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Abstract

Objects Hepatic and pancreatic fat content become

increasingly important for phenotyping of individuals with

metabolic diseases. This study aimed to (1) evaluate

hepatic fat fractions (HFF) and pancreatic fat fractions

(PFF) using 1H magnetic resonance spectroscopy (MRS)

and the recently introduced fast mDixon method, and to

examine body fat effects on HFF and PFF, (2) investigate

regional differences in HFF and PFF by mDixon.

Materials and methods HFF and PFF were quantified by

mDixon with two flexible echo times and by single voxel
1H MRS in 24 healthy subjects. The regional differences of

PFF within the pancreas were assessed with mDixon.

Abdominal visceral and subcutaneous fat was assessed by

T1-weighted MRI at 3T.

Results Both methods correlated well for quantification

of HFF (r = 0.98, p \ 0.0001) and PFF (r = 0.80,

p \ 0.0001). However, mDixon showed a higher low limit

in HFF and PFF. PFF showed no regional differences using

mDixon. In addition, both visceral and subcutaneous fat

correlated with pancreatic fat, while only visceral fat cor-

related with liver fat, employing both 1H MRS and

mDixon.

Conclusion The novel and fast two-point mDixon

exhibits a good correlation with the gold-standard 1H MRS

for assessment of HFF and PFF, with limited sensitivity for

assessing lower fat content.

Keywords Fat quantification � Modified Dixon

MRI � Proton MR spectroscopy � Liver and pancreas

Introduction

Over the last decade, exact fat quantification using mag-

netic resonance (MR) techniques has become relevant not

only for clinical–experimental applications, but also for

clinical medicine to diagnose non-alcoholic fatty liver

(NAFL) and assess risk of insulin resistance and metabolic

diseases. First, 1H magnetic resonance spectroscopy (MRS)

made it possible to identify intramyocellular fat content as

a marker of insulin resistance [1], and later it became the

gold standard for accurate quantification of hepatic fat

content due to its high sensitivity [2–5]. Apart from 1H

MRS, MR imaging (MRI) techniques such as the Dixon

method with two or three echo times have been applied for

the rapid assessment of hepatic or/and pancreatic fat [2, 4,

6–12]. This imaging modality could be advantageous in

obtaining regional information within an organ, when

compared to single voxel 1H MRS. Traditionally, the echo

times of Dixon methods are chosen to be at in-phase (IP)

and out-of phase (OP) between water and fat signals.
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Further efforts have been made to improve IP/OP Dixon

[9–12], such as for making echo time to be flexible.

Recently, Eggers and others introduced a modified Dixon

(mDixon), which allows both echo times to be flexible [13,

14]. However, this new Dixon method has not been vali-

dated against the gold standard, 1H MRS, particularly for

liver fat assessment.

More recently, quantification of pancreatic fat content

also gained interest due to the important role of the pan-

creas in secreting the key glucose-regulating hormones,

insulin and glucagon. However, extensive studies on pan-

creatic fat quantification are rare. Intrapancreatic fat con-

tent may not only be relevant as another ectopic fat

compartment related to insulin sensitivity, but also because

of the relevance of augmented local fat availability, which

may impair insulin secretion by lipotoxicity [15]. Fur-

thermore, Heni et al. [16] reported that pancreatic fat

content negatively correlated with insulin secretion, while

liver fat did not in the group of subjects with impaired

fasting glycemia and/or glucose tolerance. It is still under

debate whether 1H MRS or a Dixon-based method is more

suitable for the quantification of pancreatic intracellular fat,

due to fundamental differences in anatomy and its smaller

size than the liver [2]. Of note, the pancreas can allow

extracellular fat infiltration within the tissue, possibly

affecting fat quantification [2, 17–19]. While fat is mostly

homogeneously distributed in the liver in nonobese sub-

jects [8], fat distribution within the pancreas is rarely

examined by noninvasive imaging modality, except in one

publication to date [16].

Finally, liver fat correlates well with abdominal visceral

adipose tissue (VAT) [4, 20–24], whereas there were

conflicting reports on the association of pancreatic fat and

VAT [18, 20, 21]. But this has never been examined by

employing different methods in the same population, which

would help to minimize the ambiguity stemming from the

systematical errors of a method.

Thus, the aims of this study were to (1) quantify and

compare hepatic and pancreatic fat content using 1H MRS

and fast mDixon with two flexible echo times, (2) inves-

tigate the regional difference in pancreas and liver fat

content using the mDixon, and (3) examine the impact of

body fat content, particularly VAT and subcutaneous adi-

pose tissue (SAT), on liver and pancreatic fat using both

methods.

Materials and methods

Volunteers

Twenty-four healthy subjects (12 males and 12 females;

mean age of 52.6 ± 18.0 years; mean body mass index

(BMI) of 25.8 ± 5.0 kg/m2) participated in the MR

examinations after giving informed and written consent to

the protocol, which had been approved by the local review

board. None of subjects was diagnosed with liver or pan-

creatic diseases or dysfunctions.

Instrumentation

All measurements were performed on a 3.0-T MR scanner

using a 16-channel Torso XL phased-array receiver coil

(eight elements in anterior: eight elements in posterior;

40 cm of coverage in the head–foot direction) or body coil

(Achieva X-series, Philips Healthcare, Best, The Nether-

lands). Body fat was measured using the built-in quadrature

body coil on the 3.0-T scanner.

1H MRS for hepatic and pancreatic fat measurements

Localizer for 1H MRS for liver: All measurements were

performed using a 16-channel torso SENSE coil. Prior to

liver and pancreatic fat measurements, scout images for the

liver 1H MRS were taken using turbo spin echo (TSE,

single-shot, repetition time (TR)/echo time (TE) = 2,080/

80 ms, slice thickness 4 mm/gap 1 mm) to confirm the

anatomical location of liver (Fig. 1a).

Localizer for 1H MRS for pancreas: Since it was not

easy to clearly identify pancreas with low resolution con-

ventional MRI, three-dimensional (3D) fast mDixon

sequence was employed (Fig. 1c) (spatial resolution:

1.7 9 1.6 9 1.7 mm3) in a short acquisition time (17 s).
1H MRS acquisition: for 1H MRS, one location for liver

and pancreas, respectively, was measured employing

stimulated echo acquisition mode (STEAM) sequence [TR/

TE/mixing time(TM) = 4,000/10/16 ms; number of scans

(NS) = 32] using the same 16-channel SENSE coil as in

the above. For 1H MRS acquisition, respiratory gating was

not employed. Instead, breathing was paced by instruction,

with a period of 4 s to synchronize with TR given to each

subject prior to 1H MRS. After a subject was trained to

breathe at every 4 s to minimize breathing artifact, 1H

MRS acquisition was performed.

Both water-suppressed and non-suppressed 1H MRS

were taken in the identical voxel, and non-water suppressed

spectra served as internal reference for fat quantification, as

previously reported [25].

Volumes of interest (VOI’s) were 3 9 3 9 2 cm3 for

liver and 2 9 1 9 1 cm3 for pancreas. The VOI of the

liver was carefully located in the posterior region of the

liver, avoiding major vessels and gall bladder. The VOI of

pancreas was carefully placed in the body of pancreas,

avoiding visceral fat (Fig. 1c). While an automatic-shim-

ming was employed for the liver based on FASTMAP (fast,
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automatic shimming technique by mapping along projec-

tions) [26], an automatic shimming based on an iterative

procedure was used for the pancreas, due to the smaller

shim volume.

mDixon for hepatic and pancreatic fat assessment

Typical abdominal images for mDixon are depicted in

Fig. 1b–e with a single breath-hold in 17 s [13, 14], using

Fig. 1 Locations of liver fat

measurements (a, b).

a Transverse MRI and a MRS

voxel location. b Color-coded

fat fraction map calculated from

mDixon data. Circles in white

are the regions of interest

(ROIs) for fat analysis. One ROI

was placed to match the MRS

voxel for comparison between

MRS and mDixon. Locations of

pancreas fat measurements

(c–e). c Transverse slice of

mDixon MRI (fat image) with a

MRS voxel location. d mDixon

fat MRI with color-coded fat

fraction map calculated from

mDixon data with ROIs for fat

content analysis. A larger white

ROI is for processing protocol

A, and a smaller pink ROI is for

processing protocol B. The

adjacent slice is shown in

e. Typical 1H MRS of liver and

pancreas with high and low fat

(f–i). f Liver 1H MRS with high

fat. g Liver 1H MRS with low

fat. The middle-chain

methylene peak at 1.3 ppm is

close to the baseline.

h Pancreatic 1H MRS with high

fat. i Pancreatic 1H MRS with

low fat. The methylene peak at

1.3 ppm was almost

undetectable
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the 16-channel SENSE coil as described above. The

parameters employed for 3D fast gradient echo mDixon

sequence were: flip angle = 10�, TR = 3.2 ms, TE1/

TE2 = 1.12/2.0 ms, field-of-view (FOV) = 375 9 299 9

201 mm3, acquisition matrix = 236 9 176 9 59. The

reconstructed 118 axial slices (1.7 mm slice thickness) of

mDixon images were generated on the MRI console, as

shown in Fig. 1c.

Whole body fat measurement

Whole body imaging for quantification of SAT and VAT

was performed using transverse multislice turbo spin echo

(TSE) sequences (TR/TEeff = 400–510/38 ms) with a

turbo factor of 7. These images were acquired using the

quadrature body coil. The total measurement for whole

body imaging took approximately 15 min. Subjects were

positioned prone with extended arms and were marked on

the iliac crest level, as previously reported [27].

Data processing

Hepatic and pancreatic fat quantification using 1H MRS

Time-domain MRS data were transferred to a personal

computer, processed and analyzed using the NUTS soft-

ware package (Acorn NMR Inc, Livermore, CA, USA).

The absolute percentage of fat content was quantified as the

ratio of intensities of methylene-(CH2)n-(1.3 ppm) and

methyl-CH3 (0.9 ppm) peaks to the entire signal intensity

[water ? methylene and methyl signals] [28]. Finally, fat

fraction was calculated as percentage of the ratio of [lipids/

(water ? lipids)] [25].

Fat quantification using mDixon

mDixon fat fraction, also expressed as lipids/(water ? lip-

ids), was obtained pixel by pixel using PRIDE software

package (the version released in 2011, Philips Healthcare,

Best, The Netherlands). A detailed algorithm for the PRIDE

tool is given in the previous publication [14]. In brief, a two

(water–fat) species model with a single fat peak assumption

was employed. First, signals from 16 channels of the phased

array coil were combined. A phasor for field map was

assessed for each voxel by complex fitting, and then a phasor

of water was estimated. Through a weighted smoothing

(multiplied by magnitude mode image) in order to remove

phase errors, phase errors were found and removed. After

these procedures, ratios of water and fat were determined

using a least square estimation. T1 or R2* correction was not

included in this software. In addition, separated water and fat

images were also generated.

Using the PRIDE tool, the detailed processing procedure

to assess hepatic fat fractions (HFF) and pancreatic fat frac-

tions (PFF) is as follows. Since regions of interest (ROIs) for

fat content assessments were drawn post acquisition, analysis

of fat content using mDixon could be analyzed using different

protocols. For liver fat assessment, an ROI was placed in the

same area as the voxel of the 1H MRS measurement for

comparison (Fig. 1b). In addition, to verify regional differ-

ences in the liver, three different ROI positions were selected

and analyzed as shown in Fig. 1b. Three ROIs for posterior,

mid, and anterior section of the liver were selected. The

posterior ROI in the liver was drawn to match the corre-

sponding VOI of 1H MRS for fair comparison for each sub-

ject. For pancreatic fat assessment, two different processing

protocols were applied. In processing protocol A (hereafter

noted as ‘Analysis A’), ROIs were placed in several slices in

the same area as the voxel of the MRS measurement to cover

the VOI used in MRS, which was situated in the body of the

pancreas. In the same fashion, ROIs were also placed in the

tail and the head parts to assess the regional difference for

Analysis A. In processing protocol B (hereafter noted as

‘Analysis B’), smaller ROIs were placed in three different

regions of the pancreas, i. e. head, body and tail. Normally, the

area of ROIs was about two to four times smaller than in

Analysis A. In terms of the number of pixels, a smaller ROI in

Analysis B included *20 pixels, while a large ROI in Ana-

lysis A contained *60 pixels. ROIs were positioned in areas

where the fat level was homogenous, avoiding the borderline

of the pancreas to keep contamination by visceral fat small, as

shown in Fig. 1d, e (ROIs of smaller circles in pink were for

Analysis B). Routinely, ROIs for Analysis B were within the

ROIs for Analysis A, as shown in Fig. 1d, e in pink.

Whole body fat analysis

Whole body fat was quantified using the manual segmen-

tation software available on the Philips MR console. Par-

ticularly, for this work, since abdominal SAT and VAT

were of interest, they were assessed as abdominal SAT in

the region from the diaphragm to the femoral head, and as

abdominal VAT in the region (from the diaphragm to

pelvis), similar to the previous publication [26].

Statistical analysis

All analyses were done using SAS for Windows Version 9.3

(SAS Institute, Cary, North Carolina, USA) All values were

expressed as mean ± standard deviation (SD). Two-sided

p values less than 0.05 were considered to indicate statisti-

cally significant differences. To account for gender specific

differences, we used sex-adjusted (partialized) Pearson

correlations to compare VAT and SAT with HFF and PFF.
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Fig. 2 Correlations and

agreements between HFF by

mDixon and 1H MRS (a–b).

a Correlation between HFF by

mDIXON and 1H MRS. HFF by

mDIXON was obtained in the

ROIs closely matching the VOIs

in MRS (correlation coefficient:

r = 0.972, p \ 0.0001).

b Bland–Altman plot for the

two measurements. Lower and

upper limits of agreement in the

corresponding Bland–Altman

analysis are 4.17 ± 3.22 %.

Correlations and agreements

between PFF by mDixon and 1H

MRS (c–e). c The correlations

of PFF by mDixon and 1H

MRS. Analysis A (ROIs placed

to closely match the VOIs of

MRS) showed better correlation

with PFF by 1H MRS

(r = 0.804, p \ 0.0001) than

the ones from Analysis B

(smaller ROIs avoiding the

border of pancreas) (r = 0.574,

p = 0.003). d The Bland–

Altman plot of PFF by mDixon

(Analysis A) and 1H MRS.

Lower and upper limits of

agreement for Analysis A are

5.56 ± 7.02 %. e The Bland–

Altman plot of PFF from

mDixon (Analysis B) and 1H

MRS. Lower and upper limits of

agreement for Analysis B are

2.65 ± 9.46 %, but in both

analyses, the mean PFF values

by mDixon are significantly

higher (Analysis A: p \ 0.001,

Analysis B: p = 0.013) than by
1H MRS
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Results

Comparison of HFF using 1H MRS and mDixon

The mean HFF was 5.32 ± 6.83 % by 1H MRS and

9.49 ± 7.03 % by mDixon, when measured from areas

matching locations for 1H MRS. Values of HFF assessed

with mDixon correlated with those from 1H MRS

(r = 0.972, p \ 0.0001; Fig. 2a). Lower and upper limits

of agreement in the corresponding Bland–Altman analysis

(Fig. 2b) were 4.17 ± 3.22 %. The mean HFF value by

mDixon was significantly higher (p \ 0.001) than by 1H

MRS. Differences between both methods did not depend

on their mean value (slope = 0.03, p = 0.566).

Comparison of pancreatic fat fraction (PFF) using 1H

MRS and mDixon

The mean PFF from the body of pancreas was

5.45 ± 5.86 % by 1H MRS and 11.01 ± 5.53 % by mDi-

xon using Analysis A and 8.10 ± 2.85 % using Analysis B

(Table 1). Since 1H MRS was obtained from the body

region of pancreas, fat values of the body region by mDi-

xon and those by MRS were correlated as shown in Fig. 2c

(Analysis A: r = 0.804, p \ 0.0001; Analysis B:

r = 0.575, p = 0.003; Fig. 2c). Lower and upper limits of

agreement in the corresponding Bland–Altman plot for

Analysis A (Fig. 2d) and B (Fig. 2e) were 5.56 ± 7.02 and

2.65 ± 9.46 %, respectively. In both analyses, the mean

PFF value by mDixon was significantly higher (Analysis

A: p \ 0.001, Analysis B: p = 0.013) than by 1H MRS.

Differences between both methods did not depend on their

mean value (slope = -0.06, p = 0.654) in Analysis A, but

they did in Analysis B (slope = -0.851, p = 0.0002). The

Bland–Altman plot in Analysis B suggests that PFF values

by mDixon tend to larger/smaller values than those by 1H

MRS, if the mean PFF value is smaller/larger at around

9 %.

Regional difference in HFF and PFF using mDixon

In this group of subjects, no statistically significant dif-

ference was found in liver fat concentration in the three

examined regions; the superior frontal, mid lateral and

inferior regions, but it shows a trend of HFF in the posterior

section being highest (in the order of HFF in poster-

ior [ mid lateral [ anterior section) (p = 0.062, for global

test of no regional differences). Pancreatic fat content was

found to be similar in head, body and tail regions (Table 1).

No regional difference of fat contents within the head,

body and tail of pancreas was found by employing either

Analysis A (p = 0.50) or B (p = 0.92) (Table 1). Mean

PFF values from Analysis A (larger ROI’s) were higher by

2.9 % (p \ 0.001), 3.1 % (p \ 0.002) and 3.6 %

(p \ 0.001) than those from Analysis B, in body, head and

tail regions, respectively.

Relations to body fat volume

The mean abdominal volumes of VAT and SAT were

3.47 ± 2.47 liters and 5.89 ± 2.96 liters, respectively.

Both HFF measured by the two methods correlated well

with VAT content (r = 0.536, p = 0.008, by 1H MRS;

r = 0.490, p = 0.018, by mDixon) as in Table 2. PFF by

mDixon and 1H MRS also showed good correlations with

VAT (r = 0.605, p = 0.002 by 1H MRS; r = 0.735,

p \ 0.0001 by mDixon). Of note, correlations with pan-

creatic fat by mDixon with VAT content showed a stronger

statistical significance (p \ 0.0001 in all regions by mDi-

xon; p = 0.002 by 1H MRS in the body). Abdominal SAT

showed a weaker correlation with HFF (r = 0.375,

p = 0.078 by MRS: r = 0.357, p = 0.0087), but there was

a stronger correlation with PFF by both 1H MRS and

mDixon as in Table 2.

Discussion

This study found that the mDixon with two flexible echo

times correlated well with the gold standard 1H MRS

method for quantification of both liver and pancreas fat

content. While the correlation coefficient for liver fat

Table 1 Comparison of PFF (PFF in %) by mDIXON in three dif-

ferent regions in pancreas

Analysis

protocol

Regional PFF in %: mean (range)

Head Body Tail

Analysis A 11.0 (3.3–28.0) 11.0 (4.2–24.2) 11.3 (3.7–19.8)

Analysis B 8.0 (3.3–14.0) 8.3 (4.2–15.0) 7.7 (3.7–12.0)

Table 2 Sex-adjusted (partial) Pearson correlations of hepatic and

pancreatic fat contents with VAT and SAT (N = 24, 12 males and 12

females)

Organ MR method Correlation with adipose tissue:

r (p value)

Abdominal

VAT

Abdominal

SAT

Hepatic fat 1H MRS 0.536 (0.008) 0.375 (0.078)

mDixon 0.490 (0.018) 0.357 (0.087)

Pancreatic

fat

1H MRS 0.605 (0.002) 0.514 (0.012)

mDixon (Analysis

B)

0.735 (\0.0001) 0.646 (0.0009)
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measurements was close to 1.0, the correlation coefficient

for pancreas fat was less tight. These overall good corre-

lations between mDixon and 1H MRS in liver and pancreas

are consistent with previous reports for liver [8], and for

both liver and pancreas using IP/OP Dixon or iterative

decomposition of water and fat with echo asymmetry and

least-squares estimation (IDEAL) MRI [2, 8]. The current

data suggest that the fast mDixon can be utilized in clinical

applications as an alternative for the more time-consuming
1H MRS, particularly for correlative studies. However,

mDixon yielded consistently higher fat values by about

3–5 % in both liver and pancreas when compared to 1H

MRS, as shown in shifted lower and upper limits of

agreement by Bland–Altman analyses in results. This

might be due to systematical overestimation by the current

algorithm of mDixon/PRIDE software. The lower bound

by 1H MRS was lower than the one by mDixon techniques,

possibly due to a higher sensitivity by 1H MRS [4, 8]. This

may currently limit the use of mDixon when aiming at

detection of small changes in healthy persons with rather

low HFF and PFF. Moreover, a complete removal of pos-

sible T1 weighting (by employing a lower tip angle and

longer TR, or by post-acquisition corrections of T1) will

further improve accurate fat quantification of mDixon

method in the future. Other factors also can improve the

accuracy of this mDixon method, such as T2* corrections

and a multi-peak model for fat [29], which were not

employed in this study, and these are other limitations of

the current study.

For analysis of mDixon in pancreas, we evaluated

pancreatic fat content data with two different protocols to

examine VAT infiltration into the pancreatic tissue. As a

result, indeed, the Analysis B (smaller ROIs) yielded

slightly lower mean PFF in all three regions of pancreas.

Data from assimilated ROIs to 1H MRS in the body

region in Analysis A generated a slightly better correlation

coefficient with the one by 1H MRS (r = 0.804 vs.

r = 0.575); however, the fat values of PFF from Analysis

B were significantly lower. Thus, this implies that there

may be more VAT infiltration near the border of the pan-

creas. Potential PFF values from Analysis A represent

more peripancreatic fat contribution than Analysis B.

However, the complex structure of the pancreas makes it

difficult to separately quantify peripancreatic versus intra-

pancreatic fat contribution using current MRI.

Regarding possible relationships of pancreatic fat with

visceral and subcutaneous fat, the present data obtained

with the mDixon method showed tighter correlations in the

same population than by 1H MRS. This may suggest that

PFF assessed by mDixon are more robust than the ones by
1H MRS, probably due to less motion artifacts, even though

absolute values of PFF were systematically higher. Previ-

ously, Hu et al. [2] observed that a Dixon method was more

suitable than 1H MRS in a small organ, such as pancreas due

to breathing and other motion artifact. As reported by

Lingvay et al. [19], the placement of the VOI in 1H MRS is

critical in that no VAT should contaminate the VOI, which

would spuriously elevate the PFF. This localization error

due to the respiratory motion might have affected a high but

relatively lower correlation in PFF with 1H MRS compared

to HFF in the current study. When a subject fails to coop-

erate with the breathing instruction, the errors in a small

organ would be greater than in a big organ. According to

Linvay et al. [19], combining respiratory and cardiac gating

with a smaller VOI reduced this problem of 1H MRS.

Of note, pancreatic fat accumulation may not only result

from intracellular fat storage, but also from fatty degen-

eration after pancreatitis. Moreover, implications of peri-

pancreatic and intrapancreatic fat accumulation with

respect to diseases have to be considered. A recent study

showed that severe acute pancreatitis was strongly related

to VAT, which was interpreted as increased peripancreatic

fat—without directly assessing pancreatic fat [30]. At any

rate, mDixon could be a good pragmatic alternative to 1H

MRS, particularly for a small organ-like pancreas, for

which it would be quite difficult to employ 1H MRS in one

breath-hold. mDixon minimizes motion artifacts due to its

very short acquisition time, allowing breathhold scans, and

it can reduce partial volume effects of micro-regional

heterogeneity of pancreas as ROIs are selected in mDixon

fat maps by visual inspection. However, the clear distinc-

tion between intrapancreatic and peripancreatic fat remains

difficult to achieve.

Of note, Table 1 shows that the pancreatic fat fraction is

similar in the head, body and tail of the pancreas, for both

analysis methods, which is also consistent with one pre-

vious publication using IP/OP Dixon [16]. This is in con-

trast to the hypothesis of greater fat accumulation in the

pancreas tail due to the higher number of islets of Lan-

gerhans in this region [21, 31]. The fat content determined

from Analysis B using smaller ROIs was lower in all the

regions of the pancreas, indicating less contamination by

VAT. This implies that there is heterogeneity in PFF

between the peripancreas and intrapancreas.

This study also confirms the correlation between HFF

and VAT [4, 20–24]. We extended this finding to the

correlation between PFF and VAT, which has been

reported by one [15, 21], but not other groups [18].

Moreover, we observed good and consistent correlations

between PFF and VAT by two different methods, mDixon

and 1H MRS, in identical subjects (Table 2). PFF, assessed

by both 1H MRS and mDixon, correlated with both VAT

and SAT, while HFF correlated with VAT, but with SAT,

HFF showed only a trend.

The current data from this healthy group are probably

only valid for normal and overweight, but not for severely
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obese subjects. Also, patients with relevant diseases such

as diabetes mellitus or pancreatitis were not studied here.

Also, further studies warrant investigating detailed rela-

tions with age, sex and other factors in a large cohort in

the future. In addition, we could not obtain pancreas or

liver biopsy samples to validate the accuracy of the two

methods, which has been previously performed at least for

liver fat measurements by a similar 1H MRS technique

[32].

In summary, mDixon with 2 flexible echo times corre-

lated well with 1H MRS for assessing PFF and HFF with

the limitations that mDixon provides a higher lower limit

of detection and greater values of fat content. In addition,

mDixon is a fast 3D method (144 ms/slice) that also can be

employed as a good scout imaging tool for 1H MRS for

small organs, such as pancreas. Using this mDixon and 1H

MRS, PFF and HFF were consistently found to correlate

with VAT and/or SAT in the same individuals. Thus,

mDixon with two flexible echo times can offer a pragmatic

alternative for 1H MRS, particularly for correlative clinical

studies as demonstrated in this study.
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