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INTRODUCTION: Mechanical loading is one of the key regulators of longitudinal bone growth. Within physiological limits, compression of the growth plate 

(GP) has a stimulating effect, whereas exceeding a critical load is linked to the progression of deformities in the skeletally immature [1]. To implement growth 

modulating interventions, the relationship between mechanical loading and the resulting alteration in growth behavior must be understood. Because of the 
highly inhomogeneous material behavior of the GP with respect to the depth [2] and anatomical location [3], knowledge of the continuous spatial strain 

distribution throughout the thickness of the GP is of particular interest [4]. Therefore, the objectives of this study were (i) to determine the in-situ spatial strain 

patterns of the porcine distal femoral GP under compressive loading, (ii) to investigate the region-specific hyperelastic properties of the GP, and (iii) to correlate 
these properties with histological examination of the same specimens.  
 

METHODS: Six fresh porcine knee joints (age: ~6 months) were dissected and mounted in an MRI compatible loading apparatus at approximately 30° flexion 

(Fig. 1). The loading device allowed a physiological axial load distribution of 40% on the lateral and 60% on the medial knee compartment [5]. T1-weighted 

MR images were acquired using a 3T MRI scanner for both unloaded and loaded (500 N, 1000 N) conditions. After segmentation of the GP, a distinct transition 
layer between the GP and the femoral metaphysis (GPtran), along with layers of the femoral metaphysis (Fmeta) and epiphysis (Fepi), a hexahedral finite element 

model was created using customized MATLAB routines. Rigid and non-rigid image registration were performed to obtain the deformation of the femoral GP 

including the adjacent proximal and distal layers under the respective loads. Finally, the obtained deformation field was applied to the finite element model to 
calculate strain maps using ABAQUS [5,6]. Following the MRI loading experiments, sequential multistep compression tests were performed on cylindrical 

bone-GP-bone specimens (∅8 mm) from anterior-posterior (a-p) and lateral-medial (l-m) regions. Each specimen was loaded and unloaded in 10 N increments 

up to 50 N, with deformation held constant for 300 s at each step [7]. The hyperelastic material model proposed by Yeoh was fitted to the termination point of 

each load step of each specimen [8]. After compression testing, specimens were processed for histological staining with Safranin O/Fast Green and MOVAT 

pentachrome. Histomorphometric analysis included determination of GP height classified into resting zone (RZ), proliferative zone (PZ), hypertrophic zone 
(HZ), and chondrocyte area in the HZ. Statistical analysis was performed using SPSS, while p<0.05 was considered statistically significant.  
 

RESULTS: The axial compressive strains in the GP and GPtran were significantly increased by up to 264% compared to the Fepi (p≤0.022) for both loading 

conditions (Fig. 2A).  In addition, axial strains increased significantly after doubling the load from 500 N to 1000 N (p≤0.028) for all layers. The maximum 

compressive strain of 7.9% occurred in the posterior region of the GP. The strains of the GP in a-p direction were significantly higher than in the GPtran 
(p≤0.005) and Fmeta (p≤0.005) for both load levels (Fig. 2B). No significant differences were observed for the strains in l-m direction. For compression testing, 

Yeoh's hyperelastic model was sufficient to fit the stress-strain data with a minimal R2 of 0.94 for all data sets. Statistical analysis revealed differences in 

medial and lateral samples, where for the same stress medial samples showed a higher strain. This was significant above stresses equivalent 76% BW (Fig. 
3A). The average GP height (Fig. 3B) was slightly lower in the lateral (733±47 µm) compared to the medial region (973±227 µm), which seemed to be mostly 

impacted by a slightly lower RZ (lateral: 217±59 µm; medial: 417±171 µm). The RZ represented about 29% of the total height of the GP in the lateral region, 

but about 41% in the medial region. The PZ represented about 43 and 35% and the HZ 23 and 27% in the lateral and medial regions (Fig. 3C). 
 

DISCUSSION: To our knowledge, this was the first study reporting on continuous spatial strain distribution of the distal femoral GP in-situ under physiological 
compressive loading conditions in a large animal model. The main finding of the study indicates that the compressive strains within the cartilaginous GP were 

up to three times higher than in the adjacent bone tissue. In addition, the strain distribution in the GP was found to be highly inhomogeneous in all six specimens 

depending on the direction. This knowledge can contribute to a better understanding of the mechanobiology of the GP by identifying the strain patterns in 
different regions. Moreover, it was shown, that the material behavior of the GP is non-linear in the equilibrium state, which is particularly important for 

alternating loads such as the gait. The height of the growth plate, especially of the RZ, was shown to be variable in the different regions. Differences in tissue 

histomorphometry within the RZ could explain their different mechanical behavior in lateral and medial regions. The softer medial samples had a higher GP 
height and thus more deformable material compared to the lateral samples.  
 

SIGNIFICANCE/CLINICAL RELEVANCE: This work demonstrates the feasibility of determining spatial strain distributions of the inhomogeneous GP in-
situ. Due to the non-invasive nature of the MRI loading experiments, the current approach can potentially be transferred to in-vivo applications in human 

adolescents and, given the regional variations in strains and mechanical properties found, may thus contribute to a better understanding of bone growth 

guidance. 
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