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Abstract

Purpose

MRmight be well suited to obtain reproducible and accurate measures of fat tissues in in-

fants. This study evaluates MR-measurements of adipose tissue in young infants in vitro
and in vivo.

Material and Methods

MR images of ten phantoms simulating subcutaneous fat of an infant’s torso were obtained

using a 1.5T MR scanner with and without simulated breathing. Scans consisted of a carte-

sian water-suppression turbo spin echo (wsTSE) sequence, and a PROPELLER wsTSE

sequence. Fat volume was quantified directly and by MR imaging using k-means clustering

and threshold-based segmentation procedures to calculate accuracy in vitro. Whole body

MR was obtained in sleeping young infants (average age 67±30 days). This study was ap-

proved by the local review board. All parents gave written informed consent. To obtain re-

producibility in vivo, cartesian and PROPELLER wsTSE sequences were repeated in

seven and four young infants, respectively. Overall, 21 repetitions were performed for the

cartesian sequence and 13 repetitions for the PROPELLER sequence.

Results

In vitro accuracy errors depended on the chosen segmentation procedure, ranging from

5.4% to 76%, while the sequence showed no significant influence. Artificial breathing in-

creased the minimal accuracy error to 9.1%. In vivo reproducibility errors for total fat volume

of the sleeping infants ranged from 2.6% to 3.4%. Neither segmentation nor sequence sig-

nificantly influenced reproducibility.
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Conclusion

With both cartesian and PROPELLER sequences an accurate and reproducible measure of

body fat was achieved. Adequate segmentation was mandatory for high accuracy.

Introduction
Mean birth weight and body fat mass growth in the first year of life have increased continu-
ously over the last decades [1,2]. Both elevated birth weight and early fat mass are risk factors
for childhood and adult obesity [3,4]. Compared with 1985 and 1999 there is a 50% increase in
overweight children and adolescents today [5]. To estimate the risk of associated diseases in
later life, such as type 2 diabetes, not only the total amount of fat but also the distribution of
body fat is of major importance [6]. However, up to now very little is known about the develop-
ment of different adipose tissues in young infants [7–9].

To advance this knowledge, reproducible measures are needed to evaluate body fat non-
invasively in observational studies that try to find early predictors for obesity and diabetes in
later life. MR has shown to be well suited for this task, in particular with recent developments
in sequence design [9–11]. However, it might be a challenge to obtain accurate and reproduc-
ible quantitative measures in young infants, as motion artifacts have to be minimized and
breathing artifacts cannot completely be avoided. The peculiarities of this age group entail high
demands in sequence design and post processing algorithms. In particular, the segmentation
procedure is a demanding process, that possibly leads to high reproducibility and accuracy er-
rors. Different segmentation algorithms have been compared in adults, however results will
change in an infant’s anatomy [12]. To our knowledge, neither data about accuracy nor repro-
ducibility of measures of adipose tissue in this age group are available in the literature.

Thus, the first purpose of this study was to evaluate the accuracy of adipose tissue measure-
ments in phantoms by MRI, using water displacement as the reference standard. Based on
these results, the second purpose was to evaluate the feasibility and reproducibility of adipose
tissue measurements in infants and to compare the influence of different MRI sequences and
segmentation algorithms."

Material and Methods
This prospective study was approved by the local institutional review board (IRB of the Klini-
kum rechts der Isar, Technische Universität München) and conducted according to the princi-
ples expressed in the Declaration of Helsinki. All parents gave written informed consent. The
study was designed to evaluate the quantification of adipose tissue in young infants by whole
body MR. Accuracy was assessed in vitro in ten phantoms and reproducibility in vivo in ten
young infants. The analysis of MRI data results in the expression of adipose tissue content as
volume of adipose tissue, and was reported as volume in the present study. However, a conver-
sion to adipose tissue mass is possible on the assumption that the density of adipose tissue is
0.925g/cm3 [13,14].

Phantom studies
To determine accuracy of MR-based fat measurements in vitro, a phantom was build, simulat-
ing an infant’s torso. It consisted of two plastic tubes filled with water and a total diameter of
about 15cm. A third, empty tube was placed between the two water-filled tubes and connected
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to a respiration machine to simulate breathing motion with a frequency of 50/min and a vol-
ume of 20ml per breath. Different layers of lard with a thickness of 2–4mm each and a width of
about 5cm were wrapped around the water tubes. Ten different phantoms were built in this
way, with total fat volumes ranging from 54 to 300ml. While the geometrical dimensions of the
phantom were quite similar to a young infant, the surface-to-volume ratio was much higher in
the phantom due to the multiple thin layers of fat. This setup should enhance errors due to in-
correct segmentation of partial volume effects.

Fat volumes were quantified directly by putting the bands of lard in a water bath and mea-
suring the replaced water volume (Archimedes method). These measurements were repeated
three times and average values were used for all further calculations. The estimated reproduc-
ibility error for this method was 1.4%, determined as the root mean square error of the coeffi-
cients of variation of each band of lard. The lard was kept in sealed plastic bags to prevent from
drying and all other measurements were performed within one week. These volumes deter-
mined by the Archimedes method were used as a standard of reference for all image-based cal-
culations. MR images of all ten phantoms were obtained using a 1.5T MR scanner (Avanto,
Siemens, Erlangen, Germany) with and without simulated breathing. Scans consisted of a
conventional cartesian intermediate-weighted turbo spin echo (TSE) sequence with water
suppression (ws), and a Periodically Rotated Overlapping ParallEL Lines with Enhanced
Reconstruction (PROPELLER) wsTSE sequence as described below.

Fat volume was calculated in the MR images using an semiautomatic k-means clustering as
well as a threshold-based segmentation with varying thresholds.

Infant studies
To determine reproducibility of the MR-based fat measurements in vivo, repeated measure-
ments were obtained in young infants. Previous in vitro experiments were used to exclude in-
sufficient protocols from the in vivo part of the study. The infants (average age 67days, range
22–154 days) were recruited from a large randomized controlled trial, initially designed to in-
vestigate the impact of nutritional fatty acids on adipose tissue development in the offspring.
208 healthy pregnant women were enrolled in the study. Primary outcome was infant fat mass
assessed by skinfold thickness measurements up to the first year of life. The study design as
well as the clinical results on infant fat mass up to 1 year of age were previously described in de-
tail [15,16]. 188 infants were clinically examined at birth and 170 were followed-up until 1 year
post partum. Out of all those infants, 53 additionally underwent MR imaging. In all other in-
fants no appointment could be made for the scan due to time constraints or disagreement of
the parents. The infants undergoing MRI were placed in a plastic tray and had to wear ear
plugs during the scan. If the infants were not able to fall into natural sleep without sedative
drugs within two hours, the procedure was aborted. In 36 infants, MR scans could be per-
formed during natural sleep without motion artifacts. In ten of these infants both cartesian and
PROPELLER sequences were acquired and at least one sequence was repeated three or four
times for reproducibility measurements. The data obtained in these infants was evaluated in
this study. As the complete scan time was limited, infants, falling asleep faster, were scanned
with more repetitions. The cartesian wsTSE sequence was repeated three times in seven infants
with an average age of 77 days (range 46–124), resulting in 21 scans with a degree of freedom
[df = n(infants)�(n(scans per infant) -1)] of 14. The PROPELLER wsTSE sequence was repeat-
ed four times in one infant and three times in three infants with an average age of 54 days
(range 49–60), resulting in 13 scans with a df = 9. It is to note that in one infant both sequences
were acquired three times each; this infant was included in both groups described above.
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MR imaging protocol
All scans were performed in ‘silent mode’ with slow gradients. As suggested by Peng et al. we
used water-saturated magnetic resonance imaging for accurate abdominal fat quantification
[17]. Protocols were initially set up for a HASTE (Half Fourier Acquisition Single Shot Turbo
Spin Echo) sequence, a fast 3D gradient-recalled-echo Dixon sequence, a conventional carte-
sian wsTSE sequence and a PROPELLER wsTSE sequence to minimize breathing artifacts. The
conventional cartesian TSE sequence was a 2D intermediate weighted TSE sequence with a
water suppression pulse (Table 1). TE was 14ms, TR 2416ms, the echo train length 5 and the
bandwidth 130 Hz/px. Parallel imaging was used with the GRAPPA (GeneRalized Autocali-
brating Partially Parallel Acquisition) algorithm and an acceleration factor of R = 2, thus
26x34x60 cm3 were covered with a spatial resolution of 0.9 x 0.9 x 5 mm3 in 4:56 min. Spacing
between the slices was 1mm. In case of the three older infants (> 65 days), the spacing was in-
creased to 2mm, as a scan length of 70cm was needed to cover the whole bodies.

In case of the PROPELLER wsTSE sequence a quadratic field of view has to be used; thus,
parameters were adopted to achieve a compromise between resolution and imaging time: TE
was 47ms and TR 2770ms, echo train length was 9 and the bandwidth 345 Hz/px. Parallel im-
aging was used with the GRAPPA algorithm and R = 2, thus 35x35x60 cm3 were covered with
a spatial resolution of 1.1 x 1.1 x 5 mm3 in 7:24 min. Spacing between the slices was 1mm.

In seven infants (out of all 53), we tried to obtain a HASTE sequence. However, due to the
inconsistent noise pattern of this sequence, all infants awoke during that scan. Therefore no
data about this sequence is included in the presented work. The same applied for a fast 3D gra-
dient-recalled-echo Dixon sequence; scanning of this sequence was aborted after three infants
awoke during the scan.

Segmentation
MR images were anonymized and transferred to an offline workstation. The whole body of the
infants was segmented, including head and extremities. It was performed with two different al-
gorithms that were developed in-house and implemented as plugins in ImageJ. [Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/
ij/, 1997–2009.] These plug-ins combined our C++/ITK based algorithms with the countless
options of ImageJ. We applied a threshold-based segmentation, that selects all pixels with a sig-
nal intensity higher than a specific threshold. The threshold was defined according to the histo-
gram of the measurements, where a maximum was found at an intensity of about 15
(corresponding to background noise) and of about 420 (corresponding to fat). To separate
these two phases, three different thresholds between those peaks (150, 250 and 350) were de-
fined and kept constant for further evaluation. In a second step, all segmented areas with a

Table 1. Scan parameters of the wsTSE sequences used (prop: PROPELLER; cart: cartesian).

cart prop

TE [ms] 14 47

TR [ms] 2416 2770

scan time [min:sec] 4:56 7:24

Voxel size [mm] 0.9 x 0.9 x 5 1.1 x 1.1 x 5

Slice gap [mm] 1 1

Field of view [cm] 26x34x60 35x35x60

doi:10.1371/journal.pone.0117127.t001
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volume smaller than 25mm3 were excluded. In a third step, the user could correct artifacts due
to breathing and inhomogeneities of the magnetic field manually.

Additionally, we applied an optimized semi-automatic k-means clustering segmentation al-
gorithm, that is not dependent on a specific threshold. It has been described in detail before
[18]. In brief, it performs the following steps for segmentation of MRT data: (i) bias-field effect
correction, (ii) parameter estimation for k-means clustering, (iii) k-means clustering and (iv)
detection of adipose tissue via active contours. Finally, the user could correct artifacts manual-
ly. This semi-automatic segmentation was much faster as compared to the threshold-based seg-
mentation due to fewer user-interaction needed, in case of 100 slices about 15 minutes vs.
30 minutes.

In case of the k-means clustering segmentation we semi-automatically separated subcutane-
ous from intra-abdominal fat, including intraperitoneal and retroperitoneal fat.

Statistical analysis
The level of significance was set to be at p< 0.05 for all tests of the whole study. Accuracy er-
rors were calculated as the root mean square (RMS) of the individual relative differences be-
tween the directly measured fat volumes (Archimedes method) and the MR-based
measurements of the ten different phantoms. Differences between accuracy errors were evalu-
ated by a two-sided Student´s t-test for related samples, as the Kolmogorov-Smirnov-analysis
revealed no significant difference from a normal distribution for all measurements and errors.
Additionally, Pearson correlation coefficients of the MR measurements versus the directly
measured fat volumes were calculated. Significant differences in correlation coefficients were
assessed using the Fisher-Z-Transformation. Reproducibility errors were calculated as the root
mean square of the individual coefficients of variation of the repeated measurements in each
infant. The coefficients of variation were determined as the standard deviation of the repeated
measurements in one infant divided by the mean of the measurements in that infant. Differ-
ences between reproducibility errors were evaluated by a two-sided Student´s t-test for differ-
ent samples. The statistical computations were processed using SPSS Version 15.0 (Chicago,
IL, USA).

Results

Phantom studies
As determined with the Archimedes method, the average fat volume of the ten phantoms was
172 ± 72ml (range 54–299ml). In case of the MR measurements, the fat volume was over-esti-
mated by the k-means clustering segmentation for all sequences (Fig. 1, Table 2) and underesti-
mated by the threshold-based segmentation for all sequences. This error was minimal for the
threshold 150, but pronounced for 250 and 350.

Smallest accuracy errors were found for the conventional TSE sequence with k-means clus-
tering segmentation (5.4%) in the motionless setting (Table 3). When simulating breathing ar-
tifacts, errors increased for both sequences and all segmentation procedures; however this was
significant only in case of the threshold-based segmentation and the PROPELLER TSE se-
quence. Smallest errors in case of simulated breathing were found for the conventional TSE
sequence with threshold-based segmentation (thr1, 9.1%). However, differences between k-
means clustering and threshold-based segmentation with the smallest threshold (150) were not
significant. Accuracy errors significantly increased when choosing higher thresholds (250,
350), up 76% in case of an inappropriate threshold (Table 3). Breathing artifacts increased the
minimal error to 9%, while the chosen sequence did not significantly influence accuracy, al-
though accuracy errors were slightly smaller in case of the conventional TSE sequence
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(Table 3). MR measures were highly correlated with the standard of reference (up to r2 = 0.996,
Table 3). As in case of the accuracy errors, no difference was found between sequences or seg-
mentation methods, if an appropriate threshold was used.

Infant studies
The average total fat volume was 1988ml in the 4 infants measured by the PROPELLER wsTSE
sequence and evaluated with the k-means clustering segmentation (Table 4). The 7 infants
measured by the conventional wsTSE sequence had a higher mean age (77 vs. 54 days) and a
mean fat volume of 2233ml. The highest reproducibility error for total adipose tissue was 3.4%
(Table 5). No significant differences were found between sequences or segmentation algo-
rithms (Fig. 2), however smallest values were found for the k-means clustering segmentation
technique and the PROPELLER wsTSE sequence (2.6%, p>0.05, Table 5, Fig. 3). Reproducibil-
ity errors significantly increased if subcutaneous (s.c.) and intra-abdominal (i.a.) fat depots
were separated (Table 5).

Discussion
This study demonstrated that assessment of adipose tissue of young infants by whole body
MRI is challenging and might not be possible in every infant without sedation. However, if the
infants fall asleep, fat quantification is possible by MRI with high accuracy and reproducibility.
While no significant difference was found between cartesian and PROPELLER wsTSE se-
quences, an adequate segmentation technique is mandatory for high accuracy. HASTE and
gradient echo sequences were not feasible due to the high and inconsistent noise level.

Fig 1. The phantom scanned by MR imaging with the cartesian wsTSE sequence without (A) and with breathing simulation (B) and the
PROPELLERwsTSE sequence without (C) and with breathing simulation (D).

doi:10.1371/journal.pone.0117127.g001

Table 2. Absolute values of the in-vitro phantom measurements determined with the different
sequences (prop: PROPELLER TSE; cart: cartesian TSE) and segmentation algorithms (k-means: k-
means clustering; thr150–350: threshold-based with different threshold settings of 150, 250 and
350).

motionless simulated breathing

Segmentation prop cart prop cart

k-means [ml] 180 ± 82 190 ± 88 177 ± 81 180 ± 82

thr150 [ml] 163 ± 75 147 ± 64 162 ± 67 165 ± 74

thr250 [ml] 103 ± 44 116 ± 51 92 ± 46 106 ± 46

thr350 [ml] 60 ± 31 84 ± 47 49 ± 32 73 ± 41

The phantoms had an average volume of 172 ± 72 ml as determined with the Archimedes method.

doi:10.1371/journal.pone.0117127.t002
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To our knowledge, this is the first study to report accuracy for fat measurements in infant-
like phantoms and reproducibility for total body fat measurements in young infants based on
whole-body MR imaging. Harrington et al. reported intra- and inter-observer variability of up
to 2.4% and 7%, respectively, in newborn infants [11]. Our values are similar, although Har-
rington et al. only assessed the reproducibility of the segmentation, as MR scans were not re-
peated and thus possible errors of bowel movement or breathing artifacts were not evaluated.
In this regard, also the age of the infants matters, as the infants need to fall asleep for good
image quality. No previous study reported scans of infants aged between 6 weeks and 6 months
[8,11,19,20]; in our experience, newborns settle much easier as compared to the age group of
infants participating in our study. Kullberg et al calculated reproducibility for automated fat
measurements in adults and found single errors of up to 30% in case of visceral adipose tissue
[21]. They did not calculate a root-mean-square error as recommended by Gluer et al. for
quantitative techniques, thus their results are not comparable with other studies [22].
Ludescher et al. compared MR fat measurements with anthropometric measures in adults and
stated that visceral adipose tissue can only be measured with cross sectional imaging techniques
[23].

Table 3. In-vitro accuracy errors of the different sequences (prop: PROPELLER TSE; cart: cartesian TSE) and segmentation algorithms (k-
means: k-means clustering; thr150–350: threshold-based with different threshold settings of 150, 250 and 350) expressed as root-mean-squares
of the relative difference of the MR measurements versus real fat volume and Pearson correlation coefficients of the MR measurements versus
real fat volume.

motionless simulated breathing

Segmentation prop cart prop cart

Relative difference (RMS) k-means 7.4% 5.4% 14.7% 10.3%

thr150 8.5%† 8.0% 15.3%*† 9.1%*

thr250 41.3%† 36.4% 52.0%*† 41.3%*

thr350 57.7%*† 34.0%*† 75.7%*† 62.8%*†

Pearson r2 k-means 0.986 0.996 0.966 0.969

thr150 0.980 0.968 0.974 0.944

thr250 0.871 0.922 0.918 0.803

thr350 0.808 0.928 0.892 0.986

* indicates a significant (P<0.05) difference between prop and cart sequences,
† between motionless sequences and sequences with breathing simulation.

doi:10.1371/journal.pone.0117127.t003

Table 4. Absolute values of the whole body fat measurements in the ten infants of the different sequences (prop: PROPELLER TSE; cart:
cartesian TSE) and segmentation algorithms (k-means: k-means clustering; thr150, thr250: threshold-based with different threshold settings of
150 and 250)) for whole body adipose tissue (total), subcutaneous and intra-abdominal adipose tissue.

total subcutaneous intra-abdominal

Segmentation prop cart prop cart prop cart

k-means [ml] 1988 ± 402 2233 ± 432 1605 ± 446 1834 ± 361 449 ± 33 256 ± 65

thr150 [ml] 1820 ± 368 2014 ± 339

thr250 [ml] 1309 ± 420 1715 ± 438

The separation in intra-abdominal and subcutaneous fat was only possible with the k-means clustering segmentation algorithm.

doi:10.1371/journal.pone.0117127.t004
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In infants and children, MRI may be an attractive tool to assess fat distribution as it lacks
ionizing radiation. While Kullberg found no significant difference between CT and MRI [24],
Yoon et al. reported intra- and interobserver reproducibilities of 15% to 22% in case of MRI in
adipose adults, compared to<1% in CT [25]. This demonstrates the necessity of techniques
that compensate for bowel and breathing motion artifacts occurring in MRI, in particular in in-
fants, where breath-holding techniques are not feasible. An MR sequence with an integrated
navigator pulse may be used, but the breathing frequency in young infants is too fast to use this
technique in spin echo sequences. We used a propeller sequence for this purpose and visible ar-
tifacts were substantially reduced, as previously reported in other settings [10,26,27]. Also re-
producibility errors were smaller in case of the PROPELLER sequence, however, differences
were not significant. In contrast, in the phantom studies accuracy errors were slightly smaller
for the conventional sequence both with and without simulated breathing. This may be ex-
plained by the slightly higher spatial resolution of the conventional sequence.

We also tried to use other sequences like a HASTE sequence, that is less sensitive to motion,
however all infants awoke during the scan due to the inconsistent noise pattern and no valid
data was acquired. Most studies used T1-w sequences for fat quantification as there is good
image contrast between fat and other tissues [8,11,21,23–25]. In contrast, Peng et al. proposed
water-saturated magnetic resonance imaging for accurate abdominal fat quantification, as oth-
erwise signals from other tissues might influence segmentation in partial volume voxels [17].
This error is dependent on the surface-to-volume ratio of the adipose tissue and thus may play

Table 5. Reproducibility errors for different sequences (prop: PROPELLER wsTSE, n(infants) = 4, n(scans) = 13; cart: cartesian wsTSE, n
(infants) = 7, n(scans) = 21) and segmentation algorithms (k-means: k-means clustering; thr150, thr250: threshold-based with different
threshold settings of 150 and 250) for whole body adipose tissue (total), subcutaneous and intra-abdominal adipose tissue.

total subcutaneous intra-abdominal

Segmentation prop cart prop cart prop cart

k-means 2.6% 2.9% 3.4% 4.4% 18.2% 25.8%

thr150 2.9% 3.4%

thr250 2.6% 2.9%

The separation in intra-abdominal and subcutaneous fat was only possible with the k-means clustering segmentation algorithm.

doi:10.1371/journal.pone.0117127.t005

Fig 2. Infant scans with the cartesian wsTSE sequence (A,B) and the PROPELLER wsTSE sequence
(C,D) and the corresponding threshold-based segmentations using a threshold of 150.

doi:10.1371/journal.pone.0117127.g002
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a significant role in particular in infants. We also used a water-saturated fast spin echo se-
quence, yielding high accuracy and reproducibility. However, there are also drawbacks of
this technique, as water saturation might not be perfect in extremities due to local inhomogene-
ities of the magnetic field. A pure automatic segmentation was not possible in these cases
(Fig. 4, S1 Fig.). Another problem is the separation of subcutaneous and internal fat. In young
infants as investigated in this study, just a small amount of intra-abdominal fat is present at all,
most of it retro- and not intraperitoneal [28,29]. Bowel motion created additional artifacts and
the fatty milk in bowels and stomach could not sufficiently be suppressed by the water-saturat-
ed sequences. This was reflected by the high reproducibility errors of up to 26% in case of inter-
nal fat and made the sole quantification of intraperitoneal fat impossible. Of note,
quantification of intraperitoneal fat only has not been reported in young infants up to now
[8,11,19,20].

Many different segmentation techniques have been used and compared in adults so far
[12,18,30,31]. Semi-automatic algorithms showed clear advantages compared to a manual seg-
mentation [30]. We also compared two semi-automatic algorithms. Compared to adults, fat tis-
sue in infants has a much higher surface-to-volume ratio leading to more pronounced errors
due to incorrect surface-delineation. In our study, an automated surface-delineation by k-
means-clustering showed higher accuracy as compared to a threshold-based method. Of note,
these errors cannot be detected in reproducibility measurements that usually are performed for
comparison of different algorithms or software packages in adults [30]. Compared to our
study, similar algorithms have been presented in adults before [18,31], but phantom measure-
ments, showing the difference of a cluster-based to a threshold-based approach, are presented
here for the first time.

A few limitations have to be considered in this study. First, long-term reproducibility might
be higher and was not assessed in this study. Second, we did not calculate inter-observer vari-
ability; however, the semi-automatic segmentation only required minimal corrections in most
cases, thus observer influence is thought to be minimal in this setting. Third, we did not simu-
late bowel movement in the phantom measurements, thus no data about accuracy for intra-ab-
dominal fat quantification is available.

In conclusion, assessment of whole body fat tissue was possible with very good reproducibil-
ity in young infants by whole body MR imaging; phantom studies revealed high accuracy in
measuring subcutaneous fat, while the quantification of the intra-abdominal fat only
remains difficult.

Fig 3. Infant scans with the cartesian wsTSE sequence (A), the k-means clustering segmentation of subcutaneous fat (B), and one threshold-
based segmentation of subcutaneous fat using a threshold of 150 (C). The k-means clustering segmentation better matches the visual findings (inserts).

doi:10.1371/journal.pone.0117127.g003
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Supporting Information
S1 Fig. Every second slice of one 3D data set of one infant. Left row: cartesian wsTSE se-
quence; middle row: original segmentation using the k-means clustering algorithm; right row:
corrected segmentation with separation of internal (green) and external fat (red). This scan
represents a case with insufficient water suppression at the arms, where the most user interac-
tion among all scanned infants was required.
(TIF)

Acknowledgments
We thank all families who participated in the study. This work is based on the dissertation of
Saliha Degirmenci at the Technische Universität München.

Author Contributions
Conceived and designed the experiments: JSB CV HH EJR. Performed the experiments: JSB
PBN CV DM SD SB. Analyzed the data: JSB SD SB. Contributed reagents/materials/analysis
tools: JSB PBN EJR HH. Wrote the paper: JSB PBN CV DM SD.

References
1. Kramer MS, Morin I, Yang H, Platt RW, Usher R, et al. (2002) Why are babies getting bigger? Temporal

trends in fetal growth and its determinants. J Pediatr 141: 538–542. PMID: 12378194

2. Odlind V, Haglund B, Pakkanen M, Otterblad Olausson P (2003) Deliveries, mothers and newborn in-
fants in Sweden, 1973–2000. Trends in obstetrics as reported to the Swedish Medical Birth Register.
Acta Obstet Gynecol Scand 82: 516–528. PMID: 12780422

3. Rogers I (2003) The influence of birthweight and intrauterine environment on adiposity and fat distribu-
tion in later life. Int J Obes Relat Metab Disord 27: 755–777. PMID: 12821960

Fig 4. Five representative slices of one infant. Left row: cartesian wsTSE sequence; middle row: original
segmentation using the k-means clustering algorithm; right row: manually corrected segmentation with
separation of internal (green) and external fat (red). This scan represents a case with insufficient water
suppression at the arms, where the most user interaction among all scanned infants was required. The
complete scan is available as (S1 Fig.).

doi:10.1371/journal.pone.0117127.g004

Adipose Tissue Measurements in Young Infants by Whole Body MRI

PLOS ONE | DOI:10.1371/journal.pone.0117127 February 23, 2015 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117127.s001
http://www.ncbi.nlm.nih.gov/pubmed/12378194
http://www.ncbi.nlm.nih.gov/pubmed/12780422
http://www.ncbi.nlm.nih.gov/pubmed/12821960


4. Rugholm S, Baker JL, Olsen LW, Schack-Nielsen L, Bua J, et al. (2005) Stability of the association be-
tween birth weight and childhood overweight during the development of the obesity epidemic. Obes
Res 13: 2187–2194. PMID: 16421354

5. Kurth BM, Schaffrath Rosario A (2007) [The prevalence of overweight and obese children and adoles-
cents living in Germany. Results of the German Health Interview and Examination Survey for Children
and Adolescents (KiGGS)]. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 50:
736–743. PMID: 17514458

6. Hauner H (2005) Secretory factors from human adipose tissue and their functional role. Proc Nutr Soc
64: 163–169. PMID: 15960861

7. Kabir N, Forsum E (1993) Estimation of total body fat and subcutaneous adipose tissue in full-term in-
fants less than 3 months old. Pediatr Res 34: 448–454. PMID: 8255676

8. Harrington TA, Thomas EL, Frost G, Modi N, Bell JD (2004) Distribution of adipose tissue in the new-
born. Pediatr Res 55: 437–441. PMID: 14681496

9. Modi N, Thomas EL, Harrington TA, Uthaya S, Dore CJ, et al. (2006) Determinants of adiposity during
preweaning postnatal growth in appropriately grown and growth-restricted term infants. Pediatr Res
60: 345–348. PMID: 16857778

10. Forbes KP, Pipe JG, Bird CR, Heiserman JE (2001) PROPELLERMRI: clinical testing of a novel tech-
nique for quantification and compensation of head motion. J Magn Reson Imaging 14: 215–222. PMID:
11536397

11. Harrington TA, Thomas EL, Modi N, Frost G, Coutts GA, et al. (2002) Fast and reproducible method for
the direct quantitation of adipose tissue in newborn infants. Lipids 37: 95–100. PMID: 11878317

12. Muller HP, Raudies F, Unrath A, Neumann H, Ludolph AC, et al. (2011) Quantification of human body
fat tissue percentage by MRI. NMR Biomed 24: 17–24. doi: 10.1002/nbm.1549 PMID: 20672389

13. Ross R, Leger L, Guardo R, De Guise J, Pike BG (1991) Adipose tissue volumemeasured by magnetic
resonance imaging and computerized tomography in rats. J Appl Physiol 70: 2164–2172. PMID:
1864799

14. Thomas LW (1962) The chemical composition of adipose tissue of man and mice. Q J Exp Physiol
Cogn Med Sci 47: 179–188. PMID: 13920823

15. Hauner H, Much D, Vollhardt C, Brunner S, Schmid D, et al. (2012) Effect of reducing the n-6:n-3 long-
chain PUFA ratio during pregnancy and lactation on infant adipose tissue growth within the first year of
life: an open-label randomized controlled trial. Am J Clin Nutr 95: 383–394. doi: 10.3945/ajcn.111.
022590 PMID: 22205307

16. Hauner H, Vollhardt C, Schneider KT, Zimmermann A, Schuster T, et al. (2009) The impact of nutrition-
al fatty acids during pregnancy and lactation on early human adipose tissue development. Rationale
and design of the INFAT study. Ann Nutr Metab 54: 97–103. doi: 10.1159/000209267 PMID:
19295192

17. Peng Q, McColl RW, Ding Y, Wang J, Chia JM, et al. (2007) Automated method for accurate abdominal
fat quantification on water-saturated magnetic resonance images. J Magn Reson Imaging 26: 738–
746. PMID: 17729369

18. Noel PB, Bauer JS, Ganter C, Markus C, Rummeny EJ, et al. (2012) Clinical pilot study for the automat-
ic segmentation and recognition of abdominal adipose tissue compartments fromMRI data. Rofo 184:
548–555. doi: 10.1055/s-0031-1299376 PMID: 22434368

19. Olhager E, Thuomas KA, Wigstrom L, Forsum E (1998) Description and evaluation of a method based
on magnetic resonance imaging to estimate adipose tissue volume and total body fat in infants. Pediatr
Res 44: 572–577. PMID: 9773848

20. Modi N, Thomas EL, Uthaya SN, Umranikar S, Bell JD, et al. (2009) Whole body magnetic resonance
imaging of healthy newborn infants demonstrates increased central adiposity in Asian Indians. Pediatr
Res 65: 584–587. doi: 10.1203/01.pdr.0000350364.10602.33 PMID: 19190541

21. Kullberg J, Ahlstrom H, Johansson L, Frimmel H (2007) Automated and reproducible segmentation of
visceral and subcutaneous adipose tissue from abdominal MRI. Int J Obes (Lond) 31: 1806–1817.
PMID: 17593903

22. Gluer CC, Blake G, Lu Y, Blunt BA, Jergas M, et al. (1995) Accurate assessment of precision errors:
how to measure the reproducibility of bone densitometry techniques. OsteoporosInt 5: 262–270.
PMID: 7492865

23. Ludescher B, Machann J, Eschweiler GW, Vanhofen S, Maenz C, et al. (2009) Correlation of fat distri-
bution in whole body MRI with generally used anthropometric data. Invest Radiol 44: 712–719. doi: 10.
1097/RLI.0b013e3181afbb1e PMID: 19809346

Adipose Tissue Measurements in Young Infants by Whole Body MRI

PLOS ONE | DOI:10.1371/journal.pone.0117127 February 23, 2015 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/16421354
http://www.ncbi.nlm.nih.gov/pubmed/17514458
http://www.ncbi.nlm.nih.gov/pubmed/15960861
http://www.ncbi.nlm.nih.gov/pubmed/8255676
http://www.ncbi.nlm.nih.gov/pubmed/14681496
http://www.ncbi.nlm.nih.gov/pubmed/16857778
http://www.ncbi.nlm.nih.gov/pubmed/11536397
http://www.ncbi.nlm.nih.gov/pubmed/11878317
http://dx.doi.org/10.1002/nbm.1549
http://www.ncbi.nlm.nih.gov/pubmed/20672389
http://www.ncbi.nlm.nih.gov/pubmed/1864799
http://www.ncbi.nlm.nih.gov/pubmed/13920823
http://dx.doi.org/10.3945/ajcn.111.022590
http://dx.doi.org/10.3945/ajcn.111.022590
http://www.ncbi.nlm.nih.gov/pubmed/22205307
http://dx.doi.org/10.1159/000209267
http://www.ncbi.nlm.nih.gov/pubmed/19295192
http://www.ncbi.nlm.nih.gov/pubmed/17729369
http://dx.doi.org/10.1055/s-0031-1299376
http://www.ncbi.nlm.nih.gov/pubmed/22434368
http://www.ncbi.nlm.nih.gov/pubmed/9773848
http://dx.doi.org/10.1203/01.pdr.0000350364.10602.33
http://www.ncbi.nlm.nih.gov/pubmed/19190541
http://www.ncbi.nlm.nih.gov/pubmed/17593903
http://www.ncbi.nlm.nih.gov/pubmed/7492865
http://dx.doi.org/10.1097/RLI.0b013e3181afbb1e
http://dx.doi.org/10.1097/RLI.0b013e3181afbb1e
http://www.ncbi.nlm.nih.gov/pubmed/19809346


24. Kullberg J, Brandberg J, Angelhed JE, Frimmel H, Bergelin E, et al. (2009) Whole-body adipose tissue
analysis: comparison of MRI, CT and dual energy X-ray absorptiometry. Br J Radiol 82: 123–130. doi:
10.1259/bjr/80083156 PMID: 19168691

25. Yoon DY, Moon JH, Kim HK, Choi CS, Chang SK, et al. (2008) Comparison of low-dose CT and MR for
measurement of intra-abdominal adipose tissue: a phantom and human study. Acad Radiol 15: 62–70.
PMID: 18078908

26. Lane BF, Vandermeer FQ, Oz RC, Irwin EW, McMillan AB, et al. (2011) Comparison of sagittal T2-
weighted BLADE and fast spin-echo MRI of the female pelvis for motion artifact and lesion detection.
AJR Am J Roentgenol 197: W307–313. doi: 10.2214/AJR.10.5918 PMID: 21785057

27. Darge K, Anupindi SA, Jaramillo D (2011) MR imaging of the abdomen and pelvis in infants, children,
and adolescents. Radiology 261: 12–29. doi: 10.1148/radiol.11101922 PMID: 21931139

28. Olhager E, Flinke E, Hannerstad U, Forsum E (2003) Studies on human body composition during the
first 4 months of life using magnetic resonance imaging and isotope dilution. Pediatr Res 54: 906–912.
PMID: 12930921

29. Butte NF, Hopkinson JM, WongWW, Smith EO, Ellis KJ (2000) Body composition during the first 2
years of life: an updated reference. Pediatr Res 47: 578–585. PMID: 10813580

30. Bonekamp S, Ghosh P, Crawford S, Solga SF, Horska A, et al. (2008) Quantitative comparison and
evaluation of software packages for assessment of abdominal adipose tissue distribution by magnetic
resonance imaging. Int J Obes (Lond) 32: 100–111. PMID: 17700582

31. Wurslin C, Machann J, Rempp H, Claussen C, Yang B, et al. (2010) Topography mapping of whole
body adipose tissue using A fully automated and standardized procedure. J Magn Reson Imaging 31:
430–439. doi: 10.1002/jmri.22036 PMID: 20099357

Adipose Tissue Measurements in Young Infants by Whole Body MRI

PLOS ONE | DOI:10.1371/journal.pone.0117127 February 23, 2015 12 / 12

http://dx.doi.org/10.1259/bjr/80083156
http://www.ncbi.nlm.nih.gov/pubmed/19168691
http://www.ncbi.nlm.nih.gov/pubmed/18078908
http://dx.doi.org/10.2214/AJR.10.5918
http://www.ncbi.nlm.nih.gov/pubmed/21785057
http://dx.doi.org/10.1148/radiol.11101922
http://www.ncbi.nlm.nih.gov/pubmed/21931139
http://www.ncbi.nlm.nih.gov/pubmed/12930921
http://www.ncbi.nlm.nih.gov/pubmed/10813580
http://www.ncbi.nlm.nih.gov/pubmed/17700582
http://dx.doi.org/10.1002/jmri.22036
http://www.ncbi.nlm.nih.gov/pubmed/20099357


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


