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Abstract 

Background  The relationship between sagittal spine alignment and vertebral bone marrow fat is unknown. We 
aimed to assess the relationship between vertebral bone marrow fat and sagittal spine alignment using chemical 
shift-encoding-based water–fat magnetic resonance imaging (MRI).

Methods  A total of 181 asymptomatic volunteers were recruited for whole spine X-ray and lumbar MRI. Spine typing 
was performed according to the Roussouly classification and measurement of vertebral fat fraction based on the 
chemical shift-encoding-based water–fat MRI. One-way analysis of variance (ANOVA) was used to analyze the differ-
ences in vertebral fat fraction between spine types. The post hoc least significant difference (LSD) test was utilized for 
subgroup comparison after ANOVA.

Results  Overall, the vertebral fat fraction increased from L1 to L5 and was the same for each spine type. The vertebral 
fat fraction was the highest in type 1 and lowest in type 4 at all levels. ANOVA revealed statistically significant dif-
ferences in fat fraction among different spine types at L4 and L5 (P < .05). The post hoc LSD test showed that the fat 
fraction of L4 was significantly different (P < .05) between type 1 and type 4 as well as between type 2 and type 4. The 
fat fraction of L5 was significantly different between type 1 and type 3, between type 1 and type 4, and between type 
2 and type 4 (P < .05).

Conclusion  Our study found that vertebral bone marrow fat is associated with sagittal spine alignment, which may 
serve as a new additional explanation for the association of sagittal alignment with spinal degeneration.
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Background
Bone marrow, which consists of yellow and red marrow, 
serves as important hematopoietic and immune tissues, 
with adipose tissue being a key component of bone mar-
row. Over time, research has confirmed that bone mar-
row adipocytes and osteoblasts originate from a common 
precursor—bone marrow mesenchymal stem cells—and 
that an increase in adipocytes will be accompanied by 
a decrease in osteoblasts [1–3]. The conversion of the 
hematopoietic bone marrow to bone marrow fat (BMF) 
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accompanies a decrease in vertebral perfusion and nutri-
tion supplies, which demonstrates that adipose tissue is 
an important factor affecting the bone marrow microen-
vironment [4].

Chemical shift-encoding-based water–fat MRI is a 
highly efficient technique for determining fat and water 
signals in humans, making it possible to quantify water–
fat composition noninvasively [5, 6]. The iterative decom-
position of water and fat with echo asymmetry and least 
squares estimation (IDEAL IQ) was developed from the 
Dixon technique, which corrects for T2* attenuation and 
fat multispectral peak distribution using an asymmet-
ric acquisition technique and an iterative least squares 
water–fat separation algorithm, converting the water–fat 
separation from qualitative to quantitative. Fat, fat frac-
tion, water and R2* relaxation images can be generated 
in a single scan, and the BMF can be quantified from fat 
fraction images [2, 3, 7, 8]. IDEAL IQ can adjust for com-
mon biases in tissue fat measurements, including T1 bias 
and T2* effects and main magnetic field inhomogeneities. 
Therefore, it has been confirmed as one of the most con-
venient and accurate techniques to quantify BMF.

The spine is the most important support structure in 
the human body, and there is a consensus that interver-
tebral disk (IVD) degeneration is closely related to the 
biomechanics of sagittal spine alignment [9–11]. The 
IVD is the largest avascular tissue in the body, and its 
health depends on nutrient transport from the capillar-
ies of the adjacent vertebral body, while the conversion 
of hematopoietic bone marrow to fatty bone marrow is 
accompanied by a decrease in vertebral perfusion and 
nutrient supply. It has also been suggested that inflam-
matory components released by the IVD may trigger an 
autoimmune response that leads to bone marrow damage 
in the adjacent vertebrae, thereby accelerating this pro-
cess [12, 13]. In line with these theories, a recent study 
by Krug et al. [14] found a correlation between early IVD 
degeneration and vertebral body fat content. As the most 
important weight-bearing part of the spine, the lumbar 
spine is also the most prone to degeneration. Many stud-
ies have analyzed the relationship between lumbar IVD 
degeneration and sagittal spine alignment. To date, how-
ever, no study has evaluated the correlation between sag-
ittal spine alignment and vertebral BMF.

The purpose of this study was to assess the relation-
ship between vertebral BMF and sagittal spine alignment 
using the IDEAL IQ.

Methods
Subjects
We recruited 181 asymptomatic volunteers (75 men, 
106 women, average age 35.25 ± 8.57  years) from 2016 
to 2021. The study was approved by the local ethics 

committee review board. The purpose of the study was 
communicated to the volunteers, and they provided 
written informed consent before participating in the 
study. The inclusion criteria were as follows: (1) age 
20 to 50  years; (2) no history of spinal surgery; (3) no 
arthropathy of the lower extremities; and (4) no history 
of neuromuscular disease. The exclusion criteria were as 
follows: (1) low back pain, neck pain, or numbness in the 
extremities due to spinal diseases; (2) occupations involv-
ing heavy physical labor; (3) spinal trauma or tumors; and 
(4) spinal deformities (including scoliosis, isthmus crack, 
and irregular endplates). Demographic characteristics 
of the participants were collected, including age, sex, 
weight, height, and body mass index (BMI).

Full‑length X‑ray of the spine
Standing lateral radiographs of the full spine were 
obtained using a Siemens digital radiography system 
(Siemens YSIO, Siemens, Germany) and Picture Archiv-
ing and Communication System (PACS) v3.0 (INFINITT, 
Shanghai, China). The radiographs were taken in a stand-
ard position, requiring the subject to stand naturally, 
with hands on the clavicle and hips and knees extended. 
A spine surgeon and a radiologist examined the radio-
graphs separately. On the basis of the radiographs, the 
spines were divided into four types by two experienced 
radiologists according to the classic Roussouly classifi-
cation (Fig.  1). Spine typing is a comprehensive evalua-
tion of sagittal morphology that is more reasonable than 
a single sagittal parameter, and Roussouly typing is the 
most recognized sagittal typology of the spine based on 
spinal pelvic parameters [15]. Each type represents a dis-
tinct spinopelvic morphological complex. When the SS 
is less than 35°, the lumbar lordosis (LL) is small and the 
thoracic kyphosis (TK) is large, the spine is classified as 
type 1. When the distal arches are lower and larger, the 
LL will tend to flatten, and the spine is classified as type 
2. When SS is between 35 and 45° and TK is coordinated 
with LL, the spine is classified as type 3. When the LL is 
greater than 45°, the lumbar curvature will be increased 
and the TK reduced, a spine with these features is clas-
sified as type 4. When two observers disagreed on the 
typing of the spine, a third observer (a radiologist with 
more than 20 years of experience in diagnostic musculo-
skeletal radiology) was included in the consultation and 
determination.

Magnetic resonance examination and image processing
All lumbar spine scans were performed on a 3.0 T super-
conducting MR scanner (GE Discovery MR 750) using an 
eight-channel spine phased-array coil with the patient in 
the supine position. Water–fat MRI consisted of a three-
dimensional spoiled gradient sequence with six echoes 
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and IDEAL reconstruction algorithm [16]. The sequence 
was performed with the following scan parameters: TR/
TE1/ΔTE = 6.4/1.0/0.8 ms, echo train length = 3, number 
shots = 2, bandwidth = 868  Hz/pixel, frequency direc-
tion = A/P, FOV = 35  cm, in-plane resolution = 2.1  mm, 
slice thickness = 10 mm, flip angle = 3°, NEX = 1, and scan 
time = 1 min and 7 s.

The IDEAL processing was performed on the scan-
ner using the vendor’s implementation (online). And 
the region of interest (ROI) was outlined independently 
at the sagittal level of the lumbar vertebral body by two 
experienced radiologists. The ROI should include as 
much of the cancellous bone of each vertebral body as 
possible, avoiding the cortical bone and the entrance to 
the vertebral vein as well (Fig. 2). The FF of each vertebra 
was recorded, and finally, the average was taken to reduce 
the error.

Statistical analysis
Statistical analyses were performed using SPSS v.25.0 sta-
tistical software. The mean ± standard deviation (SD) was 
calculated for all applicable data. Tests of normality and 
homogeneity of variance were performed before analysis. 
One-way analysis of variance (ANOVA) and Chi-square 
tests were used to test whether there were differences in 
demographic characteristics (sex, age, and BMI) between 
different spine types. One-way ANOVA was used to 
analyze whether there was a difference in FF between 

vertebrae of different spine types. The post hoc least sig-
nificant difference (LSD) test was utilized for subgroup 
comparisons after ANOVA. The statistical significance 
criterion was defined as P < .05.

Results
The data of all groups conformed to the normal distri-
bution and the Chi-square distribution. There were no 
significant differences in sex, age, or BMI between the 
groups (P > .05). The FF of the lumbar spine increased 
from L1 to L5 in all asymptomatic volunteers (L1 

Fig. 1  Types 1 to 4 A–D in the classic Roussouly classification

Fig. 2  Mean and SD of FF for each lumbar level overall. A fat fraction 
image is shown on the left to illustrate how we outlined the ROIs at 
different lumbar levels. The FF by level ranged from 39% in L1 to 45% 
in L5
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39.96 ± 11.26%, L2 40.63 ± 11.22%, L3 43.37 ± 12.16%, 
L4 44.54 ± 12.165, L5 45.12 ± 11.60%), and all spinal 
types conformed to this pattern (Fig.  2 and Table  1). 
Of the four spine types, FF was the highest in type 
1, followed by type 2 and type 3, and lowest for type 
4 (Table  1). A one-way ANOVA revealed statistically 
significant differences in FF at L4 and L5 (L4 P = .037, 
L5 P = .032) (Table  1). The post hoc LSD test showed 
significant differences between type 1 and type 4 (type 
1 48.53 ± 12.70%, type 4 37.24 ± 13.44%, P = .005) and 
between type 2 and type 4 (type 2 45.56 ± 12.45%, 
type 4 37.24 ± 13.44%, P = .021) at L4 (Table  2 and 
Fig. 3). There were also significant differences between 
type 1 and type 3 (type 1 49.50 ± 10.69%, type 3 
44.26 ± 10.86%, P = .046), between type 1 and type 4 
(type 1 49.50 ± 10.69%, type 4 38.66 ± 11.60%, P = .005), 

and between type 2 and type 4 (type 2 46.01 ± 11.98%, 
type 4 38.66 ± 11.60%, P = .032) at L5 (Table  2 and 
Fig. 3).

Discussion
The IDEAL IQ can sensitively detect changes in the fat 
content of bone marrow and achieve wide coverage in 
a short scan time [17, 18]. Therefore, it may be a better 
choice than other techniques when quantitative assess-
ment of BMF is required in clinical and research settings. 
In current clinical work, the assessment of BMF by MRI 
is mainly based on subjective judgment, which is strongly 
influenced by subjective individual factors and has low 
sensitivity. Our study may have implications for changing 
this situation.

Several previous studies on vertebral BMF have found 
that BMF grows progressively higher at lower vertebral 
levels [19, 20]. The results of the present study were simi-
lar, indicating that this pattern applies consistently to dif-
ferent spinal types. We believe that this may be a general 
phenomenon that is not easily influenced by other fac-
tors, but the causality needs to be further investigated.

The present study also found that the BMF of the same 
level gradually decreased from type 1 to type 4, without 
exception, at all five lumbar levels. Previous studies on 
IVD and sagittal spine alignment found that types 1 and 
2 were more prone to IVD degeneration than types 3 and 
4 [21, 22]. The results of the present study also showed 
that types 1 and 2 had a higher BMF than types 3 and 4 

Table 1  Comparison of demographic parameters and FF among spine types

Total Type 1 Type 2 Type 3 Type 4 P value

N 181 25 59 83 14

Sex (M/F) 75/106 11/14 25/34 37/46 2/12 .197

Age (years) 35.25 ± 8.57 36.72 ± 7.92 34.85 ± 8.91 35.13 ± 8.62 35.07 ± 8.55 .831

BMI (m/kg2) 22.61 ± 3.06 23.81 ± 3.24 22.21 ± 2.61 22.65 ± 3.27 21.94 ± 2.85 .136

FF (mean ± SD %)

L1 39.96 ± 11.26 42.33 ± 12.47 41.30 ± 11.34 39.24 ± 10.09 34.41 ± 13.99 .127

L2 40.63 ± 11.22 44.01 ± 12.74 41.47 ± 10.90 39.87 ± 10.35 35.51 ± 13.49 .117

L3 43.37 ± 12.16 47.23 ± 13.52 44.51 ± 12.01 42.43 ± 11.15 37.17 ± 14.10 .065

L4 44.54 ± 12.16 48.53 ± 12.70 45.56 ± 12.45 43.83 ± 11.14 37.24 ± 13.44 .037*

L5 45.12 ± 11.60 49.50 ± 10.69 46.01 ± 11.98 44.26 ± 10.86 38.66 ± 11.60 .032*

Table 2  Comparison of the FF of L4 and L5 among spine types

FF (mean ± SD %) P value for the comparison of different spine types

Type 1 Type 2 Type 3 Type 4 1 vs. 2 1 vs. 3 1 vs. 4 2 vs. 3 2 vs. 4 3 vs. 4

L4 48.53 ± 12.70 45.56 ± 12.45 43.83 ± 11.14 37.24 ± 13.44 0.300 0.087 0.005* 0.399 0.021* 0.058

L5 49.50 ± 10.69 46.01 ± 11.98 44.26 ± 10.86 38.66 ± 11.60 0.201 0.046* 0.005* 0.371 0.032* 0.091

Fig. 3  FF at each level for each of the four spine types
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at L4 and L5. We believe that the spine as a whole is more 
prone to IVD degeneration along with BMF deposition in 
the vertebral body in types 1 and 2 than in types 3 and 4. 
We suspect this is due to the greater physiological curva-
ture of the lumbar spine in types 3 and 4, which is more 
conducive to pressure dispersion, resulting in lower verti-
cal pressure on the vertebral body and disks and a lower 
incidence of spinal degeneration. Roussouly et al.[21] also 
stated that when the lumbar spine is hypolordotic and 
flat, the action of contact force is mainly on the anterior 
column (vertebral bodies and disks) and its distribution 
favors the resultant force perpendicular to the disks, 
increasing the disk pressure. On the other hand, if lumbar 
lordosis is hypercurved, contact force acts mainly on the 
posterior elements (facet joints and spinous processes) 
and increasing the stress on the facets and decreasing the 
vertebral body and disk pressure. However, the results 
showed no significant difference in FF across spinal types 
at L1-L3, which we speculate may be because the present 
collection was from an asymptomatic young and middle-
aged population, in which the degree of spinal degenera-
tion was likely to be mild. The findings may indicate that 
the progression of vertebral body marrow fat deposition 
begins in the lower lumbar spine.

Our study found that type 1 had significantly higher 
BMF at L4 and L5 than type 4. We presume this is due 
to type 1 has a smaller and lower lumbar anterior con-
vexity arc whose apex is at the level of the central L5 
vertebral body, such that the pressure on L4 and L5 is 
increased and presents a risk of vertebral fat deposition 
under the influence of various factors. Of course, this 
needs to be confirmed by further longitudinal studies 
in the future. Additionally, we speculate that it may be a 
factor in the increased incidence of IVD degeneration in 
type 1 at the L4/5 level. Ji et al.[23] found that the sever-
ity of IVD degeneration increases with the fat content of 
adjacent vertebrae, and this relationship is particularly 
pronounced at the L4/5 lumbar level. It has also been 
suggested that the apex of lumbar lordosis in type 1 is 
located at the level of the central L5 vertebral body and 
that there is increased stress in the small joints at sites 
with excessive lumbar lordosis, such as L4/5 and L5/S1. 
A recent study by Krug et al.[14] identified an increase in 
isthmus stress, especially in L5, which eventually led to 
L5 isthmus cracking and susceptibility to early degenera-
tion of L4/5 and L5/S1. All of this is consistent with our 
findings.

In addition, previous studies have generally con-
cluded that type 2, known as “flatback,” is the most 
susceptible to IVD degeneration, whereas our study 
showed that type 1 had the highest BMF [11, 21, 22, 
24]. Spinal degeneration is a multifactorial disease 
that is closely related to age, body mass, muscle mass, 

intervertebral space height, bone mass, and biome-
chanics; thus, it is possible that the progression of ver-
tebral body and IVD degeneration varies across spinal 
types and that the magnitude of each factor’s effect 
varies. Further studies are required to explore whether 
there are differences in the correlation between verte-
bral body fat content and IVD degeneration in different 
spinal types.

As spinal degeneration is a major public health prob-
lem, several drug experiments and new technology stud-
ies related to this condition have been carried out in 
clinical settings. For example, a previous study by Luo 
et  al.[25] found that alendronate can delay the progres-
sion of IVD degeneration by improving bone metabolism 
and vertebral osteoporosis, and another study by Liu 
et al.[26] found that fullerenol nanoparticles, as free radi-
cal scavengers, can prevent fatty bone marrow deposition 
and inflammatory responses in the vertebral body during 
IVD degeneration. Our study found that vertebral BMF 
was higher in types 1 and 2 than in types 3 and 4, and 
other studies of IVD degeneration have also found that 
the former are more prone to degeneration. Therefore, 
patients with types 1 and 2 could be monitored clinically 
for targeted BMF, and if high BMF is detected, appropri-
ate prophylactic treatment may be available to prevent 
or slow the progression of degeneration. In this study, 
the BMF of individual vertebral levels of different spinal 
types was found to be somewhat different on quantitative 
MRI, and these changes generally emerged earlier than 
the morphological changes detected by conventional 
MRI sequences. With the development of medical tech-
nology, precision medicine is the direction of the future. 
In the future, it may be possible to precisely intervene at 
specific sites, for example, by injecting only the appro-
priate drugs into specific vertebrae, thus improving the 
microenvironment while reducing the side effects of sys-
temic medication. This is of great significance for individ-
ualized treatment of different types of patients, and the 
results of this study have some reference value for this.

Our study had several limitations. First, our study was 
cross-sectional and sample was from a single center, a 
future multicenter longitudinal study investigating how 
sagittal spine alignment and vertebral BMF actually affect 
each other would be valuable. Second, our results may be 
limited because they were based only on the BMF, while 
perfusion factors associated with cellular and microvas-
cular density were not evaluated; Karampinos et  al.[2] 
concluded that these factors need to be considered in com-
bination. Third, because there have been few studies on this 
topic, the study was conducted in asymptomatic young- 
and middle-aged volunteers to reduce confounding factors. 
Future studies including elderly individuals and patients 
with degenerative spinal diseases will be conducted. In 
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addition, the exact model is unknown because the vendor 
does not disclose it.

Conclusion
In conclusion, our findings revealed that vertebral BMF is 
associated with sagittal spine alignment, which may serve 
as a new additional explanation for the association of sag-
ittal alignment with spinal degeneration. Our data may 
be helpful for increasing awareness of the relationship 
between spinal subtypes and vertebral BMF.

Abbreviations
BMF	� Bone marrow fat
MRI	� Magnetic resonance imaging
FF	� Fat fraction
IDEAL IQ	� Iterative decomposition of water and fat with echo asymmetrical 

and least-squares estimation quantitation
ANOVA	� Analysis of variance
LSD	� Least significant difference
IVD	� Intervertebral disk
PACS	� Picture archiving and communication system
BMI	� Body mass index
LL	� Lumbar lordosis
TK	� Thoracic kyphosis
ROI	� Region of interest
SD	� Standard deviation

Acknowledgements
Not applicable.

Author contributions
SQC and JWH designed the study. YYH, ANG, PPY, and SQC recruited the 
volunteers. SQC and YYH examined the X-ray and MRI imaging. FSC and SQC 
performed the statistical analysis and interpreted the results. FSC drafted the 
manuscript. The final manuscript was approved by all authors.

Funding
The author(s) disclosed receipt of the following financial support for the 
research, authorship, and publication of this article: Wenzhou Science and 
Technology Bureau Basic Public Welfare Research Project (No. Y20220446).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by The Second Affiliated Hospital and Yuying Chil-
dren’s Hospital of Wenzhou Medical University ethics committee review board 
(2016 Clinical Research Ethics Review No. 10), and the informed consent was 
signed by all volunteers.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 March 2023   Accepted: 21 June 2023

References
	1.	 Scheller EL, Rosen CJ. What’s the matter with MAT? Marrow adipose tis-

sue, metabolism, and skeletal health. Ann NY Acad Sci. 2014;1311:14–30. 
https://​doi.​org/​10.​1111/​nyas.​12327.

	2.	 Karampinos DC, Ruschke S, Dieckmeyer M, et al. Quantitative MRI and 
spectroscopy of bone marrow. J Magn Reson Imaging. 2018;47:332–53. 
https://​doi.​org/​10.​1002/​jmri.​25769.

	3.	 Hu L, Zha YF, Wang L, et al. Quantitative evaluation of vertebral microvas-
cular permeability and fat fraction in alloxan-induced diabetic rabbits. 
Radiology. 2018;287:128–36. https://​doi.​org/​10.​1148/​radiol.​20171​70760.

	4.	 Fathi Kazerooni A, Pozo JM, McCloskey EV, et al. Diffusion MRI for 
assessment of bone quality; a review of findings in healthy aging and 
osteoporosis. J Magn Reson Imaging. 2020;51:975–92. https://​doi.​org/​10.​
1002/​jmri.​26973.

	5.	 Reeder SB, Hu HH, Sirlin CB. Proton density fat-fraction: a standardized 
MR-based biomarker of tissue fat concentration. J Magn Reson Imaging. 
2012;36:1011–4. https://​doi.​org/​10.​1002/​jmri.​23741.

	6.	 Baum T, Cordes C, Dieckmeyer M, et al. MR-based assessment of body fat 
distribution and characteristics. Eur J Radiol. 2016;85:1512–8. https://​doi.​
org/​10.​1016/j.​ejrad.​2016.​02.​013.

	7.	 Fischer MA, Nanz D, Shimakawa A, et al. Quantification of muscle fat in 
patients with low back pain: comparison of multi-echo MR imaging with 
single-voxel MR spectroscopy. Radiology. 2013;266:555–63. https://​doi.​
org/​10.​1148/​radiol.​12120​399.

	8.	 Smith AC, Parrish TB, Abbott R, et al. Muscle-fat MRI: 1.5 Tesla and 3.0 Tesla 
versus histology. Muscle Nerve. 2014;50:170–6. https://​doi.​org/​10.​1002/​
mus.​24255.

	9.	 Barrey C, Roussouly P, Perrin G, et al. Sagittal balance disorders in severe 
degenerative spine. Can we identify the compensatory mecha-
nisms? Eur Spine J. 2011;20(Suppl 5):626–33. https://​doi.​org/​10.​1007/​
s00586-​011-​1930-3.

	10.	 Endo K, Suzuki H, Tanaka H, et al. Sagittal spinal alignment in patients 
with lumbar disc herniation. Eur Spine J. 2010;19:435–8. https://​doi.​org/​
10.​1007/​s00586-​009-​1240-1.

	11.	 Menezes-Reis R, Bonugli GP, Dalto VF, et al. Association between lumbar 
spine sagittal alignment and L4–L5 disc degeneration among asympto-
matic young adults. Spine. 2016;41:E1081–7. https://​doi.​org/​10.​1097/​BRS.​
00000​00000​001568.

	12.	 Lee JM, Song JY, Baek M, et al. Interleukin-1beta induces angiogenesis 
and innervation in human intervertebral disc degeneration. J Orthop Res. 
2011;29:265–9. https://​doi.​org/​10.​1002/​jor.​21210.

	13.	 Ulrich JA, Liebenberg EC, Thuillier DU, et al. ISSLS prize winner: repeated 
disc injury causes persistent inflammation. Spine. 2007;32:2812–9. 
https://​doi.​org/​10.​1097/​BRS.​0b013​e3181​5b9850.

	14.	 Krug R, Joseph GB, Han M, et al. Associations between vertebral body fat 
fraction and intervertebral disc biochemical composition as assessed by 
quantitative MRI. J Magn Reson Imaging. 2019;50:1219–26. https://​doi.​
org/​10.​1002/​jmri.​26675.

	15.	 Roussouly P, Gollogly S, Berthonnaud E, et al. Classification of the normal 
variation in the sagittal alignment of the human lumbar spine and pelvis 
in the standing position. Spine. 2005;30:346–53. https://​doi.​org/​10.​1097/​
01.​brs.​00001​52379.​54463.​65.

	16.	 Reeder SB, Pineda AR, Wen Z, et al. Iterative decomposition of water and 
fat with echo asymmetry and least-squares estimation (IDEAL): applica-
tion with fast spin-echo imaging. Magn Reson Med. 2005;54:636–44. 
https://​doi.​org/​10.​1002/​mrm.​20624.

	17.	 Baum T, Yap SP, Dieckmeyer M, et al. Assessment of whole spine vertebral 
bone marrow fat using chemical shift-encoding based water-fat MRI. J 
Magn Reson Imaging. 2015;42:1018–23. https://​doi.​org/​10.​1002/​jmri.​
24854.

	18.	 Ruschke S, Pokorney A, Baum T, et al. Measurement of vertebral 
bone marrow proton density fat fraction in children using quantita-
tive water-fat MRI. MAGMA. 2017;30:449–60. https://​doi.​org/​10.​1007/​
s10334-​017-​0617-0.

	19.	 Burian E, Subburaj K, Mookiah MRK, et al. Texture analysis of vertebral 
bone marrow using chemical shift encoding-based water-fat MRI: a fea-
sibility study. Osteoporos Int. 2019;30:1265–74. https://​doi.​org/​10.​1007/​
s00198-​019-​04924-9.

	20.	 Ognard J, Demany N, Mesrar J, et al. Mapping the medullar adiposity of 
lumbar spine in MRI: a feasibility study. Heliyon. 2021;7:e05992. https://​
doi.​org/​10.​1016/j.​heliy​on.​2021.​e05992.

https://doi.org/10.1111/nyas.12327
https://doi.org/10.1002/jmri.25769
https://doi.org/10.1148/radiol.2017170760
https://doi.org/10.1002/jmri.26973
https://doi.org/10.1002/jmri.26973
https://doi.org/10.1002/jmri.23741
https://doi.org/10.1016/j.ejrad.2016.02.013
https://doi.org/10.1016/j.ejrad.2016.02.013
https://doi.org/10.1148/radiol.12120399
https://doi.org/10.1148/radiol.12120399
https://doi.org/10.1002/mus.24255
https://doi.org/10.1002/mus.24255
https://doi.org/10.1007/s00586-011-1930-3
https://doi.org/10.1007/s00586-011-1930-3
https://doi.org/10.1007/s00586-009-1240-1
https://doi.org/10.1007/s00586-009-1240-1
https://doi.org/10.1097/BRS.0000000000001568
https://doi.org/10.1097/BRS.0000000000001568
https://doi.org/10.1002/jor.21210
https://doi.org/10.1097/BRS.0b013e31815b9850
https://doi.org/10.1002/jmri.26675
https://doi.org/10.1002/jmri.26675
https://doi.org/10.1097/01.brs.0000152379.54463.65
https://doi.org/10.1097/01.brs.0000152379.54463.65
https://doi.org/10.1002/mrm.20624
https://doi.org/10.1002/jmri.24854
https://doi.org/10.1002/jmri.24854
https://doi.org/10.1007/s10334-017-0617-0
https://doi.org/10.1007/s10334-017-0617-0
https://doi.org/10.1007/s00198-019-04924-9
https://doi.org/10.1007/s00198-019-04924-9
https://doi.org/10.1016/j.heliyon.2021.e05992
https://doi.org/10.1016/j.heliyon.2021.e05992


Page 7 of 7Chen et al. Journal of Orthopaedic Surgery and Research          (2023) 18:460 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	21.	 Roussouly P, Pinheiro-Franco JL. Biomechanical analysis of the spino-pel-
vic organization and adaptation in pathology. Eur Spine J. 2011;20(Suppl 
5):609–18. https://​doi.​org/​10.​1007/​s00586-​011-​1928-x.

	22.	 Bae J, Lee SH, Shin SH, et al. Radiological analysis of upper lumbar disc 
herniation and spinopelvic sagittal alignment. Eur Spine J. 2016;25:1382–
8. https://​doi.​org/​10.​1007/​s00586-​016-​4382-y.

	23.	 Ji Y, Hong W, Liu M, et al. Intervertebral disc degeneration associated with 
vertebral marrow fat, assessed using quantitative magnetic resonance 
imaging. Skeletal Radiol. 2020;49:1753–63. https://​doi.​org/​10.​1007/​
s00256-​020-​03419-7.

	24.	 Beck J, Brisby H, Baranto A, et al. Low lordosis is a common finding in 
young lumbar disc herniation patients. J Exp Orthop. 2020;7:38. https://​
doi.​org/​10.​1186/​s40634-​020-​00253-7.

	25.	 Luo Y, Zhang L, Wang WY, et al. Alendronate retards the progression of 
lumbar intervertebral disc degeneration in ovariectomized rats. Bone. 
2013;55:439–48. https://​doi.​org/​10.​1016/j.​bone.​2013.​03.​002.

	26.	 Liu Q, Jin L, Shen FH, et al. Fullerol nanoparticles suppress inflammatory 
response and adipogenesis of vertebral bone marrow stromal cells–a 
potential novel treatment for intervertebral disc degeneration. Spine J. 
2013;13:1571–80. https://​doi.​org/​10.​1016/j.​spinee.​2013.​04.​004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s00586-011-1928-x
https://doi.org/10.1007/s00586-016-4382-y
https://doi.org/10.1007/s00256-020-03419-7
https://doi.org/10.1007/s00256-020-03419-7
https://doi.org/10.1186/s40634-020-00253-7
https://doi.org/10.1186/s40634-020-00253-7
https://doi.org/10.1016/j.bone.2013.03.002
https://doi.org/10.1016/j.spinee.2013.04.004

	Associations between vertebral bone marrow fat and sagittal spine alignment as assessed by chemical shift-encoding-based water–fat MRI
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Subjects
	Full-length X-ray of the spine
	Magnetic resonance examination and image processing
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


