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MRI-based mechanical competence assessment of bone using 
micro finite element analysis (micro-FEA): review
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Abstract

Areal bone mineral density (aBMD) from dual-energy x-ray absorptiometry (DEXA) and 

volumetric bone mineral density (vBMD) have demonstrated limited capabilities in the evaluation 

of bone mechanical competence and prediction of bone fracture. Predicting the macroscopic 

mechanical behavior of the bone structure has been challenging because of the heterogeneous and 

anisotropic nature of bone, such as the dependencies on loading direction, anatomical location, 

and sample dimensions. Magnetic resonance imaging (MRI) has been introduced as a promising 

modality that can be coupled with finite element analysis (FEA) for the assessment of bone 

mechanical competence. This review article describes studies investigating MRI-based micro-FEA 

as a potential non-invasive method to predict bone mechanical competence and facilitate bone 

fracture risk estimation without exposure to ionizing radiation. Specifically, the steps, applications, 

and future potential of FEA using indirect and direct bone imaging are discussed.

Keywords

MRI; micro finite element analysis; cortical bone; trabecular bone; mechanical competence

1. Background

Areal bone mineral density (aBMD), as measured by dual-energy x-ray absorptiometry 

(DEXA) at the spine or hip, is the standard clinical determinant in bone fracture 

risk assessment [1–3]. Despite the widespread use of aBMD in clinics, a diagnosis of 

osteoporosis (based on DEXA T-score <−2.5) often fails to predict fracture risk accurately 

[4–6], with reported prediction rates between 30% and 50% when used alone [7–15]. For 

instance, the observed decrease in aBMD from age 60 to 80 accounts for a doubling of 
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the fracture risk, but it’s known that overall fracture risk increases thirteen-fold during this 

period [5,10]. Specifically, DEXA-based aBMD is unable to detect local changes in bone 

structure due to the method’s two-dimensional (2D) nature. The Fracture Risk Assessment 

(FRAX) tool, a computer-based algorithm, has been recently proposed as an alternative 

and/or complementary measure to aBMD. FRAX predicts the ten-year probability of hip 

fracture or a major osteoporotic fracture in patients based on a set of clinical and social 

risk factors, including aBMD, age, sex, fracture history, body mass index (BMI), and 

smoking history [16]. However, just as is the case with aBMD, FRAX fails to consider 

the local changes in bone structure for fracture risk assessment, hampering its accuracy 

and usefulness. As a consequence, it’s clear that alternative techniques that are capable of 

assessing bone mechanical competence under specific loading conditions are necessary to 

fill this gap.

Predicting mechanical properties of bone, particularly in trabecular bone sites, is challenging 

because of the heterogeneous and anisotropic nature of bone, such as the dependencies on 

loading direction, anatomical location, and sample dimension [17,18]. Ulrich et al. [19] 

have specifically shown the difference between elastic moduli in trabecular bone can be 

up to 53% for bone specimens with a certain volume fractions or vBMD. Finite element 

analysis (FEA) coupled with high-resolution three-dimensional (3D) medical imaging 

techniques (i.e., micro-FEA) has been increasingly used for assessment of bone mechanical 

competence. In micro-FEA, the displacements, forces, as well as stress and strain tensors 

can be calculated throughout the meshed volume of the specimen including all trabeculae for 

different boundary conditions.

Although, Although, homogenized FE models using low resolution images (large elements 

including trabeculae and marrow) can be used for trabecular bone assessment [17,20], 

micro-FEA has been hypothesized to improve the prediction of the experimental mechanical 

properties over homogenized FE [17,21]. This is due to high anisotropy and heterogeneity 

levels in the trabecular bone, particularly at certain sites such as the hip [17,20,22]. In 

cases where the achievable voxel sizes are much higher (e.g., >0.5 mm) than the trabeculae 

thickness (100 to 200 micrometers [23]) or where a semi-uniform principal trabecular 

orientation can be assumed (e.g., cranio-caudal direction in vertebrae) [20], homogenized 

FE models would be the best option. In addition to homogenized and micro-FE models, 

multiscale FE models have also been proposed which include several intermediate levels, 

in which bone material characteristics are updated based on the changes of porosity and 

geometry in different material scales [24,25]. It should be noted that the current review study 

is only focused on micro-FEA. Computer memory demands were previously a major barrier 

to the feasibility of micro-FEA for widespread clinical application, but recent advances in 

FEA software and desktop computer performance have led to the steady rise of micro-FEA 

applications in research and clinical settings [26–31]. It should be noted that the micro-FEA 

accuracy generally increases by increasing the number of elements in the micro-FE models, 

which requires higher image resolution, larger datasets, and longer computation times for FE 

algorithms [17,24,25].

Microcomputed tomography (μCT) has been the primary preferred technique for performing 

ex vivo micro-FEA in order to assess the mechanical competence of trabecular bone 
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[22,32,33]. Other high-resolution x-ray-based imaging techniques, such as high-resolution 

peripheral quantitative computed tomography (HR-pQCT), have also been used in FEA 

studies to predict the mechanical competence of bone structure [34–36]. For example Orwoll 

et al. [37] studied the correlations between FEA results and the risk of hip fracture in 

older men and reported that the femoral strength and the load-to-strength ratio obtained 

from QCT-based FEA were strongly associated with the hip fracture risk. Keyak et al [38] 

studied the effect of loading condition on the association between incident hip fracture and 

hip strength obtained from QCT-based FEA. They reported that specifically posterolateral 

loading in men and posterior loading in women were most strongly associated with incident 

hip fracture [38]. Despite the benefits of performing QCT-based FEA, researchers need 

to make sure that the benefits of the required CT scans for each individual outweigh the 

potential harm caused by ionizing radiation (e.g., 1–3 millisieverts (mSv) effective dosage 

for a total hip QCT scan despite ~0.001 mSv in DEXA) [20,39]. It should be noted that such 

a radiation exposure is not significantly more than the average annual background radiation 

(~1 mSv), although dose would be much higher if QCT were to be used at other sites of 

interest, such as the lumbar spine.

In the past two decades, high-resolution magnetic resonance imaging (MRI) has been 

demonstrated as a promising modality for in vivo bone imaging in cortical and trabecular 

sites and which can be coupled with FEA for the assessment of bone mechanical 

competence [40–44]. Unlike HR-pQCT, MRI is capable of imaging both the appendicular 

[45,46] and axial [47,48] skeleton. Furthermore, MRI is able to obtain complementary 

information from surrounding soft tissues such as bone marrow [49,50], tendon [51], 

cartilage [52], and muscle during the same scan session. This complementary information 

may provide an opportunity to assign more accurate boundary conditions in FE models, 

although this remains to be further studied. Although, utilizing such complementary 

information has not been reported in the literature to the authors’ knowledge, but they can be 

employed to assign more accurate boundary conditions in FE models.

This review article describes studies of MRI-based micro-FEA as a potential means 

to predict bone mechanical competence and facilitate non-invasive bone fracture risk 

estimation. Various MRI techniques that have been used to render bone microstructure are 

described. Reviewed MRI-based FEA studies are summarized in Table 1. Future potential 

pathways to more accurate MRI-based micro-FE models are also discussed.

2. FEA studies based on indirect bone imaging

Indirect bone imaging has been used as the input for finite element (FE) models in several 

investigations. This chapter describes the steps of MRI-based micro-FEA using indirect 

bone imaging and is concluded by a summary of reported applications in the literature.

2.1 Steps of MRI-based FEA

Standard clinical MR imaging can indirectly visualize both trabecular and cortical bone as 

dark regions surrounded by bright signal from bone marrow and other soft tissues. Bone 

possesses low water content and a short T2 relaxation time, resulting in voided signal when 
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imaged with conventional MRI sequences. 3D bone microstructure can be extracted by 

post-processing of the MRI images for use as input in FE models [45,47,48,53,54].

Both high-resolution spin-echo (SE) and gradient-recalled echo (GRE) MRI sequences have 

been used for high-resolution trabecular bone imaging [46]. SE-based sequences produce 

lower signal intensity distortion in trabecular bone structure and more accurate trabeculae 

dimensions [46], while GRE-based techniques result in shorter scan times because of a 

shorter achievable repetition time (TR) [46]. Considering the average thickness of human 

trabecular bone, ranging from 100 to 200 micrometer [23], the in-plane MRI pixel sizes are 

often selected to be below 0.2 mm, enabling the detection of trabeculae in healthy human 

subjects. MR images at such resolutions are referred to as “high-resolution MR images” 

in the context of this review article. Two examples of visualized trabecular bone as dark 

pixels surrounded by bright bone marrow are shown in Figure 1 (A: fast large-angle spin-

echo (FLASE), B: GRE-based sequence, balanced steady-state free precession (bSSFP)) 

[46]. Fast SE techniques have been also used to visualize the cortical bone microstructure 

including the haversian canals [55].

FE model preparation process can start with application of a filter algorithm for image 

inhomogeneity compensation across the volume of interest due to variation in spatial 

sensitivity of the MR receive coil [56]. However, inhomogeneity compensation may be 

skipped depending on coil sensitivity variation levels and the positioning of the bone 

interest in the scanner. The resulting images are then processed (e.g., inverting the contrast, 

smoothing, etc.) and segmented in order to generate a 3D matrix of bone volume fraction 

(BVF). It should be noted that the conventional MRI signal from bone has been assumed 

to include pore water and fat signals (residing in inter and intra-trabecular spaces) which 

correlates with the bone porosity. Therefore, inverted MRI signal would correlate with the 

solid bone volume in each voxel. The value assigned to each voxel in the BVF matrix 

is assumed to be equal to the fractional occupancy of bone, calculated as bone volume 

divided by total volume (BV/TV) in that specific voxel [57]. The difference in the obtained 

gray level for different voxels in an MR image has been assumed to be the result of 

partial voluming. It should be noted that a partial threshold has been empirically determined 

and contributions from image noise can be removed by setting elements with BVF<20% 

to zero [58]. However, such thresholds should be revisited when other MRI scanners or 

sequences are used. Using low or high thresholds may result in bone overestimation or 

underestimation, respectively, which is a general challenge in both MRI and CT-based FEA 

studies [44,59]. Bone overestimation errors as a result of low BVF thresholds can be reduced 

by considering the element’s material property as a linear function of its BVF value, as 

described below. Specifically, although some voxels with low BVF may be erroneously 

included in the model, the low assignment of material properties to those voxels will prevent 

them from having a large impact on the FEA result.

In order to generate the FE model, bone voxels in the BVF map can then be directly 

converted to hexahedral elements (brick) with dimensions equal to the voxel size. The 

element generation process is called FE meshing. In most studies, the tissue material 

properties for each element have been assumed to be isotropic and linearly elastic. Assuming 

isotropic material properties for bone elements can be challenging [18,60]. For example, 
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cortical bone has demonstrated significantly different stiffness in the longitudinal direction 

compared with the radial direction[18].

Material behavior in FE models can be considered as linear elastic or non-linear elastic-

perfectly-plastic. Basically, the bone elasticity is its ability to resist deformation under 

mechanical load and to return to its original shape once the load is removed. Bone 

elastic behavior is assumed to be linear (linear relationship between stress and strain) 

while the applied stress remains below the bone yield point (e.g., corresponding to strains 

<1%[20]), as exists during normal daily activities [17]. Linear elastic FE models enable 

linear mechanical properties to be calculated such as the apparent stiffness of the modeled 

structure (Young’s modulus, E, for normal loading and shear modulus, G, for tangential 

loading)[20]. Bone plasticity is the ability to endure a non-reversible permanent deformation 

under the applied load, which happens after the yield point until the ultimate failure of 

the structure [20,61]. In linear elastic FE models, the elastic modulus (E) of each element 

can be set to a constant value (when the BVF matrix is considered as a binary matrix, 

BVF = 0% or 100%)[40–44,62]) or a linear function of its corresponding BVF value such 

that E = E0 × BVF (where E0 is bulk bone elastic modulus) [30,63]. Using linear elastic 

models generally enables us to calculate bone stiffness (i.e., effective elastic modulus for 

the modeled structure) which has been reported in several MRI-based micro-FEA studies. 

FEA studies require the use of a material failure criterion for bone strength estimation 

and for prediction of the anatomical locations of where failure is initiated. In linear elastic 

FE models, failure criteria are generally computed based on the strain distribution over 

the modeled structure [17,20]. A typical failure definition in linear elastic FE models is 

when the fraction of bone volume or elements (e.g., 2%) exceeds a given strain level 

(e.g., 0.7% strain) [64,65]. It should be noted that any hypothesized failure criteria require 

a thorough validation process using experimental tests for any FE model including its 

imaging, meshing, and material failure criteria. To the authors’ knowledge the reported 

linear micro-FEA studies have only investigated stiffness, not strength.

Nonlinear elastic-plastic FE models have been proposed to take into account the plastic 

deformation of bone as the applied stress increases (e.g., corresponding to strains >3%)

[20,26]. Material failure criterion in such models can be described by adding the post-yield 

material behavior to the linear elastic behavior. Investigating the post-yield material stress 

allows for estimation of the ultimate strength and predicton of the anatomical locations 

where failure is initiated. In such a nonlinear model, the post-yield bone stress-strain 

relationship can be simplified using different methods. For example, in elastic-perfectly 

plastic behavior, the plastic flow of the material starts when stress reaches the yield 

point (strain increases indefinitely without increasing the stress)[66]. Since the materials 

in experimental tests have demonstrated a softening behavior before complete failure (i.e., 

the material still resists under mechanical stress but stiffness decreases)[18], some studies 

have considered multiple steps to model plastic flow. The first phase is assumed to be 

a perfectly-plastic flow that initiates at the yield point until the plastic strain reaches a 

certain value, the second phase (strain softening) occurs with a decreasing plastic modulus 

until a certain stress level is reached, and the third phase is a perfectly-plastic phase that 

follows indefinitely [66]. Zhang et al. [26] performed the first MRI-based micro-FEA 

investigation using non-linear elastic-plastic material modeling, using a power function of 
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the hyperbolic tangent in an effort to simulate the softening plastic behavior of the material. 

The material nonlinearity could be simulated by iteratively adjusting the element’s elastic 

modulus based on the element-level effective strain. Figure 2 shows strain maps generated 

for two representative distal tibial bone specimens: one with high mechanical properties 

(Figure 2A) and the other with low mechanical properties (Figure 2B).

2.2. FEA studies based on indirect bone imaging

In most of the initial MRI-based micro-FEA studies, investigated bone sites were limited 

to locations that permitted the use of either closely fitted volume transmit-receive coils 

or surface coil arrays to provide adequate signal-to-noise ratio (SNR) in high resolution 

images. All micro-FEA discussed studies in this section are based on indirect imaging of 

bone where bone itself is visualized as a dark region surrounded by bright bone marrow and 

other soft tissues.

Van Rietbergen et al. [40] were pioneers in estimating the mechanical properties of 

trabecular bone by using linear FE models on MR images at 1.5T. They used a modified 

fast GRE sequence to image trabecular bone in human femoral head bone specimens at 

117×117×300 μm3 voxel size. A constant elastic modulus was set to each generated element 

(i.e., E = 10 GPa) and an in-house developed FE solver was used for FEA. They found 

that the results of the MR-based FE models compared well qualitatively with μCT-based FE 

models, though some correction factors were required to achieve accurate values. Later, a 

similar MRI-based FEA study was performed by Newitt et al. [41] in vivo on distal radius 

at 1.5T using a fast GRE sequence at 156×156×500 μm3 voxel size. They compared FEA 

results between post-menopausal women with normal aBMD and those with low aBMD 

(i.e., osteoporosis or osteopenia). Normal and shear elastic measures were found to be 

lower in the low aBMD group compared with the normal group. In another study, the same 

group used MRI-based micro-FEA to study changes in the mechanical properties of bone 

in post-menopausal women after one year of idoxifene treatment. A fast GRE sequence was 

used at 1.5T to image the calcaneal trabecular bone at 195×195×500 μm3 voxel size [43]. 

Significant changes were observed in estimated mechanical properties from baseline within 

groups after one year of treatment. Newitt et al. [42] later investigated the reproducibility of 

their FEA method by using MR images performed on the distal radius including trabecular 

bone alone. They reported that the estimated Young’s and shear moduli varied by 4-9% with 

coefficients of variation in the range of 20-38%. A few years later, Alberich-Bayarri et al. 

[62] used a 3D spoiled T1-weighted GRE sequence at 180 μm isotropic voxel size on a 3T 

scanner to develop FE models and investigated the gender-based differences in mechanical 

properties of trabecular bone at the distal radius. FE-based elastic modulus was found to 

be significantly different between men and women subjects. Rajapakse et al. [44] compared 

FE models derived from MR images on a 9.4T scanner at 50 μm isotropic voxel size with 

models from μCT at 21 μm. This study was a validation study performed on cadaveric 

specimens. The 3D SE sequence was used to image the trabecular bone specimens from 

proximal tibia, proximal femur, and lumber vertebrae. Similar to the previously mentioned 

investigations, they used a constant elastic modulus for all bone elements (E = 15 GPa). 

Significant strong correlations were observed between estimated moduli from μCT and 

MR-based FEA [44].
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It should be noted that in all reviewed linear MRI-FEA studies, the mechanical competence 

outcome has been stiffness. The simulated loading has been limited to the elastic region 

of the stress-strain curve (for example ~1% strain boundary conditions in the compression 

tests [58]) to avoid potentially including the yield point of the structure. High correlations 

between the yield strength and stiffness have been assumed in such linear FEA studies 

because pure elastic materials have been assigned to the elements. Notedly, bone stiffness 

has shown high correlation with ultimate strength in experimental tests, though the 

correlation coefficients depend on the age and sex of the donors [67].

Later, by improving FE solvers, more sophisticated MRI-based micro-FE models were 

investigated using non-constant elastic modulus for bone elements. Rajapakse et al. [28] 

compared the estimated mechanical parameters from such MRI-based FEA performed on 

a clinical scanner (1.5T) at 160 μm isotropic voxel size with parameters derived from 

μCT-based models at 25 μm isotropic voxel size. MRI 3D FLASE pulse sequence was 

used to image the trabecular bone samples. Despite previous MRI-based FEA models, the 

elastic modulus of each bone element was set to be a linear function of BVF. Before 

BVF calculation, the image intensity was corrected to compensate for coil inhomogeneity. 

They reported that the elastic and shear moduli of cadaveric tibia at trabecular bone sites 

derived from MRI were significantly correlated with those derived from volume-matched 

reference μCT images. Liu et al. [68] later used the same method to compare the MRI 

and μCT-based FEA performed on proximal tibial trabecular bone covering whole-bone 

(not only trabecular bone). In addition to significant correlations between microstructural 

parameters, they reported strong correlations between estimated mechanical properties from 

MRI and μCT-based FEA. The whole-bone and trabecular bone stiffness based on MRI were 

highly correlated with μCT-based results, suggesting that MRI-based FEA can directly and 

accurately quantify whole-bone mechanical competence. Nevertheless, rigorous validation 

requires comparing FEA results with experimental mechanical tests. Wehrli et al. [69] 

used a similar method [28,68] to investigate the impact of estrogen supplementation on 

bone mechanical competence in early post-menopausal women. FE models were generated 

from MRI images of trabecular bone in the distal radius and distal tibia in vivo. FEA 

revealed significant reduction in mechanical competence in the control group over time, 

but a significant increase in mechanical competence was observed in treated groups over 

one and two-year follow-up visits [28,68]. Rajapakse et al. [63] later utilized their own 

developed MRI-based micro-FEA analysis to study the changes in mechanical competence 

of cortical and trabecular bone after renal transplantation. This in vivo longitudinal study 

was focused on trabecular bone and cortical bone in the distal tibia and performed using 

FLASE sequence on a 1.5T scanner at 137×137×410 μm voxel size. They found that FEA-

based mechanical competence was significantly lower at 6 months after renal transplantation 

compared with baseline for cortical, trabecular, and whole-bone models. Interestingly, 

significant reductions in mechanical competence were concurrent with only nonsignificant 

bone microstructural changes.

To improve the translatability of the MRI-based bone FEA to in vivo studies, MRI sequences 

appropriate for faster trabecular bone imaging, such as 3D fast low angle shot (FLASH) 

sequence, have been recently developed. Chang et al. [70] performed an in vivo estimation 

of bone stiffness through FEA at the distal femur and proximal tibia on a 7T scanner using 
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3D FLASH sequence. The FE models were generated for whole, cortical, and trabecular 

bone on MRI images at 234×234×1000 μm voxel size. Similar to previously described 

studies, FEA was performed for compression loading. They showed that at the distal femur 

and proximal tibia (near knee joint), trabecular bone contributed approximately twice the 

contribution of cortical bone in whole bone stiffness. Chang et al. [71] later used similar 

FLASH MRI images and linear MRI-based FE models to study improvements in bone 

mechanical competence of the distal femur in female pre-professional dancers. They found 

greater whole and cancellous bone stiffness, but not greater cortical bone stiffness, in the 

distal femur of female dancers compared to control subjects. This might be due to the lack of 

information in cortical bone quality accessible by indirect bone imaging.

Later, by developing more appropriate MRI sequences for high resolution trabecular bone 

imaging, additional bone sites became accessible for MRI-based FEA. Chang et al. [72] 

used linear FEA based model on MRI images of the proximal femur at 3T and showed 

lower bone stiffness (elastic modulus) in patients with fragility fractures compared with 

control subjects. This was the first MRI-based FEA study performed in vivo on the proximal 

femur, made possible mainly because of SNR gains from multichannel coils and SNR 

efficient pulse sequences [47,48]. While a significant difference in mechanical competence 

was found, no difference in aBMD was observed. The FLASH sequence was used to 

image the proximal femur at 234×234×1500 μm. Later, Chang et al. [73] investigated the 

reproducibility of such MRI-based FEA at the proximal femur for sideway-fall loading on 

trabecular bone. The same MRI acquisition sequence and parameters were used to scan 

subjects three times on separate days. The measured reproducibility level showed that the 

FEA-based assessment of proximal femur stiffness using MRI was suitable for clinical 

studies of disease progression or treatment response [73].

The feasibility of using nonlinear FEA based on in vivo MRI images was investigated for 

the first time by Zhang et al. [26] in order to estimate post-yield properties of trabecular 

bone. The nonlinear model enabled simulations of trabecular bone yield and post-yield 

behavior from MRI at in vivo resolution by solving a series of nonlinear systems (i.e., E 

= sech 50 × ε + 0.53 1.4 0.6 + 0.05 × BV F × 15GPa  [26]. This longitudinal MRI-based FEA 

study was performed on patients from an ongoing interventional study who were taking 

drugs to manage osteoporosis. Zhang et al. [27] later used the same MRI-based FEA 

method to assess mechanical competence (yield strain/strength, ultimate strain/strength, 

modulus of resilience, and toughness) at the distal radius of pre-menopausal and post-

menopausal women and reported adequate reproducibility level to evaluate treatment effects 

in interventional studies. Recently, Rajapakse et al. [31] investigated the reproducibility 

level of non-linear MRI-based FEA performed on the proximal femur. Similar studies 

were performed before for linear MRI-based FEA [73]. FLASH sequence was used to 

acquire images at 234×234×1500μm voxel size. For all estimated mechanical parameters 

(stiffness, yield strain, yield load, ultimate strain, ultimate load, resilience, and toughness) 

in stance and sideways-fall loading, the coefficient of variations (standard deviation divided 

by the average value) was below 10%, while the intraclass correlation coefficient was 

above 0.99. The reproducibility study comprised of A) test-retest reproducibility analysis 

where13 subjects underwent MR imaging on 3 separate occasions), B) inter-operator 
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reproducibility analysis where a single MRI was performed on 10 subjects and four 

operators independently performed the analysis, and C) intra operator reproducibility 

analysis, where the analysis was performed two times by each analyst for those single 

MRI on 10 subjects. This experiment demonstrated that the FEA can consistently and 

reliably provide fracture risk information. More recently, Rajapakse et al. [30] validated 

MRI-based FEA performed on distal tibial specimens using mechanical compression tests. 

The FLASE sequence was performed on a 3T scanner to acquire images at 137×137×410 

μm voxel size. Linear and non-linear FE models were generated and then the stiffness, 

yield strength, ultimate strength, modulus of resilience, and toughness, were compared to 

experimental mechanical properties. Moderate to strong positive correlations were found 

between computationally and experimentally derived values of stiffness, yield strength, 

ultimate strength, and resilience [30]. Remarkably, the correlation of experimental ultimate 

strength with computational stiffness (from linear FE model) was higher than its correlations 

with computational ultimate strength, toughness, resilience and other parameters from non-

linear FE model [30]. Therefore, performing only linear FE models is likely adequate for 

predicting the fracture risk which is assumed to be related to experimental ultimate strength.

3. FEA studies based on direct bone imaging

In the abovementioned MRI-based micro-FEA studies, bone structure was visualized 

through indirect bone imaging (dark bone voxels surrounded by bright soft tissue voxels). 

Such dark bone voxels, except for those on the boundary with the partial volume, are 

generally considered to have similar material properties in the FE models. However, bone 

may contain different proportions of pores or organic matrix quality that subsequently result 

in different material properties. Using direct bone MR imaging, sub-voxel bone material 

differences (likely due to the microporosity level and the organic matrix quality) can be 

included in FEA. Specifically, major water and fat molecules in bone can reside in a 

range of pores with different sizes including Haversian canals (10-200 μm), lacunae (1-10 

μm), and canaliculi (0.1-1 μm)[74,75]. Visualizing these micropores is not possible due to 

image resolution limitations in MRI or other available in vivo medical imaging techniques. 

However, estimating the volume of these pores and the corresponding microstructure 

is achievable using ultrashort echo time (UTE) MRI. Previous studies have shown 

significant correlations of bone UTE MRI properties with its microstructural properties 

using histomorphometry at 0.2 and μCT at 9 micron resolution [76–78] as well as with 

its mechanical properties [79–81]. Despite its potential benefits, FEA based on direct bone 

imaging has not been investigated. Direct bone imaging, particularly at trabecular bone sites, 

is technically challenging because of the fast signal decay of bone caused by its short T2 

relaxation time [82].

Ho et al. [83] used the iterative decomposition of water and fat with echo asymmetry and 

least-squares estimation (IDEAL) MRI technique to separate fat signal from water signal in 

the patella and performed FEA to compare strain maps between females with and without 

patellofemoral pain. The bone microstructure used in their FE model was estimated using 

the water signal from bone. To the authors’ knowledge, other MRI techniques for direct 

bone imaging have not been used for FEA studies.
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Direct cortical bone imaging has been performed using several UTE techniques that have 

resulted in accurate morphological and quantitative imaging of bone [80,84,85]. Basic UTE 

MRI sequences with nominal TEs around tens of microseconds can detect signals from 

bone [55,86]. Despite the high bone signal using UTE MRI imaging, it results in relatively 

low contrast. UTE MRI fractional indexes have been used for cortical bone imaging with 

improved contrast. Dual echo time UTE imaging was used to calculate the so-called porosity 

index (PI), which is the signal ratio between two MRI images, one with TE ≈ 0.05 ms and 

one with TE ≈ 2 ms [77]. The first echo image represents signal from both bound and pore 

water, and the second echo represents mostly pore water signal [77]. PI is hypothesized 

to be correlated indirectly with the solid bone fraction in each imaging voxel. Suppression 

ratio (SR) was another UTE MRI fractional index proposed for cortical bone imaging and 

its microstructural evaluation [87]. SR was defined as the ratio between bone UTE signal 

without long T2 suppression and bone UTE signal with long T2 suppression performed 

via Dual-IR-UTE or IR-UTE. SR is hypothesized to be directly correlated with the solid 

bone fraction in each imaging voxel. UTE with rescaled echo subtraction (UTE-RS) is 

among other fractional index methods that can visualize cortical bone [88]. In UTE-RS, 

the first echo image is scaled down so that signals from muscle and fat become lower than 

those from the second echo [88]. In the subtraction image, signals from muscle and fat are 

negative, whereas those from short-T2 species are positive, separating them from air which 

has a signal intensity fluctuating around zero [88]. In addition to the UTE fractional indexes, 

adiabatic inversion recovery (IR) preparation pulses have been suggested in different studies 

to overcome the low contrast in UTE MR imaging of cortical bone. Specifically, a relatively 

long adiabatic IR pulse is employed to simultaneously invert the longitudinal magnetizations 

of long T2 water and fat [89–93]. The UTE data acquisition starts at an inversion time (TI) 

designed to allow the inverted free water and fat longitudinal magnetizations to be at or close 

to the null point [90]. Adiabatic inversion recovery (AIR) UTE (AIR-UTE) [94,95] is similar 

to the abovementioned IR-UTE technique in its ability to visualize bound water in cortical 

bone and provide a qualitative image of cortical bone structure. Dual-adiabatic inversion 

recovery (Dual-IR) sequences (two long IR pulses used successively at long T2 water and 

long T2 fat frequencies, respectively [92,96,97]) or double inversion recovery (Double-IR) 

UTE sequences (two identical IR pulses with a center frequency located at the water peak, 

but the spectral width is broad enough to cover both water and fat frequencies [98]) can also 

be employed to invert and null signals from long T2 water and fat, respectively [92]. The 

IR-UTE-based qualitative bone imaging sequence has been applied to different bone sites 

in vivo; however, the contrast and image quality depend on the anatomical location, coil 

quality and size, bone thickness and so on. Water and fat-suppressed proton projection MRI 

(WASPI) is another MRI sequence developed for selective imaging of bone water bound to 

the organic matrix [99–101]. WASPI uses dual hard pulses with narrow frequency bands to 

selectively excite the water and fat signals, followed by strong gradient crushers that saturate 

the free water and fat signals before data acquisition [99]. Since bound water has a short 

T2*, it will remain largely unsaturated and provide qualitative imaging of bound water in 

bone [102]. Besides the discussed UTE MRI techniques, Zero echo time (ZTE) sequence has 

also been used for cortical bone imaging, which employs a short rectangular excitation pulse 

during the fully ramped up readout gradient, followed by fast radial sampling [103,104]. 

Alternatively, frequency-modulated pulse with interleaved transmit-receive operation, known 
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as sweep imaging with Fourier transformation (SWIFT) can also be used for bone imaging 

[105].

Direct trabecular bone imaging has been pursued using WASPI and fat-suppressed UTE 

techniques [106–108]. To create a high contrast for trabecular bone in proton imaging, it is 

critical to suppress signals from tissues with long T2 relaxation times, particularly the free 

water and fat in bone marrow. Ma et al. [109] have proposed a 3D adiabatic IR-UTE Cones 

(3D IR-UTE-Cones) sequence to directly visualize trabecular bone. Their technique uses a 

broadband adiabatic inversion pulse together with a short repetition time to inversion time 

(TR/TI) ratio to suppress signals from tissues with long T2 relaxation times such as muscle 

and marrow fat.

Performing FEA-based studies using the described direct bone imaging techniques could 

be a major step towards more accurate assessment of bone competence and surely calls for 

future scientific effort and investigation. It will be beneficial to develop FE models using 

a combination of direct and indirect bone imaging for cortical bone and trabecular bone 

sites, respectively. Following such a combination, sub-voxel cortical bone porosity could be 

considered in the model while avoiding the challenges for direct bone imaging at trabecular 

bone sites. Combining direct and indirect trabecular bone imaging will be challenging due 

to potential mismatches in image resolutions, difficulties in image registration required 

for motion compensation, complications in bone segmentation, and boundary condition 

definition.

4. Limitations and challenges

MRI-based micro-FEA has demonstrated potential for assessment of mechanical 

competence based on trabecular bone structure. MRI-based techniques avoid potential harm 

from ionizing radiation, and simultaneously obtain complementary information from bone 

and surrounding soft tissues. However, MRI-based micro-FEA still requires comprehensive 

validation and verification studies before being translated to clinical investigations. Only a 

few studies to date have validated MRI-based FE models by comparing their results with 

μCT-based FE models as a reference [40,44,68]. However, a comprehensive verification 

and validation process whereby FEA results are compared with those obtained from 

experimental mechanical tests is required for any specific FE model, including its 

hypothesized failure criteria, boundary conditions, imaging protocol, and meshing. To 

the authors’ knowledge, the only reported validation for MRI-based micro-FEA has 

been recently performed by Rajapakse et el., [30] on cadaveric distal tibiae simulating 

compression loading. Future validation investigations should also be performed on more 

critical bone sites with higher prevalence of osteoporotic fractures such as the proximal 

femur and spine.

The results of the FE models largely depend on the material properties assigned to the 

elements of the model. Similar elastic values as those used in CT-based studies could also 

be used for MRI data if bone structure is binarized and if segmented bone voxels between 

the modalities are similar. Using element material properties as a function of MRI signal 

(i.e., BVF) is another approach, but the relationship between BVF signal and microscale 
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mechanical properties has not been fully validated. In future studies, this could be achieved 

by performing mechanical indentation tests at different bone sites at the trabecular level or 

by performing four-point bending tests on cortical bone strips. Such relationships should 

be examined for the various MRI techniques used for FEA studies, as the different MRI 

parameters may result in significantly altered bone signal and contrast levels. The pairing 

of direct MR imaging and micro-FEA of bone also requires comprehensive validation to 

elucidate the relationship between bound water proton density and the elastic modulus at the 

element-level. It should be noted that reaching a consensus on the microscale mechanical 

and MRI signal relationship will be challenging as such agreement is yet to be achieved even 

on pure experimental elastic modulus, with reported values ranging from 5 to 24 GPa [17].

In addition to the validation requirements, there are other major limitations to the 

widespread use of MRI-based micro-FEA studies. This includes the long scan times required 

for MR image acquisition compared to x-ray-based methods, resulting in potential motion-

related artifacts, and the associated high costs for MRI, limiting its availability in some 

populations. The combination of advanced MRI acceleration techniques to further shorten 

the scan time with hardware developments resulting in more affordable MRI scanners for 

musculoskeletal targets will help with improving patient access.

5. Conclusions

This review study summarizes steps for linear and non-linear FEA derived from bone MRI 

images to predict bone mechanical competence as a potential non-invasive bone fracture risk 

estimation with no ionizing radiation. MRI-based FEA investigations and the corresponding 

MRI sequences have been described. FEA studies based on indirect bone imaging dominates 

this field of research. Future potential pathways to more accurate MRI-based models via 

direct bone imaging have been discussed for investigation in future studies.
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Figure 1. 
Visualized trabecular bone as dark regions surrounded by bright marrow using two different 

3D MRI sequences performed on the distal radius at 1.5T. (A) Fast large-angle spin-echo, 

FLASE (scan time: 11.5 min, voxel size = 137×137×410 μm) [46,110]. (B) balanced steady-

state free precession, bSSSP (scan time: 4 min, voxel size ≈ 0.16×0.16×0.5mm) [46,111]. 

These figures were previously presented by Magland et al. [110], Techawiboonwong et al. 

[111], and Wehrli et al. [46]. Reprinting permission is granted through Rightslink. Minor 

modifications were performed for presentation purposes.
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Figure 2: 
FE-based strain maps for (A) a representative distal tibial specimen with high mechanical 

stiffness and strength (thicker cortical bone and well-connected trabeculae) and (B) a 

representative distal tibial specimen with low mechanical stiffness and strength for a 

constant mechanical loading. This figure was previously presented by Rajapakse et al. [30]. 

Reprinting permission is granted through Rightslink. Minor modifications were performed 

for presentation purposes.
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Table 1.

Summarized MRI-based micro finite element studies

First 
author, 

year

MRI 
sequence and 

acquisition
Goal Finite element (FE) model

Ex/In 
vivo, 

Bone site
Results

Van 
Rietbergen 
et al. 1998 
[40]

• Fast gradient 
recalled echo 
(GRE), 1.5T
• FOV = 6 cm
• Voxel size = 
117×117×300 
μm
• Scan time 
was not 
mentioned

• To study the 
feasibility of 
MRI-based 
FEA

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 10 GPa, ν = 0.3
• Special-purpose FE-solver

• Ex vivo
• Femoral 
head
• 
Trabecular 
bone

• Results of 
MRI-based 
models were 
comparable 
with μCT-based 
results; 
however, 
correction 
factors were 
required.

Newitt et 
al. 2002 
[41][42]

• Fast GRE, 
1.5T
• FOV ≈ 7 cm
• Voxel size = 
156×156×500 
μm
• Scan time ≈ 
12 min

• To study the 
feasibility and 
reproducibility 
of in vivo MRI-
based FEA

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 10 GPa, ν = 0.3
• Special-purpose FE-solver

• In vivo
• Distal 
radius
• 
Trabecular 
bone

• Lower elastic 
measures were 
found in the 
osteopenic 
group 
compared with 
the normal 
group.

Van 
Rietbergen 
et al. 2002 
[43]

• Fast GRE, 
1.5T
• FOV ≈ 20 
cm
• Voxel size = 
195×195×500 
μm
• Scan time ≈ 
12 min

• To study the 
impact of 
idoxifene 
treatment on 
bone mechanics

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 10 GPa, ν = 0.3
• Special-purpose FE-solver

• In vivo
• 
Calcaneus
• 
Trabecular 
bone

• Significant 
changes were 
observed in 
estimated 
mechanical 
properties from 
baseline within 
groups after one 
year of 
treatment.

Alberich-
Bayarri et 
al. 2008 
[62]

• Fast GRE, 3T
• FOV ≈ 20 
cm
• Voxel size = 
180×180×180 
μm, sub-
voxelization to 
90×90×90 μm
• Scan time ≈ 
6 min

• To investigate 
the FEA 
feasibility in 
detecting elastic 
modulus 
differences in 
healthy 
trabecular bone

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 10 GPa, ν = 0.3
• ANSYS software

• In vivo
• Distal 
radius
• 
Trabecular 
bone

• FE-based 
elastic modulus 
was found to be 
significantly 
different 
between male 
and female 
subjects.

Rajapakse 
et al. 2009 
[44]

• Spin Echo 
(SE), 9.4T
• FOV ≈ 0.7 
cm
• Voxel size = 
50×50×50 μm
• Scan time ≈ 
120 min

• To validate the 
MRI-based 
FEA generated 
from high field 
(9.4T) scanners

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 GPa, ν = 0.3
• FE solver developed in-house

• Ex vivo
• Proximal 
tibia, 
proximal 
femur, and 
lumber 
vertebrae
• 
Trabecular 
bone

• Significant 
strong 
correlations 
were observed 
between 
estimated 
moduli from 
μCT- and MR-
based FEA.

Rajapakse 
et al. 2010 
[28]

• Fast large 
angle spin 
echo pulse 
sequence 
(FLASE), 1.5T
• FOV ≈ 5 cm
• Voxel size = 
160×160×160 
μm
• Scan time ≈ 
40 min

• To validate the 
MRI-based 
FEA generated 
from clinical 
scanners

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• Ex vivo
• Distal 
tibia
• 
Trabecular 
bone

• Significant 
strong 
correlations 
were observed 
between 
estimated 
moduli from 
μCT- and MR-
based FEA.

Liu et al. 
2010 [68]

• FLASE, 1.5T
• FOV ≈ 7×6.4 

• To validate the 
MRI-based 

• Linear elastic and isotropic element material, 8-node brick 
elements

• Ex vivo
• Proximal 

• Significant 
strong 
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First 
author, 

year

MRI 
sequence and 

acquisition
Goal Finite element (FE) model

Ex/In 
vivo, 

Bone site
Results

cm
• Voxel size= 
160×160×160 
μm
• Scan time ≈ 
16 min

FEA generated 
from clinical 
scanners on 
whole sections 
of bone

• Element E=15×BVF GPa, ν = 0.3
• FE solver developed in-house

tibia
• 
Trabecular 
and 
cortical 
bone 
(whole 
axial bone 
section)

correlations 
were observed 
between 
estimated 
moduli from 
μCT- and MR-
based FEA.

Wehrli et 
al. 2010 
[69]

• FLASE 
sequence, 1.5T
• FOV ≈ 7×5 
cm
• Voxel size = 
137×137×410 
μm
• Scan time ≈ 
16 min

• To investigate 
the impact of 
estrogen 
supplementation 
on bone 
mechanical 
competence in 
early 
postmenopausal 
women

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• In vivo
• Distal 
tibia and 
radius
• 
Trabecular 
bone

• FEA revealed 
significant 
reduction and 
increase in 
mechanical 
competence of 
control group 
and treated 
group bone, 
respectively.

Chang et 
al. 2012 
[70]

• Fast low 
angle shot 
(FLASH) 
sequence, 7T
• FOV = 12 cm
• Voxel size = 
234×234×1000 
μm
• Scan time ≈ 
7 min

• To investigate 
the feasibility of 
performing 
FEA based on 
7T MRI in vivo 
images

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• In vivo
• Proximal 
tibia and 
distal 
femur
• 
Trabecular 
and 
cortical 
bone 
(whole 
axial bone 
sections)

• Large 
contribution of 
trabecular bone 
was seen in 
whole bone 
stiffness at the 
distal femur and 
proximal tibia.

Chang et 
al. 2013 
[71]

• FLASH 
sequence, 7T
• FOV = 12 cm
• Voxel size = 
234×234×1000 
μm
• Scan time ≈ 
7 min

• To study the 
improvements 
in bone 
mechanical 
competence in 
female dancers

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• In vivo
• Distal 
femur
• 
Trabecular 
and 
cortical 
bone 
(whole 
axial bone 
sections)

• They found 
greater whole 
and cancellous 
bone stiffness, 
but not greater 
cortical bone 
stiffness, in the 
distal femur of 
female dancers 
compared to 
controls.

Chang et 
al. 2014 
[72]

• FLASH 
sequence, 3T
• FOV = 12 cm
• Voxel size = 
234×234×1500 
μm
• Scan time ≈ 
25 min

• To study the 
mechanical 
differences 
between 
patients with 
fragility 
fractures and 
control subjects

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• In vivo
• Proximal 
femur
• 
Trabecular 
bone

• Patients with 
fragility 
fractures 
showed 
significantly 
lower stiffness.

Chang et 
al. 2015 
[73]

• FLASH 
sequence, 3T
• FOV = 12 cm
• Voxel size = 
234×234×1500 
μm
• Scan time ≈ 
15 min

• To study the 
reproducibility 
of linear MRI-
based FEA on 
proximal femur

• Linear elastic and isotropic element material, 8-node brick 
elements
• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• In vivo
• Proximal 
femur
• 
Trabecular 
bone

• The 
measurement 
reproducibility 
of MR 
assessment of 
proximal femur 
strength is 
suitable for 
clinical studies 
of disease 
progression or 
treatment 
response.

Rajapakse 
et al. 2012 
[63]

• FLASE 
sequence, 1.5T
• FOV ≈ 7×6 

• To investigate 
changes of 
FEA-based 

• Linear elastic and isotropic element material, 8-node brick 
elements

• In vivo
• Distal 
tibia

• Significant 
changes in 
mechanical 
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First 
author, 

year

MRI 
sequence and 

acquisition
Goal Finite element (FE) model

Ex/In 
vivo, 

Bone site
Results

cm
• Voxel size = 
137×137×410 
μm
• Scan time ≈ 
15 min

mechanical 
properties after 
renal 
transplantation

• Element E = 15 × BVF GPa, ν = 0.3
• FE solver developed in-house

• 
Trabecular 
and 
cortical 
bone 
(whole 
axial bone 
sections)

competence 
were found 
after renal 
transplantation, 
whereas bone 
microstructural 
changes were 
not significant.

Zhang et 
al. 2013 
[26]

• FLASE 
sequence, 1.5T
• FOV ≈ 7×4 
cm
• Voxel size = 
137×137×410 
μm
• Scan time ≈ 
15 min

• To investigate 
the feasibility of 
nonlinear FEA 
on in vivo data

• Nonlinear Elastic-plastic and isotropic element material, 8-node 
brick elements
• Element E = 

sech 50 × ε + 0.53 1.4 0.6 + 0.05 × BV F × 15GPa, 

ν = 0.3
• FE solver developed in-house

• In vivo
• Distal 
tibia
• 
Trabecular 
bone

• Potential for 
providing 
additional 
information 
beyond that 
obtainable from 
linear analysis 
was shown.

Zhang et 
al. 2013 
[27]

• FLASE 
sequence, 1.5T
• FOV ≈ 7×4 
cm
• Voxel size = 
137×137×410 
μm
• Scan time ≈ 
10 min

• To investigate 
the feasibility of 
nonlinear FEA 
on in vivo data 
for longitudinal 
studies

• Nonlinear elastic-plastic and isotropic element material, 8-node 
brick elements
• Element E = 

sech 50 × ε + 0.53 1.4 0.6 + 0.05 × BV F × 15GPa, 

ν = 0.3
• FE solver developed in-house

• In vivo
• Distal 
radius
• 
Trabecular 
bone

• 
Reproducibility 
level of the 
FEA results 
was adequate 
for potential 
follow-up 
studies.

Rajapakse 
et al. 2017 
[31]

• FLASH 
sequence, 3T
• FOV = 12 cm
• Voxel size = 
234×234×1500 
μm
• Scan time ≈ 
15 min

• To study the 
reproducibility 
of nonlinear 
MRI-based 
FEA on 
proximal femur

• Linear elastic and nonlinear elastic-plastic isotropic element 
material, 8-node brick elements
• Element E = 15 × BVF GP vs. E = 

sech 50 × ε + 0.53 1.4 0.6 + 0.05 × BV F × 15GPa, 

ν = 0.3
• FE solver developed in-house

• In vivo
• Proximal 
femur
• 
Trabecular 
bone

• The FEA 
model was able 
to consistently 
and reliably 
provide fracture 
risk 
information.

Rajapakse 
et al. 2018 
[30]

• FLASE 
sequence, 1.5T
• FOV ≈ 7×5 
cm
• Voxel size = 
137×137×410 
μm
• Scan time ≈ 
7 min

• To validate 
linear and 
nonlinear MRI-
based FEA by 
comparisons 
with mechanical 
compression 
tests

• Linear elastic and nonlinear elastic-plastic isotropic element 
material, 8-node brick elements
• Element E= 15 × BVF GPa vs. E = 

sech 50 × ε + 0.53 1.4 0.6 + 0.05 × BV F × 15GPa,
ν = 0.3
• FE solver developed in-house

• Ex vivo
• Distal 
tibia
• 
Trabecular 
and 
cortical 
bone 
(whole 
axial bone 
sections)

• Moderate to 
strong positive 
correlations 
were found 
between 
computationally 
and 
experimentally 
derived values 
of stiffness, 
yield strength, 
ultimate 
strength, and 
resilience.
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