' Endocrine

W CONNECTIONS

RESEARCH

3T-MRI-based age, sex and site-specific markers
of musculoskeletal health in healthy children

and young adults

Huda M Elsharkasi

1, Suet C Chen', Lewis Steell', Shuko Joseph'2, Naiemh Abdalrahaman’, Christie McComb?3,

Blair Johnston3, John Foster3, Sze Choong Wong" and S Faisal Ahmed 2"

'Developmental Endocrinology Research Group, University of Glasgow, Glasgow, UK
2Paediatric Neurosciences Research Group, Royal Hospital for Children, NHS Greater Glasgow & Clyde, Glasgow, UK

3Department of Clinical Physics, NHS Greater Glasgow & Clyde, Glasgow, UK

Correspondence should be addressed to S F Ahmed: faisal.ahmed@glasgow.ac.uk

Abstract

Objective: The aim of this study is to investigate the role of 3T-MRI in assessing

musculoskeletal health in children and young people.

Design: Bone, muscle and bone marrow imaging was performed in 161 healthy participants

with a median age of 15.0 years (range, 8.0, 30.0).

Methods: Detailed assessment of bone microarchitecture (constructive interference in the
steady state (CISS) sequence, voxel size 0.2 x 0.2 x 0.4 mm?), bone geometry (T1-weighted
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turbo spin echo (TSE) sequence, voxel size 0.4 x 0.4 x 2 mm?3) and bone marrow
("H-MRS, point resolved spectroscopy sequence (PRESS) (single voxel size 20 x 20 x 20 mm?)

size and muscle adiposity (Dixon, voxel size 1.1 x 1.1 x 2 mm?3).

Results: There was an inverse association of apparent bone volume/total volume
(appBV/TV) with age (r = —0.5, P <0.0005). Cortical area, endosteal and periosteal
circumferences and muscle cross-sectional area showed a positive association to age
(r>0.49, P<0.0001). In those over 17 years of age, these parameters were also higher in
males than females (P < 0.05). This sex difference was also evident for appBV/TV and bone
marrow adiposity (BMA) in the older participants (P <0.05). AppBV/TV showed a negative
correlation with BMA (r=-0.22, P= 0.01) which also showed an association with muscle
adiposity (r = 0.24, P=0.04). Cortical geometric parameters were highly correlated with

muscle area (r > 0.57, P<0.01).

Conclusions: In addition to providing deep insight into the normal relationships between bone,
fat and muscle in young people, these novel data emphasize the role of MRI as a non-invasive

method for performing a comprehensive and integrated assessment of musculoskeletal

health in the growing skeleton.
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Introduction

Areal bone mineral density (BMD), as assessed by dual
energy X-ray absorptiometry (DXA), has been widely
used as the gold standard for diagnosing osteoporosis and
identifying skeletal fragility (1). However, the majority of
fragility fractures occur in individuals who do not have
low BMD (2) and it is possible that the poor sensitivity of

DXA can be attributed to its inability to capture all aspects
of bone structure and quality that influence bone strength.
The link between BMD and skeletal fragility is particularly
tenuous in young people where the pathophysiology
of skeletal fragility may be attributed to a wide range of
abnormalities in osteoblast and osteoclast activity (3, 4).
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In addition to osteoblasts, mesenchymal stem cells are also
the precursor of marrow adipocytes, and the differentiation
of these stem cells to these two cell lineages is competitive
and reciprocally regulated (5). Bone marrow adiposity
(BMA) itself is increasingly recognised to have a strong link
to bone health, and an assessment of BMA may be able to
provide indirect information on osteoblast activity (6).
Secondary osteoporosis is also encountered in people with
reduced mobility and muscle deficits such as muscular
dystrophies (7). Thus, an improved understanding of this
wider range of skeletal determinants of osteoporosis has
led to a greater interest in alternative methods of imaging.
MRI can provide detailed information on bone structure
and microarchitecture (8) to such an extent that it has
often referred to as a ‘virtual biopsy’ (9). Furthermore,
when combined with MR spectroscopy, it can be an ideal
modality for quantifying compartments such as muscle
and bone marrow, as well as adiposity within these organs
(10). It can be performed on repeated occasions with
good correlation to bone histomorphometry and micro
CT (11) and vertebral BMA (12). Preliminary studies have
also raised the potential of a combined assessment of
microarchitecture and marrow adiposity for differentiating
between different aetiologies of osteoporosis (13). The
use of MRI to perform a combined evaluation of bone
microarchitecture and BMA in children has rarely been
reported (14). Furthermore, while there are reports of age-
and sex-related changes in bone microarchitecture (15)
and BMA (16, 17, 18) in healthy children and adults, there
is a scarcity of knowledge on the normal relationships
between these parameters (19, 20).

The current study was performed to improve our
knowledge of the normal changes in the developing
skeleton, as assessed by MRI, as well as to compare the bone
microarchitecture information obtained from the tibia and
the femur. It is anticipated that a greater understanding of
normal MRI-based changes will facilitate the application
of these techniques for studying the developing skeleton
in more detail in health and disease.

Methods
The study cohort

A total of 161 healthy male (n=76) and female (n=385)
children and young people with a median age of 15 years
(8, 30) were recruited from families and friends of patients
and staff at hospitals in Glasgow, UK. The median age of
males and females was 13.8 years (8.0, 29.1) and 18.0 years

(8.4,30.0), respectively (P< 0.006). None of the participants
had a chronic illness requiring therapy or were on any
medications that are known to affect bone metabolism.
In addition to anthropometric data, information was
collected on current medications, use of nutritional
supplements, fracture history, use of oral contraceptives
and physical activity. Among the male participants,
three had asthma and used glucocorticoid inhaler, and
one had eczema that did not require any glucocorticoid
therapy. Among the female participants, three had asthma
and were on inhaler salbutamol, three were taking oral
contraceptives and one had been receiving nifedipine for
3 months. One female participant had polycystic ovarian
syndrome but was not receiving any medication and three
female participants were smokers. The males and females
had similar levels of physical activity and use of vitamin
supplements. Sixteen males and 15 females had a history
of traumatic fracture. The study was approved by the
West of Scotland NHS Research Ethics Committee, and
all participants and/or their parents/guardians provided
written informed consent.

Figure 1

Representative MRI and MRS analysis images. (A) Trabecular analysis; (B)
cortical analysis, green and blue lines indicate endosteal and periosteal
circumferences, respectively; (C) muscle analysis, ten manually drawn
regions of interest around midthigh muscles; (D) MR image of the lumbar
spine with the MRS voxel location (marked with a red square) placed in L3.
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Assessment of microarchitecture

MRI for trabecular microarchitecture was performed on
a 3T-MRI scanner (Prisma, Siemens) at either the right
tibia or femur (Fig. 1). At the tibia, images were acquired
using a transmit/receive extremity coil placed over the
right knee. The first slice was positioned just immediately
distal to the proximal growth plate, and the subsequent
slices positioned distal along the tibia. At the femur, an
18-channel anterior array coil was used to scan at 15% of
distal femoral length which was measured using localizer
images as the total distance between superior aspect of
femoral head to the distal aspect of medial condyle. The
location of 15% was chosen so that cortical geometry and
trabecular microarchitecture could both be assessed in
the femur in a single scan. Imaging was performed using
a constructive interference in the steady state (CISS) pulse
sequence with the following parameters to provide a 3D
volume of a resolution=0.2 mm x 0.2 mm x 0.4 mm echo
time =5.68 ms, repetition time =12.62 ms, flip angle =50°,
no. of averages=4, field of view=100 mm x 100 mm,
matrix =448 x 448, number of slices=20, bandwidth
(Hz)=228 and total scan time=9:24 min. The images
were analysed by MATLAB software (Mathworks Inc), to
obtain measurements for apparent bone volume to total
volume ratio (appBV/TV), apparent trabecular number
(appTbN), apparent trabecular thickness (appTbTh) and
apparent trabecular separation (appTbSp) (21). To increase
contrast along edges, a sharpening filter using ‘imsharpen’,
a MATLAB function, was applied to trabecular images.
Additionally, a low pass filter was applied to the images to
correct for any bone marrow inhomogeneity and a visual
qualitative assessment for participant motion and image
artefacts was also performed by two observers. The analysis
was performed to obtain trabecular measures from the
central slice (slice 10) from 20 slices per participant. Mean
intraobserver and interobserver coefficient of variations
were both ~1% for the trabecular parameters measured.

Cortical imaging

For analysis of cortical bone at the right femur, 20 axial
images were obtained at 15% of distal femoral length with
a central slice co-located with the central slice of trabecular
bone images (Fig. 1). The T1-weighted turbo spin echo (TSE)
pulse sequence with parallel imaging (GRAPPA acceleration
factor PE: 2) was used with the following acquisition
voxel size=0.4 mm x 0.4 mm x 2 mm, echo time=11 ms,
repetitiontime =650ms, flipangle = 150°,no.ofaverages =1,
field of view=140 mm x 140 mm, matrix=320 x 240,

number of slices =20, bandwidth (Hz) =240 and total scan
time=1:05 min. The images were analysed using MATLAB
(Mathworks Inc) to obtain measurements for cortical
area (mm?) and endosteal and periosteal circumferences
(mm). A sharpening filter was applied to increase contrast
between edges as mentioned above. Mean intraobserver
and interobserver coefficient of variations were 2 and 1%
for the cortical parameters, respectively.

Muscle imaging

Axial images were obtained at 33% of distal femoral length
to examine ten groups of thigh muscles (Fig. 1). A six-point
Vibe Dixon pulse sequence in 3D with parallel imaging
(GRAPPA acceleration factor PE: 2) was used with the
following acquisition parameters: voxel size= 1.1 mm x 1.1
mm x 2 mm, echo time=1.54-8.69 ms (TE1=1.54 ms,
deltaTE=1.43 ms), repetition time=10.7 ms, flip
angle=4°, no. of averages =6, field of view =204 mm x 204
mm, number of slices=20 and bandwidth (Hz/Px)=434.
Bipolar readout was used with a total scan time = 3.00 min.
The images were then analysed to obtain measurements of
muscle fat fraction as a percentage (MFF%), total muscle
cross-sectional area (muscle CSA, mm?) and residual
muscle area (i.e. muscle tissue after accounting for muscle
fat fraction (RMA, mm?) (22). Mean intraobserver and
interobserver coefficient of variations were 1.7 and 1%,
respectively.

Bone marrow adiposity

'H-MRS was performed using an 18-channel body array
(anterior) and a 32-channel spine coil (posterior). Spectra
were obtained from a 20 mm x 20 mm x 20 mm volume
within the vertebral body of L3, using a method described
previously (13). A point resolved spectroscopy sequence
(PRESS) with no water suppression was used with the
following parameters: echo time=30 ms, repetition
time=2000 ms, flip angle=90°, no. of averages==80,
bandwidth (Hz)=1200 and total scan time=2:50 min.
Automated phase cycling was performed with four
preparation scans and one reference scan. Analysis was
performed following fitting of the spectrum in the time
domain wusing a non-linear least-squares algorithm,
AMARES (23) in the java-based MR user interface (JMRUI)
software package (24). The areas under the water peak and
lipid peak were obtained and used to calculate the lipid-to-
water ratio (LWR) and percentage bone marrow fat fraction
(BMFF%) as a measure of BMA (25). Mean intraobserver and
interobserver coefficient of variations were both 2.5%.
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Statistical analyses

All data were analysed using IBM SPSS for Windows
software program, Version 22 and GraphPad Prism 8.0.2
(GraphPad Software). Continuous data were presented
as median (ranges) and categorical data as frequency
(percentage). Group differences were compared by a Mann-
Whitney U test for continuous variables and a chi-square
test for categorical variables. Sex differences in MRI-based
parameters were assessed using Mann-Whitney U tests.
Sex differences were tested using analysis of covariance
with age as a covariate. Spearman’s rank correlations and
multiple regression analyses were performed to investigate
associations between musculoskeletal outcomes and age,
sex and anthropometric variables in the whole cohort and
in males and females separately. A P value of <0.05 was
considered significant. Residual plots for all models were
checked for normality, linearity and homoscedasticity.
Due to a potential multicollinearity between predictor
variables, any variable with a variance inflation factor (VIF)
10 and tolerance value <0.2 was excluded from the models.

Results

Trabecular bone microarchitecture at tibia
and femur

Of the 161 participants who had scans, 138 (86%) had an
assessment of trabecular microarchitecture and, of these,
the scans were of sufficient quality to be analysed in 128
(93%). Of these 128, a tibia scan was performed in 55 (44%)
(M:E 29:26), with a median age of 13.4 years (8.1, 18.9) and
a femur scan was performed in 73 (57%) (M:F, 42:31) with
a median age of 15.0 years (8.0, 29.1) (P=0.006). There
were no differences between sexes in any of the trabecular
parameters in the tibia or femur at any ages, except in the
age group >18 years where appBV/TV was marginally but
significantly higher in males (Fig. 2 and Table 1). An age-
dependent decline was observed in appBV/TV in males and
females at the tibia and femur (Fig. 3). Conversely, appTbSp
increased with age and was accompanied by a significant
decrease in appTbN (Fig. 3). Comparing the trabecular
parameters in all those with a tibia scan to those with a
femur scan, median appBV/TV was 0.59 (0.53, 0.64) and
0.55 (0.50, 0.61), appTbN was 2.00 (1.79, 2.20) and 1.85
(1.59, 2.08) and appTbSp was 0.20 (0.17, 0.26) and 0.24
(0.20, 0.29) (P<0.0001), respectively (Fig. 4). Trabecular
thickness showed no age, sex or site dependency (Fig. 4
and Table 1). Age was a significant predictor of trabecular
microarchitecture at proximal tibia when controlling for

height and BMI and explained 33-45% of variations in
trabecular microarchitecture.

Cortical bone geometry at femur

Of the 161 participants, 80 (50%) had a femur scan for
collecting cortical bone geometry and in 79 (99%), the
cortical images were of sufficient quality to be analysed. The
median age of this cohort of 79 (M:F, 46:33) participants
was 15.5 years (8.0, 29.1). Sex-specific differences were only
observed in periosteal circumference and cortical area
in the older age group (Fig. 2), but along with endosteal
circumference, both parameters showed an age-dependent
increase in both sexes (Fig. 3). Cortical area, periosteal
and endosteal circumferences adjusted for age showed
that males had higher values than females; for cortical
area, a sex difference was only evident in the older age
groups (Table 2). Similarly, for periosteal and endosteal
circumferences, differences were evident within the 17-19
age group (P<0.001) (Fig. 2 and Table 2). In a multiple
linear regression model that included age, sex, height,
BMI and muscle CSA, height, muscle CSA and age were the
main predictors for cortical area and that model explained
68% of variation with age (Table 3). Height was the main
predictor for endosteal (3=0.78 P=0.001) and periosteal
circumferences (8=0.82 P=0.001) when age, sex, BMI and
muscle CSA were controlled (Table 3).

Muscle imaging at femur

Of the 80 participants who had a femur scan, the muscle
images were of sufficient quality to be analysed in 78 (98%)
(M:E, 44:34) and the median age was 15.0 years (8.0, 29.1).
For muscle CSA, a clear difference between males and
females was evident in the late teenage years (Fig. 2 and
Table 2). However, this sex- dependency was not evident
for MFF% and, as a consequence, the RMA also showed the
same sex dependency as muscle CSA (Fig. 2). While muscle
CSA and RMA also showed a clear increase with age, MFF
did not show this increase (Fig. 2). Adjusted muscle CSA and
RMA for age showed males had higher values than females;
for muscle CSA, this gender difference appeared within
the 17-19 age group (P=0.001) and the 20-30 age group
(P=0.0003). Similarly, for RMA, differences were evident
within the 17-19 age group (P=0.008) and the 20-30 age
group (P=0.0004). On multiple regression analysis, age, sex,
BMI and height had independent associations with muscle
CSA and explained 76% of the variation (Table 3). On the
other hand, BMI was the main predictor (8=0.09 P=0.01)
for MFF% when age and weight were controlled (Table 3).
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Figure 2

MRI-based musculoskeletal parameters for age and sex. Boxplots show the normative data of the MRI-based parameters and demonstrate the
association of sex (white boxes for males and the grey for females) and age with these parameters. A significant sex difference within an age group is
identified by *P <0.05. P <0.01, P <0.001 Panels (A, B and C) show trabecular microarchitecture at proximal tibia, panels (D, E amd F) show trabecular
microarchitecture at distal femur, panels (G to I) show cortical geometry parameters at femur, panels (J, K and L) show skeletal muscle parameters at
femur and panel (M) shows marrow adiposity at lumbar vertebrae. AppBV/TV, apparent bone volume over total volume; appTbTh, apparent trabecular
thickness; appTb N, apparent trabecular number; appTb Sp, apparent trabecular separation; MFF, mean fat fraction (muscle); muscle CSA, muscle
cross-sectional area; RMA, residual muscle area; BMFF, bone marrow fat fraction.
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Figure 3

Association between MRI-based musculoskeletal parameters and age. The scatter plots show MRI-based measures in males (white circles) and females
(grey circles). Panels (A, B and C) show trabecular microarchitecture at proximal tibia, panels (D, E and F) show trabecular microarchitecture at distal
femur, panels (G to 1) show cortical geometry parameters at femur, panels (J, K and L) show skeletal muscle parameters at femur and panel (M) shows
marrow adiposity at lumbar vertebrae. AppBV/TV, apparent bone volume over total volume; appTbTh, apparent trabecular thickness; appTb N, apparent
trabecular number; appTb Sp, apparent trabecular separation; endos circ, endosteal circumference; perios circ, periosteal circumference; MFF, mean fat
fraction (muscle); muscle CSA, muscle cross-sectional area; RMA, residual muscle area; BMFF, bone marrow fat fraction.
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Figure 4

MRI-trabecular microarchitecture in tibia vs femur. AppBV/TV, apparent
bone volume over total volume; appTbTh, apparent trabecular thickness;
appTb N, apparent trabecular number; appTb Sp, apparent trabecular
separation.

Bone marrow adiposity at spine

All 161 participants had MRS and the images were of
sufficient quality to be analysed in 143 (89%) (M:F, 65:78)
in whom the median age was 15.0 years (8.0, 30.0). For
BMA as expressed by BMFF%, a clear difference between
sexes was only seen in young adulthood when it was higher
in males compared to females (Fig. 2 and Table 1). BMFF%
also showed an increase with age, but this association
was not as strong as it was for the other markers of
musculoskeletal health. Adjusted BMFF% for age showed
higher values in males than females (P=0.04). On multiple
regression analysis, the model showed that age and sex had
independent associations with BMFF%, but they still only
accounted for only 9.4% of the latter.

Intercompartmental relationships

In the 73 participants who had analysable trabecular
and cortical femur data, no association was observed
between any trabecular parameters with cortical or muscle
parameters (Table 4). An inverse association was observed

between appBV/TV of tibia and femur (r=0.22, P= 0.01)
with BMFF% in the 111 participants where these data were
available (Table 4). Cortical geometrical measures showed
a positive association to BMFF%, but these associations
did not persist after adjusting for age and height
(Table 35).
between the cortical measures and muscle CSA (Table 5),
and the association between cortical area and muscle CSA
persisted even after height adjustment (8 = 0.30 P=0.02)
(Table 5), while the association with endosteal and
periosteal circumference did not persist (P>0.05). BMFF%
showed a weak but significant association with muscle
adiposity as measured by MFF% (r=0.24, P=0.04) (Table 5).

Positive associations were also observed

Discussion

The current study represents the largest report of the use
of 3T-MRI for the assessment of multiple musculoskeletal
parameters in healthy males and females from late
childhood, through adolescence and into young
adulthood. In over 90% of cases, the scans that were
performed were suitable for analysis confirming the
suitability of MRI at the young age group. It was also
reassuring to observe that the intercompartmental
relationships that have been observed through other
imaging modalities continue to be present on using MRI.
The assessment of trabecular bone microarchitecture
at two major weight-bearing sites showed a progressive
decrease in trabecular bone architecture in both sexes,
especially at the proximal tibia. This decline in trabecular
parameters has been described previously in young adults
at the distal radius, tibia and lumbar spine (26, 27). This
pattern has also been observed in children at the proximal
femur using pCT falling to expected values in adults (28,
29). In fact, it is possible that trabecular bone volume
fraction at the proximal tibia may be highest at birth,
decreasing towards the adult pattern as early as 8 years of
age (30). The biological explanation for the tibial finding
may be a decreased sensitivity of trabecular bone to
oestrogen (26). In addition, trabecular bone development
may be less dependent on the growth hormone/insulin-
like growth factor 1 axis, unlike cortical bone mass (31). In
fact, high growth hormone levels as encountered during
puberty could actually be an explanation for the reduction
in trabecular bone that may be associated with high bone
turnover (26, 32). The differences in observations at the
tibial and femoral site may reflect the varying level of
corticalization of the trabeculae at the regions of interest
and emphasize the importance of site specificity when
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Table 3 Predictors of MRI-based musculoskeletal measures in multiple regression analysis. Models for trabecular
microarchitecture included age, height and BMI as predictors. The cortical geometry models included age, sex, height, BMI and
muscle CSA as predictors. Model for MFF included age, weight and BMI, whereas models for other muscle parameters included
age, sex, height and BMI. BMA model included age, sex and BMI. Statistically significant was set at P < 0.05.

Unstandardized Standardized Collinearity
Significant coefficient coefficient statistics
predictors B SE. [ Pvalue AdjustedR®> Tgjerance VIE
Trabecular microarchitecture (tibia)
AppBV/TV Age —0.006 0.001 -0.79 0.000 40% 0.36 2.7
AppTh N (mm-~") Age -0.01 0.006 -0.49 0.02 33% 0.35 2.9
AppTb Sp (mm) Age 0.004 0.001 0.68 0.001 45% 0.39 2.6
Cortical geometry (femur)
Cortical area Height 2.53 0.45 0.72 0.000 68% 0.29 335
Muscle CSA 0.01 0.003 0.47 0.003 0.45 2.24
Age -2.62 1.12 -0.30 0.02 0.69 1.43
Endosteal circumference (mm) Height 0.86 0.18 0.78 0.000 48% 0.30 3.29
Periosteal circumference (mm) Height 0.90 0.17 0.82 0.000 52% 0.31 3.29
Muscles (femur)
MFF% Age 0.50 0.14 0.09 0.01 28% 0.37 2.68
Muscle CSA (mm?) Age 124 39 0.30 0.002 76% 0.35 2.8
Height 50 15 0.33 0.001 0.35 2.8
BMI 184 38 0.34 0.000 0.62 1.6
Sex -1216 273 -0.27 0.000 0.88 1.1
RMA (mm?) Age 125 40 0.32 0.003 74% 0.35 29
Height 50 15 0.34 0.001 0.35 29
BMI 147 39 0.29 0.000 0.62 1.6
Sex -1186 278 -4.3 0.000 0.88 1.1
BMA (vertebra)
BMFF% Age 0.41 0.19 0.22 0.03 9.4% 0.67 1.49
Sex -3.5 1.74 -0.17 0.04 0.95

AppBV/TV, apparent bone volume over total volume; appTb N, apparent trabecular number; appTb Sp, apparent trabecular separation; appTbTh,
apparent trabecular thickness; BMFF, bone marrow fat fraction; MFF, mean fat fraction; Muscle CSA, muscle cross-sectional area; RMA, remaining muscle

area; SE, standard error; VIF, variation inflation factor.

using high-resolution MRI. Androgens are known to play
a role in the normal development of trabecular bone (33).
Previous studies that have explored sex-specific differences
in bone microarchitecture have revealed mixed results, but
the general pattern of results suggests that these differences
which report increased trabecular bone in males are more
likely to be present at a later stage of puberty and may be
more evident at sites that are load-bearing (15, 34, 39).
Histomorphometric analysis at the iliac crest has reported
the existence of sex-specific differences in trabecular
microarchitecture in late puberty (36). In the current study,
significant differences were only evident in the 20-30 years
age group, at the distal femur, where young men showed
a greater appBV/TV than women. The current study also
showed that app BV/TV and app Tb.N were higher in the
proximal tibia than the distal femur. It is possible that this
may reflect the younger age group of those who had a tibia
scan compared to those who had a femur scan. Trabecular
bone microarchitecture may also vary depending on scan
location with higher quality trabeculae at the epiphysis
and metaphysis compared to at diaphysis (37). This

finding underscores the importance of scan location and
how they can have a significant influence on trabecular
measurements (38). None of the parameters of bone
microarchitecture showed any independent association
to anthropometry or muscle parameters, but, as reported
previously in adults (39, 40), the inverse association of MRI
trabecular microarchitecture with bone marrow adiposity
was also present in children. This finding reinforces the
hypothesis that skeletal fragility may have its origins
in a shift in mesenchymal stem differentiation towards
adipogenesis rather than osteogenesis (41).

MRI clearly demonstrates the changes in femoral bone
geometry, characterized by increases in cortical area and
periosteal and endosteal expansion. These were observed
in both sexes, with a higher magnitude of changes at both
endosteal and periosteal surfaces in males as compared
to females. Additionally, consistent with the functional
model of bone development, height and muscle cross-
sectional area, which measured as a surrogate of muscle
force, were the primary contributors for femoral cortical
bone development. These findings are consistent with
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Table 4 Associations of MRI trabecular measures with other
musculoskeletal compartments. Unadjusted correlations of
femoral trabecular parameters with cortical parameters
(cortical area, endosteal and periosteal circumferences);
muscle parameters (cross-sectional area (CSA), remaining
muscle area (RMA)); and bone marrow adiposity (bone marrow
fat fraction (BMFF)).

AppBV/ AppTSp AppTb N AppTbTh

TV (mm) (mm-~") (mm)
Cortical (n =73)
Cortical area (mm?) 0.06 0.07 -0.19 0.23
Endosteal -0.12 0.04 -0.02 -0.06
circumference (mm)
Periosteal -0.11 0.06 -0.06 -0.01
circumference (mm)
Muscle (n = 73)
Muscle CSA (mm?) 0.01 0.07 -0.18 0.20
RMA (mm?) 0.05 0.06 -0.17 0.21
BMA (n =111)
BMFF% -0.22 0.24 -0.21 -0.01

Level of significance was set <0.05 and highlighted in bold.
*Refers to the association between spinal bone marrow adiposity and
trabecular measures at both tibia and femur.

several previous studies of cortical geometry (34, 42, 43,
44, 45). In the current study, sex differences were only
evidentin those over 17 years old and may again just reflect
the smaller sample size in the younger age groups. The
major independent determinants of cortical area included
height and muscle CSA, as observed previously with other
imaging modalities (46, 47, 48). The current work did not
find a significantindependent association between cortical
dimensions and BMA. Unlike the inverse relationship that
is found between trabecular microarchitecture and BMA,
there is less consensus on the relationship between BMA
and cortical geometry (49).

Table 5 Intercompartment associations between MRI-based
parameters. The associations between cortical measures
BMFF did not persist after controlling for age and height.

Muscle (n =77) BMA (n =68)
MFF Muscle RMA
(%) CSA(mm?) (mm?) BMFF (%)
Cortical area (mm?) 0.15 0.73" 0.73" 0.37
Endosteal 0.13 0.58 0.57 0.44
circumference (mm)
Periosteal 0.15 0.63 0.62 0.45
circumference (mm)
BMFF% 0.24 0.22 0.19 1

The significant level was set <0.05 and highlighted in bold.

*Refers to the persistent associations between cortical area with muscle
CSA and RMA after height adjustment (8 = 0.3, P =0.02) but not with
endosteal and periosteal circumferences (P> 0.05).

Previoushistologicand MRI-based studies havereported
consistently that vertebral marrow fat increases steadily
with age as a result of conversion from haemopoietin (red)
to fatty marrow (yellow) (50). The current study confirms
the presence of this association in children and young
people. The average BMFF% as a measure of BMA in the
subjects was approximately 24%, which is close to the values
reported by MRS-based studies for healthy participants
within the same age range (12, 17). The age-related increase
of vertebral marrow fat was small but significant, with sex
and age as predictors explaining 10% of the variations in
marrow adiposity. Previous studies have reported large
inter-individual variations in the normal value of marrow
fat in children and adults (17, 51). The precision of the
technique in the current study was high and it is possible
that the previously reported variation was due to the
heterogeneity of marrow conversion. Previous studies have
also reported lower marrow adiposity in females before
menopause compared to males with a reversal of this trend
after the menopause (12, 17, 52). The current study showed
that this sexual dimorphism was also present in children
and became particularly evident in the older adolescents
and young adults, potentially emphasizing the role of
oestrogens in influencing marrow adiposity (53). The
current study did not show an independent association
of marrow adiposity with BMI and is possible that marrow
adiposity may be more closely related to other fat depots
such as visceral fat (54).

The results of the current work showed no sex-or age-
specific variations in fat fractions in the thigh muscles
of healthy children and young people. The median fat
fraction for ten muscle groups measured in the thigh
were <10%, which is similar to that reported previously
in children and adults (55). The independent role of age
on fat content within muscle is not fully understood and
contradictory findings are reported in the literature (56,
57). In the current study, muscle fat was not associated
with age. Muscle fat fraction appears to be significantly
influenced by BMI. This concurs with cross-sectional (58)
and longitudinal studies (59). BMI is a crude marker of
general adiposity; previous MRI-based studies by our group
have shown that subcutaneous adipose tissue and visceral
adipose tissue demonstrate different relationships to bone
marrow fat (54). Unfortunately, this could not be explored
in the current study, but there is a need to study muscle
adiposity further in more detail given that its utility in
being an independent marker of cardiovascular risk (60).
Furthermore, a high level of fatty muscle infiltration may
also be associated with a high marrow fat (57) and this was
also confirmed in the current study.
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While MRI promises to be a useful modality for
an integrated assessment of musculoskeletal health
in young people, it is possible that some parameters
such as trabecular dimensions need careful assessment.
Trabecular bone maybe subject to partial volume effects
that result from the resolution offered by the MRI in
comparison to the trabecular dimensions. It is also
possible that some of the associations between parameters
were not evident due to a limitation on sample size.
MRI is an expensive technique and in combination
with the lack of standardized methods of assessing the
parameters, this represents a limitation of this imaging
modality if it is considered for general use. Given the
novelty of this modality, it is encouraging to see that
there is a move towards developing greater consensus
in standardizing the methodology (61). In the current
study, we did not perform MR spectroscopy as it would
have further prolonged the scan times. Given that there
may be additional value of this condition in pathological
conditions that lead to metabolic changes in the muscle
compartment, this may be a useful technique to explore
further (61). In addition, we did not look at markers of
visceral adiposity in this study and these relationships
would have also been useful to explore (18).

In summary, high-resolution MRIis a powerful tool for
quantitative non-invasive assessment of musculoskeletal
status in vivo. The observations and relationships that
were reported by this tool were similar to those described
previously using other modalities, thus strengthening
the rationale for using MRI as an integrated measure of
musculoskeletal health in children, young people, as well
as adults.
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