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Abstract

High-resolution peripheral quantitative computed tomography (HR-pQCT) derived micro-finite
element (FE) modeling is used to evaluate mechanical behavior at the distal radius microstructure.
However, these analyses typically simulate non-physiologic simplified platen-compression
boundary conditions on a small section of the distal radius. Cortical and trabecular regions
contribute uniquely to distal radius mechanical behavior, and various factors affect these regions
distinctly. Generalized strength predictions from standardized platen-compression analyses may
not adequately capture region specific responses in bone. Our goal was to compare load sharing
within the cortical-trabecular compartments between the standardized platen-compression BC
simulations, and physiologic BC simulations using a validated multiscale approach. Clinical- and
high-resolution images were acquired from nine cadaveric forearm specimens using an HR-pQCT
scanner. Multiscale FE models simulating physiologic BCs, and micro-FE only models simulating
platen-compression BCs were created for each specimen. Cortical and trabecular loads (N) along
the length of the distal radius micro-FE section were compared between BCs using correlations.
Principal strain distributions were also compared quantitatively. Cortical and trabecular loads from
the platen-compression BC simulations were strongly correlated to the physiologic BC
simulations. However, a 30% difference in cortical loads distally, and a 53% difference in
trabecular loads proximally was observed under platen BC simulations. Also, distribution of
principal strains was clearly different. Our data indicated that platen-compression BC simulations
alter cortical-trabecular load sharing. Therefore, results from these analyses should be interpreted
in the appropriate mechanical context for clinical evaluations of normal and pathologic mechanical
behavior at the distal radius.
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1. Introduction

Mechanical behavior of the distal radius microstructure can be assessed using micro-scale
finite element (FE) models generated from high-resolution peripheral quantitative computed
tomography (HR-pQCT) images. However, due to practical constraints, only a 9 mm region
of the distal radius is typically evaluated. Bone microstructure segmented from the images
are typically converted into a micro-FE voxel mesh, and simplified platen-compression
boundary conditions (BCs) are simulated (Macneil and Boyd, 2008). Strength outcomes
(stiffness, failure load) from these standardized BC analyses are increasingly being used for
clinical evaluations of mechanical behavior at the distal radius (Schafer et al., 2013; Tsai et
al., 2015). In longitudinal comparative studies standardized analyses are attractive due to
their repeatability, and the non-physiologic assumptions of simplified BCs may not be
crucial. However, limiting mechanical outcomes to generalized (whole-bone) strength
predictions may not fully exploit the potential of micro-FE analyses where region specific
contributions can be delineated.

Mechanical and adaptive response of bone is site and region specific (Ducher et al., 2004).
The distal radius is comprised of cortical and trabecular bone, which exhibit unique
mechanical behavior, and there exist complex interactions between the two regions
(Schneider et al., 2001; Spadaro et al., 1994). The trabecular region plays a role in
transferring joint surface loads to the cortical region (Oftadeh et al., 2015). Age (Ding et al.,
2002), disease (Bono and Einhorn, 2003; Johnston and Slemenda, 1995), and therapeutic
interventions (Schafer et al., 2013) alter the structural, material, and mechanical properties
of cortical and trabecular regions distinctly. Therefore, identifying region specific bone
mechanical responses may prove to be a clinically useful tool.

The degree, to which mechanical behavior predicted under the standardized simplified
assumptions is physiologic, is not known. Mechanical behavior of the distal radius is highly
dependent on BCs (Edwards and Troy, 2011; Troy and Grabiner, 2007). To effectively
predict age, pathologic, or therapeutic changes that alter normal behavior, the mechanical
behavior of the cortical-trabecular regions under physiologically relevant conditions must be
understood. To perform time- and computationally-efficient micro-FE simulations of
physiologic mechanical behavior at the distal radius microstructure, we developed and
validated a multiscale approach (Johnson and Troy, 2017). Our method combines
continuum-FE and micro-FE (macro-micro-scale) meshes applying physiologic BCs.

Hence, the primary goal of this study was to evaluate cortical-trabecular load sharing in the
distal radius microstructure. We also compared distribution of principal strains within the
cortical and trabecular regions. First, we evaluated mechanical response under physiologic
BC simulations using our multiscale approach. Then, we compared mechanical behavior
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under the commonly applied platen-compression BCs. We hypothesized that cortical-
trabecular load sharing would be different under the standardized platen-compression BCs.

2. Methods

2.1. Specimens and Image Acquisition

The data reported here were acquired as part of an earlier validation study for the multiscale
modeling used here (Johnson and Troy, 2017). One specimen in that study was found to
have a recently healed radial styloid tip fracture, and was therefore excluded from the
present analyses. Briefly, nine fresh-frozen cadaveric forearm specimens (4 males, 5
females; mean age 67+13 years) with no visible pathologies were included. A 11 cm region
of the proximal wrist (oriented in 60° extension) and distal forearm was scanned at clinical-
resolution (246x246x246 um voxels, 126 mm field of view) using an XtremeCT HR-pQCT
scanner (Scanco Medical, Switzerland). Also, a 9 mm region of the distal radius was
scanned at high-resolution using the manufacturer’s standard protocol (82x82x82 um
voxels, 126 mm field of view, 110 slices). The 9 mm distal radius region was located at 9.5
+ 1.7% length (mean + SD; ratio of the distance of the distal end of the region from the
styloid tip, to forearm length), which was in the vicinity of the clinically relevant site of
distal radius fractures. The growth plate, corresponding to the location of maximum cross-
sectional area, was located at 5.3 + 0.6% length. A phantom with known calcium
hydroxyapatite equivalent densities was used to calibrate all CT images (Model# KP70, Lot#
K70-05-51, Scanco Medical).

2.2. Modeling Procedures

Two types of FE models were created for each specimen (Fig. 1): multiscale (continuum-FE
+micro-FE) simulating physiologic BCs (Johnson and Troy, 2017), and micro-FE only
simulating simplified platen-compression BCs (Boutroy et al., 2008; Macneil and Boyd,
2008).

Physiologic Boundary Conditions (Multiscale Model Analysis)—Our validated
multiscale approach (model predicted versus experimentally measured strains: r = 0.87, p <
0.001), described in detail elsewhere (Johnson and Troy, 2017), involves replacing a
matching region of the continuum (macro-scale) organ-level radius with the corresponding
micro-FE section incorporating microstructure (Fig. 1). The multiscale radius models
included three sections; articular continuum, distal micro-FE, and proximal continuum (Fig.
2A) and consisted of 10,248,235 + 2,547,342 degrees of freedom (see appendix for details).

Multiscale analyses were performed using Abaqus (Simulia, Providence, RI). An axial load
of 300 N directed proximally was applied through the centroids of the scaphoid (180 N) and
lunate [120 N (Majima et al., 2008)], with a 1.0 cm region of the proximal radius nodes
fixed. This BC corresponds to the physiologic forearm orientation of leaning onto the palm
and applying an axial load. All simulations were performed on a UNIX server with 16-30
processors (2.2-2.9 GHz) and 40-140 GB RAM.
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Platen-Compression Boundary Conditions (Micro-FE Only Model Analysis)—
The same micro-FE distal sections from the multiscale model analyses were implemented
(Fig. 2B). The model setup for the platen BC analyses was similar to the manufacturer’s
standardized procedures (IPL, Scanco Medical, Switzerland). A 300 N axial load was
applied to the distal surface, while the proximal surface was fixed. The platen BC analyses
were also performed using Abaqus.

2.3. Outcome Measures and Statistical Analyses

Load sharing through the cortical and trabecular regions was evaluated along the 9 mm
length (110 slices) of the distal micro-FE section. Cortical and trabecular regions (Fig. 3)
were defined according to the manufacturer’s standard protocols using the dual-threshold
method (Buie et al., 2007; Burghardt et al., 2010a; Burghardt et al., 2010b). Loads (N) were
calculated using the following equation,

n
Loadcortical/tmbecular:E :z Ozz; X Aj

where o, is the longitudinal component of the Cauchy stress tensor, and A is the area in the
transverse plane, of each it element within the cortical/trabecular regions. To account for
artifacts due to the constraints at the continuum-micro-FE section interfaces, data from
elements located within two voxels of the interfaces were excluded from the analysis,
leaving 106 remaining slices (Johnson and Troy, 2017). To account for between-specimen
variations in the location of the distal micro-FE section along the length of the radius,
cortical and trabecular loads were grouped according to forearm length ratios. For each
specimen, the distance of the micro-FE section from the radial styloid tip was expressed as a
percentage of specimen forearm length. The specimen with the most distal location of the
micro-FE section was selected as the reference. For the remaining specimens, using the
forearm length ratios, the offset in number of slices from the reference specimen was then
determined with respect to the forearm length of the reference specimen. Cortical and
trabecular loads were then grouped according to the slice offsets and averaged across the
nine specimens.

Cortical-trabecular load sharing along the length of the micro-FE section was compared
between the physiologic (multiscale) and platen-compression BCs. Correlations between
curves were assessed using the cross-correlation (CC) function in Matlab, and the method of
Oberkampf and Trucano [OT (Burkhart et al., 2014; Oberkampf and Trucano, 2002)] as
follows,

1 Load laten — Load hysiologic
V=1—- —=> tanh |ab P PRy=0709
NZ o |:a § < Loadphysiologic

where Nis the number of data points, and V=1 indicates perfect correlation. For an overall
perspective, percent cortical-trabecular load share averaged across the micro-FE section was
also compared between BCs using paired statistical comparisons. To compare principal

strain distributions between BCs, for each specimen, elements within the respective cortical
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and trabecular compartments of the micro-FE section were binned according to ranges of
element maximum principal strain (1-400 pe; 50 pe increments). The number of elements
within each bin was compared between the two BCs using paired comparisons. This
consisted of either paired t-tests or Wilcoxon signed-rank tests, depending on whether the
data were normally or non-normally distributed. Criterion a=0.05 was defined as significant.

Figure 4 (left) shows a comparison of the load sharing curves averaged across the specimens
between the physiologic and platen BC simulations, plotted along the length of the reference
specimen. Because the relative location of the micro-FE section varied between specimens,
not every point along the length of the reference specimen contained data from all
specimens. Figure 4 (right) provides an estimate of between-specimen variability at specific
locations along the length of the reference specimen; a) distal (for n = 3 minimum), b) cross-
over point (equal cortical-trabecular load share; n = 4), ¢) location where maximum overlap
occurred between specimens (n = 7), d) location of maximum difference between BCs (n =
5), e) proximal (for n = 3 minimum). Cortical loads from the platen-compression BC
simulations were strongly correlated to the physiologic BC simulations (CC: 0.998, OT:
0.936). Trabecular loads from the platen-compression BC simulations were marginally less
but also well correlated to the physiologic BC simulations (CC: 0.991, OT: 0.814). However,
at the distal end, cortical loads were 30% higher and trabecular loads were 13% lower in
platen BC simulations. The largest difference between simulations (53%) was observed
proximally in the trabecular region. On average, percent cortical load share was lower under
platen-compression BCs (63.4 + 14.0% versus 66.4 + 17.4%, p < 0.001), while percent
trabecular load share was higher (36.6 + 14.0% versus 33.6 = 17.4%, p < 0.001), compared
to physiologic BCs.

Comparing distribution of principal strains, there were fewer elements within the higher
strain range bins (>150 pe) under platen-compression BCs, which shifted towards the lower
strain range bins (51-100, 101-150 pe) for both compartments (Fig. 5). Principal strain
distribution was consistently different between the two simulations for all specimens (Fig.
S1, S2).

4. Discussion

To our knowledge, this is the first study to evaluate cortical-trabecular load sharing along the
length of the distal radius microstructure. We compared mechanical behavior in the distal
radius microstructure between standardized platen-compression BC and physiologic BC
micro-FE simulations. Our results demonstrated altered cortical-trabecular load sharing and
strain distribution under platen-compression BCs.

Under physiologic BCs, majority of the load was borne by the trabecular region at the distal
end, and load shifted to the cortical region from distal to proximal (Fig. 4 left). Since the
distal radius is composed primarily of trabecular bone (thin cortex), becoming
predominantly cortical proximally, this behavior was expected. Thus the physiologic role of
the trabecular region in transmitting joint surface loads gradually to the robust cortical
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region is achieved (Oftadeh et al., 2015), while optimizing the specialized weight-to-strength
structural design of bone.

Under platen-compression BCs distal load bearing shifted from the trabecular region to the
cortical region (Fig. 4 left), likely due to alterations in mechanical behavior caused by the
platen-compression BCs. Directly compressing a small distal micro-FE section may result in
the stiffer cortical region bearing more load, versus initial displacement of trabecular
elements followed by load transfer to the cortex, physiologically. This is further confirmed
by the more evenly distributed strains on the periosteal surface under platen-compression
BCs (Fig. 5, S1). Considering that the goal of standardized platen-compression analyses is to
evaluate mechanical strength, the resulting homogenized strain distribution would detract
from the higher strain regions under physiologic BCs, where localized responses would
more likely occur [for example, remodeling (Mullender et al., 1994; Szwedowski et al.,
2012) or failure (Carter et al., 1981; Schaffler et al., 1990)]. Also, platen-compression BC
results tended towards equal load sharing between the two compartments (approaching 150
N), as opposed to load transference, physiologically (Fig. 4).

Platen-compression micro-FE simulations are increasingly being used for clinical
evaluations of mechanical behavior at the distal radius. Typically, changes in generalized
strength variables (stiffness, failure load) are evaluated after therapeutic intervention
(Schafer et al., 2013; Tsai et al., 2015). Based on our results, outcomes observed in these
studies must be interpreted with caution. Using generalized strength predications can fail to
capture between-group differences that result from known region specific (cortical vs.
trabecular) mechanisms of action of the intervention (Schafer et al., 2013), or region specific
contributions to the progression of pathology (Bono and Einhorn, 2003; Johnston and
Slemenda, 1995). The strength of standardized platen-compression analyses implementing
generalized strength variables, may lie in observing longitudinal changes from a measured
reference, and not predicting physiologic magnitudes or region specific responses. For
clinical studies, in an ideal scenario, or depending on the question being answered, we
suggest incorporating the cortical-trabecular load share metric to accurately evaluate region
specific responses provided physiologic BCs are simulated.

Also, there is potential for data from standardized platen-compression analyses to deviate
from physiologic if studies only focus on results at either the distal or proximal end (Boutroy
et al., 2008; Vilayphiou et al., 2010; Vilayphiou et al., 2011), versus the length of the distal
micro-FE section. Our results indicate there exists a cross-over point where trabecular and
cortical loads are shared equally, likely due to similar bone mineral content at the location.
The cross-over point occurred at a similar location between specimens and appeared
independent of BCs. On average, the cross-over point was located at 9.4 + 0.3% length and
9.7 £ 1.0% length under physiologic and platen-compression BCs, respectively.
Realistically, it may not be possible to perform physiologic BC simulations for all HR-
pQCT applications. If standardized platen-compression BCs are implemented, or if data are
to be evaluated at a specific location, we suggest using the cross-over point region where
differences between physiologic and platen-compression BC simulations are minimal.
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One limitation is that our data represent a middle-aged to elderly population (range 46—89
years). However, the load sharing profiles are likely age independent. Future work will better
delineate cortical-trabecular load sharing differences in a wider age range, which was
beyond the current scope. There is potential for error when combining cortical-trabecular
loads from the distal micro-FE sections between specimens. However, we believe using the
objective method of forearm length ratios minimized this error. Defining the boundary
between cortical-trabecular regions is another potential source of error, which was
minimized through use of an automated algorithm (Buie et al., 2007; Burghardt et al.,
2010a; Burghardt et al., 2010b) that was consistently objective between specimens. HR-
pQCT studies also commonly report the cortical-trabecular average stress parameter
(Boutroy et al., 2008; Vilayphiou et al., 2010; Vilayphiou et al., 2011). Because the cortical-
trabecular loads in this study were calculated from stress, we considered presenting stress
data as redundant. Rather, we presented data on strains (changes in distribution), which is
relevant in the context of local adaptive response of bone to a mechanical stimulus
(Mullender et al., 1994; Szwedowski et al., 2012), and localized microdamage accumulation
leading to failure (Carter et al., 1981; Schaffler et al., 1990). The relatively low number of
specimens was another limitation of the study.

In conclusion, platen-compression BC simulations alter cortical-trabecular load sharing by
more evenly distributing forces between the two compartments. Results from these
standardized analyses should be interpreted in the appropriate mechanical context for
clinical evaluations of normal and pathologic mechanical behavior at the distal radius.
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Finite element (FE) setup of the multiscale model analyses simulating physiologic boundary
conditions through the extended wrist (A). Inset shows an enlarged anterior surface view of
the distal micro-FE section, and articular and proximal section interfaces (top), and a view
through the cross-section showing microstructure (bottom). FE setup of the platen-

compression analyses (B).
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Figure 3.
Division of the distal micro-FE section (left column) into cortical and trabecular regions

(right column). Only the distal and proximal ends are shown.
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Figure 4.
Average cortical (Ct) and trabecular (Tb) load share compared between the physiologic

(Phys) and platen-compression (Platen) analyses plotted along the length of the reference
specimen (Left). Data from nine specimens were grouped relative to the reference specimen.
Shown is the cross-over point where cortical-trabecular load sharing was equal. Trabecular
load share compared at specific locations along the length of the reference specimen
indicating between-specimen variability (Right). Error bars indicate standard error. Dashed
line indicates 50% load share. Cortical load share (not shown) can be calculated as 100
minus trabecular load share.
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Figure 5.
Distribution of maximum (tensile) principal strain within the cortical (top row) and

trabecular (bottom row) compartments, compared between the physiologic and platen-
compression analyses. Under platen-compression, elements shifted towards the lower strain
range bins from the higher strain range bins (Left). Data presented are the averages for all
specimens and error bars indicate standard error. * indicates significant differences. Color
map (Right) confirms the change in locations of periosteal surface (top row) and internal
(bottom row) strains under platen-compression (specimen 3 data is shown from an anterior
perspective. Refer to Figures S1 and S2 for data from all specimens).
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