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SUMMARY 

We hypothesized that sub-optimal neuromotor controls may 

explain fractures in the elders and we estimated, using a 

subject-specific musculoskeletal model, how the intensity of 

the hip load is affected by sub-optimal neuromotor controls. A 

subject-specific model was generated from cadaver data. The 

motion, the ground reactions and the electromyograms from 

the principal muscle groups were recorded synchronously 

from a body-matched volunteer during seven gait repetitions. 

The model was validated by common procedures. Imposing an 

optimal neuromotor control, the predicted patterns of muscle 

activations were compared with the recorded 

electromyograms. The predicted hip load was compared with 

published measurements. The spectrum of possible muscle 

forces consistent with the motion task were estimated by 

means of a Bayesian framework in combination with Markov 

Chain Monte Carlo methods. The corresponding spectrum of 

the hip loads was also calculated. Preliminary results showed 

that sub-optimal neuromotor controls potentially induce more 

than twice higher loads at the hip (approximately 9BW) than 

those induced by the optimal neuromotor control 

(approximately 3BW) throughout gait. This load is similar to 

the fracture load of the femoral neck measured on cadaveric 

bones, thus we can consider that spontaneous fractures might 

be due to sub-optimal neuromotor controls. 

 

INTRODUCTION 

The internal forces that a given task of motion induces on the 

skeleton are of vital importance in a number of research and 

clinical contexts. Indeed, epidemiological studies on 

spontaneous fractures highlight that a fraction of the observed 

fractures cannot be explained by an excessively low bone 

density [1] and relatively recent measurements [2] showed that 

muscle co-contractions can drive the intensity of the joint 

loads much higher than what experienced under a normal 

neuromotor control. To date the only viable solution for a 

comprehensive estimation of internal forces are the numerical 

models since no non-invasive experimental methods are 

currently known for the same purpose. A common solution to 

solve the muscle load-sharing problem is to postulate that the 

neuromotor control behaves minimizing a cost function 

defined a-priori. But, although this assumption was effective 

in predicting the expected muscle activation patterns and the 

measured joint reactions in normal conditions, non-optimal 

neuromotor control strategies were found in several cases (e.g. 

patients with depression, musculoskeletal or neuromotor 

disease or during specific motion tasks) suggesting that a 

broad range of neuromotor controls are consistent with the 

same motor task. Scholz  and co-workers [3] studied the 

muscle coordination during repetitions of the same motor task 

concluding that the muscle recruitment process is a stochastic 

process. The large variability of the articular loads observed 

during the same task of motion corroborate this hypothesis [2]. 

In a previous study we computed the entire spectrum of the 

muscle forces, solutions of the redundant equilibrium problem 

at the articular joints [4]. However that study was limited to a 

single frame of walking and the method did not ensure an 

exhaustive description of the entire spectrum. The Bayesian 

statistical framework is particularly well suited for this class of 

problems since it treats the unknowns as random variables and 

provides estimates of their probability density functions. This, 

in combination with Markov Chain Monte Carlo methods 

have been proven effective in the statistical solution of highly 

redundant steady-state systems [5] such that here considered. 

Aim of the present work is to study the intensity of the hip 

load under sub-optimal neuromotor controls using a Bayesian 

statistical framework in combination with Markov Chain 

Monte Carlo methods [5]. The analysis account for 7 

repetitions of the entire gait.  

 

METHODS 

Model generation and preliminary simulations 

The musculoskeletal model of the lower limbs of a cadaver 

(female, 81 yr, 63 kg, 167 cm) was generated from CT and 

dissection data made available by the LHDL project. A 

generic model [6] was registered onto the individualized 

skeletal geometry (Figure 1). The maximum isometric force of 

each muscle was derived from the muscle physiological cross 

section area (PCSA). 3D motion (Vicon Motion Capture, 

Oxford UK) and the ground reaction forces were recorded 

during walking from a selected volunteer (female, 25 yr, 57kg, 

165cm) who best matched the cadaver anthropometrical data.  

The skeletal kinematics was derived using a global 

optimization method. The optimal neuromotor control strategy 

was assumed that minimized the energy consumption. The 

model was validated comparing the optimization solution with 

the recorded electromyograms and published measurements of 

the hip reaction load (HR). 

Bayesian stationary state model 

The equilibrium equations at the joints during the instant i is 

given in the form   
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where iB   is the matrix containing the lever arm of each of the 

n muscles on each of the m degrees of freedom (DOF), iF is 

the vector of the n unknowns (i.e. the muscle forces) and iM  

is the vector containing the joint net moments. 

Model input  

The model input are the muscle lever arms iB  and the joint 

net moments iM calculated through the inverse dynamics 

simulation (ADAMS, MSC.Software Corporation, US). 

Unknowns and prior information 

The unknown muscle forces f satisfy a simple bound 

constraint between zero and the peak isometric force. The 

upper boundary was estimated from the measured 

physiological cross section area and the tetanic muscle stress 

taken from the literature [7]. 

Observable and the likelihood 

To explore the spectrum of all virtually possible states of the 

internal loads we assumed M the deterministic value from the 

inverse dynamics simulation. The unknowns were assumed a 

uniformly distributed probability density function within their 

boundaries. 

Posterior density and sampling strategy 

The space of possible muscle forces was sampled by 2
5
 

uniformly distributed samples. The hip reaction load produced 

by each sample was calculated and expressed in multiples of 

the body weight (BW). Differences between the loads 

calculated in sub-optimal and optimal neuromotor controls 

were also calculated. 

 

Figure 1:  The skeletal and the skin surfaces extracted from 

the CT dataset (a) and, the musculoskeletal model during an 

intermediate frame of gait (b). 

RESULTS AND DISCUSSION 
When the optimal neuromotor control was imposed, predicted 

muscle activations were in an acceptable agreement with the 

recorded electromyograms and, the predicted HR patterns 

were in a general agreement with published data.  

The analysis of sub-optimal neuromotor controls resulted in an 

approximately 50GB database, including 2
5
 samples of the 

muscle activations space for each frame for all gait repetitions. 

The preliminary analysis of a single frame of motion showed 

that several muscles could vary between silent to fully 

activated, in agreement with [4]. Assuming uniform the 

probability of each muscle control, the predicted HR spectrum 

showed a nearly normal distribution with and average value of 

6.6BW and it spanned a range consistent with a previous study 

(Figure 2). In [4] the HR range was 3.3-8.9BW while in this 

study the HR range was 4-8.8BW. 

 
Figure 2:  Frequency distribution of the HR produced by the 

spectrum of possible muscle forces 

Preliminary results also confirmed a high sensitivity of the HR 

upper boundary and a low sensitivity of the HR lower 

boundary to the tetanic stress the muscle can exert. As the 

tetanic muscle stress increased the lower boundary range was 

3.3-3.8BW while the upper boundary range was 4.3-8.9BW. 

The analysis of the results throughout the seven gait repetition 

is still in progress.  

 

CONCLUSIONS 

Preliminary results confirm that sub-optimal neuromotor 

controls can drive the intensity of the skeletal loads to 

considerably higher levels than those in optimal neuromotor 

conditions. If this is true, we can consider the possibility that 

spontaneous fractures might be due to skeletal overloading 

produced by the sub-optimal control of the muscles’ 

activation. The demonstrated ability of the method in sampling 

the spectrum of possible muscle controls might be a good base 

towards statistical models of the neuromotor control 

apparatus. 
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