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Abstract 
Context: Noninvasive assessment of proton density fat fraction (PDFF) by magnetic resonance imaging (MRI) may improve the prediction of 
fractures.
Objective: This work aimed to determine if an association exists between PDFF and fractures.
Methods: A case-control study was conducted at Lille University Hospital, Lille, France, with 2 groups of postmenopausal women: one with 
recent osteoporotic fractures, and the other with no fractures. Lumbar spine and proximal femur (femoral head, neck, and diaphysis) PDFF 
were determined using chemical shift-based water-fat separation MRI (WFI) and dual-energy x-ray absorptiometry scans of the lumbar spine 
and hip. Our primary objective was to determine the relationship between lumbar spine PDFF and osteoporotic fractures in postmenopausal 
women. Analysis of covariance was used to compare PDFF measurements between patient cases (overall and according to the type of 
fracture) and controls, after adjusting for age, Charlson comorbidity index (CCI) and BMD.
Results: In 199 participants, controls (n = 99) were significantly younger (P < .001) and had significantly higher BMD (P < 0.001 for all sites) than 
patient cases (n = 100). A total of 52 women with clinical vertebral fractures and 48 with nonvertebral fractures were included. When PDFFs in 
patient cases and controls were compared, after adjustment on age, CCI, and BMD, no statistically significant differences between the groups 
were found at the lumbar spine or proximal femur. When PDFFs in participants with clinical vertebral fractures (n = 52) and controls were 
compared, femoral neck PDFF and femoral diaphysis PDFF were detected to be lower in participants with clinical vertebral fractures than in 
controls (adjusted mean [SE] 79.3% [1.2] vs 83.0% [0.8]; P = 0.020, and 77.7% [1.4] vs 81.6% [0.9]; P = 0.029, respectively).
Conclusion: No difference in lumbar spine PDFF was found between those with osteoporotic fractures and controls. However, imaging-based 
proximal femur PDFF may discriminate between postmenopausal women with and without clinical vertebral fractures, independently of age, CCI, 
and BMD.
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Osteoporotic fractures are frequent in people older than 
50 years: One in 3 women and 1 in 5 men will experience 
osteoporotic fractures in their lifespan (1, 2). Osteoporosis- 
related fractures may lead to reduced quality of life, disability, 
and even death (3-7). Currently, osteoporosis is still under
diagnosed and undertreated (2). Diagnosing osteoporosis 
and predicting fracture risk depend on case-finding strategies 
based on the evaluation of bone mineral density (BMD) using 
dual-energy x-ray absorptiometry (DXA), coupled with an 
evaluation of clinical risk factors for osteoporosis. However, 
most fractures arise in people who have not been diagnosed 

with osteoporosis using BMD screening, or in people who 
have few clinical risk factors for osteoporosis, or even both 
(2). Improved methods for identifying individuals with the 
highest risk of fracture would allow the treatment of patients 
who would probably have the most favorable benefit-to-risk 
profiles and may eventually decrease fracture burden.

Noninvasive quantitative assessment of bone marrow adi
pose tissue (BMAT) using magnetic resonance imaging 
(MRI) may improve the prediction of fracture (8, 9). 
Cross-sectional studies have shown that higher BMAT is 
associated with lower BMD as assessed by DXA and 
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quantitative computed tomography (qCT) both in healthy and 
osteoporotic populations (10-12). Few data are accessible on 
the relationship between BMAT and osteoporotic fractures 
(12-16). Previous cross-sectional studies have suggested an as
sociation between prevalent vertebral fracture and higher 
lumbar spine BMAT (12-14). Recently, Woods et al (16) re
ported an association between higher bone marrow unsatur
ated lipid content and lower risk of incident vertebral 
fractures, but not clinical fractures. As such, further investiga
tion is necessary to validate these findings with vertebral frac
tures, and to evaluate whether BMAT is associated with other 
osteoporotic fractures. It is important to note that previous 
studies were not powered to detect meaningful differences be
tween groups. Moreover, these studies were limited by their 
low numbers of fractures and the inclusion of women and 
men of all ages, and very few studies have investigated 
BMAT at the proximal femur (12-14).

Whether noninvasive BMAT measurement can differentiate 
between individuals with and without osteoporotic fractures still 
needs to be determined. We conducted this case-control study 
with the hypothesis that noninvasive BMAT measurement using 
MRI would be able to differentiate between individuals with and 
without osteoporotic fractures in postmenopausal women be
tween ages 50 and 90 years. Our main objective was to determine 
the relationship between lumbar spine BMAT and osteoporotic 
fractures in postmenopausal women.

Materials and Methods
Study Design
This case-control study (clinicaltrials.gov NCT03219125) in
cluded postmenopausal women enrolled by the Department of 
Rheumatology at Lille University Hospital, France, between 
October 2018 and June 2021.

For the study, the postmenopausal women were divided 
into 2 groups: 1 comprising postmenopausal women with re
cent osteoporotic fractures (< 12 months old, patient cases), 
and another comprising postmenopausal women with osteo
arthritis and no history of fragility fracture (controls).

The study protocol was accepted by the local institutional 
review board (2017-A00472-51), and the study procedures 
were in accordance with the ethical standards of the relevant 
institutional and national human experimentation ethics com
mittees. All patients gave their written informed consent.

Study Population: Patient Cases
Inclusion criteria were (i) postmenopausal women between 
ages 50 and 90 years, (ii) living in France, and (iii) seen by the 
Fracture Liaison Service at Lille University Hospital for osteo
porotic fractures (eg, a fall from standing height). 
Osteoporotic fractures were hip, vertebral, proximal humerus, 
pelvis, ribs, and forearm/wrist fractures (5). To be eligible for 
the study, patients had to be included and examined within 
12 months of diagnosis of the fracture event. Exclusion criteria 
were (i) implants that are contraindicated for MRI examin
ation, (ii) implants that might pose a health risk or other risks 
during an MRI, (iii) body mass index (BMI) greater than 38, 
(iv) weight greater than 140 kg, (v) chronic kidney disease 
with calculated creatinine clearance less than 30 mL/mn, (vi) 
diseases known to affect bone metabolism, and (vii) current 
use of compounds known to affect BMD—including glucocor
ticoids, osteoporosis medications (bisphosphonates, raloxifene, 

calcitonin, or teriparatide), and estrogen therapy. Prior use of 
osteoporosis and estrogen therapy treatments of more than 
12 months’ duration were allowed.

Study Population: Controls
Inclusion criteria were (i) postmenopausal women between 
ages 50 and 90 years, (ii) living in France, and (iii) seen by 
the Department of Rheumatology at Lille University 
Hospital for osteoarthritis (hips, knees, hands, or spine). 
Controls were eligible for the study if they reported no previ
ous history of a fragility fracture over age 40 years. Exclusion 
criteria were the same as those required for cases.

Study Protocol
Information was obtained through a structured interview, a 
physical examination, biochemical assays, DXA and MRI as
sessments, and a review of medical records.

Patient disease assessment
Patient characteristics were recorded by 1 physician (J.P., 13 
years’ experience in osteoporosis management), and a com
plete physical examination was performed. Osteoporosis 
risk factors were collected: current smoking, excessive alcohol 
consumption, previous use of oral corticosteroids (exposed to 
≥5 mg/day of prednisolone for ≥3 months), history of fragility 
fracture over age 40, and hip fracture in mother or father. 
Data on prior use of estrogen therapy and antiosteoporosis 
medication over 12 months’ duration were also collected. 
Other data, such as Charlson comorbidity index (CCI), leisure 
time activity (score 0-15) and medication data, were collected 
for all participants.

Bone mineral density assessment by dual-energy x-ray 
absorptiometry
Bone mineral density (BMD) was measured at the lumbar spine 
(L1-L4) and the nondominant hip by DXA (HOLOGIC 
Discovery A S/N 81360). The machine was calibrated daily, 
and quality assurance tests were carried out daily and weekly. 
World Health Organization criteria were used to define osteo
porosis (T score ≤ −2.5) and osteopenia (T score −1.0 to −2.5) 
based on BMD.

Bone marrow adiposity measurement by magnetic resonance 
imaging

Image acquisition. All participants underwent an MRI exam
ination on a 3 Tesla system (Ingenia; Philips Healthcare) using 
the built-in 12-channel posterior body coil and a 16-channel 
anterior coil. All MRI examinations were performed under 
the supervision of a senior radiologist (S.B., 11 years’ experi
ence). Patients were positioned head first in the supine pos
ition. Images were acquired using a conventional protocol— 
including T1- and T2-weighted, 2-point Dixon turbo-spin 
echo acquisitions in the sagittal plane—followed by an op
tional axial T2-weighted, turbo-spin echo acquisition based 
on the clinical history and the radiologist’s observations.

Following this morphological exploration, BMA quantifica
tion could be achieved using a 6-echo 3-dimensional 
gradient-echo sequence (mDixon-Quant; Philips Healthcare), 
permitting a chemical shift-encoded–based water-fat separ
ation at the lumbar spine (sagittal) and the nondominant prox
imal femur (coronal oblique). At the lumbar spine, imaging 
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parameters were repetition time (TR)/echo time (TE)/ΔTE =  
11/1.43/1.1 ms; field of view = 220 × 220 mm; voxel size =  
1.8 × 1.8 mm; slice thickness = 3 mm; number of excitations =  
1; no SENSE acceleration; fold-over direction = foot-head; band
width = 1563 Hz; and scan time = 1 minute 41 seconds. At the 
hip, MR parameters were TR/TE/ΔTE = 11/1.13/1.0 ms; field 
of view = 354 × 354 mm; voxel size = 1.8 × 1.8 mm; slice thick
ness = 3 mm; number of excitations = 1; no SENSE acceleration; 
fold-over direction = right to left; bandwidth = 1724 Hz; and 
scan time = 1 minute 25 seconds. In both situations, a low flip an
gle of 3° was used to minimize T1 bias (17).

Offline reconstructions computed proton density fat frac
tion maps (PDFF; ratio of fat signal over fat and water signals) 
using a precalibrated 7-peak fat spectrum and a single 
T2*-correction (18, 19).

Magnetic Resonance Spectroscopy. To confirm the PDFF 
measurements obtained from the maps computed from 
mDixon-Quant acquisitions (full cohort, n = 199), multi-TE 
monovoxel STEAM MR spectroscopy (1H-MRS) was per
formed in a subgroup of participants (1H-MRS cohort). 
1H-MRS was not completed in the full cohort because of the 
length of the procedure and technical issues. Therefore, 
1H-MRS was performed at the lumbar spine in 131 partici
pants, and at the nondominant proximal femur in 123 partic
ipants. The 1H-MRS voxel was positioned in the L3 vertebral 
body using 3 orthogonal scout sections and T1-weighted ac
quisitions in the sagittal and axial planes, avoiding the cortical 
bone. If the L3 vertebral body was fractured, the L2 vertebral 
body was selected. Similarly, if the nondominant hip was frac
tured, the 1H-MRS voxel was positioned at the femoral neck 
of the contralateral hip. 1H-MRS parameters were as follows: 
volume = 15 × 15 × 15 mm3; bandwidth = 4000 Hz, with 
4096 samples; TR = 2000ms; TE = 10-15-20-25 ms; number 
of averages = 16; and acquisition time = 3 minutes.

Spectroscopic data were post-processed using the ALFONSO 
(A versatile Formulation fOr N-dimensional Signal model fitting 
of MR spectroscopy data) scripts written in MATLAB, version 
R2022a (MathWorks) (20). The scripts used automatically fit
ted the acquired spectroscopic data jointly in the time domain, 
providing reproducible measurements for each acquisition. 
The fitting strategy used common T2 values and linewidth con
straints across all 10 fat peaks (21). PDFF was calculated as the 
percentage of the fat signal relative to total signal intensity (fat +  
water). The apparent lipid unsaturation level (aLUL) was 
calculated as follows, using the olefinic peak (UL) as the most 
representative unsaturated lipid: aLUL (%) = UL/all fat.

Magnetic resonance segmentation. The MRI acquisitions of each 
participant were examined by a senior radiologist (S.B., 11 
years’ experience) on a dedicated workstation, using 
IntelliSpace Portal (Philips Healthcare) for MR segmentation. 
First, a morphological assessment was performed to deter
mine the existence of any transitional anomalies, severe de
generative changes, or bone marrow–replacing lesions at the 
hip or lumbar spine.

Next, the 3 most central slices were chosen at the lumbar 
spine, based on the PDFF maps computed from the 
mDixon-Quant acquisitions. A polygonal region of interest 
(ROI) was drawn in the L1 to L4 vertebral body, avoiding 
fractured vertebrae, the immediate subchondral bone, bone 
marrow–replacing lesions, severe degenerative changes, and 

the basivertebral vein. Fig. 1 shows a PDFF map of the lumbar 
spine in 2 participants, with the corresponding segmentation. 
Similarly, an ROI was drawn in the femoral head, femoral 
neck, and femoral diaphysis based on the 3 most central slices 
of the coronal oblique mDixon-Quant acquisition of the non
dominant hip. Fig. 2 shows a PDFF map of the nondominant 
hip in 1 participant. The PDFF and aLUL calculated from the 
postprocessed spectroscopic data reflected fat content and fat 
composition at the L3 (or L2) level or the femoral neck 
(Fig. 3).

Repeatability. To assess the interobserver agreement of the 
MR analysis, a random subset of 30 participants (15 patients 
and 15 controls) was selected. Using the same tools and seg
mentation strategy, PDFF values at the lumbar spine (average 
of the L1-L4 vertebrae), femoral head, femoral neck, and di
aphysis of the nondominant hip were assessed by 2 independ
ents senior radiologists (S.B. and H.K., 11 and 10 years’ 
experience, respectively). For the analysis of the intraobserver 
agreement, 1 of the 2 senior musculoskeletal radiologists 
(S.B.) assessed the same subset of participants, with a new seg
mentation, 3 months later.

Laboratory variables
Fasting blood samples were collected. Total calcium, creatinine, 
and high-sensitivity C-reactive protein were assessed by routine 
assays. The estimated glomerular filtration rate was calculated 
using the Chronic Kidney Disease–Epidemiology Collaboration 
formula (mL/min). Parathormone was measured by chemilumin
escent immunoassay using an automatic analyzer (Architect, 
Abbott Laboratories). 25-Hydroxyvitamin D (25(OH)D) was 
measured by competitive chemiluminescent immunoassay using 
an IDS-iSYS device (IDS). Procollagen I intact N-terminal (PINP) 
and serum collagen type 1 cross-linked C-telopeptide (CTX) 
were measured by chemiluminescence assay using the IDS-iSYS 
Multi-Discipline Automated Analyzer (Immunodiagnostic 
Systems Inc).

Study Objectives
The primary objective in the full cohort was to compare lum
bar spine imaging-based PDFF in patient cases (1a), vertebral 
fractures (1b), nonvertebral fractures (1c) and controls.

Secondary objectives in the full cohort were to compare hip 
imaging-based PDFF (femoral head, femoral neck, and fem
oral diaphysis) in patient cases (2a), vertebral fractures (2b), 
nonvertebral fractures (2c), and controls.

Secondary objectives in the MRS cohort were to compare 
L3 MRS-based PDFF in patient cases (3a) and controls—com
parison of L3 aLUL in patient cases (3b) and controls; com
pare femoral neck MRS-based PDFF in patient cases (4a) 
and controls; and compare femoral neck aLUL in patient cases 
(4b) and controls.

Study Size
We determined beforehand that we would need to include a 
total of 194 participants (97 per group) to achieve a statistical 
power of 80% to demonstrate a mean between-group differ
ence in lumbar spine imaging-based PDFF of 3.5%, as found 
by Schwartz et al (12). The sample size was calculated based 
on a 2-sided t test with equal variance at a statistical 
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Figure 1. Imaging-based proton density fat fraction (PDFF) map of the lumbar spine. PDFF map of the lumbar spine computed from a T1-weighted, 
multiecho gradient echo sequence (mDixon-Quant) acquired in the sagittal plane, from an A, 61-year-old control and a B, 90-year-old patient (both 
postmenopausal women). Manually segmented regions of interest were placed in the L1 to L4 vertebral bodies, avoiding the immediate subchondral 
bone, the cortical bone and the basivertebral vein. L1 was excluded for patient B, as it was fractured.

Figure 2. Imaging-based PDFF map of the hip PDFF map of the left (non-dominant) hip computed from a T1-weighted multi-echo gradient echo 
sequence (mDixon-Quant) acquired in a coronal oblique plane (along the femoral neck axis), from a 55-year old case. Manually segmented ROI was 
placed in the femoral head, femoral neck, and femoral diaphysis avoiding the cortical bone.
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significance level of .05, an SD of 8.4% (12), and by consider
ing 5% of missing outcome measures.

Statistical Analysis
Categorical variables are expressed as numbers (percentages). 
Quantitative variables are expressed as mean (SD) or median 
(interquartile range) for non-Gaussian distributions. The nor
mality of distributions was assessed using histograms and the 
Shapiro-Wilk test. In a subset of 30 individuals (15 patient 
cases and 15 controls), we evaluated the intraobserver and in
terobserver agreement of imaging-based PDFF measures by 
calculating the intraclass correlation coefficients with their 
corresponding 95% CIs. We assessed a selection bias based 
on the unavailability of 1H-MRS in the full cohort by compar
ing the patient characteristics of participants with and without 
1H-MRS. The magnitude of differences between patient cases 
and controls was assessed by calculating the effect sizes 
(standardized differences, calculated on rank-transformed 
data for non-Gaussian distributions). Absolute values of 0.2, 
0.5, and 0.8 in standardized differences were interpreted as 
a small, medium, and large differences.

In the overall study population, we compared the patient 
characteristics, biochemistry, BMD, and BMAT measurements 
of patient cases and controls using the t test for quantitative var
iables (or the Mann-Whitney U test for non-Gaussian distribu
tions) and the chi-square test (or Fisher exact test when the 
expected cell frequency was < 5) for categorical variables, 
and by calculating effect sizes.

In patient case and control groups separately, we assessed 
the correlation between imaging-based PDFF measurements 
and parameters of interest (age, BMD, and PDFF), and the 

correlation between imaging- and MRS-based PDFF measure
ments, by calculating the Pearson correlation coefficients, or 
the Spearman rank correlation coefficients for non-Gaussian 
distributions, with their 95% CIs. Correlation coefficients (r) 
in absolute values of 0.1 to 0.3, 0.3 to 0.5, and 0.5 to 1.0 
were interpreted as small, medium, and large correlations.

Primary (lumbar spine imaging-based PDFF) and secondary 
outcome measures (hip imaging- or MRS-based PDFF) in pa
tient cases (overall and according to type of fracture) and con
trols were compared after adjusting for age, Charlson 
comorbidity index, and lumbar spine BMD (or hip BMD), us
ing analysis of covariance (ANCOVA). Adjusted means ± SEM 
and adjusted effect sizes were derived from ANCOVA models.

As a sensitivity analysis, the comparison in outcome meas
ures was performed between patient cases and controls 
matched by age ±1 year, using optimal matching algorithm 
without replacement. Comparisons were made using a linear 
mixed model including matched sets as random effect, and 
CCI and lumbar spine BMD (or hip BMD) as covariates.

No corrections for multiple testing were made, given the ex
ploratory nature of the study. Secondary outcomes and correl
ation analyses should be interpreted with caution and as 
hypothesis generating.

Statistical testing was conducted at the 2-tailed α level of 
.05. Data were analyzed using SAS software version 9.4 
(SAS Institute).

Results
Baseline Characteristics
Table 1 shows the baseline characteristics. In 199 participants 
(full cohort) with no recent use of bone-active treatment, 

Figure 3. Magnetic resonance spectroscopy (MRS) voxel placement. An MRS (1H-MRS) voxel of interest was placed in the L3 vertebral body (A, 
T2-weighted sagittal acquisition with fat suppression) and at the femoral neck (B, T1-weighted, gradient echo coronal acquisition) of the nondominant 
hip. Complementary orthogonal scout acquisitions (not shown) were used to avoid the cortical bone.
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controls (n = 99) were significantly younger (P < .001), taller 
(P = .021), and heavier (P = .027) than patient cases (n =  
100). Osteoporosis risk factors in both groups were compar
able. CCI was lower in the control group (P < .001). 
Controls had significantly lower 25(OH)D (P = .025), PINP, 
and CTX levels (P < .001 for both) than patient cases. We in
cluded 52 cases with at least one clinical vertebral fracture 
(median [minimum-maximum]: 1 [1–4]) and 48 cases with 
nonvertebral fractures (18 forearm/wrist fractures, 14 hip 
fractures, 10 pelvis fractures, 5 proximal humerus fractures, 
and 1 rib fracture). Fifty-nine patient cases had a history of 
osteoporotic fracture, and 15 had prior osteoporosis 

treatment (mainly bisphosphonates) that was discontinued 
more than 12 months before inclusion.

When BMD testing was performed, 43 patient cases were 
found to have osteoporosis compared to only 11 participants 
in the control group. Controls had significantly higher BMD 
at the lumbar spine, femoral neck, and total hip than patient 
cases (P < .001 for all). When imaging based PDFFs were com
pared, no statistically significant differences between cases 
and controls were found (see Table 1). Lumbar spine PDFF 
was higher in patient cases compared to controls, but the dif
ference failed to achieve statistical significance (mean [SD] 
59.1% [9.6] vs 56.6% [9.4]; P = .06).

Table 1. Patients’ general characteristics and biochemistry results at baseline

No. Patients (n = 100) N Controls (n = 99) Standardized difference P

Age, y 100 70.2 ± 10.6 99 64.7 ± 8.5 0.56 <.001

Weight, kg 100 67.2 ± 15.6 99 72.1 ± 15.8 −0.33 .027

Height, cm 100 159.1 ± 6.8 99 161.2 ± 6.2 −0.31 .021

BMI 100 26.5 ± 5.9 99 27.7 ± 5.8 −0.21 .14

Leisure time activity (score 0-15) 100 8.7 ± 2.6 99 9.3 ± 2.4 −0.26 .07

Comorbidities

Nonmetastatic cancer 100 24 (24.0) 99 14 (14.1) 0.25 .08

Type 2 diabetes 100 12 (12.0) 99 12 (12.1) −0.01 .98

Chronic pulmonary disease 100 9 (9.0) 99 5 (5.1) 0.15 .28

Stroke or TIA 100 9 (9.0) 99 2 (2.0) 0.31 .031

Charlson comorbidity index 100 3 (2-5) 99 2 (0-4) 0.58 <.001

Clinical risk factors

Excessive alcohol consumption 100 8 (8.0) 99 4 (4.0) 0.17 .24

Current smoking 100 13 (13.0) 99 10 (10.1) 0.09 .52

Family history of hip fracture 100 11 (11.0) 99 11 (11.1) −0.01 .98

Previous use of corticosteroids 100 6 (6.0) 99 4 (4.0) 0.09 .75

Biochemistry results

hs-CRP, mg/L 100 3.0 (3.0 to 9.0) 99 3.0 (3.0 to 4.0) 0.33 .021

Calcium, mmol/L 100 2.4 ± 0.1 99 2.4 ± 0.1 0.14 .33

25(OH)D, ng/mL 100 30.1 ± 12.8 99 26.4 ± 9.9 0.32 .025

Serum PTH, pg/mL 100 42.0 (30.0-56.5) 99 47.0 (38.0-59.0) −0.28 .049

Creatinine, µmol/L 100 62.0 (62.0-71.0) 99 62.0 (53.0-71.0) 0.01 .95

Creatinine clearance (MDRD formula), mL/mn 100 88.0 (77.0-95.5) 99 82.1 (67.1-94.0) −0.27 .06

PINP, ng/mL 100 72.5 (50.0-99.0) 99 56.0 (40.0-70.0) 0.70 <.001

CTX, pmol/L 100 4058 (2422-5405) 99 2913 (1961-4024) 0.48 <.001

BMD

BMD lumbar spine, g/cm2 99a 0.847 ± 0.169 99 0.939 ± 0.174 −0.53 <.001

BMD total hip, g/cm2 97b 0.757 ± 0.135 99 0.866 ± 0.145 −0.77 <.001

BMD femoral neck, g/cm2 97b 0.632 ± 0.127 99 0.726 ± 0.122 −0.75 <.001

Fat content (imaging-based)

PDFF lumbar spine, % 100 59.1 ± 9.6 99 56.6 ± 9.4 0.27 .06

PDFF Femoral head, % 95c 90.1 ± 4.0 97d 90.0 ± 5.7 0.03 .83

PDFF femoral neck, % 95c 82.2 ± 8.1 97d 81.5 ± 8.5 0.08 .56

PDFF femoral diaphysis, % 95c 81.4 ± 8.5 97d 79.8 ± 9.8 0.17 .23

Values expressed as numbers (%), mean ± SD or median (IQR). 
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMD, bone mineral density; BMI, body mass index; CTX, collagen type 1 cross-linked C-telopeptide; 
hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile range; MDRD, Modification of Diet in Renal Disease; PDFF, proton density fat fraction; PTH, 
parathyroid hormone; PINP, procollagen type 1 N-terminal propeptide; TIA, transient ischemic attack. 
aLumbar spine BMD measurements were not performed in 1 woman (vertebral fractures at L1, L2, and L3). 
bHip BMD measurements were not available in 3 women (bilateral hip arthroplasty). 
cHip PDFF measurements were not available in 5 women (bilateral hip arthroplasty, n = 3; unacceptable quality of measurements, n = 2). 
dHip PDFF measurements were not performed in 2 women (bilateral hip osteonecrosis, n = 1; unacceptable quality of measurements, n = 1).
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Intrareliability and interreliability for lumbar spine 
imaging-based PDFF measurements were very good, with an 
intraclass correlation coefficient of 0.98 (95% CI, 
0.96-0.99) and 0.94 (95% CI, 0.94-0.97), respectively. 
Similar findings were found for imaging-based PDFF measure
ments at the femoral head, neck, and diaphysis (results not 
shown).

Correlations Between Imaging-based Proton 
Density Fat Fraction and Parameters of Interest
In both groups, statistically significant positive correlations 
were found between lumbar spine PDFF and age (patient 
cases: R = 0.30 [0.11-0.47]; P = .002; controls: R = 0.30 
[0.11-0.47]; P = .002), suggesting higher lumbar spine PDFF 
in older women. However, no statistically significant correla
tions were found between lumbar spine PDFF and BMD meas
urements, except for total hip BMD (patient cases: R = −0.21 
[−0.39 to −0.01]; P = .037; controls: R = −0.23 [−0.4 to 
−0.03]; P = .024), suggesting higher lumbar spine PDFF in 
women with low total hip BMD.

Table 2 shows the correlations between hip PDFF and pa
rameters of interest. In both groups, statistically significant 
negative correlations were found between femoral head, 
neck and diaphysis PDFF and BMD measurements (P < .05 
for all), except in the control group for the correlation be
tween femoral head PDFF and femoral neck BMD. A statistic
ally significant positive correlation between femoral head, 
neck, and diaphysis PDFF and age was found only in cases 
(R = 0.32-0.39; P < .05 for all). In both groups, femoral 
head, neck, and diaphysis PDFF were strongly correlated 
with lumbar spine PDFF (R = 0.34-0.49; P < .001 for all).

Comparison of Lumbar Spine Imaging-based Proton 
Density Fat Fraction in Patient Cases and Controls
When lumbar spine PDFFs were compared, after adjusting for 
age, CCI, and lumbar spine BMD, no statistically significant 
differences were found between patient cases and controls 
(adjusted mean [SEM] 58.0% [0.9] vs 57.9% [0.9]; P = .95) 
(1a). When the location of the fractures was considered, no 
difference in lumbar spine PDFF was found between those 
with vertebral fractures (1b) or nonvertebral fractures (1c) 
and controls, even after adjusting for age, CCI, and lumbar 
spine BMD (Table 3).

Comparison of Hip Imaging-based Proton Density 
Fat Fraction in Patient Cases and Controls
When femoral head, neck, and diaphysis PDFFs were com
pared, after adjusting for age and total hip BMD, no statistic
ally significant differences were found between patient cases 
and controls (2a). Femoral neck PDFF was lower in cases com
pared to controls, but the difference failed to achieve statistic
al significance (adjusted mean [SEM] femoral neck PDFF 
80.8% [0.8] vs 82.9% [0.8]; P = .082) (see Table 3).

In patient cases with vertebral fractures (n = 52), femoral 
neck PDFF (adjusted mean [SEM] 79.3% [1.2] vs 83.0% 
[0.8]; P = .020) and diaphysis PDFF (adjusted mean [SEM] 
77.7% [1.4] vs 81.6% [0.9]; P = .029) were found to be lower 
than in controls (n = 99) (2b) (see Table 3). No difference in 
hip PDFF (femoral head, femoral neck, and femoral diaphysis) 
was found between patient cases with nonvertebral fractures 
(n = 42) and the control group (n = 99) (2c).

A sensitivity analysis on age-matched sets (± 1 year) was per
formed and found similar effect size estimates (Supplementary 
Table S1) (22).

Magnetic Resonance Spectroscopy-based Proton 
Density Fat Fraction and Apparent Lipid 
Unsaturation Level at the L3 Vertebral Level and 
Femoral Neck
1H-MRS was performed at the L3 vertebral level in a sub
group of 131 participants. No statistically significant differen
ces in demographic, fractures, and clinical characteristics were 
found between the 131 participants (1H-MRS cohort) and the 
68 noncompleters. As illustrated in Table 4, no statistically 
significant differences in PDFF (3a) or aLUL (3b) at the L3 
level were found between groups.

At the femoral neck, after adjustment on age, CCI, and fem
oral neck BMD, femoral neck PDFF (4a), but not aLUL (4b), 
was found to be lower in cases than in controls (adjusted mean 
[SEM] 78.3% [1.3] vs 82.3% [1.1]; P = .028) (see Table 4).

In both groups, femoral neck MRS-based PDFF was highly 
correlated with femoral neck imaging-based PDFF measure
ments (patient cases: R = 0.89 [0.81-0.93]; P < .0001; con
trols: R = 0.88 [0.81-0.93]; P < .0001). Similar findings were 
found for L3 MRS-based PDFF and lumbar spine imaging- 
based PDFF (patient cases: R = 0.77 [0.62-0.86]; P < .0001; 
controls: R = 0.84 [0.74-0.90]; P < .0001).

Discussion
When lumbar spine imaging-based PDFF in patient cases (over
all and according to type of fracture) and controls were com
pared, no statistically significant differences were found. 
Another finding is that lower femoral neck and femoral diaph
ysis PDFF derived from water-fat imaging was associated with 
clinical vertebral fractures in postmenopausal women, inde
pendently of age, CCI, and BMD. This result suggests that 
PDFF measurements at the proximal femur, rather than at the 
lumbar spine, may be useful in assessing fracture risk in this 
population. 1H-MRS measurements were strongly correlated 
with imaging-based PDFF values and confirmed the association 
between PDFF and osteoporotic fractures at the femoral neck, 
while also supporting the use of chemical shift-encoded–based 
water-fat separation imaging to explore BMAT.

Lumbar Spine Bone Marrow Adipose Tissue and 
Clinical Fractures
There are few studies on the association between BMAT and 
clinical fractures. Most of the studies addressing this question 
were limited by a small number of participants with a preva
lent clinical fracture. Schwartz et al (12) failed to find an asso
ciation between lumbar spine bone marrow fat fraction 
(BMFF) measured using 1H-MRS and history of clinical frac
tures (all fractures), or analyses limited to fragility fractures 
(clinical spine, proximal humerus, and hip), whether in wom
en or men. Findings in accordance with these results have been 
published by Patsch et al (14). In that study, the authors found 
no association between fragility fractures (in 36 patients, 
mostly nonvertebral fractures) and lumbar spine BMFF meas
ured using 1H-MRS (14). In accordance with the results of 
previous 1H-MRS studies (12, 14), we did not find an associ
ation between lumbar spine PDFF and osteoporotic fractures 
in the 1H-MRS cohort or in the full imaging-based cohort.
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However, femoral neck PDFF was lower in postmenopausal 
women with recent osteoporotic fractures. This result was ob
served only in the 1H-MRS cohort, but not in the full imaging- 
based cohort either at the lumbar spine or proximal femur. To 
the best of our knowledge, no previous studies of BMAT and 
fractures in older participants have used 1H-MRS or WFI to 
measure proximal femur PDFF.

Lumbar Spine Bone Marrow Adipose Tissue and 
Vertebral Fractures
Some preliminary human imaging studies have suggested that 
changes in lumbar spine BMFF, assessed using 1H-MRS, may 
contribute to “vertebral bone weakness,” independently of BD 

(23, 24). Sometime later, Schwartz and colleagues (12) reported 
an association between prevalent vertebral fractures and higher 
lumbar spine BMFF measured by 1H-MRS in older men 
(n = 118) but not in women (n = 139). More recently, Gassert 
et al (15) demonstrated that lumbar spine PDFF measured using 
WFI has the potential to discriminate between patients with and 
without recent vertebral (osteoporotic and nonosteoporotic) 
fractures. Unlike previous studies, we found no association be
tween lumbar spine PDFF and clinical vertebral fractures, using 
either imaging- or MRS-based measurements.

However, we found that lower femoral neck and diaphysis 
imaging-based PDFF was associated with vertebral fractures, 
which is a novel and unexpected finding.

Table 3. Adjusted mean imaging-based proton density fat fraction was assessed by presence of fracture vs no fracture

No. Patients No. Controls Standardized difference P

All fractures (n = 100)

PDFF lumbar spine, % 100 58.0 ± 0.9 99 57.9 ± 0.9 0.01 (−0.25 to 0.27) .95

PDFF femoral head, % 95a 89.5 ± 0.5 97b 90.6 ± 0.5 −0.21 (−0.47 to 0.06) .125

PDFF femoral neck, % 95a 80.8 ± 0.8 97b 82.9 ± 0.8 −0.23 (−0.48 to 0.03) .082

PDFF femoral diaphysis, % 95a 79.6 ± 0.9 97b 81.5 ± 0.9 −0.19 (−0.44 to 0.06) .140

Vertebral fractures (n = 52)

PDFF lumbar spine, % 52 57.4 ± 1.4 99 58.0 ± 1.0 −0.06 (−0.37 to 0.25) .71

PDFF femoral head, % 48c 89.1 ± 0.8 97b 90.6 ± 0.5 −0.25 (−0.57 to 0.08) .134

PDFF femoral neck, % 48c 79.3 ± 1.2 97b 83.0 ± 0.8 −0.37 (−0.69 to −0.06) .020

PDFF femoral diaphysis, % 48c 77.7 ± 1.4 97b 81.6 ± 0.9 −0.34 (−0.65 to −0.04) .029

Nonvertebral fractures (n = 48)

PDFF lumbar spine, % 48 57.3 ± 1.3 99 57.0 ± 0.9 0.03 (−0.29 to 0.35) .83

PDFF femoral head, % 47d 89.2 ± 0.7 97b 90.3 ± 0.5 −0.20 (−0.52 to 0.13) .24

PDFF femoral neck, % 47d 80.8 ± 1.1 97b 82.2 ± 0.8 −0.15 (−0.47 to 0.16) .34

PDFF femoral diaphysis, % 47d 79.6 ± 1.2 97b 80.7 ± 0.8 −0.10 (−0.41 to 0.20) .52

Primary (lumbar spine imaging-based PDFF) and secondary outcome measures (hip imaging-based PDFF) in cases (overall and according to the type of fracture) 
and controls were compared, after adjusting for age, Charlson comorbidity index, and lumbar spine BMD (or hip BMD), using analysis of covariance 
(ANCOVA). Adjusted means ± SEM and adjusted effect sizes were derived from ANCOVA models. 
Abbreviations: BMD, bone mineral density; PDFF, proton density fat fraction. 
aHip PDFF measurements were not available in 5 women (bilateral hip arthroplasty, n = 3; unacceptable quality of measurements, n = 2). 
bHip PDFF measurements were not performed in 2 women (bilateral hip osteonecrosis, n = 1; unacceptable quality of measurements, n = 1). 
cHip PDFF measurements were not available in 4 women (bilateral hip arthroplasty, n = 2; unacceptable quality of measurements, n = 2). 
dHip PDFF measurements were not available in 1 woman (bilateral hip arthroplasty, n = 1).

Table 4. Comparison of proton density fat fraction and apparent lipid unsaturation level using magnetic resonance imaging with spectroscopy 
in patients and controls

No. Patients  
N = 60a

No. Controls  
N = 71

Standardized difference P

L3 PDFF, % 53b 57.4 (1.5) 60c 57.4 (1.4) −0.004 (−0.36 to 0.35) .98

L3 aLUL, % 53b 4.2 (0.08) 60c 4.2 (0.07) 0.05 (−0.31 to 0.41) .79

No. Patients  
N = 54

No. Controls  
N = 69

Standardized difference P

Femoral neck PDFF, % 51d 78.3 (1.3) 65e 82.3 (1.1) −0.38 (−0.71 to −0.04) .028

Femoral neck aLUL, % 51d 3.7 (0.09) 65e 3.6 (0.08) 0.08 (−0.27 to 0.42) .66

Results are shown as adjusted mean ± SEM calculated from the least square means of the analysis of covariance model adjusted for age, Charlson comorbidity 
index, and BMD (lumbar spine or femoral neck). 
Abbreviations: aLUL, apparent lipid unsaturation level; BMD, bone mineral density; PDFF, proton density fat fraction. 
aThere were 29 vertebral fractures and 31 nonvertebral fractures. 
bLumbar spine measurements were not available in 7 patients (poor acquisition quality, n = 2; poor fitting, n = 5). 
cLumbar spine measurements were not available in 11 controls (poor acquisition quality, n = 7; poor fitting, n = 4). 
dHip measurements were not available in 3 patients (poor acquisition quality, n = 1; poor fitting, n = 2). 
eHip measurements were not available in 4 controls (poor acquisition quality, n = 2; poor fitting, n = 2).
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Fat Composition and Fractures
In a study including 50 postmenopausal women (mean age: 70 
years; 15 with normal BMD, 15 with osteopenia, 20 with 
osteoporosis) and 12 young women as controls (mean age: 
28 years), Yeung et al (11) observed that the fat unsaturation 
index was significantly lower in osteoporotic and osteopenic 
individuals compared to normal participants and young con
trols. In another study using lumbar spine 1H-MRS involving 
69 diabetic and nondiabetic postmenopausal women, the 
prevalence of fragility fractures was significantly associated 
with lower unsaturation levels, independently of age, race, 
and lumbar spine volumetric BMD (14). However, Woods 
et al (16) failed to find any association between unsaturated 
lipid levels (measured at the lumbar spine using 1H-MRS) 
and prevalent vertebral fractures in 465 participants from 
the Age Gene/Environment Susceptibility (AGES)-Reykjavik 
study . Unlike Patsch et al (14), we did not find an association 
between aLUL and clinical fractures at L3 or femoral neck.

Longitudinal Studies
In the AGES-Reykjavik study, there were no associations be
tween BMFF, incident radiographic vertebral fractures, and 
incident clinical fractures in women or men (25). However, 
the authors recently found an association between higher lev
els of unsaturated marrow lipid and a lower risk of incident 
radiographic vertebral fractures and, in men, but not women, 
a lower risk of incident clinical fractures (16). Future longitu
dinal studies of BMAT and BD and fracture outcomes are ne
cessary and reported measurements of BMFF and lipid 
unsaturation levels at the proximal femur are needed.

Possible Mechanisms
Why we failed to find associations between lumbar spine 
PDFF and osteoporotic fractures is unclear. Although severe 
degenerative changes were considered when measuring lum
bar spine PDFF, osteoarthritis and osteoporosis might lead 
to an increase in PDFF by sharing common pathophysiologic
al pathways. Differences between osteoporosis and osteopor
osis + osteoarthritis might have been attenuated by not 
considering osteoarthritis (26). The same uncertainty remains 
regarding the association between lower femoral neck and di
aphysis PDFF and vertebral fractures, especially since several 
studies have reported an association between prevalent verte
bral fractures and higher lumbar spine BMAT. Of course, the 
relationship between bone and fat is complex, since the 
associations between adiposity and bone are age-, sex-, meno
pausal status-, bone compartment-, and adipose depot–specific 
(8, 27). In line with this, we believe that the association between 
BMAT and fractures is also complex, differs across skeletal 
sites, and is modified by the interaction between BMAT, age, 
and BMD. Moreover, future studies investigating BMAT and 
bone health in older individuals should assess skeletal muscle 
mass and function in the continuous interface and communica
tion with each other (bone, fat, and muscle).

Strengths and Limitations
This study has several strengths: (1) To the best of our knowl
edge, it is the first that was powered to detect meaningful dif
ferences between groups, and to include participants with 
recent fractures with a balanced number of vertebral and non
vertebral fractures; (2) our study population is homogeneous, 

comprising exclusively postmenopausal women to prevent 
heterogeneity due to sex and menopausal status; (3) BMAT 
was measured both at the lumbar spine and the proximal fe
mur with 2 different MRI techniques that have been previous
ly demonstrated as roughly equivalent (28); (4) we chose DXA 
—the clinical standard for BMD measurements—over qCT. 
Indeed, qCT is not used for routine clinical diagnostic workup 
in osteoporotic patients; and (5) MRI and DXA images were 
all acquired on the same machines.

This study also has several limitations. The cross-sectional 
design prevented us from assessing the temporal association 
between PDFF and BD and fracture outcomes. Another limi
tation of this study is the lack of age matching. However, 
the regression models were adjusted for this parameter, which 
does not modify our findings. The study sample size was based 
on an estimation of difference in lumbar spine imaging-based 
PDFF between patient cases and controls. Therefore, the study 
is not adequately powered for comparison between specific 
fracture types (vertebral fractures and nonvertebral fractures) 
with controls, and hence the findings reported on femoral 
neck/diaphysis PDFF in relation to vertebral fractures are 
only indicative and may be due to chance or small sample 
bias. Another limitation is the choice of women with osteo
arthritis as the control group. In addition, these results are lim
ited to postmenopausal women and do not apply to men and 
younger age groups.

Conclusions
No difference in lumbar spine PDFF was found between those 
with osteoporotic fractures and controls. However, proximal 
femur imaging-based PDFF might be a noninvasive biomarker 
that can differentiate between postmenopausal women with 
and without vertebral fractures. As such, as a complement 
to BMD, PDFF may be a useful radiation-free tool for assess
ing bone fragility. Whether proximal femur PDFF improves 
the identification of postmenopausal women at risk of osteo
porotic fractures requires validation in prospective studies. 
We recommend that future studies investigating BMAT and 
bone health report measurements of proximal femur PDFF ra
ther than lumbar spine PDFF alone. Finally, the recent Bone 
Marrow Adiposity Society methodological recommendations 
should be used (29). The aim is to standardize imaging proto
cols and increase comparability across studies and sites.
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