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Objective. Quantitative assessment of Dixon two-point and three-point technologies operation using phantom
modeling in the range from 0 to 70%.

Materials and methods. To simulate substances with different concentrations of the fat phase we chose direct
oil-in-water emulsions. Tubes with ready-made emulsions were placed in a phantom. Emulsions based on vegeta-
ble oils were presented in the range from 0-70%. The phantom was scanned on an Optima MR450w MRI tomo-
graph (GE, USA) in two Dixon modes: the accelerated two-point method “Lava-Flex” and the three-point method
“IDEAL 1Q”. A scan was performed on a GEM Flex LG Full RF coil. We calculated fat fraction (FF) using two formulas.

Results. There is a linear relationship of the determined values when calculating the fat concentration in “IDEAL
IQ” mode and using the formula based on Water and Fat. The accuracy of body fat percentage measurement in
“IDEAL 1Q” mode is higher than in “Lava-Flex” mode. According to the MR-sequence “Lava-Flex” draws attention
to the overestimation of the measured values of the concentration of fat in relation to the specified values by an
average of 57.6% over the entire range, with an average absolute difference of 17.2%.

Conclusion. Using the “IDEAL 1Q” sequence, the results of the quantitative determination of fractions by for-
mulas were demonstrated, which are more consistent with the specified values in the phantom. In order to cor-
rectly quantify the fat fraction, it is preferable to calculate from the Water and Fat images using Equation 2.
Calculations from the In-phase and Out-phase images provide ambiguous results. Phantom modeling with direct
emulsions allowed us to detect the shift of the measured fat fraction.
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OnpepeneHne TOYHOCTU OLLEHKN ppaKUnmM Xupa
Cc ucnonb3oeaHuem Dixon: akcnepumeHTanbHoe
¢daHTOMHOE uccneposaHue
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Llenbo uccnepoBaHus: oueHka 9OOEKTUBHOCTU pPabOThl [OBYXTOYEYHON U TpexToyeyHor MPT-
nocnegoBatenbHocTer Dixon npy GaHTOMHOM MOAENMPOBAHUN )15 ONPEAENEHNS XUPOBON dpakummn B AManas3o-
He ot 0 1o 70%.

Martepuan v metoabl. [i19 MOAENMPOBAaHUA BELLECTB C PA3HOM KOHLEHTpauuen XnpoBon ¢asbl Obiin
BbIOpaHbI NpsiMble aMyfbCUM TUMNa “mMacno B Boae”. MNpobupky ¢ aMynbCusiMy MOMELLANNCH B LMANHAPUYECKUIA
daHTOM. OMyNbCMM Ha OCHOBE pPaCTUTENIbHbIX Macen Obliv npepactaBneHbl B avanazoHe ot 0 go 70%.
CkaHupoBaHue BbinonHsanocb Ha MP-tomorpade 1,5 Tn Optima MR450w (GE, CLUA). Bbino npoBeaeHo ckaHMpo-
BaHMe B ABYX pexumax Dixon: aByxTo4yeyHbl MeToa “Lava-Flex” n Tpextoyeynbii meton “IDEAL IQ”. Bbino BbINos-
HEHO ckaHupoBaHue Ha PY-kaTywke GEM Flex LG Full. @pakuus xunpa onpenensnach pacyeTHbIM METOAOM.

Pesynbratbl. [py pacyeTe KOHLEHTPALMK X1pa Mo AaHHbIM nocnenosatensHocTy “IDEAL 1Q” no ¢popmyne,
1CnonbaytoLlel JaHHble n3obpaxeHunin Water n Fat, onpegeneHa nmHeinHas 3aBUCMMOCTb M3MEPEHHbIX 3HAYEHWIA
OT 3afaHHbIX. TOYHOCTb N3MEPEHUS MPOLIEHTHOrO coaepXaHus xunpa B pexrme “IDEAL 1Q” Bbille, 4eM B pexnme
“Lava-Flex”. Mo paHHbIM MP-nocnegoBaTensHOCTU “Lava-Flex” obpaliaeT Ha cebst BHMMaHMe 3aBblLLEHNE N3ME-
PSEMbIX 3HAYEHWNI KOHLEHTPALMM XKMpPa MO OTHOLLEHNIO K 3a4aHHbIM B CPeAHEM Ha 57,6% Ha BCEM Anana3oHe npu
cpeaHen abcontoTHol pasHuue 17,2%.

SaknoveHue. C nomoLubio nocnenoBatesnibHocTh “IDEAL 1Q” 6binv NpoAEMOHCTPUPOBaHbI Pe3ybTaTbl KOIN-
4YeCTBEHHOro onpeaeneHns Gpakumii no Gopmynam, B 60bLLEN CTENEHM COOTBETCTBYIOLLME 3a4aHHbIM BENYMA-
HaMm B daHToMe. [N KOPPEKTHOrO KONNYECTBEHHOIO onpeaeneHus Gpakumm xvpa npeanoyTuTenbHee npoBo-
ONTb pacyeTbl MO AaHHbIM U3006paxeHusm Water n Fat ¢ ncnons3osaHmem gpopmynbl (2). PacyeTsl no nsodpaxe-
Husm In-phase n Out-phase npepgocTaBnsioT HEOAHO3HAYHble pe3ynbraThl. PaHTOMHOE MOAENNPOBaHWE
C MCNOJIb30BAHNEM MPSAMbIX 3MYJIbCUIA NO3BONNIO ONPESENUTb CMELLEHNE B 3HAYEHUAX U3MepsieMor dpakumm
Xupa.

KniouyeBbie cnoBa: KONMYECTBEHHAS OLIEHKA XWPOBOM TKaHW, GaAHTOMHOE WCCNeA0BaHME, KOHTPONb KayecTBa,
Dixon, MarHnTHO-pe3oHaHcHas Tomorpadus
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Introduction

Estimating the percentage of fat in tissues and
organs on MRI images allows in some cases to shed
light on the nature of the observed changes. This is
made possible by the Dixon-type pulse sequence,
widely available on the scanners from different
manufacturers. The method relies on four sequences
(water, fat, in-phase, out-phase) acquired in one
scan. [1] In routine practice, the goal of using the
Dixon out-phase sequences to assess the fat content
is to confirm hepatic steatosis, to measure its degree,
to enable diagnosis and differential diagnosis of
adrenal lesions, to determine chylous tumours in the
abdominal cavity, etc. [2]. Such capabilities are
made possible by the special features of this
technology, that allow to evaluate the fat amount
inside the parenchymal organs or pathological
formations.

The MR fat suppression technology in question is
based on the works of Thomas Dixon and was named
“Dixon” after the scientist [3]. A paper on the clinical
application of this technique came out somewhat
later [4]. The technology utilizes the fact that water
and fat molecules precess at different rates (i.e.
higher precess rate for water and lower for fat). This
small gap is due to a difference in local magnetic
fields — for water protons it is 220 Hz higher, while the
field induction is 1.5T.

Figure 1 shows the principle behind the operation
of this technique. Immediately after applying the
initial excitation pulse «o°, the water (blue arrow)
and fat (yellow arrow) protons begin in-phase. Once
a signal is registered after TE = 2.2 ms, the fat

protons “move away” from the water protons and
a signal becomes out-phase. Next, after 2TE, the
motion of the fat protons triggers a second phasing
of the spin system, and the protons of fat and water
will again be in phase.

Over the past two decades, the academic interest
in MRI fat quantification has grown substantially
[5-7]. This can be explained by the fact, that at the
moment scholars are searching for quantitative
parameters that do not depend on data collection,
platforms, scanner manufacturers, magnetic field
induction, etc. Taken together, this may contribute to
standardization and wide clinical application of the
method in question [8]. In addition to routine practice,
the fat quantification can be helpful in clinical trials
during drug development [9,10]. However, a suffi-
cient level of accuracy (low bias) and intermediate
precision (low variability under different experimental
conditions) of the quantitative metrics must be
demonstrated [11].

In everyday practice, radiologists often lack
confidence in determining the exact fat fraction
percentage with certain tomography scanners, so the
DIXON sequence is not always included in the scan
protocols. Thus, the phantom modelling is there to
help determining the accuracy of the quantitative data
acquired using tomography scanners from various
manufacturers.

Goal

Quantitative assessment of Dixon two-point and
three-point methods using phantom modelling to
assessing fat fractions in the range from 0 to 70%.
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Fig. 1. Diagram of Dixon technology.
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Materials and methods

Development of a physical model

The experiment utilized a phantom developed
by the Center for Diagnostics and Telemedicine of the
Moscow Healthcare Department (Fig. 2a). The
phantom is a sealed acrylic cylinder with test tubes
inside containing emulsions with the following fat
phase concentrations: 0, 10%, 20%, 30%, 40%, 50%,
60%, 70% (Fig. 2a).

To simulate substances with various concentrations
of the fat phase we chose direct oil-in-water emulsions.
This model allows to combine two phases (water and
fat) and evenly distribute one into the other [12].

The solutions were based on vegetable oils
(sunflower and soybean) [13]. The BTMS (Behentri-
monium Methosulfate) emulsifier was used to make
a stable emulsion. To obtain a homogeneous and
physically stable emulsion, we performed emulsi-
fication by heating the emulsifier, mixing it with
vegetable oil and emulsifying it using an IKA Ultra
Turrax T 25 Digital Homogenizer.

MR imaging protocol (phantom)

The phantom was scanned using a 1.5 T Optima
MR450w MRI scanner (GE, the USA) with two Dixon
modes: the accelerated two-point Lava Flex method
and the three-point IDEAL IQ method (lterative
Decomposition of water and fat with Echo Asymmetry
and Least-squares estimation). A scan was performed
using a GEM Flex LG Full RF coil (Fig. 2b).

Lava-FLEX imaging parameters: TR — 7.58 s; TE
(OUT/IN) — 2.084 s / 4.436 s; slice thickness — 5 mm;
distance between slices — 5 mm; matrix — 256 x 256;

the angle of inclination of the magnetization vector -
12°,

IDEAL 1Q imaging parameters: TR — 13.507s; TE -
6.5 s; slice thickness — 5mm; slice increment -
2.5 mm; matrix — 160 x 160; inclination angle
of magnetic field vector — 7°.

We measured the signal intensity on the In and Out
images by establishing the region of interest (ROI)
on the cross sections inside the tubes with different
fat fraction values and preventing air from entering
the region of interest.

Two well-known approaches were used to calculate
the percentage of fat fractions (FF) [14]:

1 — a standard formula to mathematically combine the
In and Out images:

In — Out
2In

2 — a formula that uses data from the Water and Fat
images

FF1= - 100%, (1)

Fat

FFR= ——
Fat + water

+ 100%, (2)

Figure 3 shows MR images of the phantom in
different phases: In-phase (In), Out-phase (Out)
sequences, water-weighted (Water) and fat-weighted
(Fat) sequences acquired using the Lava-Flex mode
on a GEM Flex Coil. The first series shows the ROI
order placed at the same level for all tubes and slices.
Next, we compared the data calculated (measured)
using both formulas with the default values of the fat
concentration in the phantom. The obtained data are
represented on diagrams (Fig. 4, 5).

Fig. 2. Scheme of the experiment: a - installation of ready-made test tubes in a phantom; b — MRl examination of a phantom

with a GEM Flex Body radiofrequency coil.
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Fig. 3. MR images of the phantom in the “Lava-Flex” mode on the GEM Flex RF coil, abdominal. a — In-phase series with the
designation ROI for data collection; b — Out-phase series; ¢ — a series with signal intensity from Water; d — a series with signal

intensity from Fat.

Results

Figures 4 and 5 show the results of the phantom
scan in the Lava-Flex and IDEAL IQ modes. They
reflect the mean value on the In-phase and Out-phase
images (Fig. 4a, 5a) and compares the calculated
vs. default fat concentration according to formulas
1 and 2 (Fig. 4b, 5b).

Lava-Flex

Since the In-phase images are T1-weighted, there
is a linear increase in signal as the fat concentration
goes up. At the same time, on the Out-phase images,
an increase in the fat concentration is accompanied
by a decrease in signal intensity in the range from

0 to 30%, with FF exceeding 30%. This means that the
nature of the dependence changes to the opposite
as the signal intensity increases (Fig. 4a). In this case,
is should be possible to determine this minimum value
at 50% fat concentration in the emulsion.
Comparison of the calculated fat fraction values
revealed the following relationship. Formula (1) shows
a linear relationship between the calculated and
default fat concentrations, with a slight nonlinearity
for FF = 20-30%. Where FF exceeds 30%, a gradual
decrease in the calculated values is observed instead
of an expected increase, i.e., an there is inflection
when the values are 20% less than expected (50%).
When using Formula (2), the dependence between
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Fig. 4. The results of scanning the phantom in the “Lava-Flex” mode. a — the signal intensity on the images of the Out-phase
and In-phase series at different values of fat concentration in the test tubes; b — comparison of the calculated (measured)
and predetermined fat concentration according to formula (1) (FF_1) and (2) (FF_2). The horizontal line at approximately 22%
demonstrates the possibility of relating two given fat concentrations to a given measured value.
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In-phase series at different values of fat concentration in the test tubes; b — comparison of the calculated (measured) and
predetermined fat concentration according to formula (1) (FF_1) and (2) (FF_2).
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the calculated and default fat concentrations is
observed in the presence of a pronounced nonlinearity
in the range FF = 20-40%. There is an upward bias of
the fat concentration values in relation to the default
values by an average of 57.6% over the entire range,
with an average absolute difference of 17.2% (Fig. 4b).

IDEAL IQ

This sequence also ensures T1-weighting and
a non-linear dependence of the signal from the fat
concentration on the In-phase images. A signal
decrease is observed in the range FF = 30-50%.
When scanning the phantom using the Out-phase
mode, a dependence was noted corresponding to the
expected behaviour of the signal. At FF = 50%, the
signal hits its lowest point (Fig. 5a). This happens
because the signals from water and fat cancel each
other out on the Out-phase, provided the fat and
water concentrations are the same. Although the
dependence of the signal intensity on the In-phase is
non-linear, the results of the quantitative measurement
of the fractions using the formulas are more consistent
with the default values, compared to Lava-Flex.

When using Formula (1), there is a strong linear
dependence between the calculated and default
values of the fat concentration in the range of FF
0-50%, followed by a gradual decrease in the
calculated values away from the expected ones.
When calculating according to Formula (2), there is an
almost complete agreement between the calculated
and true fat concentrations (the average relative error
is9.7%, and the absolute differenceinfatconcentration
is 2.0%) within the entire FF range (Fig. 5b). Thus,
both methods yield a good agreement between the
calculated and default values.

The difference between the minimum value on the
Out-phase diagram and the maximum value of the fat
concentration calculated using the Formula (1) for
Lava-flex is 6.0%. For IDEAL 1Q, this difference is 1.0%.

A number of tomography scanners are capable of
making images in In-phase and Out-phase modes
only. For these data itis suggested to use Formula (1).
At the same time, there is an uncertainty in the
assessment of the fat fraction, since two fat/water
ratios can be corresponding to the same calculated
value (Fig. 4 b).

Clinical case study

A 53-year-old woman was admitted to Medsi Clinical
Hospital 2 with a diagnosis of retroperitoneal neoplasm.
Abdominal CT (Fig. 6) of the tail of the pancreas revealed
a pathological mass of 5 X 4 X 4 cm in size with fat density

—35 HU. Ultrasound and MRI scans also suggested
a retroperitoneal lipoma.

The MRIlimaging of the root of mesentery was performed
to detect a pathological mass with thickened walls. Its
content showed high signal intensity on T2-WI images, and
a partial suppression of the signal on T2FS-WI (Fig. 7). The
Lava-Flex mode (Dixon) showed a high signal intensity on
Fatimages, low on Water, a slightly lower intensity compared
to the fat tissue on In-phase images, and a decrease in
signal on Out-phase. The obtained signal characteristics
indicate that the cyst consists of fatty emulsion.

A decrease in signal intensity was registered in the Out-
phase images (e) compared to the In-phase images (c).
Formula (2) that take into account the signal intensity for Fat
and Water (798 and 237, respectively), detected a fat
content of 77.1%. Calculation of the fat fraction using
Formula (1) that takes into account the signal intensity for
In-phase and Out-phase (1191 and 742, respectively),
detected a fat content of 18.8%. According to the results
obtained in phantom, the calculated value of 18.8% may
correspond to the second value of the default fat fraction
concentration with a higher fat content of 65%, which is
much closer to the Formula (2) results (Fig. 4b). It has been
suggested that this mass is a chylous cyst of the mesentery
with a high fat fraction content.

Operative confirmation: a tumour 5 X 4 X 4 cm in size
was detected in the root of the mesentery near the ligament
of Treitz (Fig. 8a). The tumour was removed and the proximal

Fig. 6. CT scan of the abdomen, coronal section.
Encapsulated formation of fat density in the region of the
root of the mesentery of the small intestine (arrow).
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Fig. 7. Magnetic resonance imaging, axial section. a — T2-WI - thick-walled pathological formation in the root of the
mesentery of the small intestine with a moderately high intensity of the MR signal (arrow). b — T2-WI FS shows suppression
of the signal by part of the lesion (arrow); c—f — Lava-Flex mode: ¢- water; d — In-phase; e — Out-phase; f — Fat. Ellipse — ROI
area of interest for determining signal intensity values.
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Fig. 8. Gross specimen of a distant lesion. a — pathological formation at laparoscopy; b — appearance of the preparation
after removal of the walls.

mesenteric arteries were preserved. The surgical specimen
contained a thick-walled cystic mass. When cut, the content
was white and yellow, partly dense and casseous, partly —
emulsion-like liquid (Fig. 8b). The liquid content was
collected inside a container (Fig. 8c).

In addition, we analysed the liquid part of the cyst
(presented as emulsion), with an MRI ex vivo scan in the
Lava-Flex mode. A similar decrease in signal intensity was
registered on the In-phase images compared to the Out-
phase images (c). The following data on the fat fraction
percentage were obtained using Formula (1): 31,8%.
According to the rationale above, the calculated fat
concentration could also be 45%, while Formula (2)
suggests 64,3%.

This clinical observation demonstrates a type of a
chylous cyst in the mesentery with a high fat content
(over 50%). Using the formula to calculate the fat fraction
that take into account the Fat and Water image data, turned
out to be more consistent with the actual measurements.
The use of a more common formula that takes into account
the In / Out-phase image data yielded ambiguous values of
the fat concentration. The phantom modelling helped to
identify and partially correct the observed discrepancies.

Discussion

This paper assessed the linearity of the findings
delivered by the two-point method Lava Flex and the
three-point method IDEAL 1Q with regard to the fat
fraction concentration. Lava Flex is a two-point Dixon
T1-weighted In phase and Out phase gradient echo
sequences (GRE) that automatically create fat-only
(FAT) and water-only (WATER) image sets, and is

widely available on most MR scanners [15]. IDEAL 1Q,
being somewhat similar to the Lava Flex Dixon
sequence, features echo asymmetry with an iterative
least squares estimation algorithm that improves the
signal-to-noise ratio [16].

The results provide evidence both for possible
inconsistency of the declared imaging parameters
and the need to control the quality of the MR pulse
sequences. The observed changes highlighted an
inconsistency between the Lava Flex and IDEAL 1Q
modes. Calculation of the fat concentration in IDEAL
IQ mode using the formula that took data from the
Water and Fat images (Formula (2)) revealed a linear
relationship between the default and measured values.
The formula that utilises the In-phase and Out-phase
data (Formula (1)) can be used to calculate the fat
concentration only in the range from 0 to 50%. Thus, if
the fat concentration is greater than 50%, it is
necessary to tailor the formula and introduce
adjustment factors. However, to determine the cause
of such changes and develop specific practical
recommendations to fine tune the Dixon modes, it is
necessary to continue the experimental part of this
work, and to study the clinical application of the
results above.

MRI is sensitive to a number of factors that can
influence the assessment of fat tissue. These
includes the difference in T1 relaxation time between
fat and water, T2* shifts, phase errors, temperature
effects, the presence of hemosiderin in tissues, etc.
[11,17]. Non-linearity and deviation of values during
the quality control and sequencing can be detected
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using phantoms. Academic literature provides
examples of using the phantom modelling for quality
control of pulse sequences, particularly for the Dixon
method [9,18].

In particular, Fischer et al. used a phantom with FF
from 0-100% containing muscle and fat of animal
origin, that demonstrated advantages of the two-point
Dixon method vs. visual assessment of fat volume in
calf muscles [9]. Another study used a 0-70% FF
phantomwith a mixture of peanut oiland hydroxyapatite
to investigate the changes in fat and water
concentrations in pathological conditions affecting
the bone marrow, including spondylarthritis,
osteomyelitis, tumours and fractures. The study
demonstrated a linear relationship between the
measured and true values with the measurement
error below 10% [10]. To assess the accuracy and
precision of FF measurements on several scanners
with different magnetic field strengths, Hernando et
al. used a fat-water phantom with FF concentrations
ranging from 0-50% and 100% containing a mixture
of peanut oil and agar. As a result, the study showed
alinear dependence between the measured and the
true values with a minimal measurement error [11].
A similar experiment was carried out using
a phantom with FF from 0-50% and 100% [19].
Another study utilized a phantom with a FF
concentrations of 0-50% containing a mixture of
soybean and rapeseed oils [18]. However, the
above-mentioned studies utilized FF concentrations
below 50%. A distinctive feature of our phantom
was the FF concentrations of 0-70% (including 50%
and 60%) that were based on vegetable oils
(i.e. sunflower and soybean).

A limitation in this paper was the lack of tubes
with FF greater than 70%. This was due to the fact
that when trying to use this method to prepare
emulsions with over 70% fat fraction, the emulsion
separated into fat and water, while the assessment
of signal characteristics requires a homogeneous
emulsion.

Thus, the phantom described in the paper, makes
it possible to secure the intermediate precision of
measurements across different tomography scanners,
to validate the results and to ensure quality control
regardless of the manufacturer and model.

Conclusions

Phantom modeling using the oil-in-water
emulsions made it possible to evaluate the
opportunities offered by quantitative measurement
of the fat fraction using the Dixon sequences. The
accuracy of the body fat percentage measurement in
IDEAL 1Q mode is higher compared to the Lava-Flex
mode. Using the IDEAL 1Q sequence, we
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demonstrated the results of the formula-based
quantitative measurement of FF, which happened to
be more consistent with the default values in the
phantom. In order to accurately quantify the fat
fraction, the calculations should be based on
Formula (2) that takes data from Water and Fat
images. Calculations from the In-phase and Out-
phase images yield ambiguous results. Improving
the phantom studies would allow to ensure proper
quality control of MRI studies. In future, the precision
factor would also help to develop the standards for
the fat tissue assessment that could be used to
establish accurate diagnosis and perform
measurements.
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