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ARTICLE INFO ABSTRACT

Keywords: Purpose: Excess fat accumulation contributes significantly to metabolic dysfunction and diseases. This study aims
Magnetic resonance imaging to systematically compare the accuracy of commercially available Dixon techniques for quantification of fat
Dixon MRI

fraction in liver, skeletal musculature, and vertebral bone marrow (BM) of healthy individuals, investigating
biases and sex-specific influences.

Method: 100 healthy White individuals (50 women) underwent abdominal MRI using two-point and multi-echo
Dixon sequences. Fat fraction (FF), proton density fat fraction (PDFF) and T2* values were calculated for liver,
paravertebral muscles (PVM) and vertebral BM (Th8-L5). Agreement and systematic deviations were assessed
using linear correlation and Bland-Altman plots.

Results: High correlations between FF and PDFF were observed in liver (r = 0.98 for women; r = 0.96 for men),
PVM (r = 0.92 for women; r = 0.93 for men) and BM (r = 0.97 for women; r = 0.95 for men). Relative deviations
between FF and PDFF in liver (18.92 % for women; 13.32 % for men) and PVM (1.96 % for women; 11.62 % for
men) were not significant. Relative deviations in BM were significant (38.13 % for women; 27.62 % for men).
Bias correction using linear models reduced discrepancies. T2* times were significantly shorter in BM (8.72 ms
for women; 7.26 ms for men) compared to PVM (13.45 ms for women; 13.62 ms for men) and liver (29.47 ms for
women; 26.35 ms for men).

Conclusion: While no significant differences were observed for liver and PVM, systematic errors in BM FF esti-
mation using two-point Dixon imaging were observed. These discrepancies — mainly resulting from organ-specific
T2* times — have to be considered when applying two-point Dixon approaches for assessment of fat content. As
suitable correction tools, linear models could provide added value in large-scale epidemiological cohort studies.
Sex-specific differences in T2* should be considered.

Vertebral bone marrow
Fat fraction estimation

1. Introduction

Excess accumulation of ectopic fat within various anatomical com-
partments in the human body has been recognized as a significant in-
dicator of metabolic dysfunction, insulin resistance, and various
diseases, such as type-2 diabetes, atherosclerosis, multiple myeloma or
osteoporosis [1-3]. Non-invasive and reliable quantification of fat
accumulation within specific tissues, such as bone marrow (BM) in
vertebral bodies, musculature, and liver, is pivotal for understanding
their impact on health and disease [4-7].
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Magnetic resonance imaging (MRI) and volume localized spectros-
copy (MRS) have emerged as important tools in this endeavor. Modern
MRI techniques provide non-invasive assessment of macroscopic fat
distribution [8,9] as well as ectopic fat accumulation within organs and
tissues [10-12] with high spatial resolution. Among the various MRI
methods available, Dixon-type imaging has gained substantial attention
for its ability to distinguish between water and fat content within tissues
[13] even in regions with inhomogeneous magnetic field distribution.
Further, Dixon MRI can be used to measure fat fraction (FF) at the voxel
level.
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However, the choice of Dixon MRI sequence and the methods
employed for postprocessing of recorded imaging data can significantly
affect the accuracy and reliability of FF measurements as reflected, e. g.,
in the compromise between acquisition time, image resolution, and
accuracy.

In contrast to two-point Dixon imaging, which acquires images at
two echo times (in-phase/opposed-phase) enabling calculation of fat-
selective images, but requires an internal reference for (magnitude-
based) FF estimation, multi-echo Dixon imaging allows for absolute
quantification of fat fraction defined as proton density fat fraction
(PDFF). Commercially available multi-echo Dixon sequences have been
optimized for PDFF quantification in the liver by implementation of T1-
insensitive acquisition, T2*-correction, and consideration of the spectral
complexity of fat [14]. For this purpose, they are validated in terms of
linearity, precision and reproducibility in multisite, multivendor phan-
tom studies [15-17] and in vivo [18-20]. As reviewed by Starekova
et al., widespread application of imaging-based PDFF assessment justify
the assumption of this as a reference [20].

PDFF quantification is also of interest for other organs and tissues, e.
g. paravertebral muscles (PVM) or vertebral bone marrow (BM) [21,22].
However, lipids in red BM in vertebral bodies are metabolically distinct
from other fat depots [23] and their assessment is confounded, as
paramagnetic hematopoietic cells and the presence of trabecular struc-
tures influence the microscopic magnetic field distribution inside the
vertebral bodies [24]. Additionally, water and lipid signals in red BM
often show similar spectral signal intensities [25]. BM fat is subject of
several studies analyzing its associations, e. g., with body composition,
osteoporosis or degeneration of intervertebral discs [26-28]. Therefore,
precise quantification of vertebral BM fat content using Dixon-based MR
sequences is necessary.

Aim of the present study is the systematic comparison of two-point
Dixon imaging with multi-echo Dixon imaging as a reference in a
cohort of healthy individuals to investigate and assess biases of fat
quantification in liver, PVM, and BM of thoracic and lumbar vertebral
bodies.

2. Materials and methods

In this analysis, data from 100 healthy volunteers who self-reported
as White individuals (50 women, sex defined based on self-report)
participating in ongoing studies involving metabolic imaging, which
were related to the Tiibingen Diabetes Family Study [6], in Tiibingen,
Germany, were included. All individual studies were approved by the
Ethics Committee of the University Hospital Tiibingen and written
informed consent was obtained from all participants prior to
participation.

MR examinations were performed on a 3 T whole-body scanner
(Magnetom Vida, Siemens Healthcare, Erlangen, Germany). Subjects
were positioned head first in supine position on a 24-channel table-
integrated spine-array coil. For homogeneous coverage of the body
trunk, two 18-channel body-array coils were placed on chest and lower
abdomen. A 3D volumetric interpolated breath-hold examination (VIBE)
two-point Dixon sequence (regular product functionality) and a multi-
echo Dixon VIBE sequence (LiverLab option) using six echoes were
applied in three axial slabs covering the trunk. Sequence parameters of
both acquisitions are summarized in Table 1.

Two-point FF maps from two-point measurement were calculated
offline using fat-selective (F) and water-selective (W) images by voxel-
wise application of the formula FF = F/(F + W). Multi-echo PDFF maps
were generated inline on the console of the scanner by the vendor’s
algorithm, correcting for microscopic magnetic field inhomogeneities by
modeling of an effective transverse relaxation time (T2*) and spectrally
complex fat dephasing [14].

For objective measurements without manual and subjective place-
ment of single ROIs, fat quantification was performed using automati-
cally generated segmentation masks of liver [29], ten vertebral bodies of
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Table 1
Sequence parameters. MRI acquisition parameters as applied on a whole-body
scanner (Magnetom Vida, Siemens Healthcare, Erlangen, Germany).

Two-point Multi-echo Dixon
Dixon

Matrix size 320x161 160x104

Field of view / mm x mm 550x395 380x313

In-plane resolution / mm x 14x1.4 1.2x1.2

mm

Slice thickness / mm 3 3

Partitions per slab 80 80

TE / ms 1.23, 2.46 1.09, 2.46, 3.69, 4.92, 6.15,

7.38

TR / ms 4.36 13

Flip angle / Degree 9 4

Bandwidth / Hz/Pixel 1042 1078

TA /s 12.6 16.2

TE: Echo times TR: Repetition time TA: Acquisition time.

the thoracic and lumbar spine (Th8-L5) [30], and PVM (right/left
erector spinae and psoas major muscles) [31] by averaging voxel fat
fraction map values inside each segmented fat compartment. By
applying two-dimensional erosion in the axial plane using a 3x3 matrix
as structuring element, edge pixels were excluded. T2* was measured
from the corresponding maps using the mean value over the same
generated segmentation masks.

All data are reported as mean (SD) unless stated otherwise. Linear
correlation analysis and Bland-Altman plots were used to quantify and
visualize the bias and agreement between FF and PDFF. Differences are
expressed as percentages ([FF-PDFF]/mean %). Deviations from FF
compared to PDFF are reported as “relative” percentages ([FF-PDFF]/
PDFF %) unless stated otherwise. Welch’s t-test was selected to test for
statistically significant differences between women and men. Holm-
Bonferroni method was applied to correct p-values for multiple testing
when comparing vertebral bodies. p < 0.05 was considered statistically
significant. All statistical analyses were performed in Python 3.8 using
SciPy 1.8.0 and statsmodels 0.13.2.

3. Results

Imaging errors (e. g. partial fat-water swaps in the liver) and errors
during computation of PDFF led to the exclusion of five participants.
One participant was excluded due to a potentially pathologically low
PDFF in BM, not fulfilling the assumption of a “healthy volunteer”. The
analyzed study population is characterized in Table 2. An exemplary
coronal PDFF map is shown in Fig. 1.

FF estimation showed high correlation with PDFF in the liver (r =
0.98, for women; r = 0.96, for men, see Fig. 2a), in PVM (r = 0.92, for
women; r = 0.93, for men, see Fig. 2b) and BM averaged along the spine
(including vertebral bodies Th8-L5; r = 0.97, for women; r = 0.95, for
men, see Fig. 2¢). Correlation strength was significantly different for
men and women (p < 0.05). In the liver, fitted sex-specific linear

Table 2
Study population. Anthropometric data of the study population. Range of the
values is presented in square brackets.

Women Men
N 47 47
Age / years 42.7 (14.8) 46.1 (15.9)
[20-67] [23-76]
Height /cm 167.9 (7.1) 180.9 (8.2)"""
[148.5-185.0] [163.0-198.2]
Weight / kg 75.7 (19.1) 87.5 (16.0)""
[46.2-112.0] [59.0-144.6]
BMI / kg/m? 27.1(7.5) 26.8 (4.6)
[15.5-40.4] [18.9-37.9]

Sex differences: “p < 0.01, ""p < 0.001.
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Fig. 1. Exemplary imaging data. Water-selective image slice from two-point
acquisition (a) highlighting analyzed regions-of-interest and corresponding
PDFF map (b) of a 28-year old man (BMI 22.3 kg/mz, 3.50 % liver PDFF, 3.71 %
muscle PDFF, 33.90 % mean bone marrow PDFF). (¢) Coronal PDFF map of a
58-year old man with high liver and muscle PDFF (BMI 35.2 kg/m?, 20.4 %
liver PDFF, 8.64 % muscle PDFF, 39.27 % mean bone marrow PDFF).

regression models predicting PDFF from FF along with 95 % CI of
regression parameters were: PDFF = 0.83 [0.79 to 0.88] x FF + 0.15
[-0.17 to 0.48] for women; PDFF = 0.83 [0.76 to 0.90] x FF + 0.61
[—-0.07 to 1.28] for men. In PVM, the fitted models were: PDFF = 1.38
[1.20 to 1.56] x FF — 2.34 [—3.49 to —1.20] for women; PDFF = 1.29
[1.14 to 1.44] x FF — 2.23 [—3.20 to —1.26] for men. In BM, the fitted
models were: PDFF = 0.86 [0.85 to 0.88] x FF — 5.89 [—6.82 to —4.97]
for women; PDFF = 0.81 [0.79 to 0.84] x FF — 1.19 [-2.32 to —0.05] for
men.

As detailed in Table 3, differences between FF and PDFF in liver and
PVM are not significant for both sexes (p = 0.41 and p = 0.79 for women;
p = 0.68 and p = 0.25 for men, respectively). Liver FF was increased
compared to corresponding PDFF by 18.92 % in women and by 13.32 %
in men. In PVM, FF was increased by 1.96 % in women and by 11.62 %
in men. In contrast, FF in vertebral BM was significantly increased
compared to PDFF by an average over all analyzed vertebral bodies of
38.13 % in women (ranging from 34.98 % in L5 to 41.00 % in Th9) and
by an average of 27.62 % in men (ranging from 25.65 % in Th9 to 29.73
% in Th12). Across both sexes, bias in liver FF was 12.21 %, 5.27 % in
PVM and 27.78 % in BM (see Fig. 3). With increasing mean fat content,
bias in PVM and BM decreased (see Fig. 3b and 3c). In PVM, this even led
to a shift from overestimation to underestimation of PDFF (see Fig. 3b).
For mean fat fractions above 5 %, bias in the liver was almost constant
(see Fig. 3a).

Considering FF estimation alone, apparently significant differences
were found between different vertebral bodies, which could not be
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confirmed in PDFF quantification. In women and men, significant dif-
ferences between PDFF in lower lumbar vertebrae (L4 and L5) and the
mid thoracic spine (Th8-Th10) were found. In men, L1 and L2 were also
significantly different from Th8-Th10 (see Fig. 4).

As measured from multi-echo Dixon, differences in T2* times be-
tween different vertebral bodies were not significant for women and
men. Mean T2* in BM and liver were significantly higher for women
compared to men (8.72 ms for women, 7.26 ms for men, p < 0.001, in
BM; 29.47 ms for women, 26.35 ms for men, p < 0.05, in the liver; see
Table 4). Sex differences in PVM were not significant (p = 0.74). For
both sexes, mean T2* in BM was significantly lower compared to PVM
and liver (p < 0.001).

Derived sex-specific linear regression models for BM PDFF (see
Fig. 2¢) can be used to correct for the bias in FF estimation. After
application, FF overestimation was reduced to 0.04 % along the spine
and across both sexes (see Fig. 5b). Additionally, apparently significant
differences between FF and PDFF in the vertebral bodies, cannot be
removed by linear correction.

4. Discussion

This study systematically compared two-point Dixon and a multi-
echo Dixon sequences for the quantification of fat fraction in liver,
paravertebral muscles (PVM) and bone marrow (BM) in vertebral bodies
of the thoracic and lumbar spine (Th8-L5) in healthy subjects.

Table 3

Measured fat fractions. Fat fraction measurements (in “absolute” %) in liver,
paravertebral muscles and vertebral bone marrow (Th8-L5) using a two-point
and multi-echo Dixon sequence.

Women Men

In % PDFF FF PDFF FF

Liver  4.73 (4.00) 5.48 (4.72) 6.29 (5.96) 6.84 (6.91)
PVM 6.55 (1.93) 6.46 (1.30) 5.90 (1.83) 6.28 (1.32)

Th8 30.51 (10.61)  41.92(12.02)"*"  33.62 (7.79)  42.49 (9.69)" "
Th9 29.66 (9.24) 41.02 (10.87)" 33.79 (7.80) 42.30 (9.63)" "
Th10  31.03 (9.99) 42,10 (11.66)"""  34.42(7.64)  43.26 (9.98)"**
Thil  32.05(10.08)  43.71 (12.52)"""  36.10(8.09)  45.84 (9.72)"**
Th12 34.49 (11.65) 47.02 (12.81)" 38.06 (8.44) 48.95 (9.39)" "
L1 35.20 (10.99)  48.23 (12.25)"**  38.88(8.45)  49.81 (9.24)" "
L2 36.39 (11.24)  49.08 (12.16)"""  40.18 (8.40)  51.19 (9.22)"**
L3 38.11 (11.66) 50.91 (12.56)"** 41.22 (8.62) 52.18 (9.27)" "
L4 39.54(12.33)  52.32(13.19)"**  41.35(8.71)  52.78 (9.88)" "
L5 40.39 (13.18)  53.46 (14.28)" " 43.54 (8.94)  54.61 (9.65)"

Intra-sex sequence differences: ***p < 0.001; PVM: paravertebral muscles,

PDFF: proton density fat fraction, FF: fat fraction from two-point Dixon
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Fig. 2. Comparison of FF and PDFF. Comparison of two-point FF estimation with multi-echo PDFF quantification in the liver (a), paravertebral muscles (b) and in

vertebral bone marrow (Th8-L5) (c).
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Table 4
T2*, Mean T2* times for analyzed fat compartments as obtained from automatic
calculation during image reconstruction using multi-echo Dixon sequence.

In ms Women Men

Liver 29.47 (5.22) 26.35 (8.51)*
PVM 13.45 (2.38) 13.62 (2.43)
Th8 8.99 (1.52) 7.59 (1.50)""
Th9 8.95 (1.47) 7.58 (1.49)""
Th10 8.69 (1.30) 7.11 (1.47)""
Thl1l 8.46 (1.24) 7.17 (1.47)""
Th12 8.78 (1.33) 7.26 (1.45)""
L1 8.76 (1.12) 7.39 (1.38)"""
L2 8.59 (1.01) 7.25 (1.39)""
L3 8.56 (1.00) 7.12 (1.27)""
L4 8.50 (0.99) 7.11 (1.23)™
L5 8.90 (2.44) 7.02 (1.20)"""

Sex differences: *p < 0.05, "'p < 0.001; PVM: paravertebral muscles.

Significant differences in the estimation of vertebral BM fat fraction,
despite very high correlation, were found. Using sex-specific linear
regression models (as shown in Fig. 2¢) for the correction of two-point
FF in BM, bias between the corrected FF values and the multi-echo
PDFF values can be removed (see Fig. 5). However, apparently signifi-
cant differences between FF of single vertebral bodies could not be

removed in the present analysis. This suggests that multi-echo mea-
surements seem to be more suitable for in-depth analysis of BM fat
beyond mere fat quantification.

Deviations between “confounder-corrected” fat quantification based
on multi-echo Dixon PDFF maps and simple estimations from two echoes
can stem from multiple sources: First, differences in T1 for the water and
fat components of different tissues. As reviewed by Bojorquez et al., at 3
T, T1 in the liver ranges from 725 to 809 ms, lies between 898 and 1420
ms in muscle and is with a range between 106 and 586 ms notably
shorter in BM [32]. More specifically, de Bazelaire et al. reported 809 ms
for liver, 898 ms for paravertebral muscles and 586 ms for bone marrow
in L4 using an inversion-recovery method and multiple spin-echo tech-
nique [33]). Second, different fat-to-water ratios can lead to under- or
overestimation [34], and will scale with the flip angle of the acquisition,
as well as with flip angle heterogeneity, especially in vertebral bodies
due to trabecular structures. Although the applied two-point sequence is
characterized by stronger T1-weighting compared to the multi-echo
sequence, a resulting T1-effect is assumed to be less pronounced in
BM due to shorter T1 (see above). Third, when not accounted for, the
spectral complexity of fat will also cause the deviations to be dependent
on the choice of echo times. T2* relaxation will reduce the signal in-
tensity of later echoes, so the order of in-phase and opposed-phase
echoes will become important. Especially inside the vertebral bodies,
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Fig. 5. Comparison and agreement of corrected FF. Comparison (a) and Bland-Altman plot (b) of corrected two-point FF and multi-echo PDFF in vertebral bone
marrow (Th8-L5) as obtained from sex-specific linear regression models y = 0.86x-5.89 for women and y = 0.81x-1.19 for men.

heterogeneous trabecular structures and paramagnetic hematopoietic
cells directly affect T2*.

This study has some limitations. First, only two different MR se-
quences from one manufacturer are considered. However, as images are
taken from ongoing studies and the sequences used are also applied in
large epidemiological cohort studies like KORA or NAKO Gesundheits-
studie [35,36], the results are of interest for a wide range of applications,
as multiple studies investigated MRI-assessed BM fat and its correlation
to body fat distribution, physical activity, as well as metabolic diseases,
osteoporosis or its characterization after transplantation
[3,26,28,37-40]. In other large-scale epidemiological cohort studies,
such as UK Biobank, two-point Dixon imaging is also applied [41].
Furthermore, the underlying problem is in principle independent of
sequence parameters and manufacturers: two-point measurements al-
ways have the problem of limited potential for confounder correction.
However, no quantitative statement can be made about other manu-
facturers, but the results of the study can provide a qualitative indication
of the expected level of error and the need for correction. Particularly in
the liver, T2* can shorten dramatically in disease (iron overload) [42].
Thus, a fixed-factor T2* correction in two-point Dixon reconstruction
may not be feasible. Second, the consideration of multi-echo Dixon PDFF
as a baseline for comparison is not a true gold standard, as, inter alia, the
adjustment for T2* correction is not ideal due to generally shorter
effective relaxation times and owing to potential differences in the
spectral composition of fat in bone marrow, which is calibrated for the
liver [25]. Third, significant sex differences in FF inside the vertebral
bodies, as well as in T2*, are not accounted for in two-point recon-
struction. Finally, it has to be mentioned that the findings are limited to
healthy subjects and might differ in patients with chronic liver disease
[20], patients with neuromuscular disorders (muscular dystrophies)
[21], or patients with hematological diseases undergoing cytostatic
treatment or radiotherapy [40,43], where micro- and macroscopic al-
terations of the respective tissue have to be considered.

5. Conclusion

This study suggests that using two-point Dixon imaging for quanti-
fication of fat fraction in vertebral bone marrow reveals higher

systematic errors compared to liver and/or muscle. Due to the high
correlation between two-point and multi-echo FF estimation, simple
tools such as linear models could be used to compensate for these sys-
tematic errors, as long as the acquisition parameters remain unchanged,
when analyzed in large-scale epidemiological studies. Significant sex
differences in T2* inside the vertebral bodies suggest the need for sex-
specific reconstructions.
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