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Introduction

Childhood overweight and obesity have become a 
worldwide public health concern with an ever-increasing 
prevalence (1) leading to the development of cardiovascular 
disease (2-4). Indeed, visceral adipose tissue (VAT) has 
been proven to have an important metabolic activity, 
secreting inflammatory markers into the portal circulation, 
with an increased effect on cardiometabolic risk (5). The 
intrabdominal fat, commonly referred to as VAT, induces 
a chronic inflammatory response by specific mediators 
secreted by VAT adipocytes. This cascade leads to insulin 
resistance and the development of diabetes.

The literature about body composition in children 
and adolescents is still limited (6). The limited number of 
studies of body composition conducted in children provide 
evidence that is not in keeping with what is observed in 
adults. As an example, VAT influences glucose metabolism 
in children only after puberty (7). In adolescents, VAT is 
related to insulin sensitivity and high-density lipoprotein 
cholesterol levels (8). Besides, in overweight and obese 
prepubertal children, unlike in adults, insulin sensitivity is 
associated with subcutaneous adipose tissue (SAT) but not 
with VAT (9).

The presence of lipids in other locations, like the liver 
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and skeletal muscle, has also been associated with adverse 
metabolic phenotypes and insulin resistance, independently 
of total body adiposity. Differently to what happens with 
VAT, the role of the SAT compartment is controversial in 
adults, from a negative role in the development of insulin 
resistance (especially at abdominal level) to a protective  
role (10).

The complex interaction of fat and lean mass with the 
metabolic syndrome has triggered a vivid interest in the 
quantification of specific adipose tissue compartments in 
the body. Several techniques are available to assess body 
composition at different escalating levels, from atomic to 
molecular and then cellular, to evolve into organ-tissue 
and finally whole-body assessment (11,12). The technical 
advances applied to specific imaging techniques have 
allowed the development of reproducible and reliable 
tools, which overperform the standard anthropometric 
measurements for the assessment of body composition 
and have a predictive value on the risk of development of 
specific diseases in children (6).

Until recently, Air Displacement Plethysmography 
(ADP) and Dual-energy X-ray Absorptiometry (DXA) 
have been the most commonly used techniques to estimate 
fat mass (FM) in children (13,14). The estimation of the 
FM by ADP and DXA is performed indirectly, using 
post-processing algorithms and body modeling (13,14). 
Currently, there are no ADP devices available for children 
under 6 years (13). Also, ADP requires DXA to estimate the 
bone mineral content (BMC) and deuterium oxide dilution 
for total body water to calculate the FM more accurately by 
a four-component (4C) (15) or five component model (11).  
DXA has been used as a reliable tool to assess FM in 
children in different studies, with substantial technical 
improvement over time (16-18). Nevertheless, DXA still 
involves exposure to ionizing radiation and this represents a 
concern when examinations have to be repeated over time, 
even if the effective dose of a single examination is as low 
as 1 micro-Sievert (19). Computed tomography (CT) is 
considered as the gold standard to measure intra-abdominal 
fat (20). CT can also accurately estimate VAT. CT can 
provide an accurate assessment of fat content in the liver (21)  
and muscles (22). Notably, hepatic fat measured by CT was 
explicitly related to insulin resistance (6). However, the use 
of CT in children is considered inappropriate due to the 
significant radiation burden (22). 

Magnetic resonance imaging (MRI) is the emerging 
technique to assess body composition in children and 
adolescents (23). It has been proven that MRI has an 

accuracy comparable to that of CT to quantify SAT and 
VAT in obese adults (24) and adolescents (20). MRI does 
not require radiation, which is the main limitation for the 
use of CT in children and adolescents. MRI is particularly 
suitable to quantify abdominal fat in children because 
it requires only a few minutes without compromise in 
imaging quality (23). MRI also allows an estimation of the 
fat fraction of brown adipose tissue (BAT), expressed as a 
percentage, which is inversely associated with VAT (25). 
Advanced imaging techniques such as MRI and Positron 
emission tomography computed tomography (PET-
CT) have paved the way for a “functional” study of body 
composition (26). These models may also guide therapeutic 
and prophylactic interventions to avoid malnutrition 
and metabolic disease in children suffering from chronic  
disease (27).

This review aims to briefly describe the role of the 
advanced imaging to provide a quantitative assessment of 
the different fat components including the lean tissue in 
children and adolescents. 

DXA to assess body composition in children

DXA was traditionally considered as the reference standard 
for the measurement of the BMC (28). DXA uses two 
X-ray beams of different energy. The ratio between the 
degree of attenuation of the lower energy and the higher 
energy beam is specific for each tissue (“R-value”). From 
the R-value, using sophisticated algorithms, it is possible 
to obtain the amount of BMC from the pixels that contain 
bone. The ratio BMC/area (in g/cm2) represents the bone 
mineral density (BMD) (29). The total body calcium can be 
calculated using the known attenuation of hydroxyapatite 
[calcium (g) = 0.34 × BMC (g)] (28) (Figure 1).

Beyond the measurement of total body calcium, DXA 
has also been used to analyze other components of body 
composition in adults and children (28). The dual-energy 
X-ray emission enables DXA to measure mineral density 
but also to estimate the total and regional fat mass and 
the lean tissue (values expressed in cm2) (28) (Figure 1). 
Just as seen with bone, mathematical algorithms allow 
to distinguish different tissues (fat, bone, muscles) based 
on the attenuation differences between the two levels of 
energy by a pixel-by-pixel analysis using tissue-standardized 
thresholds (28). Interpolation techniques then allow to 
confidently estimate the relative percentage of each tissue 
in areas in which calcium, lean mass, and fat are present 
in small volumes (30). Subsequently, regional volumes of 
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fat and lean tissue are estimated by analyzing data using 
models that confidently outline body shapes, to create an 
anatomical model. These models allow the detection of 
phenotypes at risk based on bi-dimensional images (28).  
From the anatomical model, VAT and SAT can be 
estimated. A reliable measurement of the SAT thickness can 
be obtained, and subtracting this volume to the total fat it is 
possible to estimate VAT (28).

A recently introduced DXA tool allows the analysis 
of VAT and SAT in the android region [a segment of the 
abdomen comprised between a lower demarcation line 
joining the superior limits of the iliac crests and an upper 
demarcation line drawn at 20% of the distance in between 
the iliac crests line and the mentum (chin)]. SAT can be 
estimated and then subtracted from total android FM to 
obtain VAT (in grams and volume) (31). DXA-assessed 
VAT measurement has been validated against CT in 
adults for a wide range of age (18–90 years old) and BMI  
(18–40 kg/m2) (31). DXA has been proven to be a reliable 
tool to assess FM in children (16-18). However, there is 
still concern that this involves the use of ionizing radiation, 
even if the effective dose of a single examination is as low as  
1 micro-Sievert (19).

The main limitation of DXA analysis relies on its 
bidimensional assessment and the assumption of constant 
hydration of the lean soft tissues. In the clinical setting, 
the content of water varies depending on age, gender, 
and between healthy and ill individuals. Notwithstanding 
this inherent bias, DXA has excellent repeatability, with 

variations as low as 1–2% for body fat and 0.5–2% for lean 
tissue (19). Another limitation of DXA is the impossibility 
to determine the fat fraction in solid organs such as liver or 
muscle (28). 

The literature about the use of DXA to assess body 
composition in children is limited compared to that 
available for adults (32). Staiano and coworkers (32) studied 
a cohort of children and adolescents of both genders of 
different ethnicity, from 5 to 18 years of age. In their study, 
the authors found total fat mass was higher in girls but 
VAT values were higher in boys. The covariate analysis 
showed that Caucasian children had a higher VAT than 
Afro-American children, and males had a higher amount of 
VAT than females at all ages. The influence of ethnicity and 
gender was different between age groups.

A study conducted with DXA by Verduin et al. (4) 
focusing on Dutch children between 10 and 11 years of age 
with healthy BMI confirmed that in non-obese children, 
boys tended to have more VAT and lean mass but less total 
fat mass compared with girls. Unlike other DXA studies 
on healthy children, Druet et al. (33) found no statistical 
difference between girls and boys in total fat mass and 
VAT obtained by DXA examination in 159 overweight or 
obese children and adolescents. These data suggest that 
the gender difference in total fat mass in children with 
an average healthy weight may not be present in obese or 
overweight children and adolescents.

DXA was also employed by Haas and coworkers (34) to 
assess the nutritional status of adolescents with anorexia 

Figure 1 Left (in black and white): screen Capture from a Lunar DPX pencil beam system (1988) for the measurement of bone mass. 
Right (color) from Hologic Horizon (2016) DXA for the study of body composition [reproduced with permission from Shepherd JA: Body 
composition by DXA Bone (2017) 104 101–105]. 
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nervosa. DXA can be used to measure total lean mass in 
female adolescents with anorexia nervosa. The results 
of DXA were compared to total body protein depletion 
estimation by in vivo neutron activation analysis. This study 
showed a limited capability of DXA to detect a decrease 
in the total lean mass, suggesting other techniques may be 
more useful for this purpose.

Ultrasound (US)

US is a noninvasive, accurate, reproducible, fast, available, 
and costless alternative to estimate adiposity in clinical 
practice. Given that it does not involve radiation, US may 
be an ideal method for the evaluation of young people and 
for follow-up studies, in which multiple measurements 
need to be taken (fat changes in response to treatments, for 
example) (35). 

Direct measurements of VAT and SAT thicknesses at 
different axial sections of the abdomen can be obtained 
(Figures 2,3). In children and adolescents, it was demonstrated 
that epicardial fat thickness was correlated to obesity, 
subclinical carotid atherosclerosis and cardiac geometry 
parameters, with the possibility to be used as a tool for 
stratification of cardiovascular risk in this population (36) 
(Figure 4). 

The measurement of subcutaneous fat thickness has been 
demonstrated to have a good correlation with MR- and 

CT- derived subcutaneous tissue areas, and the minimal and 
maximal subcutaneous fat thickness good correlation with 
CT- derived subcutaneous tissue area. Other parameters, 
such as abdominal wall fat index, pre-peritoneal fat 
thickness, and mesenteric fat thickness, have been seen to 
yield variable reliability and accuracy in adult studies (37).

For the study of lean tissue, US can be used to determine 
thickness, cross-sectional area, echogenicity, fascicle length, 
and the pennation angle of muscles. In pennate muscles, 
the pennation angle (angle formed at the attachment site 
of the fibers into deep and superficial aponeurosis) can be 
evaluated in static and dynamic conditions, thus providing 
information about mechanical and contractile properties 
beyond the mere determination of the mass (38).

Ultrasound-derived measurements of muscle mass 
have shown a good-to-high level of correlation with those 
derived from reference methods (CT and MRI) (39). The 
analysis of lean mass is particularly relevant in the cases 
of children in critical care units, as well as in the study of 
neuromuscular disease, to assess lean mass wasting, which 
affects prognosis. The decrease in quadriceps femoris 
thickness was proposed as a surrogate for the assessment 
of the frequent, quick, and intense loss of muscle mass 
that happens in pediatric intensive care units (40). Muscle 
echogenicity, which gives an insight on intracellular fat 
content in muscle, could be another property to evaluate in 
critically ill children (41).

Figure 2 Ultrasound (A) and abdominal-MRI (B) of a 15-year-old boy. After treatment follow-up of Crohn’s disease. (A) Standard 
measurements performed with high-frequence (12 MhZ linear probe): Peritoneal fat thickness (yellow line), measured on the transverse 
plane, anterior to the liver, compared to the SAT thickness (purple line) at the same level (sub-xyphoid region, mid-clavicular line). The 
thickness of the abdominal wall muscles has also been obtained (red arrow); (B) MRI image at the same level of the ultrasound image (T1-
weighted image after contrast injection) in the same patient. Peritoneal fat thickness (green line), SAT thickness (indicated by the white 
arrow and measured as the purple line). The correlation between ultrasound and MRI is quite accurate. SAT, subcutaneous adipose tissue.

A B
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Ultrasound for the assessment of lean mass is promising, 
but to date, none of the operative definitions of sarcopenia 
in adults or children and adolescents include ultrasound in 
its diagnostic algorithm (39). Nevertheless, ultrasound is 
a field of potential investigation for body composition in 
children and also in newborn due to its vast availability, low 
cost, and lack of radiation.

CT

CT offers a three-dimensional image with high resolution 
of every structure in a selected area. Based on differences 
in attenuation, fat and lean tissues can be easily separated 
on tomographic images. Unlike DXA, CT is able to 
estimate the fat content in skeletal muscle tissue (22) and 
liver (21). Besides, thanks to its three-dimensional images, 
CT potentially allows a volumetric measurement of the 
different tissues. In the clinical setting, in order to reduce 
the radiation burden, body composition analysis by CT 
is limited to a selection of axial images, used as a proxy to 
estimate the total volume of fat and lean mass (42). Besides, 
the manual segmentation of the different tissue components 
from the images is a time-consuming task with an inherent 
inaccuracy due to the choice of the sample at given 
landmarks. However, CT (along with MRI) is nowadays 
considered as the gold standard for body composition 
analysis in children (16).

The use of CT for the assessment of body composition 

Figure 3 Ultrasound (A) and abdominal-MRI (B) of a 15-year-old boy. After treatment follow-up of Crohn’s disease (same patient as in 
Figure 2). (A) The VAT thickness is measured on the transverse plane at the level of the umbilicus (linea alba) (*) as the distance from the 
umbilicus to the anterior wall of the aorta (white arrow) at the level of the L3 vertebral body. (B) Correlation with the MRI image at the 
same level of the ultrasound image with the MRI measurement on true fast imaging with steady state free precession (True-FISP) image. 
Note the variation in magnitude of the fat measurement in the same patient using the two different techniques (even though this was 
performed during the same diagnostic session). Ultrasound is an operator-dependent technique, and as such, technique has to be precise and 
standardized (supine position, expiration, arms along the body), otherwise error may be introduced. VAT, visceral adipose tissue.

Figure 4 Epicardial thickness on US: scheme of the standard 
measurement on the left parasternal long-axis view. The thickness 
of the epicardial fat is depicted as the blue double arrow. The 
epicardial fat (yellow area) is located in the space between the outer 
wall of the myocardium at the right ventricle (pink line) and the 
visceral layer of the pericardium (black line). This measurement 
is obtained with the parasternal long-axis view, at the end of the 
systole. The landmark for the measurement is the plane of the 
ultrasound beam (red discontinuous line), which has to be as 
perpendicular as possible to the aortic annulus (red arrows). RV, 
right ventricle; LV, left ventricle; LA, left atrium; Ao, aorta.
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in children is restricted to a relatively small number of 
studies because to reduce radiation exposure, and based on 
sample slices (22). Asayama et al. (43) studied a population 
of 290 obese Japanese children aged from 6 to 15 years. CT 
measurement of VAT was correlated with abnormalities 
in laboratory tests, including serum triglycerides, alanine 
aminotransferase and fasting insulin levels. Abnormalities in 
blood test samples were found in children with a VAT area 
of more than 54.8 cm2. Satake et al. (44) used CT to study 
the body composition in 130 Japanese children with normal 
weight. Children were divided in into three groups of age 
from 6 to 20 years. Their results showed that higher values 
of VAT in boys compared to girls were only found in the 
age group between 16 and 20 years. Klopfenstein et al. (24)  
found a good agreement between CT and MRI for the 
measurement of both VAT and SAT. Bland-Altman analysis 
showed a mean bias of only −2.9% (as a portion of the total 
abdominal area) for VAT and +0.4% for SAT, as measured 
by MRI using CT as a gold standard.

Quantitative MRI (qMRI)

qMRI uses the properties of the hydrogen contained in water 
and fat to produce quantitative images of soft tissues (12).  
Dixon imaging (26) uses the slightly different magnetic 
resonance frequencies of protons linked to fat and water 
molecules to distinguish between the signal of fat and water. 
The set of images provided by the Dixon images includes 
the images in-phase, the out-of-phase, “fat only”, and “water 
only” is provided by a single acquisition. Dixon imaging (45) 
has been validated to assess body composition assessment 
in children. The segmentation and quantitative assessment 
of adipose tissue by MRI allows an accurate estimation of 
adipose and lean tissue (Figure 5). The fat infiltration of a 
specific organ can also be estimated (13,20,46). In particular, 
through the calculation of the proton density fat fraction 
(PDFF) (47) it is possible to obtain the quantity of adipose 
tissue in each voxel (47).

Weiss et al. (48) studied insulin resistance in 28 obese 
American adolescents. They matched two groups of insulin-
sensitive and insulin insensitive patients for gender, age, 
pubertal status and body composition (48). The insulin-
sensitive group had significantly lower intramyocellular and 
visceral fat levels, compared with the insulin resistant. The 
subcutaneous fat area was similar between the two groups. 
In the same population, waist-hip circumference ratio, 
which is widely used as an indicator of VAT deposition in 
adults, was not a useful predictor. 

Despite the advantages of qMRI in terms of accuracy 
and lack of irradiation compared to DXA and CT, its 
use in the pediatric population is relatively limited  
(1-4,13,15,20,23,25,32,33,45,49-51). Unlike DXA, MRI 
provides volumetric three-dimensional imaging, and can be 
used in healthy volunteers and infants without irradiation. 
Still, in early studies of body composition a sample set 
of slices was used as a proxy to estimate VAT and SAT 
fat volume. More recently, efficient timesaving image 
analysis tools for three-dimensional segmentation have 
been developed in adults, which can be applied also in the 
study of children and adolescents. The use of segmentation 
software increases the accuracy, reproducibility of the body 
composition analysis by MRI (19). 

In studies in children, qMRI-based fat mass showed 
a concordance with ADP but gave generally lower 
systematic values when using deuterium oxide dilution and 
4-compartment model as a reference standard (13,15).

The results obtained were significantly associated with 
total cholesterol/HDL ratio, insulin, and the homeostatic 
model  assessment of  insul in res is tance (HOMA-
IR) (20). MRI is a noninvasive research tool to study 
body composition and hepatic fat also in infants. Body 
composition and hepatic fat both correlate with the risk 
of development of metabolic syndrome. Measurements of 
VAT, SAT, BAT volume and PDFF, and hepatic PDFF can 
be obtained by using free-breathing radial sequences in very 
young children, without the need for sedation (45).

De Ridder et al. (52) found that waist, hip, and trochanter 
circumferences were highly correlated to the total fat 
surface area both in early and late pubertal girls measured 
on MRI (r=0.79–0.97). In contrast, waist circumference 
and waist-hip, waist-thigh, or skinfold ratios were not 
significantly correlated to intra-abdominal fat areas, 
highlighting the role of MRI in the assessment of intra-
abdominal fat. When compared to early pubertal girls, the 
MRI derived amount of subcutaneous fat in late pubertal 
girls was significantly higher at the trochanter level. They 
concluded that circumferences at the trunk are good 
surrogates to measure the quantity of fat in pubertal girls. 
In contrast, conventional anthropometric measurements, 
such as trunk-to-extremity skinfold ratio or waist-to-
hip circumference ratio, could not be used to predict 
the amount of intra-abdominal fat in pubertal girls. Fox  
et al. (50) found no significant gender differences in VAT in 
a sample of 50 11-year-old boys and girls, using MRI.

Quantitative MRI also revealed differences between 
genders and ethnic groups in terms of fat distribution. In a 
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cross-sectional population of 382 children aged from 5 to 
18 years (26), including African-American and Caucasian 
children, the total body fat, i.e., the total abdominal 
adipose tissue (total volume and L4–L5 cross-sectional 
area) including SAT and VAT and the age-adjusted total 
body fat was higher in African-Americans (P=0.017) and 
females (P<0.0001) compared to Caucasian and males, 
respectively. The VAT volume was, however, higher in 
Caucasian (P<0.0001) and males (P<0.0001) compared 
to African-American and females, respectively. Similar 
differences were observed in SAT and VAT at the level 
L4–L5.

Brown adipose tissue (BAT)
More recently, qMRI has been used to quantify the BAT 

in the cervical, supraclavicular, and axillary fat depots (25).  
BAT can be distinguished from white adipose tissue by 
different fat-signal fractions and transverse relaxation 
time (T2*) derived from chemical-shift water-fat MRI. 
Fat-signal fraare lower in BAT than inctions and T2* 
estimates, both calculated from chemical-shift water-
fat, are lower in BAT than in VAT, likely because of 
differences in cellular structures, triglyceride content, and 
vascularization. These differences enable the quantification 
of BAT (53). The simultaneous use of MRI and PET-
CT has also been proposed to define the brown fat 
location better, but this approach seems not feasible in  
children (26). Hence, BAT and the fat-fractions of VAT and 
SAT can be quantified and correlated to other metabolic 
estimates thanks to the use of qMRI. BAT has been seen 

Figure 5 Whole-body MRI in a 12-year-old girl (unremarkable examination performed to rule out bone marrow lesions with the suspicion 
of a Chronic Recurrent Multifocal Osteomyelitis). Single axial T1-weighted coronal whole-body image was post-processed with the semi-
automatic free resource software Horos (https://horosproject.org) using the “brushing tool”. VAT can be distinguished from SAT. The 
values are expressed in cm2. The region of interest for the measurements is the android region, defined as a segment of the abdomen 
comprised between a lower demarcation line joining the superior limits of the iliac crests and an upper demarcation line drawn at 20% of 
the distance in between the iliac crests line and the mentum (chin). VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.

https://www.sciencedirect.com/topics/medicine-and-dentistry/lipid-storage
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to correlate negatively with osteocalcin levels and VAT, 
while BAT fat-fraction also correlated negatively with 
thigh muscle volume suggesting a hormonally active role of  
BAT (25).

As in adults (19), qMRI is considered as the gold 
standard to assess the lean mass in the pediatric population 
and has been used as reference to validate the measurements 
obtained by DXA in the thigh, as a proxy area for the 
whole-body estimation (54).

Modern automatic segmentation software may be 
used in the pediatric population to estimate the lean mass 
with a potential higher regional accuracy (19). Recently, 
different vendors have developed efficient timesaving 
software for three-dimensional segmentation. This can 
be accessed through free online resources such as ImageJ 
(https://imagej.nih.gov/ij/download.html) and Horos 
(https://horosproject.org). They focused on adults, but the 
software can also be used in children and adolescents, and 
it is expected in the next future this will make qMRI more 
available in the clinical setting (Figures 5,6). Other groups 
have developed in-home software, that can be downloaded 
for free for their use in clinical studies (55).

Perspectives

The evaluat ion of  body composit ion in chi ldren 
is a potential cutting-edge field of development of 

quantitative imaging in pediatric imaging. Ultrasound 
and qMRI with volumetric assessment still have to be 
validated in large populations of patients with different 
metabolic disorders. 

Ultrasound is likely to become the more widely used 
tool in clinical practice because of its broad availability. 
Adipose tissue content in different anatomical regions can 
be estimated by proxy standardized sample area, without 
irradiation. However, US is operator dependent, and its 
interobserver and intraobserver reproducibility has yet 
to be assessed in children and adolescents and validated  
against qMRI.

The new frontier of body composition in children 
and adults is qMRI, although the literature is still limited 
compared to the adult population. MRI body composition 
analysis is now feasible in very young children without the 
need for sedation, by using free-breathing radial sequences. 
More recently, efficient timesaving software for three-
dimensional segmentation has been developed and can be 
accessed as a free online resource making qMRI analysis 
broadly available. This will possibly contribute to the 
expansion of its clinical use in the pediatric population in 
the near future. Quantitative MRI is likely to completely 
replace CT in the next future because of the radiation dose 
concern. However, CT may still represent a valuable tool 
for the analysis of body composition in an opportunistic 
way, in patients suffering from particular conditions 
requiring repeated imaging evaluations.
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Figure 6 MRI in a 10-year-old boy with unexplained chronic 
abdominal pain. Clinical examination, laboratory tests and US were 
normal. Single axial T1-weighted axial image at the level of the 3rd 
lumbar vertebra was used as proxy to perform quantification. Post-
processing was performed with the semi-automatic free resource 
software Horos (https://horosproject.org) using the “brushing tool”. 
VAT (in green) can be distinguished from SAT (in yellow). The 
values are expressed in cm2 along with the LM (in red) of the arm 
as a proxy of the total lean mass.VAT, visceral adipose tissue; SAT, 
subcutaneous adipose tissue; LM, lean mass.
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