC
interval accords with 0.28–2.29 mm2/s. For a wide range of
b values, the variability of signal intensity for a 50% aqueous
PVP solution averages 5.1%, W/O emulsion—4.6%.
We used aqueous PVP solutions with concentrations

ranging from 0 to 70% to simulate hindered diffusion.
As per the IVIM theory, such a system should have a
nonstationary molecular fraction to be registered on
DWI [1]. Namely, the water molecules that initially dif-
fuse freely are only to be hindered by the PVP macro-
molecules and the increase in solution viscosity. Thus,

Fig. 4 QA-DWI phantom. a DWI of the phantom with PVP aqueous solutions (b value 500 s/mm2). b, c The dependence graphs of QA-DWI quantitative
parameters with b being the signal attenuation dependency from b value and c being the ADC distribution for control substances with values for some
normal tissues and pathological conditions
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the signal attenuation of PVP solutions with higher b
values should correspond to the mono-exponential law.
We performed a mono-exponential data approximation
(Fig. 4b) via the least-squares method and calculated the
D coefficient associated with the diffusion of water mol-
ecules. A mono-exponential function well approximates
the signal attenuation of PVP aqueous solutions with a
determination coefficient R2 ≈ 1.00 (Table 1). The ADC
values and the mono-exponential D coefficient are com-
parable with the mean relative difference of 0.91%
(0.05–2.17%).

Phantoms for fat suppression quality assurance
All DWI sequences incorporate fat suppression tech-
niques to minimize the artifacts due to the displacement
of fat and water images. The sequence is nondiagnostic
without the fat suppression as the signals from fat and
water add up and blur the image along the phase-
encoding direction.
The QA-DWI phantom allows for precise control of

fat suppression. Figure 5 shows adequate and inadequate
fat suppression. We performed a qualitative assessment
of the fat suppression with Fig. 5 as a reference and the
same window level and width. The signal intensities of
Cyc-Me and Cap-Me (red arrows) are higher with the
faulty fat suppression (Fig. 5a) compared to the complete
one (Fig. 5b). Figure 5d shows the relationship between

water and fat signal intensity with the b value equal to 0
s/mm2 in an adequate fat suppression. The signal from
fat is suppressed by 18.7 times (Fig. 5d) with adequate
suppression and only by 2.9 times with the inadequate
one (Fig. 5c).

Phantoms simulating restricted diffusion
As a result of data processing and comparison of emulsions
with different fat and water phase concentrations, we deter-
mined that 1:1 Cap-Me: Water (8% Em.) and 1:1 Cyc-Me:
Water (8% Em.) had the highest signal intensity within one
DWI series (Fig. 6). Also, these W/O emulsions maintained

Fig. 5 Fat saturation quality assurance with the QA-DWI phantom. a DWI (b = 1000) with inadequate fat suppression. b DWI (b = 1000) with
adequate fat suppression. Red arrows indicate an extracorporeal signal from the oils. c–d Signal intensities of fat and water relative to water at a
b-factor of 0 s/mm2 for inadequate (c) and adequate (d) fat suppression

Table 1 Simulated data vs QA-DWI scan results

PVP, % D, *10−3 mm2/s ADC, *10−3 mm2/s Relative difference, %

0 2.25 2.29 1.77

5 2.04 2.06 0.74

10 1.82 1.83 0.35

20 1.51 1.50 0.52

30 1.23 1.24 0.05

40 0.99 1.00 0.11

50 0.82 0.84 1.48

60 0.70 0.70 1.03

70 0.61 0.59 2.17

PVP polyvinylpyrrolidone, D approximated coefficient through mono-
exponential equation, ADC apparent diffusion coefficient through DWI
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structural and micellar stability as a homogeneous two-
phase system for 20 days after manufacture.

The phantom as an extracorporeal signal source in
clinical practice
We propose the use of QA-DWI phantom as an extracor-
poreal signal source for DWI-based tumor differential
diagnostics, ADC, and artifact correction in WB-MRI.
The hermetic tubes are located along the patient’s body.
In a test DWI with an extracorporeal signal source, we ob-
tained a series of images (Fig. 7) with following regions of
interest: emulsion (1), pancreatic tumor (2), spinal cord
(3), kidney (4), and spleen (5). The figure shows isotropic

images with b value from 0 to 3000 s/mm2, as well as an
inverted exponential image. We observe artifacts from the
oil-based chemical shift and patient movement.
We measured the signal intensities in these regions for all

b values and created dependency plots relative to the emul-
sion simulating the b value of 0 s/mm2. The emulsions
maintained high signal intensity over the entire range of se-
lected b values (from 0 to 3000 s/mm2) (Fig. 8). The signal
from the emulsions allowed us to establish the upper limit
of the signal intensity range with a b-factor of more than
150 s/mm2. The data on the relative signal intensity of
emulsion suggests restricted diffusion, which explains only
subtle signal attenuation with increasing b value. Also, the
graph for the kidney demonstrates that several components
affect the decay rate, namely a large number of blood ves-
sels, similarly for the liver [8].
The phantom includes aqueous polymer solutions,

similar to other devices [12, 15] for modeling diffusion
processes and typical ADC range. We also included re-
verse emulsions for modeling hindered and restricted
diffusion, such as Cyc-Me and Cap-Me silicone oils with
spectroscopic peaks corresponding to adipose tissue (–
CH3/–CH2). The use of these substances allows for a
high signal with high b values and image quality control
in terms of fat suppression.
The prospective use of emulsions lies in modeling

pathological processes, including tumor heterogeneity,
as well as necrosis and fibrosis, because regions with
these processes have pronounced morphological changes
and different ADC values [16].
The phantom is suitable for periodic quality control in

MRI, as well as multicenter clinical studies with scanners

Fig. 7 The in vivo DWI with b-factor of (a) 0 s/mm2, (b) 500 s/mm2, (c) 1000 s/mm2, (d) 2000 s/mm2, (e) 3000 s/mm2, and (f) exponential image

Fig. 6 Dependency diagram of DWI signal intensity to b value for
emulsions with different fat and water phase concentrations
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from different manufacturers. Water-in-oil emulsions, as
an extracorporeal signal source, increases robustness in
comparative assessment and differential diagnostics be-
tween benign and malignant lesions. We also scanned
our phantom on a 3T unit, demonstrating the feasibility.
However, an additional study is required to put it into
practice.
Now actively developed digital phantoms that can be

used to assess the performance of segmentation under
different conditions, such as noise levels or MRI scan
protocol [17]. The phantom presented in this work does
not allow us to evaluate the modeling of brain struc-
tures, because the purpose of its application is the intro-
duction of MRI scanners into the quality control system.

Conclusion
We reviewed modern approaches to diffusion evaluation
with DWI. Models of hindered and restricted diffusion
were explored. We developed a phantom containing
control substances with predefined apparent diffusion
coefficients ranging from normal tissue to benign and
malignant lesions. The upper limit was modeled after
non-restricted diffusion occurring in water; the lower
limit is based on restricted diffusion in W/O emulsions
(silicone oils). The average values represent our model
of hindered diffusion (aqueous solutions with different
PVP concentrations). The QA-DWI phantom can be
used to assess the accuracy of the ADC measurements,
as well as the effectiveness of fat suppression. The con-
trol substances (emulsions) can be used as a body
marker for quality assurance in whole-body DWI with a
wide range of b-values.

Abbreviations
ADC: Apparent diffusion coefficient; Cap-Me: Caprylyl methicone; Cyc-
Me: Cyclomethicone; DWI: Diffusion-weighted imaging; EPI: Echo planar
imaging; PVP: Polyvinylpyrrolidone; QA: Quality assurance; W/O: Water in oil;
WB-MRI: Whole-body magnetic resonance imaging

Authors’ contributions
KS developed the conception, design of the work, and interpreted the data.
AP performed the phantom study and interpreted the MR images. EA
analyzed the phantom data and drafted the work. DS designed and made
the phantom. SK made the optimal scanning sequence. IK made the
acquisition and interpretation of patient data. IB prepared the text of the
article. SM formulated the problem. AV advised on medical issues. AM made
the acquisition and interpretation of patient data. All authors read and
approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Research and Practical Clinical Center of Diagnostics and Telemedicine
Technologies, Department of Health Care of Moscow, 28-1, ul. Srednyaya
Kalitnikovskaya, Moscow 109029, Russia. 2Hospital center of polyclinics AO,
1-3, ul. Bakuninskaya, Moscow 105005, Russia. 3Central Institute of
Traumatology and Orthopaedics named after N. N. Priorov, 10, ul. Priorova,
Moscow 127299, Russia.

Received: 31 January 2020 Accepted: 20 March 2020

References
1. Bihan DL (2017) What can we see with IVIM MRI? NeuroImage 187:56-67.

doi: https://doi.org/10.1016/j.neuroimage.2017.12.062
2. Nguyen HT, Grebenkov D, Van Nguyen D, Poupon C, Le Bihan D, Li JR

(2015) Parameter estimation using macroscopic diffusion MRI signal models.
Phys Med Biol 60:3389. doi: https://doi.org/10.1088/0031-9155/60/8/3389

3. Lee H, Hwang SI, Lee HJ, Byun SS, Lee SE, Hong SK (2018) Diagnostic
performance of diffusion-weighted imaging for prostate cancer: peripheral
zone versus transition zone. PLoS One 13(6):e0199636. https://doi.org/10.
1371/journal.pone.0199636

4. Partridge SC, Amornsiripanitch N (2017) DWI in the Assessment of Breast
Lesions. Top Magn Reson Imaging 26(5):201–209 https://doi.org/10.1097/
RMR.0000000000000137

5. Hope TR, White NS, Kuperman J et al (2016) Demonstration of non-Gaussian
restricted diffusion in tumor cells using diffusion time-dependent diffusion-
weighted magnetic resonance imaging contrast. Front Oncol 6:1-10. doi:
https://doi.org/10.3389/fonc.2016.00179

6. Ferizi U, Schneider T, Witzel T et al (2015) White matter compartment
models for in vivo diffusion MRI at 300 mT/m. NeuroImage 118:468-483. doi:
https://doi.org/10.1016/j.neuroimage.2015.06.027

7. Chandarana H, Lee VS, Hecht E, Taouli B, Sigmund EE (2010) Comparison of
biexponential and monoexponential model of miffusion weighted imaging
in evaluation of renal lesions. Invest Radiol 46(5):285–291

8. Cercueil JP, Petit JM, Nougaret S et al (2015) Intravoxel incoherent motion
diffusion-weighted imaging in the liver: comparison of mono-. Bi- and tri-
exponential modelling at 3.0-T. Eur Radiol 25(6):1541-1550. doi: https://doi.
org/10.1007/s00330-014-3554-6

9. Roth Y, Ocherashvilli A, Daniels D et al (2008) Quantification of water
compartmentation in cell suspensions by diffusion-weighted and T2-
weighted MRI. Magn Reson Imaging 26(1):88-102. doi: https://doi.org/10.
1016/j.mri.2007.04.013

10. Sеrgeev NI, Kotlyarov PM, Solodky VA (2012) Diffusion-weighted magnetic
resonance image in diagnosis of metastatic cancer of the spinal column
and pelvic bones. The Siberian J of Oncology 54(6):68–72

Fig. 8 The results of the in vivo study with an extracorporeal signal
source: cross plots of the abdominal organs signal intensities relative
to the reference signal (emulsion) at increasing b value

Morozov et al. Insights into Imaging           (2020) 11:60 Page 8 of 9

https://doi.org/10.1016/j.neuroimage.2017.12.062
https://doi.org/10.1088/0031-9155/60/8/3389
https://doi.org/10.1371/journal.pone.0199636
https://doi.org/10.1371/journal.pone.0199636
https://doi.org/10.1097/RMR.0000000000000137
https://doi.org/10.1097/RMR.0000000000000137
https://doi.org/10.3389/fonc.2016.00179
https://doi.org/10.1016/j.neuroimage.2015.06.027
https://doi.org/10.1007/s00330-014-3554-6
https://doi.org/10.1007/s00330-014-3554-6
https://doi.org/10.1016/j.mri.2007.04.013
https://doi.org/10.1016/j.mri.2007.04.013


11. White NS, Mcdonald C, Farid N et al (2014) Diffusion-weighted imaging in
cancer: physical foundations and applications of restriction spectrum
imaging. Cancer Res 74(17):4638-4652. doi: https://doi.org/10.1158/0008-
5472.CAN-13-3534

12. Keenan KE, Wilmes LJ, Aliu SO et al (2016) Design of a breast phantom for
quantitative MRI. J Magn Reson Imaging 44(3):610-619. doi: https://doi.org/
10.1002/jmri.25214.

13. Moraru L, Dimitrievici L (2017) Apparent diffusion coefficient of the normal
human brain for various experimental conditions. In: AIP conference
proceedings 1796. 40005:1-7. doi: https://doi.org/10.1063/1.4972383

14. Turkin AM, Dolgushin MB, Podoprigora AY et al (2009) Brain edema:
capacities of magnetic resonance imaging. J Radiol Nucl Med 4-6:4–11

15. de Souza EM, Costa ET, Castellano G (2017) Phantoms for diffusion-
weighted imaging and diffusion tensor imaging quality control: a review
and new perspectives. Res Biomed Eng 33(2):156–165 https://doi.org/10.
1590/2446-4740.07816

16. Ailianou A, Mundada P, De Perrot T, Pusztaszieri M, Poletti PA, Becker M
(2018) MRI with DWI for the detection of posttreatment head and neck
squamous cell carcinoma: why morphologic MRI criteria matter. AJNR Am J
Neuroradiol 39(4):748–755 https://doi.org/10.3174/ajnr.A5548

17. Alfano B, Comerci M, Larobina M et al (2011) An MRI digital brain phantom
for validation of segmentation methods. Med Image Anal 15(3):329–339
https://doi.org/10.1016/j.media.2011.01.004

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Morozov et al. Insights into Imaging           (2020) 11:60 Page 9 of 9

https://doi.org/10.1158/0008-5472.CAN-13-3534
https://doi.org/10.1158/0008-5472.CAN-13-3534
https://doi.org/10.1002/jmri.25214
https://doi.org/10.1002/jmri.25214
https://doi.org/10.1063/1.4972383
https://doi.org/10.1590/2446-4740.07816
https://doi.org/10.1590/2446-4740.07816
https://doi.org/10.3174/ajnr.A5548
https://doi.org/10.1016/j.media.2011.01.004

	Abstract
	Background
	Material and method
	Results
	Conclusion

	Key points
	Introduction
	Materials and methods
	The principles of DWI
	The influence of perfusion on diffusion-weighted imaging and apparent diffusion coefficient calculation
	Modeling diffusion processes
	Development of a physical model
	Scanning parameters

	Results and discussion
	Phantoms simulating hindered diffusion
	Phantoms for fat suppression quality assurance
	Phantoms simulating restricted diffusion
	The phantom as an extracorporeal signal source in clinical practice

	Conclusion
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

