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Abstract

Painful herniated discs are treated surgically by removing extruded nucleus pulposus (NP)
material (nucleotomy). NP removal through enzymatic digestion is also commonly performed to
initiate degenerative changes to study potential biological repair strategies. Experimental and
computational studies have shown a decrease in disc stiffness with nucleotomy under single
loading modalities, such as compression-only or bending-only loading. However, studies that
apply more physiological loading conditions, such as compression in combination with bending
or torsion, have shown contradicting results. We used a previously validated bone-disc-bone finite
element model (Control) to create a Nucleotomy model to evaluate the effect of dual loading
conditions (compression with torsion or bending) on intradiscal deformations. While disc joint
stiffness decreased with nucleotomy under single loading conditions, as commonly reported in the
literature, dual loading resulted in an increase in bending stiffness, agreeing with clinical
observations. More specifically, dual loading resulted in a 40% increase in bending stiffness under
flexion and extension and a 25% increase in stiffness under lateral bending. The increase in
bending stiffness was due to an increase and shift in compressive stress, where peak stresses
migrated from the NP-annulus interface to the outer annulus. In contrast, the decrease in torsional
stiffness was due to greater fiber reorientation during compression. In general, large radial strains
were observed with nucleotomy, suggesting an increased risk for delamination or degenerative
remodeling. In conclusion, the effect of nucleotomy on disc mechanics depends on the type and
complexity of applied loads.
Keyword: Nucleus pulposus, Intervertebral disc, Nucleotomy, Finite element method,

Degeneration
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1. Introduction

Partial removal of the nucleus pulposus (NP) is performed clinically to treat painful
herniated discs [1]. NP removal through enzymatic digestion is also performed to develop injury
or degeneration models to evaluate biological repair strategies. Experimental and computational
studies showed that NP removal affects disc joint mechanics and intradiscal deformations.
Nucleotomy decreases disc joint stiffness in torsion, bending, and shear, resulting in an increase
in range of motion and contact forces at the facet joints [2, 3]. Internally, nucleotomy decreases
intradiscal pressure under compression, resulting in inward bulging of the inner AF and greater
maximum AF strains [4-9]. However, most of these studies evaluated disc joint mechanics under
single loading modalities, such as compression- or bending-only loading, which is not
representative of complex in vivo loading conditions.

Few studies have evaluated disc mechanics under complex loading conditions. Previous
work showed that disc joint torsional and shear stiffness is dependent on the compressive preload
[10-14]. Recent studies that have applied complex six degrees of freedom loading have been
successful in initiating disc failure in intact discs [15, 16]. These findings have been valuable for
directing computational models [17]; however, quantifying the role of each loading modality to
failure has been difficult due to the wide range of loading configurations applied simultaneously.

Moreover, there have been limited research investigating the effect of nucleotomy on disc
mechanics with contradicting results. Nucleotomy has been reported to decrease disc shear
stiffness and increase loading on the facet joint and ligaments [13, 18]. Frei and coworkers showed
that nucleotomy increased extension stiffness, but did not affect flexion or lateral bending stiffness
[19]. Similar to Frei et al., Shirazi-Adl and coworkers found that removing NP fluid increased

extension stiffness, but there was a marked decreased in flexion and rotation stiffness [20]. Lastly,
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changes in lateral bending stiffness were found to be dependent on the amount of NP fluid removed
[20].

Therefore, the aim of this study was to evaluate the effect of nucleotomy on disc mechanics
using a finite element model of a bone-disc-bone motion segment that mimicked the anatomy of
human cadaver specimens prepared for experimental testing. The effect of single versus dual
loading on disc mechanics was evaluated. For dual loading conditions, axial compression was
applied as the primary loading configuration. Torsion, flexion, extension, or lateral bending was
applied after compression. We hypothesized that disc stiffness increases with nucleotomy when
tested under dual loading conditions, but will decrease under single loading conditions. To test this
hypothesis, we modified our previously-validated finite element model of the human lumbar disc
by removing the NP to create a total nucleotomy model [21]. Stiffness, internal stress, and strain
distributions was evaluated for multiple loading conditions.

2. Method
2.1. Model development

The Control model was a single bone-disc-bone motion segment with geometry based on
thirteen L3L4 human male discs averaged together (disc height = 1 Imm, disc area = 1949mm?,
NP area = 546mm?, Figure 1) [21, 22]. The Control model included separate material descriptions
for the NP and AF, which were sandwiched between cartilage and bony endplates with thicknesses
of 0.8 mm and 0.6 mm, respectively (Figure 1) [23, 24]. The cartilage endplate covered the entire
NP and inner AF. Disc subcomponents and bones were welded together by sharing nodes at the
interface. The AF was divided into 20 concentric layers [25] and each layer was sub-divided into
four anatomical regions to assign region-dependent material properties [26, 27].

The NP, cartilage endplates, and AF matrix were described as isotropic hyperelastic

Mooney-Rivlin materials. The AF was described as having nonlinear tension-only elastic fibers
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embedded within an extrafibrillar matrix. Material coefficients for NP, endplates, and AF matrix
were selected from the literature (Table 1) [28], while fiber coefficients were calibrated using data
from single lamellae tensile tests (Table 2) [26, 29]. Therefore, the outer AF was stiffer than the
inner AF and the anterior AF was stiffer than the posterior AF [26, 27]. A cross-ply fiber
architecture was defined, such that each adjacent lamellae had opposing fiber orientations. Fiber
orientation decreased from +43° in the innermost layer to +28° in the outermost layer [30]. The
cortical bone was described as a Neo-Hookean material (modulus = 12,000MPa, Poisson’s ratio =
0.3) [28]. The NP was completely removed from the Control model to create the Nucleotomy
model, representing an extreme case of the nucleotomy procedure.

2.2. Model simulation and data analyses

Our previous study validated disc joint mechanics of the Control model by comparing
model results from single loading modalities (axial compression, torsion, flexion, extension, and
lateral bending) to experimental data [21]. In short, the normalized change in disc height under
axial compression and joint stiffness in bending agreed well with the literature [7, 10, 31].
Moreover, angular displacement-torque response in flexion, extension, lateral bending, and axial
rotation agreed well with the behavior reported in the literature [2, 32, 33].

Rigid bodies were in contact with the superior and inferior vertebral bodies. The inferior
rigid body was fixed in all degrees of freedom, while load and displacement were applied to the
superior rigid body, which was free to rotate. A 936N (0.48MPa) compressive load was applied
and angular displacements (4° in torsion, 6.5° in flexion, 4°in extension, or 5° in lateral bending,
based on data for human lumbar discs) was applied with free axes of rotation (2 models X 4
simulations = 8 total simulations) [34-36]. During bending or rotation, angular displacement about

the other axes was restricted. All simulations were conducted in FEBio [37].
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The normalized change in disc height was calculated as displacement in the axial direction
divided by the initial disc height. Compressive stress was averaged across all elements in the disc
and plotted against the normalized change in disc height. Radial bulging was measured in the
anterior, lateral, and posterior AF at the mid-disc height. Peak stress, strain, and stretch were
calculated by sorting data for all elements and averaging the top 10%. Normalized compressive
stiffness (MPa) was calculated as the slope of the stress-normalized displacement curve in the toe
and linear regions. Torsional and bending stiffness (Nm/°) was calculated as the slope of the
torque-angular displacement curves. Stress and strain distributions were evaluated with respect to
the disc’s natural axes (i.e., axial, radial, and circumferential directions). Fiber stretch and
reorientation were calculated for each element, using the volume of each element as a weighting
factor. A weighted average was calculated for each AF layer, which included data from the anterior,
posterior, and lateral AF. The volume ratio of stretched fibers was defined the sum of element-
volumes with loaded fibers divided by the total element-volume for the layer.

3. Result

3.1 Disc joint mechanics.: compression-only loading

The normalized change in disc height for the Nucleotomy model in axial compression was
2-fold greater than the Control model (2.63 mm or 23.9% versus 1.23 mm or 11.2%, Figure 2A).
Nucleotomy resulted in a 60% decrease in toe-region stiffness and a 40% decrease in linear-region
stiffness (Figure 2B). While a wide range of values for disc joint compressive modulus has been
published for intact (4-25 MPa) and partial or complete nucleotomy (2-29 MPa) [38], the relative
trends were comparable to behaviors reported in the literature (based on averaged data from the
literature) [2]. Thus, we considered the Nucleotomy model valid for assessing changes in

intradiscal stress and strain distributions.
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Radial bulging was outward in the anterior (2.1 mm at the mid-disc height), posterior (1.8
mm), and lateral AF (1.4 mm). Nucleotomy resulted in a slight increase in the outward bulging of
the anterior AF (2.3 mm) and a 20% increase in outward bulging of the lateral AF. However,
outward bulging of the posterior AF was lower with Nucleotomy (1.4 mm versus 1.8 mm). In the
Control model, compression generated reaction torques of 2.20 Nm around the X-axis (flexion),
0.20 Nm around the Y-axis (lateral bending), and 0.09 Nm around the Z-axis (torsion). The
response was comparable for the Nucleotomy model, with reaction torques of 2.22 Nm, 0.28 Nm,
and 0.14 Nm around X-axis, Y-axis, and Z-axis, respectively.

3.2 Disc joint mechanics: dual loading conditions

While torque versus rotation for bending-only loading (i.e., no compressive preload) was
nonlinear, a compressive preload resulted in linear torque-rotation behavior (Figure 3A). Torsional
stiffness decreased by more than 30% with nucleotomy. However, bending stiffness in flexion and
extension increased by more than 40% and lateral bending stiffness increased by 25% with
nucleotomy (Figure 3B). Since dual-loading conditions provide a better representation of in vivo
loading, further data analysis was performed on dual loading simulations, with compression-only
loading used for comparison.

Bending increased outward bulging on the side of loading (e.g., anterior AF in flexion),
but decreased the magnitude of outward bulging on the opposite side. For example, under
extension, the Control model anterior AF bulging decreased by 60% (0.8 mm) and posterior AF
bulging increased by ~30% (2.3 mm). Changes in outward radial bulging was more pronounced
with Nucleotomy. Under extension, there was a 65% decrease in the anterior AF radial bulge and

a 50% increase in the posterior AF radial displacement (2.1mm). Axial rotation combined with
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compression resulted in minimal outward radial bulging for all annular regions in both models
(bulge = 0.2 - 0.5 mm).

3.3 Stress distributions

In the Control model, axial compressive stress at the mid-transverse plane was greatest in
the NP (NP: 0.63 MPa versus AF: <0.5 MPa; Figure 4A). Peak axial compressive stresses in the
AF shifted towards the outer posterolateral region with Nucleotomy, with a 57% increase in stress
magnitude (Control = 0.51 MPa and Nucleotomy = 0.80 MPa; Figure 4A - 1% column). Applying
torsion after compression did not alter axial stress distributions in either the Control or Nucleotomy
model (Figure 4A — 1% column versus 2™ column). Flexion, extension, and lateral bending
combined with compression shifted the location of peak axial compressive stress towards the side
of loading (Figure 4A - 3™ -5 columns). In the Control model, peak axial compressive stresses
were located in the inner or inner-middle AF. Removal of the NP slightly shifted the location of
peak axial compressive stresses to the outer AF, resulting in a 50% increase in peak stress (0.89
MPa to 1.36 MPa).

In the Control, the NP experienced high compressive stress in the radial and circumferential
directions (magnitude > 0.5 MPa, Figures 4B & C — 1 and 3" rows). The median radial-direction
stress in the NP was -0.59 MPa (peak = -0.64 MPa). Similar to axial-direction compressive stress,
bending resulted in a shift in the location of peak radial- and circumferential-direction stress and a
slight increase in peak stress magnitude (5% increase). In the Nucleotomy model, peak
compressive radial- and circumferential-direction stress occurred in the mid-AF and was located
on the side of bending load (Figures 4B & C — 3™ — 5" columns). In both Control and Nucleotomy
models, tensile circumferential direction stresses in the outer AF increased with bending and

torsion (Figure 4C — red regions) and greater tensile stresses occurring in the Control disc.
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3.4 Strain distributions

In the Control model, axial direction strains under compression were similar in the NP and
AF, where peak compressive axial strains occurred at the mid-disc height (Figure 5A — 1 column).
NP removal resulted in greater compressive axial strains in the AF, with inward bulging of the
inner annulus, with peak strains remaining at the mid-disc height (Figure 5A - 1 column).
Applying torsion after compression did not alter axial strain maps (Figure 5A - 1% column versus
2" column). Flexion, extension, and lateral bending in the Control model shifted the location of
peak compressive axial strains to the side of loading, while the opposite side experienced tensile
axial strains (e.g., posterior AF under flexion; Figure 5A - columns 3-5, top row). In contrast, peak
tensile and compressive axial strains in the Nucleotomy model occurred on the same side as
loading (Figures SA - columns 3-5, bottom row).

Due to the Poisson effect, large tensile radial strains developed at the location of peak
compressive axial strains (Figure 5B). Similarly, large compressive radial strains developed at
locations of tensile axial strains. Lastly, the magnitude of circumferential strains was much lower
(<25%) than the magnitude of axial or radial strains (<0.1 versus <0.4MPa; Figure 5C). In the
Control model, tensile circumferential direction strains were higher in the NP. With Nucleotomy,
tensile circumferential direction strains only developed as localized strain concentrations at the
innermost (i.e., extension) or outermost AF regions (e.g., flexion or lateral bending).

3.5 Fiber stretch

In the Control model, 35% of inner AF fibers (i.e., stretch volume ratio = 0.35) and ~85%
of outer AF fibers were loaded in tension during compression (Figure 6A — black, Figure 7A - 1%
column). Nucleotomy decreased fiber engagement in the inner AF under compression, with only

20% of inner AF fibers loaded in tension. However, fiber engagement in the outer AF was not
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affected by Nucleotomy (Figure 6A — blue). In the Control, fibers that were engaged during
compression experienced relatively uniform stretch throughout the AF (average stretch ~1.02;
Figure 6B). Layer-averaged fiber stretch in the inner AF increased 2-3-fold with nucleotomy
(Figure 6B — black versus blue ‘x’s).

Applying torsion after compression resulted in total fiber engagement in every other layer,
where fibers were more aligned with the rotation direction, while fibers in adjacent layers were
not loaded (Figure 6C). Engagement of only half of the available fibers during torsion resulted in
an increase in fiber stretch from 1.02 to over 1.04 (Figure 6B versus 6D), where peak fiber stretch
occurred in the posterior and posterior-lateral AF (Figure 7A - 2™ column). With Nucleotomy,
fiber engagement under torsion followed a similar trend, but maximum fiber engagement in the
inner AF was 40% lower than the Control (Figure 6C), resulting in slight differences in fiber stretch
(Figure 6B versus 6D — blue lines). Nucleotomy did not alter fiber engagement and stretch in the
outer AF during torsion with compression.

Fiber engagement during bending with compression was relatively uniform throughout the
AF, increasing in the outer 25% of the annulus (Figure 6E). Bending increased inner AF fiber
engagement by 50% in the Control. Similarly, in the Nucleotomy model, inner and mid-AF fiber
engagement increased from relatively no fiber engagement to 20% of fibers being loaded (Figure
6A versus 6E — blue lines) Although the Control model had a greater percentage of loaded fibers
throughout the AF, the average fiber stretch of loaded fibers was less than 1.06 and was not
affected by Nucleotomy (Figure 6E-F). Fiber stretch in the Control was greatest in the anterior-
lateral to lateral AF for all loading configurations with peak values less than 1.08 (Figure 7A - 3rd
— 5th columns). However, the location of peak fiber stretch shifted to the side of bending with

Nucleotomy (Figure 7A — bottom row, columns 3-5). Thus, peak fiber stretch occurred in the
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posterior AF under extension and the anterior AF under flexion, and peak fiber stretch was slightly
higher with Nucleotomy (<1.11).

3.6 Fiber reorientation

Under axial compression, fibers reoriented towards the transverse plane; however, the
magnitude of fiber reorientation was 2X greater with Nucleotomy (~10° versus ~5°; Figure 8A).
Furthermore, more fiber reorientation occurred in the posterior AF with Nucleotomy (Figure 7B —
1** column). Torsion resulted in a zig-zagged pattern in layer-averaged fiber reorientation, where
AF layers with greater fiber stretch corresponded to layers with more fiber reorientation (Figures
6D & 8B). Bending resulted in relatively few changes in fiber reorientation (Figure 8A), but
region-dependent changes were observed in both models (Figure 7B - 3¢ — 5% columns). For
example, flexion increased fiber reorientation in the anterior AF and decreased fiber reorientation
in the posterior AF (Figure 7B — 1% versus 3" column). Lastly, fibers in the inner AF of the
Nucleotomy model reoriented away from the transverse plane, likely due to inward bulging of the
AF (Figure 7B).

4. Discussion

Simulations showed that the effect of nucleotomy on disc joint mechanics depended on
whether single or multi-loading modalities were considered. Under compression- or bending-only
loading, nucleotomy decreased stiffness, agreeing with previous experimental and computational
studies [2, 3, 5, 6, 32, 39]. However, dual loading, such as compression combined with bending,
resulted in an increase in bending stiffness, suggesting that the disc is more resistant to bending
after nucleotomy. The discrepancy between single- and dual-loading highlights the importance of
evaluating disc joint mechanics under conditions that better represent in vivo loading [15, 17]. A

recent review of the spine biomechanics literature highlighted the range and use of compressive
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preloading prior to bending, which leads to large differences in reported mechanical properties.
Moving towards consensus in mechanical testing methodologies will make comparing results
between studies easier [40]. However, this study shows how data from finite element models can
complement experimental findings and allow for comparisons to be made between specimens and
or different study designs [41].

The disc is often compared to a pressurized tire; however, the loss of NP pressure, either
through severe degeneration or nucleotomy, causes the disc to behave more like a compressed O-
ring with the AF absorbing much of the applied stress [42]. The Nucleotomy model demonstrated
greater outward bulging of the outer AF, larger tensile radial strains, and inward bulging of the
inner AF, agreeing well with experimental observations [5-7, 9, 43]. Large tensile radial strains
occurred more frequently in the mid-AF and may lead to annular delamination, which is known to
be more prevalent in older or degenerated discs [43-45]. Moreover, herniated discs have also been
shown to have thicker lamellae, which may be a result of a tissue remodeling or permanent
deformations from larger radial tensile strains [43, 46, 47].

The increase in joint stiffness with bending was largely due to the applied load being placed
entirely on the AF, rather than being distributed between the AF and softer NP [7]. The healthy
intact disc acts as a moving pivot joint, with the pivot point located near the NP-AF interface in
the Control model. After nucleotomy, the pivot point shifted towards the outer AF, which may
contribute to disc joint instability. The shift in pivot point during bending also reflects a shift in
the concentration of applied stress. The increase in disc joint stiffness was largely due to greater
compressive stresses (~50% increase) and nonlinear material properties in the AF [26, 48]. Thus,
biological repair strategies that aim to restore NP function should act to re-shift the pivot point

towards the disc centroid or NP-AF interface [38, 49].
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Generally, dual loading with Nucleotomy resulted in an increase in bending stiffness, but
joint stiffness decreased under axial rotation. Previous studies have shown that AF damage, as
observed in herniated discs, results in a decrease in axial rotation stiffness [50, 51, 52. The loss in
torsional stiffness with annular injury was due to a reduction in fiber engagement, where only
fibers in alternating layers experience loading {Yang, 2017 #39]. This suggests that the
Nucleotomy model likely underestimated the decrease in torsional stiffness, due to the posterior-
lateral AF not being damaged in the model. Regardless, the findings form this study suggest that
the decrease in torsional stiffness was largely due to differences in behavior that occurred during
axial compression, where fibers reoriented towards the horizontal plane and the amount of fiber
reorientation increased with nucleotomy. Our previous work showed that discs with fibers
orientated closer to the horizontal plane have lower torsional stiffness and maximum shear strains
[29]. More importantly, a decrease in torsional stiffness has been shown to occur in patients with
lower back pain [53]. Taken together, this suggests that restoring torsional stiffness is an important
target for biological repair strategies [54].

Large differences were observed in fiber stretch and engagement (Figure 6). Fiber
engagement under compression or torsion decreased with Nucleotomy. Therefore, fibers that were
engaged during loading experienced greater strains (fiber stretch), which may make the inner AF
more susceptible to damage accumulation. This agrees well with observations of herniated discs
with more inner AF damage having a higher risk for re-herniation [55]. Thus, NP repair strategies
that re-pressurize the disc may act to decrease fiber stretch in the inner AF, reducing the risk of
additional AF damage [56].

Surgical treatment for painful disc herniation requires a balance between relieving pain,

reducing the risk of re-herniation, and minimizing the amount of material removed. In this study,
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we evaluated an extreme case of nucleotomy; however, the actual amount of NP material removed
during surgery can vary widely based on injury severity, disc health, and surgeons’ approach. In
healthy or moderately degenerated discs, the remaining NP may be able to swell further and
partially maintain disc function, but the decrease in intradiscal pressure may cause degenerative
changes, due to an increase in tensile radial strains [7].

The current model did not include facet joints or ligaments to evaluate disc joint
biomechanics and better represent in vitro experiments. Selection of incompressible or
compressible material descriptions affects predicted stress magnitudes [57]. We described the NP
and AF as having a compressible solid matrix [58], which may have predicted lower stresses and
higher strains than a model that describes the solid matrix as being incompressible [20]. Load-
controlled compression was applied to better represent in vivo loading (i.e., muscle forces and
gravity); therefore, we assumed little to no change in muscle forces or body weight after
nucleotomy. Angular rotations were restricted during axial compression, which resulted in reacting
torques in both Control and Nucleotomy models. Thus, torque offset was subtracted to evaluate
bending and torsional stiffness. The Nucleotomy model did not describe AF damage that typically
occurs in the posterolateral region, which would affect the magnitude of predicted stresses and
strains near the injury site [38, 59]. Lastly, soft tissues in the model were described as hyperelastic
materials, which does not account for time dependent behaviors. Thus, understanding the effect of
nucleotomy on short-time scales (viscoelasticity) or long-time scales (tissue remodeling) could not
be assessed, but is an important area of study.

In conclusion, the effect of nucleotomy on disc mechanics was dependent on the type and
complexity of the applied loading condition. While disc joint stiffness decreased with nucleotomy

under single loading conditions, as commonly reported in the literature, dual-loading conditions

13



1  resulted in an increase in bending stiffness, agreeing with clinical observations. Dual loading with
2 nucleotomy resulted in an increase in strain magnitude and altered the distribution of AF stresses

3 and strains, which may lead to further damage accumulation and degenerative remodeling.
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1  Table 1: Material parameters for the nucleus pulposus (NP), extrafibrillar matrix of the annulus fibrosus
2 (AF), and cartilaginous endplate (CEP), which were described Mooney-Rivlin materials (ci, c2, k).

AF
Property | NP Matrix CEP

ci(MPa) | 0.05 | 0.09 | 0.5
c2(MPa) | 0.01 | 0.01 | 0.01
k (MPa) | 50 3 20

16
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Table 2: Material coefficients for fibers in different regions of the annulus fibrosus. AO: anterior-outer, Al:
anterior-inner, LO: lateral-outer, LI: lateral-inner, PO: posterior-outer, and PI: posterior-inner. Fibers were
described using a nonlinear strain energy density function, where E represents the linear region Young’s
modulus, [ represents toe-region nonlinearity, and Ay represents the transition stretch between the toe and
linear region.

Region AO Al PO PI LO LI

E (MPa) 57 18 35 15 46 16.5
B 4 5 5 6 4.5 5.5
Ao 1.01 | 1.07 1.03 1.10 1.02 1.09

17
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Control

Nucleotomy

Figure 1: Schematic of Control and Nucleotomy models. The annulus fibrosus (AF) was separated
into four anatomical regions (red = anterior, blue = lateral, and green = posterior). Fiber orientation
alternated between layers, decreasing from +43° with respect to the horizontal plane in the inner
AF to +28° in the outer AF. The model also included material descriptions for the nucleus pulposus
(NP, purple, only in Control model), cartilaginous endplates (CEP, yellow), and boney endplates

(grey).

18



A W N R

>

0.6 r ——Control —Nucleotomy

Comp. Stress (MPa)
(=)
8]

0 1 1 : 1 1 J
0 5 10 Is 20 25
Norm. AH (%)

vo]
0

EControl mNucleotomy

=~ (@)
T T

Norm. Comp. Stiff. (MPa)
(3]

(e

Toe-region  Linear-region
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Figure 4: A) Axial stress distribution at the mid-transverse plane and B) radial and C)
circumferential direction stress distributions at the mid-sagittal plane for Control (top row) and
Nucleotomy (bottom) models. Axial torsion, flexion, extension, or lateral bending was applied
after axial compression (denoted by ‘+’). Peak compressive stress was ~50% greater in flexion,
extension, and lateral bending; therefore, a separate legend was used for clarity.
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extension, or lateral bending was applied after compression.
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compression with bending. Black lines represent data the Control model and blue lines represent
data from the Nucleotomy model. Figures in the same row shared the same legend.
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