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Abstract 
Purpose: Bone marrow and muscle adiposity have been considered to corre-
late with osteoporosis and Sarcopenia. Proton Density Fat Fraction (PDFF) 
can be measured by Magnetic Resonance Imaging (MRI). The purpose of the 
present study was to measure PDFF in the lumbar spine, paraspinal muscle 
and subcutaneous fat tissue. Methods: Participants were comprised of 30 pa-
tients (18 males, 12 females; age range, 14 - 87 years) who underwent MRI due 
to low back symptoms. PDFFs for the body of the fourth lumbar vertebra (L4), 
paraspinal muscle, and subcutaneous fat were measured. Results: PDFFs of 
the vertebral body and subcutaneous fat were significantly higher than that of 
paraspinal muscle (p < 0.001). PDFF was significantly higher for subcutane-
ous fat than for the vertebral body (p < 0.001). Although no significant dif-
ferences in PDFF of the vertebral body, paraspinal muscle, and subcutaneous 
fat between females and males, PDFFs of the vertebral body and paraspinal mus-
cle were significantly higher in older subjects (>63 years) than in younger sub-
jects (<63 years; p < 0.05). Conclusions: PDFF of the vertebral body was signifi-
cantly higher than that of paraspinal muscle. PDFFs of the vertebral body and 
paraspinal muscle were significantly lower in younger subjects than in older 
subjects. 
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1. Introduction 

Osteoporosis is associated with a higher risk of fragility fractures due to a loss of 
bone mass, microarchitecture, and strength [1]. In addition to the deterioration 
of bone and decrease in Bone Mineral Density (BMD), bone marrow adiposity 
and skeletal muscle weakness or muscle atrophy are considered to be risk factors 
for fragility fractures among osteoporotic elderly patients. Furthermore, obesity 
increases the risk of osteoporosis at the femoral neck and severe osteopenia in 
the lumbar spine [2]. Histomorphometric studies on bone biopsy specimens have 
revealed a pronounced accumulation of adipose tissue in the bone marrow of oste-
oporotic patients [3] [4]. Skeletal muscle weakness or muscle atrophy is charac-
terized as sarcopenia, defined as the age-related, progressive, generalized loss of 
skeletal muscle masses along with impaired muscle functions [5]. Osteoporosis 
and sarcopenia are commonly associated with aging and are frequently closely link- 
ed to each other [6]. Wong et al. recently reported that bone marrow adiposity 
and muscle adiposity are related in postmenopausal osteoporotic women [7]. An 
evaluation of fat tissue in both vertebral bone marrow and skeletal muscle is thus 
warranted. 

Noninvasive measurement of bone marrow adiposity has been improving. 
Magnetic Resonance Imaging (MRI) has been used to demonstrate bone mar-
row fat fraction, including magnetic resonance spectroscopy and chemical 
shift encoding-based water-fat separation (CSE)-MRI. For fat quantification, 
T1 bias and T2* decay effects need to be considered in order to extract the 
Proton Density Fat Fraction (PDFF) [8] [9] [10]. MRI-based quantification of 
fat in bone marrow can be expressed as the PDFF, which can be regarded as a 
fundamental tissue property defined as the ratio of the density of mobile pro-
tons from fat to the total density of protons from mobile fat and mobile water 
[11]. Several studies have demonstrated changes to the PDFF of the vertebral 
body or paraspinal muscle in osteoporotic patients or postmenopausal wom-
en. Kuhn et al. reported that the PDFF of vertebral bodies was significantly 
increased in osteoporosis patients compared with healthy subjects [12]. Soll- 
mann et al. revealed that the PDFFs of the paraspinal muscle and bone mar-
row of the vertebral body were significantly higher in postmenopausal women 
[13]. 

However, no standard methods for measuring PDFF in the vertebral body 
or skeletal muscle have been defined. Furthermore, differences in PDFF of the 
vertebral body, paraspinal muscle, and subcutaneous fat tissue among sexes or 
with age are also unknown for the Japanese population. The purpose of the pre- 
sent study was to measure PDFF in vertebral bodies of the lumbar spine as well 
as the PDFF in paraspinal muscle and subcutaneous fat tissue with MRI. A 
secondary purpose was to compare PDFFs among different sites (body of the 
fourth lumbar (L4) vertebra, paraspinal muscle, and subcutaneous fat tissue), 
between females and males, and between younger and older subjects in a Japanese 
population.  
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2. Methods 
2.1. Patients and Study Design 

A total of 30 patients (18 male, 12 female) were enrolled in this study. Median 
age of patients was 63 years (range, 14 - 87 years). The number of subjects was 
decided based on the previous study [14]. All patients had required MRI for the 
investigation of clinical symptoms such as low back pain, pain or numbness in 
the lower extremities, or intermittent claudication in Kakunodate General Hos-
pital from January 2020 to December 2020. Patients with severe low back pain 
due to acute vertebral fractures, metastatic spinal tumor, inflammatory diseases, 
or discitis of the spine were excluded. During regular MRI, additional scans for 
PDFF were performed after obtaining written informed consent from all patients. 
The consent from subjects aged younger than 18 years were obtained from their 
parent. The study protocol was approved by the ethics committee of our institute 
(IRB #1970). This study was conducted in accordance with the Declaration of 
Helsinki.  

2.2. MRI 

All subjects underwent MRI (Signa Explorer 1.5T; GE Healthcare, Milwaukee, WI) 
in the supine position during free breathing. Three-dimensional spoiled-gradient 
echo pulse sequences was acquired in the sagittal plane to create parametric MRI- 
PDFF maps of the lumbar spine using Iterative Decomposition of water and fat 
with Echo Asymmetry and Least-squares estimation-iron quantification based on 
previously reported methods (Figure 1) [14]. For later assessment of bone mar-
row, paraspinal muscle, and subcutaneous fat, a sagittally prescribed six-echo se-
quence was acquired with the following sequence adjustments: acquisition ma-
trix = 128 × 128; first Echo time (TE) = 2.1 msec; TE spacing = 1.6 msec; Repeti-
tion time = 14.8 msec; flip angle = 5; slice thickness = 8 mm; slice spacing = 0 mm; 
number of slices = 10; acceleration = Auto-calibrating Reconstruction for Carte-
sian imaging; and acceleration factor = 1. The imaging-based PDFF map was com-
puted from the ratio of fat signals to the sum of fat and water signals, as described 
previously [14] [15].  

2.3. Image Analysis 

Manual Regions of Interest (ROIs) were drawn on PDFF maps using measure-
ment software (SYNAPSE OP-A, Fujifilm Medical, Co., Ltd, Tokyo, Japan) for 
the medical system at Kakunodate General Hospital. We measured the PDFF for 
bone marrow in the L4 vertebral body using two different methods. First, an el-
liptical ROI as large as possible within the border of bone marrow was placed in 
the L4 vertebral body on a slice at the level of the spinous process on sagittal 
PDFF maps (Figure 2A). Second, four square ROIs (area: 49.5 - 50.5 mm2) were 
placed at anterior cranial, posterior cranial, anterior caudal, and posterior caudal 
positions in the L4 vertebral body on the same sagittal slice used for the elliptical 
ROI (Figure 2B). The average value from the four square ROIs was used as the 
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square PDFF value for L4 vertebral bone marrow. To measure PDFF for paraspinal 
muscle and subcutaneous fat tissue, two square ROIs (area: 49.5 - 50.5 mm2) were 
placed at cranial and caudal levels of L4 in three slices at the spinous process lev-
el to the right and left on sagittal PDFF maps (Figure 2C, Figure 2D for right cra-
nial and left caudal paraspinal muscle; Figure 2E, Figure 2F for right cranial and 
left caudal subcutaneous fat tissue). For the right or left PDFF of paraspinal muscle 
or subcutaneous fat, average PDFFs for cranial and caudal sites were used as the 
right or left PDFFs. Average PDFFs for paraspinal muscle or subcutaneous fat were 
calculated from 4 ROIs (right cranial, right caudal, left cranial, and left caudal) 
in comparisons between male and female patients or between younger and older 
age groups.  

Image analysis was performed by two investigators, with both blinded to the 
measurements of the other reader. Intraclass correlation coefficient (ICC) of in-
ter-observer and intra-observer reliability of elliptical ROI and four square ROIs 
of the PDFF for bone marrow in the L4 vertebral body were 0.996 and 0.987, re-
spectively. 

2.4. Statistical Analyses 

Results are expressed as mean (standard deviation) for parametric data. The 
Kolmogorov-Smirnov test revealed that all data were parametric. Differences in  

 

 
Figure 1. Sagittal proton density fat fraction (PDFF) map 
from chemical shift encoding-based water-fat magnetic 
resonance imaging (CSE-MRI). Sagittal-view CSE-MRI 
allowing measurement of PDFF in bone marrow of the 
fourth lumbar vertebral body.  
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Figure 2. Regions of interest (ROIs) for proton density fat fraction (PDFF) 
measurements. Elliptical (A) and square ROIs (B) for PDFF in the fourth lumbar 
vertebral body. ROI for PDFF of paraspinal muscle at the right (C) and left 
ROI (D), and subcutaneous fat at the right (E) and left ROI (F).  

 
L4 vertebral body PDFF among the four ROIs in the vertebral body as well as 
paraspinal muscle and subcutaneous fat tissue PDFF among the total four ROIs 
in bilateral muscle and fat tissues were assessed using one-way analysis of vari-
ance (ANOVA) with the Bonferroni test as a post hoc test. Differences in PDFF 
for the L4 vertebral body, paraspinal muscle, and subcutaneous fat were also an-
alyzed using ANOVA and Bonferroni testing. Differences in PDFFs for the L4 ver-
tebral body with the elliptical ROI and with the average of four square ROIs, av-
erage PDFFs for four ROIs of paraspinal muscle and subcutaneous fat between fe-
males and males were assessed using Student’s t-test. 

The median age of participants was 63 years in this study. Subjects were thus 
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divided into younger subject (<63 years old) and older subjects (>63 years old). 
Differences in averaged PDFF at the three regions of the L4 vertebral body, pa- 
raspinal muscle, and subcutaneous fat between younger and older subjects were 
also evaluated using Student’s t-test. Differences showing values of P < 0.05 were 
considered statistically significant. All statistical analyses were performed using 
EZR statistical software (The R Foundation for Statistical Computing) [16]. 

3. Results 

PDFFs of L4 vertebral bone marrow, paraspinal muscle, and subcutaneous fat 
(Table 1). 

PDFFs for the four regions of front cranial, back cranial, front caudal, and 
back caudal square ROIs in the L4 vertebral body did not differ significantly 
(Table 1). PDFFs of paraspinal muscle and subcutaneous fat tissue of both sides 
cranially and caudally did not differ significantly among the four ROIs (Table 
1).  

Differences of PDFF in L4 vertebral bone marrow, paraspinal muscle, and sub-
cutaneous fat (Figure 3) 

Average PDFF for the L4 vertebral body from elliptical and square ROIs as 
well as for subcutaneous fat were significantly higher than that for paraspinal muscle 
(p < 0.001) (Figure 3). Average PDFF for subcutaneous fat was significantly high-
er than that for the L4 vertebral body from elliptical and square ROIs (p < 0.001) 
(Figure 3). 

 
Table 1. PDFFs of L4 vertebral bone marrow, paraspinal muscle, and subcutaneous fat. 

  P value by ANOVA 

Vertebral bone marrow elliptical 57.83 (11.28)  

Vertebral bone marrow square  0.281 

Front cranial 53.90 (10.36)  

Back cranial 59.09 (11.69)  

Front caudal 58.33 (12.61)  

Back caudal 59.07 (12.88)  

Para-spinal muscle  0.533 

Right cranial 9.77 (6.09)  

Right caudal 9.00 (6.47)  

Left cranial 11.58 (7.03)  

Left caudal 10.23 (7.93)  

Subcutaneous fat  0.987 

Right cranial 81.30 (8.90)  

Right caudal 81.32 (8.97)  

Left cranial 81.93 (9.45)  

Left caudal 81.92 (9.20)  

Data are represented as mean (standard deviation). P-values are analyzed by analysis of 
variance (ANOVA). 
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Figure 3. Difference in proton density fat fractions (PDFFs) between measurement regions. 
PDFF of L4 vertebral body was measured with elliptical (white bar) and squares (black bar). 
PDFFs of paraspinal muscle (dotted bar) and subcutaneous fat tissue (crossed bar). * p < 0.001 
vs paraspinal muscle. # p < 0.001 vs L4. 

 
Differences in PDFF of L4 vertebral body, paraspinal muscle, and subcutane-

ous fat between sex and age (Figure 4, Figure 5). 
No significant differences in PDFF for the L4 vertebral body from elliptical and 

square ROIs, paraspinal muscle, and subcutaneous fat were seen between females 
and males (Figure 4). However, PDFFs of the L4 vertebral body and paraspinal 
muscle were significantly higher in older subjects (>63 years old) than in young-
er subjects (<63 years old; p < 0.05) (Figure 5). PDFF in subcutaneous fat did not 
differ significantly between older and younger subjects (Figure 5).  

4. Discussion 
4.1. Summary of Present Study 

PDFFs of the L4 vertebral body from elliptical and square ROIs were similar, 
significantly higher than that of paraspinal muscle and significantly lower than 
that of subcutaneous fat. PDFFs of the L4 vertebral body, paraspinal muscle, and 
subcutaneous fat did not differ significantly between males and females in this 
study. Finally, PDFFs of the L4 vertebral body and paraspinal muscle were signifi-
cantly lower in younger subjects than in older subjects, but PDFF of subcutane-
ous fat did not differ significantly by age.  

4.2. Measurement of PDFF in Vertebral Bodies or Paraspinal  
Muscle  

Several reports have described the measurement of PDFF in vertebral bodies by  
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Figure 4. Differences in proton density fat fractions (PDFFs) between females and males. 
Differences in PDFFs for L4 vertebral body with elliptical and squares, for paraspinal mus-
cle, and for subcutaneous fat tissue between females (white bars) and males (black bars). 
No significant differences are seen between females and males for any regions.  

 

 
Figure 5. Differences in proton density fat fractions (PDFFs) between younger and older 
subjects. Differences in PDFFs for L4, paraspinal muscle, and subcutaneous fat tissue be-
tween younger (white) and older (black) groups. PDFFs for the L4 and paraspinal muscle 
are significantly lower in younger than in older patients. *: p < 0.05 vs younger.  
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CSE-MRI. ROIs for PDFF of the vertebral body have differed among previous 
studies. Kuhn et al. placed an elliptical ROI on vertebral bodies from L1 to L5, 
excluding motion artifacts, vertebral discs, cortical bone of vertebral bodies, fo-
cal lesions, venous plexuses and spinal canals [12]. We measured PDFF for the 
L4 vertebral body in an elliptical ROI based on that report. However, squares in 
vertebral body segments were placed to measure PDFF of the vertebral body in 
other studies [9] [13] [17] [18]. In the present study, although we compared PDFF 
of the vertebral body between elliptical and separated square ROIs, no significant 
differences were apparent between methods. We thus consider that the ROI for 
PDFF measurement might be sufficient using an elliptical ROI, which is easier to 
decide compared to square ROIs.  

4.3. Differences in PDFF at the Level of the Lumbar Spine 

The present study measured PDFF of vertebral bodies only at the L4 level. PDFF 
of the vertebral bodies increased significantly from C3 to L5 [19] or from L1 to 
L5 [18]. Other studies have evaluated PDFF of the vertebral body from L1 to L5 
[12] [13] [18], from L1 to L3 [20] or to L4 [17]. When we measure PDFF in os-
teoporotic patients, vertebral fractures or collapse may influence PDFF of the 
vertebral body. The thoracolumbar region from T10 to L2 is the most common 
level of osteoporotic vertebral fractures. We thus consider that the lower lumbar 
spine could be appropriate for evaluating PDFF of the lumbar spine. Further, re-
garding an evaluation of PDFF of paraspinal muscle, axial-slice PDFF maps should 
be appropriate. Sollmann et al. measured PDFF of the right and left erector spi-
nae muscles from the upper endplate level of L2 to the lower endplate of L5 on 
axial PDFF maps [13]. We need to consider whether the entire lumbar spine from 
L1 to L5 should be acquired to measure PDFF of vertebral bodies and paraspinal 
muscle in future studies.  

4.4. Differences in PDFF between Sex or Age 

Several studies have examined associations of PDFF by sex or age. Baum et al. 
reported PDFF of the vertebral body as significantly higher in males than in fe-
males in their twenties and thirties [17]. In the present study, PDFF of the verte-
bral body was no different between males and females, including all subjects be-
tween 14 and 87 years old. PDF of the vertebral body (bone marrow) and para- 
spinal muscle were significantly lower in premenopausal women than in post-
menopausal women [13] [18]. Moderate inverse correlations were found between 
bone marrow fat fraction and BMD [20]. Kuhn et al. reported that PDFF was sig-
nificantly increased in osteoporosis compared with healthy subjects [12]. Fur-
thermore, Sollmann reported a significant correlation in postmenopausal wom-
en, but not in premenopausal women, between the PDFFs of paraspinal muscle 
and vertebral body bone marrow [13]. A recent study by Wong et al. reported 
that a large amount of muscle fat in the leg was associated with osteoporosis status 
[21]. PDFF of the vertebral body or paraspinal muscle should be changed by age 
or osteoporotic conditions, so future studies should investigate relationships be- 
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tween PDFF in bone marrow and skeletal muscle before and after treatment for 
osteoporosis.  

4.5. Study Limitations 

Several limitations need to be considered when interpreting the results from this 
study. First, the study cohort was rather small. Second, all patients had com-
plaints regarding the lumbar spine, although patients with critical diseases of the 
lumbar spine such as acute vertebral fracture, tumor, or discitis were excluded. 
Third, PDFF measurement in paraspinal muscle was performed on sagittal PDFF 
maps. An axial PDFF maps should be appropriate to measure PDFF of the para- 
spinal muscle. Finally, PDFF of the vertebral body was measured only at the 
L4. The PDFF values of the vertebral body should be changed by the level of s- 
pine.  

5. Conclusion 

PDFF in the L4 vertebral body as measured by the circular ROI was significantly 
higher than that in paraspinal muscle and significantly lower than that in subcu-
taneous fat. PDFFs of the L4 vertebral body and paraspinal muscle in younger 
subjects were significantly lower than those in older subjects, but PDFF for sub-
cutaneous fat did not differ significantly by the subject age. 
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