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Background: Marrow fat exists as a distinct adipose tissue and plays a critical role in affecting both the 
quantity and quality of bone. However, the effect of soccer training on marrow fat has been rarely reported. 
This study aims to evaluate and characterize the marrow fat content and composition in different bone areas 
of soccer players and age-matched healthy subjects using proton magnetic resonance spectroscopy (1H-MRS).
Methods: Between May 2020 and June 2020, 20 professional soccer players (20.7±0.9 years) and 20 age-
matched healthy subjects (21.2±0.8 years) were enrolled in this cross-sectional study. The 1H-MRS were 
acquired from the 3rd lumbar vertebrae, bilateral femoral necks, and distal tibias of all subjects using a single-
voxel point-resolved spatially localized spectroscopy (PRESS) sequence. Four soccer players underwent a 
second magnetic resonance (MR) examination within a 30-minute interval after the initial scan to evaluate 
test-retest reproducibility. Inter- and intra-observer measurement reliabilities were assessed using 10 
randomly selected spectra from the soccer players group. All spectra were processed using the jMRUI 
software package (http://www.jmrui.eu/). Quantified water and lipid signals were used to calculate fat content 
(FC) and the unsaturated fatty index (UI).
Results: Compared with healthy subjects, we found that soccer players had a lower FC in L3 and bilateral 
femoral necks and higher UI in the left femoral neck (P<0.05). All FC and UI values of the bilateral distal 
tibias showed no significant differences between the two groups (P>0.05). The UI values of the right femoral 
neck or distal tibia were markedly higher than the left side in both inactive subjects and soccer players (P<0.05, 
except for the femoral neck in players), and there were notable ΔUI differences in the lower limbs between 
the soccer players and the healthy subjects (P<0.05). 
Conclusions: Soccer practice can be considered a positive sport that contributes to decreasing FC in 
lumbar vertebrae and femoral necks and increasing the UI in femoral necks. Quantitative MRS provides an 
ideal modality to predict marrow fat metabolism caused by mechanical stimulation.
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Introduction

Bone mineral density (BMD) and marrow fat are two 
crucial biomarkers for bone-related studies (1). Adipocytes 
form marrow adipose tissue (MAT), and BMD is directly 
related to osteoblasts. Adipocytes and osteoblasts are closely 
related to each other because they are both differentiated 
from mesenchymal stem cells (MSCs) in bone marrow (2).  
Physical training is well recognized as a means of 
suppressing MAT depots and enhancing BMD (3). 
Soccer is one of the most popular sports worldwide and 
is characterized by multiple forms of exercises, including 
turns, jumps, and sprints, together with accelerations and 
decelerations (4). Previous studies have shown that soccer 
training provides positive effects on bone mineral content 
(BMC) and BMD, and presents higher BMC and BMD 
in weight-bearing sites, such as the lumbar spine, femoral 
neck, greater trochanter, and lower limbs, compared to 
sedentary controls (4-7). However, there are still no studies 
that have demonstrated the impact of soccer training on 
bone marrow fat.

Increasing evidence has suggested a complex relationship 
between MATs and bone health (8,9). On the one hand, 
as a distinct fat depot different from white, brown, and 
beige adipocytes (10,11), MATs release adipokines and 
free fatty acids, which interfere directly or indirectly with 
bone remodeling or hematopoietic function (11). On the 
other hand, unsaturated fatty acids can inhibit osteoclast 
differentiation and osteolytic activity, which is beneficial to 
bone shaping (12). Yeung et al. (13) observed that osteopenic 
and osteoporotic women presented increased marrow fat 
content (FC) and decreased unsaturated fat compared to 
young control subjects. Other studies on morbid obesity 
(14,15), type 2 diabetes (16), fragility fracture (17), and 
osteoarthritis (18) also suggested that a variety of diseases 
are associated with an increase of marrow FC and/or 
decrease of unsaturated fatty acids. These findings suggest 
that MATs play a critical role in affecting bone quality. 

In order to quantify MATs, chemical shift encoded 
imaging (CSE-MRI), and proton magnetic resonance 
spectroscopy (1H-MRS) are two commonly used non-
invasive methods. CSE-MRI methods, such as Dixon’s 
technique, have achieved success in obtaining the 

distribution of FC. However, their robustness still needs to 
be greatly improved for the estimation of fat composition, 
owing to the used signal model and reconstruction 
approaches (19,20). In comparison, 1H-MRS methods 
provide more detailed chemical shift information that 
enables a simultaneous and accurate quantitation of FC and 
composition (21). Thus, they possess a unique advantage in 
determining the role of marrow fat in normal physiology 
and pathology. 

This study used the 1H-MRS technique to evaluate and 
characterize both the FC and unsaturated fatty index (UI) in 
the bone regions of 3rd lumbar vertebrae, bilateral femoral 
necks, and distal tibias of professional male soccer players 
and age-matched inactive controls. The application of this 
quantitative magnetic resonance (MR) technique to assess 
the changes of marrow composition with soccer practice has 
been rarely reported to our knowledge. These results may 
help to understand the association between professional 
soccer training and changes in marrow fat.

Methods

The study was conducted following the Declaration of 
Helsinki (as revised in 2013) and was approved by the 
institutional review board of the Third Affiliated Hospital 
of Southern Medical University. Informed consent was 
obtained from all individual participants.

Subjects

This was a cross-sectional, case-control study. All 
professional soccer players regularly trained (5 to 6 times 
per week, 2 hours at a time) over at least 8 years. All players 
kicked the ball with their right foot. The regular training 
consisted of 20 min of warm-up and stretching exercises, 
40–50 min of technical exercises (shooting, dribbling, 
passing, and ball control), plus running, plyometrics, and 
isometric exercises, 30–50 min of match practice, followed 
by another 10 min of stretching exercises. The healthy 
controls were untrained and had less than 3 hours of high-
pressure exercises per week. 

The inclusion criteria were as follows: (I) males between 
19 and 22 years of age; and (II) body mass index (BMI) 
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less than 24.9 kg/m2. Subjects were excluded if they met 
any of the following conditions: (I) had lesions that were 
accidentally identified by a musculoskeletal radiologist in 
the targeted regions during the conventional examination, 
such as bone marrow edema, neoplasm, or fracture; (II) had 
pre-existing bone diseases, such as tumors, metastases, and 
infectious disorders; (III) had familial or metabolic diseases 
(i.e., obesity, osteoporosis, and anorexia nervosa) that could 
affect BMD; (IV) previously used drugs that could affect 
bone metabolisms, such as rosiglitazone and pioglitazone; 
and (V) had claustrophobia and could not keep still during 
the examination. All subjects underwent MR examinations 
at 10 am over 2 months between May and June 2020. 
Before the examination, the subjects were instructed to have 
a light breakfast (e.g., porridge, bread, or bun) and refrain 
from overeating and intensive training the day before the 
examinations. The following information was collected 
from recruited subjects: age, height, weight, smoking/
alcohol drinking history in the past two weeks, and exercise 
mode and frequency.

1H-MRS of bone marrow 

The MRS experiments were performed on a 3.0 Tesla 
whole-body MRI scanner (Ingenia, Phillips, Best, 
Netherlands). All subjects were examined in the supine 
position with a 16-channel posterior coil. 

Axial and sagittal T1-weighted and fat suppression T2-
weighted MRI were first obtained for anatomical and 
morphological visual assessments and voxel positioning of 
the lumbar vertebrae, bilateral femoral necks, and bilateral 
distal tibias. T1- and T2-weighted MRI were performed 
using the following imaging parameters: T2-weighted 
spectral attenuated inversion recovery (SPAIR) sequence 
[repetition time/echo time (TR/TE) =3,072 ms/80 ms with 
a 4 mm/0.4 mm slice thickness/gap], and T1-weighted turbo 
spin-echo (TSE) sequence (TR/TE =540 ms/15 ms, slice 
thickness =4 mm, gap =0.4 mm). The single-voxel point-
resolved spatially localized spectroscopy (PRESS) sequence 
without water suppression and outer volume saturation was 
implemented for 1H-MRS with the following parameters: 
TR/TE =3,000 ms/36 ms, spectral width =2,500 Hz, and 
the number of data points =2,048. The number of signal-
averaged (NSA) was 16 for the femoral neck, distal tibia, 
and vertebral spine. Five 15×15×15 mm3 volumes of interest 
(VOIs) were carefully placed within the bone marrow of the 
L3 vertebrae, bilateral femoral necks, and bilateral distal 
tibias, respectively (as depicted in Figure 1A,B,C). 

After local shimming using the pencil beam (PB) volume 
method for each VOI to shim the static magnetic field 
(B0), MRS was successively acquired from the five voxels 
mentioned above. To avoid motion artifact of the lumbar 
VOI due to breathing, subjects were required to breathe 
steadily during data acquisition. The VOIs were matched 
with the corresponding compartment to avoid inclusion of 
the surrounding cortical bone, leaving a 3–5 mm margin to 
avoid water contamination and resonances from outside the 
voxel due to chemical shift displacement artifact.

Spectral fitting and data analysis

All spectra were exported from the scanner and processed 
using a time-domain analysis with the jMRUI software 
package (http://www.jmrui.eu/) (22-24). The acquired 
signals were successively processed by the steps of zero-
filling, exponential apodization, Fourier transformation, 
and phase correction. Spectral assignments were performed 
according to the reference from existing literature (25). 
For the spectra from the L3 vertebral body and femoral 
neck, there were four main peaks, including water peak at 
4.7 ppm, methylene protons [-(CH2)n-] at 1.3 ppm, allylic 
methylene protons (-CH=CHCH2-) at 2.05 ppm, and 
mild olefinic protons (-CH=CH-) at 5.3 ppm. Several L3 
vertebral bodies with 5.3 ppm were totally hidden under 
the wing of the water peak; however, olefinic protons 
could be resolved in all spectra from the femoral neck. 
For the spectra from the distal tibia, small lipid peaks like  
0.9 ppm (-CH3, methyl protons), 2.25 ppm (-CH2CH2CO-, 
α-carboxyl protons), 2.75 ppm (-CH=CH-CH2-CH=CH-, 
diacyl protons), and 4.2 ppm (-CH2-O-CO-, glycerol 
protons) could also be identified in addition to the above 
four lipid peaks. For the spectra from the femoral neck, the 
identified peaks were superior to those of the L3 vertebral 
body but inferior to those of the distal tibia.

A widely used quantitative tool for MRS data, AMARES 
(advanced method for accurate, robust, and efficient spectral 
fitting) (26), was employed to fit the spectra. The starting 
values used in the non-linear least-squares fitting algorithm 
included a manually selected resonance frequency and the 
linewidth of each peak of interest. The water peak and main 
fat peak were freely varied within ±0.05 ppm, while all fat 
peaks were constrained together with the distance between 
1.3 ppm fat peak and other fat peak constant. A Lorentzian 
model function was assumed for all peaks. All lipid peaks had 
a linewidth equal to that of the methylene peak at 1.3 ppm. 
The fitting results for one representative spectrum in the 
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Figure 1 Voxel placement of the lumbar spine (A), femoral neck (B), and distal tibia (C). The 1H-MRS spectrum of the lumbar spine (D,G), 
femoral neck (E,H), and distal tibia (F,I) were combined fat peaks, like 1.3, 2.05, 5.3 ppm, and water peak. Small lipid peaks, like 0.9, 2.25, 
2.75, and 4.2 ppm, could also be identified, in addition to the above four peaks for the spectra of the distal tibia. The L3 centrum spectra (D,G) 
had relatively higher 4.7 ppm amplitude compared with the femoral neck (E,H) and distal tibia (F,I) in both male football players and age-
matched male healthy subjects, which indicates that the bone marrow composition of lumbar vertebrae is different from that of the lower 
limbs. Moreover, the players exhibited a relatively lower 1.3 ppm in the lumbar spine (D) comparison of the controls (G). The 4.7 and 5.3 
ppm amplitude of the femoral neck (E) of the soccer players were higher than that of the control subjects (H). The spectra obtained for the 
distal tibia of the two groups exhibited similar lines (F,I). 1H-MRS, proton magnetic resonance spectroscopy.

vertebral body, femoral neck, and distal tibia are shown in 
Figure S1A,B,C, respectively. Negligible residual signals 
could be found in all these spectra. 

After spectral fitting, the amplitudes of the lipid and 
water peaks were quantified. FC was defined as the relative 
fat signal amplitude (1.3 ppm) of the percentage of the 

total signal amplitude (4.7 and 1.3 ppm) and was calculated 
according to Eq. [1] (13,27):

 ( ) 1.3ppmFat content FC% 100%
4.7ppm 1.3ppm

= ×
+ 	  [1] 

UI was defined as the ratio of the unsaturated lipid at 
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5.3 ppm to all lipid peaks {Eq. [2]} (16):

 ( ) 5.3ppmUnsaturated fatty index UI% 100%
1.3ppm 2.05ppm 5.3ppm

= ×
+ + 	

[2] 
ΔFC and ΔUI were defined as the FC and UI value 

deviation between the left and right femoral neck and 
distal tibia and were applied to compare the side-to-side 
differences. ΔFC and ΔUI were calculated to Eq. [3] and 
Eq. [4]:

 ( ) ( )ΔFC FC Right limb FC Left limb= − 	 [3] 

 ( ) ( )ΔUI UI Right limb UI Left limb= − 	 [4] 

In the vertebral body marrow, where the presence of a 
strong water signal and broadening of the spectral peaks 
caused the estimation of the olefinic peak challenging, only 
the FC value of the lumbar spine was calculated. However, 
both the FC and UI values were calculated to determine the 
femoral neck and distal tibia marrow fat composition. All of 
the FC and UI values were expressed as a percentage (%). 

Statistical analysis

Numerical data of all variables were reported as the mean 
± standard deviation (SD). Data were analyzed using 
SPSS (IBM, version 20.0), and the significance level was 
set at 0.05. For MRS scanning agreement, Bland-Altman 
plots with 95% limits of agreement, intraclass correlation 
coefficients (ICC), as well as correlation and regression 
analyses were used for twice-examination repeatability on 
a group of players (n=4) using repetitive scanning with a 
30-minute interval after getting on and off the scanner. 
Reliability analysis was used to calculate the ICC and 
correlation coefficient for evaluating intra- and inter-
observer reliabilities by randomly selecting 10 spectra 
of a group of soccer players. Differences between the 
two groups were determined using independent samples 
t-tests. A paired t-test was performed to evaluate statistical 
differences between the left and right limbs for bone 
marrow parameters. Statistical difference analysis of FC and 
UI between the three regions (lumbar vertebrae, femoral 
necks, and distal tibias) was performed using one-way 
analysis of variance (ANOVA). 

Results

General characteristics

Between May 2020 and June 2020, a total of 40 individuals 

were enrolled in this study (20 soccer players and 20 healthy 
subjects), with a mean age of 20.98±0.85 years, and no 
significant differences between the two groups (P=0.058). 
The mean age of soccer players was 20.7±0.9 years old, while 
that of the control group was 21.2±0.8 years. The average 
height of the soccer players and controls were 179.2±6.1 
and 176.6±3.8 cm, respectively (P=0.154), while the average 
weight of the two groups were 69.6±6.1 and 62.2±6.5 kg, 
respectively (P=0.002). The mean BMI in the soccer player 
group was measured to be 21.7±1.2 kg/m2, whereas in the 
healthy control group, this value was 19.9±1.7 kg/m2, and 
this difference was statistically significant (P=0.001). None 
of the participants smoked or drank alcohol in the two weeks 
before the examination. 

Spectral characteristics of different anatomical sites and 
groups

Good quality spectra were acquired from all subjects. 
Typical spectra consisted of water and several lipid peaks (as 
shown in Figure 1). Spectra obtained from the L3 of both 
groups had a relatively higher water content than the lower 
limbs. The femur and tibia marrow spectra exhibited a 
higher methylene peak amplitude than the lumbar marrow 
spectra, thus indicating that the lower limbs have a higher 
FC than that of the lumbar vertebrae. Compared to the 
healthy subjects, the soccer players had a relatively lower  
1.3 ppm amplitude in the lumbar vertebrae (Figure 1D,G) 
and a higher water peak in the femoral neck (Figure 1E,H). 
There was no statistical difference in the tibia marrow 
fat and water peak amplitude between soccer players and 
healthy controls (Figure 1F,I).

Differences in FC and UI values between the soccer players 
and healthy controls 

Compared with the healthy controls, the professional soccer 
players had a lower bone marrow FC in the L3 (39.59±12.67 
vs. 50.37±12.30, P=0.010) and bilateral femoral necks (left: 
80.09±9.36 vs. 88.59±5.71, P=0.002; right: 79.03±11.72 vs. 
87.34±6.21, P=0.009), and a higher UI in the left femoral 
neck (7.41±1.44 vs. 6.33±1.63, P=0.032). However, there 
was no notable difference in the UI value of the right 
femoral neck between the two groups (P>0.05). Moreover, 
the bone marrow FC and UI values of the bilateral distal 
tibias showed no differences between the soccer players and 
healthy subjects (P>0.05). All results are shown in Table 1 
and Figure 2.
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Differences in the FC and UI values among 3rd lumbar 
vertebrae, bilateral femoral necks, and distal tibias

All of the FC values between the left and right side of the 
femoral neck or distal tibia showed no marked differences 
between the two groups (P>0.05). However, the UI 
variable of the right femoral neck and distal tibia was 
significantly higher than the left side of the lower limbs 
in both groups (P<0.05, except for the femoral neck in 
the soccer players group). Also, there were no statistically 
significant differences in the ΔFC of the femoral neck and 
distal tibia between the players and the healthy controls 
(femur: −1.07% vs. −1.25%, P=0.906; tibia: 0.59% vs. 0.29%, 
P=0.698). However, there were differences in the femoral 

neck and distal tibia ΔUI between the two groups (P<0.05). 
All of the above data are displayed in Table 2. 

Different anatomical site FC value comparisons showed 
that there were significant differences between soccer 
players (L3 vs. femur vs. tibia: 39.59±12.67 vs. 79.89±10.61 
vs. 90.58±2.99) and healthy control (L3 vs. femur vs. tibia: 
50.37±12.30 vs. 87.97±5.92 vs. 91.59±2.58). The FC of the 
distal tibia was higher than those of the L3 and femur in 
both groups. The mean UI values of the femur and tibia in 
healthy subjects were 7.33±1.70 and 8.14±1.14, respectively, 
with significant differences between the different sites of 
the lower extremity (P=0.035). Meanwhile, the UI in the 
soccer group showed no significant differences between the 
femoral neck and the distal tibia (P=0.392) (Table 3).

Table 1 The mean ± standard deviation of fat content and unsaturated fatty index values of L3, bilateral femoral necks, and distal tibias between 
the soccer players and control groups

Location
Fat content (%) Unsaturated fatty index (%)

Soccer players Controls P valuea Soccer players Controls P valuea

L3 39.59±12.67 50.37±12.30 0.010 – – –

Left femur 80.09±9.36 88.59±5.71 0.002 7.41±1.44 6.33±1.63 0.032

Right femur 79.03±11.72 87.34±6.21 0.009 7.87±1.35 8.33±1.07 0.249

Left tibia 90.35±3.08 91.44±2.51 0.227 7.01±1.11 7.64±0.89 0.053

Right tibia 90.94±3.40 91.73±2.71 0.419 8.80±1.05 8.63±1.16 0.633

Values are expressed as mean ± standard deviation. a, calculated using the independent samples t-test to show the difference between 
soccer players and healthy subjects.

Figure 2 Boxplots of the bone marrow FC (left) and UI (right) values of the L3 vertebral body, bilateral femoral necks, and distal tibias in 
soccer players and healthy controls. The bone marrow FC of the L3 vertebral body and the femoral neck, and the bone marrow UI of the 
left femoral neck exhibited significant differences between the soccer players and control subjects. *, P<0.05; ns, P≥0.05. FC, fat content; UI, 
unsaturated fatty index; L3, 3rd lumbar vertebrae.
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Table 2 The mean ± standard deviation of FC and UI values of the left and right femoral necks and distal tibias in the soccer players and control 
groups

Variable
Fat content (%) Unsaturated fatty index (%)

Femoral neck Distal tibia Femoral neck Distal tibia

Soccer players 

Left 80.09±9.35 90.35±3.08 7.41±1.44 7.01±1.11

Right 79.03±11.72 90.94±3.40 7.87±1.35 8.80±1.05

P value 0.432 0.309 0.231 0.000

Controls

Left 88.59±5.71 91.44±2.51 6.33±1.63 7.64±0.89

Right 87.34±6.21 91.73±2.71 8.33±1.07 8.63±1.16

P value 0.139 0.560 0.000 0.001

Difference Δa

Soccer players −1.07 0.59 0.46 1.79

Controls −1.25 0.29 2.00 0.99

P value 0.906 0.698 0.008 0.049

Values are expressed as mean ± standard deviation. a, means difference value between the left and right lower extremity was calculated 
according to the equation: Δ = right − left. FC, fat content; UI, unsaturated fatty index.

Twice-examination repeatability, intra-, and inter-
observer reproducibility 

Regression and Bland-Altman analyses using the MRS-
based FC and UI measurements obtained from repeated 
scans are shown in Figure 3. The FC correlation was 
r=0.998 and a 95% limit of agreement (−2.289 to 2.194), 
and the UI correlation was r=0.955 and a 95% limit of 
agreement (−0.803 to 0.804) between scans 1 and 2. The 
ICCs of the FC and UI values were 0.999 and 0.995, 
respectively, demonstrating good interscan reproducibility. 
The ICCs of the FC and UI intra-observer were 0.994 and 
0.994, respectively, and 0.950 and 0.947 for inter-observer. 
The intra- and inter-observer correlations were all >0.950, 
demonstrating good intra-observer and inter-observer 

reproducibility.

Discussion

In this study, we quantitatively assessed the bone marrow 
fat using 1H-MRS in young male professional soccer players 
and age-matched male healthy subjects. Compared with the 
healthy controls, the soccer players had decreased FC values 
in the lumbar spine and bilateral femoral necks but no 
significantly decreased FC values in the bilateral tibias. We 
also observed that there were side-to-side differences in the 
bone marrow UI values in the bilateral lower extremities in 
both groups (except for the UI values of femurs in soccer 
players). Compared with the healthy controls, the soccer 
players had a marked bone marrow side-to-side difference 

Table 3 The mean ± standard deviation of FC and UI values in L3, bilateral femoral necks, and distal tibias

Groups
Fat content (%) Unsaturated fatty index (%)

L3 Femur Tibia P valuea Femur Tibia P valuea

Soccer players 39.59±12.67 79.89±10.61 90.58±2.99 0.000 7.64±1.40 7.91±1.40 0.392

Controls 50.37±12.30 87.97±5.92 91.59±2.58 0.000 7.33±1.70 8.14±1.14 0.035

Values are expressed as mean ± standard deviation. a, calculated using the one-way analysis of variance (ANOVA) test to demonstrate the 
difference among the L3 centrum, femoral neck, and distal tibia. FC, fat content; UI, unsaturated fatty index.
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Figure 3 Scatter (left) and Bland-Altman (right) plots of FC (top row) and UI (bottom row) measurements based on 1H-MRS obtained 
from repeated MR scans. An excellent correlation, negligible bias, and 95% limitation of agreement of approximately ±2.29% for FC and 
±0.81% for UI or less were demonstrated. FC and UI was expressed as a percentage of changes (%). FC, fat content, UI, unsaturated fatty 
index, SD, standard deviation; 1H-MRS, proton magnetic resonance spectroscopy.

(ΔUI) in the femoral neck; however, this was unremarkable 
in the distal tibia. These findings revealed, for the first 
time, the characteristics of bone marrow fat in young male 
professional soccer players and the impact of soccer on bone 
marrow fat. The quantitative assessment of bone marrow 
using 1H-MRS may provide a new quantitative biomarker 
to study the relationship between soccer exercise and bone 
marrow. 

In the present study, the spectrum of the L3 vertebrae 
had larger water peaks, and the spectra of the bilateral 
lower extremities had a relatively intense lipid peak from 
bulk methylene protons (1.3 ppm) compared with the 
water peak, indicating higher water content on the spine 
and higher FC on the lower limbs. We also discovered that 
the tibia had the highest marrow FC values compared with 
the lumbar spine and femoral neck both in soccer players 
and sedentary controls, and the FC values of the bilateral 
distal tibias in the two groups were all above 90%. These 
results are consistent with the findings of a previous study, 
which reported that the appendicular skeleton accumulated 
more adipocytes before the axial skeleton, and the distal 

ends of lower extremity bones were infiltrated first (8). The 
highest marrow FC on the appendicular skeleton might 
be a physiological phenomenon and may not be related to 
pathological change. 

Our study also displayed lower FC values in the L3 
vertebrae and bilateral femoral necks in elite soccer players 
than the age-matched sedentary controls, which suggests 
that soccer training could prevent fat accumulation in 
L3 and the femoral neck. High marrow FC has recently 
been proposed as an indicator of bone fragility (28,29). 
Considering the higher bone marrow FC value assessed 
by 1H-MRS, the present study may provide an indirect 
confirmation that soccer is associated with the improvement 
of bone health. Belavy et al. reported a decreased fat fraction 
in the lumbar vertebrae of runners as compared to their 
control subjects (who did not participate in regular sport 
in the last 5 years) using a 2-point Dixon MR sequence  
in vivo, which was similar to our finding of lower FC in 
the L3 vertebrae of soccer players (30). However, the 
mechanism through which sports affect bone marrow FC has 
not been elucidated. It may be explained from a mechanistic 
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viewpoint, which holds that mechanical stress and loading 
inhibit adipocyte differentiation (31,32). Exercise succeeds 
in reducing the expression of peroxisome proliferator-
activated receptor-gamma (PPAR-γ) (33), which could 
down-regulate adipogenesis and contribute to lowering 
FC. Another explanation is “marrow reconversion” theory, 
where mechanical stimulation causes the reconversion from 
inactive yellow bone marrow to active red bone marrow 
(34-36), resulting in a decreased marrow FC and increased 
water content with soccer practice. Our study observed a 
decreasing tendency towards FC in the lumbar vertebrae 
and femoral neck, suggesting a positive influence of soccer 
practice stimulus on marrow FC.

The FC values of bilateral distal tibias in young male 
soccer players did not decrease compared to inactive 
healthy controls. The inconsistent changes in bone marrow 
FC values between different anatomical regions with soccer 
training may be related to the types of bone marrow adipose 
(37,38). The MAT consists of two kinds of types: one is 
constitutive MAT (cMAT), which typically resides in the 
distal tibia, and the other is regulated MAT (rMAT), which 
is predominantly located in the proximal femur and lumbar 
spine (11,38,39). The rMAT appears highly responsive to 
drive stimuli than cMAT, which may also contribute to 
the significant change in FC values at the femoral neck 
and lumbar spine compared with the distal tibia. It was 
worth noting that the lower marrow fat accumulation of 
the femoral neck and lumbar spine in soccer players may 
be consistent with the result of an in vivo study in which 
soccer players had higher BMC and BMD lumbar spine and 
femoral neck (40,41). 

Unlike the harmful effects of increased marrow fat on 
bone, Pino et al. (12) observed that unsaturated fatty acids 
have protective effects on bone by inhibiting osteoclast 
differentiation and osteolytic activity. A decrease in bone 
marrow unsaturated fatty acid might be linked to bone 
matrix loss. In this study, we observed that the practice 
of soccer could increase the marrow UI compared with 
healthy controls; such changes were detected only in the 
left femoral neck. We believe that physical activity, which 
increases the proportion of unsaturated fatty acids in the 
bone marrow, is beneficial to bone integrity. The research 
data about unsaturated fatty acids of bone marrow after 
regular and durable high-impact exercise is rather poor and 
inconsistent.

In contrast to our results, a pilot study reported that the 
marrow UI was not associated with running performed 
by adolescents (42), which may be because the mode and 

intensity of exercise were different in our study. Arsić  
et al. (43) observed that soccer players have relatively higher 
monounsaturated fatty acids and lower polyunsaturated fatty 
acids measurements by gas chromatography than sedentary 
subjects. This is not entirely consistent with our findings, 
which may occur because bone marrow fat is a relatively 
independent fat depot different from the other adipocytes 
in the body. We speculate that the reason that an increased 
UI value was only detected in the left femoral neck may be 
as follows. Firstly, when a soccer player kicks the ball, all of 
the weight is concentrated on the left lower limb. Different 
mechanical stimulation causes various changes in the 
bilateral lower extremities. Secondly, the marrow of femoral 
neck is predominantly rMAT, and the distal tibia is cMAT, 
which can explain why the tibial UI remains stable. These 
findings support the idea that mechanical stimulation with 
specific regional differences may contribute to disparate 
outcomes in the UI value. Although, this mechanism 
warrants further investigation.

Interestingly, we found that both players and healthy 
controls displayed side-to-side differences in bone marrow 
unsaturated fatty composition in the femoral neck and distal 
tibia. The right femoral neck and distal tibia had a higher 
UI than the left femoral neck in both groups. This may be 
related to the mechanical stimulus in various structures. No 
studies on side-to-side differences have been performed in 
marrow fat conversion caused by mechanical stimulation. 
Zouch et al. (41) reported that soccer players performing 
arms muscle strengthening exercises showed a higher 
BMD and BMC in non-dominant arm than the controls 
after 3-year fellow-up, although they remained similar 
in dominant arm. All of this implied that side-to-side 
differences and region-specific variation must be considered 
in the effect of mechanical stimuli on bone marrow.

There were some limitations in our study that should be 
noted. Firstly, the cross-sectional study design limits our 
ability to determine causality. A future longitudinal study is 
needed to clarify whether soccer practice or other reasons, 
like long-term diet, cause bone marrow content and 
composition changes. Secondly, the sample size was small, 
and stratified analysis of BMI could not be conducted. 
Thirdly, only young men with or without professional 
soccer training were analyzed, and thus, the results cannot 
be applied to women, the elderly, or other modes of 
exercise. Fourthly, because of the susceptibility effects of the 
trabecular bone (44,45) and poor resolution of MRS, several 
small lipid peaks were not shown in all subjects, and their 
contributions were not taken into account. We attempted to 
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calculate the FC and UI using several other fitted fat peaks 
in the distal tibia; however, the results with more fitted 
lipid peaks showed no statistical difference compared to our 
previous choice. These results can be viewed in Table S1. 
Although several fatty acids contribute to total marrow fat 
and water content, we believed that our choice of fat peaks 
could show the overall degree of marrow content, which 
is consistent with other studies (13,16). Finally, we did not 
assess the BMD or BMC, which may be more helpful to 
confirm the relationship between bone marrow fat and bone 
health in soccer players. 

A strength of our study is that it is the first detailed study 
to measure the bone marrow composition of a variety of 
specific anatomical regions in healthy professional soccer 
players using a non-radioactive approach, providing 
additional insight into the effects of exercise on bone 
marrow transformation.

Professional soccer training is indeed associated with 
changes in bone marrow FC and UI, which harness the 
bone’s sensitivity to mechanical signals and regulate the 
attenuation of marrow fat accrual. The lumbar spine and 
femoral neck marrow are particularly sensitive to the 
mechanical loads elicited by soccer practice. Compared 
to the healthy subjects, the UI of soccer players was 
significantly higher in the left femoral neck, although the 
UI values were not notably different in other sites. Overall, 
soccer practice may be considered an activity that positively 
affects bone marrow fat by inhibiting adipogenesis.
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Supplementary

Figure S1 Fitting results of the corresponding spectrum in the vertebral body (A), femoral neck (B), and distal tibia (C), including the 
residue, individual components, as well as the estimated and original spectrum.
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Table S1 The mean ± standard deviation of fat content and unsaturated fatty index values of bilateral tibias between the players and control 
groups with fitting all lipid peak

Location
Fat content (%) Unsaturated fatty index (%)

Players Controls P valuea Players Controls P valuea

Left tibia 90.78±3.84 92.77±2.07 0.052 6.69±1.16 7.23±0.82 0.100

Right tibia 92.03±2.23 93.22±2.26 0.104 8.91±5.00 8.03±1.08 0.441

Values are expressed as mean ± standard deviation. a, calculated using the independent samples t-test to show the difference between 
soccer players and healthy subjects.
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