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Abstract
Background Body composition and hepatic fat correlate with future risk for metabolic syndrome. In children, many conventional
techniques for quantifying body composition and hepatic fat have limitations. MRI is a noninvasive research tool to study body
composition and hepatic fat in infants; however, conventional Cartesian MRI is sensitive to motion, particularly in the abdomen
because of respiration. Thereforewe developed a free-breathingMRI technique to quantify body composition and hepatic fat in infants.
Objective In infants, we aimed to (1) compare the image quality between free-breathing 3-D stack-of-radial MRI (free-breathing
radial) and 3-D Cartesian MRI in the liver and (2) determine the feasibility of using free-breathing radial MRI to quantify body
composition and hepatic proton-density fat fraction (PDFF).
Materials and methods Ten infants ages 2–7 months were scanned with free-breathing radial (two abdominal; one head and chest)
and Cartesian (one abdominal) MRI sequences. The median preparation and scan times were reported. To assess feasibility for hepatic
PDFF quantification, a radiologistmasked to theMRI technique scored abdominal scans formotion artifacts in the liver using a 3-point
scale (1, or non-diagnostic, to 3, or no artifacts). Median visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT) and brown
adipose tissue (BAT) volume and PDFF, and hepatic PDFFwere measured using free-breathing radial MRI.We assessed repeatability
of free-breathing radial hepatic PDFF (coefficient of repeatability) between back-to-back scans. We determined differences in the
distribution of image-quality scores using McNemar-Bowker tests. P<0.05 was considered significant.
Results Nine infants completed the entire study (90% completion). For ten infants, the median preparation time was 32 min and
scan time was 24 min. Free-breathing radial MRI demonstrated significantly higher image-quality scores compared to Cartesian
MRI in the liver (radial scan 1 median = 2 and radial scan 2 median = 3 vs. Cartesian median = 1;P=0.01). Medianmeasurements
using free-breathing radial were VAT=52.0 cm3, VAT-PDFF=42.2%, SAT=267.7 cm3, SAT-PDFF=87.1%, BAT=1.4 cm3, BAT-
PDFF=26.1% and hepatic PDFF=3.4% (coefficient of repeatability <2.0%).
Conclusion In this study, free-breathing radial MRI in infants achieved significantly improved liver image quality compared to
Cartesian MRI. It is feasible to use free-breathing radial MRI to quantify body composition and hepatic fat in infants.

Keywords Body composition . Free-breathing . Infant .

Magnetic resonance imaging . Proton-density fat fraction .

Radial magnetic resonance imaging

Introduction

The pediatric obesity epidemic and rising rates of metabolic
syndrome [1] are critical health issues. Metabolic syndrome is
a collection of conditions [2–4], including insulin resistance,
dyslipidemia and cardiovascular disease, and it is associated
with non-alcoholic fatty liver disease (NAFLD) [2–8], which
is characterized by hepatic steatosis [7–9]. Analysis of body
composition, especially the amount, distribution and content
of adiposity, is important for studying metabolic syndrome
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and associated diseases. Fat can be characterized as either
white adipose tissue (WAT) or brown adipose tissue (BAT).
WAT stores triglycerides while BAT metabolizes fat to pro-
duce heat [10]. In the abdomen, WAT is categorized as either
visceral adipose tissue (VAT), located inside the abdominal
cavity, or subcutaneous adipose tissue (SAT), located outside
the abdominal cavity [10]. BAT is generally located in the
axillary, supraclavicular, cervical, paravertebral, perirenal
and periadrenal regions [10]. Tissue fat content is related to
the proportion of different types of fat; higher fat content may
indicate “WAT-like” tissue and lower fat content may be as-
sociated with “BAT-like” tissue [11–13]. Excess VAT can in-
crease the risk for obesity, metabolic syndrome and NAFLD
[10, 14, 15], whereas BAT might protect against obesity [10,
12, 13, 16]. In addition, ectopic organ fat, such as hepatic
steatosis, is associated with an increased risk for metabolic
syndrome [3, 5, 6].

Evidence shows that events during fetal life and early
childhood play a central role in the pathogenesis of obesity
and metabolic syndrome [17–19]. Therefore, knowledge
about body composition during infancy is important for un-
derstanding the early origins of obesity and metabolic syn-
drome. Infants born to obese mothers with and without gesta-
tional diabetes have increased hepatic fat, a potential biomark-
er for future metabolic diseases [20, 21]. However, current
techniques for analyzing body composition and hepatic fat
in infants have limitations. The gold standard for body com-
position analysis is measurement in cadavers [22, 23]. These
studies are time-consuming and complex and do not support
longitudinal in vivo monitoring [22]. Computed tomography
(CT) and dual-energy X-ray absorptiometry are noninvasive
imaging techniques for body composition analysis [14] but
involve radiation [22, 24]. While ultrasound is a noninvasive
and non-ionizing imaging tool that has been used to measure
body composition and hepatic fat, it is operator-dependent,
has poor resolution, reproducibility and accuracy [22, 25],
and becomes unreliable in deeper regions of the body [22].
The gold standard for quantifying hepatic fat is a liver biopsy
[7, 9, 26]; however, biopsies are invasive, limited by sampling
bias, and have complications [26].

Magnetic resonance techniques, such as magnetic resonance
imaging (MRI) and magnetic resonance spectroscopy (MRS),
are noninvasive and can be used for longitudinal studies. MRI
and MRS are well suited for children because they do not
involve ionizing radiation [22, 27]. MRS is regarded as the
noninvasive reference standard for quantifying hepatic fat con-
tent in children and adults [28–30]. However, MRS techniques
have limitations because of partial volume effects, spatial sam-
pling bias, and motion. MRS techniques only measure fat con-
tent in a specified voxel and do not provide information about
fat distribution. In contrast, MRI has excellent soft-tissue con-
trast and can obtain high-resolution 3-D images [22, 27].
Intensity-based MRI techniques can provide spatially resolved

information about fat distribution and volume in infants [15,
20, 21, 31, 32], but they do not provide information about fat
content. Chemical-shift-encoded MRI techniques can provide
spatially resolved information about fat distribution, volume
and content [11, 32] by quantifying proton-density fat fraction
(PDFF), a standardized MRI biomarker [33].

Conventional MRI scans are performed using Cartesian
sampling [11–13, 15, 16, 20, 21, 31, 32, 34–36], which is
limited by sensitivity to motion-induced coherent aliasing ar-
tifacts that can obstruct the anatomy of interest, degrade image
quality in organs affected by motion, and hinder quantifica-
tion. Therefore, scans using Cartesian trajectories are typically
performed while breath-holding. However, infants cannot
breath-hold, breathe heavily and irregularly, and might cry
during the MRI exam. This leads to motion artifacts and
non-diagnostic images [37–40]. To improve image quality
for clinical infant scans, sedation or anesthesia can be pre-
scribed. However, sedation or anesthesia is not feasible in a
research setting or for body composition analysis [37–40].
Because of the lack of age-appropriate technology, a limited
number of MRI studies have investigated VAT, SAT, BATand
hepatic fat in infants [11, 12, 15, 16, 20, 21, 31, 34–36].

Compared to Cartesian MRI, non-Cartesian MRI based on
3-D stack-of-radial samplingmight provide greater robustness
to motion because of the dispersed distribution of motion ar-
tifacts [41, 42]. The 3-D stack-of-radial trajectory allows for
considerably less obtrusive motion artifacts that do not ob-
scure the anatomy of interest, allowing the MRI scan to be
performed during free-breathing [42, 43]. A recently devel-
oped free-breathing 3-D stack-of-radial MRI fat quantification
technique (free-breathing radial) demonstrated agreement
with conventional breath-held Cartesian MRI and reference
breath-held MRS in a fat phantom and in the abdomen of
healthy adults and older children [42, 43]. In our pediatric
study, free-breathing radial MRI produced high-quality im-
ages and achieved accurate and repeatable hepatic fat quanti-
fication compared to conventional breath-held Cartesian MRI
and reference breath-held MRS [43]. We believe the capabil-
ities of free-breathing radial MRI can be extended to quantify
body composition and hepatic fat in infants. Hence, this
study’s purpose was to (1) compare the image quality of
free-breathing radial MRI [42] to that of conventional
Cartesian MRI in the liver and (2) evaluate the feasibility of
the free-breathing radial MRI technique [42] to quantify body
composition and hepatic fat in infants.

Materials and methods

Infant study population

This study was approved by our institutional review board. All
procedures performed in studies involving human participants
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were in accordance with the ethical standards of the institu-
tional and national research committees and with the 1964
Helsinki declaration and its later amendments, or comparable
ethical standards.

Parents/legal guardians provided informed consent.
Healthy infants ages 1–12 months were eligible for participa-
tion. Exclusion criteria included known liver diseases, infec-
tions that affect the liver (e.g., toxoplasmosis, rubella, cyto-
megalovirus, human immunodeficiency virus or herpes sim-
plex virus), major congenital anomalies or diseases that in-
volve the liver, inborn errors of metabolism, and contraindi-
cations for MRI.

Infant preparation and magnetic resonance imaging
experiments

Preparation and scanning procedures were adapted from pre-
vious recommendations [37–40]. See the Appendix for a de-
tailed description of the preparation and scanning procedures.
Preparation time for the MRI scan began when the infant
entered the MRI suite and included feeding, swaddling and
rocking the infant until he or she became sleepy. Earplugs and
earmuffs (MiniMuffs; Natus Medical, Pleasanton, CA) were
placed on the infant’s ears for hearing protection (Fig. 1).
Next, infants were placed on a vacuum immobilizer (Med-
Vac; CFI Medical, Fenton, MI) and clips were fastened on
the immobilizer (Fig. 1). Air was not removed from the vac-
uum immobilizer. The infant was placed on the posterior por-
tion of the head array coil at this time (Fig. 1). Finally, the

anterior portion of the head coil was attached (Fig. 1). If the
infant cried, the anterior portion of the head coil was removed.
After all of the coils were positioned and the infant was calm,
theMRI table and infant were advanced into theMRI bore and
the total preparation time was recorded. An example of the
infant preparation procedures is shown in Fig. 1.

After advancing the table and infant into the MRI bore, the
start time for the scan was recorded. If the infant cried during
the first MRI scan and did not stop crying or the parent/legal
guardian requested to stop the scan, the infant was removed
from the scanner and comforted in the immobilizer. If the
infant settled down, the infant was placed on the MRI table
again and set-up procedures on the MRI table were repeated
(Fig. 1). The total scan time was calculated after the MRI scan
protocol was completed.

The infant MRI experiments were performed on a 3-tesla
(T) scanner (Magnetom Skyra or Prisma; Siemens
Healthineers, Erlangen, Germany) using a 20-channel head
array coil, 32-channel spine array coil and 18-channel body
matrix array. A free-breathing radiofrequency-spoiled bipolar
multi-echo gradient-echo 3-D stack-of-radial sequence with
golden angle ordering [41] and gradient error and eddy current
correction [42] (free-breathing radial) was used to acquire ab-
dominal and head and chest scans. The 3-D slabs for the head
and chest scan were prescribed to overlap slightly with the
abdominal scan for each infant, to cover the body contiguous-
ly. Free-breathing radial abdominal scans were repeated back-
to-back to assess intra-session repeatability (scan 1 and scan
2). We acquired a commercially available radiofrequency-

Fig. 1 Infant MRI procedures. a–
c Initial preparation for the infant
scan. a First, feed and swaddle the
infant and apply hearing
protection. b Next, place the
infant on the vacuum
immobilizer. c Finally, fasten the
vacuum immobilizer clips. Air
was not removed from the
vacuum immobilizer. d–e
Preparation on the MRI table. d
Place the infant on the table with
the posterior head coil. e Next,
add blankets on either side of the
infant to prop up the body matrix
array. Finally, position the body
matrix array and the anterior head
coil
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spoiled bipolar multi-echo gradient-echo 3-D Cartesian se-
quence [44] with four-fold undersampling and controlled
aliasing in parallel imaging results in higher acceleration
(CAIPIRINHA) [45] reconstruction (qDixon; The Liver
Lab, software version VE11, Siemens Healthineers,
Erlangen, Germany). All scans were performed without
breath-holding or sedation. Imaging parameters for the free-
breathing radial and Cartesian scans are reported in Table 1.

Magnetic resonance image reconstruction
and proton-density fat fraction calculation

Free-breathing radial images and PDFF maps were generated
offline in MATLAB version R2017b (MathWorks, Natick,
MA). Free-breathing radial images were reconstructed fully
sampled (according to the Nyquist criteria) using gradient
and eddy current correction [42], linear density compensation,
gridding and adaptive coil combination. PDFF maps were
determined by fitting the multiple-echo-time images to the
gradient-echo signal model with multiple fat peaks [46] to
solve for the field map, single effective R2*, water-only, and
fat-only maps with complex fitting using a graph cut algo-
rithm [47–49]. Magnitude discrimination was used to mini-
mize noise bias to calculate PDFF maps from the water- and
fat-only images [50]. Cartesian MR images and PDFF maps
were calculated on the scanner using a prototype reconstruc-
tion method with the same signal model (prototype version

963, qDixon; The Liver Lab, Software version VE11,
Siemens Healthineers, Erlangen, Germany).

Liver image quality analysis

All reconstructed images and PDFF maps were converted
to Digital Imaging and Communications in Medicine
(DICOM) format for analysis in OsiriX software version
6.0 (Pixmeo SARL, Bernex, Switzerland). Image quality
was evaluated by an experienced pediatric radiologist
(S.G., >10 years of experience), who was blinded to the
trajectory (Cartesian or radial) on a scale of 1–3 for motion
artifacts. The criteria for a score of 1 was non-diagnostic
images with significant artifacts in the liver (i.e. bad image
quality); 2 indicated minor motion artifacts in the liver; 3
indicated no motion artifacts in the liver (i.e. good image
quality). We determined the percentage of images that fell
into each score category.

Body composition analysis

Fat composition was defined as VAT, SAT and BAT volumes
(cm3). Fat content was defined as the PDFF (0–100%). Body
composition was measured and analyzed in Horos software
version 3 (The Horos Project, horosproject.org). The VAT,
SAT and BAT were segmented using the 2-D region growing
segmentation and brush tools on the free-breathing radial
PDFF maps (all slices in the 3-D volume). VAT was defined

Table 1 Imaging parameters for infant abdominal, and head and chest MRI scans

Imaging parameters Cartesian, abdomen Free-breathing radial, abdomen Free-breathing radial, head and chest

TE (ms) 1.23, 2.46, 3.69, 4.92, 6.15, 7.38 1.23, 2.46, 3.69, 4.92, 6.15, 7.38 1.23, 2.46, 3.69, 4.92, 6.15, 7.38

ΔTE (ms) 1.23 1.23 1.23

TR (ms) 8.85 8.85 8.85

Matrix (Nx×Ny) 96–128×96–128 96–128×96–128 128–160×128–160

Field of view (mmx×mmy) 150–200×150–200 150–200×150–200 200–250×200–250

Resolution (mmx×mmy) 1.56×1.56 1.56×1.56 1.56×1.56

Number of slices 40 40–44 60–80

Slice thickness (mm) 3 3 3

Bandwidth (Hz/pixel) 1,150–1,155 1,150–1,155 1,150–1,155

Flip angle (degrees) 5 5 5

Radial spokes N/A 151–202a 202–252a

Acceleration factor 4 1 1

Scan time (min:s) 0:11–0:14 1:38–2:10b 3:20–4:43c

All acquisitions used 20–25% slice oversampling. Cartesian scans were acquired without breath-holding. Free-breathing radial abdominal scans were
acquired twice to assess repeatability
a The number of spokes was adjusted to acquire fully sampled data based on Nyquist sampling criteria (i.e. number of radial spokes = Nx × π/2)
b Includes gradient calibration acquisition time of 34–37 s
c Includes gradient calibration acquisition time of 51–68 s

min minutes, s seconds, TE echo time, TR repetition time
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as adipose tissue in the intra-abdominal area [27, 32]. SATwas
defined as adipose tissue above the muscle fascia and below
the skin in the abdomen [27]. VAT and SATwere subjectively
delineated on all abdominal axial slices avoiding blood ves-
sels, bones, intramuscular fat and organs [27, 32]. BAT was
analyzed on three consecutive reformatted coronal slices of
the supraclavicular region [12, 16, 36]. Areas of BAT were
defined as any accumulation of adiposity in the
supraclavicular area found in the lower neck and the axillary
regions [12, 16, 36]. The number of slices and time to
contour all the slices to determine VAT, SAT and BAT
for each subject was recorded and was reported as median
± interquartile range. All of the segmented areas of VAT,
SAT and BAT on the PDFF maps were summed per pixel
count to compute the volume and mean PDFF in each
subject. All body composition measurements were per-
formed by the same study coordinator (K.V.L.) for con-
sistency. All slices and segmentations were reviewed and
confirmed by a pediatric radiologist (S.G., >10 years of
experience).

Hepatic fat quantification

Hepatic fat was measured on a single 15mm × 15mm ×
15mm region of interest encompassing five 3-mm slices on
free-breathing radial PDFF maps. These regions of interest
were placed to avoid large blood vessels and bile ducts and
in anatomically corresponding regions in the liver to reduce
variations in position caused by motion. A pediatric radiol-
ogist (S.G., >10 years of experience) confirmed the place-
ment of the regions of interest. The hepatic PDFF determined
from each infant was reported individually for free-breathing
radial scan 1 and scan 2, and as an average of free-breathing
radial scan 1 and scan 2.

Statistical analysis

Descriptive statistics, preparation time and scan timewere report-
ed as median ± interquartile range and range (minimum, maxi-
mum) or percentage (number). We compared differences in the
distribution of liver image-quality scores between free-breathing
radial scan 1, free-breathing radial scan 2, and Cartesian scans
using McNemar-Bowker statistical tests for dependent categori-
cal variables in STATA software version 12 (StataCorp, College
Station, TX). A P-value <0.05 was considered significant. We
assessed repeatability of free-breathing radial hepatic PDFF in
MATLAB by calculating the mean difference, absolute mean
difference, within-subject standard deviation, and coefficient of
repeatability [51, 52] between back-to-back repeated scans (scan
1 and scan 2). Free-breathing radial VAT, SAT, BAT (volume and
PDFF) and hepatic PDFF were calculated for all subjects and
reported as median ± interquartile range and range (minimum,
maximum) among subjects.

Results

Infant study population

Ten infants were enrolled in the study, and nine completed the
entire study (90% completion rate). One infant completed on-
ly one free-breathing radial abdominal MRI scan because of
crying. Characteristics for the study population are reported in
Table 2. For ten infants, the median ± interquartile range and
range (minimum, maximum) preparation time was 32±7 min
(15 min, 81 min) and scan time was 24±11 min (15 min,
34 min), respectively (Table 3). Excluding the infant with
the incomplete scan, the scan time was 24±11 min (20 min,
34 min). Of the ten infants, four were scanned without the
anterior head coil attached.

Liver image quality

Representative axial and coronal reformat images of the liver
with image-quality scores ranging 1–3 are shown in Fig. 2.
Free-breathing radial images of the liver demonstrated higher
image-quality scores than Cartesian abdominal images
(P=0.011). Compared to free-breathing radial scan 1, free-
breathing radial scan 2 showed a higher proportion of
image-quality scores of 3 (89% vs. 30%, P=0.025). A sum-
mary of the proportion of free-breathing radial (scan 1 and
scan 2) and Cartesian images receiving each score is shown
in Table 4. One hundred percent of Cartesian images received
non-diagnostic liver image-quality scores of 1 because of se-
vere motion aliasing artifacts. In contrast, 0% of free-
breathing radial (scan 1 and scan 2) abdominal images re-
ceived liver image-quality scores of 1. Free-breathing radial
images had minor motion artifacts that affected the liver less
(image-quality score of 2) or no motion artifacts that affected
the liver (image-quality score of 3).

Table 2 Subject characteristics

Characteristic Infant subjects (n=10)

Age (months) 3.2±3.4, (2.3, 6.9)

Gender, male 50% (5)

Hispanic ethnicity 30% (3)

Race

White 70% (7)

Asian 10% (1)

More than one race 20% (2)

Weight (kg) 7.0±1.6 (3.7, 9.9)

Height (cm) 59.6±7.9 (49.5, 69.9)

All information is reported as median ± interquartile range and range
(minimum, maximum) or percentage (number)
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Body composition analysis and hepatic PDFF
quantification

VAT, SATand BAT (volume and PDFF) and hepatic PDFF for
all infants are listed in Table 5. The median ± interquartile
range (minimum, maximum) number of slices used to contour
SAT and VAT was 40±0 (32, 44), and in all subjects three

slices were used to contour BAT. The median ± interquartile
range (minimum, maximum) times to contour VAT, SAT and
BAT were 92±57 min (42, 146), 20±8 min (10, 30) and 38
±12 min (32, 70), respectively. PDFF maps from the infant
with the lowest VAT, VAT-PDFF, SAT, SAT-PDFF, BAT and
BAT-PDFF are shown in Fig. 3. This was a 2.5-month-old
preterm boy born with intrauterine growth restriction. The
hepatic PDFF for this boy (3.8%) was close to the median
hepatic PDFF (3.4%). In contrast, PDFF maps from the infant
with the highest hepatic PDFF (6.0%) are shown in Fig. 4.
This 3.2-month-old infant had a family history notable for
non-alcoholic fatty liver disease. Hepatic PDFF quantification
using free-breathing radial abdominal scans demonstrated re-
peatability with mean difference = 0.21%, absolute mean dif-
ference = 0.56%, within-technique standard deviation =
0.69%, and coefficient of repeatability = 1.90%.

Discussion

In this study, quantification of body composition and hepatic
fat in infants was feasible using free-breathing radial MRI.
Moreover, free-breathing radialMRI had higher image quality
in the liver compared to Cartesian MRI. Free-breathing radial
quantification of hepatic PDFF demonstrated repeatability

Fig. 2 Representative Cartesian and free-breathing radial infant
abdominal MR images from subject 3, a 6.4-month-old girl. These
examples have image-quality scores of 1–3. A score of 1 represents
non-diagnostic images (i.e. bad image quality), a score of 2 represents
diagnostic images with minor motion artifacts in the liver, and a score of 3

represents diagnostic images with no motion artifacts in the liver. Solid
arrows indicate severe motion artifacts (score=1). Dashed arrows indicate
small structures with minor motion blurring (score=2). Open arrows
indicate small structures that appear sharp (score=3). FB free-breathing

Table 3 Infant characteristics and procedure times reported as median ±
interquartile range and range (minimum, maximum) (n=10)

Subject Preparation time (min) Scan time (min)

1 26 20
2 15 21
3 34 24
4 33 24
5 30 33
6 30 27
7 47a 20
8 27a 32
9 35 15b

10 81 34
Median 31.5±7.0 24.0±10.5c

Range (15, 81) (15b, 34)c

a Preparation of subject 8 was done during the scan of subject 7
b Incomplete scan
c The scan time excluding subject 9 with the incomplete scan was 24.0
±11.0 (20, 34) min
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with coefficient of repeatability <2%. Our technique allows
for longitudinal studies and could be used to investigate the
pathogenesis of and test interventions for metabolic diseases.

For all infants in our study population, the preparation time
was approximately 30 min and scan time was approximately
25 min. The scan times in this study included the acquisition
of two free-breathing radial abdominal scans, a free-breathing
radial head and chest scan, and an additional Cartesian ab-
dominal scan. For the infant with an incomplete MRI, only
one free-breathing radial abdominal scan was acquired and the
scan time was 15 min. In this study, all of the free-breathing
radial abdominal, and head and chest scans were acquired
with oversampling to ensure enough data were collected dur-
ing the MRI exam. Therefore, the scan time reported in this
study was longer than it would have been if the data had been
acquired prospectively as fully sampled. If only a single fully
sampled free-breathing radial abdominal scan is acquired, the
scan time for the MRI exam can be reduced to approximately
15 min. Free-breathing radial imaging did not require sedation

or anesthesia, thereby eliminating additional cost and time and
potential complications.

Among the ten infants, the median ± interquartile range of
hepatic PDFF was 3.4±1.1%. The results using our new free-
breathing radial technique are consistent with previously re-
ported hepatic PDFF values in infants [20, 21]. The infant
with the highest hepatic PDFF in our cohort (6.0%) also had
VAT and BAT volumes and BAT-PDFF that were among the
highest compared to other infants. This infant’s family history
was notable for non-alcoholic fatty liver disease, and there
was a maternal history of insulin resistance. Infants of diabetic
mothers are at increased risk for metabolic syndrome [53, 54].
Previous studies reported significant differences in hepatic
PDFF between infants born to mothers with gestational dia-
betes versus infants born to mothers without gestational dia-
betes. In these studies, hepatic PDFF positively correlated
with maternal body mass index [20, 21]. It remains controver-
sial whether NAFLD is an independent risk factor for meta-
bolic syndrome [55]. However, large studies demonstrate an

Table 5 Infant hepatic fat and body composition measurements from free-breathing radial scans for the ten infant subjects

Subject VAT (cm3) VAT-PDFF (%) SAT (cm3) SAT-PDFF (%) BAT (cm3) BAT-PDFF (%) Hepatic PDFF (%)
average (scan 1, scan 2)

1 36.0 39.9 385.9 89.6 1.0 26.1 4.0 (3.7, 4.3)

2 63.5 39.7 254.4 86.3 2.2 36.4 6.0 (5.9, 6.1)

3 48.2 43.9 324.6 88.2 2.4 44.2 2.4 (2.4, 2.3)

4 53.4 43.9 278.5 87.8 1.0 25.7 2.2 (2.8, 1.6)

5 61.6 40.5 256.8 85.1 1.5 22.0 2.8 (2.4, 3.3)

6 50.6 44.8 162.0 79.6 1.4 28.2 2.9 (2.4, 3.4)

7 17.0 34.2 148.4 77.8 0.7 17.3 3.8 (3.9, 3.7)

8 28.3 46.5 177.3 83.6 1.0 22.0 4.3 (4.0, 4.6)

9 69.8 37.7 469.6 90.2 N/A N/A 3.5 (3.5, N/A)

10 53.8 44.7 358.2 93.0 1.8 37.7 3.3 (3.2, 3.4)

Median 52.0±20.7 42.2±4.7 267.7±153.2 87.1±5.3 1.4±0.7 26.1±14.4 3.4±1.1

Range (17.0, 69.8) (34.2, 46.5) (148.4, 469.6) (77.8, 93.0) (0.7, 2.4) (17.3, 44.2) (2.2, 6.0)

Median ± interquartile range and range (minimum, maximum) among subjects is reported

BAT brown adipose tissue, N/A not available, PDFF proton-density fat fraction, SAT subcutaneous adipose tissue, VAT visceral adipose tissue

Table 4 Summary of the image-
quality scores Score Free-breathing radial scan 1a,b (n=10) Free-breathing radial scan 2a,b (n=9) Cartesiana (n=9)

1 (bad) 0.0% 0.0% 100.0%

2 70.0% 11.1% 0.0%

3 (good) 30.0% 88.9% 0.0%

Infant free-breathing abdominal MR images were scored for motion artifacts by a pediatric radiologist with 10+
years of experience using axial and coronal reformatted source images at the first echo time (TE=1.23 ms). Free-
breathing radial scans (scan 1 and scan 2) were scored separately
a Statistically significant differences (P=0.011) in the distribution of image-quality scores between Cartesian and
free-breathing radial scan 1 and scan 2
b Statistically significant differences (P=0.025) in the distribution of image-quality scores between free-breathing
radial scan 1 and scan 2
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association between NAFLD and metabolic syndrome in chil-
dren [56]. Further research in a larger cohort of infants will be
required to investigate hepatic PDFF in infancy and the rela-
tionship between hepatic PDFF, NAFLD and future metabolic
syndrome.

The characterization of VAT and BAT are important for
improving the understanding and management of metabolic
syndrome [10–13, 15, 20, 36]. Excessive WAT in infancy is
linked to later onset of metabolic syndrome [10, 14, 15, 20].
Beyond the newborn period, larger volumes of BAT in infants,
children and young adults are associated with a decreased risk
of metabolic syndrome [10, 12, 13, 16]. Furthermore, it has
been speculated that lower BAT fat content (PDFF) in infants
and children might be associated with a decreased risk for

metabolic syndrome later in life [11–13]. Interestingly, in
our study, an infant who was born preterm with intrauterine
growth restriction had the lowest VAT, SATand BAT (volume
and PDFF) compared to the other infants. The clinical signif-
icance of these findings remains unknown. Moreover, in this
study we did not measure lean bodymass, a key component of
body composition. Larger increases in lean body mass have
been associated with smaller decreases in BAT [36].
Infants born preterm, small for gestational age, large for
gestational age, and with intrauterine growth restriction
have increased insulin production and decreased insulin
sensitivity and lean body mass [17, 57–59]. When these
infants experience rapid weight gain in early childhood,
there is an increased risk for later metabolic syndrome
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Fig. 3 Representative infant abdominal, and head and chest proton-
density fat fraction (PDFF) maps (range: 0–100%) from subject 7, a
2.5-month-old boy. Abdominal PDFF maps are shown in axial and
coronal reformat orientations. The head and chest PDFF map is shown
in the coronal reformatted orientation. The coronal reformatted imagewas
combined from the slabs acquired during the abdominal scan and the head
and chest scan. Hepatic PDFF (HPDFF) in the liver is shown in a
representative region of interest. Visceral adipose tissue (VAT) and
subcutaneous adipose tissue (SAT) compartments are contoured on axial

abdominal images. The brown adipose tissue (BAT) compartment is
contoured on head and chest coronal reformatted images. In addition, 3-
D rendered views of the abdominal PDFF map are displayed, with the
orientations denoted as right (R), left (L), anterior-superior (AS), anterior-
inferior (AI), posterior-superior (PS) and posterior-inferior (PI). This boy
was born preterm with intrauterine growth restriction. He had the lowest
VAT volume (17.0 cm3), VAT-PDFF (34.2%), SAT volume (148.4 cm3),
SAT-PDFF (77.8%), BAT volume (0.7 cm3) and BAT-PDFF (17.3%) in
the study cohort. FB free-breathing
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[17, 60, 61]. Additional work is needed to decipher the
relationship between maternal, fetal and neonatal body
composition (volume and content) and hepatic PDFF with
metabolic syndrome.

Previous studies in newborns with a mean age <2 weeks
observed abdominal VAT ranging from 11 cm3 to 44 cm3, and
SAT ranging from 50 cm3 to 159 cm3 [15, 20, 31]. Compared
to our results, VAT and SAT volumes observed in these new-
born studies were lower than the volumes we observed in our
study (median VAT=52.0 cm3, median SAT=267.7 cm3). This
most likely reflects age differences. Other studies in infants
with a mean age of approximately 2 months reported total
body VAT and SAT measurements. Hence VAT and SAT vol-
umes observed in these studies were higher than the values we
obtained because these volumes were measured from total
body fat rather than abdominal fat alone [62].

Two-echo and six-echo Cartesian chemical-shift-encoded
MRI techniques have been used to quantify fat content
[11, 12, 16, 32, 35]. Two-echo techniques do not correct for
confounding factors, such as the multi-peak spectrum of fat,
and might underestimate PDFF [62]. On the other hand, six-
echo techniques correct for confounding factors, including the
multi-peak spectrum of fat [62]. BAT-PDFF and SAT-PDFF
reported in our study were similar to those in studies of infants
with a mean age of 1–2 months [11, 12, 16]. Of these studies,
two used a two-echo chemical-shift-encoded MRI technique
[12, 16] and did not correct for confounding factors, which
might underestimate PDFF [62]. Our study, along with anoth-
er study [11], used a six-echo chemical-shift-encoded MRI
technique that corrects for confounding factors. Determining
fat content for body composition by accurate quantification of
PDFF might be clinically relevant. Evidence suggests that a

Fig. 4 Representative infant abdominal, and head and chest proton-
density fat fraction (PDFF) maps (range: 0–100%) from subject 2, a
3.2-month-old boy. Abdominal PDFF maps are shown in axial and
coronal reformat orientations. The head and chest PDFF map is shown
in the coronal reformatted orientation. The coronal reformatted imagewas
combined from the slabs acquired during the abdominal scan and the head
and chest scan. Hepatic PDFF (HPDFF) in the liver is shown in a
representative region of interest. Visceral adipose tissue (VAT) and
subcutaneous adipose tissue (SAT) compartments are contoured on axial

abdominal images. The brown adipose tissue (BAT) compartment is
contoured on head and chest coronal reformatted images. In addition, 3-
D rendered views of the abdominal PDFF map are displayed, with the
orientations denoted as right (R), left (L), anterior-superior (AS), anterior-
inferior (AI), posterior-superior (PS) and posterior-inferior (PI). This boy
was born full term and had a family history of non-alcoholic fatty liver
disease. He had the highest HPDFF (6.0%), second highest VAT volume
(63.5 cm3), second highest BAT volume (2.2 cm3), and third highest
BAT-PDFF (36.4%) in the study cohort. FB free-breathing
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lower BAT-PDFF during infancy is associated with a lower
risk of metabolic syndrome [11, 13]. Lower PDFF might in-
dicate increased metabolism of fat to produce heat, a process
known as non-shivering thermogenesis that is important for
preventing hypothermia [10–13]. Fat with a higher PDFF
might function more like WAT, while fat with a lower PDFF
might function more like BAT [11–13]. Our PDFF results are
consistent with these studies; in our study median VAT-PDFF
was higher than median BAT-PDFF (42.2% versus 26.1%).

Compared to free-breathing radial scan 1, free-breathing
radial scan 2 showed a higher proportion of liver image-
quality scores of 3 (89% vs. 30%, P=0.025). These differences
could be a result of more motion, irregular breathing or heavy
breathing during free-breathing radial scan 1 compared to scan
2. Free-breathing radial imaging was typically performed first
during the MRI exam. At the beginning of the scan, we ob-
served that infants were often startled and cried. We believe
this is most likely secondary to the noises generated by the
MRI. Soon after, infants usually stopped crying, fell asleep,
and moved less as the exam progressed. Hence during free-
breathing radial scan 2, infants might have fallen into a deeper
sleep and moved less compared to free-breathing radial scan
1. In this study, no self-navigation, respiratory gating or mo-
tion compensation was performed. Free-breathing radial im-
aging can be used to generate a self-navigation signal, which
could be incorporated in future work to further improve image
quality [63–65].

The practicality of infant MRI scanning should be consid-
ered. First, MRI is expensive compared to other imaging mo-
dalities. This limits access to infant MRI for research and
clinical purposes. Second, MRI is loud because of the rapidly
changing gradients [66]. To reduce noise and avoid hearing
damage during the MRI exam, earplugs and earmuffs are re-
quired. Third, MRI can produce heating in the subject, char-
acterized in terms of the specific absorption rate [66]. To re-
duce the specific absorption rate, we used a low flip angle of
5° for the free-breathing radial and Cartesian acquisitions to
produce a low whole-body specific absorption rate of 0.08–
0.10 W/kg and B1+rms of 0.6 μT. Finally, abdominal body
composition analysis is time-consuming and requires training.
In this study, the median time for contouring VAT, SAT and
BAT was approximately 90 min, 20 min and 40 min,
respectively.

This study has limitations. First, the sample size was small
and the range of hepatic PDFF in this population was narrow.
Larger sample sizes with a wider range of hepatic PDFF and
longitudinal studies are needed to elucidate associations be-
tween hepatic PDFF, VAT, SATand BAT (volume and PDFF),
and demographics, clinical data and risk factors for metabolic
syndrome. Second, BAT can be present in other regions be-
sides the supraclavicular and axillary regions, such as the cer-
vical, paravertebral, perirenal and periadrenal regions.
Because supraclavicular fat is considered the largest depot of

brown fat in infants [67], we chose to measure the
supraclavicular along with the axillary region for BAT. We
were unable to validate that all fat in the supraclavicular region
was BAT. To do this, a biopsy or positron emission tomogra-
phy (PET), which uses radiation [22, 67], would be required.
Because this technique was evaluated in a research setting,
these confirmatory procedures were not possible. In previous
work, autopsies have confirmed that voxels with intermediate
quantitativeMRI PDFF values reflect BAT [67]. Third, we did
not compare our hepatic fat results to the gold standard, liver
biopsy, or a breath-held Cartesian scan. Performing a liver
biopsy for research purposes in healthy infants is unethical.
Breath-heldMRI scans were not possible in this study because
infants cannot voluntarily perform a breath-hold and sedation
was not used. However, we assessed the repeatability of free-
breathing radial imaging for hepatic fat quantification and our
technique demonstrated repeatability with coefficient of re-
peatability <2%. Furthermore, previous studies in a fat phan-
tom, adults and children have demonstrated agreement in
quantitative PDFF between free-breathing radial MRI,
breath-holding Cartesian MRI and breath-holding MRS [42,
43]. Fourth, we did not analyze repeatability for abdominal
body composition because of the lengthy analysis time. Head
and chest scans were not repeated because of scan time con-
siderations. However all of our measurements were consis-
tently performed by one coordinator and verified by a radiol-
ogist. Fifth, preparation for infant MRI can be time-
consuming and requires staff training and parental education.
We demonstrated that with training the median preparation
time and scan time for an infantMRI examwere approximate-
ly 32min and 24min, respectively. Finally, this study required
the infant to be asleep or calm during the MRI exam. If the
infant began to cry during the MRI exam, the exam could be
incomplete. While our new free-breathing radial technique is
robust to breathing motion, additional corrections might be
needed for severe motion. To improve the motion robustness
of our free-breathing radial technique, motion detection using
a self-navigation signal might be used to characterize and
compensate for severe motion [63–65], which could be ex-
plored in future studies.

Conclusion

Free-breathing 3-D quantification of infant body composition
and hepatic fat is feasible using a free-breathing radial MRI
technique within a median scan time of 24 min and might be
reduced to within 15 min if only a single free-breathing radial
abdominal scan is required. Free-breathing radial MRI dem-
onstrated improved liver image quality compared to conven-
tional Cartesian MRI and quantified hepatic PDFF with re-
peatability of mean difference <0.25% and coefficient of re-
peatability <2%. The new free-breathing radialMRI technique
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might help unravel the early origins of metabolic diseases by
providing accurate and detailed information about body com-
position and hepatic fat in infants.
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Appendix: Detailed procedures for infant
preparation and MRI experiments

Preparation for the MRI exam began with the recruitment and
consenting process. Prior to the MRI exam, the study team
contacted the parents several times by email or phone to pro-
vide themwith detailed information about what anMRI is and
what to expect for the MRI exam. During this time, we gave
parents a picture or video of the MRI and a chance to discuss
the MRI procedure in detail with the study team.We also gave
the parents instructions on how to prepare for the MRI exam
and contacted them to go over the instructions prior to the
MRI exam. On the day of the exam, parents were asked to
dress their infant in clothing with 100% cotton to ensure that
there was no metal. If the parents had any 100% cotton blan-
kets or items to help calm the infant, such as a pacifier or toy,
they were asked to bring them as long as the items did not
contain metal. Parents were instructed to arrive 30–45 min
before their scheduled scan time so that there was sufficient
time to consent and prepare for the scan. The preparation steps
in Fig. 1 began after the parents and infants arrived and
consented to the exam. Some of the preparation steps in
Fig. 1 can begin before the MRI scanner becomes available.

We started recording preparation time when the infant and
parent/legal guardian entered theMRI suite. First, infants were
checked to ensure their wardrobe contained no metal. If the
parents brought items to calm the infant during the scan, these
items were tested for metal with a magnet prior to bringing
them into the MRI room. The infants were breast or bottle fed,
swaddled and rocked to a sleepy state (Fig. 1). The infant’s
caregivers were involved in the feeding and swaddling of the
infant. Earplugs and earmuffs were placed on the infant for
hearing protection (Fig. 1). Infants were then placed on a
vacuum immobilizer and the clips on the immobilizer were
fastened (Fig. 1). To limit set-up procedures that might cause
discomfort to the infant, we did not use the head Velcro strap
and vacuum pump to remove air from the vacuum

immobilizer. The posterior head coil was then positioned
and the infant was placed on the MRI table (Fig. 1). Cloths
were placed between the infant’s ears and the head coil to
immobilize the head and attenuate MRI noise. Prior to
attaching the body matrix array, blankets were placed on both
sides of the infant to prop up the body matrix array so that it
did not touch the infant and to reduce bulk motion (Fig. 1).
Finally, the anterior portion of the head coil was attached
(Fig. 1). If the infant began crying when the coil was attached,
the anterior portion of the head coil was removed. After all the
coils were positioned, the MRI table and the infant were ad-
vanced into the MRI bore and the total preparation time was
recorded. A diagram of infant preparation procedures is
shown in Fig. 1.

After advancing the infant and the MRI table into the bore,
the start time for the scan was recorded. For each infant, one
parent/legal guardian stayed in the MRI room and communi-
cated with the technologist during the scan. If the infant began
crying, the caregivers were allowed to comfort the infant by
touching their feet and checking on them. If the infant did not
stop crying or the parent/legal guardian asked to stop the scan,
the infant was removed from the scanner and comforted in the
immobilizer. If the infant then settled down, the infant was
placed on the MRI table again and set-up procedures on the
MRI table were repeated. The total scan time was calculated
after the MRI scan protocol was completed.
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