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Abstract
Summary Bone marrow adipose tissue (BMAT) has been implicated in a number of conditions associated with bone dete-
rioration and osteoporosis. Several studies have found an inverse relationship between BMAT and bone mineral density 
(BMD), and higher levels of BMAT in those with prevalent fracture. Magnetic resonance imaging (MRI) is the gold standard 
for measuring BMAT, but its use is limited by high costs and low availability. We hypothesized that BMAT could also be 
accurately quantified using high-resolution peripheral quantitative computed tomography (HR-pQCT).
Methods In the present study, a novel method to quantify the tibia bone marrow fat fraction, defined by MRI, using HR-
pQCT was developed. In total, 38 postmenopausal women (mean [standard deviation] age 75.9 [3.1] years) were included 
and measured at the same site at the distal (n = 38) and ultradistal (n = 18) tibia using both MRI and HR-pQCT. To adjust 
for partial volume effects, the HR-pQCT images underwent 0 to 10 layers of voxel peeling to remove voxels adjacent to the 
bone. Linear regression equations were then tested for different degrees of voxel peeling, using the MRI-derived fat fractions 
as the dependent variable and the HR-pQCT-derived radiodensity as the independent variables.
Results The most optimal HR-pQCT derived model, which applied a minimum of 4 layers of peeled voxel and with more 
than 1% remaining marrow volume, was able to explain 76% of the variation in the ultradistal tibia bone marrow fat frac-
tion, measured with MRI (p < 0.001).
Conclusion The novel HR-pQCT method, developed to estimate BMAT, was able to explain a substantial part of the vari-
ation in the bone marrow fat fraction and can be used in future studies investigating the role of BMAT in osteoporosis and 
fracture prediction.

Keywords Bone marrow adipose tissue (BMAT) · Bone mineral density (BMD) · High-resolution peripheral quantitative 
computed tomography (HR-pQCT · Magnetic resonance imaging (MRI)
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Introduction

Bone is comprised of an outer dense layer of cortical bone 
that surrounds a central bone marrow cavity traversed by 
porous trabecular bone. Bone marrow is primarily com-
posed of red and yellow bone marrow. The red marrow 
contains hematopoietic cells, that give rise to erythrocytes, 
and leukocytes as well as mesenchymal stem cells that dif-
ferentiate into cartilage, bone, or fat. The yellow marrow 
consists of BMAT, including fat depots of mesenchymal 
stem cells that have differentiated into marrow adipocytes 
[1]. BMAT formation begins before birth in the distal 
skeleton and then later extends throughout the entire bone 
marrow cavity, such that adults have about 1.6 ± 0.6 L of 
bone marrow with a 70% average fat fraction [2]. Much of 
the previous research into bone marrow has focused on the 
systems and functions of the red marrow [3], as the yel-
low marrow was considered an inactive ectopic fat reserve 
[4]. However, more recently, the complex nature of BMAT 
functioning has begun to emerge.

BMAT has been linked to bone deterioration via several 
mechanisms. Firstly, it has recently been discovered that 
similar to visceral and subcutaneous adipose tissues [5], 
but to a lesser extent, BMAT secretes adipokines (adi-
ponectin and leptin, fatty acids such as palmitate, receptor 
activator of nuclear factor kappa B ligand [RANKL] and 
pro-inflammatory cytokines such as TNF-α and IL-60), 
all of which have the potential to negatively impact bone 
metabolism [6, 7]. Secondly, marrow adipocytes and oste-
oblasts are both differentiated from the mesenchymal stem 
cells, however, aging and estrogen deficiency have both 
been shown to cause a shift in differentiation by enhanc-
ing adipogenesis at the cost of osteoblastogenesis [8, 9]. 
This loss of the bone-forming osteoblasts decreases bone 
formation, which increases bone fragility.

As a result, BMAT has been implicated in a number of 
conditions associated with bone deterioration. Previous 
studies have associated increased BMAT with osteoporosis 
[6], anorexia nervosa [10], and diabetes mellitus type II 
[11]. Numerous studies have also shown an inverse rela-
tionship between BMAT and bone mineral density (BMD) 
[12]. Given the growing evidence of the ubiquitous nature 
of BMAT, there is increased interest in noninvasive tech-
niques to accurately quantify BMAT. Currently, there are 
a number of noninvasive magnetic resonance-based imag-
ing (MRI) or computed tomography (CT) based methods 
available to quantify BMAT [4]. Although MRI is the 
gold standard for quantifying the fat fraction of the mar-
row cavity [13], MRI scanners are expensive to use and 
in high clinical demand which makes them difficult to use 
in research studies especially large-scale studies. Differ-
ent quantitative computed tomography (QCT) methods 

have also been used to assess BMAT. Dual-energy QCT 
assessments of vertebral BMAT have shown good agree-
ments with MRI and histologic validations; however, they 
expose the subject to a relatively high dose of radiation 
[14]. In recent years, the development of algorithms that 
allow for the opportunistic screening of conditions such as 
osteoporosis [15] and vertebral fragility fracture risk [16], 
for example, from QCT scans obtained via other clinical 
investigations, have been proposed. However, algorithms 
that estimate BMAT from such scans have yet to be devel-
oped. Therefore, the development of BMAT estimation 
algorithms using the alternative technique of HR-pQCT, 
with its low-cost and low-radiation dose performance, is 
perhaps the more promising for large-scale studies and for 
use as a potential clinical tool.

The aim of the study was to develop a new method to 
estimate bone marrow fat using HR-pQCT and to validate 
the method using MRI fat fraction estimates at the same sites 
in older women.

Methods

In this study, to develop a method to estimate bone marrow 
fat using high-resolution peripheral quantitative computed 
tomography (HR-pQCT), HR-pQCT radiodensity levels at 
two sites of the distal tibia were compared against MRI fat 
fraction estimates at the same sites. Both the MRI and HR-
pQCT scanning were completed on the same day on all study 
subjects.

Participants

Women living in Gothenburg and Mölndal were randomly 
selected from the Swedish population register and mailed 
invitation packs, inviting them to take part in this calibra-
tion study. The exclusion criteria included: living in special 
housing, unable to walk with or without assistance, unable 
to communicate in Swedish, history of bilateral hip replace-
ment, history of bilateral lower leg fracture, and unable to 
undergo an MRI (including use of prosthetic or unable to 
remain still for 30 min). In total, 168 women were invited 
and of these, 42 (25%) agreed to participate. The inclusion 
of the participants was performed in two stages. The first 
group (S1, n = 22) was included during 2018 and the sec-
ond group (S2, n = 20) was included during 2019. Of the 
42 participants, one woman did not proceed with scanning 
and three participants were excluded due to technical issues, 
resulting in 38 women in the final analysis.

Ethics approval for the present study was provided by 
the Regional Ethical Review Board in Gothenburg (registra-
tion number 929–12 and 868–16). All procedures were in 
accordance with the ethical standards and with the Helsinki 
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Declaration of 1975, as revised in 2000. Written informed 
consent was obtained from all participants included in the 
study.

Demographics

Participants’ age, height (cm), and weight (kg) were col-
lected using a questionnaire and through standardized meas-
urements. Based on this data, the body mass index (BMI) 
was calculated as BMI = [kg/m2].

High‑resolution peripheral quantitative computed 
tomography (HR‑pQCT)

All participants were measured using an HR-pQCT-scanner 
(XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland). 
Scanning was performed at two sites on the leg, ipsilateral to 
the nondominant arm, and if weakness or fracture affecting 
the selected leg was suspected, the opposite leg was scanned. 
Each scan consisted of 110 images with a voxel size of 
82 × 82 × 82 µm3, covering a region length of 9.02 mm. A 
reference line was manually placed at the distal tibia joint 
(Fig. 1a), and the first scan site, the ultradistal site (T1), 
started 22.5 mm proximal to the reference line at the distal 
tibia joint. The second scan site, the distal site (T2), repre-
sented the distance from the reference line equal to 14% of 
the total tibia length [17]. Both scans moved in the proximal 
direction. The ultradistal tibia site was chosen rather than the 
ultradistal radius site as the tibia is a larger bone than the 
radius and has a larger bone marrow volume, which aides in 
the voxel peeling process (allows more voxels to be peeled 

and more likely to have a sufficiently large volume for the 
evaluation of BMAT). Also, the ultradistal radius site has 
been shown to be more prone to motion artifacts with previ-
ous HR-pQCT studies reporting having to exclude 12 and 
22%, of images, compared with 3 and 5% of the respective 
(distal) tibia images [18, 19]. The outer borders of cortical 
bone were defined by the HR-pQCT software by placing 
contours adjacent to the periosteum which were manually 
checked and corrected if needed [18]. Using these contours, 
a threshold-based method separated cortical from trabecular 
bone and generated information about the bone geometry 
and microstructure, such as total volumetric BMD (vBMD; 
mg/cm3), cortical vBMD (mg/cm3), cortical area  (mm2), 
periosteal circumference (mm), cortical thickness (mm), 
trabecular volume fraction (%), trabecular number  (mm−1), 
trabecular thickness (mm), and trabecular separation (mm). 
CVs ranged between 0.2–2.6% for these parameters [18].

Fat–water MRI scanning

Magnetic resonance imaging was performed with a 3T scan-
ner (Discovery MR750w; GE Healthcare, Milwaukee, WI, 
USA) using the GEM Flex Medium receiver coil. The tibia 
bone was measured using a 3D multislice, multi-gradient-
echo IDEAL IQ sequence: repetition time [TR] = 16.7 ms; 
first echo time [TE] = 1; Delta TE = 0.8 ms; number of 
echoes = 6; field of view [FOV] = 180 × 180 × 108  mm3; 
flip angle = 3°; voxel size = 1 × 1 × 3  mm3; slice thick-
ness = 3 mm; number of slices = 40; no slice gap; pixel band-
width = 976.5 Hz; number of signal averages = 1. The axial 
image was planned on a scout scan orthogonally aligned to 

Fig. 1  Illustrations of the sites 
of measurements performed 
on the right ankle, using either 
HR-pQCT (a) or MRI (b). For 
the HR-pQCT, the ultradistal 
scan site (T1) was 22.5 mm 
(I1) from a manually placed 
reference line (red). The distal 
scan site (T2) represented the 
distance from the joint (red line) 
that was 14% (I2) of the total 
tibia length. Each scan covered 
a region length of 9.02 mm. For 
the MRI, the axial image stack 
started at the fibular notch and 
moved 12 cm in the proximal 
direction
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the tibia. The image stack started at the fibular notch and 
covered 12 cm (Fig. 1b). Automated linear shimming was 
performed for each image stack. Participants spent a total 
time of 20 to 25 min in the MRI scanner, including position-
ing, scan planning, and scout scanning.

Fat–water MRI processing

An in-house software (AW volume Share 5, GE Advantage 
Workstation, GE Healthcare, Milwaukee, WI, USA) was 
used to generate water, fat, R2*, and fat fraction images 
from the multi-gradient-echo IDEAL IQ scan data. Using 
a method first described by Dixon [13], the water and fat 
images were separated from the in-phase and out-of-phase 
echo signals using iterative decomposition with echo asym-
metric and nonlinear least-squares fitting [20–22]. The R2* 
images were calculated using mono-exponential fitting of 
the multiple echo signals. Finally, fat fraction images were 
determined to quantify the bone marrow fat content and were 
calculated pixel by pixel from the fat and water images as fat 
signal/(water signal + fat signal) (Supplement, Figure S1).

MRI and HR‑pQCT raw data

All images that were obtained from the MRI and HR-pQCT 
scans were exported as Digital Imaging and Communica-
tions in Medicine (DICOM) folders converted to NIFTI for-
mat. Specifically, these raw data files were separated into 
four sets, containing the two different HR-pQCT scan sites 
(T1 and T2, Supplement, Figure S2a and S2b, respectively), 
and two of the six image types obtained from the MRI scan-
ning, i.e., the fat fraction and in-phase images (Supplement, 
Figure S2c and S2d, respectively).

Extraction of the ROI from MRI images

The region of interest (ROI) containing the bone marrow 
and the cortical bone were extracted from MRI raw images 
using MATLAB (MathWorks, Natick, MA, USA). ROI were 
visually and manually determined by placing rectangular 
operators around the bone marrow and the cortical bone on 
each slice individually. By the use of a rectangular operator 
on each slice of the MRI raw images, a volume of inter-
est containing only the cortical bone and bone marrow was 
obtained, which was used for the process of registration 
between HR-pQCT and MRI images.

Registration of the MRI and HR‑pQCT images

To register the MRI fat fraction images with the HR-
pQCT images and allow a one-to-one voxel relationship 
for all voxels present in the registered volumes, the online 

software ImageJ (Rasband, W.S., NIH, Bethesda, MD, 
USA), as well as MATLAB (MathWorks, Natick, MA, 
USA) was used.

Multimodal registration was performed, involving 
aligning the in-phase MRI volume with the HR-pQCT vol-
ume while keeping the HR-pQCT volume fixed in space. 
The in-phase MRI volume was moved along the fixed HR-
pQCT volume until volumetric similarities were matched 
at the defined scan sites, T1 and T2.

The in-phase MRI images were used in the volumetric 
alignment procedure as they allowed higher contrast than 
the fat fraction images. The registration using in-phase 
MRI images generated a transformation function/matrix 
which was used for the registration between the Fatfrac 
MRI images and the HR-pQCT images as both Fatfrac 
images and the in-phase MRI images had been obtained 
in the same image space. Figure S3 (Supplement) shows 
the MRI in-phase images and the corresponding HR-pQCT 
images at the T1 and T2 sites.

Specifically, the registration transformation was first 
obtained for MRI in-phase images using the imregtform 
MATLAB function. With the Imwarp MATLAB function, 
the in-phase registration transformation matrix was then 
used to register the MRI fat fraction volume and the HR-
pQCT volume.

Due to the lower spatial resolution of the MRI images 
[0:7031 × 0:7031 × 3  mm] compared to the HR-pQCT 
images [0:0820 × 0:0820 × 0:0820 mm], each set of 110 
HR-pQCT images (T1 and T2) only corresponded to 3 
MRI images. To have better accuracy of the registrations 
and also so that none of the desired slices were excluded 
during registration, an excess of 1–3 MRI slices were 
included for the process of registration with HR-pQCT 
images.

Extraction of the bone marrow volume in the MRI 
images and assessment of mean fat fraction

Once the MRI fat fraction volume had been registered to the 
HR-pQCT volume, pixels including undesired regions such 
as trabeculae and their neighboring pixels were subtracted 
from the bone marrow volume. Here, subtraction refers to 
the removal of undesired regions in the volume of interest. 
Specifically, a mask was created for the HR-pQCT volume 
which was obtained after registration using the following 
MATLAB and ImageJ methods: mean, moment, and Otsu’s 
for boundary detection and filling holes (Supplement, Fig-
ure S3c and S3d). Only the largest continuous region in the 
mask defined the final bone marrow volume and was used 
for data extraction (Supplement, Figure S3e). Then, the 
mean fat fraction of the bone marrow was calculated from 
all pixels within the volume.
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Assessment of HR‑pQCT bone marrow radiodensity

HR-pQCT radiodensity values of the bone marrow were 
extracted using software developed in MATLAB (Math-
Works, Natick, MA, USA) exclusively for this project. 
With the in-house developed software, the radiodensity 
was determined pixel by pixel as well as the mean value 
for the entire scanned volume.

Marrow was defined as all volume inside the cortical 
bone defined as void of bone. The partial-volume effect 
can severely affect the radiodensity estimation as bone 
and marrow attenuate x-rays differently and generate a 
range of radiodensity values, from + 2000 HU to − 80 
HU [19]. Consequently, voxels including both bone and 
marrow display averages of these differently attenuated 
tissues (Supplement, Figure S4). In the distal tibia, the 
bone marrow is traversed by a large number of trabeculae. 
Therefore, voxels adjacent to trabecular bone can contain 
spillover from the high attenuating trabeculae with less 
attenuating marrow, which results in increased radioden-
sity values. Our developed software read the radiodensity 
values in all marrow-voxels and calculated means for each 
scan. To correct for partial-volume effects, voxels adja-
cent to bone were excluded before calculating the mean 
radiodensity (Supplement, Figure S4), then the software 
performed voxel peeling: an optional number of 0 to 10 
layers of voxels adjacent to bone were excluded before 
calculating mean radiodensity (Ind_Vox).

Voxel peeling

To understand how the HR-pQCT intensity values of the 
bone marrow contributed to the bone marrow fat, voxel peel-
ing of the raw HR-pQCT data was performed. Here, voxel 
peeling refers to the removal of voxels in the HR-pQCT vol-
ume of interest that do not contribute to the MRI-derived 
fat fraction values, for example, voxels that represent the 
trabeculae present in the marrow enclosed by cortical bone. 
The voxel peeling was performed on every voxel including 
trabeculae as well as immediate neighboring voxels to cor-
rect the partial volume effects obtained from the trabeculae. 
The trabecular bone was identified using the scanner seg-
mented binary HR-pQCT images (Supplement, Figure S5a 
and S5b), followed by secondary image subtraction. These 
segmented binary images underwent morphological dilation 
by a disk-shaped operator, sized depending on the number 
of voxels that needed to be peeled/removed around the tra-
beculae, as well as morphological operations such as open-
ing, closing, erosion, and dilation so that the total volume 
of interest remained the same before and after voxel peeling 
(Supplement, Figure S6). Figure 2 illustrates the image pro-
cessing, voxel peeling, and the resulting marrow volume for 
the HR-pQCT image used for radiodensity analysis.

For each scan and number of voxels peeled, the mean 
radiodensity of all marrow voxels and trimmed means 
were calculated. Here voxels in the lowest and highest 40% 
of the distribution of radiodensity were excluded, i.e., vox-
els in the 40–60% of the distribution remained, the total 
volume of the marrow before voxel peeling (total volume), 

Fig. 2  Assessment of bone 
marrow fat fraction. A Image 
processing with HR-pQCT 
standard software. B MATLAB 
analysis. Peeling refers to exclu-
sion of voxels adjacent to bone. 
Image 5 had 5 layers of voxels 
peeled
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and remaining bone marrow volume after peeling (volume 
used) can be seen in Figure S7 (Supplement).

Agreement between MRI and HR‑pQCT derived 
bone marrow fat fraction

Using the linear regression equation (β =  − 0.031598 and 
constant 94.827) for the relationship between Ind_Vox and 
the MRI-derived fat fraction for the T1 site, predicted fat 
fraction values were calculated using the Ind_Vox vari-
able. The agreement between the predicted fat fraction 
values (based on Ind_Vox) and the MRI-derived fat frac-
tion at the T1 level was investigated using a Bland–Alt-
man plot [20]. The limits of agreement were calculated by 
multiplying the standard deviation of the mean difference 
between results obtained from the two methods with 1.96.

Statistical methods

Linear regressions analyses of the association between MRI-
derived fat fraction and HR-pQCT derived radiodensity 
were performed (R2 and p-values are presented) for differ-
ent voxel peeling alternatives. The two scan sites (T1 and 
T2) were analyzed separately. Differences between the two 
study groups were investigated using independent samples 
t-test. Results are presented as mean value ± standard devia-
tion (SD) or as median ± interquartile range (IQR). Associa-
tions between MRI-derived fat fractions and HR-pQCT bone 
parameters were investigated using Pearson bivariate corre-
lations (correlation coefficients r are presented). Assuming 
a correlation (r) between BMAT methods of at least 0.69, an 
alpha of 0.05, a minimum of 18 individuals were required to 
achieve at least 90% statistical power in the analyses. Statis-
tical analyses were performed using SPSS version 26 (IBM, 
Armonk, NY, USA).

Table 1  Cohort characteristics, MRI derived fat fraction, and HRpQCT bone measurements of the tibia

Sample 1 (n = 20) Sample 2 (n = 18) Total (N = 38)

Age, years, mean (SD) 78.7 (0.7) 72.8 (1.0) 75.9 (3.1)
Height, cm, mean (SD) 161.8 (6.3) 161.4 (5.9) 161.6 (6.0)
Weight, kg, median (± IQR) 70.0 (53.5 - 70.0) 61.9 (58.5 – 71.4) 66.2 (58.4 — 73.5)
BMI, kg/m2, mean (SD) 24.7 (3.5) 25.6 (4.5) 25.2 (4.0)
MRI Bone Marrow fat fraction, %
Tibia T1, mean (SD) na 97.9 (1.1) na
Tibia T2, mean (SD) 97.9 (4.1) 97.7 (1.4) 97.8 (3.11)
HR-pQCT
Tibia T1 section, mean (SD)
Total volumetric bone mineral density (mg/cm3) na 250.97 (45.79) na
Cortical area  (mm2) na 86.52 (24.74) na
Trabecular area  (mm2) na 568.46 (128.85) na
Cortical volumetric bone mineral density (mg/cm3) na 759.62 (71.58) na
Cortical thickness (mm) na 0.87 (0.27) na
Periosteal circumference (mm) na 101.14 (8.95) na
Trabecular bone volume fraction (%) na 0.13 (0.04) na
Trabecular number  (mm−1) na 1.75 (0.41) na
Trabecular thickness (mm) na 0.07 (0.01) na
Trabecular separation (mm) na 0.56 (0.32) na
Tibia T2 section, mean (SD)
Total volumetric bone mineral density (mg/cm3) 414.38 (70.29) 437.96 (58.67) 425.55 (65.28)
Cortical area  (mm2) na na 157.04 (22.91)
Trabecular area  (mm2) na na 260.18 (63.66)
Cortical volumetric bone mineral density (mg/cm3) 921.31 (37.93) 931.11 (43.17) 925.95 (40.25)
Cortical thickness (mm) 1.94 (0.28) 2.00 (0.24) 1.97 (0.26)
Periosteal circumference (mm) 81.82 (5.93) 78.03 (6.71) 80.02 (6.51)
Trabecular bone volume fraction (%) 0.09 (0.03) 0.09 (0.03) 0.09 (0.03)
Trabecular number  (mm−1) 1.46 (0.41) 1.48 (0.43) 1.47 (0.41)
Trabecular thickness (mm) 0.06 (0.02) 0.06 (0.02) 0.06 (0.02)
Trabecular separation (mm) 0.67 (0.18) 0.72 (0.46) 0.69 (0.34)
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Results

Cohort characteristics

Cohort characteristics, including anthropometrics, MRI-
derived bone marrow fat fraction, and HR-pQCT bone 
variables of the tibia are presented for the whole cohort 
in Table 1. Women included in the present study were, on 
average, 75.9 years old, 161.1 cm tall, had a median weight 
of 66.2 kg, and an average BMI of 25.2 (Table 1). Using 
independent sample t-tests, the women in samples 1 and 2 
were not found to differ significantly in height, weight or 
BMI, and MRI-derived fat fractions. However, the women in 
sample 1 were significantly older than the women in sample 
2 (p < 0.001).

Evaluating the optimal number of voxel peels

At the ultradistal tibial section (Table 2), the best HR-pQCT-
derived radiodensity predictor of MRI-derived fat fractions 
(highest R2 value) was observed using 5 layers of voxel 
peels, explaining 69.9% (R2 = 0.699) of the variation in the 
MRI-derived bone marrow fat fraction, based on a remaining 
median volume used (remaining bone marrow) of 1.1%. At 
the distal tibial section (Supplement, Table S1), the optimal 
HR-pQCT-derived radiodensity predictor of MRI-derived 
fat fractions was observed for 7 layers of voxel peels, which 
could explain 19.1% of the variation in the MRI-derived 
bone marrow fat fraction (R2 = 0.191), utilizing a median 
remaining volume of 2.5%.

The percent of the variation of the MRI-derived marrow 
fat fraction explained by HR-pQCT-derived radiodensity 
values decreased as the number of individuals with small 
percentages of bone marrow volume remaining (i.e., < 0.1% 
volume used) increased, also the predictive power of the 
HR-pQCT-derived radiodensity values decreased substan-
tially (Table 2 and Table S1). Lastly, the mean and median 
values of “volume used” at both scan sites appeared to be 
asymmetrically distributed and diverged increasingly with 
number of voxels peeled.

There was a substantial variation in the remaining 
bone marrow (volume used) and trabecular bone structure 
between individuals at both scan sites. For example, after 
5 layers of voxel peeling, the range in “volume used” was 
0.01 to 36% for the T1 scan site and 0.4 to 65% for the 
T2 scan site. There were large variations in trabecular bone 
microstructure found within the S2 cohort (Supplement, 
Figure S8). T1 segmented HR-pQCT images from 3 cases 
before voxel peeling, were ranked from 1 to 18 by their 
remaining volume of bone marrow (volume used) after 5 
layers of voxel peeling and displayed large differences in 
remaining volume used (from < 1% to over 35%).

Overall, these results suggest that voxel peeling enhances 
the accuracy of the fat estimation quantification until the 
volume of bone marrow voxels falls below a critical thresh-
old and the estimations quantification becomes unreliable. 
Furthermore, due to a large amount of bone marrow variance 
between individuals, an algorithm was developed that could 
be applied at an individual level. That is, for any given case, 
a maximum number of voxel peels was applied (ranging 
from 4 to 10) with a remaining bone marrow volume used 

Table 2  Associations between fat fractions measured by MRI and HR-pQCT-derived radiodensity levels at the ultradistal tibia site (T1)

Linear regression derived R2 values for fat fractions, measured using MRI, predicted by HR-pQCT-derived radiodensity values for voxel peel 
layers 1 to 10 at the T1 scan site (sample group 2 [n = 18]). For each voxel peel the of mean and median volume used (remaining volume of bone 
marrow), the number of individuals with < 1% and < 0.1% volume used, and Hounsfield units (HU) were also calculated.1. Only data from sam-
ple group 2 (S2) was available from the scanning at the T1 site
HU: Hounsfield units

Number of 
voxel peels

R2  (S21) (n = 18) Mean vol-
ume used 
(%)

Median 
volume used 
(%)

Number of individu-
als < 1% volume used

Number of individu-
als < 0.1% volume 
used

Number of indi-
viduals missing 
volume

Mean 
radiodensity 
(HU)

0 0.334 100 100 0 0 0 193
1 0.461 60 59 0 0 0 2.3
2 0.538 30 28 0 0 0 -44
3 0.637 14 11 0 0 0 -63
4 0.681 6.6 3.8 1 0 0 -84
5 0.699 3.6 1.1 8 1 0 -98
6 0.644 2.4 0.28 14 4 0 -103
7 0.368 1.8 0.070 16 11 0 -103
8 0.379 1.6 0.012 16 14 1 -111
9 0.171 1.4 0.0024 16 13 3 -114
10 0.133 1.2 0.0002 17 16 7 -70
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greater than 1%. This procedure was found to enhance the 
prediction of MRI-derived bone marrow fat fraction at the 
T1 scan site, where individual peeling yielded an R2 = 0.76 
(p < 0.001; Fig. 3) compared with an R2 = 0.70 (p < 0.001) 
for 5 voxel nonindividual peeling (Table 2). However, indi-
vidual voxel peeling was not found to enhance fat prediction 
at the T2 scan site, where the highest individual peel yielded 
an R2 = 0.12 (p < 0.05), compared with the highest R2 of 0.19 
(p < 0.01) for nonindividual peeling (Supplement, Table S1).

Pearson bivariate correlations (correlation coefficient r) 
were performed to examine how the HR-pQCT radiodensity 
parameter (Ind_Vox) with the highest R2 (Fig. 3) compared 
with the MRI-derived fat fractions and standard HR-pQCT 
derived bone parameters at the T1 (Supplement, Table S2) 
and T2 sites (Supplement, Table S3). At the ultradistal tibia 
site (T1), the MRI-derived fat fraction was most strongly 
inversely correlated with Ind_Vox (r =  − 0.871, p < 0.01), 
followed by trabecular bone volume fraction (r =  − 0.609; 
Supplement, Table  S2). The MRI-derived marrow fat 
fraction and at the distal tibia site (T2) was most strongly 
inversely correlated to Vox7_mean 40–60 (r =  − 0.437, 
p < 0.01), followed by trabecular area (r = 0.101, not sig-
nificant; (Supplement, Table S3).

The agreement between the predicted bone marrow fat 
fraction (derived from Ind_Vox) and the MRI-derived bone 

marrow fat fraction was illustrated using a Bland–Altman 
plot (Fig. 4). The mean (standard deviation) difference 
between the predicted (based on Ind_Vox) and actual (MRI) 
in the bone marrow fat fraction was − 0.0001 (0.54)%. In 
all investigated individuals, the difference in bone mar-
row fat fraction between methods was within the limits of 
agreement.

Discussion

In the present study, a novel method to estimate BMAT in 
the ultradistal tibia using HR-pQCT was developed and vali-
dated against state-of-the-art MRI-derived fat fractions. The 
most optimal HR-pQCT model was able to explain up to 
76% of the variation in the MRI-derived fat fraction at the 
ultradistal tibia. These results suggest that voxel peeling, 
preferentially on an individual level, based on the available 
bone void volume in the marrow compartment, can enhance 
the accuracy of fat fraction quantification and indicate that 
HR-pQCT scanning at the ultradistal site has the potential 
to a high degree estimate BMAT quantity in older women.

It has been proposed that BMAT has a role in the 
pathogenesis of osteoporosis, implying that quantifica-
tion of BMAT could potentially enhance the diagnosis of 

Fig. 3  Association between MRI-derived fat fraction and HR-pQCT-
derived radiodensity values at the T1 scan site investigated using lin-
ear regression. Radiodensity was obtained by individual voxel peel-

ing and required > 1% volume used (Ind_Vox). Abbreviations: HU: 
Hounsfield units; MRI: magnetic resonance imaging; HR-pQCT: 
high-resolution peripheral quantitative computed tomography
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osteoporosis and improve fracture prediction [21]. Osteopo-
rosis is a disease characterized by deteriorated bone micro-
structure and low BMD, resulting in an increased risk of 
fracture [22].

Nuclear magnetic resonance includes MRI and MR spec-
troscopy (MRS), both techniques depend on the hydrogen 
atom nuclei (consisting of a single proton) which is abundant 
in the water and fat of the human body [13]. Both techniques 
are able to quantify adipose tissue but only MRS can meas-
ure lipid composition, including saturated and unsaturated 
lipids [21]. The herein used method Dixon-MRI or chemical 
shift-encoding-based water-fat MRI has been developed to 
measure bone marrow fat, by using standardized fat frac-
tions maps. A study on human specimens found that a Dixon 
imaging and iterative decomposition of fat and water with 
echo asymmetry and least-squares estimation (IDEAL) 
reconstruction was highly correlated, with R2 equal to 97%, 
to the known marrow fat fraction [23].

Several previous studies have reported an inverse associa-
tion between MRI or MRS quantified BMAT, BMD meas-
ured with DXA, and volumetric BMD of especially the tra-
becular, but also of the cortical bone, measured using QCT 
[21, 24–26]. In Icelandic women, but not in men, greater 
baseline MRS-derived vertebral BMAT was associated with 

an increased rate of loss of volumetric BMD at the spine and 
of trabecular BMD at the femoral neck [27].

Given the association between BMAT and BMD, which 
is an important determinant of bone strength [28], a rela-
tionship between BMAT quantity and fracture risk could be 
anticipated. Higher vertebral MRS-derived BMAT has been 
associated with a prevalent vertebral fracture in Icelandic 
older men and women [29]. However, in another study of 
fracture patients and controls, there were no differences in 
BMAT quantity, but lipid saturation levels differed between 
groups [11]. As of yet, no well-powered studies have inves-
tigated if the measurement of BMAT can predict incident 
fractures.

Although QCT can be used to estimate BMAT as well as 
cortical and trabecular bone, the low resolution and presence 
of trabecular bone in the marrow compartment in combina-
tion with the partial volume effect, which gives rise to falsely 
high density in marrow voxels adjacent to bone, limits the 
usefulness of the technique to estimate BMAT quantity. Our 
results clearly demonstrate that voxels located close to the 
bone tissue displayed unrealistically high radiodensity val-
ues. Using voxel peeling to remove voxels adjacent to the 
bone yielded radiodensity values more in the expected range, 
0 to − 120 Hounsfield units, and improved the correlations 

Fig. 4  Agreement between bone marrow fat (%) at the ultradistal 
site (T1) between the HRp-QCT derived method Ind_Vox and MRI 
derived bone marrow fat fraction described in a Bland–Altman plot. 
Upper and lower levels of agreement (± 1.96 × the standard deviation 

of the difference between bone marrow fat fraction values from the 
2 methods), as well as method bias, are presented. MRI: Magnetic 
Resonance Imaging; HR-pQCT: High-resolution peripheral quantita-
tive computed tomography
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to MRI-derived fat fraction values, supporting the benefit 
of voxel peeling.

Such limitations would also likely impact the viability of 
any BMAT estimation algorithms that might be developed 
and applied to QCT scans opportunistically obtained via 
other clinical investigations. Furthermore, the relatively high 
radiation with the associated and expected increase in cancer 
cases [30] prevents QCT from being a commonly utilized 
screening or prediction tool in humans. A quick, noninva-
sive, more cost-efficient procedure to measure BMAT, with-
out a high radiation dose, has several potential applications. 
A recent HR-QCT study demonstrated that two different 
methods (one utilizing voxel peeling and one based on mor-
phological filtering) were able to detect bone void marrow 
space with high accuracy, using HR-pQCT with much higher 
resolution as the gold standard, allowing the measurement 
of mineral equivalent marrow density with HRQCT [31]. 
Here, a densitometric assessment of the bone marrow in 
vertebral specimens was obtained from an ex vivo osteoporo-
tic cohort, and consequently, the used methodologies and 
outcomes are limited to that investigated clinical population. 
However, it should be emphasized that HR-pQCT scanning 
of high resolution and voxel peeling does not eliminate the 
partial volume effects completely. The much higher bone 
density will spill over onto bone void voxels. In the herein 
presented analysis (Figure S7), a considerable proportion 
of the voxels ranged from 0 to + 1000 Hounsfield units, far 
from the expected 0 to − 120 Hounsfield units, even though 
3 layers of voxels were peeled from the edge of the detected 
bones prior to analysis of voxel density. Another method 
utilizing HR-pQCT to identify marrow void space that could 
serve as a proxy representation of BMAT [32] was recently 
presented. However, the ability of this method to quantify 
BMAT has not been tested.

Recently, a novel HR-pQCT based method was used to 
measure the fraction of adipose tissue over the total volume 
of the marrow cavity (AV/TV), in order to define a func-
tion of the marrow fat proportion and the relative medul-
lary density (MAI). AV/TV was strongly correlated to the 
adipose tissue area detected using histology in sheep radii 
and MAI was able to discriminate 77 women with a recent 
nonvertebral fracture from 226 controls [33]. Although MAI 
was higher in fracture cases than in controls, the study did 
not establish if MAI was able to predict incident fractures.

A strength of the present study design was that it included 
validation of HR-pQCT derived radiodensities of the BMAT 
using MRI-derived fat fractions. To our knowledge, no prior 
study has validated the ability to estimate BMAT from HR-
pQCT scanning using human MRI fat fraction scanning. 
Moreover, the novel method with its dedicated software 

tool had the advantage that it can be applied retrospectively 
on studies where subjects have previously undergone HR-
pQCT scanning. Further, the dedicated software tool enables 
correction of partial volume effects by including peeling of 
voxels adjacent to the bone and thereby excluding unreli-
able voxels.

The present study had several limitations. First, the num-
ber of participants in this study was restricted by insufficient 
access to the MRI scanner due to its high clinical demand. 
Also, due to inadequate positioning at MRI scanning, only 
study group 2 had complete data covering also the T1 scan 
site. Second, the HR-pQCT technique was designed to meas-
ure dense bone tissue and not marrow cavity fat or water, 
which likely increases the measurement error. Third, the 
influence of beam-hardening on BMAT radiodensities was 
not fully explored and, thus, further validation is needed. 
Fourth, only a small portion of bone marrow was assessed 
as the length of the cylindric region covered by each scan 
was 9 mm, and only ~ 2% on average of the marrow inside 
each region was used for the mean BMAT radiodensity cal-
culations. Nonetheless, a high correlation with the MRI-
derived fat fraction was still established using this small 
volume. Fifth, the resolution of the MRI was relatively low 
and although we used the established IDEAL algorithm, 
slight inaccuracies in the fat fraction estimates were made 
obvious by the fact that a few subjects presented mean fat 
fraction estimates above 100%, with a maximum value of 
101.2%. The mean fat fraction estimate was based on all vox-
els within the cortical bone, including also trabecular bone. 
However, it seems unlikely that the presence of trabecular 
bone would have lowered the fat fraction significantly as 
the mean fat fractions were as high as close to 100%. Sixth, 
the results of the present study are limited to cohorts similar 
to that of the study cohort and our developed methodol-
ogy needs to be validated in further populations before our 
method can be generalized to the wider population. Seventh, 
as HR-pQCT is currently used as a research tool, any imple-
mentation of a HR-pQCT–based method to assess BMAT in 
clinical practice would not be possible.

In conclusion, we developed a new and rapid HR-pQCT-
based method for quantifying BMAT at ultradistal tibia in 
older women. This technique could be used on already col-
lected HR-pQCT images in order to evaluate how different 
interventions or conditions, such as diabetes and anorexia, 
affect the quantity of BMAT and how it is associated with 
various outcomes, including incident fractures.
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