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ARTICLE INFO ABSTRACT
Keywords: The intact intervertebral disc is a six-freedom degree elastic deformation structure with shock
Total disc arthroplasty absorption. “Ball-and-socket” TDR do not reproduce these properties inducing zygapophyseal

Total disc replacement

Lumbar disc prosthesis

Lumbar artificial disc replacement
Degenerative disc disease
Intervertebral disc degeneration

joint overload. Elastomeric TDRs reproduce better normal disc kinematics, but repeated core
deformation causes its degeneration. We aimed to create a new TDR (ADDISC) reproducing
healthy disc features. We designed TDR, analyzed (Finite Element Analysis), and measured every
500,000 cycles for 10 million cycles of the flexion-extension, lateral bending, and axial rotation
cyclic compression bench-testing. In the inlay case, we weighted it and measured its deformation.

ADDISC has two semi-spherical articular surfaces, one rotation centre for flexion, another for
extension, the third for lateral bending, and a polycarbonate urethane inlay providing shock
absorption. The first contact is between PCU and metal surfaces. There is no metal-metal contact
up to 2000 N, and CoCr28Mo6 absorbs the load. After 10 million cycles at 1.2-2.0 kN loads, wear
140.96 mg (35.50 mm®), but no implant failures. Our TDR has a physiological motion range due
to its articular surfaces’ shape and the PCU inlay bumpers, minimizing the facet joint overload.
ADDISC mimics healthy disc biomechanics and Instantaneous Rotation Center, absorbs shock,
reduces wear, and has excellent long-term endurance.

1. Introduction

Lumbear fusion, the gold standard for degenerative disc disease [1], disturbs the spine’s biomechanics. Motion-sparing techniques
aim to prevent its long-term consequences. Although preliminary results with Total Disc Replacement (TDR) seemed promising,
long-term problems arose [2] attributed to a lack of spinal biomechanics reproduction [3] and excessive motion range [3].
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The intervertebral disc is not a diarthrodial joint but an elastic block with a shock-absorbing capacity [4], load cushioning [5],
weight dispersion [5], and a movable Instantaneous Center of Rotation (ICR) [6]. Elastomeric TDRs aimed to reproduce these features
[7,81, but repetitive deformation has induced long-term degeneration with cracks and even extrusion [9].

We designed the ADDISC™ (Advanced Disc Design In Spinal Concepts) (Socinser, Gijon, Spain) to reproduce the intact spine’s
biomechanics and ICR, with shock absorption capacity and the lowest possible wear rate for a ball-and-socket (BaS) TDR.

This publication aims to report our new complete lumbar disc replacement, explaining its properties and characteristics. We will
also emphasize its advantages over other TDRs available in the market.

2. Materials and methods

A previous study on cadaveric lumbar spines determined the intervertebral disc ICR and the articular geometric profiles that
reproduce its biomechanics [10].

We did a TDR 3D computerized design, validated it, found mobility ranges and ICR, and submitted the prototypes to laboratory
fatigue and wear tests. Then, with the SOLIDWORKS 2019 (Dassault Systems, Vélizy, Villacublay Cedex, France), we designed the
articular surfaces focusing on a mobile axis strategy with the data from our previous study [10]. The constructive solution was a
cylindrical surface for flexion-extension and a revolution one for lateral bending and axial rotation.

We designed all components to withstand the physiological loads specified in the ASTM F 2077-03 standard and the prosthesis
external geometry defined with the vertebral bodies’ anthropometric data [10].

We determined two areas (z1 and z2) that were overloaded. Next, we performed stress calculations to ascertain whether the
implant would fail under physiological or long-time repetitive loading with an FEA (Finite Element Analysis). Finally, we calculated
the stress values with the following equations (units in parenthesis, numbered 1, 2 and 3):

e Inertia (Eq. (1))

_ 7[(2r)4
I= i @
where: I = Inertia (m*) and r = Radius of rod and implant’s core (m), m = metres.
o Flexor-extensor bending moment (Eq. (2))
M = dF 2)

where: M = Flexor-extensor bending moment (Nm), d = Length of the implant’s core portion (m) and F= Force (N), N = Newtons, Nm
= Newtons meter.

e Stress (Eq. (3))

F M
o=Fs (7> ®)

where: 6 = Stress (N/mz), F = Force (N), A = Area (mz), M = Flexor-extensor bending moment (Nm) and I = Inertia (m™).
2.1. TDR design validation with a FEA (Finite Element Analysis)

We did it with the ANSYS Workbench Student 14.5 software (Ansys Inc., Canonsburg, Pennsylvania, USA) FEA, following the ASTM
F1717 - 18. In addition, we considered the worst possible scenario, including the implant’s bone/soft tissue interactions. After
importing the geometry into ANSYS, we generated a mesh and adjusted it to resolve the geometry satisfactorily. Finally, the standard
gradient analysis indicated that the model could be valid.

We carried the following FEA:

1 Compression (2000 N), the maximum reported load for the intact normal human lumbar spine [11].
2 Lateral bending (7.5 Nm) [12].

3 Compression (2000 N) combined with lateral bending (7.5 Nm).

4 Flexion (7.5 Nm).

5 Extension (7.5 Nm).

6 Flexion (7.5 Nm) combined with compression (2000 N).

7 Extension (7.5 Nm) combined with compression (2000 N).

The load distribution complied with the ASTM F1717 — 1813, applying the force on the upper CoCr28Mo6 piece. In addition, we
used two restrictions on the model:
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- Fixed support (blue color in Figure S1S, supplementary material).
- Displacement (restriction on z-axis — height).

Figure S1Sa (Supplementary Material) shows the FEA model PCU inlay restrictions. Figures S1Sb, S1Sc, S1Sd (Supplementary
Material) show where we applied forces and moments.

We measured the ADDISC TDR range of motion (ROM) with the SOLID WORKS design program. The mobility range depends on the
geometry of the articular surfaces and the PCU inlay elastic deformation.

2.2. Low carbon CoCr28Mo6 alloy validation

We did it following the ASTM F-1537 ISO 5832:12, including wear and friction tests against a CoCr28Mo6 ball, corrosion resistance
in bovine serum (BS), and ion release after wear studies.

For the wear test, we employed the Microtest MT/30/NI (Microtest, Madrid, Spain) equipment using a ball-on-disk configuration
and BS containing 23 g/1 of proteins at 7.0 pH and 37 + 0.2 °C. We evaluated the samples against a CoCr28Mo6 alloy ball with a 12.7
mm diameter, 15 nm Ra, and 30 Hardness Rockwell C. We measured the wear tracks’ size with an optical profilometer and calculated
the wear rate from the volume loss.

Corrosion tests followed the ASTM G5-94 standard, cleaning the specimens with ethanol beforehand. We performed the electro-
chemical studies using a Gamry Reference 600 potentiostat (Gamry, PA, USA) in Hank’s Balanced Salt Solution (pH 6.8) at 37.2 +
0.2 °C. The corrosion cell had an Ag/AgCl reference electrode, a Pt counter electrode, and the sample as the working electrode. We
recorded for 15 min the free corrosion potential (EOC) and then the potentiodynamic polarization with a scan ranging from EOC-1.5 V
to EOC + 1.5 V and a 0.16 mV/s rate. Next, we determined the corrosion rate using the polarization curve’s Tafel slope.

With the BS used during each wear test we did the alloy ion releasing test. We divided into ten 30 ml samples and analyzed them by
inductively coupled plasma mass spectrometry (ICP-MS) using Agilent 7500ce (Santa Clara, CA, USA), registering the Cobalt, Chro-
mium, and Molybdenum metal ions released. Following the data published in the literature, we considered the TDR mechanical and
wear tests a complete fatigue test.

2.3. Low carbon CoCr28Mo6 alloy wear

We used the Institute of Biomechanics of Valencia spine wear stimulator, complying with ISO 18192-1 standard [14] (Figure S2S,
supplementary material). This machine has basins to submerge the TDR samples during the test in a BS solution with a protein content
similar to the human synovial fluid [15,16], penicillin, amphotericin, and EDTA and kept at 37 + 2 °C.

We subjected the implants to variable compression forces and different relative angular displacements, representing normal
loading conditions for the intervertebral discs.

The prosthesis components underwent gravimetric evaluation following the ISO 18192-1:2008, ISO 18192-2:2010, and ISO 14242-
2 standards. We evaluated five TDR samples for 10 million cycles at 1 Hz frequency cyclic compression combined with 3D motion in
flexion-extension, lateral bending, and axial rotation, simulating a ten-year TDR use (Figure S3S, supplementary material). Addi-
tionally, five control implants underwent the same loadings but without motion to measure the PCU inlay weight changes due to water
absorption.

We measured the TDRs’ weight every 500,000 cycles. Given the ability of the PCU inlay to hydrate, the worn material was the TDR
weight loss and increased weight due to PCU fluid absorption. Before weighing, we thoroughly cleaned the samples from particles that
might confound the results and the washings collected to analyze wear debris and particle characterization. In addition, we measured
medial-lateral, anterior-posterior, and height PCU inlay changes at 500,000 cycle intervals controlling its deformation.

3. Statistical analysis

We analyzed the data with Excel (Microsoft Corporation, Redmond, WA, USA) and SPSS 26 (IBM Corporation, Armonk, New York,
US). We calculated the movement’s angles and parameters with the GNU Octave software (https://www.gnu.org/software/octave/
index). Finally, we combined the statistical analysis R (R Development Core Team) [17,18] with the Deducer user interface (I. Fel-
lows, “Deducer: A Data Analysis GUI for R”, Journal of Statistical Software, vol. 49, No. 8, 2012).

4. Results
4.1. ADDISC TDR 3D computerized design

We designed the articular surfaces with the results from a previous lumbar spine kinematic study [26].

The articular areas were a cylindrical surface for the flexion-extension and a revolution for the lateral bending and axial rotation
(Fig. 1A and C). In addition, it had two distinctive semi-spherical areas, one for flexion and another for extension (Fig. 1B). Thus, there
are two rotation centres for flexion-extension and a third for lateral bending, each with a 2.5 mm radius (Fig. 1A-C).

The design had two fixed rotation axes, one for flexion-extension and another for lateral bending, the first in the midline 17 mm
below the articular surface of the lower prosthesis component and the second 1.3 mm above the articular surface of the upper metallic
piece in the sagittal plane. We show the ADDISC artistic rendition of the whole implant and its components in Fig. 2A and B superior
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piece, 2C and 2D PCU inlay, and 2E and 2F inferior part. In addition, we see the front (2G), above or below (2H), and back view (2I) of
our TDR once mounted.

The ideal TDR biomaterial should be biocompatible. It should also have a Young elastic modulus like the vertebral endplate bone,
high tensile and fatigue strengths and stiffness, and that generates no artefacts on radiological imaging.

In the intact spine, the Young elastic modulus is 1.66 MPa for the nucleus pulposus, 12.99 MPa for the annulus, 3.87 MPa for the
cancellous bone, and 14.64 MPa for the cortical bone [19]. Furthermore, the Poisson ratio is 0.40 for the nucleus pulposus and 0.35 for
the annulus [19], and the intact disc stands loads between 800 and 3000 N [20,21]. Accordingly, our TDR should have an elastic
modulus similar to the cortical vertebral body bone (14.64 MPa) (under heavy loads, the bone collapses before the intervertebral disc),
a Poisson ratio of 0.40, and stand a minimum 3000 N load.

We selected the CoCr28Mo6 alloy for the top and bottom components, with a 240 GPa Young elastic modulus [22,23], a 0.30
Poisson’s ratio, and a 15.7 GPa nanoindentation [24].

We introduced an intermediate piece to limit excessive movement and provide shock absorption (Fig. 1A-C). It has a ring-shaped
design with lateral rows that adjust to slightly longer cavities in the metallic endplates to limit the movement range in axial rotation
(Fig. 1C). For the inlay, we selected a PCU, Bionate 80A (DSM Biomedical, California, USA) [25]. Its elastic modulus is 22 MPa
(vertebral body cortical bone 14.64 MPa) 19 and a 0.49 Poisson ratio [25] (nucleus pulposus 0.40).

With a 2000 N force, the maximum PCU inlay deformation was 461 pm (x-axis), 385 pm (y-axis), and 466 pm (z-axis). The distance
between the metallic plates is 2.75 mm, and the PCU thickness is 3.30 mm. Therefore, the PCU deformation must be 0.55 mm in the z-
axis before the metallic articular surfaces come in contact, and this does not happen up to 2000 N loads.

4.2. CoCr28Mo6 allow wear

The dominant wear mode was adhesive with only minor deposition at the wear track edge, with a 0.26 + 0.01 friction coefficient
and a 7.20 + 0.77) x10~* m®/Nm average wear rate. However, the wear mark was abrasive, and the particles detached from the
surface remained accumulated on the edges, contributing to the depth of the wear groove (Figure S4S, supplementary material). After

wear tests, we analyzed the BS used as a medium fluid by inductively coupled plasma mass spectrometry, showing a low-weight ion
release ratio of CoCr28Mo6 alloy (approximately 1000 ppb).

4.3. CoCr28Mo6 alloy corrosion

Evaluating polarization (Figure S5S supplementary material) and Tafel curves, we saw a 10~ A/cm? current density and a
corrosion potential of 300 mV and 1,7 x 10~ mm/year.

4.4. ADDISC TDR FEA analysis

The results we got in the range of motion (ROM) with the Solid Works design program and under a 2000 N load were —3° in

et
1l
Al

1

n
Lateral bending £2°
(=P

B

L] |
Partial removal Overhead

Axial
upper piece view rotation $2°

Right rotation Left rotation

Fig. 1. TDR articular surfaces shape. (A) View from the front of the coronal section. (B) View from the side after the sagittal section. (C) View from
above. The radius of the articular surfaces is 2.50 mm. Next, we depict the PCU inlay in brown color. The two top rows show the articular surfaces,
and we see that their shapes and the PCU inlay deformation control excess mobility. Meanwhile, the lower line presents how the PCU intermediate
piece bumpers block limits axial rotation’s excessive movement.
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- (G) Front view

(A & B) Superior piece

(H) View
c D H
above or
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(C & D) Intermediate piece
E F
(1) Back view

(E &F )Inferior piece

Fig. 2. ADDISC artistic rendition of the whole implant and its components. A and B superior piece, C and D PCU inlay, E and F inferior part. We see
the front (G), above or below (H) and back view (I) of the whole ADDISC TDR on the right side.

extension, +6° in flexion, £2° in lateral bending, and +2° in axial rotation.

We imported the TDR computerized model into the ANSYS Workbench, complying with the F1717-18 regulation [13]. Next, we
generated a mesh using the patch-conforming method and adjusted the mesh to resolve the geometry satisfactorily, utilizing the
standard gradient analysis. In addition, the contact between PCU and CoCr28Mo6 components was ‘no separation’, allowing sliding
without spreading. Finally, we analyzed the CoCr28Mo6 and PCU components, considering the most restrictive situation: the smallest
configuration. As a result, we observed no regions of atypical stress accumulation, and no von Mises stress value reached the
CoCr28Mo6 alloy yield (953.4 + 132.1 MPa) [23] or fatigue strengths (725 MPa), showing that the implant would resist normal
loading conditions (Fig. 3A and B).

4.5. ADDISC laboratory bench studies

We evaluated a total of 12 ADDISC samples. The metallic pieces’ most significant stresses arose during flexion combined or not with
compression and the weakest during lateral bending. Furthermore, the PCU inlay maximum total deformation occurred during
compression combined with flexion, whereas the minimum appeared during lateral bending (Table 1). Finally, the equivalent tensions
were significantly lower for PCU than for CoCr28Mo6, as the metallic pieces support the load while the PCU inlay acts as a shock-
absorbing mechanism (Table 2, Figure S6S).

The ADDISC TDR prosthesis showed 23.15 + 1.25 mg and 5.7 + 0.26 mm> wear for the first million cycles, with 140.96 + 12.35
mg (35.50 + 3.87 mm3) accumulated average wear at 10 million cycles (Table 3). We show the evolution of the ADDISC prosthesis’s
different components’ volumetric wear in Fig. 4 (4A for the ADDISC total volumetric wear, 4B for the upper piece, 4C for the inferior
component and 4D for the PCU inlay).

A 0.000 10.000 (men) ‘/'L B 0.00 20.00 (wem) o—’—L
[ S——

S 00 v 10.00

Pure compression plus lateral bending Lateral bending

Fig. 3. ANSYS equivalent stress von Mises values of the CoCr28Mo6 and PCU region of the implant’s interest in (A) pure compression (2000 N)
combined with lateral bending (7.5 N) and (B) lateral bending (7.5 N). The colors are primarily blue, indicating low stress and von Misses values.
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Table 1

Results obtained for the different loading patterns applied to the TDR =+ standard deviation in pure compression under 2000 N, lateral bending under
7.5 N, pure compression (under 2000 N) plus lateral bending (under 7.5 N), flexion (under 7.5 N), extension (under 7.5 N), pure compression (under
2000 N) plus flexion (7.5 N) and pure compression (under 2000 N) plus extension (7.5 N).

LOADING PATTERN Equivalent PCU tension Equivalent Total Deformation x- Deformation y- Deformation z-
tension (MPa) equivalents deformation deformation axis (mm) axis (mm) axis (mm)
(MPa) (mm) (mm)

Pure compression 40.943 + 12.396 + 2.167 0.563 + 0.034 0.521 + 0.024 0.493 + 0.049 0.441 + 0.048 0.002 + 0.001
(2000 N) 5.782

Lateral bending (7.5 40.297 + 4.856 + 0.879 0.221 + 0.027 0.370 + 0.019 0.251 + 0.037 0.240 + 0.021 0.209 + 0.001
Nm) 4.985

Pure compression 50.775 + 17.214 + 3.472 0.782 + 0.042 0.778 + 0.036 0.739 + 0.021 0.678 + 0.037 0.003 + 0.001

(2000 N) + lateral ~ 5.018
bending (7.5 Nm)

Flexion (7.5 Nm) 56.045 + 5.686 + 1.104 0.258 + 0.025 0.546 + 0.081 0.375 + 0.011 0.295 + 0.042 0.279 + 0.036
4.357
Extension (7.5 Nm) 56.045 + 5.686 + 1.189 0.258 + 0.023 0.546 + 0.072 0.373 £ 0.037 0.422 + 0.031 0.360 + 0.018
4.882
Pure compression 62.116 + 14.074 + 2.732 0.640 + 0.035 0.923 + 0.063 0.709 + 0.017 0.445 + 0.086 0.046 + 0.007
(2000 N) + 5.901
flexion (7.5 Nm)
Pure compression 59.169 + 15.294 + 3.017 0.695 + 0.041 0.770 + 0.056 0.709 + 0.071 0.711 + 0.016 0.020 + 0.005
(2000 N) + 5.642
extension (7.5
Nm)

During the wear tests, no TDR component broke, suffered damage or cracked. Furthermore, the implant had excellent behavior
during 10 million cycles of 1.2 kN and 2.0 kN peak sinusoidal loads.

5. Discussion

The intervertebral disc is an elastic deformation structure, not a diarthrodial joint [5], with six degrees of freedom [7] and shock
absorption [26]. Unfortunately, marketed TDRs do not completely reproduce these features, despite improvements in designs, ma-
terials, and biomechanics [2], causing long-term problems.

5.1. TDRs and degrees of freedom

BaS TDRs with a UHMWP (ultrahigh molecular weight polyethylene) non-movable inlay (Prodisc-L) have only three, with fixed
axial rotation ICR7 overloading facet joints [27,28]. If the inlay moves back-to-front (Activ-L) and sideways (Mobidisc), it has five
degrees of freedom [7] but lacks shock absorption. The inlay movement increases the tolerance to minor misplacements. It also creates
less bone interface stress [29] but still induces zygapophyseal joint overload [2]. Meanwhile, only the elastomeric TDRs have six
degrees of freedom [7,30] and reproduce the intact intervertebral disc features [7]. Our TDR merges BaS and elastomeric designs,
providing six degrees of freedom and shock absorption.

5.2. Articulating surfaces geometry

Most BaS TDRs have excessive ROM, particularly in axial rotation [31]. An elliptic shape articular surface restricts motion in axial
rotation [32], but no Ba$ has it. The ADDISC has two semi-spheres reproducing this elliptical shape, limiting axial rotation, controlled
further by the C-shaped PCU bumpers.

5.3. ICR and ROM

The intact intervertebral lumbar disc ICR lies in its posterior third and moves with the spine’s movements [6,10], 4 mm backward

Table 2

Deformation of PCU inlay made of Bionate 80A (22 MPa. v = 0.49) under different forces and movements, placed between
CoCr28Mob6 (241 GPa. v = 0.3) endplates + standard deviation. Contact mode: No separation. We performed the movements
under the loadings mentioned between the brackets.

COMPONENT Wear (mg) Wear (mms)
ADDISC Superior 9.50 + 4.92 5.55 £1.16
Inferior 9.11 £ 3.72 4.45 £ 1.05
PCU 23.64 + 5.67 17.56 + 3.29
TOTAL 42.25 +12.35 27.12 + 3.87
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Table 3
Accumulated wear during the 10 million cycle test for each ADDISC TDR component + standard deviation.
DISC Author & year Flexion Extension Lateral bending Axial rotation
Intact disc Choi 2017 6.7 3.4 3.5 2.2
Charité Wilke 2012 4 11 9 5
Prodisc-L Wilke 2012 4 10 9 6
Activ-L Grupp 2015 8.5 11 8 Not provided
Activ-L Ha 2009 3.2+ 0.8SD 9.0 £ 1.6 SD 9.0 + 2.2 SD 5.4 + 0.9 SD
Mobi-C Hisey 2014 10 10 10 Not provided
Maverick-L Mathews 2004 5.4 3.41 3.57 2.29
Flexicore Errico 2005 15 15 15 5
Baguera Lee 2016 12 12 12 Not provided
Cadisc-L Mahomed 2012 6 6 10 8
LP-ESP Lazennec 2013 6 6 2.5 2
Mé6-L Patwardhan 2012 13.5+23SD 13.5£23SD 4.5 +£1.1SD 83 +1.6SD
ADDISC 6 3 2 2
(A) ADDISC total volumetric wear (B) Upper piece cumulated wear
22 st
£ 25 s
g :,
15 -
2 57
g 10 o2
= -
5 g1
g 0 =X
3 00511522533544555566,577588599510 e 0051152253354455556657 75885909510
>
MILLION CYCLES MILLION CYCLES
(@) Inferior piece volumetric wear (D) PCU inlay cumulated volumetric wear

N
o

r—
w

VOLUMETRIC WEAR (mm3)
w B8

VOLUETRIC WEAR (mm3)
~N
o

00511522533544555566577588599510 00511522533544555566577588599510
MILLION CYCLES MILLION CYCLES

Fig. 4. Cumulated wear + range for the ADDISC TDR (4A for the ADDISC total volumetric wear, 4B for the upper piece, 4C for the inferior
component and 4D for the PCU inlay). Again, this wear is low for all ADDISC integrating pieces, more significant for the PCU inlay than metallic
articular surfaces.

in extension and 8 mm frontwards in flexion [6]. Intact intervertebral disc ICR reproduction is essential to minimize wear [33] and
adverse outcomes [3].

TDRs with ICR at the geometrical disc centre (Prodisc-L [34], Activ-L [35], Flexicore [36]) depend on spine structures to limit
excessive motion, particularly in axial rotation [37], inducing zygapophyseal joint damages [38]. TDRs with ICR at the disc posterior
third (Maverick-L [39]) create less facet joint overload [39,40]. The elastomeric LP-ESP TDR reproduces ICR better than BaS TDRs [7,
41], but long-term clinical results are pending. We designed ADDISC to mimic intact intervertebral disc ICR, but clinical studies are still
lacking.

5.4. Motion range

As muscles, ligaments, and zygapophyseal joints must control TDRs excessive ROM [37], causing chronic low back pain [42],
reproducing the physiological ROM is essential [43]. Moreover, published data show the ROM is abnormal for all, not only BaS but also
elastomeric TDRs like Cadisc-L [44], ML-6 [37], and even the LP-ESP™ [7]. Meanwhile, ADDISC allows a more physiological ROM in
all axes (Table 4).
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5.5. Ball radius, motion range and wear rate

As ball radius increases, mobility decreases in flexion, extension, and lateral bending but increases in axial rotation [31].
Conversely, as this radius decreases, the opposite happens, diminishing frictional torque and reproducing better intact intervertebral
disc ICR [45]. As a result, manufacturers minimized TDR wear with a <12 mm ball radius diameter [46]. Meanwhile, ADDISC, with a
2.5 mm articulating surface radius, has the lowest published wear rate [39,47-49].

5.6. Zygapophyseal joint overload

Fixed-core TDRs increase it by>10% while mobile-core reduce it by>50% [50], 79% smaller for semi-constrained than
non-constrained TDRs6. In flexion, facet joint load is similar to the intact disc for semi-constrained [35] but increases for
non-constrained TDRs [51]. In extension, this load increased in all but more in the non-constrained TDRs [35]. Zygapophyseal joint
load increased significantly in lateral bending and axial rotation, particularly for non-constrained TDRs [35]. Charité (non-con-
strained) increases facet joint load in all movements, particularly lateral bending [28].

5.7. Shock-absorbing capacity

Only elastomeric TDRs have it [7,41], transforming force into deformation, which can cause degradation with cracks or extrusion
[9]. It is almost absent in BaS [52]. ADDISC PCU inlay provides shock absorption until the metallic surfaces withstand loads over 2000
N (Table 2, Fig. S6S supplementary material).

5.8. Wear rate and debris generation

Metal-on-polyethylene has more wear than MoM (metal-on-metal) TDRs [47]. The published wear rate in mm®/million cycles is
19.35 4 1.16 (Charité), 16.59 + 0.95 (Prodisc-L), and 2.7 & 0.3 (Activ-L) [48] for UHMWP TDRs, 1.7 (Freedom) for PCU [53] and 1.3
+ 0.6 (Maverick-L) [39,49] for MoM but ADDISC has the lowest (1.1 + 0.1) (Fig. 5).

Even though the long-term impact of metal wear debris from MoM TDRs is still unclear [54], some cases are reported [55], which
could be an issue for the ADDISC in the long run.

6. Strengths

We based the ADDISC design on a previous lumbar spine biomechanical study conducted with kinematic analysis techniques. In
addition, we incorporated characteristics to avoid zygapophyseal joint overload adjacent level disease, minimize wear, osteolysis,
loosening, and subsidence.

7. Limitations
The number of samples evaluated is limited. We must continue the tests for 30 million cycles to assess long-term results.
8. Conclusions

ADDISC reproduces the ISO standard requirements, mimics intact disc biomechanics and ICR, avoids BaS TDR’s excess movement
range, minimizes zygapophyseal joint load, and reduces wear. ADDISC has good endurance under dynamic loading conditions and
excellent response to axial compression loading without long-term failure. In addition, PCU inlay is shock-absorbing and does not crack
under five times physiological loads. ADDISC has better wear rates than other TDRs.
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Table 4

L4-Ls range of motion in degrees for the intact lumbar disc and the different TDRs available. Please note that the manufacturer/research group does
not supply data for all TDR movement ranges, especially axial rotation. Remarkably, the movement in the axial rotation is the one that most damages
the zygapophyseal joints, and thus, these data would be essential to know them. Also, four TDRs exceed the physiological movement ranges for the
intact lumbar disc in flexo-extension.

DISC Author & year Flexion Extension Lateral bending Axial rotation
Intact disc Choi 2017 6.7 3.4 3.5 2.2

Charité Wilke 2012 4 11 9 5

Prodisc-L Wilke 2012 4 10 9 6

Activ-L Grupp 2015 8.5 11 8 Not provided
Activ-L Ha 2009 3.2+0.8SD 9.0 + 1.6 SD 9.0 + 2.2 SD 5.4+0.9SD
Mobi-C Hisey 2014 10 10 10 Not provided
Maverick-L Mathews 2004 5.4 341 3.57 2.29
Flexicore Errico 2005 15 15 15 5

Baguera Lee 2016 12 12 12 Not provided
Cadisc-L Mahomed 2012 6 6 10 8

LP-ESP Lazennec 2013 6 6 2.5 2

M6-L Patwardhan 2012 13.5+ 2.3 SD 13.5+ 2.3 SD 4.5+ 1.1SD 83+1.6SD
ADDISC 6 3 2 2

Wear rate per million/cycles

20 19.35£1.16

27503 274038 17 Lssoe
0 [ [ = s

Activ-L ADDISC  Charité Freedom-L Maverick-L Prodisc-L
Types total lumbar disc replacement

Wear rate (mm3/million cycles)
-
wv

Fig. 5. Wear rates (mm®/1 million cycles) different TDRs with reported data in the literature. It is more significant for Charité and Prodisc-L, lower
for Activ-L than Freedom-L and Maverick-L, but minimal for ADDISC.
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