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Background: Early childhood bone development affects that of bone disease in adolescence and adulthood. 
Many diseases can affect the cancellous bone or bone marrow. Therefore, it is of great significance to 
quantify the bone development of healthy children. The evaluation methods of bone development include 
bone age (BA) assessment and dual-energy X-ray bone mineral densitometry (DXA), both of which have 
strong subjectivity. The present study was conducted to improve our understanding of the bone development 
of healthy children using the quantitative parameters derived from iterative decomposition of water and fat 
with echo asymmetry and least squares estimation quantification (IDEAL-IQ) sequence.
Methods: Our study enrolled healthy children between January 2022 to December 2022 consecutively 
in Children’s Hospital of Shanxi. The inclusion criteria were as follows: (I) age ≤18 years; (II) no 
contraindications (surgical and interventional devices for ferromagnetic materials, cardiac implantable 
electronic devices, cochlear implants, insulin pumps, dental implants containing metal or alloy) to magnetic 
resonance imaging (MRI) scan. The exclusion criteria were as follows: (I) previous malignant disease, (II) 
previous chemoradiotherapy, (III) previous spine surgery, (IV) previous or acute vertebral compression 
fracture, (V) artifacts present in images. Participants underwent MRI scans using IDEAL-IQ sequence 
in the lumbar vertebrae. The IDEAL-IQ parameters [proton density fat fraction (PDFF), 1/T2* (R2*)] 
were obtained. The factor analysis of variance was applied to compare the differences of PDFF and R2* 
in different lumbar vertebral groups. The Kruskal-Wallis H test or Mann-Whitney U test was applied to 
compare the differences of quantitative data among different gender or age groups. Spearman correlation 
analysis was applied to study the relationship among the age, PDFF, and R2*. 
Results: A total of 145 participants (76 males, 69 females) were evaluated. There were no significant 
differences in PDFF and R2* of different lumbar vertebrae (PPDFF=0.338, PR2*=0.868). The average age was 
36 [13–72] months. They were assigned into 4 groups (0–11, 12–35, 36–71, and 72–144 months). As the 
age increased, the average PDFF and R2* both increased significantly (rPDFF=0.659, rR2*=0.359, P<0.001). 
There were significant statistical differences in PDFF and R2* between the 4 age groups (ZPDFF=46.651, 
ZR2*=27.537, P<0.001). Moreover, the PDFF was also positively correlated with R2* (r=0.576, P<0.001). No 
association was found between the gender and PDFF, R2* (PPDFF=0.949, PR2*=0.177). 

143

	
^ ORCID: Jie Yang, 0000-0002-6372-2655; Hui-Miao Sun, 0000-0003-2522-6607; Hong Yang, 0009-0001-6631-9706; Lei Hu, 0009-0002-
5970-3598; Jin-Liang Niu, 0000-0002-4465-5477.

https://crossmark.crossref.org/dialog/?doi=10.21037/qims-23-696


Quantitative Imaging in Medicine and Surgery, Vol 14, No 1 January 2024 137

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(1):136-143 | https://dx.doi.org/10.21037/qims-23-696

Introduction

Bone development in childhood includes longitudinal 
growth and transverse growth for bone elongation and 
shaping, which changes dynamically with age. Whether 
the bone development is normal or not in early childhood 
affects the likelihood of bone disease in adolescence and 
adulthood (1,2). Furthermore, the trabecular bone and 
bone marrow change under pathological conditions (2). 
How to accurately judge the bone development of children 
and promote pediatric bone development should be 
comprehensively explored. 

The evaluation methods of bone development in children 
include bone age (BA) assessment and dual-energy X-ray 
bone mineral densitometry (DXA). The BA evaluation 
methods (G&P mapping, TW scoring, China 05 method) 
are heavily subjective and the standard is difficult to master 
(3,4). DXA is unable to distinguish the quality differences 
between bone cortex and trabecular bone. A study found 
that the accuracy of DXA detection in infants under 3 years 
is not high (5). The evaluation methods of bone marrow 
development and diseases, such as bone aspiration and 
bone biopsy, are invasive. Although magnetic resonance 
imaging (MRI) is a non-invasive method, the performance 
of children’s bone marrow in conventional T1-weighted 
imaging (T1WI) varies with age and location. Thus, the 
conventional MRI cannot accurately distinguish whether 
the bone development is normal or not. 

The iterative decomposition of water and fat with echo 
asymmetry and least squares estimation quantification 
(IDEAL-IQ) technique provided a new approach for 
quantitative analysis of the cancellous bone and the fat 
content in bone marrow (6,7). Derived from mDIXON 
technology, IDEAL-IQ can generate a proton density fat 
fraction (PDFF) image, R2* image, fat image, water image, 
positive phase image, and reverse phase image during 1 
scan. The scanning speed is fast, making it more suitable 

for children. The R2* refers to the reciprocal of T2* which 
reflects the cancellous bone content (7). A previous study 
revealed that PDFF was valuable in distinguishing aplastic 
anemia from myelodysplastic syndromes (8), and other 
studies have shown that the detection results of PDFF by 
MRI are highly consistent with the pathological results 
with good repeatability (9,10). Thus, IDEAL-IQ can 
simultaneously study the cancellous bone and the bone 
marrow development. 

The component of bone in children changes with age, 
and many diseases can change the cancellous bone or the 
fat content of the bone. IDEAL-IQ can accurately evaluate 
PDFF and R2* of bone to study the bone development 
simultaneously. This study was conducted to quantify the fat 
and cancellous bone content of lumbar vertebrae in healthy 
children based on IDEAL-IQ, so as to quantify the normal 
bone development precisely and provide a basis for further 
studies focusing on diseases involving lumbar vertebrae. 
We present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-696/rc).

Methods

Study participants

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
prospective cross-sectional study was approved by the 
local ethics committee of Children’s Hospital of Shanxi 
(No. IRB-KYYN-2022-010) and written informed consent 
was provided by all participants’ parents between January 
2022 to December 2022. In our study, children who were 
suspected of having nervous system abnormality due 
to symptoms including enuresis, constipation, urinary 
retention, pyrexia, and weakness of the lower or all four 
extremities and underwent MRI of the lumbosacral spine 
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or the whole spine in Children’s Hospital of Shanxi were 
enrolled, provided that they did not have any congenital 
abnormality in the whole spine or nervous system, metabolic 
disorders, blood system disorders, or trauma based on 
laboratory tests including hematology and urinalysis. The 
inclusion criteria were as follows: (I) age ≤18 years; (II) no 
contraindications (surgical and interventional devices for 
ferromagnetic materials, cardiac implantable electronic 
devices, cochlear implants, insulin pumps, dental implants 
containing metal or alloy) to MRI scan. The exclusion 
criteria were as follows: (I) previous malignant disease, (II) 
previous chemoradiotherapy, (III) previous spine surgery, 
(IV) previous or acute vertebral compression fracture, (V) 
artifacts present in images. Participants’ ages and gender 
were collected.

MRI examination

MRI was performed on a 3.0-Tesla scanner (Discovery 
750; GE Healthcare, Chicago, IL, USA) at the lumbar 
spine of all participants. All participants under 6 years of 
age underwent MRI examination after sedation by chloral 
hydrate. Participants were placed in the supine position. 
The MRI sequences consisted of sagittal T1WI and 
IDEAL-IQ. Parameters of sagittal T1WI were as follows: 
repetition time (TR) =400.0 ms; echo time (TE) =9.3 ms; 

slice thickness =3.0 mm; no gap; number of excitations 
(NEX) =4; field of view (FOV) =25 cm ×12.5 cm; matrix 
=320×192; acquisition time =2 min and 29 s. The IDEAL-
IQ sequence scanning time was 1 min and 37 s; slice 
thickness =3 mm; layer spacing =0.3 mm; FOV =250 mm × 
250 mm; matrix =256×228; echo train length =3; NEX =3.

IDEAL-IQ image analysis

All data of sagittal T1WI and IDEAL-IQ images were 
transferred to an Advantage Windows Workstation 4.7 
(GE Healthcare) for processing. We used 3D SynchoView 
post-processing procedure for analyzing the PDFF and 
R2* maps. The regions of interests (ROIs) were placed at 
the center part of lumbar vertebral cancellous bone from 
L1 to L5 in order to minimize the effect of vertebral end-
plate changes, vertebral venous plexus, and cerebrospinal 
fluid. We placed the ROIs on the T1WI image and cloned 
the same size and position of ROIs to the same places of the 
PDFF and R2* images, which allowed the values of PDFF 
and R2* to be obtained. ROIs placement on sagittal sections 
of the images were drawn by two readers independently 
(Figure 1). Another senior imaging physician judged the 
consistency of ROIs placement on sagittal sections between 
the two readers. Data for each participant were represented 
as the average of the two readers.

A B C D E

Figure 1 The PDFF figures of L1–5 vertebral body in different ages. (A) ROI; (B) 4 months; (C) 21 months; (D) 60 months; (E)  
108 months. PDFF, proton density fat fraction; ROI, region of interest.
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Statistical analysis

Data analysis was performed by SPSS 25.0 (IBM Corp., 
Armonk, NY, USA). Quantitative data was expressed as 
median (25–75% quantile) whereas qualitative data was 
expressed by n (%). The factor analysis of variance (ANOVA) 
was applied to compare the differences of PDFF and R2* 
in different lumbar vertebral groups. The Kruskal-Wallis H 
test or Mann-Whitney U test was applied to compare the 
differences of quantitative data among different gender or 
age groups. Spearman correlation analysis was applied to 
study the relationship among the age, PDFF, and R2*.

Results

Participants

The final study sample consisted of 145 participants, among 
whom 76 children were males and 69 children were females. 
The age of the 145 healthy children was within 12 years. 
The average age was 36 [13–72] months. The flowchart 
shows initial number of study participants, participants 
excluded, and final study sample (Figure 2).

Comparison of PDFF and R2* in different lumbar 
vertebrae

There were no significant differences were observed in 
PDFF and R2* in different lumbar vertebrae (P=0.338 
and 0.868) (Table 1), so we used the average PDFF and the 
average R2* to analyze the statistical differences between 
different genders and age groups.

The relationship between gender and PDFF, R2* in the 
145 children

The average PDFF was 27.16 (16.43–36.03), and the 
average R2* was 134.62 (116.35–159.30). No association 
was found between the gender and PDFF (Z=0.063, 
P=0.949) or R2 * (Z=1.350, P=0.177) in the 145 children 
(Table 2).

Spearman correlation analysis of the association between 
age and PDFF, R2* 

Spearman correlation analysis was used to explore the 

Healthy children underwent spine MRI examination (n=192)

n=192

Unqualified MRI image (n=8)

Presence of diseases that 
affected the bone development 
(n=31)

Unable to cooperate with MRI 
examination (n=8)n=145

0–11 months (n=28) 12–35 months (n=37) 36–71 months (n=38) 72–144 months (n=42)

Figure 2 The flow chart of 145 healthy children. MRI, magnetic resonance imaging.

Table 1 Comparison of PDFF and R2* in different lumbar vertebral groups

Variables L1 (n=145) L2 (n=145) L3 (n=145) L4 (n=145) L5 (n=145) Z value P value

PDFF 23.80 (15.88–33.24) 26.69 (18.00–34.90) 27.00 (16.80–36.50) 27.00 (18.12–38.40) 38.20 (29.85–46.48) 1.138 0.338

R2* 132.58  
(116.60–156.70)

135.60  
(114.25–165.82)

132.30  
(112.82–157.85)

133.70  
(114.69–158.75)

135.20  
(114.77–157.99)

0.316 0.868

Factor analysis of variance. Data are presented as median (25–75% quantile). PDFF, proton density fat fraction; R2*, 1/T2*; L, lumbar.
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association among age, PDFF and R2*. Positive correlations 
were found between age and PDFF (r=0.659, P<0.001) and 
R2* (r=0.359, P<0.001). Moreover, it also indicated that the 
PDFF was positive correlated with R2* (r=0.576, P<0.001) 
(Figure 3).

Comparison of PDFF and R2* in different age groups

The 145 healthy children were assigned into four age 
groups: 0–11 months group, 12–35 months group, 36– 
71 months group, and 72–144 months group. The average 
PDFF was 11.44 (3.74–23.09), 21.27 (12.45–26.12), 30.10 
(26.75–35.60), and 37.37 (28.50–46.26); the average R2* was 
114.50 (103.16–126.51), 128.38 (116.13–147.07), 145.34 

(129.13–161.09), and 147.87 (129.21–163.58). As the age 
increased, the average PDFF (Z=46.651, P<0.001) and R2* 
(Z=27.537, P<0.001) both increased significantly (Table 3).

Discussion

In children, the bone development of the spine is the 
slowest and most diseases often involve the vertebrae, 
rendering it a commonly used site for study of normal 
bone development. We designed this study to quantify the 
cancellous bone and fat content of normal lumbar vertebrae 
of children at different ages. It was revealed that as the 
age increased, the average PDFF and R2* both increased 
significantly (P<0.001). Positive correlations were found 

Table 2 The relationship between gender and PDFF, R2* in 145 children

Variables Male (n=76) Female (n=69) Z value P value

Average PDFF 27.88 (16.95–36.06) 27.06 (16.32–36.04) 0.063 0.949

Average R2* 131.36 (115.98–151.57) 139.36 (120.04–161.98) 1.350 0.177

Mann-Whitney U test. Data are presented as median (25–75% quantile). PDFF, proton density fat fraction; R2*, 1/T2*. 

PDFF, %

Age, monthsAge, months
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Figure 3 Scatter plots showing the correlation of PDFF with age (A), R2* with age (B), PDFF with R2* (C) values. PDFF, proton density fat 
fraction.
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Table 3 Comparison of PDFF and R2* in different age groups

Variables 0–11 months (n=28) 12–35 months (n=37) 36–71 months (n=38) 72–144 months (n=42) Z value P value

Average PDFF 11.44 (3.74–23.09) 21.27 (12.45–26.12) 30.10 (26.75–35.60) 37.37 (28.50–46.26) 46.651 <0.001

Average R2* 114.50 (103.16–126.51) 128.38 (116.13–147.07) 145.34 (129.13–161.09) 147.87 (129.21–163.58) 27.537 <0.001

Kruskal-Wallis H test. Data are presented as median (25–75% quantile). PDFF, proton density fat fraction; R2*, 1/T2*.

among the different age groups (P<0.001). Moreover, the 
PDFF was also positively correlated with R2* (P<0.001).

PDFF is a new index reflecting the proportion of fat 
in bone marrow. Both osteoblasts and adipocytes in the 
marrow cavity originate from bone marrow mesenchymal 
cells (MSCs), and the differentiation of MSC into 
adipocytes and osteoblasts is affected by a variety of 
physiological and pathological factors (10-12). At the same 
time, various physiological and pathological changes of 
bone marrow are closely related to fat content. Therefore, 
the quantification of fat content in bone marrow is of great 
clinical significance for evaluating the impact of various 
physiological and pathological processes on spinal bone 
marrow and screening of disease-related information (13). 
When compared with yellow bone marrow, red bone 
marrow contains a lower fraction of fat and a higher fraction 
of water (10). Therefore, the PDFF in the bone marrow 
normally increases as childhood progress. A normal value 
of the PDFF for a 0–0.4-year-old is about 3%, whereas it 
is up to 32.9% for a 9–18-year-old (14). In our study, we 
found that as age increased, the average PDFF increased 
significantly (P<0.001). Then, the speed of conversion 
process from red bone marrow to yellow bone marrow 
decreased and the PDFF value gradually stabilized, which 
is consistent with a previous study (15). In addition, we 
found no association between gender and PDFF in healthy 
children, indicating that the bone marrow development 
between different genders was not statistically significantly 
different, which is consistent with a previous study (16). 
Several studies have also shown that the PDFF value was 
not associated with sex in adults (17,18). 

R2* refers to the reciprocal of T2*. Quantitative MRI 
assessment of liver iron overload by means of R2* is a safe, 
non-invasive, and accurate alternative to liver biopsy (19). 
R2* calculations have also been used to assess iron-loading in 
other organs, such as the pancreas, spleen, and vertebral bone, 
in patients with anemia and primary hemochromatosis (20).  
Further, some studies have demonstrated that T2* values 
were negatively correlated with bone mineral density (BMD) 
(7,21,22). Therefore, we speculate that age also has an 

important impact on the R2* value. In our study, we found that 
as the age increased, the average R2* increased significantly 
(P<0.001). Finally, we found no association between gender 
and R2* in healthy children, indicating that the BMD and fat 
content of lumbar vertebrae between different genders were 
not statistically different. This has seldom been studied in 
previous studies in healthy children.

Regarding the relationship of PDFF and R2*, it was 
well known that bone marrow is present in the trabecular 
bone (10). With the increase of children’s age and height, 
all kinds of bone tissues increase. Bone marrow cavities 
gradually expand with osteogenesis activity, osteoclast 
activity, and trabecular bone reconstruction. Components 
of the bone marrow, such as adipose tissue, also increase to 
provide the nutrition for bone growth. Moreover, the R2* 
of fat is larger than that of water (23), so the increase in fat 
proportion may lead to an increase in the total R2* of the 
vertebral body. We believe that PDFF is associated with 
R2*, and our present study precisely confirms this point. 
We will further investigate the mechanism of PDFF and 
R2* correlation in the future.

Limitations

Due to ethical limitations, we could not obtain pathological 
specimens of lumbar vertebrae from healthy children. 
Moreover, the participants of our study only included 
infants, toddlers, preschool children and school children, 
not teenagers. We will recruit teenagers in the follow-up 
study.

Conclusions

As the age increased, the average PDFF and R2* of lumbar 
vertebrae both increased significantly in healthy children. 
These findings will probably improve our understanding 
of the bone development and enable differential diagnosis 
other diseases of children’s bone. In our next research, we 
will explore the microstructural changes in the skeletal 
tissue of children with leukemia. 
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