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Abstract

Purpose—To produce in vivo high-resolution images of the knee and to determine the feasibility
of using 7T MR to detect changes in trabecular bone microarchitecture in elite athletes (Olympic
fencers) who undergo high impact activity.

Materials and Methods—The dominant knees of four males from the U.S. Olympic Fencing
Team and three matched healthy male controls were scanned in a 7T whole-body scanner using a
quadrature knee coil with three-dimensional (3D) fast low angle shot (FLASH): 50 axial images at
the distal femur (0.156 mm x 0.156 mm) and 80 axial images at the knee joint (0.195 mm x 0.195
mm). Bone volume fraction (BVF) and marrow volume fraction (MVF) images were computed
and fuzzy distance transform (FDT) and digital topological analysis (DTA) were applied to
determine: trabecular number (Th.N), trabecular thickness (Th.Th), and trabecular separation
(Th.Sp); BVF (BV/TV); trabecular and marrow space surface-to-curve ratio (SC, marker of plate
to rod ratio); and trabecular and marrow space erosion index (El, inverse marker for network
connectivity). Quadriceps muscle volume (MV) was calculated as well. We calculated group
means and performed two-tailed t-tests to determine statistical significance.

Results—Compared to controls, fencers had: decreased Th.Sp (P = 0.0082 at femur, P = 0.051 at
joint); increased Th.N (P < 0.05 at both femur and joint) and BV/TV (P < 0.001 at both femur and
joint); increased trabecular SC and decreased marrow space SC (P < 0.01 at both femur and joint);
decreased trabecular El and increased marrow space El (P < 0.01 at both femur and joint); and
increased MV (P = 0.038). There was no difference in Th.Th at the distal femur (P = 0.92) or joint
(P =0.71) between groups.

Conclusion—To our knowledge, this is the first study to perform 7T MRI of the knee in vivo.
Elite athletes who undergo high impact activity have increased MV and improved trabecular bone
structure compared to controls.
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The National Institutes of Health (NIH) consensus panel on osteoporosis defined it as a
“skeletal disorder characterized by compromised bone strength predisposing a person to an
increased risk of fracture” (1). Though bone mineral density (BMD), as assessed by dual
energy X-ray absorptiometry (DEXA), is the parameter currently used to diagnose
osteoporosis and assess fracture risk, many studies have concluded that trabecular bone
microarchitecture is as important as BMD in determining bone strength and fracture risk (2—
5).

In recent years, high-resolution micro-MRI (~100-200 um) has become a promising
noninvasive technique to evaluate and produce images of trabecular bone structure (6,7).
Furthermore, the development of novel postprocessing techniques, such as fuzzy distance
transform (FDT) (8,9) and digital topological analysis (DTA) (10-12), has provided
researchers with the means to quantitatively assess trabecular bone morphology and

topology.

Until now, most of these studies have been performed at 1.5T, which can be limited by long
scan times and low signal-to-noise ratio (SNR). In recent years, there has been increasing
interest in imaging at higher field strengths for musculoskeletal applications (13-15).
Scanning at higher field strengths has the potential to provide improved SNR and spatial
resolution and to decrease the amount of time required for scanning (16). Disadvantages of
scanning at higher field strengths also exist, such as stronger magnetic susceptibility and
larger chemical shift artifacts. For example, the chemical shift difference between water and
fat resonance at 7T is ~1040 Hz compared to ~440 Hz at 3T and ~220 Hz at 1.5T (16). Ata
bandwidth of 130 Hz (used in this study), this corresponds to a chemical shift of eight pixels
at 7T, vs. 3.4 pixels at 3T and 1.7 pixels at 1.5T. Furthermore, changes in relaxation time
(increase in Tq and decrease in T as the static field strength increases) may lead to
decreased contrast resolution. Thus, pulse sequence parameters have to be reoptimized if
they are to be utilized at higher field strength.

The goals of our current study were the following: 1) to utilize a whole-body 7T MRI
system to produce high-resolution in vivo images of trabecular bone at the knee; and 2) to
determine the feasibility of using 7T MRI to detect differences in trabecular bone
microarchitecture among subjects by analyzing the images with FDT and DTA. For our
subjects, we chose to compare a small group of elite athletes, members of the 2004 U.S.
Olympic Fencing Team, and a group of age- and weight-matched controls who maintained
normal levels of physical activity. The members of the Olympic fencing team are unique in
that they have subjected their lower extremities to intense mechanical loading over several
years. Wolff’s Law states that bone is deposited in accordance with the mechanical forces
placed upon it (17). We therefore hypothesized that trabecular bone quality in these elite
athletes would demonstrate improvements in structural parameters that allow it to withstand
elevated mechanical loads, and we hypothesized that these features would be detectable by
7T MRI.

MATERIALS AND METHODS

Human Subjects

This study was approved by the Institutional Review Board at our institution (New York
University School of Medicine). We recruited four male members of the 2004 U.S. Olympic
Fencing Team who were actively training four to eight hours per day, six days per week, and
three healthy male controls matched for age, height, and weight, who exercised no more
than three times per week. The average age, height, and weight for the fencers was 26 years,
1.81 m, and 81.8 kg, respectively, vs. 25 years, 1.82 m, and 77.3 kg, respectively, for the
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controls. All participants in the study were volunteers, and written informed consent was
obtained from all subjects. All subjects were screened for contraindications to undergoing an
MRI examination. Both bone data as well as muscle volume data were obtained to provide
an internal control for bone mechanical stress.

MR Scanning

The knee of the leading lower extremity of each subject (from a distance approximately 90%
along the length of the femoral shaft to a point approximately 10% along the length of the
tibial shaft) was scanned on a 7T whole-body MR scanner (Siemens Medical Solutions,
Erlangen, Germany) using a quadrature knee coil (18-cm diameter, transmit-receive). A
high-resolution three-dimensional fast low angle shot (3D-FLASH) sequence was employed
to obtain all images (TR/TE = 20 msec/4.5 msec; flip angle = 10°; bandwidth = 130 Hz/
pixel; one signal acquired; 80 axial images at the level of the knee joint with resolution
0.195mm x 0.195 mm x 1 mm and 50 axial images at the level of the distal femur with
resolution 0.156 mm x 0.156 mm x 1 mm. Scanning time was ~12 minutes total.

Image Processing: Apparent Bone Volume Fraction and Marrow Volume Fraction Maps

All images were anonymized before image processing and analysis. To process the images,
a region of interest (ROI) of trabecular bone was selected on each image by drawing a
boundary approximately 1 mm from the endosteal surface of cortical bone. Bone volume
fraction (BVF) images were then computed using a local marrow intensity computation
approach without requiring a global thresholding. In a BVF image, pixel intensity
corresponds to the fractional occupancy of bone. Marrow volume fraction (MVF) images
were also created by taking the inverse of BVF images. Next, subvoxel processing was
applied, in which voxels were subdivided and signal intensities were redistributed among the
subvoxels. This produces images with apparent higher spatial resolution. For FDT, these
BVF maps were used directly. For DTA, an additional step was performed in which the
BVF maps were skeletonized, creating a surface representation consisting of 1D and 2D
structures (curves and surfaces, respectively).

FDT and Quantitative Assessment of Trabecular Bone Thickness and Separation

At the in vivo spatial resolution of MR images of trabecular bone, the borders of individual
trabeculae are indistinct secondary to partial volume effects and noise. FDT is a method that
allows accurate distance measurements in the presence of partial volume effects using
grayscale MR images (9). In a grayscale image of a fuzzy object, the length of a path is
computed as an integral of gray values along the path and then the distance between two
given points is evaluated by considering all the paths between these two points. FDT at a
pixel is computed as the fuzzy distance between the pixel and the background (regions with
zero intensity). Finally, the thickness of a structure is computed by sampling FDT values
along the skeleton of the target structure and then estimating the average. BVF images are
used for computing trabecular thickness while MVF images are used for trabecular
separation.

DTA Image and Quantitative Assessment of Topology

DTA (10) is a fully 3D method that accurately determines the topological class (e.g.,
surfaces, curves, junctions, and edges) of each individual location in a digitized structure
that has been applied for quantifying quality of trabecular bone architectural makeup (11).
Before applying DTA, a binarized trabecular bone image is skeletonized to a network of 1D
and 2D structures representing rods and plates, respectively. DTA involves three steps; the
first one is inspecting each bone voxel’s 26 neighborhood (i.e., the 26 other voxels within
the voxel’s 3 x 3 x 3 kernel) and computation of the numbers of objects, tunnels, and
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cavities under a hypothetical conversion of the central voxel to marrow. A partial
classification of each bone voxel is determined from these three numbers using a lookup
table for an idealized network of surfaces and curves. A unique topological classification is
then achieved using the results of partial classification and another lookup table solving for
local topological ambiguities in digital manifolds and their junctions (10,11). These
topological classes are used to compute several topological parameters for trabecular bone
(TB) networks. We focused on two specific parameters; namely, the surface-to-curve ratio
(SC) and the erosion index (EI). The SC represents the trabecular plate to rod ratio, which
has clinical importance, being known to decrease in subjects with osteoporosis (18,19). The
El is a surrogate of network connectivity, and represents the ratio of parameters expected to
increase during osteoclastic resorption (curve, curve-edge, surface-edge, profile-edge, and
curve-curve junctions) relative to those expected to decrease (surface and surface-surface).
A higher El indicates a decrease in network connectivity. In subjects with osteoporosis,
connectivity between rods has been shown to decrease (20).

Measurement of Muscle Volume

For each axial image, an ROI was manually drawn on each quadriceps muscle. Muscle
volume was calculated as cross-sectional muscle area multiplied by slice thickness (1 mm)
and number of slices.

Data Analysis and Statistical Analysis

RESULTS

Volumes of interest at the distal femur and at the level of the knee joint were selected (Fig.
1). For each group, means and standard deviations (SDs) were calculated for muscle
volumes, trabecular bone morphologic parameters (trabecular thickness, trabecular
separation, trabecular number, and trabecular fraction), and trabecular bone topologic
parameters (SC, EI) within each volume of interest. Marrow space topologic parameters
(SC, El) for each volume of interest were also calculated. Two-tailed Student’s t-tests were
performed using Microsoft Excel 2003, with P < 0.05 considered to indicate a significant
difference.

Representative axial images of the distal femur and proximal tibia with ROls are shown
(Fig. 2a and b).

At both the distal femur and the level of the knee joint, there was no difference in trabecular
thickness in the fencers compared to the controls (Tables 1 and 2). However, at both the
distal femur and at the knee joint, the fencers demonstrated increased trabecular number,
increased BVF fraction, and decreased trabecular separation compared to the controls (P <
0.05 for all, Tables 1 and 2).

With regard to the topology of the trabeculae, the fencers had increased trabecular plate-like
structure (increased SC) and increased trabecular network connectivity (decreased El) at
both the distal femur and at the level of the joint compared to the controls (P < 0.01) (Table
3). Similarly, the fencers had decreased plate-like marrow structure and decreased marrow
network connectivity (increased EI) at both the distal femur and at the level of the joint
compared to controls (P < 0.01) (Table 4). Quadriceps muscle volumes were also greater in
the fencers compared to the controls (P < 0.05) (Table 5).
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DISCUSSION

To our best knowledge, this is the first study to perform in vivo high-resolution MRI of
trabecular bone at 7T. This study also demonstrates the feasibility of using 7T MR to
quantitatively assess and detect differences in trabecular bone microarchitecture among
subjects. While prior studies at lower field strength have elucidated how trabecular bone
microarchitecture changes in osteoporosis (2,3,5), osteoporosis after treatment (21,22), and
osteoarthritis (23,24), we have investigated how trabecular bone microarchitecture adapts in
response to intense mechanical loading, such as that endured by the lower extremities of
world-class athletes. Specifically, the results show that Olympic fencers have apparent
changes in both morphologic and topologic parameters of trabecular bone microarchitecture
compared to matched controls.

High-resolution MRI of trabecular bone ideally produces accurate representations of
individual trabeculae and marrow spaces with regard to size, shape, orientation, and
connectivity. The advantage of performing MRI of trabecular bone at high field strength is
the greater SNR, which allows the flexibility for decreased scan time and/or increased
spatial resolution. Our initial goal was to determine the feasibility of performing in vivo
high-resolution MRI of trabecular bone of the knee at 7T. Critical to the performance of this
task was the utilization of a dedicated quadrature knee coil. While many sequences are in
use for MRI of trabecular bone at 1.5T and 3T (7), we decided to utilize a 3D-FLASH
sequence, which has the advantage of a short repetition time. We aimed to decrease scan
time rather than increase the spatial resolution observed in prior studies (Table 6). The
greater SNR at 7T allowed the scan time to be reduced to ~12 minutes to obtain 130 axial
images (greater than 10 images per minute), as opposed to up to 20 minutes when scanning
at lower field strengths (two to eight images per minute) (Table 6). Such reduction in scan
time decreases the chance for motion artifact, which is detrimental to micro-MR imaging
even if it is submillimeter in scale.

It was not possible to scan our subjects at lower field strength and make a direct comparison
of SNR, but the improvement in SNR at 7T can be estimated. Theoretically, the signal
intensity from a MR experiment is proportional to the square of the static magnetic field
(Bo?). Noise is due to a combination of radiofrequency (RF) coil noise and sample noise. If
all noise were to come from the RF coil, noise would be directly proportional to one-quarter
of the static field (Bql/#), resulting in an SNR that is proportional to By”/4 (25). At higher
field strengths, sample noise becomes a more important contributor, and in this scenario,
noise is proportional to By, which would result in a SNR proportional to Bg. Therefore,
ideally the SNR can be expected to increase at least 4.6 (7/1.5) times at 7T compared to 1.5T
(2.3 times compared to 3T).

In order to perform quantitative assessment of trabecular bone microarchitecture at higher
field strength, the most important technical obstacle to be surmounted is the increased
susceptibility artifact, which can lead to artifactual broadening of the trabecular bone signal
void. For example, in a recent study of calcaneal bone structure, 3T results were found to
overestimate trabecular thickness (0.220 + 0.020 mm vs. 0.180 + 0.020 mm) and bone
fraction (0.41 £ 0.04 vs. 0.28 £ 0.04) by approximately 25% to 30% when compared to 1.5T
results (15). Since susceptibility increases with the square of By, one would expect 7T
results to overestimate trabecular thickness and BVF to an even greater extent than at 3T. In
the worst case scenario, such overestimation would obscure measurable differences in
trabecular bone microarchitecture between subjects and make it infeasible to perform
quantitative assessment. We discovered, however, that trabecular thickness in the current
study (0.220 = 0.005 mm) is similar to that observed in the recent 3T study of the calcaneus
(0.220 £ 0.020 mm) (15) and a recent 1.5T study of the knee (0.222 + 0.006 mm) (24). In
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addition, the BVF in our study (0.287 £+ 0.006) is similar to that reported in 1.5T data from
the calcaneus (0.28 £ 0.04) (15) and 1.5T data from the knee (0.29 £ 0.012) (24).
Comparison with previously published studies does not validate our measurements, but the
similarities in values raises promise for the 7T technique. The reason why trabecular
thickness and BVF are not overestimated to an even greater extent at 7T may be the greater
SNR at 7T and the slightly shorter TE we have utilized. Together, these could decrease the
amount of susceptibility artifact on images. The results suggest that despite increased
susceptibility artifact and intravoxel phase dispersion at 7T (which should lead to
overestimation of trabecular thickness and BVF), quantitative assessment of trabecular bone
microarchitecture is feasible and can be performed with a decreased scan time.

The sport of fencing involves short bursts of high impact activity, such as when the athletes
are lunging or rapidly changing directions. Wolff’s Law states that bone is deposited in
accordance with the mechanical forces placed upon it, and many studies have demonstrated
that high-impact physical activity results in elevated BMD as measured by DEXA or
quantitative computed tomography (qCT) (26—29). This study suggests that trabecular bone
microarchitecture might adapt as well. Specifically, compared to matched controls, the
lower extremities of Olympic fencers demonstrate apparent improvements in both
morphologic (increased trabecular number, increased BVF, and decreased trabecular
separation) and topologic parameters (increased plate-like structure and network
connectivity) of trabecular bone microarchitecture (with the corresponding opposite changes
in marrow space topology). The fencers have increased muscle volumes as well.
Presumably, the increased muscle volumes result in greater mechanical forces being directly
transmitted to bone, which could contribute to bone remodeling.

The apparent trabecular bone microarchitectural adaptations in the Olympic fencers are the
converse of the changes seen in osteoporosis. Both micro-MRI and bone biopsies have
demonstrated that in osteoporosis, there is a conversion of plates to rods/decreased SC and a
disconnection of rods/increased El (5,18,19). This lower bone quality contributes strongly to
decreased bone strength and increased fracture risk in subjects with osteoporosis (6,30). In
the Olympic fencers, the apparent trabecular bone microarchitectural adaptations might
contribute to the ability of their lower extremities to withstand elevated mechanical loads.

The preliminary results do not demonstrate a difference in trabecular thickness between
fencers and controls. The lack of a difference in trabecular thickness in fencers and controls
in this study could also be due to the small participant size or inadequate spatial resolution
and an inability to detect smaller trabeculae. In prior studies with MR spatial resolution
similar to this study (0.156 mm x 0.156 mm, with 1-mm slice thickness), differences in
trabecular thickness between patients with age-related osteoporosis and controls were not
detectable, and this was attributed to an inability to resolve smaller trabeculae (2- 4,31).
Takahashi et al (32) were recently able to detect decreased trabecular thickness in rabbits
with glucocorticoid-induced osteoporosis and increased trabecular thickness in risedronate-
treated rabbits. VVoxel dimensions in this study were 0.097 mm x 0.097 mm with 0.3-mm
slice thickness, and this improved spatial resolution could explain their ability to detect
changes in trabecular thickness compared to the current study (32). Finally, we cannot
exclude the possibility that in response to increased mechanical loads, trabecular bone may
adapt, not by increasing trabecular thickness, but by changes in other morphologic and
topologic parameters as described above. In future studies, we aim to improve our spatial
resolution.

This study has major limitations, including a lack of validation of measurements with
another technique and a lack of data regarding the reproducibility of measurements. In a
previous study involving nine Olympic fencers, including the four who participated in this

J Magn Reson Imaging. Author manuscript; available in PMC 2013 December 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chang et al.

Page 7

study, qCT scanning of the distal femur demonstrated an approximately 30% to 40%
increase (141 mg/mL vs. 104 mg/mL) in distal femoral trabecular bone density compared to
matched controls (26). This result correlates with the apparent improvements in trabecular
bone microarchitecture demonstrated in this study. However, it should be noted that BMD
and trabecular structure can change independently, which is the motivation for using micro-
MRI as an additional tool to evaluate osteoporosis (3,4). To validate the measurements,
subjects ideally would have been scanned at 1.5T or via microcomputed tomography, but
additional scans were declined. In future studies, it will be important to validate the 7T
measurements via other imaging techniques or with bone biopsy. Additionally, although
studies at low field strength have demonstrated the coefficient of variation of quantitative
micro-MR assessments of trabecular bone to be approximately 3% to 8% (33,34), it will be
important to obtain this reproducibility data at 7T.

Other limitations of this work include the cross-sectional study design and the small
participant size. The cross-sectional study design raises the possibility of selection bias, in
which people with inherently better bone structure are more likely to participate in sports
because they are better able to endure the physical demands of participation. The authors
cannot exclude this possibility, but have tried to match as closely as possible the athletes and
controls for age, height, and weight and feel that the main difference between the two groups
is the extreme duration and intensity of mechanical loading on the lower extremities.
Furthermore, although the participant size is small, apparent differences in trabecular
microarchitecture were likely detectable due to a large enough effect size.

In conclusion, this study demonstrates the feasibility of using 7T MRI to produce images of
and quantitatively assess trabecular bone microarchitecture in vivo. At 7T, scan times are
decreased, and despite increased susceptibility artifact, measurements of trabeculae are
similar to those published in prior studies at lower field strength. The results suggest that
trabecular bone microarchitecture adapts in response to elevated mechanical stress, lending
further support to the concept that trabecular bone structure contributes to bone strength.
Future studies are necessary in order to validate measurements made at 7T and to confirm
the reproducibility of measurements made at 7T. As imaging techniques are optimized,
spatial resolution, SNR, and micro-MR image quality should only improve. Future
applications include: the monitoring of osteoporosis and assessment of fracture risk; the
investigation of the pathophysiology of other musculoskeletal disorders that involve
trabecular bone, such as osteoarthritis; and the imaging of marrow space disorders.
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Figure 1.

Sagittal 3D-FLASH 7T MR image of the knee demonstrates the volumes of interest at the
distal femur (top box) and knee joint (bottom box) where trabecular bone microarchitecture
was quantitatively assessed.
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Figure 2.
Representative 3D-FLASH 7T MR axial images of the femoral condyles (a) and proximal
tibia (b) with ROIs placed on trabecular bone.
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Table 1

Comparison of Trabecular Bone Morphologic Parameters Between Fencers and Controls at the Distal Femur

Distal femur Apparent trabecular  Apparent trabecular ~ Trabecular number  Bone volume fraction
thickness (mm) separation (mm) (mm)
Fencer mean 0.231 0.331 1.24 0.287
Standard deviation 0.0105 0.0140 0.0741 0.00679
Control mean 0.229 0.404 1.06 0.242
Standard deviation 0.00949 0.0196 0.0306 0.00311
P value P=0.71 P =0.0082 P =0.046 P =0.00045
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Table 2

Comparison of Trabecular Bone Morphologic Parameters Between Fencers and Controls at the Knee Joint

Knee joint Apparent trabecular ~ Apparent trabecular  Trabecular number  Bone volume
thickness (mm) separation (mm) (mm) fraction
Fencer mean 0.22 0.297 1.35 0.298
Standard deviation 0.00516 0.0027 0.0295 0.00135
Control mean 0.219 0.319 1.28 0.282
Standard deviation 0.00388 0.00988 0.0152 0.00103
P value P=0.92 P =0.051 P =0.0081 P =0.00011
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Table 3

Comparison of Trabecular Bone Topologic Parameters Between Fencers and Controls at the Distal Femur and
Knee Joint

Trabecular bone Surface-curve ratio  Erosion index  Surface-curve ratio  Erosion index

(femur) (femur) (joint) (joint)
Fencer mean 8.79 0.852 8.09 0.892
Standard deviation 0.978 0.0275 0.471 0.045
Control mean 5.15 1.35 6.75 11
Standard deviation 0.235 0.0458 0.311 0.02
P value P =0.0034 0.00040 P =0.0063 P =0.00084
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Table 4

Comparison of Marrow Space Topologic Parameters Between Fencers and Controls at the Distal Femur and
Knee Joint

Marrow space Surface-curve ratio  Erosion index  Surface-curve ratio  Erosion index
(femur) (femur) (joint) (joint)
Fencer mean 27.8 0.29 23.7 0.335
Standard deviation 1.84 0.0216 0.896 0.00675
Control mean 62.6 0.206 32.1 0.286
Standard deviation 5.29 0.00577 1.00 0.00577
P value P =0.0044 P =0.0028 P =0.00028 P =0.00017
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Table 5

Comparison of Quadriceps Muscle Volume Between Fencers and Controls

Quadriceps muscle volume

(mL)

Fencer mean 141

Standard deviation 27.3

Control mean 104

Standard deviation 4.17
P value P =0.038
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