UCSF

UC San Francisco Previously Published Works

Title
Validation of bone marrow fat quantification in the presence of trabecular bone using MRI

Permalink
https://escholarship.org/uc/item/629231md

Journal
Journal of Magnetic Resonance Imaging, 42(2)

ISSN
1053-1807

Authors

Gee, Christina S
Nguyen, Jennifer TK
Marquez, Candice |

Publication Date
2015-08-01

DOI
10.1002/jmri.24795

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/629231mc
https://escholarship.org/uc/item/629231mc#author
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2016 August 01.

-, HHS Public Access
«

Published in final edited form as:
J Magn Reson Imaging. 2015 August ; 42(2): 539-544. doi:10.1002/jmri.24795.

VALIDATION OF BONE MARROW FAT QUANTIFICATION IN THE
PRESENCE OF TRABECULAR BONE USING MRI

Christina S. Gee, BAl, Jennifer T.K. Nguyen, BAl, Candice J. Marquez, BA!, Julia Heunis,
BAL, Andrew Lai, BS1, Cory Wyatt, PhD!, Misung Han, PhD?!, Galateia Kazakia, PhD?,
Andrew J. Burghardt, PhD!, Dimitrios C. Karampinos, PhD?, Julio Carballido-Gamio, PhD1,
and Roland Krug, PhD1*

1Department of Radiology and Biomedical Imaging, University of California, San Francisco, San
Francisco, CA, USA

2Department of Diagnostic and Interventional Radiology, Technische Universitat Miinchen,
Munich, Germany

Abstract

Purpose—To validate six-echo, chemical-shift based MRI with T,* correction for the
quantification of bone marrow fat content in the presence of trabecular bone.

Materials and Methods—Ten bone phantoms were made using trabecular bone cores extracted
from the distal femur and proximal tibia of twenty human cadaveric knees. Bone marrow was
removed from the cores and the marrow spaces were filled with water-fat gelatin to mimic bone
marrow of known fat fractions. A chemical-shift based water-fat separation method with To*
correction was employed to generate fat fraction maps. The proton density fat fractions (PDFF)
between marrow regions with and without bone were compared to the reference standard of
known fat fraction using the squared Pearson correlation coefficient and unpaired t-test.

Results—Strong correlations were found between the known fat fraction and measured PDFF in
marrow without trabecular bone (R?=0.99; slope=0.99, intercept=0.94) as well as in marrow with
trabecular bone (R2=0.97; slope=1.0, intercept=—3.58). Measured PDFF between regions with and
without bone were not significantly different (p=0.5). However, PDFF was systematically
underestimated by —3.2% fat fraction in regions containing trabecular bone.

Conclusion—Our implementation of a six-echo chemical-shift based MRI pulse sequence with
To* correction provided an accurate means of determining fat content in bone marrow in the
presence of trabecular bone.
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Introduction

In recent years, there has been an increasing interest in the quantification of bone marrow fat
content as this might be an important and useful tool to advance our understanding of the
role of bone marrow adiposity in osteoporosis (1-3). It has been found that osteoblasts and
adipocytes differentiate from the same mesenchymal stem cells and that there are
pathophysiologic links between bone and adipose tissue (4,5). Previous work has focused on
using single-voxel MR spectroscopy (MRS) to measure fat content in localized regions,
primarily within the vertebral bodies and proximal femur (2,3,6,7). The relationship between
bone marrow fat content and gender (8) as well as age (9) have been reported. Furthermore,
fat content has been associated with skeletal fragility and osteoporosis (10,11) suggesting
that bone marrow fat composition could be a biomarker for fracture risk in postmenopausal
women (12). In addition, many diseases such as diabetes mellitus (1), or Gaucher disease
(13) alter the bone marrow composition. Thus, an accurate assessment of fat content in the
bone marrow would be highly relevant to the field of osteoporosis.

Because the distribution of bone marrow fat content can strongly vary, particularly in the
proximal femur, there is growing interest in high-resolution chemical-shift based water-fat
imaging (14,15) to assess proton density fat fraction (PDFF) (16,17). Excellent agreement
between PDFF and MRS has been demonstrated for a range of organs (18-21). Additionally
PDFF has been successfully validated by bulk chemical analysis (22). Recent improvements
of the technique account for multiple confounding factors, including main magnetic field
inhomogeneity (23), the presence of multiple peaks in the fat spectrum (24,25), T,* effects
(24,26), T, effects (24,27,28), eddy current effects (29,30), and the presence of
susceptibility-induced fat resonance shifts (31).

The presence of trabecular bone complicates fat quantification for both MRS and chemical-
shift based methods. Because trabecular bone is more diamagnetic than bone marrow there
is a difference in magnetic susceptibility between the two tissues that broadens the spectrum
of Larmor frequencies in the presence of microscopic magnetic field inhomogeneities
(32,33) leading to shorter T,* relaxation times (34). In single-voxel MRS it broadens the
linewidths of all the associated peaks, making it difficult to accurately quantify these peaks
(6,7). Using water-fat imaging, the increased T,* effect induces a rapid decay of the
measured gradient echo signal with echo time (TE) (24,26). However, the value of
quantitative water-fat imaging in bone marrow in the presence of trabecular bone was
recently demonstrated, and excellent agreement was found with single-voxel MRS when
accounting for short To* components potentially associated with collagen-bound water (15).
The present study seeks to validate six-echo water-fat MRI with T,* correction in bone
marrow phantoms of known fat concentration with and without the presence of trabecular
bone.

Materials and Methods

Phantom Preparation

Ten water-fat bone phantoms were made using trabecular bone cores extracted from the
distal femur and proximal tibia of twenty human cadaveric knees. During extraction, bones
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were cut using the Buehler Isomet 1000 Precision Saw (Buehler, Lake BIuff, IL, USA).
Cores were removed from specimens using the Servo 7170 Drill Press (Servo Products,
Eastlake, OH, USA). Cores measured 27 mm in diameter and approximately 20 mm in
height. Marrow was removed from the cores first by ultrasonication in a 1% tergazyme
solution using the Branson 2510 Ultrasonicator (Emerson Industrial Automation, Danbury,
CT, USA) and then cleaned using gentle streams of water. Cores were cleaned until they
appeared translucent and trabecular structure was visible through the depth of the cylinder.
For storage, the cores were wrapped in PBS (phosphate buffer saline)-soaked gauze before
being placed in a —20°C freezer.

On the day phantoms were made, the cores were removed from the freezer and placed into
50-mL centrifuge tubes (30x155-mm). To prepare bone phantoms containing different
percentages of fat (by volume), homogeneous mixtures of 225 bloom beef 40 mesh gelatin,
deionized water, and commercially available 100% peanut oil were produced. A mixture
containing 0.1596-grams of 225 bloom gelatin (Gelatin Innovations Inc., Schiller Park, IL)
per milliliter of deionized water was placed in a 121°C autoclave for thirty minutes and
cooled down to 50-55°C degrees before further action. In order to ensure that the mixture
remained homogeneous, 50.0 mL of 100% peanut oil (at 50-55°C) were added into the
mixture in alternation with 1.0-mL of concentrated dish-washing liquid (emulsifier) for
every 100.0-mL of total oil in each phantom until the solution with the proper water-fat ratio
was completely mixed. Peanut oil was chosen because it has a proton NMR spectrum similar
to that of triglyceride protons in adipose tissue (25). The dielectric and thermal properties of
the phantom can be found in (35). All contents of the mixtures were manually mixed and
placed inside a vacuum chamber for one minute to minimize the presence of air bubbles.
After the addition of 10% buffered formaldehyde (4.0-mL per 100-mL of water), mixtures
were immediately poured into centrifuge tubes containing the cores. The bone cores were
fixed in the middle of the tubes so that the fat solution could flow through the cores filling
the empty marrow spaces. As a result, each tube contained a region of fat with bone as well
as a region with fat only. The range of fat fractions was from 40% to 80% simulating in-vivo
conditions in the proximal femur. Ten bone scores with the highest quality were then
selected for final MR imaging.

Image Acquisition and Analysis

MR imaging of the bone cores was performed on a clinical 3 T whole-body scanner
(MR750, GE Healthcare, Waukesha, WI, USA) using an 8-channel transmit/receive knee
coil (In-Vivo Coorporation, Gainesville, FL). A six-echo 3D spoiled gradient echo (SPGR)
sequence was used for chemical-shift based water-fat separation with the following imaging
parameters similar to those previously used in an in-vivo study (15): two echoes per TR, TR/
TEmin/ATE=8/2.1/1.0 ms, FOV=20x20 cm?, acquisition matrix=150x150, slice thickness=2
mm, and receiver bandwidth=62.5 kHz. Given the large T1 difference between water and fat
components in bone marrow (36), a flip angle of 3° was used to minimize T1-bias effects.
The gradient echo imaging data were reconstructed on the scanner using iterative
decomposition of fat and water with echo asymmetry and least-squares estimation (IDEAL)
to perform water-fat separation and to obtain the PDFF maps as well as a To* maps (37,38).
The IDEAL algorithm (37-39) was employed with T,* correction and a multi-peak model
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for the fat spectrum (25). The IDEAL T,* correction is performed by using a modified
signal model that estimates water, fat, and T,* simultaneously to decouple the effects of To*
from those induced by the chemical shift of fat (25). High-resolution MR images were
acquired using a fully balanced steady state (bSSFP) pulse sequence with 234 um? in-plane
resolution and 500 um slice thickness (40). The pulse sequence featured a readout
bandwidth of 64.5 kHz, flip angle=60°, TR=6.9 ms, and TE=2.7 ms. These images were
used to assess phantom quality and to identify the bone regions. High-resolution peripheral
quantitative computed tomography (HR-pQCT) images were acquired with 82 pm isotropic
voxel size (XtremeCT, Scanco Medical AG, Bruttisellen, Swizterland).

Statistical Analysis

Results

Regions of interest (ROI) were manually drawn on the PDFF maps. These ROIs consisted of
simple circles containing all bone marrow. For regions containing trabecular bone, we have
additionally used the high-resolution images to ensure that all bone regions were included.
Mean fat-fraction values in the presence of trabecular bone were compared with mean fat
fraction values obtained in the absence of trabecular bone. Both values were compared to the
known fat fractions as the reference standard. The linear relationship between these values
was estimated with the squared Pearson correlation coefficient (R2), and the slope and
intercept of the best-fit line. Two-sided t-tests at a significance level of p=0.05 were used to
determine whether the estimated slope and intercept were statistically different from 1.0 and
0.0, respectively. A two-sided t-test was conducted between regions with bone and regions
without bone to assess if the measured mean PDFF values were significantly different. In
order to establish the level of agreement between these measurements Bland-Altman plots
were also generated.

Figure 1 shows representative HR-pQCT images of two phantoms. The left image
demonstrates the feasibility of the phantom construction. It can be clearly seen that the fat
occupies all marrow spaces within the trabecular bone network. As a comparison, the right
figure visualized a bone core with residual air bubbles. These phantoms were discarded from
the study. Figure 2 shows typical PDFF maps with and without the presence of trabecular
bone. Table 1 summarizes the results of this study. The mean PDFF values along with the
standard deviation are shown for regions with and without bone. As can also be seen in
Figure 2b, the mean PDFF are slightly lower and the standard deviation is larger in the
presence of bone.

Strong correlations with R2=0.99; slope=0.99 (p=0.91), and intercept=0.94 (p=0.95) were
found between the known fat fraction and measured PDFF in marrow (Figure 3). The
comparison between known fat fraction and PDFF in the presence of trabecular bone also
showed good correlation with R2=0.97; slope=1.0 (p=0.5), and intercept=—3.58 (p=0.16).
Measured PDFF between regions containing only bone marrow and regions with both bone
marrow and trabecular bone were not significantly different (p=0.5). A strong and
significant (p<0.001) correlation between both PDFF measurements was found with a
squared Pearson correlation coefficient of R2=0.96, and a best-fit line slope and intercept of
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1.0 and —3.8 respectively (Figure 3). All estimated slopes were not significantly different
from 1 (p>0.05) and all estimated intercepts were not significantly different from 0 (p>0.05).

The Bland Altman plot of the data shown in Figure 4 illustrates the differences between the
PDFF measurements and the known fat fractions. Following the Bland Altman
nomenclature (41), the mean difference d along with the £1.96 standard deviation was
reported. Assuming a normal distribution, 95% of PDFF differences lie between 1.95 times
the standard deviation. An excellent agreement between PDFF in marrow and the reference
standard is shown in Figure 4a with a mean difference of d=0.4% + 2.6% fat fraction. Figure
4b depicts the differences between PDFF in the presence of trabecular bone and the known
fat fraction. An underestimation of d=—3.2% * 3.8% fat fraction of the measured PDFF
compared to the known fat fraction is clearly demonstrated. Comparing the two measured
PDFF with and without trabecular bone, a mean difference of d=-3.6%+4.5% PDFF was
determined again indicating that the PDFF in the presence of trabecular bone is slightly
underestimated. The To* values were very similar for all bone cores with a mean and
standard deviation of 12ms + 1ms reflecting similar bone densities (34).

Discussion

In this work, we have validated water-fat imaging using six-echoes and IDEAL
reconstruction with T,* correction in phantoms consisting of trabecular bone cores obtained
from cadaveric knees embedded in water-fat gelatin with different fat concentrations. We
have demonstrated that the PDFF values are very similar in fat with and without the
presence of trabecular bone and that the PDFF values strongly correspond to the known fat
fraction. In a previous study, the improvement of IDEAL with T,* correction over previous
non-corrected Dixon methods was demonstrated in fat phantoms with different iron
concentrations (42). For this reason, we have adapted this advanced method to validate
PDFF in the presence of trabecular bone. Furthermore, Hu et al (43) used the same method
to validate PDFF against chemical analysis in different tissue and demonstrated that water-
fat MR imaging has the ability to accurately estimate absolute fat mass. More recently,
Karampinos et al. (15) showed that water-fat IDEAL highly correlates with MR
spectroscopy measurements in bone marrow in the presence of trabecular bone. They
showed excellent agreement of both techniques in-vivo in the proximal femur where bone
marrow fat content can strongly vary. In the current study, we have now shown that PDFF
values obtained from IDEAL in homogenous water-fat phantoms with and without
trabecular bone do not significantly differ and thus IDEAL with T,* correction is very
robust even in the presence of trabecular bone.

The assessment of bone marrow fat content and fat changes can be very important for
different musculoskeletal applications. In particular, it can serve as a marker for bone
marrow healing and neoplastic bone marrow diseases (44). In healthy subjects, there is a
conversion from red bone marrow to yellow bone marrow with age and thus, only around
half of the adult bone marrow is red. In particular, important fractures sites such as the
proximal femur and the spine still contain a significant amount of red marrow in adulthood.
At the spine, the fat content is approximately 50% PDFF in healthy adults, and higher in
patients with osteoporosis (10,11). At the proximal femur, the fat content typically varies
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from around 40 % to 95 % PDFF, depending on the subject as well as the exact location
(15). Therefore, we have manufactured fat phantoms in this range of expected PDFF values.
Although we have found a very strong correlation between regions with trabecular bone and
regions without bone, PDFF was systematically underestimated when bone was present
independent of the actual fat content. There might be several reasons for this
underestimation. First, the bone itself might have contributed to some of the water signal.
However, our first echo was acquired at 1.5 ms and thus it is more unlikely that collagen-
bound bone water with a ultra short T2 decay in the order of 50 ps could have contributed to
the acquired signal (45). Another source of some bias could be the presence of macroscopic
magnetic field inhomogeneity effects as previously described (46). Furthermore, any
differences in T,* between the water and the multiple spectral components in fat might have
influenced the results. The main constituent of fatty yellow marrow as well as peanut oil is
fatty acid triglyceride, which has multiple spectral components (47). The IDEAL calibration
assumes the presence of six peaks and the Ty* correction assumes the same T,* relaxation
times for all the fat peaks and the water. However, it has been previously suggested that in
bone marrow, different T, relaxation rates of the various protons in fat can cause errors in
To* estimation (48). This effect could potentially lead to an underestimation of the fat
content and might be related to the small bias found in this study. Although difficult, signal
modeling allowing for independent correction of T,* for the different fat components as
well as water might be useful towards more accurately estimating fat-fraction in the
presence of trabecular bone.

There are other potential limitations of our study. The manufacturing process of the fat
phantoms with bone cores is extremely challenging and involved several critical steps.
Although great care was taken to remove all the bone marrow and replace it by fat, this was
very difficult for some denser bone specimens and as a consequence many of these cores
were not included in the study. However, residual bone marrow may have persisted in some
of the pore spaces. Furthermore, filling the empty marrow spaces with fat solution was
equally challenging. Although Figure 1a demonstrates the feasibility, small non-visible air
bubbles and small spatial variations of the fat distribution might have impacted our results.
However, in regions without bone, the standard deviation of measured PDFF was between
1% and 2% PDFF demonstrating a homogenous fat distribution.

In summary, in this work we have demonstrated that water-fat imaging with T,* correction
can accurately assess bone marrow fat content in the presence of trabecular bone. This is a
necessary step towards clinical studies investigating the relationship of bone marrow fat
content and its spatial distribution in varies patient groups.
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Figure 1.
Representative high-resolution HR-pQCT images of two phantoms acquired with isotropic

voxel size of 82 um. Left: It is clearly demonstrated that the fat solution nicely fills all the
bone marrow spaces. Right: For comparison a bone core is shown with residual air. These
air bubbles can be easily identified and these phantoms can be discarded.
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Figure?2.
Shown are the obtained IDEAL fat fraction maps. The left images show fat only in the

phantom and the right images contain a bone core embedded in fat. The color bar indicates
PDFF in percent fat.
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Shown are the linear relationships between Standard Reference of fat fraction and PDFF in
the presence of trabecular bone and without bone. a) Comparing PDFF without bone to the
known fat fraction; b) Comparing PDFF with bone to the known fat fraction; ¢) Comparing
measured PDFF with and without bone. The solid line represents the fitting results from

linear regression analyses. The dashed line represents the unity line.
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Shown is the Bland-Altman plot comparing the measured PDFF fat fractions with the known
fat fractions. a) Comparing differences between PDFF without bone and known fat fraction;
b) Comparing differences of PDFF with bone and known fat fraction; ¢) Comparing PDFF
with and without bone. A systematic underestimation of PDFF in the presence of bone
compared to PDFF without bone and known fat fraction is clearly demonstrated.
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