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A B S T R A C T

Nucleotomy, a common treatment for disc herniations, aims to relieve pressure on spinal structures. While 
effective in alleviating symptoms, this intervention can compromise spinal stability. However, previous in vivo 
studies in sheep have demonstrated conflicting results with significant long-term stiffening of the spine following 
nucleotomy, with occasional spontaneous fusion of the affected motion segment. The objective of this study was 
to investigate the mechanical regulation of tissue adaptation processes post-nucleotomy using computational 
modeling.

A parametric finite element model of the L4–L5 ovine spinal motion segment, developed previously, was 
modified to simulate surgical procedures that have been performed in prior in vivo studies. An iterative approach 
was used to simulate post-surgical tissue healing and adaptation processes. Two loading scenarios were simu
lated: one with combined axial compression and flexion moments, and the other incorporating axial rotation.

An initial decrease in stability, with stiffness reduced by up to 50% due to disc decompression and nucleus 
removal, was followed by a gradual increase in stiffness over time as a consequence of bone healing and 
remodeling, with the most pronounced stiffening – up to 350% of the intact state – observed in axial rotation. The 
findings align with previous in vivo observations, suggesting that spontaneous fusion and increased rigidity may 
be natural consequences of mechano-biological adaptation.

The results of this study highlight that healing processes accompanied by adaptive bone remodeling are 
directed towards restoration of spinal stability after nucleotomy. These findings align with previous in vivo ob
servations, suggesting that spontaneous fusion and increased rigidity may be a natural consequence of post- 
nucleotomy mechano-biological adaptation. On the other hand, the results indicate a critical role of an appro
priate loading regime on the outcome of these processes.

1. Introduction

Nucleotomy, a common surgery for lumbar disc herniations with 
radiculopathy (Kanno et al., 2019; Kreiner et al., 2014), involves partial 
removal of the nucleus pulposus through an incision in the annulus 
fibrosus to decompress neural structures and alleviate symptoms. 
However, this removal of disc material can compromise spinal stability, 
a key factor implicated in the development of low back pain (Panjabi, 
2003). Alone the annular disruption can result in an immediate reduc
tion in spinal stiffness (Michalek et al., 2010; Michalek and Iatridis, 
2012), while removal of nucleus material amplifies the effect (Zöllner 
et al., 2000). Both annular injury and disc height reduction potentially 
accelerate degeneration (Inoue and Espinoza Orías, 2011; Vergroesen 
et al., 2015), further contributing to spinal instability (Fujiwara et al., 
2000; Kirkaldy-Willis and Farfan, 1982).

In vitro studies show an immediate increase in flexibility (Burkhard 
et al., 2023; Reitmaier et al., 2014), yet in vivo findings are less consis
tent. Specifically, while in vitro studies consistently report an immediate 
increase in segmental flexibility following nucleotomy, the long-term 
outcomes vary, with some studies observing significant stiffening and 
even spontaneous fusion of the motion segment (Reitmaier et al., 2014). 
Long term clinical studies reported reduced flexibility (Halldin et al., 
2005) or an increased likelihood to require a fusion surgery (Castillo 
et al., 2019), compared to patients who did not undergo the procedure. 
This suggests an elevated risk of instability after nucleotomy, under
scoring the growing popularity of spinal fusion as a treatment of insta
bility (Lambrechts et al., 2022; Makanji et al., 2018). Conversely, long- 
term animal studies (Reitmaier et al., 2017, 2014) have shown sub
stantial stiffening of the affected spinal segments, with some cases of 
spontaneous bony fusion observed six months post-operatively, even 
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without instrumentation.
This apparent discrepancy between short-term instability and long- 

term stiffening suggests the involvement of adaptive processes within 
the spine, compensating for the altered mechanical environment post- 
surgery. To better understand these processes, the present study em
ploys computational modelling to investigate the mechanical regulation 
of tissue healing and adaptation following nucleotomy in an ovine 
lumbar spinal segment.

We hypothesized that the post-surgical mechanical stimuli are within 
those previously reported to stimulate a bone formation response, hence 
promoting a gradual restoration of stability in the affected motion 
segment. This study aims to quantify how adaptive processes contribute 
to the restoration of spinal stability following nucleotomy, thereby 
addressing the discrepancies observed in animal experiments.

2. Methods

To simulate bone remodeling and post-surgical healing, an iterative 
algorithm, adapted from a prior study by our group (Calvo-Echenique 
et al., 2019), was implemented in Python (Fig. 1). This algorithm utilizes 
a finite element model to calculate mechanical stimuli as the basis for 
the remodeling process. The simulations were conducted over 100 it
erations, each representing approximately one day of physiological 
response. The initial state of the model was established through a pre
liminary bone remodeling simulation, continued until the bone distri
bution within the vertebral bodies reached equilibrium.

2.1. Finite element (FE) model

We used a previously developed (Bashkuev et al., 2019) parametric 
FE model of a lumbar motion segment (Fig. 2a), that enables geometric 
morphing between human and ovine lumbar segments by adjusting 
specific parameter values. For the present study, an intact ovine L4-L5 
motion segment model was generated using a parameter set 
comprising mean values sourced from the literature (Mageed et al., 
2013; O’Connell et al., 2007).

The model includes vertebral bodies (cortical and cancellous bone 
and bony endplates), posterior structures (pedicles, transverse and 
spinous processes, and facet joints), and the intervertebral disc with 
seven ligaments: anterior and posterior longitudinal ligaments, inter
transverse, interspinous and supraspinous ligaments, ligamentum fla
vum, and facet joint capsules. The intervertebral disc was further 
divided into cartilaginous endplates, nucleus pulposus, and annulus 
fibrosus. The latter included twelve concentric layers of collagen fibers 
embedded within the ground substance. The cross-sectional areas of the 
fibers were calculated assuming a fiber volume fraction of 16% (Galante, 
1967). Ligament cross-sectional areas were scaled from available human 
specimen data (Pintar et al., 1992) by a factor of 0.5, reflecting the 
approximate size ratio between human and ovine geometries. The 
nonlinear stress–strain properties of the ligaments and the annulus fibers 
were modeled as Marlow hyperelastic model based on uniaxial tensile 
test data (Schmidt et al., 2007, Schmidt et al.,2006). The annulus fibers 
were arranged in a crisscross pattern and their orientation relative to the 
disc transverse plane increased linearly from ±30◦ in the outermost to 
±45◦ in the innermost layer according to literature (Cassidy et al., 1989; 

Fig. 1. Flow chart of the implemented iterative process split into adaptive bone remodeling utilizing algorithm of Huiskes et al., (1987), and the mechano- 
differentiation part adapted from Claes and Heigele (1999) to model new bone formation. For bone remodeling, the relationship between the mechanical stim
ulus S and remodeling rate was modeled as a double sigmoid function (black line) fitted to the piecewise linear function (equation (2), thin gray line).
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Holzapfel et al., 2005). The mechanical behavior of the model was 
validated in the previous parametric study (Bashkuev et al., 2019). The 
interaction of articulating facet surfaces was modeled as frictionless 
surface-to-surface contact using nonlinear penalty method.

Nucleotomy was modeled using a lateral approach (Fig. 2b), per 
Reitmaier et al. (2014). Two additional models were generated, with 
disc height reduced to 75% and 50% of the intact disc height, respec
tively, to account for post-nucleotomy disc height loss.

2.2. Adaptive bone remodeling algorithm

Bone remodeling in the vertebral bodies after surgery was imple
mented using an adaptive approach (Fig. 1, left side) similar to the one 
proposed by Huiskes et al. (1987). The rate of change in bone mineral 
density (BMD) ρ (g/cm3) of the vertebrae was regulated by a ratio of the 
actual to the reference mechanical stimulus. A cubic relationship be
tween BMD and Young’s modulus E (MPa) was employed according to 
Carter and Hayes (1977): 

E = 3790ρ3 (1) 

The original algorithm used the strain energy density (SED) as the 
driving mechanical stimulus, and a tri-linear bone remodeling rate (with 
a “lazy” zone around the reference value) (Huiskes et al., 1987). In the 
previous study, this relationship was extended by adding an upper limit 
to the remodeling rate (Calvo-Echenique et al., 2019), due to the fact 
that the stimulus itself is limited by mechanical strength (Beaupré et al., 
1990) leading to the following definition: 

ρ̇ =
d
dt

ρ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

R(1 + s + h), Si ≥ (1 + s + h)Sref

R
(

Si

Sref − (1 + s)
)

, (1 + s + h)Sref > Si > (1 + s)Sref

0, (1 + s)Sref ≥ Si ≥ (1 − s)Sref

R
(

Si

Sref − (1 − s)
)

, (1 − s)Sref > Si > (1 − s − h)Sref

R(1 − s − h), Si ≤ (1 − s − h)Sref

(2) 

where the remodeling rate remains zero within the ‘‘lazy zone” with the 
width of 2 s centered at Sref and increases or decreases linearly outside of 
it; h is the width of the zones with positive slope R. The relationship (2) 
between mechanical stimulus and remodeling rate was in the current 
study replaced by a continuous equivalent, defined as a sum of two lo
gistic sigmoid (expit) functions: 

ρ̇ =
d
dt

ρ = ρ̇max(expit(k(x − s) ) − expit( − k(x + s) ) )

x =
Si

Sref
− 1

(3) 

The parameters ρ̇max and k can be calculated from the parameters R, s 
and h from the equation (3) so, that both functions are maximally close 
(Fig. 1).

The stimulus S was defined as the ratio of SED to the cube of ρ (4) 
instead of the SED value used in the original algorithm, to avoid nu
merical instabilities described by Weinans et al., (1992): 

S =
SED
ρ3 (4) 

To investigate the performance of the algorithm, an intact model 
(without surgical interventions) was simulated starting from a uniform 
BMD distribution of 0.1 g/cm3 and the algorithm was run until BMD 
reached equilibrium. The lower and upper limits of BMD were set to 0.01 
and 1.74 g/cm3, beyond which no further decrease or increase, 
respectively, was allowed. The lower limit represented complete bone 
resorption and the upper corresponded to the Young’s modulus of 20 
GPa, which was assumed to be the Young’s modulus of cortical bone.

2.3. Bone formation algorithm

In the nucleotomy models, the regions from where intact tissues were 
removed during the intervention (nucleus, cartilage endplates and the 
annulus incision) as well as a 5-mm-wide region around the segment 
were replaced with granulation tissue (Fig. 2b-c). These regions were 
assumed eligible for progenitor cell migration from the bone marrow, 
which was modeled as a diffusive process, with dn

dt = D⋅∇2n, where the 
cell density n is determined from the diffusion coefficient D, which was 
specifically chosen so that the whole intervertebral space was saturated 
after 28 iterations (Bashkuev et al., 2015; Hsu et al., 2018). The source of 
the cells was assumed as constant concentration on the adjacent end
plate surfaces, and the cell concentration was normalized to 1. The 
mechanical stimuli (distortional equivalent strain and hydrostatic 
strain, equations (5) and (6) were calculated in each iteration according 
to the mechano-regulation rules adapted from Claes and Heigele (1999): 

εd =
2
3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(ε1 − ε2)

2
+ (ε2 − ε3)

2
+ (ε1 − ε3)

2
]√

(5) 

εh =
1
3

tr
(
∊
)

(6) 

Fig. 2. Finite element model of an ovine L4-L5 motion segment (a). Nucleotomy was modeled to mimic the side access through the annulus as it was done in the 
experiments (b). 5-mm-thick fusion zone was modeled around the disc, allowing for new bone formation in this region (b-c).
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Where ε1, ε2 and ε3 are principal strains and tr(∊ ) is trace of the strain 
tensor. The threshold values of ±1% for hydrostatic strain and 5% for 
equivalent strain were used for bone formation. The resorption limits 
were set to 0.1% and 1% for the hydrostatic strain and the equivalent 
strain, respectively (Postigo et al., 2014). Based on the mechanical 
stimulus, the precursor cells could differentiate into fibroblasts, chon
drocytes, or osteoblasts; the exact conditions for the tissue differentia
tion along with the additional empirical rules were taken from the 
previous study (Calvo-Echenique et al., 2019). In turn, cartilage could 
also change to bone during endochondral ossification and fibrous tissue 
could morph into cartilage. The precursor cells, chondroblasts, and fi
broblasts were allowed to differentiate by a maximum of 0.1, 0.1 and 0.2 
per iteration, respectively, while the resorption rate was limited to 0.05/ 
iteration to avoid instabilities (Isaksson et al., 2008). For each element, 
the Young’s modulus (E) was calculated as a weighted sum of the 
Young’s moduli of each tissue type present in the element depending on 
the cube of their volumetric fractions (7), according to Carter and Hayes 
(1977). Poisson’s ratio ν was calculated in a similar way using first order 
of volumetric fractions (Shefelbine et al., 2005): 
⎧
⎨

⎩

E =
∑

Eici
3

ν =
∑

νici

i ∈ [gran, fib, cart, bone]
(7) 

where cgran, cfib, ccart, and cbone are the volumetric fractions of granular 
tissue, fibrous tissue, cartilage, and bone, respectively.

It was assumed that new bone formation only occurs on the surfaces 
of existing bone (in the initial fusion phase at the vertebral surface), 
similar to the fracture-healing processes (Claes and Heigele, 1999; 
Uhthoff and Rahn, 1981). Therefore, bone apposition was allowed when 
the concentration of bone in a neighboring element exceeded 0.25.

For nucleotomy models, rotational stiffness was compared to the 
experimental data. Due to high value ranges found in the experiments 
(Reitmaier et al., 2017), the values were normalized to the intact state, 
which was set to 100%.

2.4. Boundary and loading conditions

While knowledge of the axial rotation in ovine lumbar spine in vivo is 
lacking, the orientation of the facet joints at the lumbar level suggests 
that axial loading should be fairly limited. On the other hand, torsion is 
known to affect both bone healing (Mølster, 1984; Steiner et al., 2014) 
and remodeling (Carpenter and Carter, 2008; Levenston et al., 1998). 
Therefore, two loading scenarios were simulated in this study – one 
involved a combination of axial compression and flexion/extension 
moments, while the other additionally included axial rotation. Lateral 
bending was not included in the simulations due to its weak correlation 
with intradiscal pressure, making it challenging to estimate accurately 
based on available literature data. The load was applied incrementally: 
first, an axial compression of 160 N was applied, followed by an increase 
to 220 N. In the subsequent step, a flexion moment of 2.2 Nm was 
applied. The second loading scenario included two additional steps – 
axial rotation of 2.2 Nm to the left and right. The load magnitudes were 
selected to represent moderate physiological loading (Hauerstock et al., 
2001; Reitmaier et al., 2013). In total, six nucleotomy simulations that 
incorporated both healing and remodeling (at 50%, 75%, and 100% of 
intact disc height under two loading conditions) have been performed.

The compressive load was applied as follower load using a two-node 
connector element to mitigate the introduction of additional bending 
moments. The nodes of the connector were constrained to the distal 
endplates of the corresponding vertebrae through a multi-point 
constraint. The lower endplate of the inferior vertebra was rigidly 
fixed by restricting all degrees of freedom at the lower node of the 
connector element. The application point for the flexion/extension and 
axial rotation moments was located at the upper node of the connector 

element.
The mechanical stimuli values were computed as the weighted 

average of the respective values during each loading step, with weights 
assumed as follows: 0.25 for the first compression step, 0.5 for the sec
ond compression step, and 0.25 for the combined loading step. This 
weighting approximates the daily activity patterns observed in sheep 
(Reitmaier et al., 2013).

Mesh refinement was conducted in a prior study (Bashkuev et al., 
2019) under a 160 N compressive load followed by a 3.75 Nm flexion/ 
extension moment, ensuring that the differences in predicted stress 
distributions between two consecutive mesh densities were less than 
5%. Finite element simulations were carried out using commercial FE 
software ABAQUS 6.14 (Simulia, Providence, RI, USA).

3. Results

3.1. Bone remodeling in the intact model

The simulation started with a uniform BMD of 0.1 g/cm3. In the 
initial iteration, the remodeling rate within both vertebral bodies was at 
its peak. During the first 25 iterations, BMD in the unloaded transverse 
and spinous processes, as well as in the inferior facets of the lower 
vertebra, declined to the lower limit of 0.01 g/cm3, indicating complete 
resorption. By the 50th iteration, BMD in the cancellous bone of the 
vertebral bodies reached equilibrium, while the cortical shell continued 
to develop up to approximately 100 iterations. Notably, BMD in the 
anterior regions of the cortical shell reached the maximum of 1.74 g/ 
cm3, however, the remodeling stimulus remained elevated. Addition
ally, the distal endplates did completely resorb, similar to the transverse 
processes. The BMD of the articulating facet joints reached its maximum 
value within the first 25 iterations and subsequently stabilized (Fig. 3b).

3.2. Bone healing and overall stiffness recovery

The nucleotomy models did not achieve solid bony consolidation. 
However, all models predicted partial fusion, resulting in osteophyte- 
like formations in the fusion region outside the intervertebral space 
(Fig. 4). The annulus defect played a critical role in facilitating bone 
formation beyond the nucleus cavity, as it provided a pathway for pre
cursor cells to migrate outward, thereby serving as the initial site of bone 
formation. In contrast to typical bone remodeling processes, none of the 
pure nucleotomy models reached an equilibrium state in terms of bone 
distribution patterns.

Flexional stiffness stabilized after 20 iterations in models with 100% 
and 75% disc height, while lateral bone formation progressed beyond 
100 iterations, continuously increasing torsional stiffness. Under load 
combinations involving axial rotation, the distortional strain in the outer 
periphery was excessively high, inhibiting further bone formation in the 
outer fusion region. Conversely, in the initial loading scenario without 
rotation, the mechanical stimulus effectively promoted the formation of 
relatively large volumes of new bony tissue. Notably, osteophyte-like 
bone developed laterally in the outer periphery, bridging the gap after 
approximately 30 iterations, resulting in a significantly higher torsional 
stiffness (Fig. 5).

Flexibility tests of the final configuration (after 100 iterations) under 
isolated pure moments, similar to those conducted in the experiments, 
revealed different patterns based on the modeled disc height loss and 
loading scenario (Fig. 6). In all investigated models, the final stiffness at 
2.2 Nm exceeded that of the intact model. Models subjected to the 
loading scenario without rotation produced a greater volume of newly 
formed bone in the outer periphery, resulting in a considerably stiffer 
and nearly linear response, whereas the other cases retained a slight 
nonlinearity. In axial compression, all models, including the intact one, 
were generally too compliant compared to the experiments (Fig. 6).
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4. Discussion

The present study aimed to investigate the experimentally observed 
increase in stability after a nucleotomy, using an iterative mechano- 
regulation computer model. Simulations demonstrated that mechani
cally driven tissue healing and adaptation responses to the surgical 
intervention can explain the experimentally observed increase in sta
bility after nucleotomy.

Modern spinal fusion techniques primary achieve stabilization 
through the use of devices such as interbody cage or internal fixators 
(Mobbs et al., 2015). In contrast, the pioneering spinal fusion technique 
developed by Hibbs involved the placement of a bone graft between the 
pedicles, relying solely on biological processes for stabilization (Tarpada 
et al., 2017). Recently, an experimental in vivo study conducted by 
Reitmaier et al. (2017) demonstrated successful spinal fusion without 
instrumentation following nucleotomy in sheep. This finding suggests 
that natural adaptive mechanisms can effectively restore stability lost 

due to surgical intervention.
Adaptation is a complex process involving bone remodeling, new 

bone formation, and likely soft tissue changes. Reitmaier et al. (2017)
postulated that aggressive nucleotomy could serve as a potent catalyst 
for new bone formation hypothesizing that access to the vertebral 
vascular network beneath the subchondral bone of the endplates would 
provide essential progenitor cells, cytokines, and nutrients necessary for 
effective healing, while the increased flexibility resulting from nucle
otomy may create a favorable mechanical stimulus to promote tissue 
healing and adaptation (Halvachizadeh and Pape, 2020). Our computer 
model simulations predicted a bone formation response confirming this 
hypothesis. Previous studies have shown that the mechanical regulation 
of bone healing can explain the fusion process in spinal fusion treated 
with cages and fixators (Calvo-Echenique et al., 2019; Postigo et al., 
2014). In this study, our simulations have shown that the lack of a cage 
leads to the loss of initial stability and, thus, to excessive mechanical 
stimulus which resulted in non-union. Nonetheless, the models 

Fig. 3. Remodeling of the intact model starting with a low, uniformly distributed bone density shows high remodeling rate at start of the simulation, which 
continuously decreases until bone remodeling and resorption reach equilibrium (a) and a sequence of virtual “X-ray” images indicating restoration of the intact 
configuration of bony elements (b).

Fig. 4. (a) Simulated X-ray image of a failed fusion in the nucleotomy model with 100% disc height. (b) Mid-plane cut through the model showing the predicted non- 
union within the disc space as well as the adapted bone distribution within the vertebral bodies. (c) Osteophyte-like bone formations (arrows) predicted at the outer 
periphery of the disc.
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predicted the restoration of the stability of the affected segment over 
time reaching pre-operation levels.

In addition to biological and genetic factors, the mechanical envi
ronment substantially influences the structural adaptation of bone. Ac
cording to the “three-joint complex” principle proposed by Kirkaldy- 
Willis et al. (1978), nucleotomy alters load sharing between the anterior 
and posterior columns, consequently affecting the force transmission 
within the vertebral bodies. In this study, we showed that nucleotomy 

leads to a change in the mechanical environment within the vertebral 
bodies that, according to the current principles of bone remodeling, 
leads to a bone adaptation response.

As verification of the bone remodeling component, we conducted a 
simulation on an intact model devoid of injury or instrumentation, 
beginning with a uniformly low bone density assigned to all bony ele
ments throughout the vertebral bodies. The complex architecture of the 
spine in vivo is shaped through centuries of evolution and likely 

Fig. 5. Temporal variation of the flexion/extension (a) and torsional stiffness (b) relative to the initial state for the nucleotomy models under both loading scenarios.

Fig. 6. Resulting moment–angle curves at the end of the simulations in comparison to the intact state and experimental data. Green areas show stiffness ranges from 
intact specimens measured in vitro; ex vivo corresponds to the specimens extracted from animals sacrificed 12 weeks after surgery. Note that the dashed line of 50% is 
hidden behind that of 75% in lateral bending.
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programmed by genetic factors; therefore, we determined the reference 
mechanical stimulus Sref for individual elements, based on the intact 
model. The model was expected to restore its bone structure to the 
reference state. However, during the simulation, certain regions of the 
posterior elements failed to restore their bone density, resulting in 
complete resorption. This outcome was anticipated, given that the pri
mary loading condition was compression. Under compressive loads, the 
tensile ligaments played a negligible role in load sharing; as a result, the 
load was predominantly transferred to the intervertebral disc and facet 
joints: Consequently, the transverse and spinous processes, which were 
not involved in load transmission, did not receive the mechanical stimuli 
necessary to maintain their bone structure. This is similar to the effects 
of microgravity observed in spaceflight and hindlimb unloading exper
iments in vivo (Nagaraja and Risin, 2013).

Generally, stress-driven bone remodeling models exhibit a positive 
feedback loop that can lead to divergent solutions, as mathematically 
demonstrated by Weinans et al., (1992). They also noted that the 
adaptive bone remodeling algorithm originally proposed by Huiskes 
et al., (1987) converges to a stable solution only when the absolute value 
γ of the relationship E = cργ is less than 1. To circumvent this issue, we 
divided SED by ρ3 and used this ratio as the stimulus, rather than relying 
solely on SED. This approach effectively transformed the model into a 
strain-driven solution. The resulting remodeling algorithm produced 
regions with a smooth and uniform distribution of bone density.

All nucleotomy models (with disc heights of 50%, 75% and 100%) 
predicted some bone material within the remaining intervertebral space 
and at the outer periphery of the intended fusion zone. Although solid 
bony consolidation was not achieved in any of the models, stiffness tests 
indicated a consistent progression of the fusion process, agreeing with 
experimental observations. The results of the simulations indicate that 
the extent of disc height loss following nucleotomy significantly in
fluences the final stiffness outcomes, with greater height loss leading to 
different patterns of bone formation and stiffness recovery. This un
derscores the importance of accurately measuring or estimating post- 
nucleotomy disc height in both experimental and clinical settings to 
better understand and predict long-term outcomes. Regarding the in
crease in stiffness over time, both experimental and the simulation re
sults exhibited a wide range of values, complicating the ability to draw 
definitive conclusions about how closely the simulations resemble the in 
vivo conditions observed in animal experiments. In terms of the resulting 
stiffness curves, none of the models aligned perfectly with the experi
mental data across all loading directions. In general, in all movement 
directions, the models predicted a strong recovery of the segment sta
bility, reaching stiffness values exceeding the intact spine, when rotation 
loading conditions were not taken into account. Experimentally, 
nucleotomy led to a loss of mechanical stability immediately after sur
gery, which was then recovered to values close to the intact situation.

The present study has several limitations that should be considered 
when interpreting the findings. Neglecting lateral bending, due to lack 
of experimental data and its weak correlation with intradiscal pressure, 
may limit the representation of daily loading. In contrast to humans, 
sheep generally exhibit higher rates of bone turnover and remodeling, 
characterized by distinct seasonal variations (Arens et al., 2007; Bonucci 
and Ballanti, 2014; Pearce et al., 2007). These factors were not consid
ered in the present model and the present results indicate that the al
gorithm might require further calibration. The remodeling part of the 
algorithm employed the power law relationship between BMD and 
Young’s modulus derived from human and bovine trabecular bone 
(Carter and Hayes, 1977). While this relationship is generally accepted 
and is consistent across species (Currey, 1988; Helgason et al., 2008), 
the specific parameters may vary for ovine vertebral bone. To address 
this uncertainty, we constrained the maximum BMD to correspond to the 
Young’s modulus of ovine cortical bone. The remodeling simulation of 
the intact segment successfully restored the bone distribution (Fig. 3), 
supporting the validity of our approach. The remodeling algorithm did 
not account for ligamentous ossification, which may have led to the 

inability to reproduce some experimental results. However, some 
models exhibited similar patterns with the formation of thin osteophyte- 
like bone bridges external to the annulus ring. The employed mechano- 
differentiation algorithm was originally developed and calibrated for 
long bone healing (Claes and Heigele, 1999) and subsequently adapted 
for spinal fusion simulations in human models (Calvo-Echenique et al., 
2019). However, bone healing processes are comparable in sheep and 
human (Malhotra et al., 2014), therefore we assumed the application of 
the algorithm to be reasonable. In the animal experiments conducted by 
Reitmaier et al. (2017, 2014), the animals were euthanized after twelve 
weeks and six months, resulting in experimental data represent “snap
shots” from different specimens at various time points. Consequently, 
continuous measurements of stiffness were not available to validate the 
stiffness progression or calibrate the model parameters in the current 
simulations. Finally, there was no imaging material available that was 
suited for validating the implemented bone remodeling algorithm.

While validation of the healing models poses significant challenges 
and is not always feasible, the present simulations indicate that 
achieving stabilization through nucleotomy without instrumentation is 
a mechanically viable scenario. The bone healing algorithm predicted 
new bone formation that effectively countered the substantial decrease 
in model stiffness resulting from the removal of nucleus material during 
nucleotomy. For all loading conditions and boundary constraints, the 
initial loss of stability following nucleotomy could be fully recovered 
throughout the simulations.

In conclusion, the present study indicates that the increase in sta
bility following nucleotomy without instrumentation can be explained 
by the mechano-regulation of tissue healing responses. The computer 
framework developed in this study could in the future be used to support 
the design of pre-clinical studies or inform surgical approaches.
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