
 
 

How can sub-optimal solution of muscles’ forces equilibrium influence the prediction of fracture risk in the femoral neck? 
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SUMMARY 
Very recent works suggested that high load can be induced on 

the skeleton when sub-optimal neuromotor controls are taken 

into account. Aim of the present work was to investigate how 

these high loads may influence the prediction of femoral neck  

fractures in the elders. To this aim a probabilistic finite 

element model of the femoral region was realized to take into 

account the variability over an aging  population of the risk of 
spontaneous neck fractures. In order to capture the variability 

in the intrinsic and external determinants of fracture within a 

population the model considered as statistical input variables: 

the bone geometry and mineral density distribution, the body 

weight of the patient, the degree of nuromotor control 

degradation and the tetanic muscle stress. A Montecarlo 

simulation was run to sample the whole simulated population 

and the distribution of the risk of fracture was obtained as an 
output. The good agreement between the predicted annual rate 

of fracture and the epidemiological data taken from the 

literature indicates that sub-optimal solutions should be taken 

into account in the prediction of the femoral fracture risk. 

 

INTRODUCTION 
Bone fracture is determined by the balance between bone 

strength and applied loads. Models used for the prediction of 
bone strength have been thoroughly validated and have 

reached today good accuracy levels [1,2], the major problem is 

now represented by the prediction of the skeletal loads. The 

commonly adopted approach is to solve the inverse dynamics 

problem using as input the measured kinematics and the 

external forces and postulating that the neuromotor control 

activates the muscle fibres so as to minimise a given cost 

function [3]. Common optimisation strategies make it possible 
to predict muscles activation patterns in good agreement with 

EMG recordings[3] and hip joint reaction comparable to that 

recorded with telemetric instrumented prostheses [4]. 

However, assuming that the neuromotor control chooses the 

muscle activation pattern that optimises always the same cost 

function seems unrealistic especially when neuromotor 

deficiencies are likely to alter the optimal control assumption 

such as in an aging population. Very recent study showed that 
hip joint reactions can reach values up to 9BW if the 

hypothesis of optimal neuromotor control strategy is relaxed, 

that is a value comparable to fracture load for the neck femur 

[5]. Aim of the present work was to understand how can non-

optimal solution of muscles’ forces equilibrium influence the 

prediction of fracture risk in the femoral neck over a 

population relevant for osteoporosis. 

 

METHODS 

A probabilistic finite element model of the proximal femur 

was developed to describe the variability over an aging  

population of the risk of spontaneous neck fractures. In order 

to capture the variability in the intrinsic and external 

determinants of fracture within a population the model was 

built as follows. 

 

Intrinsic determinants: 
(i) Anatomy and density distribution: derived from CT. From 

a database available at IOR, 82 CT datasets of normal hip 

anatomies from Italian subjects (mean 59 years-old, SD 14) 

were  selected. They span a significant range of anatomical 

measurements (shaft and neck length, CCD and antiversion 

angle) so that they can be considered representative of the 

population. A flat probability distribution was assumed for the 

choice of the anatomy in each run of the probabilistic model. 
(ii) Level of osteoporosis: simulated through an algorithm. 

Thanks to a high correlation of T-score calculations from 

DXA and density measurements from CT, an algorithm was 

defined to vary the CT density field intensity in order to 

simulate a given T-score. According to the literature [6], in the 

probabilistic model the T-score was defined with a normal 

distribution of mean –0.5 and SD 1. 

 
External determinants: 

(iii) Weight: taken from a large database of hip prosthesis 

cases, available at IOR, resulting in a normal distribution with 

mean 722N and SD 141N, with no significant correlation 

between bone size and patient weight. 

(iv) Hip joint and muscle forces: taken at the instant of 

maximum hip reaction, from a muscoloskeletal model 

simulating different instances of walking and stair climbing of 
a single individual (thus assuming intra- and inter-subject 

forces variabilities equivalent) and taking as probabilistic 

variables the distance from the optimal neuromotor control 

(normal distribution, mean 0, SD 0.3, min 0, max 1,  with 0 

being the optimal control and 1 the worst co-contraction 

condition) and the tetanic muscle stress (TMS, mean 0.87 

MPa, SD 0.25MPa, spanning the range of TMS reported in the 

literature). 
Details of the muscoloskeletal model adopted can be found in 

[7]. 

 

The probabilistic model relies on a validated subject-specific 

FE model generation procedure [1].  

Models were built from CT dataset through segmentation and 

meshing with quadratic tetrahedral elements. Each FE model 

was assigned inhomogeneous material properties from 



densitometrically calibrated CT values using the Bonemat 

algorithm [8]. 

Muscle forces were applied on muscle insertions defined 

through registration from an atlas. 

Following [9], a maximum principal strain criterion with limit 

values derived from [10] (0.73% and 1.04% strain in tension 
and compression respectively) was adopted. Surface strain 

results were averaged over a 3mm area to exclude local 

artifacts.  

The risk of fracture was defined on a region of interest 

including the whole femoral neck as the ratio of actual 

maximum principal strain to limit strain.  

 

A Monte Carlo scheme was adopted, using a Latin Hypercube 
sampling strategy among the probabilistic variables above 

described. 5000 model runs were sufficient to achieve 

convergence of input variables distributions and results mean 

and SD values.  

 

RESULTS AND DISCUSSION 
When performing a preliminary model run that accounted only 

for the optimal solutions of the muscoloskeletal model (i.e. 
fixing to zero the degree of sub-optimal neuromotor control), 

the average risk of fracture (RF) was low and fracture was 

predicted in the 0.02% of cases.  On the contrary, when 

considering sub-optimal solutions of the muscle forces 

equilibrium, fracture was predicted in 0.22% of the simulated 

cases, while the average risk of fracture increased to a still 

plausible and safe value of 0.27% (Figure 1). 

 

 

Figure 1:  The histogram frequency distribution for the RF 

over the simulated population in percentage form. 
 

The incidence of fractures in the model can be considered a 

rough estimate of the actual annual fracture incidence. In fact, 

it is very well comparable to the osteoporosis fracture 

incidence of the Italian aging population, which is reported to 

be 0.27%[11]. 

The major limitation of the model relies in the definition of the 

probabilistic distribution of the sub-optimal control that has 
been defined a-priori and cannot be currently validated.  

Several other model limitations exists, in terms of (i) the 

assessment of bone strength, that may benefit from a 

consistent definition of anisotropy and a refinement of the 

failure criterion, (ii) the definition of loads that is currently 

limited to one subject and one instant of the gait, and may be 

enriched considering force predictions for multiple subjects in 

the whole gait cycle, (iii) the definition of possible inter-

relationships of input variables that are currently neglected. 

They will be object of future work. 

 

CONCLUSIONS 
The inclusion of non-optimal solutions of the muscles force 

equilibrium brought, though with a simplified model, to a 

satisfactory agreement of predicted versus actual fracture 

incidence of femoral neck fractures. Although the present 

study cannot be considered a validation, it can be considered 

an indication of the importance of including for the bone 

fracture prediction an estimate of skeleton overloading. 
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