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Abstract

Accurate, precise, and reliable techniques for quantifying body and organ fat distributions are
important tools in physiology research. They are critically needed in studies of obesity and
diseases involving excess fat accumulation. Proton magnetic resonance methods address this need
by providing an array of relaxometry-based (T4, T,) and chemical-shift-based approaches. These
techniques can generate informative visualizations of regional and whole-body fat distributions,
yield measurements of fat volumes within specific body depots, and quantify fat accumulation in
abdominal organs and muscles. MR methods are commonly used to investigate the role of fat in
nutrition and metabolism, to measure the efficacy of short and long-term dietary and exercise
interventions, to study the implications of fat in organ steatosis and muscular dystrophies, and to
elucidate pathophysiological mechanisms in the context of obesity and its comorbidities. The
purpose of this review is to provide a summary of mainstream MR strategies for fat quantification.
The article will succinctly describe the principles that differentiate water and fat proton signals,
summarize advantages and limitations of various techniques, and offer a few illustrative examples.
The article will also highlight recent efforts in MR of brown adipose tissue and conclude by
briefly discussing some future research directions.
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INTRODUCTION

The development of accurate, precise, and reliable tools for quantifying triglyceride (fat)
distribution throughout the body continues to evolve. These tools are critically needed as the
prevalence of obesity, metabolic abnormalities, their comorbidities, and disease conditions
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involving excess fat accumulation remain global health and socioeconomic concerns
concern [1, 2] The quantification of adipose tissue and fat accumulation within organs and
ectopic sites remains critical in physiological studies of obesity, metabolism, and nutrition,
the metabolic syndrome, and their associated comorbidities. In addition to metabolic
abnormalities, it is also important to monitor fat accumulation in conditions such as
sarcopenia, muscular dystrophies and myelomeningocele, where skeletal muscle function
and physical abilities can be affected. The buildup of fat in subcutaneous and visceral white
adipose tissue (SCAT, VAT) depots, in conjunction with the deposition of fat in the liver,
pancreas, heart, and skeletal muscles, are recognized determinants of one's metabolic health
risk [3-5]. Ectopic fat refers to the deposition of triglycerides (TG) within cells of non-
adipose tissue that typically contain only small amounts of fat. Thus, the liver, heart,
pancreas, and skeletal muscles are all considered ectopic fat sites, where excessive fat
accumulation can interfere with normal function. Quantitative magnetic resonance
spectroscopy (MRS) and imaging (MRI) techniques are currently considered the most
comprehensive tools for assessing body fat [6, 7].

Quantitative fat measurements can assist physicians with diagnosis, health risk assessment,
and disease stratification in conditions such as neuromuscular disorders [8], fatty liver [9],
and type Il diabetes [10]. They can facilitate comparative studies in SCAT and VAT
distributions between age, gender, and ethnicity groups [11, 12], and assist in understanding
the pathophysiology of excessive fat accumulation. Longitudinal measurements can
determine the efficacy of therapies and interventions aimed at altering body and organ TG
levels, such as bariatric surgery [13], calorie-restricted diets [14-17], and physical exercise
regimens [18]. Serial studies can also capture temporal changes in TG accumulation due to
hyperalimentation [19] and the natural disease progression, such as in sarcopenia [20] and
muscular dystrophies [21]. In the latter, MR can visualize preferential fat infiltration into
specific muscles and highlight asymmetries between right and left legs. MRS has also been
instrumental in quantifying small degrees of ectopic fat accumulation, particularly in the
assessment of intramyocellular lipids in response to diet [22, 23] and exercise [24, 25], in
both healthy subjects to understand normal physiology, and in those with impaired insulin
sensitivity.

This review article was partly motivated by discussions at the 2012 ISMRM workshop on
water-fat imaging (http://ismrm.org/workshops/FatWater12/). It is intended to provide the
reader with a concise review of mainstream quantitative proton MR techniques available for
fat assessment [26], including T1- and To-weighted imaging methods, frequency-selective
approaches, single-voxel MRS and chemical-shift imaging (CSlI), and chemical-shift-
encoded water-fat imaging (see Figure 1). The article will not attempt to review the
pathophysiology of fat, as extensive commentaries and review articles already exist in the
literature [3-5]. The technical descriptions will be presented in the context of white adipose
tissue (WAT) and ectopic fat. Subsequently, recent investigations utilizing proton MRS and
MRI to characterize brown adipose tissue (BAT) will be briefly summarized. The review
will conclude with an outlook on future research directions.
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QUANTITATIVE MR of FAT

Many approaches have been utilized for body fat assessment [27], including anthropometry
metrics, hydrodensitometry, air displacement plethysmography, bioelectric impedance
analysis, dual energy X-ray absorptiometry, X-ray CT [28-30], and quantitative magnetic
resonance [31]. The utilization of MR has been steadily rising [32-36] and the modality is
clearly emerging as a comprehensive tool for TG quantification [6, 7]. MR has been
instrumental in identifying “at-risk™ cohorts and those who exhibit benign forms of obesity
[37, 38]. Table 1 provides an overview of mainstream MR techniques used in fat
quantification, from T1- and T,-weighted methods, to MRS and CSlI, frequency-selective
MRI, and chemical-shift-encoded water-fat MRI approaches. In differentiating proton
signals from water and fat, these aforementioned pulse sequences depend on either a
difference in relaxometry alone (e.g. T1, To), which usually manifests as a subsequent
difference in tissue and organ signal intensities on the grayscale MR image [39], or
additionally on a difference in chemical-shift and resonance frequency.

RELAXOMETRY-BASED APPROACHES

T1-Weighted MRI—Tq-weighted pulse sequences have been utilized ubiquitously to
quantify abdominal SCAT and VAT depots [28, 33-38], extramyocellular fat depots in the
lower extremities [8, 32], fat deposits surrounding the heart as well as myocardial fat [40],
and bone marrow adipose tissue [41]. The Ty relaxation rate of fat is one of the shortest in
vivo. Consequently, adipose tissue depots appear brightest on T4-weighted images,
facilitating identification. Using signal intensity histograms and thresholds [42], these depots
can be delineated with relative ease and subsequently associated volumes can be computed
[43]. The histogram and threshold processes are commonly applied in conjunction with
shape-model constraints, edge-detection, clustering, and morphological (erosion, dilation)
practices, and region-growing strategies to improve the accuracy of adipose tissue depot
segmentations [44-48]. Additionally, pre-processing steps that correct for spatially-varying
signal intensities in the image due to bias from non-uniform RF transmit and receive fields
of the MR system are necessary, particularly at higher magnetic field strengths and in
overweight/obese subjects [49]. Supplemental Tq mapping can likewise aid in depot
identification and segmentation [50]. Protocols reported in the literature range from the
acquisition of a single abdominal axial slice to a stack of 2D slices for regional analysis [51]
in the past, to advanced topographic whole-body volumes [52] for subject-specific
characterization in more recent years. T1-weighted imaging has also been extensively used
in the assessment of fat in neuromuscular disorders [53, 54], where varying patterns of fat
infiltration, asymmetric involvement, and preferential fat accumulation within specific
muscles can be clearly depicted [55] (see Figure 2).

To-Weighted MRI—The T, relaxation rate of fat is neither the shortest nor the longest
amongst tissue in vivo. On conventional T,-weighted images, fat nonetheless appears bright,
alongside fluid-filled structures that also appear hyperintense [39]. To-weighted protocols
are not typically implemented for SCAT and VAT volume quantification. In lower extremity
skeletal muscles however, the utility of quantitative T,-weighted imaging, in combination
with T, mapping, has been instrumental in the assessment of muscular fat deposition. In one
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approach, a mono-exponential decay function is fitted voxel-by-voxel to the acquired signals
from a multi-echo spin-echo pulse sequence to compute the T, relaxation rate. T, values
above a threshold of 30-50 msec, which are typical for healthy muscle, are then likely
indicative of the presence of fat [56, 57]. However, many muscle diseases are also
characterized by edema, which in turn also increases the T relaxation rate and can therefore
confound the determination of fat deposition. To circumvent this ambiguity, bi-exponential
and non-linear least squares techniques have been proposed, where voxel-wise fitting of the
acquired multi-echo data results in individual signal intensities and T, values for lean
muscle tissue, edema, and fat components [58, 59]. Figure 3 illustrates an example of this
approach in a patient with facioscapulohumeral muscular dystrophy. One recognized
advantage of quantitative T fitting and mapping techniques in comparison to conventional
qualitative T, and Tp-weighted imaging is the reduction of partial volume effects and
quantification errors in voxels situated at the interface of muscle and adipose tissue. This
benefit is particularly important since fat accumulation within skeletal muscles can be
heterogeneous, and in some instances to a degree where high spatial resolution protocols
may still be inadequate in resolving fat patterns.

CHEMICAL-SHIFT BASED APPROACHES

MR Spectroscopy and Chemical-Shift Imaging—Proton MR spectroscopy and
chemical-shift imaging provide the most direct approach to discriminate water and fat
signals in vivo and have long been considered the non-invasive gold-standard for ectopic fat
quantification. The differences in Larmor resonance frequencies between water and fat
protons are used to spectrally separate them. The reader is referred to several exemplary
illustrations of the water-fat spectrum in recent literature [60-63]. While water is a
symmetrical molecule with a single proton resonance (-OH), the TG spectrum is more
complex and has several resonances. In addition to the major methylene (-CH,-) resonance,
the spectrum is characterized by additional minor peaks, reflecting other proton moieties and
various non-identical local magnetic fields. MRS has been widely used to measure fat
deposition in the liver [61, 64], heart [14, 65], and pancreas [66], as well as in skeletal
muscle [67-70] and in bone marrow [71-73]. One recognized advantage of spectroscopy is
its ability to accurately quantify very low amounts of fat [74].

The detailed frequency spectrum of water and fat resonance peaks provides an intuitive
visualization of the presence of water and fat proton moieties within the interrogated voxel.
The relative area under each spectral peak can also be quantified to reflect water and fat
content. Assessment of the ratios of the ensemble of fat resonances can provide information
on TG properties, including the level of carbon chain unsaturation [75, 76]. Spectral analysis
can be performed using software available on the MR system or offline with dedicated
packages [77, 78]. Automated software on MR systems can perform basic post-processing
steps like noise filtering, baseline phase correction, and simple peak fitting to determine
water and fat levels. Commercial packages provide users with advanced levels of data
handling, such as spectral modeling via multiple weighted overlapping Gaussian or
Lorenzian distributions. For multi-coil data, combination algorithms have also been
described [79, 80]. The common quantitative endpoint from spectral analysis is a To-
corrected fat-signal fraction [60, 63, 64], computed as the sum of the areas under all
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quantifiable fat peaks divided by the sum of the water and fat peak areas. T, effects are
usually mitigated during data acquisition by employing a long repetition time. Subject
motion, respiratory and cardiac motion, and abdominal peristalsis can easily degrade
spectrum quality. Breath-hold enabled protocols, dedicated pulse sequences with motion
navigators, and respiratory and cardiac triggered data acquisition schemes remain essential
practices, especially in the thorax and abdomen [81, 82].

In research and clinical practices, both single-voxel MRS and multi-voxel CSI are used. The
two most widely used single-voxel approaches are the Stimulated Echo Acquisition Mode
[83] and Point RESolved Spectroscopy [84] pulse sequences. Techniques that are more
robust to chemical-shift displacement artifacts have also been introduced [85-87]. In single-
voxel MRS, a series of slice-selective RF pulses are applied sequentially to excite a volume-
of-interest. This is subsequently followed by data acquisition of an echo in the time domain
in the absence of spatial-encoding gradients. Compared to voxels in MRI, MRS voxels are
an order of magnitude bigger in size. Volumes ranging from 5-20 milliliters are common.
While this is beneficial from a signal-to-noise ratio (SNR) perspective and enhances greater
detection sensitivity to small fat concentrations, it requires accurate voxel placement to
avoid any undesired adjacent tissues and structures. For example, in liver and pancreas
applications, the interrogating voxel must exclude major blood vessels, the gallbladder and
biliary structures, and adjacent VAT [88]. In skeletal muscle applications, voxel placement
is likewise critical in order to distinguish intra- (IMCL) and extra- myocellular lipids
(EMCL) [89].

In CSI phase encoding steps precede data acquisition [90] to provide a multi-voxel grid of
spectra, as illustrated in Figure 4. While CSI scan times can be on the order of tens of
minutes, they are becoming more manageable with fast echo-planar-imaging k-space
trajectories and parallel imaging [91], and emerging compressed sensing strategies [92, 93].
Voxel sizes in CSI are typically on the order of one milliliter. Major advantages of CSI over
single-voxel MRS are the possibility to capture heterogeneous fat accumulation across a
larger area of anatomy and that the placement of the grid of imaging voxels is less
dependent on the MR operator. However, voxel boundary definition in CSI is not as sharp as
in single-voxel MRS, and signal bleeding from neighboring voxels can influence
quantitative accuracy if spatial variations in fat concentrations are significant. For example,
in skeletal muscles, adjacent subcutaneous and intermuscular adipose tissue depots can
significantly influence IMCL quantification [94]. Technical advances in outer volume
suppression [95] and pulse sequence strategies [96] have been introduced to mitigate some
of these challenges.

Presently, spectroscopy remains the only method that can differentiate IMCL and EMCL in
skeletal muscle (see Figure 4), due to the very small difference in resonance frequency
between these two lipid components [97, 98]. In healthy skeletal muscle, normal IMCL
content varies from 2-5% by volume. Similar to brown adipocytes (described later), IMCL
exists as spherical droplets in the cytoplasm within myocytes and the chemical-shift location
of its methylene resonance is independent of the orientation of the surrounding skeletal
muscle fibers with respect to the external BO magnetic field. In contrast, EMCL exists
between skeletal muscle fibers and between muscle fiber and fascia boundaries in the form
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of structured parallel sheaths. Consequently for EMCL, a bulk magnetic susceptibility is
present and the degree of susceptibility is dependent on the orientation of the EMCL
compartment with respect to the external BO magnetic field. For example, for a subject
positioned supine within the MR scanner with their legs extended and flat on the table, the
methylene resonance position of EMCL is maximally shifted from that of IMCL in the
tibialis anterior muscle, of which the muscle fibers are aligned in parallel with the external
magnetic field. By comparison, in the soleus muscle, in which the fibers are oriented in an
angle of approximately 40 degrees to the main magnetic field, the susceptibility-induced
chemical-shift is minimal and consequently the methylene resonances of IMCL and EMCL
partly overlap. Voxel placement is therefore critical when quantifying IMCL, as EMCL
levels are typically greater than the intrinsic concentration of IMCL and the amplitude of the
EMCL signal relative to the IMCL signal can vary significantly depending on the voxel
location [99]. In overweight/obese subjects and at lower magnetic field strengths, spectral
peak overlaps can occur more frequently, hindering IMCL and EMCL quantification. While
the likelihood of peak overlaps can be mitigated by utilizing long echo times [100],
additional signal corrections (e.g. T,) are needed to maintain quantitative accuracy [60, 63,
64].

The role of IMCL in normal human physiology and in disease has been extensively studied.
While EMCL is metabolically inactive and serves primarily as a site of TG storage, IMCL
can be metabolized to provide an energy source for muscle activity. Hence, baseline IMCL
levels can vary significantly between subjects and within a subject throughout the day.
IMCL levels are influenced by many factors including gender [101], physical activity [102],
and diet [103-105]. Obese, sedentary, and diabetic patients typically have high IMCL levels
and low insulin sensitivity [67]. In trained athletes however, a paradox exists where both
high IMCL levels and high insulin sensitivity have been observed [106]. In contrast, lower
IMCL levels have been observed in healthy adults who are predisposed to familial longevity
[107]. The rate of IMCL depletion by exercise has been shown to depend on the type and
duration of exercise performed, the type of muscle fibers involved, and the level of baseline
IMCL prior to the onset of exercise [25]. Conversely, the rate of IMCL replenishment is
influenced by factors such as the percent fat content in the consumed diet and insulin levels
[108].

Frequency-Selective Imaging—The chemical-shift phenomenon between water and fat
protons that underpins spectroscopy can be extended to MRI. Consider a simplified single-
peak spectral model of fat that includes only the methylene peak, in addition to the signal
from the water resonance. In frequency-selective MRI, frequency-tuned RF pulses are used
to either excite or suppress water or fat proton signals prior to data acquisition, in a manner
similar to magnetization preparation schemes [109-114]. In one approach, spectral-spatial
RF pulses are applied to selectively excite either the water or the methylene fat protons prior
to data acquisition. The resultant image reflects only signals from the component that was
spectrally excited. In another strategy, frequency-selective RF pulses are first applied to
suppress signals from water or methylene protons. Subsequently, signals from the non-
suppressed component are acquired for image formation.

NMR Biomed. Author manuscript; available in PMC 2014 December 01.
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The utility of fat-selective excitation has been demonstrated in the quantification of lower-
extremity skeletal muscle percent fat content [115]. Water-suppression techniques have also
been explored as a complementary method for quantifying SCAT, VAT, and intermuscular
WAT volumes [116, 117]. Frequency-selective protocols have also been reported in the liver
[118, 119] to measure hepatic fat-signal fractions and the method has been further
demonstrated as an effective strategy in providing complementary and comprehensive
abdominal fat assessment [120]. Frequency-selective strategies are often coupled to
conventional T1- and T,-weighted protocols. Water versus fat signal contrast is typically
stronger with frequency-selectivity since one component signal is being actively excluded
by RF pulses. Figure 5 and Figure 6 demonstrate frequency-selective MRI in a bilayer
water-oil phantom and in vivo, respectively. Figure 6 alludes to the issue of magnetic field
inhomogeneity, also known as BO off-resonance effects. This refers to spatially-varying
deviations of the magnetic field, which can cause unintentional resonance frequency drifts
on the order of 102 to 103 Hz. Inhomogeneities arise from manufacturing imperfections,
perturbations by metallic implants, patient and physiological motion, and the mere
placement of a human body inside the magnet bore. They can be significant around
abdominal air-tissue-bowel interfaces and can cause an RF pulse designed to target fat to
erroneously affect water. Conversely, an RF pulse intended to suppress water can
inadvertently affect fat [121].

Chemical-Shift-Encoded Water-Fat Imaging—Chemical-shift-encoded water-fat
imaging, heretofore referred to as water-fat MRI (WFI), integrates two-component water-fat
spectral detection with high spatial resolution 2D and 3D MRI [122, 123]. In contrast to
frequency-selective methods, WFI strategies do not employ RF pulses to selectively excite
or suppress signals. Rather, two or more echoes are acquired to capture snapshots of the
chemical-shift effect, manifested as a phase difference between water and fat signals.
Subsequently in data reconstruction, elegant mathematical algorithms are used to solve and
separate the individual water and fat components from the acquired data based on spectral
model assumptions [124] and various parameter constraints. With the water and fat signals
separated on a voxel-wise basis, a resultant fat-signal fraction map can be computed. A
toolbox containing a sampling of some WFI algorithms can be found at the 2012 ISMRM
workshop website (http://ismrm.org/workshops/FatWater12/data.htm). In both WFI and
spectroscopy, the chemical-shift differences between water and fat resonances and the
number of resonance peaks of fat are typically constrained in data reconstruction. One
distinction is that the relative amplitudes of the water and fat peaks are assigned a priori in
WEFI algorithms, whereas in spectroscopy they are estimated from spectral data fitting as
free parameters. In WFI, the preset water-fat spectrum is substituted into the reconstruction
algorithms as either a single-fat (methylene)-peak model or as a multi-fat-peak model [61,
76, 125], the latter providing improved accuracy in fat-signal fraction estimations.

The concept of WFI emerged in the early-1980s [126-128]. By adopting the single-fat-peak
model, Dixon introduced the notion of “simple spectroscopic imaging” with in-phase and
out-of-phase echo times. Figure 7 illustrates the utility of in-phase/out-of-phase (e.g. two-
point) WFI in highlighting the presence of ectopic fat [9, 129]. In recent years, this approach
and its multi-echo variants have rapidly advanced to become popular tools in the
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quantitative assessment of body and ectopic fat distributions [71, 119, 130-140]. Numerous
methodological developments in WFI have also advanced the original two-point approach to
afford more flexible echo time choices [141, 142] and improve the robustness of water-fat
reconstructions, particularly in the presence of significant BO magnetic field inhomogeneity
[143-145]. Modern three and six-point WFI acquisitions, coupled with magnitude and
complex-based algorithms [146], have also overcome multiple challenges including tissue
susceptibility [147] and bipolar gradient readout schemes [148]. The general trend towards
multi-echo WFI stems from the principle need to mathematically solve a multitude of
unknown parameters, including water (real or complex value), fat (real or complex value),
magnetic field inhomogeneity (real value), and To* relaxation rate (real value). The Ty*
parameter is considered a confounder in the context of quantitative WFI [149]. However, it
is worth mentioning that the parameter itself is clinically useful as an adjunct biomarker to
assess iron overload [150-152]. Conversely, the presence of fat has also been argued as a
confounder in the accurate estimation of To* [153]. The requisite number of echoes in WFI
is largely governed by the number of unknown parameters in a particular water-fat signal
model, while leveraging performance tradeoffs in noise-bias, SNR, and numerical stability
of the reconstruction algorithms. The accuracy and precision of estimating the fat-signal
fraction from WFI acquisitions have also been thoroughly investigated and improved upon
significantly by strategies that employ multi-peak spectral model of fat [154-156] and those
that explicitly account for confounding factors such as T4 and T,* relaxation effects on the
water and fat signals [157, 158]. By addressing these confounders, it has been posited that
the resultant proton-density fat fraction represents a fundamental property of the underlying
tissue [159] and that it is a reliable imaging biomarker of tissue fat content [160]. As
illustrated in Figure 8, this biomarker provides a powerful tool for visualizing ectopic fat
distributions. Figure 9 shows a schematic of multi-echo gradient-echo WFI. Table 1
summarizes the principles, advantages and disadvantages, and typical endpoints of all of the
aforementioned relaxometry and chemical-shift based quantitative MR techniques.

BROWN ADIPOSE TISSUE

The adipose organ is composed not only of WAT, but also BAT [161-163]. Recent findings
of metabolically active BAT with positron emission and computed tomography (PET/CT)
[164, 165] have led to a resurgence of scientific interest in the tissue's role in human
physiology and developmental growth. Presently, PET/CT remains the reference modality in
BAT imaging. The depiction of metabolically active BAT by PET/CT relies on the uptake of
a radiotracer. The typical radiotracer is 18F-fluorodeoxyglucose, while other compounds
linked to 11-Carbon [166] and 15-Oxygen [167] have been explored. In rodents, BAT can
be found prominently in the interscapular region, located dorsal and inferior to the animal's
shoulders [168, 169]. In humans, BAT in the supraclavicular fossa and cervical depots are
the most commonly observed and reported sites in the PET/CT literature, while other
anatomical sites have also been documented in detailed post-mortem studies [170-172].
WAT and BAT exhibit different morphological features. WAT is characterized by large
adipocytes that contain a unilocular TG vacuole, a displaced peripheral nucleus, and limited
intracellular water and extracellular space. In contrast, BAT typically contains smaller
adipocytes with multiple TG droplets, a centrally located nucleus, and an abundance of iron-
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rich mitochondria and intracellular water. WAT and BAT also exhibit different metabolic
activity. Whereas WAT stores fat and is typically inactive, BAT can be stimulated to
metabolize fat and generate heat. Thermogenesis is mediated by a unique uncoupling protein
residing in the brown adipocyte's mitochondrial membrane. Unlike WAT, BAT can be
densely perfused by capillaries, and such vascularity is needed to transport and disperse the
produced heat [173]. As will be described shortly, these intrinsic differences between BAT
and WAT provide the basis for a variety of signal contrast mechanisms in MR. MR
represents a promising modality to overcome some of the challenges of utilizing PET/CT to
study BAT, most notably in healthy pediatric and adult cohorts.

Table 2 identifies works in MR of BAT and summarizes major efforts in this area over the
past two decades. The publications have been grouped based on the primary MR
technique(s) employed and as well as each study's focus on measuring either BAT
morphology and/or metabolic activity. The table also distinguishes whether the work was
investigated in ex vivo specimens, animals, or humans, and the magnetic field strength at
which the experiments were implemented. The significance of each study's findings is also
noted. In general, the development of MR methods to image BAT is still at its infancy and
has to date primarily focused on demonstrating technique feasibility in relatively small
cohorts. While methodological studies have traditionally been implemented in rodents, those
involving humans have started to emerge in the past five years. However, clinical case
reports describing the identification of hibernomas as BAT [174-178], the involvement of
BAT in pheochromocytoma [179], and the observation of BAT [180], have been quite
common.

In comparison to lean muscle and TG-rich WAT, the mixed content of water and fat in BAT
and its implications on the tissue's signal intensity and appearance in conventional T1- and
To-weighted images have long been recognized in rodents [181-184] and humans [179,
180]. In one recent study using a multi-echo fast-spin-echo pulse sequence, WAT was
shown to exhibit a significantly higher T, distribution than BAT [184]. The longer tissue T,
of WAT is likely due to the greater TG and lower intracellular water contents of white
adipocytes in comparison to brown adipocytes. The reader may find that this trend is logical
and synonymous to the aforementioned knowledge that skeletal muscle T, increases with
greater fat accumulation [56-59]. Hamilton, et al. has employed MRS to further measure and
compare the T and T, values of water and the individual TG resonances between BAT and
WAT, demonstrating only a noticeable difference in the water T, relaxation rate between the
two tissues [185].

The mixture of water and fat content in BAT most logically extends to applications of fat-
signal fraction MR. Both spectroscopy [60, 185, 186] and frequency-selective MRI
[187-189] have been used to posit the concept that BAT generally has a lower fat-signal
fraction than WAT. Over the past five years, the extension of WFI techniques to reinforce
this concept has been demonstrated consistently in mice [190-193] and humans [194-201].
Preliminary comparisons between WFI and PET/CT of BAT are also beginning to emerge
[195, 198, 201], bringing forth the reasonable notion that a negative PET/CT result for BAT
implies that the tissue is either metabolically inactive or that the tissue is absent, and that
with additional MR-derived fat-signal fraction measurements, the two conditions can
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potentially be further differentiated. It should be noted that measurements of fat-signal
fraction does not necessarily reflect BAT mass or volume. Rather, it is an additional signal-
based characterization of the adipose tissue depot. One recognized advantage of fat-signal
fraction BAT imaging is that proton spectroscopy and frequency-selective pulse sequences
are readily available from commercial vendors in the current research and clinical
environments. In addition, rapid 3D WFI techniques are becoming more widely accessible.
This has been instrumental in allowing multiple investigators to independently verify the
utility of the fat-signal fraction in differentiating BAT from WAT and in characterizing BAT
morphology. The strategy's main drawback however is that the intermediate fat-signal
fraction range is not unique to BAT and is only suggestive of the presence of the tissue.
Even at a sub-millimeter spatial resolution, fat-signal fraction measurements alone can not
differentiate a depot of brown adipocytes from a mixed cluster of brown and white
adipocytes. The latter scenario is unfortunately quite common in humans [161, 169-172]. In
abnormal circumstances where ectopic fat has infiltrated organs and skeletal muscles, or
alternatively in normal situations such as conversion of red to yellow bone marrow, regional
fat-signal fraction values are likely similar to the range occupied by BAT. Thus, knowledge
of anatomy remains is needed to identify BAT depots and it is for this reason that all of the
aforementioned reports have focused on large and easily recognizable BAT depots in
rodents (interscapular, peri-renal) and humans (supraclavicular fossa, cervical). This
limitation also extends to the two extremes of the fat-signal fraction range. A fat-depleted
brown adipocyte will exhibit a near-zero percent fat-signal fraction, which can be
ambiguous with adjacent lean tissues. Conversely, a fat-replenished brown adipocyte will
exhibit a near-one-hundred percent fat-signal fraction, which can be false-positively
identified as WAT. Thus, despite its growing popularity in recent years, the fat-signal
fraction metric has notable limitations and is likely only one of several yet undiscovered
complementary MR biomarkers that can collectively and reliably identify BAT in vivo.

Advanced proton spectroscopy techniques have also been employed to further characterize
BAT. In a recent mouse study, an innovative strategy utilizing intermolecular zero-quantum
coherence transitions between water and fat protons was described to differentiate BAT
from WAT [202]. The approach exploited the fact that in brown adipocytes, intracellular
water and fat are in close proximity to one another and thus give rise to distinctive signal
peaks along the intermolecular coherence spectrum. On the contrary, in WAT, water and fat
molecules are separated by slightly greater distances and thus such signal peaks can be
rendered absent based on specific pulse sequence gradient settings. One critical advantage of
intermolecular coherence spectroscopy is its insensitivity to partial-volume effects. The
approach can unambiguously detect the presence of BAT since the generated signals rely on
water and fat molecular interactions at the tissue microstructure level. The feasibility of
intermolecular coherence spectroscopy at clinical magnetic field strengths of 1.5 Tesla and
3.0 Tesla in both rodents and humans has not yet been demonstrated. Challenges include the
need to optimize the method for SNR at these field strengths and to accelerate data
acquisition speed to a duration suitable for human studies.

It is worthwhile at this point to emphasize that human BAT imaging with MR is
fundamentally challenging. In contrast to rodents where distinct clusters of “pure” brown
adipocytes exist, in humans BAT is notably present in scattered distribution and often exists
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in much smaller islets that are typically co-populated with white adipocytes [161, 169-172].
Thus, it is likely reasonable to imply that rodent depots (e.g. interscapular) are occupied
largely by brown adipocytes, and that imaging-derived measurements of depot volume and
mass can be interpreted as a close approximation of underlying BAT volume and mass.
Conversely in humans, the high potential of mixed appearances of brown adipocytes with
other cells presents a challenge in explicitly determining BAT volume and mass. BAT
volume and mass cannot be reliably inferred from measurements of the resident depot
volume and mass (e.g. supraclavicular fossa, cervical). This is because currently available
fat-signal fraction methods are hampered by partial-volume effects and can not readily
determine the percentage of brown and white adipocytes and other cells within the depots.
Thus, the benefits and capability of a combined intermolecular coherence spectroscopy and
WEFI approach [203] would be highly desirable in advancing human BAT measurements.

SUMMARY

The preceding sections have firstly summarized MR techniques for quantifying TG (fat)
distributions in the body (see Table 1). It is worth reiterating that the fat-signal fraction
computed from frequency-selective MRI, spectroscopy, and WFI are generally weighted by
intrinsic signal relaxation effects (e.g. Ty, Tp, To*) and is typically not equivalent to the
proton-density fat fraction [159] or more conventional mass fat fraction or volume fat
fraction [204]. It is also worth reemphasizing that presently MR spectroscopy remains the
only technique with the sensitivity to differentiate IMCL and EMCL. Secondly, recent
efforts to characterize BAT morphology and metabolic activity with some of these
aforementioned MR techniques have been reviewed (see Table 2). The reader should find it
apparent that the intrinsic intracellular differences in water and fat content between BAT and
WAT lends naturally to characterization and assessment by quantitative fat MR techniques.
In the following section, some opportunities for future investigations are identified.

OUTLOOK
Future Directions for WAT MR

For body fat composition of WAT depots and ectopic fat, the time-consuming task
associated with post-processing image segmentation should be addressed. While many
innovative and automated algorithms continue to emerge [205, 206], one challenge is that
they are often limited to in-house usage and applicable to only a specific set of imaging
protocols that generate a particular type of tissue signal contrast. Some of these algorithms
are often difficult to obtain for a majority of end-users such as investigators of obesity and
body composition, who may not necessarily be experts in imaging or image data processing.
A structure for open-source sharing of segmentation algorithms and an effort by the imaging
community towards standardization of protocols and procedures is recommended. With
respect to studies of neuromuscular disorders, there remains a need to investigate the
preferential deposition of fat between muscle groups and within muscle groups, as well as
intra- and inter-subject differences. MR can enable such studies and facilitate analysis of fat
pattern recognition for disease diagnosis [55, 136]. Automated muscle segmentation
likewise needs to be addressed and recent efforts have shown promise [117, 207-210].
Validation of such algorithms in patient cohorts is needed. Additional strategies such as
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diffusion-tensor imaging [211, 212] are also needed to complement fat in tracking disease
progression and assessing muscle integrity, volume, and function.

The temporal redistribution of body and organ fat due to weight changes, diet and exercise,
and bariatric surgery, along with its implications in insulin and glucose regulation,
cardiovascular diseases, and other co-morbidities of obesity, remain critical research areas.
Fat redistribution trends during adolescence, menopause, and aging as a function of normal
physiology also remain unclear. Additionally, progress towards depot-specific fat
quantification is needed, beyond the current practice of demarcating SCAT and VAT
compartments [26, 163]. For example, it has been shown that the abdominal SCAT depot is
partitioned into two distinct compartments [213] and it has been speculated that the deep
layer is associated with negative health risks [214], possibly due to lower TG unsaturation
levels [215]. The utility of determining variations in fatty acid composition across multiple
locations of the body using MRS has been recognized [7, 216], and initial feasibility of
obtaining such data with imaging techniques has been shown [62, 63, 217].

There is an unmet need to develop non-invasive imaging techniques that can assess
adipocytes at the molecular level, such as monitoring adipocyte macrophage inflammation
[218], cell number and density, and cell size [189]. When cell size increases, it is an
indication of the inability of pre-existing adipocytes to expand further in number to
accommodate extra TG accumulation [219, 220]. Larger adipocytes are likely associated
with greater VAT and ectopic fat, and macrophage accumulation is associated with greater
fasting insulin levels and hindered beta-cell function [221, 222]. Ultra-small-paramagnetic-
iron-oxide particles [223] and diffusion-weighted spectroscopy [224] and imaging [225] of
fat may offer a viable approach to characterizing adipose tissue microstructure. Lastly, it
remains unknown whether enlarged WAT depots exist as a result of decreased TG
oxidation, increased TG uptake, or a structural imbalance between uptake and expenditure.
The measurement of the metabolic flux of fat with 13-Carbon MRS [105, 226] has enabled
the opportunity to assess fat dynamically in a single imaging session. With oral ingestion or
intravenous infusion of TG enriched with 13-Carbon, it is possible to monitor the uptake,
turnover, deposition, and overall kinetics of triglyceride metabolism.

Future Directions for BAT MR

Leveraging on the existing knowledge of human BAT from PET/CT data, it is become
increasingly evident that BAT fulfills an important, complex, and yet still largely unknown
role in human physiology. The clinical relevance of BAT and its therapeutic potential, if
any, remains unclear. Continued development of MR-based strategies to characterize human
BAT morphology and metabolic activity, along with the independent validation and
utilization of these strategies in large cohorts, are critically needed. Both the fat-signal
fraction imaging and the intermolecular coherence spectroscopy approaches have only
recently been validated independently by select research groups. Whereas MR protocols for
quantifying WAT and organ fat are ubiquitous have become broadly accepted, presently it
remains unclear, in the opinion of the first-author, whether routine measurements of BAT
will become equally established in human studies. As illustrated in Figure 10, recent
advances in PET/MR technology holds potential as an adjunct tool for combined
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morphological and functional BAT imaging, with reduced radiation exposure than the status
quo of PET/CT. Furthermore, a whole-body WFI scan is required in PET/MR to provide
tissue attenuation correction maps for the PET signal detectors.

Many distinctive features of BAT are known and are only beginning to be explored with
MR. In addition to intracellular fat and water levels, BAT metabolic activity can be probed
by established perfusion techniques such as arterial-spin-labeling and contrast-enhanced
MRI [227]. Figure 11 illustrates the visualization of BAT with Gadolinium MR
angiography, highlighting the tissue's rich vascularity. Within this context, the sensitivity of
dynamic To*-weighted blood-oxygen-level-dependent (BOLD) MRI techniques in
quantifying BAT activity due to norepinephrine stimulation has been reported in mice [228].
It was demonstrated that an increase in BAT metabolic activity is accompanied by an
increase in oxygen consumption and consequently a greater level of deoxyhemolgobin in the
local blood flow. A decrease in venous and overall BAT T,* follows, leading to a
characteristic reduction in tissue signal intensity that confirms previous observations [183].
Additionally in rodents, the feasibility of utilizing To-weighted protocols and innovative
iron-based blood pool contrast agents to assess tissue perfusion, in conjunction with a novel
beta-adrenergic receptor agonist to stimulate BAT, has been described [184]. The capability
of To*-weighted BOLD MRI to monitor hemodynamic fluctuations in response to BAT
metabolic activity, without the use of an exogenous contrast agent, has also been extended to
young adults with cold-exposure activation [201]. The use of advanced multi-echo WFI
techniques to jointly yield complementary fat-signal fraction and To* metrics also remains a
directions of future work [191, 195, 196, 198, 200]. Alternatively, potential differences in
diffusion rates of water and fat molecules between BAT and WAT [225, 226], temperature
mapping techniques [229], and magnetization transfer effects, have not yet been explored.

As summarized in the lower portion of Table 2, MR strategies utilizing other nuclei,
including hyperpolarized 13-Carbon [230, 231] and 129-Xenon [232, 233] have shown
tremendous promise as biomarkers in quantifying BAT metabolic activity in mice over the
past year. Their application in humans remains strong avenues of possibility. Additionally,
several spectroscopy reports have reported appreciable variations in TG unsaturation levels
between BAT and WAT in rodent studies [60, 75, 185, 186]. The underlying sources of this
difference in unsaturation levels need to be investigated in the context of metabolism and
nutrition, and in humans. Aforementioned WFI-based approaches that are capable of
characterizing TG properties [62, 63, 217] can be potentially useful in this context.

Lastly, recent efforts have identified human BAT as a distinct type of thermogenic fat cell,
and have since referred to this admixed phenotype as “beige” or “brite (brown-in-white)”
adipocytes [197, 234, 235]. MR approaches that can differentiate classical brown from
“beige” adipocytes remains to be developed. This is undoubtedly challenging as many of the
currently identified differences between brown and “beige” adipocytes reside at the cellular
and genetic levels. The reader may have also inadvertently noticed that the cellular
descriptions of IMCL in skeletal myocytes and brown adipocytes are remarkably similar.
The two cell types share many common features, including an abundance of mitochondria
and vascular perfusion, energy expenditure via oxidative phosphorylation, uncoupling
proteins, and sympathetic innervation. Elucidating the associations between BAT and
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muscle, especially in the context of energy expenditure, remains another provocative
direction of research [236]. Lastly, the pathophysiology of WAT and the consequences of its
excess accumulation within the body have been extensively documented. Whereas the
central focus has been traditionally on WAT, research emphasis should consider shifting the
paradigm to include BAT. Backed by innovative imaging methods, the role of BAT in all
aspects human physiology can begin to be explored [237-240].

CONCLUSION

In conclusion, MR is a powerful and comprehensive imaging tool for body fat
quantification. With a variety of established and emerging techniques, research studies will
continue to demonstrate MR's flexible utility in fat assessment and characterization. Many
aspects of fat's role in normal human physiology and disease remain for future
investigations. With this review, the authors have aimed to provide the reader with sufficient
materials and literature references in quantitative fat MR, in both the technical
underpinnings and the clinical research applications.
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Figurel.
Classification of body fat locations commonly quantified by MR and reported in literature. Elements in black are white adipose

tissue depots, and are typically quantified in units of volume (ml, L) or subsequently converted to mass (g, kg). They are
measured via imaging pulse sequences. Grey elements are locations where fat exists diffusely and heterogeneously, whether
naturally or abnormally. The typical quantitative endpoint here is a percent fat content, which can be derived with MR imaging
and spectroscopy pulse sequences. One common measure is the fat-signal fraction (e.g. the ratio of fat signal to the sum of water
and fat signals). Spectroscopy can also be used to characterize triglyceride properties at all locations, yielding information such
as chain length and unsaturation levels.
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B

Figure 2.
(A) An example of axial T1-weighted image in the abdomen. Higher signal intensities of adipose tissue (arrows) in contrast to

darker muscles and organs can be clearly seen. Arrowheads denote the thin fascia that divides the deep and superficial
subcutaneous adipose tissue layers. The native data from these scans are typically contiguous multi-slice or three-dimensional
with high spatial resolution, permitting post-processing and rendering procedures to further visualize subcutaneous (red) and
visceral (green) distributions. Illustration courtesy of Wei Shen, M.D., St. Luke-Roosevelt Hospital and Columbia University,
using sliceOmatic (Tomovision, Inc.) software. (B) Axial T1-weighted images in the upper and lower left leg of a 9-year-old boy
with Duchenne muscular dystrophy. Fatty subcutaneous and bone marrow adipose tissues are characterized by high signal
intensities. The varying degrees and patterns of fat accumulation within the skeletal muscles are clearly evident.
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Figure3.
Lower extremity left leg images of a patient with facioscapulohumeral dystrophy. In (A), a T;-weighted image is shown for

anatomical reference. Note the evident heterogeneous fatty accumulation within the gastrocnemius medial (GM - solid arrow)
and tibialis anterior (TA - dotted arrow) muscles. Multi-echo T,-mapping was used to generate (B) water and (C) fat component
images. Note the clear separation and proper assignment of subcutaneous and bone marrow adipose tissue to the fat image. In
both images, muscles significantly affected by fat (GM, TA) are strongly contrasted from less-fat-involved muscles
(gastrocnemius lateral (GL) — open arrowhead, soleus (Sol) — solid arrowhead). A ratio between (B) and (C) can yield a fat-
signal fraction map of the imaging slice for quantitative analysis.
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Figure4.
An example of 2D proton chemical shift imaging for characterization of intra- (IMCL) and extramyocellular (EMCL) lipids in

lower extremity skeletal muscles is illustrated. Prior to data acquisition from the volume-of-interest (blue grid outline), signals
from subcutaneous adipose tissue are suppressed using outer volume suppression bands (shaded white rectangles). Note the
differences in spectral separation between IMCL and EMCL methylene resonances, along with tCr — creatine and Tau — taurine.
Illustration courtesy of Peter Vermathen, Ph.D., University Bern, Switzerland.
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Figure5.
Demonstration of frequency-selective MRI in a bilayer water-oil phantom (A) with no RF suppression, (B) with RF suppression

spectrally targeted on the water resonance, and (C) with RF suppression spectrally targeted on the methylene resonance of fat.
All three images were acquired with otherwise same imaging parameters and system settings and are illustrated using the same
grayscale window/level display. A vertical signal profile line is plotted from top to bottom along each image (black dashed line)
and shown in the accompanying plots. In (B), water suppression has effectively saturated all water signals (black arrowhead). In
(C), residual fat signals (arrow) remain in the oil compartment. This is because the oil contains unsaturated TG (e.g. olefinic
protons, vinyl groups) and only proton signals from the methylene peak of fat have been selectively suppressed. Image ratios of
(A-C) can yield methylene fat-signal fraction and water-signal fraction maps.
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water suppression fat suppression

e

A B

Figure6.
Frequency-selective MRI, demonstrated in the form of (A) water-suppression and (B) fat-suppression in the same subject at 3.0

Tesla. Good overall suppression is achieved, except in areas outlined by dashed boxes. In the water-suppressed image (A), the
right oblique and transversus abdominis muscles show appreciable signal intensity. Conversely in the fat-suppressed image (B),
subcutaneous adipose tissue within the dashed box has noticeable signal intensity. The poor local suppression performance is
due to spatially varying BO magnetic field inhomogeneity. Similar to Figure 5, note in (B) that the subcutaneous and visceral
adipose tissue depots are not completely suppressed and exhibit residual signals (arrows).
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Figure7.
An example of the two two-point Dixon technique, demonstrated in a subject with known non-alcoholic fatty liver disease (24%

hepatic fat-signal fraction previously determined by spectroscopy). Two sets of images are acquired in a single scan with water
and methylene fat signals (A) in-phase (IP) and (B) out-of-phase (OP). Note that the liver signal intensity (dashed arrow) in the
OP image is markedly darker than in the IP image, indicative of possible steatosis. Similar signal variations can be observed in
the pancreas (dotted tracing) and to a lesser extent in the muscles. Note that IP and OP signal variations are not observed in the
subcutaneous and visceral adipose tissues (fat-dominant). For comparison, note also the vertebral bone marrow (arrow), which
contains near equal amounts of water and fat. This leads to a near complete cancellation of water and fat signals in the OP
image.
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Figure8.
Examples of proton-density fat fraction maps from multi-echo water-fat MRI are shown in color on a full scale of 0-100%. An

adult male, 43 years of age, (A) before and (B) after a 10-month self-initiated diet and exercise regimen is illustrated. The
decrease in liver fat content (dashed arrow) and subcutaneous and visceral adipose tissue (mostly omental) volumes (solid
arrows) is evident. The liver fat fraction in (A) was approximately 22%; in (B), it has reduced to approximately 6%. The two
data sets were acquired on a 3.0 Tesla Signa HDx system from GE Healthcare. Representative axial images of the left thigh and
calf from (C) an 11-year-old male and (D) an 11-year-old female with spina bifida (myelomeningocele), respectively, are
shown. In (C), preferential fat accumulation in the biceps femoris muscle (dotted arrow) of the hamstrings is evident. In (D),
almost all calf muscles show complete fat infiltration, and only the tibialis anterior muscle exhibits some remaining muscle
tissues (dot-dash arrows). Leg data was acquired on a 3.0 Telsa Achieva system from Philips Healthcare.
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Figure9.
A general schematic of multi-echo WFI. (Step 1) Data acquisition occurs at several echo times. (Step 2) Utilizing a multi-peak

spectral model for fat (horizontal arrow: major methylene peak; vertical arrows: additional minor resonances), a reconstruction
algorithm, often iterative, yields a set of co-registered grayscale water, fat, in-phase (IP), and out-of-phase (OP) volumes. (Step
3) In parallel, co-registered quantitative maps for T,* relaxation, BO magnetic field inhomogeneity, and fat-signal fraction are
generated. When noise and relaxometry effects are accounted for, the fat-signal fraction closely approximates the true
underlying proton-density fat fraction. The seven outputs provide avenues for computing adipose tissue depot volumes and
percent fat content in ectopic sites.
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Figure10.
Representative coronal images from PET/MR of a 15-year old girl presenting for follow-up of Hodgkin's lymphoma. Images

illustrate (A) water MRI, (B) fat MRI, (C) PET radiotracer uptake of 18F-FDG, and (D) fused PET/fat MRI, with unsuspicious
results. However, symmetrical 18F-FDG uptake in the neck (arrows) is evident, and corresponds to the cervical and
supraclavicular brown adipose tissue depots on the MR images. Data courtesy of Osman Ratib, M.D., Ph.D., University
Hospitals of Geneva, and Benedicte Delattre, Ph.D. and Susanne Heinzer, Ph.D., Philips Healthcare Switzerland.
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A

Figure 11.
Coronal maximume-intensity projections of contrast-enhanced MR angiographic acquisitions in two neonates, (A)13-day-old

male and (B) 1-day-old male, illustrating the clear uptake of Gadolinium contrast by the bilateral triangular-shaped
supraclavicular fossa brown adipose tissue depots (arrows). Images courtesy of J. Paul Finn, M.D., University of California, Los
Angeles.
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