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intercept = −0.72%). Lumbar, thoracic and cervical VBM 
PDFF correlated significantly (all p < 0.001) with the natu-
ral logarithm of age. Differences between female and male 
patients were not significant (p > 0.05).
Conclusion VBM development in children showed a sex-
independent cross-sectional increase of PDFF correlating 
with the natural logarithm of age and an intra-individual 
decrease of PDFF from the lumbar to the cervical region in 
all age groups. The present results demonstrate the feasibil-
ity of using a 3D TIMGRE sequence for PDFF assessment 
in VBM of children.

Keywords Bone marrow · Child · Magnetic resonance 
imaging · Proton density fat fraction · Water–fat imaging · 
Chemical shift-encoding based imaging

Introduction

Bone marrow is traditionally described by the manifesta-
tion of two compartments, which can be distinguished by 
their histogenesis and are called red bone marrow or yellow 

Abstract 
Objectives To investigate the feasibility of employing a 
3D time-interleaved multi-echo gradient-echo (TIMGRE) 
sequence to measure the proton density fat fraction (PDFF) 
in the vertebral bone marrow (VBM) of children and to 
examine cross-sectional changes with age and intra-indi-
vidual variations from the lumbar to the cervical region in 
the first two decades of life.
Materials and methods Quantitative water–fat imaging of 
the spine was performed in 93 patients (49 girls; 44 boys; 
age median 4.5 years; range 0.1–17.6 years). For data 
acquisition, a six-echo 3D TIMGRE sequence was used 
with phase correction and complex-based water–fat sepa-
ration. Additionally, single-voxel MR spectroscopy (MRS) 
was performed in the L4 vertebrae of 37 patients. VBM 
was manually segmented in the midsagittal slice of each 
vertebra. Univariable and multivariable linear regression 
models were calculated between averaged lumbar, thoracic 
and cervical bone marrow PDFF and age with adjustments 
for sex, height, weight, and body mass index percentile.
Results Measured VBM PDFF correlated strongly 
between imaging and MRS (R2 = 0.92, slope = 0.94, 
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bone marrow, depending upon the predominance of hemat-
opoietic or fatty tissue, respectively [1]. Its normal physi-
ology appears as a gradual conversion of hematopoietic 
marrow to fatty marrow showing skeletal site, age and sex 
specific characteristics [2, 3]. Based on the intrinsically 
different response to hematopoietic demands [4], Scheller 
et al. [5] recently proposed to differentiate bone marrow 
adipocytes interspersed with active hematopoiesis, referred 
to as regulated marrow adipose tissue (MAT), from those 
occurring in other regions that are preserved, i.e. constitu-
tive MAT [6].

Proton density fat fraction (PDFF) is an MR-based 
parameter that has been primarily used to assess the pres-
ence of hematopoietic and fatty marrow. It has been 
recently shown that PDFF correlates with bone marrow cel-
lularity [7–9]. Therefore, there has been an increasing inter-
est in using single-voxel MR spectroscopy (MRS) [10–16] 
and imaging [13, 17–19] to quantify PDFF in vertebral 
bone marrow (VBM). The quantitative assessment of PDFF 
has been used in multiple clinical applications, including 
the characterization of bone health [18, 20–22], metabolic 
disorders [23–25], and cancer [26, 27]. Its usefulness has 
been demonstrated in monitoring the physiological status 
of bone marrow and its post-therapeutic patterns after radi-
ation and chemotherapy-based cancer treatments [28–31], 
the estimation of radiation doses applied to active bone 
marrow based on its quantitative distribution [32] and as a 
complement to biopsies by extracting additional informa-
tion supporting the diagnosis, staging, and follow-up of 
hematologic malignancies [33].

Chemical shift-encoding based water–fat imaging tech-
niques have the advantage of enabling spatially resolved 
PDFF maps, allowing the probing of multiple vertebrae in 
a single measurement compared to single-voxel spectros-
copy. Numerous confounding factors have to be considered 
in PDFF quantification including the B0 field inhomoge-
neity [34, 35], the  T2* decay [36, 37], the multi-frequency 
appearance of the fat signal [37, 38], the  T1 difference 
between water and fat components [39, 40], any tempera-
ture- or susceptibility-induced fat resonance frequency 
shifts [41, 42], the concomitant gradient field [43, 44], 
noise bias [39], and phase errors [44–49].

The majority of the existing work measuring VBM 
PDFF has focused on adults and the elder population and 
data in children, in particular normative data, remain lim-
ited. In adults, the bone marrow fat fraction has been 
negatively associated with trabecular bone density, raising 
interest about its functional significance and implications 
for skeletal integrity [50]. In children, a better understand-
ing of the bone development process at an early age [51] 
may gain insight into potential effects on adverse bone 
health throughout later life. Hence, a robust and accurate 
assessment of VBM PDFF in children may improve our 

understanding of VBM development and may help iden-
tifying deviations from normal physiology. In addition, 
imaging of pediatric patients usually requires smaller voxel 
sizes compared to adults, which leads to an increased echo 
time step in multi-echo gradient-echo based water–fat 
imaging and therefore decreases the performance of the 
water–fat separation process [52]. As previously dem-
onstrated, a time-interleaved multi-echo gradient-echo 
(TIMGRE) water–fat pulse sequence [44] enables robust 
water–fat decomposition by allowing a flexible selection of 
echo times independently of voxel size by interleaving ech-
oes in several repetition times (TRs).

The purpose of the present study was (a) to investigate 
the feasibility of employing a 3D TIMGRE sequence to 
measure PDFF in the VBM of children, (b) to examine 
cross-sectional changes with age and (c) to examine intra-
individual PDFF variations from the lumbar to the cervical 
region in the first two decades of life.

Materials and methods

Study design

The present study prospectively enrolled and acquired data 
from 109 patients. All subjects were scheduled to receive 
routine spine MRI examinations for clinically indicated 
reasons at our institution. General anesthesia was admin-
istered in all cases. The decision to use anesthesia in each 
patient was not a part of the present research study. The 
decision was made under a separate clinical setting by the 
patient, his/her parents or legal guardians, and an attend-
ing anesthesiologist. None of the authors of this study were 
involved in the decision to use anesthesia. The addition of 
the TIMGRE pulse sequence and single-voxel MRS was 
approved by the institutional review board. Informed con-
sent was obtained and the study was HIPAA-compliant 
(Health Insurance Portability and Accountability Act).

All measurements were performed with two identical 3T 
Ingenia MRI scanners (Philips Healthcare, Best, the Neth-
erlands) using the built-in 12-channel posterior table coil 
array for signal reception.

Subjects

Of the 109 recruited subjects, a cohort of 93 subjects 
(median age = 4.5 years), including 49 female (median 
age = 5.4 years) and 44 male (median age = 3.6 years) 
patients, was included in the final data analysis. Sixteen 
cases [chemotherapy (1), radiation therapy (1), mye-
lomeningocele (1), partial intervertebral osseous fusion and 
disc space narrowing (1), diffuse fatty marrow signal and 
tumor in the pineal region (1), dorsal myelomeningocele 
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repair (1), wedge deformity with a sharp kyphosis and 
edema (1), data not acquired (5), incomplete raw data (3), 
motion artifacts (1)] were excluded after a pediatric neu-
roradiologist reviewed the patient’s medical history and 
the corresponding images and noted the presence of VBM 
and spine pathologies that might impact (or confound) 
VBM PDFF measurements. The cohort characteristics are 
summarized in Table 1. There were no significant differ-
ences between the female and male cohort considering age 
(p = 0.160), height (p = 0.192), weight (p = 0.179), BMI 
(p = 0.659) and BMI percentile (p = 0.501).

Single‑voxel spectroscopy

For validation, the L4 vertebrae of 37 subjects was meas-
ured using a single-voxel (SV) stimulated-echo acquisition 
mode (STEAM) MR spectroscopy sequence with dynamic 
TE values. The voxel was placed to lie completely within 
the trabecular bone compartment, and had typically a 
size around 10 × 10 × 10 mm3. Chemical shift displace-
ment between fat and water was taken into consideration 
by making sure that the water-excited and fat-selective 
voxels laid within the bone marrow compartment. Other 
parameters included: spectral bandwidth = 3000 Hz; RF 
pulse bandwidth = 2277 Hz (inducing a chemical shift 
displacement error of 19.3% of the MRS voxel size); 
TE = 12/16/20/24 ms; TM = 18 ms; TR = 5000 ms; num-
ber of signal averages = 4; number of phase cycles = 4; 
total scan time = 2:05 min. PDFF was then estimated using 
an in-house built frequency-domain-based peak-fitting rou-
tine doing a joint fitting over the acquired TEs with con-
strained peak amplitudes according to the VBM triglycer-
ide structure above (as previously performed in [16]).

Quantitative water–fat imaging

The TIMGRE sequence used in this work for quantita-
tive chemical shift-encoded water–fat imaging employed 
an acquisition scheme that consisted of two interleaved 
TRs acquiring three echoes, each using fly-back gradients 

with constant effective echo time spacing. Typical imag-
ing parameters used in this study were: 16–26 sagittal 
slices with a slice thickness of 1.2–3 mm; S/I and A/P 
FOV = 360–500 and 140–240 mm; in-plane voxel reso-
lution = 1.2–1.6 mm; no sensitivity encoding accelera-
tion (SENSE); no partial Fourier sampling; flip angle = 3 
degrees (to reduce T1-bias [40]); TR = 8.8–12.9 ms; 
effective TE spacing = 1.2–1.3 ms; first TE = 1.5–
1.7 ms; total scan time = 2–3 min. In the case of taller 
subjects, the FOV was split in the FH direction in 2 
stacks to cover the whole spine.

The water–fat separation routine used to determine 
PDFF was based on a complex-based multi-peak water–
fat signal model with single T2* correction [37, 38], 
which is essential in the presence of trabecular bone [19, 
53]. PDFF was calculated using the magnitude discrimi-
nation approach [39]. Phase errors arising from echo mis-
alignments, the concomitant gradient field and a constant 
phase offset between interleaves were corrected in order 
to enable a robust water–fat separation [44]; the initial 
fieldmap estimation was done using Berglund et al.’s [54] 
multi-seed region growing approach from the ISMRM 
water–fat toolbox [55]. The fat model was calibrated 
according to the previously reported vertebral bone mar-
row triglyceride structure [16, 56, 57] with ndb (mean 
number of double bounds per triglyceride) = 3.13, nmidb 
(mean number of methylene-interrupted double bounds 
per triglyceride) = 0.7, and CL (mean fatty acid chain 
length) = 17.3.

Water–fat imaging analysis

Regions of interests (ROIs) were manually drawn in the 
midsagittal slice of the bone marrow compartment for 
each vertebra in the magnitude images and then trans-
ferred to the PDFF maps and exported using the Software 
OsiriX (Pixmeo, Bernex, Switzerland) and Horos (The 
Horos Project, www.horosproject.org). Reproducibility 
of these measurements has been reported previously with 

Table 1  Study cohort 
characteristics

Median (min.–max.) age, height, weight, body mass index (BMI), and BMI percentile of the cohort. The 
p values were determined between female and male sub-cohorts using a nonparametric Mann–Whitney U 
test and a z-statistic approximation. n number of subjects

All subjects Female Male p value

n 93 49 44

Age (years) 4.5 (0.1–17.6) 5.4 (0.1–17.6) 3.6 (0.2–15.8) 0.160

Height (cm) 104.4 (49.2–165.0) 113.4 (49.2–164.3) 99.3 (57.6–165.0) 0.192

Weight (kg) 17.6 (3.1–78.9) 19.3 (3.1–67.0) 16.6 (5.3–78.9) 0.179

BMI 16.8 (12.9–30.0) 16.7 (12.9–30.0) 16.9 (13.9–29.0) 0.659

BMI percentile 61.0 (0.0–100.0) 58.5 (0.0–100.0) 61.5 (0.0–100.0) 0.501

http://www.horosproject.org
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an absolute precision error of 1.7% averaged over C3–L5 
[17].

Statistical analysis

Mann–Whitney U test was performed between female and 
male study subjects for age, height, weight, BMI, and BMI 
percentile. Correlation, Bland–Altman analysis and a two-
tailed paired t test were performed for measuring bone mar-
row PDFF in the L4 vertebrae between quantitative water–
fat imaging and MRS.

Univariable and multivariable linear regression mod-
els were calculated between measured PDFF averaged for 
lumbar (L5–L1), thoracic (T12–T1), and cervical (C7–C3) 
vertebrae groups as dependent variable, and the natural 
logarithm (ln()) of age as independent variable adjusted for 
sex, height, weight, and BMI percentile with a 0.05 level of 
significance. Ln(age) was an ad hoc choice and used due 
to the visual appearance of the correlation curve between 
PDFF and age and its beneficial properties in statistical 
analysis.

Patients were grouped into six groups for further sta-
tistical analysis from 0–0.4, 0.5–1.4, 1.5–2, 3–4, 5–8, and 
9–18 years, respectively. Mean ± standard deviation (SD) 
PDFF was calculated for each age group: lumbar (L5–L1), 
thoracic (T12–T1) and cervical (C7–C3) vertebrae groups 
in all subjects, in the female subjects and in the male sub-
jects, respectively. Homoscedastic two-sampled t tests were 
performed for female and male subjects in the same age 
group and vertebral location. A logarithmic fit (y = a + b 
* ln(x)) along with its coefficient of determination R2 was 
performed for vertebral bone marrow PDFF grouped by 
vertebral group as a function of age.

The L3 vertebral body was selected as a representative 
vertebral level (as previously reported in [58, 59]) to per-
form an age and sex comparison. Mean ± SD PDFF was 
also calculated for each age group for the L3 vertebrae 
in all the subjects, in the female subjects and in the male 
subjects, respectively. Nonparametric Mann–Whitney U 
tests were performed for female and male subjects in the 
same age group.

Statistical processing was performed in Excel for Mac 
Version 15.26 (Microsoft, Redmond, WA) for the correla-
tion, Bland–Altman analysis and t test comparing quan-
titative water–fat imaging and spectroscopy; in SPSS 
version 17.0 (SPSS Institute, Chicago, IL, USA) for the 
univariable and multivariable linear regression models 
and in MATLAB R2015b & R2016a (Mathworks, Natick, 
MA, USA) for all other measures. All statistical tests 
were performed with a 0.05 level of significance.

Results

Quantitative water–fat imaging versus single‑voxel 
spectroscopy PDFF

Single-voxel spectroscopy was obtained in the L4 ver-
tebra (L3 was measured in cases where it could not be 
performed in L4) in 37 of the recruited patients. Linear 
correlation of the agreement of VBM PDFF measure-
ment by imaging and spectroscopy in the L4 vertebra 
yielded an intercept of −0.72 [95% confidence interval 
(CI) (−4.00, 2.56)] and slope of 0.94 [95% CI (0.85, 
1.03)] with R2 = 0.92; p < 0.001. (Figure 1a) A t test 
showed that slope and intercept do not significantly differ 
from 1 (p = 0.193) and 0 (p = 0.661), respectively. The 

Fig. 1  a Correlation plot of measured PDFF (%) in the L4 verte-
brae of 37 patients using a single-voxel MRS and TIMGRE-based 
approach. Dotted lines represent lower and upper 95% CI, dashed 
line represents linear correlation, respectively. b Bland–Altman for 

the same entities as in (a). Dotted lines represent the mean ± 1.96 
SD, dashed line represents the mean, respectively. PDFF proton den-
sity fat fraction, CI confidence interval, SD standard deviation



453Magn Reson Mater Phy (2017) 30:449–460 

1 3

Bland–Altman analysis showed a mean difference of 2.64 
with limits of agreement (±1.96 SD) of 11.29 and −6.02 
(Fig. 1b).

Imaging PDFF maps

Figure 2 shows representative PDFF maps in patients with 
increasing age, i.e. from a 0.4-year-old male to a 6.4-year-
old female: PDFF maps show a decreased VBM PDFF 
from the lumbar to the cervical region within the same sub-
ject and cross-sectionally with age as well.

VBM PDFF dependence on age

Results from the univariable and multivariable lin-
ear regression models are summarized and tabulated in 
Table 2. Multivariable linear regression models between 
measured average lumbar (L5–L1), thoracic (T12–T1) 
and cervical (C7–C3) bone marrow PDFF and ln(age), 
adjusted for sex, height, weight, and BMI percentile 
yielded a significant correlation for ln(age) versus the lum-
bar (p < 0.001), thoracic (p < 0.001), and cervical region 
(p = 0.033). Adjusted parameters did not reach statistical 
significance (p > 0.05).

The univariable linear regression models tabulated 
in Table 2 also showed a significant correlation for the 
measured mean lumbar (p < 0.001), thoracic (p < 0.001), 
and cervical (p < 0.001) bone marrow PDFF with the 
ln(age). Figure 3 shows, in analogy to Table 2, the meas-
ured average lumbar, thoracic, and cervical bone mar-
row PDFF as a function of age, with R2 values of 0.552, 
0.567, and 0.338, respectively.

VBM PDFF dependence on spinal location

Table 3 summarizes the measured differences in aver-
age lumbar, thoracic and cervical bone marrow PDFF 
between female and male subjects, which were not sig-
nificant (p > 0.05) in any age group. Figure 4 displays, 
complementary to Table 3, the measured VBM as a func-
tion of spinal location for the defined age groups, show-
ing a decreasing PDFF from the lumbar to the cervical 
region for all age groups. VBM PDFF as function of ver-
tebral location yielded linear correlations with a decreas-
ing slope ranging from −0.3 to −1.0 and intercept rang-
ing from 3.1 to 37.6% from younger towards older age 
groups, respectively.

Fig. 2  Five representative full spine PDFF maps picked from the five 
youngest age groups showing a 0.4-year-old male, 0.8-year-old male, 
2.3-year-old female, 3.5-year-old female, and 6.4-year-old female, 
respectively. Note the increase in PDFF over age and from cervical to 
lumbar spine. PDFF in the under-1-year-olds is nearly indistinguisha-

ble from 0%. In the 2.3-year-old the outlines of the L-spine and lower 
T-spine vertebrae start becoming visible in the PDFF map, whereas 
the upper T-spine and C-spine vertebrae still show a low PDFF. 
PDFF proton density fat fraction, y/o year-old
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Meta‑analysis on L3 bone marrow fat fraction 
dependence on age

Analysis of the measured PDFF in the L3 vertebra follow-
ing and complementing published data by Kugel et al. [58] 
and Griffith et al. [59], who measured VBM fat fraction, 
is given in Table 4 and correspondingly plotted in Fig. 5. 
Table 4 tabulates the statistical differences between meas-
ured L3 bone marrow PDFF in female and male subjects 
grouped by age, as defined by the three studies. Differences 
were not significant (p > 0.05) in any of the age groups 
under investigation in the present study.

Discussion

The present study investigated cross-sectionally the 
dependence of VBM PDFF on age and vertebral location 
in children based on quantitative chemical shift-encoded 
water–fat imaging. The measured VBM PDFF showed 
a natural logarithmic increase as a function of age and a 
decrease from the lumbar to the cervical region in a cohort 
of 93 subjects. Although prior studies in adults have shown 
differences between males and females, the current data in 
children in the age range between 0 and 18 years did not 
readily support a sex difference.

The VBM PDFF measurements performed in the present 
study were based on a 3D TIMGRE sequence combined 
with a complex-based water–fat separation, addressing the 
most important confounding factors and thus enabling a 
robust PDFF quantification. A strong agreement between 
imaging-based PDFF and MRS-based PDFF was dem-
onstrated in a subset of 37 subjects with both slope and 

Table 2  Statistical analysis: 
univariable and multivariable 
linear regression models

Correlation coefficients β; 95% confidence interval (CI) lower (LB) and upper (UB) bounds; and p values 
from univariable and multivariable linear regression models for measured PDFF averaged for L5–L1, T12–
T1, and C7–C3 for the variables ln(age) (natural logarithm of age), sex, height, weight, and BMI percentile

Univariable linear regression Multivariable linear regression adjusted 
for sex, height, weight, BMI percentile

β p value 95% CI β p value 95% CI

Average L5–L1

 Intercept 14.16 <0.001 (11.42, 16.89) 25.01 0.029 (2.69, 47.34)

 Ln(age) 8.66 <0.001 (7.03, 10.28) 12.65 <0.001 (7.74, 17.56)

Average T12–T1

 Intercept 8.59 <0.001 (6.13, 11.04) 10.59 0.312 (−10.10, 31.28)

 Ln(age) 8.01 <0.001 (6.55, 9.47) 9.20 <0.001 (4.65, 13.75)

Average C7–C3

 Intercept 3.81 0.006 (1.14, 6.48) 10.62 0.528 (−22.83, 44.07)

 Ln(age) 5.32 <0.001 (3.49, 7.15) 6.29 0.033 (0.51, 12.07)

Fig. 3  Boxplot of measured mean VBM PDFF in the a lumbar, b 
thoracic and c cervical spine for age groups 0–0.4, 0.5–1.4, 1.5–2, 
3–4, 5–8, and 9–18 years, respectively. The equations the fitted loga-
rithmic function (y = a + b × ln(x)) and R2 are given for the three 
spinal regions. Outliers are indicated by red crosses. VBM vertebral 
bone marrow, PDFF proton density fat fraction
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Table 3  Average VBM PDFF 
(%) in the lumbar, thoracic and 
cervical spine, grouped by age 
and sex

Mean ± SD (%) and number of the measured VBM PDFF averaged in the lumbar, thoracic and cervi-
cal spine grouped by age and sex. The p values reflect the likelihood of a difference between female and 
male subjects in the same age group and vertebral location using independent homoscedastic two-sampled 
t tests. Negative PDFF values were determined in some cases due to the usage of the magnitude discrimina-
tion approach. 109 subjects were recruited; 93 subjects were finally included; 16 cases were excluded

Age (years) 0–0.4 0.5–1.4 1.5–2 3–4 5–8 9–18

Average L5–L1

All subjects

 n 9 15 11 14 25 19

 Mean 3.0 13.1 19.7 25.5 34.2 32.9

 SD 6.9 8.4 8.4 10.0 9.2 11.3

Female

 n 3 7 6 6 17 10

 Mean −0.5 16.5 22.5 24 34.9 31.4

 SD 4.5 8.0 7.5 8.1 9.7 13.5

Male

 n 6 8 5 8 8 9

 Mean 4.8 10.1 16.3 26.6 32.8 34.7

 SD 7.5 8.0 9.0 11.6 8.2 8.8

 p value 0.306 0.148 0.251 0.644 0.600 0.538

Average T12–T1

All subjects

 n 9 15 11 14 25 19

 Mean −0.5 6.8 12.8 19.7 26.3 27.2

 SD 2.6 6.4 8.6 9.0 9.6 9.5

Female

 n 3 7 6 6 17 10

 Mean −0.1 9.0 15.0 18.4 27.0 25.8

 SD 2.0 6.3 7.9 7.5 9.5 10.6

Male

 n 6 8 5 8 8 9

 Mean −0.6 5 10.1 20.7 24.9 28.7

 SD 3.0 6.4 9.5 10.4 10.3 8.4

 p value 0.813 0.245 0.375 0.658 0.621 0.524

Average C7–C3

All subjects

 n 9 13 9 13 18 6

 Mean −1.6 1.5 9.1 8.8 16.0 14.9

 SD 4.8 7.8 7.2 8.5 11.6 8.8

Female

 n 3 6 5 5 13 1

 Mean 0.9 3.6 8.3 9.3 17.0 20.9

 SD 1.5 4.5 5.7 6.9 12.3 0.0

Male

 n 6 7 4 8 5 5

 Mean −2.8 −0.3 10.1 8.5 13.4 13.7

 SD 5.5 9.8 9.7 9.8 10.2 9.3

 p value 0.305 0.393 0.738 0.869 0.574 0.521
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Fig. 4  VBM PDFF as a 
function of spinal location for 
age groups a 0–0.4 years, b 
0.5–1.4 years, c 1.5–2 years, d 
3–4 years, e 5–8 years, and f 
9–18 years. The equations of the 
linear fit (blue line, y = a + b ×  
x) and R2 (numbers 1–22 were 
assigned to vertebrae L5–C3) 
are given for each age group. 
Outliers are indicated by red 
crosses. Note the increas-
ing slope and intercept from 
younger towards older age 
groups. PDFF proton density 
fat fraction, VBM vertebral bone 
marrow

Table 4  L3 vertebral bone marrow fat fraction (%) in different age groups

Measured L3 vertebral bone marrow fat fraction (%) in age groups from 0 to 18 years (present study), 11 to 60 years (Kugel et al. [58]) and 61 
to 90 years (Griffith et al. [59]). The p-values reflect the likelihood of a difference between female and male subjects in the bone marrow fat 
content in different age groups using nonparametric Mann–Whitney U tests (present study and Kugel et al.) or independent two-sample t tests 
(Griffith et al.)

Present study (L3) Kugel et al. Griffith et al.

Age (years) 0–0.4 0.5–1.4 1.5–2 3–4 5–8 9–18 11–20 21–30 31–40 41–50 51–60 61–70 71–80 81–90

All subjects

 n 9 15 11 14 25 19 15 39 42 23 17 77 121 61

 Mean 3.9 13.8 21.2 27.7 35.1 33.8 23.9 29.5 36.9 43 44.6 59.8 60.3 67.6

 SD 6.4 9.7 10.1 12.0 9.1 12.0 8.3 9.7 10.7 9.4 5.7 10.7 10.8 12.2

Male

 n 6 8 5 8 8 9 28 49 37

 Mean 6.3 10.9 16.6 29.1 33.2 35.2 24.6 33.5 41.4 47.6 47.7 52.0 53.8 64.0

 SD 6.2 9.9 9.7 13.8 7.7 9.4 7.8 10.4 10.4 6.7 5.5 8.7 9.6 10.9

Female

 n 3 7 6 6 17 10 49 72 24

 Mean −0.7 17.1 25.2 25.7 36.0 32.4 23.5 27.5 29.7 37 41.8 64.2 64.7 73.2

 SD 4.5 9.2 9.5 9.9 9.7 14.4 9.0 8.8 6.3 9.3 4.6 9.1 9.2 12.2

 p value 0.095 0.232 0.178 0.573 0.467 0.842 0.820 0.067 <0.001 0.004 0.029 <0.001 <0.001 0.003
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intercept not being significantly different from 1 and 0, 
respectively. In some cases results showed negative imag-
ing-based PDFF values, which is due to the employed mag-
nitude discrimination approach [39].

Bone marrow and in particular the VBM conversion 
from hematopoietic to fatty marrow with age is well known 
and has been qualitatively well documented [2, 6]. Quanti-
tative data on the bone marrow conversion with age, e.g. by 
measuring VBM PDFF, exist but are still quite limited [58, 
59]. In addition, the physiology of bone marrow and how it 
undergoes pathologic changes is not fully understood and is 
still under ongoing investigations [6]. Although it has been 
known that only hematopoietic marrow is present at birth 
and that fatty marrow increases from then on with the pro-
cess of aging, previous reports have assumed that the VBM 
fat fraction increases in infants as age advances relatively 
slowly [2, 60]. Instead, the present results showed that 
there is a very rapid increase of VBM PDFF between 0 and 
2 years of age, and a relatively slower increase at 2 years 
and onwards. The above-mentioned rapid increase in VBM 
PDFF shortly after birth may imply that the conversion pro-
cess is an integral part of a developmental phase. The rapid 
increase in VBM PDFF during the first years after birth 
also seems to be consistent with the appearance of VBM in 
 T1-weighted imaging of healthy children [61–64].

The present study investigates the VBM PDFF age 
dependence between 0 and 18 years, complementing the 
previous studies by Kugel et al. [58] and Griffith et al. [59] 
who investigated the age dependence of VBM fat fraction 

in adults by measuring L3 vertebrae. Specifically, the pre-
sent study found a logarithmic increase over age in VBM 
PDFF in the age groups from 0 to 18 years with insig-
nificant (p > 0.05) differences between female and male 
subjects. Kugel et al. [58] then found a further increase 
in VBM fat fraction for the age groups in the range from 
11 to 60 years with significant sex differences for the age 
group 31–40 years and after showing higher VBM fat frac-
tions in male subjects. Griffith et al. [59] investigated age 
groups ranging from 61 to 90 years reporting further statis-
tically significant differences between the sexes of all age 
groups and a reversal of sex differences in accordance with 
Ishijima et al. [65]. A sharp increase in VBM fat fraction 
in postmenopausal women was first reported by Ishijima 
et al. [65], using an imaging-based approach and was later 
confirmed by Kugel et al. [58] and Griffith et al. [59]. This 
result was explained with a declining estrogen level, which, 
among other factors, may also cause changes in the intra-
abdominal adipose tissue [66] and body fat distribution [67, 
68]. At which age the sex differences exactly become sig-
nificant is still speculative. Kugel et al. [58] reported that 
the first appearance of significant differences occurred in 
the age group of 31–40 years. Duda et al. [69] concluded 
that differences already existed at the age of 17 years 
(although measured in the sacrum), whereas another study 
[65] reported statistical significant differences in the age 
group of 25–54 years, and no significant differences existed 
in the age group of 5–24 or 55–85 years. There are also 
some limitations to the inter-study comparability and this 
might also explain the large difference of approximately 
10% in the VBM fat fraction measured in the present study 
for the age group of 9–18 years and Kugel et al.’s [58] age 
group of 11–20 years. While the current study used imag-
ing at 3T to extract PDFF, Kugel et al. [58] and Griffith 
et al. [59] determined a non-quantitative measure of fat 
fraction using Point Resolved Spectroscopy (PRESS) at 
1.5T with TRs of 2000 and 3000 ms; and TEs of 40 and 
25 ms, respectively. Especially  T2-weighting may be a 
confounding factor in the fat fraction determination in the 
PRESS experiments, as previously shown by Dieckmeyer 
et al. [16].  T2 correction was not performed in the elderly 
population study by Griffith et al. [59] and only generally 
accounted for in the wide age range population study of 
Kugel et al. [58].

The current study also showed a decrease of the VBM 
PDFF measured in the region from the lumbar to the cer-
vical vertebrae, with a slope that increased with age. Ver-
tebral variation showing overall decreasing VBM PDFF 
values from the lumbar vertebrae towards the cervical ver-
tebrae has also been previously described in preliminary 
studies for the lumbar vertebrae [11] and S2–T10 vertebrae 
[13]; in the context of osteoporosis for the L1–L4 vertebrae 
[70]; and in the adult population for the whole spine in an 

Fig. 5  Average L3 vertebral bone marrow fat content (±SD indi-
cated by error bars) as function of age. Statistical significant differ-
ences (p < 0.05) between female and male vertebral bone marrow fat 
content are indicated by an asterisk. Data for age groups from 0–18, 
11–60 and 61–90 years are from the current study, Kugel et al. [58] 
and Griffith et al. [59], respectively. SD standard deviation
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imaging-based study published by Baum et al. [17]. How-
ever, as far as we know, the observed age dependence of the 
slope of the relationship between VBM PDFF and vertebral 
location has never been observed before.

The present study has some limitations. First, although 
the final patient cohort of 93 subjects involved in this study 
had no pathological indications that would suggest a pos-
sible impact on VBM PDFF, the use of healthy asympto-
matic children would have been more ideal in establish-
ing normative values. However, the recruitment of such a 
cohort would be a challenging undertaking. Second, there 
was only a small number of subjects in this study with 
more than nine years of age. Therefore, subjects older than 
9 years were combined to form a single age group. A third 
limitation is the accuracy of using a manual segmentation 
method for probing the VBM compartment in a single 
slice, which assumes a homogeneous distribution of PDFF 
throughout the VBM compartment.

Conclusion

In conclusion, the assessment of VBM PDFF in children is 
feasible using chemical shift-encoding based 3D TIMGRE 
water–fat imaging. The cohort studied here showed a sex-
independent VBM PDFF of 0% shortly after birth and 
thereafter a natural logarithmic increase with age. The 
intra-individual VBM spatial variation showed a PDFF lin-
early decreasing from the lumbar to the cervical vertebrae, 
with a slope decreasing with age. Results from the present 
work—including the largest cohort in whom VBM PDFF 
development in first years of life has ever been investi-
gated—can potentially serve as a normative database for 
the VBM PDFF variation with age and spinal location in 
children, with applications existing in the characteriza-
tion of bone marrow health and physiology, and in assist-
ing therapy planning and treatment monitoring in cases of 
cancer.
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