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The aim of this study was to assess the reproducibility of standard,
Dixon-based attenuation correction (MR-AC) in PET/MR imaging. A

further aim was to estimate a patient-specific lean body mass (LBM)

from these MR-AC data. Methods: Ten subjects were positioned in

a fully integrated PET/MR system, and 3 consecutive multibed ac-
quisitions of the standard MR-AC image data were acquired. For

each subject and MR-AC map, the following compartmental vol-

umes were calculated: total body, soft tissue (ST), fat, lung, and

intermediate tissue (IT). Intrasubject differences in the total body
and subcompartmental volumes (ST, fat, lung, and IT) were

assessed by means of coefficients of variation (CVs) calculated

across the 3 consecutive measurements and, again, across these
measurements but excluding those affected by major artifacts. All

subjects underwent a body composition measurement using air

displacement plethysmography (ADP) that was used to calculate a

reference LBMADP. A second LBM estimate was derived from avail-
able MR-AC data using a formula incorporating the respective tis-

sue volumes and densities as well as the subject-specific body

weights. A third LBM estimate was obtained from a sex-specific

formula (LBMFormula). Pearson correlation was calculated for LBMADP,
LBMMR-AC, and LBMFormula. Further, linear regression analysis was

performed on LBMMR-AC and LBMADP. Results: The mean CV for

all 30 scans was 2.1 ± 1.9% (TB). When missing tissue artifacts were

excluded, the CV was reduced to 0.3 ± 0.2%. The mean CVs for the
subcompartments before and after exclusion of artifacts were 0.9 ±
1.1% and 0.7 ± 0.7% for the ST, 2.9 ± 4.1% and 1.3 ± 1.0% for fat,

and 3.6 ± 3.9% and 1.3 ± 0.7% for the IT, respectively. Correlation
was highest for LBMMR-AC and LBMADP (r 5 0.99). Linear regression

of data excluding artifacts resulted in a scaling factor of 1.06 for

LBMMR-AC. Conclusion: LBMMR-AC is shown to correlate well with

standard LBM measurements and thus offers routine LBM-based
SUV quantification in PET/MR. However, MR-AC images must be

controlled for systematic artifacts, including missing tissue and tissue

swaps. Efforts to minimize these artifacts could help improve the re-

producibility of MR-AC.
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Dual-modality PET/CT imaging systems, combining CT with
PET into a single imaging system, have become standard for

acquiring colocalized metabolic and anatomic information in clin-

ical practice (1). The effectiveness of PET/CT is due, in part, to

the complementary role of CT in providing both an anatomic

framework and reliable, quantitative attenuation values for tissues

inside the field of view of the PET for CT-based attenuation cor-

rection (2). After the introduction of dual-modality MR and PET

imaging (PET/MR), novel clinical applications of hybrid imaging

are being actively developed (3). PET/MR imaging has the advan-

tage of offering superior soft-tissue (ST) contrast and a wide array

of functional, morphologic, and even metabolic clinical imaging

protocols (4) within a single examination. However, correct atten-

uation correction is a prerequisite for the quantitative assessment

of PET images, but the use of MR image information in PET/MR

imaging for deriving MR-based attenuation correction (MR-AC)

is still a matter of debate (5).
Furthermore, the reproducibility of quantitative PET results is of

critical importance, particularly in the context of intrasubject therapy

response assessment. The reproducibility of PET data is closely

related to the reproducibility of the implemented attenuation-

correction method. In the context of PET/MR, this is a matter of

debate because the current implementations of MR-AC are known to

be affected by image artifacts (6). Several of these artifacts and their

effect on MR-AC have been discussed, such as truncation due to a

limited field of view or tissue swap effects in Dixon-based MR-AC

maps (7,8), thus limiting the reproducibility of MR-AC and subse-

quent attenuation-corrected PET data (9).
Despite the general drawbacks of MR-AC methods, the Dixon-

based MR-AC provides information on the amount and distribution of

adipose tissue present in each subject undergoing a PET/MR imaging

examination. This was already shown for Dixon-type images by Wald

et al. (10) and Ludwig et al. (11) and confirmed in a study by

Jochimsen et al. (12). Hence, standard MR-AC algorithms generate
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image information that can be used to estimate a patient-specific
lean body mass (LBM) for potentially improved quantification of
PET data in PET/MR imaging (11).
In practice, a PET study is performed as a static measurement

over a fixed amount of time (e.g., 5 min). Unfortunately, an absolute
quantification of the metabolic activity is not possible a priori. The
uptake of labeled tracer depends on the amount of available tracer
and its ratio to the unlabeled analog (13). Kinetic modeling based
on dynamic acquisitions, continuous measurement of the blood
activity, and extensive postprocessing can be used to overcome this
limitation, but such protocols are not accepted in clinical routine.
Instead, the concept of the SUV is used widely (14,15). SUV relies
on the normalization of the PET signal with an estimate of tracer
availability based on the injected total amount of tracer activity and
a patient-specific measure, such as body weight (SUVbw), body
surface area (SUVBSA), or LBM (SUVLBM) (16). SUVLBM has been
suggested as an estimate of the true metabolic rates that is better
than SUVbw (15,16). Subsequently, several LBM formulas based on
patient weight and height, body surface area, and sex-specific cor-
rection factors have been proposed, without a single formula-based
estimation being in widespread clinical use today (16–18).
Therefore, the aim of this PET/MR-specific study was 2-fold:

first, to assess the reproducibility of standard Dixon-based MR-AC,
and second, to assess the usefulness of Dixon-based MR-AC for an
accurate and clinically viable estimation of patient-specific LBM.

MATERIALS AND METHODS

Subjects

Ten subjects (5 men, 5 women) were included in this study. All
volunteers were selected from a separate study cohort in which subjects

underwent a body composition measurement using air displacement
plethysmography (ADP) (19) at the Institute of Nutritional Science at the

University of Vienna. ADP is a technique to measure the body volume,
which is used together with the weight of the subject to calculate the

body composition based on multicompartment models (19,20). ADP

measurements were performed using a BOD POD system (BodPod;

COSMED USA, Inc.) with the subjects dressed in light clothing. Prior
to the ADP measurements, the ADP subjects were asked to void their

bladders. All subjects were weighed on an accurate digital scale and
seated in the chamber of the BOD POD system. Body volume was

measured twice for 40 s each. Appropriate corrections for thoracic gas
volume and skin surface area artifacts in adults were applied to the raw

measurement before the actual body volume of each subject was calcu-
lated. Body density values were obtained from the measured body

weight and calculated body volume. The percentage fat and LBMADP

were obtained from body density using Siri’s equation (20).

The average age of the subjects was 326 7 y. The mean body weight
was 66 6 10 kg, and the mean height was 172 6 6 cm, yielding an

average body mass index of 22 6 2 kg/m2. The fat fraction assessed
with ADP ranged from 7% to 28%. Detailed information for each

volunteer is given in Table 1.
The study was approved by the local ethics committee, and partici-

pating subjects gave their written informed consent to participate in this
study.

Acquisitions

All subjects underwent total-body, standard Dixon-based MR

imaging to generate total-body, MR-based attenuation maps (21)
within 3 d of the ADP measurement. MR imaging was performed

on a Biograph mMR PET/MR system (Siemens Healthcare) running
on software version VB20.

For the acquisition of the total-body MR-AC maps, subjects were
positioned head-first-supine on the PET/MR patient table to replicate

positioning in a clinical total-body acquisition scenario. Similar to the
clinical standard, the head-and-neck coil in combination with all

available (n 5 4) flexible body surface coils was used to cover an
imaging range from the neck to the knees. Three successive Dixon-

based sequences were acquired without repositioning the subjects in

between scans, covering an axial imaging range from head to toe for
deriving total-body MR-AC data. The following standard settings were

used for the MR-AC sequence: repetition time, 3.6 ms; echo time 1,
1.23 ms; echo time 2, 2.46 ms; and flip angle, 10�. For the acquisition of

TABLE 1
Summary of Results for All Subjects

Subject Sex Height (cm)

Body

weight (kg) FatADP (kg) LBMADP (kg) LBMFormula (kg)

LBMMR-AC (all MR-AC

maps/excluding artifacts) (kg)

Scaled

LBMMR-AC (kg)

1 F 169 56.4 11.9 44.5 43.9 42.9/42.8 45.4

2 M 177 82.5 22.2 60.3 63.0 55.9/55.9 59.2

3 M 178 67.4 14.2 53.3 55.8 51.9/51.9 55.0

4 M 169 71.4 16.5 54.9 55.7 52.0/51.8 54.9

5 F 170 59.0 16.4 42.7 45.3 40.6/40.5 43.0

6 F 167 56.0 12.6 43.4 43.3 40.6/40.3 42.7

7 F 160 56.8 15.5 41.3 42.1 38.5/38.5 40.8

8 M 180 79.0 5.6 73.4 62.3 63.9/— (67.1*) — (71.1*)

9 M 179 71.7 5.0 66.8 58.3 59.3/— (60.7*) — (64.4*)

10 F 169 56.9 5.8 51.2 44.1 47.6/48.4 51.3

*For these subjects, tissue swaps occurred in all repeated scans. Values in parentheses are extracted from 1 scan each for which tissue

swaps were corrected manually. This was done by inverting ST and fat values in MR-AC maps in respective regions. This is predictive for

LBM with no tissue swaps but is not supposed to result in same LBM gained from artifact-free MR-AC image.

LBMMR-AC column shows values of LBM gained for all acquisitions with and without tissue swap and missing tissue artifacts. Scaled
LBMMR-AC column shows values scaled by scaling factor gained from linear regression.
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relevant data of the thorax and upper abdomen, subjects were instructed

to hold their breath in full-inspiration. All other acquisitions were per-
formed in free-breathing, resulting in 3 composed total-body Dixon-

based MR-AC maps per subject.

Reproducibility

An experienced imaging physicist inspected all MR-AC maps visually
for artifacts. Noticeable artifacts were categorized into 4 categories:

truncation, tissue swaps, air cavities, and missing tissue (Fig. 1).
Compartment volumes were calculated for all MR-AC maps using an

in-house script (MATLAB version R2013b; The MathWorks). For each
tissue compartment, the total volume was estimated from the number of

voxels with the respective values multiplied by the volume of a single
voxel. The voxel values of the compartments correspond to the linear

attenuation coefficient (1/cm) multiplied by a factor of 104. Voxel val-
ues were 1,000 (ST), 854 (fat), 927 (intermediate tissue [IT]), and 224

(lungs). IT describes a class of voxels that consists of a balanced mix of
50 6 5% of fat and ST and, therefore, is assigned the average attenu-

ation value of fat and water. The total-body volume was calculated for
each MR-AC map by adding all the compartment volumes.

For all subjects, coefficients of variation (CVs) of the total-body
volume were calculated across the 3 consecutive measurements. CV

calculations were repeated for all measurements but after removal
of the lung compartment to exclude effects caused by different

respiratory states between the measurements. Further, CV calculations
were repeated for all measurements but after exclusion of measure-

ments with missing tissue artifacts without and with the lung compart-
ment excluded.

Furthermore, CV of the subcompartment volumes relative to the
total-body volume were calculated across the 3 consecutive measure-

ments before and after exclusion of acquisitions with tissue swaps and
missing tissue artifacts. The motivation of excluding acquisitions with

missing tissue and tissue swap artifacts was to estimate the re-
producibility for standard acquisitions without major image distor-

tions considering that several solutions exist to mitigate the effects of

truncation, tissue swaps, and susceptibility effects (3).

LBM Estimation

For all subjects, LBM was estimated in 3 variants: from standard

MR-AC (LBMMR-AC), from a sex-specific formula (LBMFormula), and

from ADP measurements (LBMADP). The calculation of the subject-

specific LBMMR-AC was based on:

LBMMR-AC 5 msubject
ðVST · rSTÞ1 ðVIT · rIT · 0:5Þ

ðVST · rSTÞ1
�
Vfat · rfat

�
1 ðVIT · rITÞ

;

where m is the total-body mass in (kg), V are the respective
compartment volumes in (L), and r are the tissue-dependent densities

(rST 5 1:1  kg=L; rF 5 0:9  kg=L; rIT 5 1  kg=L) (22). LBMMR-AC was
calculated in 2 ways: first, with the average value of all compartment

volumes for the 3 acquisitions, and second, after exclusion of scans
with tissue swaps and missing tissue artifacts, as these type of image

distortions are suspected to affect the CV most significantly.
LBMFormula was calculated for men and women using the approach

described by Green and Duffull (23):

Men:   LBMFormula 5 1:1 · msubject 2 128 ·
�
msubject

hsubject

�2

Women:   LBMFormula 5 1:07 · msubject 2 148 ·
�
msubject

hsubject

�2

;

where hsubject is the subject height in cm, and msubject is the subject

weight in kg.

LBMADP was considered the gold standard. The correlation be-
tween LBMADP, LBMMR-AC, and LBMFormula was assessed using

Pearson correlation coefficient together with the corresponding 95%
confidence intervals (CIs) and tested for correlation (null hypothesis:

correlation 5 0). A linear regression was used to derive a scaling
factor between LBMMR-AC and LBMADP. This factor was then used

to scale LBMMR-AC estimates extracted from MR-AC maps that did
not contain tissue swap or missing tissue artifacts to LBMADP

(LBMMR-AC (Scaled)).

RESULTS

Reproducibility

Artifacts. Truncation artifacts were present in all scans of all
subjects. For each subject, air cavities were present in at least 1 of
3 MR-AC maps. Missing tissue artifacts and tissue swaps were
observed in scans of 4 subjects each. Tissue swaps were recognized
in 2 subjects in all repeated scans. Figure 1 and Table 2 summarize
all relevant findings.
CVs. The average CV of the total-body volume for all scans

before and after exclusion of lung tissue classes was 2.1 6 1.9%
and 2.3 6 2.0%, respectively. After exclusion of the scans with
missing tissue artifacts, the average CV for the total-body volume
was 0.3 6 0.2% and 0.3 6 0.3% before and after the exclusion of

FIGURE 1. Examples of typical image artifacts in Dixon-based attenu-

ation maps: missing tissue artifact (A), air cavities (B), truncation artifacts

(C), and tissue swap artifact (D) with inverted ST and fat distributions in

central bed position.

TABLE 2
Artifacts in Repeated Scans

Parameter
Missing
tissue

Air
cavities Truncation

Tissue
swaps

Subjects 4 of 10 10 of 10 10 of 10 4 of 10

Scans 6 of 30 28 of 30 30 of 30 8 of 30

Subjects row gives number of subjects in whom respective
artifacts were observed. Scans row gives number of scans in total

in which respective artifacts were observed.
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lung, respectively (Fig. 2). The mean CVs of the subcompartment
volumes relative to the total-body volume were 0.9 6 1.1%, 2.9 6
4.1%, 3.6 6 3.9%, and 4.2 6 1.8% for ST, fat, IT, and lung, re-
spectively. The exclusion of missing tissue and tissue swap artifacts
resulted in reduced CVs of 0.7 6 0.7%, 1.3 6 1.0%, 1.3 6 0.7%,
and 3.1 6 1.8%, respectively (Fig. 3).

LBM

Linear regression was performed while restricting the intercept
to zero and revealed a scaling factor of 1.08 and 1.06 for all MR-
AC maps and MR_AC maps excluding missing tissue and tissue
swap artifacts, respectively.
The value range of LBMFormula and LBMMR-AC (Scaled) was 85%–

106% and 94%–106% of the LBMADP, respectively. When tissue
swap and missing tissue artifacts were excluded, the range of
LBMMR-AC (Scaled) increased to 100%–106% of LBMADP. The results
for each subject are listed in Table 1. Repeated tissue swap artifacts in
2 subjects were corrected manually for 1 scan each to obtain a the-
oretic, tissue swap artifact-free MR-AC map. This correction implied
the manual inversion of fat and ST values in the affected regions.
These data were not included in the calculations of the correlation and
the linear regression but are included in Table 1 and Figure 4.
Figure 4 shows LBMMR-AC and LBMFormula in comparison to

LBMADP. Pearson correlation between LBMADP and LBMMR-AC

was r 5 0.989 (95% CI, 0.954–0.998, P , 0.001) and r 5 0.992
(95% CI, 0.958–0.999, P , 0.001) for all MR-AC maps before
and after exclusion of scans with tissue swap and missing tissue
artifacts, respectively. Between LBMADP and LBMFormula, the cor-
relation was r5 0.893 (95% CI, 0.601–0.975, P, 0.001) and r5
0.914 (95% CI, 0.587–0.985, P , 0.001), respectively.

DISCUSSION

Combined PET/MR imaging mandates the use of MR-based
image information to derive attenuation maps as a prerequisite to

PET quantification (24). This study had 2 objectives: first, to as-
sess the reproducibility of standard MR-based attenuation maps
using human subjects, and second, to investigate whether this
Dixon-based approach to MR-AC could facilitate a straightfor-
ward estimation of the LBM in human subjects, so as to provide
an intrinsic means of performing SUV calculations based on the
use of LBM (12).
We were able to demonstrate the limitations of reproducibility

of MR-AC using standard, Dixon-based imaging methods (Table 2;
Fig. 1). Above all, image artifacts in MR-AC were rather frequent in
this study. As expected from the standard implementation of the
Dixon approach to calculate the MR-AC in the Biograph mMR,
truncation artifacts were observed in all subjects. During the devel-
opment of PET/CT, this issue was also a problem, but it could be
solved by implementing dedicated procedures for expanding the
field of view (25). Similar promising and effective procedures have
already been proposed and validated for PET/MR imaging and can
be used to overcome this problem (26,27).
Tissue swap artifacts were observed also, albeit in fewer

subjects. These artifacts are well known in Dixon-based MR-AC
and most prominent in lean patients (8,10). Nevertheless, solutions
to correcting for tissue swaps have already been described, for
example, by Wald et al., who identified tissue swaps in lower
extremities using difference images of overlapping slices of con-
tiguous bed positions (10). Switching the information of the inter-
changed sequence images is used to correct for these distortions
in a repeated scan.
In our cohort the observed missing tissue artifacts were always

located in the axial region covered by the last surface coil, that is,
in the area of the knees (Fig. 1). For imaging the remainder of the
lower extremities, the internal MR body coil was used because of
the limited acceptable number of surface coils in parallel opera-
tion. In our experience, these missing tissue artifacts are fre-
quently caused by an incorrect automatic selection of the optimal
receiving coil near the transition zone between add-on surface

FIGURE 2. CV of total-body volume (TB). CVs are given for all MR-AC

maps and for MR-AC maps excluding missing tissue artifacts, before

and after exclusion of lung compartment.

FIGURE 3. CV of subcompartment volumes. CVs are shown for all

MR-AC maps and for MR-AC maps excluding tissue swap and missing

tissue artifacts (i.e., artifact-free).
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coils and the intrinsic body coil. Therefore, missing tissue artifacts
are likely to disappear in examinations when the axial field of
view is covered completely with surface coils (e.g., a standard
whole-body examination) or when only the integrated body coils
are used for the entire acquisition. Moreover, a manual selection of
the receiving coils in the affected region can also help to overcome
this artifact.
Air cavities occurred in regions in which air can be expected

(e.g., abdominal region, air cavities in head). However, these cavities
appeared to be overestimated in size because of susceptibility effects.
This is an inherent challenge to MRI arising from magnetic field
inhomogeneities at the interface of air and tissue (7,28).
The reproducibility of total-body volume is limited (CV, 2.1%)

for all subjects and test–retest scans. However, given several a
priori solutions for many of these image distortions, as outlined
above, we estimated this reproducibility also in the absence of the
most critical image distortions (missing tissue), only to find a
significantly reduced CV of 0.3%. This variance is similar to that
of standard MR images and in accordance with the literature. For
example, Wald et al. calculated a CV of 0.3% for total-body vol-
ume assessed in Dixon-based fat quantification (10).
Further, we estimated the effect of the observed variance of

the MR-AC maps on the estimated PET activity values, thereby
acknowledging the fact that no PET tracer was injected to the
subjects of this study. For example, for a subject of 80-kg weight
and 180-cm height with an estimated body volume of about 80 L
(assuming a density of about 1 kg/L) and a body surface area of
2 m2 (29), a reported CV of 0.3% would result in an SD of the
change in volume of 240 mL. If this difference in volume was to
be evenly distributed across the entire body, then it could be
represented by an additional layer tissue of 0.12 mm across the
entire body surface. Therefore, an annihilation photon pair origi-
nating from the center of the body in the transaxial direction
would face an additional layer of attenuating material of approx-
imately 0.24 mm; such increase in relative layer thickness, how-
ever, is insignificant in view of the entire attenuation path across
the body and, therefore, is not likely to cause noticeable differ-
ences in attenuation-corrected PET data.
Subcompartment volumes showed a slightly lower stability

(CV, 0.7%–1.3%), with the exception of the lung compartment
(CV, 3.1%). This is expected because the phase of respiration

may change between acquisitions. Com-
pared with the literature, the reproducibil-
ity was in line with MR-based body
composition measurements (10,11,30). For
example, Ludwig et al. calculated a 1.3%
maximum CV for the fat compartment
extracted automatically from Dixon-based
MR images for 5 repeated scans (11),
which compares well with the results of
our study (CV, 1.3%). Likewise, these
changes should not have a noticeable im-
pact on attenuation-corrected PET data.
In summary, the stability of the Dixon-

based MR-AC is comparable to advanced
body composition measurements using
MRI, indicating the usability of MR-AC
for LBM assessment. Therefore, we com-
pared LBMMR-AC with LBM estimated
with ADP and a predictive formula. ADP
is a well-established method for body com-

position assessment, and several studies set the range of CV for
this method to between 1.7% and 3.7% (19). In this study, the
correlation of LBMADP and LBMMR-AC was excellent (r 5 0.99).
A lower correlation was found between LBMADP and LBMFormula

(r 5 0.89), which can be explained by the limited performance of
the predictive formulas in nonstandard patients, such as in very
lean (Table 1) or obese subjects (23). In these atypical subjects,
LBMMR-AC is expected to be more accurate than LBMFormula.
Nevertheless, LBMMR-AC was underestimated in comparison to

LBMADP. This systematic deviation is most likely caused by the
properties of the MR-AC segmentation algorithm in combination
with the model used for the LBM calculation. Similar deviations
were reported for automated fat quantifications using Dixon im-
ages on MRI systems (11). More specifically, the authors found
significant correlations (Pearson) of r 5 0.98 and 0.97 with ADP
measurements for 2 different models to calculate the fat mass.
However, depending on the model used, average deviations of
the absolute values of 118% and 211% were reported (11).
In our study, a linear regression was used to obtain a calibration

factor to correct for the systematic deviation of LBMMR-AC and
LBMADP. The intercept was restricted to zero, as an imaginary
person containing no fat measured in both modalities should result
in a zero fat fraction in both measurements.
The data presented in this study were obtained from total-body

measurements. In clinical practice, the most prominent axial
investigation area is from the base of the skull to mid thighs
(18,31), and therefore, image information of the head and the
lower extremities are typically missing. Although these missing
body parts are not expected to cause large errors in the LBM
estimation (32), a follow-up investigation should target a predic-
tive extrapolation of these regional volumes from the axial imag-
ing range covered in a standard whole-body study.

CONCLUSION

The reproducibility of the Dixon-based MR-AC is high for
artifact-free images and for images with only minor distortions.
Nevertheless, in current implementation of MR-AC the frequency
of artifacts is comparatively high, thus limiting the reproducibility
of standard MR-AC. However, in the case of subjects void of
tissue swap and missing tissue artifacts in MR-AC data, LBM

FIGURE 4. Comparison of scaled LBMMR-AC and LBMFormula with LBMADP: using all MR-AC

acquisitions (left) and excluding tissue swap and missing tissue artifacts (right). LBMMR-AC corrected

values (*) are LBMMR-AC for the 2 volunteers with tissue swaps in all acquisitions for a single

acquisition in which tissue swaps have been manually corrected.
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estimation from Dixon-based MR-AC maps correlates well with
standard LBM measurements and offers the option for routine
SUVLBM-based quantification in PET/MR.
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