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Abstract

Purpose—To use 7 T magnetic resonance imaging (MRI) to determine how trabecular bone
microarchitecture varies at the epiphysis, metaphysis, and diaphysis of the distal radius.

Materials and Methods—The distal radius of 24 females (mean age = 56 years, range = 24-78
years) was scanned on a 7T MRI using a 3-D fast low-angle shot sequence (0.169 mm x 0.169 mm
x 1 mm). Digital topological analysis was applied at the epiphysis, metaphysis, and diaphysis to
compute: total trabecular bone volume; trabecular thickness, number, connectivity, and erosion
index (a measure of network resorption). Differences and correlations were assessed using
standard statistical methods.

Results—The metaphysis and epiphysis had 83-123% greater total bone volume and 14-16%
greater trabecular number than the diaphysis (both p <.0001). The erosion index was significantly
higher at the diaphysis than the metaphysis and epiphysis (both p <.01). The most elderly
volunteers had lower trabecular number (< 66 years mean 0.29+0.01; = 66 years, 0.27+0.02, p <.
05) and higher erosion index (< 66 years mean 1.18+0.17; age > 66 years, mean 1.42+0.46, p <.
05) at the epiphysis; differences not detected by total trabecular bone volume.

Conclusion—7T MRI reveals trabecular bone microarchitecture varies depending on scan
location at the end-of-bone, being of overall higher quality distally (epiphysis) than proximally
(diaphysis). Age-related differences in trabecular microarchitecture can be detected by 7T MRI.
The results highlight the potential sensitivity of 7T MRI to microarcitectural differences and the
potential importance of standardizing scan location for future clinical studies of fracture risk or
treatment response.

Corresponding author: Lindsay Griffin, Bellevue Hospital Center/NYU School of Medicine, Department of Radiology 3W-37, 462
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INTRODUCTION

Osteoporosis is a disease of increased fracture risk due to low bone mass and
microarchitectural deterioration of bone tissue (1). Osteoporosis is a common disease,
affecting one in two women and one in five men over fifty years old (2). Prior estimates have
shown that 10 million Americans over age 50 have osteoporosis at the hip and 33.6 million
have osteopenia at the hip (3). Moreover, osteoporotic fractures, especially of the hip and
spine, have considerable associated mortality and morbidity (4 — 6). Hence, diagnosis and
treatment of osteoporosis prior to fracture is crucial.

Bone strength is determined by both bone mass and microarchitecture (7). Imaging is an
important component in assessment of fracture risk (8). Dual-energy x-ray absorptiometry
(DXA\) estimation of areal bone mineral density (BMD) is the standard-of-care test used to
diagnose osteoporosis and provides a metric of bone mass. However, DXA has limitations.
First, BMD accounts for only approximately 60% of bone strength (9). Second, DXA is a
two-dimensional imaging method and is vulnerable to over- or under-estimation based on
bone size (10). Finally, DXA does not account for bone microarchitecture, which also plays
a critical role in bone strength. In the last 15 years, imaging of bone microarchitecture has
become possible via micro-magnetic resonance imaging (MRI) methods (11 — 13) and high-
resolution peripheral quantitative computed tomography (HR-pQCT) (14, 15). Imaging of
bone microarchitecture is important because there is evidence it provides useful information
about fracture risk and mechanisms of action of osteoporosis therapies that cannot be
provided by DXA (9, 16).

Our purpose is to determine how trabecular bone microarchitectural parameters and their
interrelationships vary at the epiphysis, metaphysis, and diaphysis of the distal radius,
intrinsically and in relation to age and fracture status.

MATERIALS AND METHODS

Study Population

This study was approved by our Institutional Review Board and written informed consent
was obtained from all participants. Twenty four healthy female volunteers without history of
trauma, surgery, arthropathy, or metabolic/endocrine disorder were recruited. We studied
only female subjects in this initial study in order to eliminate the possible confounding
variable of gender, as male-female differences in bone microarchitecture could exist.

MRI Acquisition

Subjects were scanned on a 7T whole body MR scanner (Siemens, Erlangen, Germany) in
the prone position with the non-dominant wrist extended in front of them (“superman”
position). An 8-channel receive coil, constructed in-house and consisting of two curved
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“clamshell” sections, was used (17). The technical specifications of this coil (which was
specifically designed for use at 7T), including signal-to-noise ratio (SNR) maps, B1+ maps,
and parallel imaging performance were previously published (17). Axial images of the distal
radius were obtained with a 3-dimensional fast low-angle shot sequence (3-D FLASH,
TR/TE = 20 msec/4.1 msec, flip angle = 10°, field-of-view = 86 mm, matrix = 512 x 512,
resolution = 0.169 mm x 0.169 mm, 40 axial images, slice thickness = 1 mm, parallel
imaging (GRAPPA) acceleration factor = 2, imaging time = 4 minutes 6 seconds) as
previously described (17, 18). No subjects reported claustrophobia nor other adverse events.

Image Analysis

We analyzed bone microarchitecture within 10 mm-thick volumes of interest in three
locations: the distal radial epiphysis, metaphysis and diaphysis. The epiphysis was defined
as the ten most distal axial slices within the distal radius. The metaphyseal volume of
interest was defined as the ten axial slices just proximal to the epiphyseal volume of interest,
and the diaphyseal volume of interest was defined as the ten axial slices just proximal to the
metaphyseal volume of interest. To each volume of interest, we applied digital topological
analysis (DTA) (19, 20). DTA is a 3-D method that accurately determines the topological
class (e.g., surfaces, curves, junctions) of each individual location in a digitized structure
that has been applied for quantifying quality of trabecular bone architectural makeup. Before
applying DTA, a binarized trabecular bone image is skeletonized to a network of 1-D and 2-
D structures representing rods and plates, respectively. DTA involves inspecting each bone
voxel’s neighboring voxels (i.e., the 26 other voxels within the voxel’s 3 x 3 x 3 kernel) and
subsequent computation of trabecular parameters. A unique topological classification can be
achieved using lookup tables solving for local topological ambiguities in digital manifolds
and their junctions. These topological classes are then used to compute several topological
parameters for trabecular bone networks.

We computed: total trabecular bone volume, apparent trabecular thickness, and markers of
trabecular number, trabecular network connectivity (junc, a measure of connections between
trabecular rods and plates), and erosion index (a measure of trabecular network resorption
secondary to osteoclasts). More specifically, total bone volume refers only to the total
volume occupied by individual trabecular bone structures inside the trabecular compartment,
which was separated from cortical bone via manual outlining under the guidance of a
musculoskeletal radiologist. Note that the other term “total volume” represents the volume
of outlined trabecular compartment including individual trabecular bone structures as well as
the marrow space. Junc is a marker of trabecular microarchitecture, which refers to the
normalized count of voxels forming topological junctions of individual trabeculae inside the
trabecular compartment. Erosion index was defined as the ratio of all topological parameters
expected to increase with trabecular bone erosion (e.g., rods, plate-edges, and rod junctions)
to all those that are expected to decrease by erosion (e.g., plate interiors and plate
junctions).” Previous bone biopsy studies of patients with osteoporosis have shown
alterations in these parameters compared to controls (21, 22).

The coefficient of variation for microarchitectural parameters at 7T with this image analysis
and MRI technique has previously been shown to be 0.8-5.6 % (18, 23). Each scan was
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evaluated on a 5 point scale for image quality (1 = non-visualization, 2 = poor, 3 = good, 4,
= very good, 5 = excellent) by one of the authors, a musculoskeletal radiologist. On this
scale, 5 represented the highest quality and denoting ability to clearly visualize sharp and
distinct trabeculae and 1 represented the lowest quality denoting the inability to visualize
any trabeculae. The mean image quality score was 4.3+0.7 with all images scoring =3, No
images were excluded in final analyses. Figure 1 is an example of images used for analysis
at each site and Figure 2 is an example of how DTA was performed.

Statistical Analysis

RESULTS

Analyses were performed using Stata 13.0 (StataCorp). P < .05 was considered significant
and two-sided tests were used through-out. Differences between bone sites were assessed
using paired Student t-tests or Wilcoxon signed-rank test when data was non-normally
distributed. Correlations between parameters at each site were assessed by Spearman rank
correlation. Spearman correlation was used because it allows for assessment of correlation
between non-parametric, monotonic (but not necessarily linear) data. In order to account for
differences in total bone volume (because of differences in total bone volume at each site),
multivariate linear regression was used to assess between-site-differences in trabecular
architecture for a given total bone volume, with the exception of trabecular number which
was not significantly associated with total bone volume. We also adjusted for total bone
volume by using 1/(total bone volume) as a weighting factor in the analysis, giving more
weight to measures with higher or lower total bone volume depending on whether the
correlation of the measure with total bone volume is negative or positive, respectively. Age
effects were assessed using age quartiles. Subgroup comparisons for subjects with versus
without fracture were performed using Student’s t-tests and multivariate regression. The
assumptions for regression models were assessed using quantile-quantile plots to assess the
normality of residuals.

The mean age of the twenty four healthy female volunteers was 55+14 years (quartile age
ranges were 24-51 years, 52—-60 years, 61-65 years, and 66—78 years.) Fourteen volunteers
reported history of fracture. Median number of fractures was 3 (rage 1-5) amongst those
who reported fracture.

Overall trabecular bone quality increased from the diaphysis towards the epiphysis with
higher total trabecular bone volume, trabecular number, and trabecular connectivity, and
lower erosion index at the metaphysis/epiphysis in comparison with the diaphysis. As
demonstrated in the MRI images in Figure 1 and in the values in Table 1, the most striking
increase was in total trabecular bone volume. Total trabecular bone volume was, on average,
123% higher at the metaphysis and 306% higher at the epiphysis than at the diaphysis.
Trabecular number was, on average, 12% higher at the metaphysis and 16% higher at the
epiphysis than at the diaphysis. Trabecular thickness was not significantly different between
sites. Trabecular connectivity was on average 25% higher at the metaphysis and 50% higher
at the epiphysis than at the diaphysis. Lastly, the erosion index was 24% lower at the
metaphysis and 17% lower at the epiphysis than at the diaphysis, on average. Figure 2 shows
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differences between a subject with relatively high trabecular bone volume and a subject with
relatively low trabecular bone volume.

Correlations of bone parameters including p values are shown in Table 2. Of note, total
trabecular bone volume, erosion index, and trabecular thickness were significantly correlated
at all sites. Trabecular number was strongly correlated with connectivity. Trabecular number
did not correlate with total trabecular bone volume nor trabecular thickness at any site.
Erosion index correlated with trabecular number at the metaphysis and with connectivity at
the diaphysis.

Because of the large differences in total trabecular bone volume between sites, we assessed
whether differences in the other trabecular bone microarchitectural parameters between sites
were affected by total trabecular bone volume and how parameters changed after adjusting
for total trabecular bone volume. Total trabecular bone volume was not significant in the
models of trabecular number. After adjusting for total trabecular bone volume, trabecular
thickness was significantly less at the metaphysis and epiphysis in comparison with the
diaphysis (all p < 0.0001). Trabecular connectivity was higher at the metaphysis than the
diaphysis and epiphysis (both p < 0.05) and the epiphysis had a higher erosion index than
the diaphysis and metaphysis (both p < 0.0001). Overall, total trabecular bone volume drives
the absolute differences in trabecular thickness, connectivity, and erosion index between
sites.

Differences in bone parameters related to age and fracture status were also assessed.
Trabecular number at the epiphysis was significantly lower in the oldest quartile of
volunteers (age = 66) in comparison with the other quartiles (age < 66 years, mean
trabecular number 0.29+0.01 versus age = 66 years, mean trabecular number 0.27+0.02, p
<.05). Erosion index at the epiphysis was significantly higher in the eldest quartile of
volunteers (age < 66 years, mean erosion index 1.18+0.17 versus age = 66 years, mean
erosion index 1.42+0.46, p < .05). These effects persisted after controlling for total
trabecular bone volume in multivariate regression analysis. Age-related differences were not
observed at the metaphysis nor diaphysis. Differences in bone parameters at the three sites
were not detected between those with or without fracture.

DISCUSSION

Osteoporosis is a disease of weak bone and increased fracture risk secondary to low bone
mass and microarchitectural deterioration of bone tissue (1). DXA provides clinicians with a
means to assess bone mass. With the recent arrival of novel imaging technologies, such as
HR-pQCT and micro-MRI, clinicians and researchers now have the ability to image and
monitor changes in bone microarchitecture in vivo.

Although osteoporosis is a systemic disease affecting all bones in the skeleton, we
hypothesized that variation in bone microarchitecture exists along the longitudinal axis of
bone. Prior studies in cadaveric human specimens (24) and in humans in vivo using MRI
(25) have shown that percent trabecular bone, total bone mass, and trabecular bone volume
fraction decrease and trabecular separation increases as the distance from the end of bone
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increases. In this study, we used 7T MRI to build on these prior studies and define the
microarchitectural basis for the changes in bone mass and quality along the longitudinal axis
of the distal radius. Our results show that trabecular bone microarchitecture does change
depending on whether it is assessed in the epiphysis, metaphysis, or distal diaphysis and was
of overall higher quality at the epiphysis and metaphysis compared to the diaphysis.

We found that the differences in trabecular bone microarchitectural parameters at the
epiphysis and metaphysis relative to the diaphysis were mediated by increases in total
trabecular bone volume. The question as to why the body would need to increase trabecular
bone microarchitectural quality and total trabecular bone volume (a marker of bone mass) at
the end-of-bone is an interesting one. Though the focus of this study was on trabecular bone
microarchitecture, we conjecture that the improvements in trabecular bone microarchitecture
and increase in total bone volume in the epiphysis/metaphysis compared to the diaphysis
may reflect the body’s need for higher trabecular bone quality in locations where cortical
bone is very thin, such as at the end of bone. In vertebral bodies, where the cortex is also
very thin, biomechanical and finite element analysis studies have shown that it is trabecular
bone microarchitecture, rather than cortical bone, that is critical the contributor to bone
strength (26). Future work in the distal radius could be directed at quantifying both cortical
and trabecular bone parameters in similar studies using finite element modeling in order to
assess the contributions of cortical and trabecular bone to overall bone strength at different
distal radius locations.

We found decreased bone quality at the epiphysis in terms of trabecular number and erosion
index in the eldest of our population in comparison with the rest. There is a 30-fold rise in
fracture risk between the ages of 50 and 80 that is not explained by BMD (27). Since bone
microarchitecture is an important contributor to bone strength independent of BMD, it may
be possible that deteriorated microarchitecture may explain elevated fracture risk in elderly
subjects, in particular at skeletal sites where trabecular bone contributes the most to bone
strength. In the future, it will be important to determine the relationship between
microarchitectural deterioration and fracture risk in longitudinal studies.

The finding that trabecular bone microarchitectural quality was overall higher at the
epiphysis and metaphysis than at the diaphysis may at first seem surprising given that distal
radius fractures, such as the Colles fracture, typically occur within 1 cm of the articular
surface, in the epiphysis or metaphysis, rather than at the diaphysis (28). However, this
seemingly surprising result, can perhaps be explained by Wolff’s Law and the
pathomechanics of distal radius fractures. Wolff’s Law states bone remodels in response to
the mechanical loads placed upon it (29). Because a distal radius fracture is usually caused
by a fall on an outstretched hand, abnormal axial forces are exerted first on the epiphysis and
then on the underlying metaphysis at the time of the fall (30). Since the distal radial
epiphysis and metaphysis are not habituated to such high axial mechanical loads, then the
trabecular microarchitectural network in the epiphysis and metaphysis will not be organized
in a manner to withstand these forces, and a fracture will result. This will be particularly true
in an osteoporotic patient in whom microarchitectural deterioration exists. Because the
mechanical energy of the axial load will be dissipated in fracturing the epiphysis and
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metaphysis, the distal diaphysis, being deepest in distance from the site of the axial load,
will be the less likely location to fracture in the setting of a fall on an outstretched hand.

The results of this study also highlight the importance of standardizing scan locations for
cross-sectional and longitudinal imaging studies of bone microarchitecture, whether they be
performed via micro-MRI or HR-pQCT. If scan locations differ between patients, then it is
possible that differences between groups or longitudinal changes over time are simply
secondary to systematic differences in scan locations. We believe that the use of anatomic
landmarks to define scan location could help alleviate this problem with the understanding
dimensions of bone have individual differences which cannot be completely standardized
with the use of an anatomic landmark Therefore, in cross-sectional studies between
individuals or groups, this will be important to keep in mind as a limitation. However, it may
be important for MRI technologists, when acquiring images in a follow-up longitudinal
study, to verify the scan is being performed in the same location as in prior scans by looking
at the scout localizer images from the prior scans to ensure consistency within individuals.
At our institution, the MRI technologists have PACS access on the computer next to the MRI
scanner console, which facilitates such comparison. While image registration software could
help a researcher or clinician verify that measurement/image analysis is being done in a
similar location, it will not be able to correct for a scan performed in a different location,
even if the locations differ by less than 10 mm.

Although we could have performed this study at clinical field strength (1.5 or 3T), we
decided to perform this study at 7T. Scanning at 7T has technical challenges including
increased energy deposition, changes in relaxation times, greater susceptibility artifacts, B1+
field inhomogeneity, and fewer commercially available radiofrequency coils. But one
advantage of scanning at 7T is the higher signal-to-noise ratio (SNR), which scales
approximately linearly with the strength of the main magnetic field. We were able to use the
increased SNR of 7T to achieve a resolution high enough to visualize trabeculae and also
implement parallel imaging to decrease scan time; the scanning session was complete in less
than 5 minutes (30 seconds for localizers images, 4 minutes 6 seconds for microarchitecture
scanning). Because no dedicated wrist coils exist for human 7T MRI scanners, we used an 8-
element receive coil that was constructed in-house. As 7T scanners become more widely
available, then coil vendors may in parallel increase the number and types of extremity coils
that are available for purchase. Finally, none of the subjects in this study reported any
adverse effects from being scanned prone and head first in the superman position at 7T;
however, we do note that none of the subjects had claustrophobia. For clinical studies in the
future, the ability to have an MRI scan time as short as 4 minutes 6 seconds would be useful
for patients who have claustrophobia or anxiety about MRI scanning. We believe that even
shorter scanning sessions will be possible in the future, possibly through the implementation
of higher parallel acceleration factors or pulse sequences that have higher SNR efficiency. It
is important to note that this study was not designed to compare 7T with 3T/1.5T. In the
future, it will be important to make such a comparison to determine if there is an overall
benefit of 7T beyond 3T/1.5T, if any.

This study has limitations. First, the sample size (n = 24) is relatively small and limited to
women However, we still had enough power to detect significant differences between
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locations as well as age-related differences. With a greater number of subjects, we could
detect more subtle differences between locations and in relation to demographics or fracture
for other microarchitectural parameters. Second, we recognize 7T MRI scanners are
currently not widely available. In addition, MRI of bone microarchitecture was originally
performed on 1.5T and 3T scanners, and the knowledge gained from this 7T study can still
be applied to studies performed at other field strengths (10 — 13). Third, we did not
implement motion correction methods, which have been previously described by Wehrli et
al. (31). However, the presence of motion artifacts on the images should only make it more
difficult to detect trends. In the future, to the application of motion correction methods will
allow us to confirm our results and should make it possible for micro-MRI methods to detect
even subtler changes related to aging, between groups, or longitudinally. Finally, we note
that the resolution of micro-MRI is not as high as that of HR-pQCT (81 micron isotropic).
Nevertheless, we were still able to determine that microarchitectural parameters vary
depending on scan location, and the results can still apply to any future HR-pQCT studies.
We note that MRI has its advantages compared to HR-pQCT, including the ability to scan
different locations along bone’s longitudinal axis and also the lack of ionizing radiation.

In conclusion, we have used 7T MRI to demonstrate that trabecular bone microarchitecture
varies greatly depending on scan location at the distal radius. We also show the ability of 7T
MRI to detect differences in trabecular microarchitecture between age quartiles.. The results
provide some insight into the regional variation in trabecular bone microarchitectural quality
that exists even within a short segment of bone in healthy subjects. The results also highlight
the importance of standardizing scan locations for future cross-sectional and longitudinal
imaging studies of bone microarchitecture. This will allow the results to be accurately
interpreted and correlated with important clinical outcomes such as fracture status and
response to therapy.
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1. Diaphysis 2. Metaphysis 3. Epiphysis

Figure 1.
Axial 7T MR images of the wrist of one subject showing representative images from each

site. Note differences in trabeculation pattern at the diaphysis, metaphysis, and epiphysis.
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(b) Bvf image (c) DTA plate and rod
classification on bvf
image

(a) Original image

Figure 2.
Axial 7T MR images of the wrist at the epiphysis of two subjects showing representative

images of segmentation of trabecular bone, differences in total trabecular bone volume (Bvf
image), and differences in microarchitecture as determine by digital tomographic analysis
(DTA plate and rod classification on bvf image).
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