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Summary

Background: The relationship of obesity with grey and white matter volumes has

been examined in several studies, and the results are decidedly mixed.

Objective: To investigate the associations of body mass index (BMI), fat mass index

(FMI) and lean mass index (LMI) with total and regional grey and white matter

volumes.

Methods: This is a cross-sectional study involving 100 children (60% boys) with over-

weight/obesity. T1-weighted images were acquired using magnetic resonance imag-

ing. Dual energy X-ray absorptiometry was used to measure body composition.

Separate hierarchical regression analyses were performed between predictor vari-

ables (BMI, FMI and LMI) and the total brain volumes including sex, years from peak

height velocity and parental education as covariates. In addition, FMI was added as a

covariate when LMI was the predictor and vice versa. Statistical analyses of imaging

data were performed using three whole-brain voxel-wise multiple regression models

and adjusted by the same covariates.

Results: LMI was positively associated with white matter in numerous regions and to

a lower extent, with grey matter regions. Further, the relationship between LMI, and

grey and white matter regions was independent of FMI levels.
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Conclusions: LMI seems to be a positive predictor of regional white matter volumes

in children with overweight/obesity.
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1 | INTRODUCTION

Obesity, beginning in childhood, has been linked to physical health

conditions, such as insulin resistance, inflammation, high blood pres-

sure and dyslipidaemia,1-3 but also to brain alterations across the

lifespan,4-7 especially grey matter and white matter volume.

Grey matter, consisting of neuronal cell bodies, neutrophil and

glial cells, synapses and capillaries is involved in processing sensory or

motor stimulation through chemical synapse activity.8 White matter,

made of myelinated axon tracts, connects different areas of grey mat-

ter in the brain. The relationship of obesity with grey and white matter

volumes has been examined in several studies in children and adoles-

cents, and the results are decidedly mixed. One study in children

reported no significant associations between body mass index (BMI)

and cortical thickness.9 In contrast, in adolescents, 1-year increases in

BMI were associated with reduced grey matter volumes in the frontal

lobe.4 With respect to white matter, studies examining the relation-

ship with BMI in a paediatric population have reported positive,4,10

negative11 or even no significant associations.4,9 One possible reason

for this heterogeneity across studies is the way in which obesity is

defined and measured. Most studies conducted in young cohorts have

used BMI as a marker of adiposity, which includes both fat and lean

mass even though obesity refers to the excess accumulation of just

body fat. Therefore, whether previous associations were due to the

fat or lean component is unknown. In adult populations, only one

study has examined the association in this case between fat-free mass

index (FFMI) and grey matter and found that higher FFMI values were

associated with less volume (independent of percent body fat) in the

right temporal pole and the bilateral ventromedial prefrontal cortex.12

The lack of consensus with respect to the association between

obesity and grey and white matter volumes might be due to the use

of the measure of BMI across many studies, which does not reflect

true body fatness or leanness. The limitations of using BMI as a

marker of adiposity have been well documented13 and therefore,

going beyond BMI and focusing on body fatness and leanness is a

more informative approach about someone's body composition.13 The

fat mass index (FMI) and the lean mass index (LMI) have been widely

used in the literature13,14 and would allow for an examination of the

components of body composition that associate with total and

regional brain volumes. This will help understanding the association

between body composition components and grey and white matter

volumes and shed light on the possible reasons for the heterogeneity

across the existent literature.

The present study aimed to investigate the associations of BMI,

FMI and LMI (independent of each other) with total and regional grey

and white matter volumes in children with overweight/obesity. We

hypothesized that FMI would be more associated with grey and white

matter volumes than BMI.

2 | MATERIALS AND METHODS

2.1 | Participants

Participants in this study were enrolled in the ActiveBrains project

(http://profith.ugr.es/activebrains). Detailed information about recruit-

ment, methods and inclusion/exclusion criteria is available elsewhere.15

Briefly, 110 children with overweight/obesity (8-11 years old) were

recruited from Granada, Spain, and were measured from November

2014 to February 2016. The present cross-sectional analysis refers to

the baseline data and includes 100 children (10.0 ± 1.1 years; 60.0%

boys) with overweight/obesity and complete data on body composi-

tion and brain volume outcomes. Parents or legal guardians were

informed of the purpose of the study and written informed parental

consents were obtained. The methods and procedures of the study

have been checked and approved by the Review Committee for

Research Involving Human Subjects from the University of Granada.

The ActiveBrains project has been registered in ClinicalTrials.gov

(Identifier: NCT02295072).

2.2 | Body composition

Weight (kg) and height (cm) were measured using an electronic scale

(SECA861, Hamburg, Germany) and a precision stadiometer (SECA

225, Hamburg, Germany), respectively. Both measurements were per-

formed twice and averaged. Then, BMI (kg/m2) was calculated as body

mass (kg) divided by the squared height (m2).

Dual energy X-ray absorptiometry (DXA) was used to measure

whole body fat mass (kg) and lean soft tissue (kg). The Norland XR-46

(software version 3.9.6, Medical System, Inc., Fort Atkinson, Wiscon-

sin) scanner was used in 16 participants while the Hologic Discovery

Wi (software version APEX 4.0.2, Hologic Series Discovery QDR, Bed-

ford, Massachusetts) was used in 84 participants. Subsequent analyses

were completed by the same researcher following recommendations

from the International Society of Clinical Densitometry.16 Body com-

position data were normalised separately for each DXA device to elim-

inate the potential error associated with using two different DXA

devices. For the purpose of this study, FMI (kg/m2) was computed as

fat mass (kg) divided by the squared height (m2) and the LMI (kg/m2)
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as lean soft tissue (kg) (subtracting fat mass and bone mineral content

from body mass) divided by the squared height (m2).

2.3 | Magnetic resonance imaging acquisition and
processing

All images were collected on a 3.0 Tesla Siemens Magnetom Tim Trio

scanner (Siemens Medical Solutions, Erlangen, Germany) with a

32-channel head coil. High-resolution, T1-weighted images were

acquired using a three-dimensional magnetization-prepared rapid

gradient-echo protocol. Acquisition parameters were: repetition

time = 2300 ms, echo time = 3.1 ms, inversion time = 900 ms, flip

angle = 9�, field of view = 256 × 256, acquisition matrix = 320 × 320,

208 slices, resolution = 0.8 × 0.8 × 0.8 mm, and scan duration of

6 minutes and 34 seconds. Structural imaging data were pre-

processed using Statistical Parametric Mapping 12 (SPM 12, Wellcome

Department of Cognitive Neurology, London, UK) implemented in

Matlab (The MathWorks, Inc, Natick, Massachusetts). Imaging pre-

processing included quality control and alignment, segmentation into

grey matter tissue, white matter tissue and cerebrospinal fluid, crea-

tion of a customized template using Diffeomorphic Anatomical Regis-

tration Through Exponentiated Lie algebra (DARTEL), spatial

normalization and spatial smoothing using an isotropic Gaussian ker-

nel of 8 mm full-width at halt-maximum. Detailed information about

pre-processing steps is discussed elsewhere.17

2.4 | Biological maturation

Years from peak height velocity (PHV) represents the maximum

growth rate in height during adolescence,18 and it was used as a matu-

rational landmark due to its relevance in previous studies.19 Years

from PHV was predicted specifically in boys and girls using validated

algorithms in children.20 The years before PHV were considered as

negative values while the years after PHV were considered as positive

values.

2.5 | Parent's education level

The educational level of mother and father was reported as: no ele-

mentary school, elementary school, middle school, high school and

university completed. Parents responses were combined into a tri-

chotomous variable: none of the parents had a university degree, one

of the parents had a university degree and both parents had a univer-

sity degree.21,22

2.6 | Statistical analysis

Statistical analyses were performed using the Statistical Package for

the Social Sciences software version 20.0 for Windows (IBM Corp,

New York, New York) and the significance level was set at P < .05.

Data were expressed as mean (SD) unless otherwise stated. The distri-

bution of variables was checked and verified using Shapiro-Wilk's test,

skewness and kurtosis values, visual check of histograms, Q-Q and

box plots. No interactions between sex and brain-related outcomes

were found (all P > .190) and therefore, analyses were conducted for

boys and girls together and controlling for sex.

Partial correlation coefficients (adjusted by sex) were calculated to

examine the association between potential confounders (ie, age, height,

years from PHV and parental education), and outcome variables (ie,

total grey and white matter volumes). Then, separate hierarchical

regression analyses were performed using the body composition indices

(BMI, FMI and LMI) as predictor variables and the total brain volumes

(total grey matter and total white matter) as outcome variables while

including sex, years from PHV and parental education as covariates.

FMI was added as a covariate when LMI was the predictor to test

whether the association between LMI and total brain volumes was

independent of FMI, and vice versa. Collinearity was checked for the

variables using the variance inflation factor and tolerance levels.

Statistical analyses of imaging data were performed using the

voxel-wise general linear model approach implemented in SPM12. The

association between each body composition index (BMI, FMI or LMI),

grey matter and white matter was analysed using three whole-brain

voxel-wise multiple regression models (one model for each body com-

position index), adjusted for sex, PHV and parental education. Similarly,

FMI was added as a covariate when LMI was the predictor and vice

versa. The statistical threshold in the imaging analyses was calculated

with AlphaSim, as implemented in Resting-State fMRI Data Analysis

Toolkit toolbox (RESTplus).23 Parameters were defined as follows: clus-

ter connection radius (rmm) = 5 mm and the actual smoothness of the

data after model estimation, incorporating a grey mask volume of

128 190 voxels or a white mask volume of 302 567 voxels. The voxel-

level alpha significance (threshold, P < .001 uncorrected) along with the

appropriate cluster size for controlling for multiple comparisons in each

analysis were indicated in the results. The resulting cluster extents were

further adjusted to account for the non-isotropic smoothness of struc-

tural images, in accordance with Hayasaka et al.24

3 | RESULTS

Table 1 shows descriptive characteristics of the study sample. Briefly,

the mean age of the participants was 10.0 ± 1.1 years and they were

2.3 ± 1.0 years below PHV. In addition, their BMI was 26.7 ± 3.7 kg/m2

(26% overweight and 74% obese), and 66% of the parents did not have

a university degree. Partial correlation coefficients (adjusted by sex)

among predictor variables and total brain volumes are shown in

Table 2. Briefly, years from PHV were significantly correlated with total

white matter volume (r = .302). Parental education was significantly cor-

related with total grey matter (r = .375) and total white matter (r = .335)

volumes. A borderline correlation was found between total white mat-

ter and LMI (r = .191; P = .059). BMI and FMI did not correlate either

with total grey matter or total white matter.
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3.1 | Total brain volume analyses

Hierarchical regression analyses of the body composition indices

(BMI, LMI and FMI) with total brain volumes (total grey matter and

white matter) are presented in Table 3.

3.1.1 | Grey matter

None of the body composition indices were associated with total grey

matter, that is, P values for BMI, FMI and LMI of .819, .574 and .748,

respectively.

TABLE 1 Descriptive characteristics
of the participants

All sample (n = 100) Boys (n = 60) Girls (n = 40)

Mean SD Mean SD Mean SD

Age (y) 10.0 1.1 10.2 1.1 9.8 1.1

Years from PHV (y) −2.3 1.0 −2.7 0.8 −1.8 1.0

Parental education (university degree, %)

Neither parent 66 72 58

One parent 18 16 20

Both parents 16 12 22

Body composition

Body mass (kg) 55.8 11.0 56.7 10.7 54.5 11.5

Stature (cm) 143.9 8.3 144.7 7.4 142.8 9.4

BMI (kg/m2) 26.7 3.7 26.9 3.8 26.5 3.5

Overweight 26.0 26.7 25.0

Obese 74.0 73.3 75.0

Fat mass (kg) 24.4 7.0 24.4 7.0 24.6 7.0

FMI (kg/m2) 11.7 2.9 11.6 3.0 11.9 2.8

Lean soft tissue (kg) 29.2 5.2 30.1 4.6 27.8 5.7

LMI (kg/m2) 14.0 1.4 14.3 1.3 13.5 1.5

Total brain volumes (cm3)

Grey matter volume 793.5 66.2 819.5 56.1 754.5 61.4

White matter volume 406.8 48.0 426.9 42.9 376.7 38.9

Notes: Values presented as mean and SD, or percentages.

Abbreviations: PHV peak height velocity; BMI body mass index, FMI fat mass index; LMI lean mass index.

TABLE 2 Partial correlation coefficients (adjusted by sex) between outcome variables and predictors

Grey matter

volume

White matter

volume Age Stature

Years from

PHV

Parental

education BMI FMI LMI

Grey matter

volume (cm3)

— .653* .020 .133 .083 .375* −.090 −.075 −.084

White matter

volume (cm3)

— — .215 .411* .302** .335* .098 .018 .191***

Age (y) — — — .740* .961* .120 .153 .013 .296**

Stature (cm) — — — — .877* .020 .309** .202** .377*

Years from PHV (y) — — — — — .113 .223** .082 .363*

Parental education — — — — — — −.317* −.325* −.253**

BMI (kg/m2) — — — — — — — .921* .769*

FMI (kg/m2) — — — — — — — — .524*

LMI (kg/m2) — — — — — — — — —

Note: Bold letters denote significant values.

Abbreviations: BMI, body mass index; FMI, fat mass index; LMI, lean mass index; PHV, peak height velocity.

*P ≤ .001.

**P < .05.; ***P < .01.
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3.1.2 | White matter

None of the body composition indices were associated with total

white matter, that is, P values for BMI, FMI and LMI of .105, .907 and

.074, respectively.

3.2 | Regional brain volume analyses

3.2.1 | Grey matter

Table 4 shows brain regions showing positive associations between

each body composition index and grey matter volumes. LMI, indepen-

dently of FMI, was associated with greater grey matter (P < .001,

k = 37) in three clusters, two at temporal regions (superior fronto-

orbital gyrus) and the other one at the cerebellum (crus I); see also

Figure 1A. Neither BMI nor FMI were associated with greater grey

matter in any brain regions (P < .001, k = 33 and k = 36, respectively).

Furthermore, there were no significant negative associations between

any of the body composition indices and grey matter in any region of

the brain.

3.2.2 | White matter

The brain regions showing positive associations between each body

composition index and white matter volumes are shown in Table 5.

BMI was associated with greater white matter (P < .001, k = 74) in two

TABLE 3 Hierarchical linear regression analysis of body mass index (BMI), lean mass index (LMI) and fat mass index (FMI) with grey matter
volume (cm3) and white matter volume (cm3) in children with overweight/obesity (n = 100)

BMI and brain volumes FMI, LMI and brain volumes

Final modela β R2 change Model R2 P-value Final modelb β R2 change Model R2 P-value

Total grey

matter

volume

(cm3)

Sex −.552 .234 .343 <.001 Sex −.569 .234 .345 <.001

Parental education .336 .108 <.001 Parental education .338 .108 <.001

Years from PHV .034 .001 .730 Years from PHV .048 .001 .647

BMI .021 .000 .819 FMI .057 .002 .574

LMI −.036 .001 .748

Total white

matter

volume

(cm3)

Sex −.656 .265 .416 <.001 Sex −.603 .265 .427 <.001

Parental education .314 .082 <.001 Parental education .323 .082 <.001

Years from PHV .216 .052 .021 Years from PHV .175 .052 .074

BMI .141 .016 .105 FMI .011 .008 .907

LMI .187 .020 .074

Notes: β is the standardized regression coefficient. We used hierarchical regression models, entering the variables one by one in the order presented in the

table (top-bottom), so that the R2 change means the variance explained by that specific variable in addition to the variance explained by all previous

variables together.
aThe model is adjusted for sex, parental education and years from PHV (peak height velocity).
bThe model is adjusted for sex, parental education, years from PHV and FMI or LMI.

TABLE 4 Brain regions showing positive associations of body composition indices with grey matter volume in children with overweight/
obesity (n = 100)

Body composition indices Brain regions (mm3) x y z t Cluster size

BMI (kg/m2) No significant associations

FMI (kg/m2) No significant associations

LMI (kg/m2) Superior fronto-orbital gyrus 12 36 −20 4.5 536

−14 30 −20 4.4 362

Cerebellum Crus I 35 −57 −44 3.5 57

Notes: Analyses for BMI were adjusted for sex, parental education and years from PHV (peak height velocity). Analyses for FMI were adjusted for sex,

parental education, years from PHV and LMI. Analyses for LMI were adjusted for sex, parental education, years from PHV and FMI. All contrasts were

thresholded using AlphaSim at P < 0.001 with k = 33 voxels for BMI, k = 36 for FMI and k = 37 for LMI, and surpassed Hayasaka correction. Anatomical

coordinates (X, Y, Z) are given in Montreal Neurological Institute Atlas space.

Abbreviations: BMI, body mass index; FMI, fat mass index; LMI, lean mass index.
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F IGURE 1 Brain regions showing
positive independent associations
of: A, LMI with grey matter volume; B,
BMI with white matter volume; and C,
LMI with white matter volume, in
children with overweight/obesity
(n = 100). Analyses were adjusted for
sex, parental education, years from
PHV and FMI (when the predictor was

LMI). Maps were thresholded using
AlphaSim at P < 0.001 with k = 37
voxels, k = 74 voxels and k = 146
voxels (for A, B and C, respectively)
and surpassed Hayasaka correction.
The colour bar (green colour for grey
matter and blue colour for white
matter) represents T-values, with
lighter colour indicating higher
significant association. Images are
displayed in neurological convention;
therefore, the right hemisphere
corresponds to the right side in
coronal displays

TABLE 5 Brain regions showing positive associations of body composition indices with white matter volume in children with overweight/
obesity (n = 100)

Body composition indices Brain regions (mm3) x y z t Cluster size

BMI (kg/m2) Rectal gyrus −15 42 −26 4.9 1605

Cerebellum VIII 21 −60 −54 5.8 4803

FMI (kg/m2) No significant associations

LMI (kg/m2) Superior frontal gyrus 23 54 18 4.2 192

Superior fronto-medial gyrus −5 36 36 4.2 165

Middle fronto-orbital gyrus −44 48 −2 5.6 263

Putamen −30 9 −11 4.0 654

Medial cingulate gyrus 5 8 36 3.8 912

Inferior parietal gyrus 53 −44 47 4.1 165

Cerebellum VIII 24 −57 −53 4.4 1155

−21 −57 −56 4.2 419

Notes: Analyses for BMI were adjusted for sex, parental education and years from PHV (peak height velocity). Analyses for FMI were adjusted for sex,

parental education, years from PHV and LMI. Analyses for LMI were adjusted for sex, parental education, years from PHV and FMI. All contrasts were

thresholded using AlphaSim at P < 0.001 with k = 74 voxels for BMI, k = 86 for FMI and k = 146 for LMI, and surpassed Hayasaka correction. Anatomical

coordinates (x, y, z) are given in Montreal Neurological Institute Atlas space.

Abbreviations: BMI, body mass index; FMI, fat mass index; LMI, lean mass index.
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clusters, one at the frontal region (rectal gyrus) and the other one at the

cerebellum VIII; see also Figure 1B. Interestingly, LMI, independently of

FMI, was associated with greater white matter volume (P < .001,

k = 146) in eight clusters, in frontal regions (superior frontal gyrus,

superior fronto-medial gyrus, middle fronto-orbital gyrus), subcortical

region (putamen), parietal region (medial cingulate gyrus and inferior

partietal gyrus) and cerebellum (cerebellum VIII); see also Figure 1C. In

contrast, FMI was not associated with greater white matter volumes in

any brain region (P < .001, k = 86). Furthermore, there were no signifi-

cant negative associations between any body composition index and

white matter volumes in any region of the brain.

4 | DISCUSSION

The aim of the present study was to examine the link between body

composition components and grey and white matter volumes in chil-

dren with overweight/obesity. In this study we found LMI to be posi-

tively associated with white matter in numerous regions and to a

lower extent, with grey matter regions. Further, the relationship

between LMI, and grey and white matter regions was independent of

FMI levels. There was no association between FMI and grey and white

matter volumes (total and regional) and therefore, our hypothesis was

rejected.

4.1 | Body composition indices and global and
regional grey matter volumes

In our study, we did not find a significant association between BMI

and total grey matter volume. In a study with children and adolescents

(n = 325, 70% with normal BMI) the authors found small to moderate

correlations between higher BMI and lower total grey matter vol-

ume.25 In addition, a study in female adolescents (n = 83) showed

lower total grey matter in adolescents with obesity compared to lean

and adolescents with overweight but no differences between those

with overweight and the lean ones,4 suggesting that only more severe

and chronic obesity is negatively associated with grey matter. Our

study, including 24% children with overweight and 76% children with

obesity, does not support such an association. We performed an

exploratory analysis (data not shown) and found no differences in

total grey matter volume between children with overweight and those

with obesity (P = .816).

Importantly, our regional analysis confirmed the lack of associa-

tion between BMI and total grey matter volumes, backing up the stud-

ies of Yokum et al4 in adolescents (n = 83) and Haltia et al26 in adults

(n = 46). Previous studies have reported a variety of findings regarding

regional analyses.7,27-29 Pannacciulli et al27 found that adults with

obesity (n = 24) vs lean adults (n = 36) had significantly lower grey

matter volume in regions implicated in taste processing (post-central

gyrus and frontal operculum/extended insula) and reward (putamen).

Moreover, Walther et al7 showed that higher BMI was associated

with decreased grey matter volumes in the left orbitofrontal, right

inferior frontal and right pre-central gyri in 95 community-dwelling

older females (ages 52-92 years). Recently, an exploratory analysis in

an adult population from the UK Biobank study (n = 9652,

40-69 years old) showed negative partial correlations between BMI

and grey matter volumes in the caudate, putamen, pallidum and

nucleus accumbens.28 In contrast, a study with 40 young men

(20-28 years old) found that men with obesity had significantly

greater grey matter volume in the left putamen than lean men, a key

region in the regulation of goal-directed control of behaviour in moti-

vational contexts.29 However, whether these associations were due

to the fat or lean component was not studied and is unknown. We did

not find any association between FMI and total and regional volumes.

In our study, we found positive associations between LMI (inde-

pendent of FMI) and grey matter volume in the superior fronto-orbital

gyrus and cerebellum crus I, regions involved in cognitive and motor

control tasks30 and visuomotor and cognitive functions,31 respec-

tively. In line with our findings, but in a grossly different population,

reduced lean mass in early Alzheimer´s disease was associated with

brain atrophy and cognitive performance.32 Similarly, low muscle mass

was associated with cognitive performance in older women.33 Our

findings disagree with those published by Weise et al12 with adults

with normal weight, overweight and obesity (n = 76). They observed a

negative association between FFMI (independent of percentage body

fat) and grey matter at the right temporal pole and the bilateral ven-

tromedial prefrontal cortex (particularly the subgenual portion of the

anterior cingulate). Discrepancies among studies might be due to par-

ticipants' differences in terms of age, BMI distribution and the inclu-

sion of different covariates, such as socioeconomic status (eg,

parental education) in the present study, which has been strongly

associated with brain volumes34 and body composition.35 To the best

of our knowledge, no studies have been published on the association

between lean mass, fat mass and grey matter volumes. Future studies

are needed to confirm these findings and explain the mechanisms

behind the reported associations.

4.2 | Body composition indices and global and
regional white matter volumes

Our findings showed a trend for a positive association between LMI,

independently of FMI and other relevant covariates, and total white

matter volume in overweight/obese children. However, neither BMI

nor FMI were associated with total white matter volume. In addition,

we observed positive associations between LMI and white matter

regional volumes. These associations with white matter volume were

found in regions overlapping with the following tracts: anterior tha-

lamic radiation (eg, superior frontal gyrus), which carries fibres

between prefrontal cortex and thalamus and has been related to exec-

utive function and planning complex behaviours36; cingulum bundle

(ie, superior fronto-medial gyrus and medial cingulate gyrus), which

interconnects frontal, parietal, and medial temporal sites and relates

to emotion, reward, pain, motor, conflict, error detection and mem-

ory37; inferior fronto-occipital fasciculus (ie, middle fronto-orbital
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gyrus and putamen), a long association bundle that connects occipital

cortex, temporobasal areas and superior parietal lobe to the frontal

lobe and seems to play a key role in visual processing, attention and

reading38; superior longitudinal fasciculus (eg, inferior parietal gyrus),

a large bundle of association fibres connecting the temporal, occipital

and parietal lobes with ipsilateral frontal cortices necessary for lan-

guage, emotions, memory and attention39 and corticospinal (two

regions within the cerebellum VIII), concerned with motor function

from the motor cortex to the spinal cord.40,41

Interestingly, we also found positive associations between BMI

and white matter volume in two regions located in the corticospinal

tract (ie, cerebellum VIII) and inferior fronto-occipital fasciculus (ie,

rectal gyrus), which overlap with the associations found for LMI. This

suggests that the positive associations found between BMI and white

matter regions may be explained by LMI. Our study agrees with a pre-

vious study in which larger white matter volumes in the left cerebel-

lum were found in children with overweight/obesity.42 This, together

with the lack of associations between FMI and white matter regional

volumes, strengthens conclusions regarding the specificity of the rela-

tions between body composition (ie, LMI) and white matter tissues.

The association between LMI and white matter could be

explained by links with insulin levels. First, insulin inhibits protein

catabolism while increasing glycogen and protein synthesis in muscle,

promoting the entry of glycogen and amino acids into muscle cells.43

Previous research has shown physiological hyperinsulinaemia to

enhance the activity of amino acid transport and protein synthesis in

muscle.44 In very young adults, a link between insulin and lean mass

has been described.45 Second, insulin levels are known to have neuro-

trophic and neuroprotective properties.32 In a previous study with

non-demented and patients with early Alzheimer disease,32 brain

atrophy was related to the loss of lean mass and the latter indepen-

dently associated with insulin levels. Third, insulin and insulin-like

growth factor type 1 polypeptides are highly expressed in brain

regions such as the hypothalamus, hippocampus, thalamus, pyriform

complex, amygdaloid complex and olfactory regions.46 Insulin signal-

ling affects the development of certain white matter regions and may

maintain cerebral white matter.47 Finally, insulin is also known to reg-

ulate neuronal plasticity and oligodendroglial and neuronal cell sur-

vival47,48 and its nasal administration has shown to improve cognition

and working memory,49,50 outcomes that have also been related to

white matter tissue.51,52 Therefore, obesity related changes in insulin

signalling might explain part of the association between LMI and

white matter volumes. In line with this approach, a partial (controlled

for sex) correlation coefficient of 0.461 (P < .001) was observed in our

study between insulin levels and LMI and a partial (controlled for sex)

correlation coefficient of 0.197 (P = .063) was observed between

insulin and white matter volume (data not shown).

Research has shown that intrinsic changes in the muscle fibres

and the structural organization of muscle tissue are affected by the

number of motor axons.53 Since (myelinated) motor axons are found

in white matter areas, this could be also a possible pathway behind

our findings. Interestingly, we found this link independently of FMI

and other relevant covariates, which highlights the role of lean soft

tissue as a potential predictor of white matter. Future longitudinal

studies examining the association of FMI and LMI with white matter

volumes are needed to confirm these findings and to determine the

direction of the association.

4.3 | Limitations and strengths

We analysed cross-sectional data and therefore causal inferences can-

not be drawn. Our study included children with overweight and obe-

sity but not lean children and therefore our findings cannot be

generalized to the entire range of the BMI distribution. Having lean

participants would have been helpful to eliminate some of the

obesity-related confounders. Nevertheless, our findings are of rele-

vance for children with overweight/obesity and may explain some of

the previously reported heterogeneity across studies. As strengths,

we included a relatively large sample of children with overweight/

obesity with magnetic resonance imaging data, we used a gold stan-

dard device for determining body composition (eg, DXA) and adjusted

for a relevant set of covariates, including leanness and fatness.

To sum up, BMI, FMI and LMI were not associated with total grey

matter volume, and only LMI was associated with regional grey matter

volume independent of FMI. In addition, LMI, but not FMI or BMI, was

positively associated with regional white matter volume independent

of FMI. These findings suggest that LMI is a positive predictor of

regional white matter volumes in children with overweight/obesity

that might explain some of the previously reported heterogeneity

across studies.
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