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Abstract

High-resolution peripheral computed tomography is commonly used to evaluate mechanical 

behavior of the distal radius microstructure using micro-finite element (FE) modeling. However, 

only a 9 mm section is considered and boundary conditions (BCs) are usually simplified (platen 

compression), and may not represent physiologic loading. Regardless, these methods are 

increasingly being used for clinical evaluations. Our goal was to develop and validate a novel 

multiscale solution that allows for physiologically relevant loading simulations (such as bracing 

during a fall), and show that mechanical behavior in the distal radius is different under platen BCs. 

Our approach incorporated bone microstructure together with organ-level radius geometry, by 

replacing matching continuum regions with micro-FE sections in user-defined regions of interest. 

Multiscale model predicted strains showed a strong correlation and a significant relationship with 

measured strains (r = 0.836, p < 0.001; slope = 0.881, intercept = −12.17 με, p < 0.001). 

Interestingly, platen BC simulated strains were almost 50% lower than measured strains (r = 

0.835, p < 0.001), and strain distributions were clearly different. Our multiscale method 

demonstrated excellent potential as a computationally efficient alternative for observing true 

mechanical environment within distal radius microstructure under physiologically accurate 

loading.
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1. Introduction

Computed tomography (CT) and finite element (FE) analysis are established tools used to 

investigate mechanical behavior at the distal radius under various conditions. Typically, the 

FE analyses involve organ- (macro) level bone geometry acquired from CT images at 
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clinical-resolution (voxel size 234×234×625 μm or greater), to determine in situ strains [1–

3], fracture strength [4–6], and the efficacy of fracture fixation methods [7–9]. The relatively 

lower resolution of the CT images provides insufficient structural detail through the cross-

section. To account for this limitation, the FE analyses are restricted to a continuum 

assumption with inhomogeneous material properties related to density distribution, derived 

from voxel intensities of the images [10–12]. Depending on the application, distal radius 

continuum FE models provide useful information on cortical strains and integral whole bone 

mechanics. Bone however, is a complex structure consisting of cortical (low porosity) and 

trabecular (highly porous) regions each playing a unique role in whole-bone mechanics [13, 

14]. The microstructure of the trabecular region is particularly important to take into 

consideration because of its increased susceptibility to bone loss and osteoporosis [15, 16], 

and its age-related changes in anisotropy [17].

High-resolution peripheral quantitative CT (HR-pQCT) is able to resolve bone 

microstructure (82×82×82 μm voxel size), making the non-invasive evaluation of cortical 

and trabecular microstructure at the human distal radius possible [18, 19]. Due to the 

significantly longer scan times (∼20 times > clinical CT), standard HR-pQCT protocols only 

consider a volume of interest typically 9.0 mm in length (110 transverse slices). This scan 

length sufficiently captures the clinically relevant region of the distal radius where fractures 

typically occur. HR-pQCT has been applied to study age-related changes, effects of diseases, 

and outcomes of various treatments on bone microstructure [20–24]. Also, HR-pQCT data 

are used to generate micro-FE models incorporating microstructure to evaluate distal radius 

mechanical behavior [25–30]. From the images, voxels of the cortical and trabecular bone 

regions are directly converted to an FE mesh and assigned homogeneous material properties. 

However, the micro-FE analyses only model the 9.0 mm thick section of the distal radius 

and the boundary conditions (BCs) usually simulate a simplified uniaxial compression test 

between two platens. Essentially, the proximal surface of the bone section is fixed and a 

uniform axial displacement (or load) is applied to the distal surface [31]. Though these 

simulations do not represent physiologic conditions, measures from these analyses are 

increasingly being used as outcomes for clinical trials [22, 23, 32, 33]. While simplified 

platen BCs may only result in a systematic variation in parameters compared to physiologic 

BCs, the effect of these BCs on estimated bone mechanical behavior has not been 

determined. Furthermore, physiologically relevant BCs are important to understand true 

mechanical environment within bone, which is associated with structural adaptation [34].

Ideally, FE simulations of the radius would involve micro-FE meshes of the organ-level 

geometry (incorporating microstructure), non-linear inhomogeneous material properties, 

simulated under physiologic BCs (such as axial loading through the extended wrist 

corresponding to most activities of daily living). However, due to time, current 

computational constraints, and impracticalities associated with acquiring large volumes of 

HR-pQCT data, these analyses are not possible using data from living human subjects. To 

address these limitations, a “compromise” approach would involve a micro-macro-level 

multiscale analysis where only select regions of interest within organ-level geometry 

(continuum-FE) incorporate microstructure (micro-FE).
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Hence, the goals of this study were twofold. 1) To develop and validate a novel multiscale 

approach to solve continuum and micro-FE models simultaneously under physiologic 

boundary conditions. Strain was chosen as an outcome for validation because it is an 

important mechanical stimulus associated with bone adaptation [35, 36]. 2) To compare 

results of distal radius micro-FE loading simulations performed using physiologic BCs 

(multiscale models) and simplified platen BCs, versus experimental results. We 

hypothesized that platen BC simulations would exhibit different mechanical behavior at the 

distal radius region compared to physiologic BC simulations.

2. Methods

2.1. Specimens

Data were acquired from 10 fresh-frozen cadaveric left forearms with the hand intact (4 

males, 6 females; mean age 64 years, range 32–89). The specimens were thawed to room 

temperature for image acquisition, experimental setup and mechanical testing. While 

thawed, the specimens were kept moist using a saline solution.

2.2. Image Acquisition

All images were acquired using an XtremeCT HR-pQCT scanner (Scanco Medical, 

Switzerland). Two sets of images were acquired per specimen; clinical-resolution images of 

a 11 cm region of the distal forearm and wrist in 60° extension (246×246×246 μm voxel 

size, 126 mm field of view, 60 kV, 0.9 mA), and high-resolution images of a 9.0 mm region 

of the distal radius (82×82×82 μm voxel size, 126 mm field of view, 60 kV, 0.9 mA). The 

high-resolution image region corresponded to the strain gage attachment sites (distal set; see 

Section 2.3). All CT images were calibrated using a phantom with known calcium 

hydroxyapatite (HA) equivalent concentrations provided by the manufacturer.

2.3. Specimen Preparation and Mechanical Testing

All soft tissue was dissected off the forearm proximal to the wrist joint capsule, leaving the 

interosseous membrane intact (Fig. 1). A transverse osteotomy was performed 14 cm 

proximal to the Lister’s tubercle, and the proximal most 7 cm of bone was potted in 

polyurethane (7 cm exposed). For strain gage attachment, the periosteum was removed and 

the bone surface was sanded and cleaned with isopropyl alcohol. Three stacked rosettes 

(C2A-06-031WW-120, Micro-Measurements, Raleigh, NC) were attached circumferentially 

(anterior, posterior-lateral, posterior-medial) at the distal radius proximal to the Lister’s 

tubercle (Fig. 1B, C). Three additional gages were attached 3 cm proximal to the distal 

gages in a similar configuration. The location of the distal gages (predominantly trabecular 

region) was in the vicinity of the clinically relevant site for distal radius fractures, and the 

proximal gages (predominantly cortical region) provided a greater range of strain 

measurement. The gages were attached using cyanoacrylate glue and coated with 

polyurethane.

The experimental setup replicated a fall configuration (Fig. 1A). The wrists were fixed in 

60° extension (relative to forearm long axis) using a custom fixture and the potted ends were 

unconstrained to minimize frictional shear. The specimens were loaded in compression to 
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300 N at a rate of 0.1 mm/s using a uniaxial materials testing machine (ElectroPuls E1000, 

Instron, Norwood, MA). The target force of 300 N was chosen on the basis of achieving a 

range of periosteal strain magnitudes associated with structural adaptation (1000–2000 με), 

extrapolated from animal models [37, 38]. Force, displacement and strain data were 

collected simultaneously at 80 Hz. Only 14 analog channels were available for data 

acquisition, therefore, data were collected from 4 gages per trial (3 channels per gage: 

4×3=12 channels; plus 2 channels for force, displacement). A total of 10 trials were 

performed, allowing for 5 repeat trails per gage (approximately three minute loading 

intervals), with data from two gages acquired throughout to assess for variability.

2.4. Modeling

Figure 2 summarizes the workflow of the modeling procedures involving continuum only 

models (to determine contact BCs for the multiscale analyses), multiscale models 

(continuum+mico-FE), and micro-FE only models (for comparison of BCs).

Continuum Only Model Analyses—For time and computational efficiency, cartilage 

contact BCs for the multiscale model analyses were determined from the corresponding 

continuum only model analyses. The procedures for creating the continuum models were 

based on prior validated methods, which were shown to have a root mean squared coefficient 

of variation of 0.3% for strain measures [1]. Briefly, to acquire model geometries the radius, 

scaphoid and lunate bones were segmented from the clinical-resolution images in Mimics 

(Materialise, Leuven, Belgium) using a fixed minimum cortical density threshold (ρHA = 

0.210 g/cm3) for all specimens. The scaphoid and lunate were included in the models for 

physiologically accurate forearm loading (Fig. 3). Cartilage was created by expanding the 

articular radius surface to be in contact with the scaphoid and lunate (∼1.4 mm cartilage 

thickness). The bone and cartilage geometries were meshed in 3-matic (Materialise, Leuven, 

Belgium) using 10-node tetrahedral elements [113, 228 ± 26, 021 nodes; 302, 725 ± 71, 671 

degrees of freedom (mean ± SD)], with acceptable edge lengths determined from a 

convergence analysis (2 mm and 3 mm for cartilage and bone, respectively). The cartilage 

was modeled as a hyperelastic neo-Hookean deformable solid (E = 10 MPa, ν = 0.45) [39], 

and the scaphoid and lunate were modeled as rigid non-deformable solids. Linear elastic, 

isotropic (ν = 0.4), inhomogeneous material properties were assigned to the radius based on 

an established density-elasticity relationship [12]. CT Houndsfield units were converted to 

ρHA using the CT phantom calibration and linearly incremented into 200 bins. Elements 

were assigned a modulus value corresponding to the average ρHA in each bin (no change in 

outcome with > 200 elements based on a sensitivity analysis). To account for negative 

modulus values due to the presence of marrow fat, ρHA values < 0.01 g/cm3 were assigned 

ρHA = 0.01 g/cm3. To account for lower modulus values at the periosteal surface due to 

partial volume effects, material assignment was based on ρHA values restricted to 1 voxel 

within the segmented radius area. Elements outside this area (< 0.3%) were assigned an 

average ρHA of the perimeter voxels of the restricted area.

FE analyses were performed using Abaqus 6.12 (Simulia, Providence, RI). A finite sliding 

formulation was used to model normal contact interaction between the bone and cartilage 

surfaces and a penalty method was used to model tangential behavior. An augmented 
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Lagrange method was used to enforce the pressure-overclosure relationship. Once in contact, 

carpal bone rotation and sliding were constrained to account for the wrist ligamentous and 

capsular physiological constraints. To replicate the experimental setup, a 300 N ramped 

quasi-static load was applied axially through the centroids of the scaphoid and lunate bones 

(oriented in 60° wrist extension during CT scanning), towards the proximal radius. Using 

proximal strain gage and CT data, load direction was determined using unsymmetrical beam 

theory [3]. Based on percentage of load transfer through the radiocarpal joint, 180 N and 120 

N were applied through the scaphoid and lunate, respectively [40, 41]. The proximal radius 

nodes were fixed similar to the location of potting. For two specimens, due to above average 

size and CT gantry limitations, the scan length included an insufficient region of the radius 

to fix the proximal nodes at the potting location. Consequently, the proximal most 0.5 cm 

region of the nodes was fixed, which was appropriately distant from the proximal gage 

locations so as not to affect outcome (Saint-Venant’s principle). Contact normal forces and 

shear forces were determined on the nodes of the cartilage surface to apply as BCs for the 

multiscale model analyses.

Multiscale Model Analyses (Physiologic BCs)—Figure 4 shows an example model 

setup for the multiscale analyses. The setup consisted of three sections (Fig. 4A); a 

continuum articular section, a micro-FE distal section, and a continuum proximal section.

The clinical-resolution segmented (“full”) radius was divided into articular and proximal 

sections using image registration. Image registration was performed using custom code 

(Matlab, Mathworks, Natick, MA) to align the 9.0 mm high-resolution distal radius region 

with the full clinical-resolution radius (Fig. 5). Cross-sectional area comparison was first 

used to automatically identify the clinical-resolution radius sub-region that matched the 9.0 

mm high-resolution distal radius region. The 9.0 mm high-resolution distal radius region 

was then registered to the matching clinical-resolution radius sub-region using a mutual 

information method of maximizing relative pixel intensities. A laboratory sensitivity 

analysis using the International Society for Clinical Densitometry guidelines (minimum 30 

degrees of freedom) showed high registration accuracy with rotation errors of 0.47 ± 0.38°, 

0.46 ± 0.41° and 0.32 ± 0.24° in the x, y and z directions, respectively. Using the 

transformation from image registration, the full clinical-resolution radius was divided into 

articular and proximal sections (Figs. 2, 4), which were converted into continuum meshes as 

previously described.

To acquire micro-FE model geometries, cortical and trabecular bone were segmented from 

the high-resolution images of the 9.0 mm distal radius region using the manufacturer’s 

standard protocols [42]. The bone voxels were directly converted into a micro-FE voxel 

mesh of 8-node hexahedral elements, with linear elastic, homogeneous material properties 

(E = 15 GPa, ν = 0.4 [25, 43]). This element type allows for automatic mesh generation 

from high-resolution CT datasets, significantly reducing user and computational effort, 

while also allowing for a high quality and numerically stable FE mesh (better aspect ratio/

Jacobian). Furthermore, this allows for comparison of results across micro-FE studies of the 

distal radius that mostly incorporate voxel elements [25– 30]. The spatial transformation 

obtained during image registration was also used to position the micro-FE distal section 

between the articular and proximal clinical-resolution continuum sections (Figs. 2, 4). The 
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multiscale models consisted of 3, 439, 797 ± 804, 058 nodes and 10, 319, 392 ± 2, 412, 175 

degrees of freedom.

Multiscale model FE analyses were also performed using Abaqus. To ensure nodal 

continuity between the three sections, the micro-FE section nodes at the interfaces were 

coupled to the continuum sections using a tied constraint. This constrained the nodes of the 

micro-FE section to have the same translational and rotational degrees of freedom as the 

nodes of the continuum sections to which they were tied. A surface-based formulation was 

used to minimize numerical noise, where the constraints were enforced by averaging over a 

finite region (instead of discrete points). Position tolerance was used to couple nodes only 

from micro-FE elements one voxel adjacent to the interfaces. To improve connectivity 

between nodes of the continuum (articular, proximal) and micro-FE (distal) sections, the 

continuum meshes were progressively refined at the section interfaces (Fig. 4B). The 

refinement was optimized to ensure maximal connectivity while keeping the model size 

reasonable. This resulted in a majority of the micro-FE nodes (∼99.6%) being coupled with 

the continuum sections. Cartilage surfaces for the multiscale model setup were the same as 

the corresponding continuum only model analysis setup. Contact BCs (normal and shear 

forces) from the continuum only model analyses were applied to the same cartilage nodes of 

the multiscale models. The proximal radius nodes were fixed similar to the location of 

potting. The simulations were performed on a UNIX server with 16–30 processors (2.2–2.9 

GHz) and 40–140 GB RAM.

Micro-FE Only Model Analyses (Platen BCs)—The same micro-FE distal sections 

from the multiscale model analyses were also used to simulate platen BC analyses (Fig. 6). 

Analyses were performed using Abaqus. Nodes on the distal surface were kinematically 

coupled (all degrees of freedom constrained) to a reference node located at the centroid of 

the distal cross-section. A uniform 300 N force was applied to the reference node, while the 

nodes of the proximal surface were fixed.

2.5. Outcome Measures and Statistical Analyses

Experimentally measured strain data from the rosettes were used to calculate maximum 

(εmax) and minimum (εmin) principal strains at the 300 N target load. Principal strains (εmax, 

εmin) predicted from the FE analyses were determined at the surface nodes enclosed within 

the plane of each proximal and distal gage. Nodal values were averaged at each gage 

location.

Between-trial reliability of the experiment principal strain data at 300 N was assessed using 

intra class correlations (ICC). Variability was then assessed using standard error of 

measurement [SEM = SD × (1 – ICC)1/2] [44]. Multiscale model predicted principal strains 

at 300 N were compared to experimental values using Pearson’s correlation and linear 

regression. A Bland-Altman plot was used to assess the agreement between the two 

measurements (experiment, multiscale model predicted principal strains), where the 

differences between the two measurements are plotted versus the means of the two 

measurements. Proportionality bias was then assessed by a linear regression analysis of the 

differences and means. Since the data from cadaver specimens were used to develop the 
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multiscale model method and also for validation, a leave-one-out analysis was performed to 

assess the effect of within-specimen variability and whether the results could be generalized. 

Pearson’s correlations were determined for the remaining (n-1) specimen data when results 

from each specimen were left out consecutively, and the variation in Pearson’s r values were 

examined. Experimental principal strains, multiscale model predicted principal strains 

(physiologic BCs), and micro-FE only model predicted principal strains (platen BCs) at the 

distal gage locations, were compared using Pearson’s correlation and linear regression. 

Principal strain distribution was qualitatively compared between the physiologic and platen 

BC simulations. For all statistical analyses p < 0.05 was defined as significant.

3. Results

3.1. Experimentation

One specimen (female) was found to have had a recently healed radial styloid tip fracture; 

therefore, the data from this specimen were excluded from the analyses. Results are 

presented for the remaining 9 specimens. Also for two specimens, data from one trial 

produced erroneous results due to recording error; therefore, only data from the remaining 4 

trials were analyzed. Experimental principal strain data were found to be highly reliable. 

ICCs for εmax and εmin between 5 trials were 0.955 and 0.956, respectively. The SEM for 

εmax was 22 με and for εmin was 35 με. This corresponded to 3.6% and 4.9% of the highest 

measured εmax (613 με) and εmin (−709 με) values, respectively.

3.2. Comparison between measured and multiscale model predicted (physiologic BCs) 
principal strains

A strong correlation was found between the measured and multiscale model predicted 

principal strains (r = 0.836, p < 0.001). Regression analysis (Fig. 7) indicated a significant 

relationship (slope = 0.881, intercept = −12.17 με, p < 0.001). Bland-Altman plot (Fig. 8) 

indicated a randomly distributed scatter without a proportionality bias (slope = −0.057, p = 

0.328 [not different from zero]). Correlation coefficient values varied between 0.827 and 

0.852 (all p < 0.001) based on the results of the leave-one-out analysis. Interestingly, 

multiscale model predicted principal strains were more strongly correlated to the measured 

strains from the distal gages (r = 0.87, p < 0.001 ; slope = 1.04, intercept = 1.71 με, p < 

0.001) than the proximal gages (r = 0.812, p < 0.001; slope = 0.714, intercept = −29.08 με, p 

< 0.001) (Fig. 9).

3.3. Comparison between measured, multiscale model predicted (physiologic BCs), and 
micro-FE only model predicted (platen BCs) principal strains

Principal strains from both simulations were significantly correlated to the measured strains 

(Fig. 9A), with the multiscale model predictions slightly better correlated than the micro-FE 

only model predictions (r = 0.87 and r = 0.835, respectively; p < 0.001). However, the slope 

of the regression line for the platen BC simulations was approximately 50% lower (slope = 

0.522, p < 0.001 [different from unity]; intercept = −29.02 με, p = 0.02 [different from 

zero]) compared to the physiologic BC simulations (slope = 1.04, p = 0.628 [not different 

from unity]; intercept = 1.71 με, p = 0.935 [not different from zero]). Distribution of 
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principal strains on the surface and through the cross-section was clearly different between 

the physiologic (multiscale model) and platen BC analyses (Fig. 10).

4. Discussion

Our goal was to implement a multiscale approach for the radius that allows for 

physiologically relevant boundary condition simulations of micro-FE sections generated 

from HR-pQCT images. Here we demonstrated the feasibility of our multiscale concept, 

which is to replace the matching region of the full clinical-resolution continuum radius with 

the micro-FE section incorporating microstructure. Trabecular anisotropy, which contributes 

to whole bone mechanics [45] can be taken into account during FE analyses by resolving 

microstructure (geometry, orientation) [46–48]. In theory, organ-level radius FE models 

would incorporate microstructure. In practice, this is not possible in vivo due to large 

volumes of data (storage, processing) and increased scan time, which increases the effective 

radiation dose and presence of motion artifacts. There is a need for multiscale models for 

more accurate predictions of bone mechanical behavior [6], and our methods represent a key 

step in implementing a true physiologically accurate multiscale approach, combining organ-

level continuum models and micro-FE models for simultaneous analysis.

The capability of the multiscale models to accurately predict strains was demonstrated by 

the strong correlation with experimentally measured values, and the significant y=x linear 

relationship between model predicted and measured strains (Fig. 7). The absence of a 

systematic scatter on the Bland-Altman plot further illustrated a strong agreement between 

multiscale model predicted and measured strain magnitudes. Results of the leave-one-out 

analysis indicated that outcome was not affected by within-specimen variability and 

therefore can be generalized. For a 300 N applied load our strain results corresponded well 

with published data (r = 0.928, r = 0.90 [1, 3]). Micro-FE models better capture specimen-

specific variations in bone geometry that are associated with mechanical behavior [49], 

which could partially explain the better correlation observed between the multiscale model 

predicted and measured strains at the distal versus the proximal gage locations (Fig. 9).

Interestingly, we observed an almost 50% systematic underestimation of strains predicted 

from the platen BC (micro-FE only model) simulations compared to the physiologic BC 

(multiscale model) and measured results (Fig. 9A). Current in vivo HR-pQCT generated 

micro-FE simulations of the radius are not necessarily representative of in vivo loading 

pathways. This can lead to altered mechanical behavior through a different mechanism of 

load transmission. For example, FE simulations with load applied directly to the isolated 

radius versus through the intact wrist resulted in over twice the predicted value of fracture 

strength [4]. Under platen BCs (though correlated), larger regions of the periosteal surface 

experienced higher strains for the same applied load (Fig. 10), possibly due to the cortex 

bearing the majority of the load resulting from higher stiffness of the cortical region. 

Physiologically, joint loads are transmitted through the trabecular region to the cortex [4]. 

The offset in platen BC predicted strains may indicate a discrepancy in whole bone strength 

indices, possibly an overestimation in stiffness. Future studies will quantify the differences 

between experimentally measured, multiscale model, and micro-FE only model predicted 

stiffness and fracture strength, which was beyond the current scope. Also, the orientation of 
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the micro-FE section for platen BC simulations matched the orientation of the micro-FE 

distal section for physiologic BC simulations (aligned to the full radius), which could partly 

contribute to the significant correlation. It is possible to acquire HR-pQCT scans with the 

radius not axially aligned, in which case the platen BCs are not exactly transverse. Standard 

HR-pQCT protocols apply platen BCs directly to micro-FE sections generated from the 

images acquired at the scan orientation, which could further reduce the correlation.

Among other factors, the strain environment that bone experiences influences structural 

adaptation [34–36]. If physiologically relevant loading pathways indeed produce unique 

mechanical behavior, as our data indicate, it would be difficult to interpret results of studies 

investigating the effects of mechanical or pharmacologic interventions on bone quality, when 

the FE simulations are performed under platen BCs (for example; effect of drugs to improve 

bone strength and fracture healing after treatment for Colles’ fracture). Further disparity 

would arise in instances where the targeted intervention affects cortical and trabecular 

compartments differently (for example; parathyroid hormone increases trabecular bone 

mineral density but has a lesser effect on cortical bone [33]), since the mechanism of loading 

is predominantly cortical. The strong correlation with experimental results suggests that the 

strength of micro-FE platen BC analyses lies in prospectively monitoring changes in distal 

radius mechanical variables, because though the absolute value may not be physiologic, the 

offset is systematic. However, it would be difficult to correlate mechanical variations with 

localized structural changes (identifying an adaptation threshold) due to the lower strain 

magnitudes (Fig. 9A) and different strain distributions (Fig. 10). Studies applying platen 

BCs to distal radius micro-FE sections have reported stiffness values of approximately 100 

kN/mm (linear analyses; adjusting for homogeneous modulus [22, 25, 26, 28–30, 32, 33]). If 

stiffness is indeed overestimated, then the ability of platen BC simulations to detect smaller 

differences in magnitude may also be diminished.

Some of the limitations of our study relate to potential sources of methodological error. 1) 

For computational efficiency cartilage contact BCs for the multiscale models were 

transferred from the corresponding continuum only model analyses (∼12× speedup). Since 

cartilage surfaces were the same and contact forces were applied to the same nodes, minimal 

error was expected. This step could potentially be redundant with future hardware 

advancements. 2) Constraining the micro-FE distal section to the continuum (articular, 

proximal) sections may have influenced nodal parameters at the interfaces. However, 

geometrical and numerical steps were undertaken to minimize this possibility. Furthermore, 

a sensitivity analysis of principal strains to distance from interfaces indicated < 1.8% change 

in average values one voxel (82 μm) from the interfaces, and < 0.2% change two voxels from 

the interfaces. 3) Due to partial volume effects in the clinical-resolution images small edge 

differences can occur, leading to surface discontinuities at the interface of the micro-FE and 

continuum proximal sections (Fig. 4C). This effect is specific to surface elements and could 

partially explain the lower correlation observed between the multiscale model predicted and 

measured proximal surface strains. The threshold used to define continuum bone geometry 

ensured that the micro-FE distal section was enclosed within the continuum sections. Also, 

the region of interest typically is the micro-FE distal section, which was highly correlated to 

experimental data. 4) Imperfect image registration between the two images sets could also 

have introduced error; however, registration sensitivity indicated accuracy to within 0.5°. 5) 
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The relatively low number of specimens was also a limitation; however, the results provided 

satisfactory confidence in the robustness of the methods used to develop our approach.

Currently, FE models of bone either account for complex geometric/material behavior and 

simplify BCs, or incorporate complex BCs and simplify material behavior. Including 

additional detail does not always produce more accurate predictions due to increased 

assumptions, nor is it always computationally practical. Full radius HR-pQCT studies have 

mostly used cadaveric forearms, where either the entire radius geometry is converted into a 

micro-FE mesh [49] or micro-FE meshes of consecutive radius sections are analyzed [31, 

50]. Also, HR-pQCT platen BC studies typically attempt to simulate the loading mechanism 

of Colles’ fracture. However, radius mechanics is highly sensitive to loading direction [5], 

and the pathway is a complex interaction of axial loads through the carpal bones and 

bending moments due to ligamentous constraints. Various methods have been developed to 

further facilitate FE simulations. These include continuum simulations incorporating 

anisotropy fabric tensor derived from HR-pQCT images for computational efficiency [43, 

51], extrapolating radiocarpal joint loads from internal forces and moments estimated at the 

cross-section ends of the 9.0 mm section [52], or resolving physiologic BCs to the local sub-

section level. Our multiscale approach does not require a priori force assumptions, and 

provides a practical solution to observe microstructure mechanical behavior at user-defined 

regions of interest under any physiologically relevant boundary condition, which is also 

computationally efficient. Using our current hardware the multiscale models required on 

average 32 hours to complete. As servers become more accessible (GPU computing), the 

time required to complete these analyses should exponentially decrease.

In conclusion, we have validated a novel multiscale modeling approach to evaluate 

mechanical behavior in the microstructure at the distal radius under physiologic boundary 

conditions. These methods can be applied to replace any matching distal region of the organ-

level continuum radius with the corresponding micro-FE section, and could also potentially 

find application at other anatomical sites (femur, tibia, for instance).
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Highlights

• A novel multiscale approach for physiologically relevant micro-FE 

simulations

• Multiscale model predicted strains validated against experimentally measured 

data

• Different mechanical response between physiologic and standard simulations
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Figure 1. 
Medial view of the mechanical testing setup showing the wrist positioned in 60° extension 

using a custom fixture (A). Anterior (B) and posterior (C) views of the dissected forearm 

showing the locations of the distal (G1, G2, G3) and proximal (G4, G5, G6) stain gage 

rosettes.
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Figure 2. 
Summary of the workflow of the modeling procedures for each specimen involving a 

continuum only model, multiscale model (continuum+mico-FE), and micro-FE only model 

generated from the low- and high-resolution images.
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Figure 3. 
Anterior view of an example continuum only finite element model setup. Axially-directed 

loads were applied through the carpal centroids with the proximal radius fixed, replicating 

the boundary conditions of the experiment.
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Figure 4. 
Anterior view of an example multiscale model setup (A) comprising three sections; a 

continuum articular section, a micro-FE distal section, and a continuum proximal section. 

Enlarged view showing microstructure details on the surface (B) and through the cross-

section (C). Due to partial volume effects in the clinical-resolution images, small edge 

differences can occur between continuum and micro-FE sections.
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Figure 5. 
Image registration used to align the 9.0 mm high-resolution distal radius region with the full 

clinical-resolution radius to create sections for the multiscale models.
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Figure 6. 
Anterior view of an example micro-FE only model setup simulating platen boundary 

conditions. The same total force as the physiologic boundary condition simulations was 

applied uniformly at the distal end, while the proximal end was fixed.
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Figure 7. 
Plot of experimentally measured versus multiscale model predicted principal strains at 300 

N. Dotted line indicates a y=x relationship.
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Figure 8. 
Bland-Altman plot with the solid line indicating the mean of the difference, and the dashed 

lines indicating the upper and lower limits of the 95% confidence interval.
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Figure 9. 
Plots of experimentally measured principal strains at the distal (A) and proximal (B) gage 

locations, versus model predicted principal strains. Physiologic (multiscale model) and 

platen boundary condition (micro-FE only model) simulation results were compared to the 

measured strains from the distal gages.
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Figure 10. 
Distribution of maximum principal (tensile) strains on the surface (top row) and through the 

cross-section (bottom row) of an example micro-FE section simulated under physiologic 

(multiscale model) and platen boundary conditions (BC).
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