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Abstract

Objective: The emergence of distraction-based growing rods has provided the means to

reduce the progression of spinal deformity in early onset scoliosis (EOS). The current protocols

for evaluating spinal implants (ie, ASTM-F1717 and ISO-12189) were developed for fusion/

dynamic devices. These protocols do not feature long unsupported rod lengths subjected to

distraction. Due to the unsuitability of the existing guidelines for the evaluation of growing

rods, a new distraction-based finite element protocol is presented herein for the first time.

Method: A vertebrectomy (VO) model from current protocols was modified to accom-

modate multi-spinal segments (ie, MS model) in which springs with appropriate stiffness

were simulated in between the plastic blocks. To assess the efficacy of the protocol, two

different computational studies were conducted: (a) compression-bending (MS-CB) with

no distraction, and (b) distraction followed by compression-bending (MS-D + CB). In each

study, the model with no axial connector (rods-only) was modified to include a) 80-mm

long tandem (LT) connectors, and b) side-by-side (SBS) connectors. Stiffness and yield

loads were calculated as per ASTM-F1717 guidelines and compared with the

corresponding VO models with no distraction. In the MS-D + CB models, distraction was

applied at the top block, stretching the spring-block construct in a simulation of scoliosis

surgery prior to locking the construct at the connector-rods' interface.

Results: MS-CB models predicted higher stiffness and yield loads, compared to the VO

models. The locking mechanism produced pre-existing stresses on the rod-connector

interface, which caused a shift in the location of high-stress regions to the distraction site.

Distraction led to a decrease in the construct's stiffness and yield load.

Discussion: The proposed protocol enables the simulation of clinical parameters that

are not feasible in the F1717 models and predicted stress patterns in the hardware

consistent with observed clinical failures.
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1 | INTRODUCTION

Early onset scoliosis (EOS) is a lateral curvature of the spine, develop-

ing in patients less than 10 years old.1 The emergence of distraction-

based growing rods has provided the ability to correct spinal deformity

in these patients. These nonfusion devices restore spinal alignment

while permitting spinal growth through distraction surgeries. Following

the initial surgery, the single or dual growing rods undergo multiple dis-

tractions at intervals. This continues through skeletal maturity when

the patient is old enough for spinal fusion. More recently, magnetic

technology with adjustable growing rods and an external remote con-

troller (ERC) have been used to help avoid distraction surgeries during

the treatment for EOS and thus reduce associated complication-risks

from repetitive surgeries.

In traditional growth rod surgeries, a variety of connectors (ie,

side-by-side (SBS), short tandem (ST), long tandem (LT)) may be used,

based on the surgeon's preference and patient's anatomy.2 These con-

nectors allow for rod lengthening as the patient grows. Surgeons may

choose different combinations of connectors while considering the

curve type and magnitude.3 The use of connectors in growing rods is

associated with complications (such as rod fracture, screw loosening1).

Therefore, studies have delineated the effects of different parameters,

including varying configurations of axial connectors as well as distrac-

tion frequency and lengthening magnitude, on the growing rod frac-

ture rate1,3-10.

To enhance the clinical success of the new growing rod designs, it

is essential to undertake a bench-top evaluation of the devices. The

test protocols should be clinically relevant and should predict failure

loads and locations seen in the patients. The protocols also need to be

simple enough to provide a basic assessment of the implants' strength.

The current standards (ie, ASTM-F1717,11 and ISO-1218912) have

been modified to be a better representative of the real-life perfor-

mance of posterior spinal implants2,13-25. However, these modifica-

tions still are not suitable for the evaluation of growing rods.

ASTM-F1717 (also known as the missing vertebra/ ver-

tebrectomy (VO) model protocol11) simulates the worst-case scenario

to evaluate the mechanical performance of fusion devices.11 La

Barbera et al. modified different biomechanical parameters stated in

the standard (such as moment arm, and unsupported screw length)

based on the physiological range of data collected from literature16,21.

The numerical and experimental results from their revised protocol

showed an increase in the stresses on spinal fixation devices (up to

50% on the screw, 11% on the rod) and decreased the cycles to failure

considerably16,21, compared to standard ASTM F-1717 protocol.

The ISO-12189 was developed to evaluate posterior dynamic sta-

bilization devices12 and further modified over the years17,18,22. Due to

the presence of the anterior support and its load sharing with spinal

implants, authors claimed that ISO-12189 simulated a more realistic

scenario, compared with ASTM-F171719,20,23,24.

In the literature, only a few authors have modified the ASTM-

F1717 guideline to assess the mechanical properties of growing rods

(growing rods with axial connectors across a two vertebrae segment)
2,13-15,25. Given the unsuitability of the VO model for evaluation and

the relatively high rate of mechanical failures of growing rods

(15-25%),7 a new protocol is warranted. Thus, to model a more physi-

ological loading environment, a new finite element (FE)-based proto-

col is presented, which accommodates long distraction-based growing

rod constructs spanning over multiple segments with anterior sup-

ports across each segment.

In developing this protocol, it was hypothesized that besides

predicting failure locations that are clinically relevant, the role of vari-

ous parameters such as axial connector's configurations (ie, shape,

length, and location of connectors), and the effects of distraction could

be investigated. Thus, the VO model was modified to accommodate

more than one nonfixed spinal segment with the simulation of springs

in between plastic blocks and axial connectors. Second, the proposed

protocol allows simulation of rod distraction, locking in situ and then

relaxation of springs prior to compression-bending (CB) analysis.

2 | METHODS

Models were created in SolidWorks (Dassault Systèmes SolidWorks

Corporation, Waltham, USA), based upon ASTM-F1717 protocol.11

To establish a comparison of biomechanical data between the pro-

posed and currently available models, the vertebrectomy (VO) model

was reproduced as per Hill et al. (Figure 1A).2 In each model, as per

ASTM-F1717, the active length was defined as the distance between

the center of the attachment in the superior and inferior most

anchors,11 which was 204 mm (based upon the average length for

juvenile thoracolumbar constructs4). To investigate the biomechanics

of various clinically relevant parameters, we simulated three different

VO models: (a) no connector (rods-only [RO]), (b) 80-mm long tandem

(LT), and (c) side-by-side (SBS) connector (Figure 1). No distraction

was simulated, being missing vertebra models. The model with no

connector (RO) was developed as a baseline model. All connectors

were positioned centrally on the rods, and SBS connectors were

placed with a horizontal offset of 6.25 mm. These VO models simu-

lated dual 5.5 mm rods and 4.5 mm pedicle screws.

The proposed multi-segment (MS) models (Figure 1B), consisted

of five plastic blocks connected by four sets of springs. These springs

simulated the cumulative stiffness of the discs, facets, and ligaments.

All of the plastic blocks were modeled as ultra-high-molecular-weight

polyethylene (UHMWPE). The top and bottom most blocks were sized

to accommodate pedicle screws, while the size of the center blocks

was minimized to prevent contact with the scoliosis hardware

(Figure 2). MS models also simulated dual 5.5 mm rods and 4.5 mm

pedicle screws. Axial connectors were similar to the VO models (RO,

LT, and SBS).

3 | SELECTION OF APPROPRIATE
SPRINGS

Since the springs represented the cumulative effect of intervertebral

joint mobility (ie, discs, facet, and ligaments) under the applied
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distraction force, clinical data was used to find appropriate stiffness5,6.

. The clinical data pertained to the applied distraction force vs T1-S1

height gain at consecutive intervals.

In a pediatric patient, the spinal segment is distracted the desired

amount by the surgeon, and then the growing rods which are loose to

start with are locked in place. The patient undergoes multiple distractions

to lengthen and correct the spine. Since the distraction force depends on

a multitude of factors (eg, patient's age, pre- and post- Cobb angles, motion

segment stiffness), and varies at each interval, these values were averaged

for the first three episodes of distraction surgeries (distraction

force = 193.7 N, total displacement = 10.3 mm). We assumed a typical

spinal implant covers 10 FSUs from T4 to L2 for a pediatric spine. There-

fore, the average displacement was reduced proportionally with respect to

10 FSUs. Thus, the appropriate displacement for the selected active length

was 6.0 mm 10�10:3
17 = 6:0

� �
. Springs were assembled in a MS model,

which was distracted from the head of the superior most screws

(with the distractive load equal to 193.7 N) without the presence

of growing rods (ie, springs were subjected to tension/distrac-

tion). This process was repeated for different spring constants

(selected from the catalog26) until the overall displacement was as

close to 6mm as possible for the applied distraction force. Finally,

at each “FSU”, two standard red die springs (ISO 10243 stan-

dard27 for metric die springs) with stiffness of 129N/mm were

selected for simulation (Table 126). The selected springs produced

6.22mm displacement at 193.7 N; within 5% of 6.0 mm.

4 | FE MODEL SPECIFICATIONS

After assembled in SolidWorks, models were imported into ABAQUS/

Standard v6-14 (Dassault Systèmes, 22 Simulia, Waltham, USA) to gen-

erate the quasi-static FE models. Springs were meshed in FE using a

10-node quadratic tetrahedron (C3D10) element. An eight-node linear

tetrahedron (C3D8) was used for the rods, and a four-node linear tetra-

hedron (C3D4) was used for all other components. Seed sizes were

determined from a preliminary mesh convergence study in which an ini-

tial seed size was assigned to the rods in the MS model with rods and

no axial connectors. The load-displacement data in CB was obtained.

Subsequently, the mesh was refined until the difference between the

subsequent construct's stiffness reached below 3%.2 Finer mesh size

was used for the spinal implants (ie, rods, screws, and axial connectors),

compared to the plastic blocks. The seed sizes on the axial connectors

were selected in a way that there was a uniform element size transition

throughout the rod-connector connection. Material properties for dif-

ferent components were adapted from literature2 (Table 2).

F IGURE 1 Three-dimensional view of the models developed for
A, vertebrectomy (VO), and B, multi-segment (MS) models. For each
model from left to right: no axial/rods-only (RO), 80-mm long tandem

(LT), and side-by-side (SBS) connector are shown. The active length of
the rods was 204 mm. SBS connector was positioned with an offset
of 6.25 mm. Distraction was applied at the superior most plastic
blocks of the MS models prior to locking the rods through the
connectors

F IGURE 2 Three-dimensional view of the middle blocks used in
the multi-segment models. The middle blocks were rectangular in
shape with rounded edges to avoid any interaction between the
blocks and the growing rods. As per ISO-12189, circular indents were
of 3.5 mm in depth to accommodate spring simulations between
adjacent blocks. Dimensions are in mm

TABLE 1 Mechanical properties of the springs used in the multi-
segment (MS) models26

Spring type Die

Color Red

Hole diameter 20 mm

Shaft diameter 10 mm

Length 38 mm

Wire

Thickness 3.18 mm

Width 4.19 mm

Compressed length at maximum load 27 mm

Deflection at maximum load 25%

Maximum load 1223.26 N

Rate 129 N/mm

Material Chrome-silicon steel

Abbreviations: MS, multi-segment.
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In order to secure the springs between the plastic blocks and to

allow tension to develop upon distraction, a reference point was

defined at the center of the spring's end plane. This reference point

was then coupled to the flat end surface of the springs as well as the

corresponding nodes on the blocks. Thus, no relative motion between

these two surfaces was permitted. Screws (with no threads being sim-

ulated) were bonded to the plastic blocks and rods using the tie

option. Furthermore, a tie constraint was utilized at the inferior inter-

face of the rods to the connectors. Ideally, the screws and axial con-

nectors are connected to the rods with set screws, which are design

specific and hence not simulated here.

A displacement-controlled FE analysis was used for the MS and

VO models with different axial connectors. Two studies were con-

ducted separately on MS models to investigate the effect of distrac-

tion: (a) MS-CB alone, and (b) distraction of the springs (as explained

above) and locking of growing rods through axial connectors. Due to

tension in springs locked in place through growing rods, construct

exhibited relaxation. Consequently, MS-D + CB was simulated. The

VO models were subjected only to compression-bending (no distrac-

tion) to compare the results.

In each model, to apply the boundary conditions, two reference

points were defined on the superior- and inferior most blocks and

were coupled to the respective surfaces. These reference points were

located at a midpoint between two spring attachments. For each

study, appropriate boundary conditions, as described in the next sec-

tion, were applied to the reference points.

5 | COMPRESSION-BENDING ONLY
(MS-CB)

The MS and VO models were subjected to a quasi-static compres-

sion-bending- analysis. At the cranial rod-connector interface, a tie

constraint was defined. X, Y, and Z-axis represented the anterior-pos-

terior, superior-inferior, and medial-lateral directions, respectively. Up

to 40 mm compressive longitudinal displacement (along Y direction)

was applied to the superior most block. The top block was constrained

along the X and Z directions and rotation about the Y-axis. The bot-

tom block was constrained in all three directions and rotation about Y.

6 | DISTRACTION FOLLOWED BY
COMPRESSION-BENDING (MS-D + CB)

To investigate the effects of distraction on the growing rod mechan-

ics, a three-step analysis was performed on the MS models, as

explained above. Coupling and constraints were similar to MS-CB

models except for the distraction/locking at the connector site. In

order to mimic the distraction process in the actual surgery, appropri-

ate surface-to-surface interactions were applied at the rod-connector

interface (rod-screw interface for RO model) at each step (Table 3).

Boundary conditions were defined on the top and bottom most blocks

to simulate the following motions.T
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In the first step (Figure 3-AB), the models were distracted. A

frictionless surface-to-surface interaction was defined at the dis-

traction site. Distraction site refers to the cranial rod-connector

interface for LT and SBS models (in the RO model, it was defined as

the interface between the top head screw and rod). The top block

was distracted by 6.22 mm longitudinally (along Y direction) while it

was constrained along X and Z directions and rotation about Y-axis.

This displacement was based upon the spring displacement under

193.7 N distraction force (see “Selection of Appropriate Springs”

section). In this step, the bottom block was constrained along X, Y,

and Z directions and rotation about Y. At the end of this step,

springs were under tension (from the distraction), and rods were

not loaded (due to the sliding at the distraction site).

In the second step (relaxation, Figure 3-BC), rods were locked into

position, and springs were allowed to release their tension to reach an

equilibrium with locked growing rods. In this step, no relative sliding

motion was allowed at the locking sites. Locking site refers to the

interface between the lengthened rod-segments and connector

(lengthened rod and top head screw for RO model). To simulate the

locking mechanism, a surface-to-surface interaction with rough tan-

gential behavior and a hard-normal behavior was defined. In this step,

the top block was not subjected to any external force or displacement.

The only force was the internal compressive load applied from the

stretched springs. At the end of this step, the construct was in a state

analogous to a corrected scoliotic spine with the patient laying supine

after a distraction surgery. With no external loading on the construct,

the rods were loaded as they maintained the distraction of the blocks

with anterior spring support.

Finally, the model was subjected to compression-bending

(Figure 4-CG). Surface-to-surface interactions at the locking site were

similar to the second step (ie, relaxation), and boundary conditions

were similar to MS-CB models (see Table 3).

TABLE 3 Details of the FE simulation for MS-D + CB models

Step 1: Distraction Step 2: Spring relaxation Step 3: Compression-bending

Surface to surface interaction

at rod-connector interface

Frictionless tangential behavior

Linear normal behavior

Rough tangential behavior Hard

normal behavior

Rough tangential behavior Hard

normal behavior

Top block's BC 6.22 mm longitudinal displacement

along Y direction Constrained

along X and Z directions and

rotation about Y-axis

No external load/displacement

Constrained along X and Z

directions and rotation about

Y-axis

Up to 40 mm longitudinal

displacement along negative Y

direction Constrained along X and Z

directions and rotation about Y-axis

Bottom block's BC Constrained along X, Y, and Z

directions and rotation about Y

Constrained along X, Y, and Z

directions and rotation about Y

Constrained along X, Y, and Z

directions and rotation about Y

Abbreviations: CB, Compression-bending; FE, finite element; MS, multi-segment.

F IGURE 3 Typical load–displacement curve for MS-D + CB models. Positive and negative values indicate compression and tension,
respectively. First, models were distracted from the distraction site (dotted line: AB). In the second step, rods were locked into position with no
external load on the models (dashed line: BC). Springs and rod were allowed to reach equilibrium. In the last step, models were subjected to
compression-bending (solid line: CG) until they reach their yield point. Point C indicated the initial displacement before compression-bending,
which varied between all models. Stiffness values were calculated as the slope of the initial linear section of the load-displacement graph (line CD)
as per ASTM-F1717. The yield load corresponding to the permanent deformation of 2% of active length was calculated (see line EF)
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7 | DATA ANALYSIS

Although the springs' material properties were assumed linear elastic, the

properties of the scoliosis hardware (ie, rods, screw, and connectors) were

elastoplastic. This combination of material properties in compression-

bending led to the nonlinear load-displacement graphs (Figures 3,4B,C).

The stresses in the rods and axial connectors were obtained. Com-

pressive reaction force at the superior most block along Y direction

was computed to draw load-displacement graphs. Stiffness values

from all models were measured as the slope of the first linear

section of the load-displacement graph (slope of line CD, Figure 3). Per

ASTM-F1717 standard,11 the yield load corresponding to the permanent

deformation of 2% of active length was calculated for MS-CB models. To

calculate the yield load for the distracted rods, the active length was

updated (210.22 mm, the intersection of line EF with the load-

displacement graph, Figure 3). To investigate the effect of the anterior

support, the MS-CB models were compared with the VO models, and

the percentage difference in stiffness/yield load was normalized to the

VO models (eg, [“MS-CB”-VO]/VO*100%).

Furthermore, to investigate the effect of distraction, the per-

centage differences in stiffness, yield load, and von Mises stresses

were normalized to MS-CB models (“MS-D + CB”-“MS-CB”/”MS-

CB” *100%).

8 | RESULTS

8.1 | Compression-bending analysis: MS-CB vs VO
models

Simulating the springs in between the blocks in the MS models (MS-

CB) increased the rigidity of the construct, compared with VO model

predictions (Figure 4A,B and Table 4). Likewise, the yield load in the

MS-CB models increased compared to VO models (Table 4).

F IGURE 4 Compressive load-displacement curves for A, the vertebrectomy (VO) models subjected to compression-bending, B, the multi-
segment models subjected to compression-bending (MS-CB), and C, the multi-segment models subjected to distraction followed by compression-
bending (MS-D + CB). In each figure, side-by-side (SBS, dashed line) and long tandem (LT, solid line) connectors increased the stiffness and yield
load compared to rods-only (RO, dotted line). The multi-segment model (Figure 4B) increased the stiffness and yield load compared to the VO
model (Figure 4A). Distraction (MS-D + CB, Figure 4C) caused a decrease in stiffness and yield load in the multi-segment model compared with
compression-bending only (MS-CB, Figure 4B). All the model's outputs are nonlinear

TABLE 4 Comparison between the vertebrectomy (VO) and multi-segment (MS-CB) models subjected to compression-bending

Stiffness (N/mm) Yield load(N)

MS-CB VO
Percentage difference
in stiffness MS-CB VO

Percentage difference
in yield load

RO 76.3 22.6 238% 642.4 449.5 43%

SBS 77.8 24.1 223% 655.4 467.9 40%

LT 82.5 31.6 161% 752.3 606.6 24%

Note: The percentage difference in stiffness/yield load was normalized to the VO models. MS-CB models showed higher stiffness and yield load compared

to respective VO models. None of the models were subjected to distraction.

Abbreviations: CB, Compression-bending; LT, long tandem; MS, multi-segment; RO, rods-only; SBS, side-by-side.
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With respect to the critical stress locations, RO and LT models

under CB exhibited high von Mises stresses adjacent to distal anchor

(635.7 and 690.4 MPa, respectively, Table 6). However, using the SBS

connector shifted the high-stress region to adjacent the proximal

anchor (681.2 MPa, Table 6). Results showed that using the SBS, and

LT connectors increased the maximum von Mises stresses.

8.2 | Effects of distraction on the implant's
mechanical performance (MS-D + CB)

MS-D + CB models showed an initial displacement prior to CB (due to

the distraction of springs and growing rods locked in place, Figure 4C).

This initial displacement varied among all models (1.01, 1.27, and

2.13 mm for RO, SBS, and LT models, respectively). A typical load-

displacement graph for MS-D + CB models (shown in Figure 3)

exhibited three different regions. During distraction (Figure 3, line AB),

as the springs stretched, a total longitudinal force of 381 N was

observed on the top block. Following spring relaxation (Figure 3, line

BC), with no external loads on the model, the springs exerted a com-

pressive load on the rods until they reached equilibrium. At the last step

(Figure 3, line CG), this distraction caused a decrease in the yield load

and stiffness of the construct (Tables 5). The percentage decrease was

higher in stiffness (20%) compared to the yield load (11%).

The distraction and spring relaxation simulation produced different

stresses in the rods, compared to the models without simulation of dis-

traction. During the relaxation step, the locking mechanism at the rod's

interface to connectors exhibited a relatively high stress within these

components. The stress magnitude varied among models. The LT model

showed higher stresses compared with the RO and SBS models (104.4,

156.1, and 194.1 MPa for RO, SBS, and LT models, respectively). FE

predictions showed that distraction increased the stresses on the grow-

ing rods in LT and SBS models by 129% and 66.6% compared to models

with no distraction, respectively (Table 6). Moreover, in the MS-D + CB

models, the critical stress location shifted from the adjacent distal/prox-

imal anchors to the distraction sites (Table 6).

9 | DISCUSSION

The current biomechanical testing standards, such as ASTM-F1717

and ISO-12189, were developed to measure the mechanical

TABLE 6 Maximum von Mises stress values at three high-stress regions on the growing rods (ie, adjacent to the proximal anchor, axial
connector, and distal anchor)

Loading condition Model

Maximum von Mises stress values on rods (MPa)

Adjacent to the
proximal anchor

Adjacent to the axial
connector (mid construct)

Adjacent to the
distal anchor

Compression-bending Only MS-CB RO 570.1 313.3 635.7

SBS 681.2 311.6 672.7

LT 452.2 457.9 690.4

Distraction followed by compression-bending MS-D + CB RO 604* 478.3 519.3

SBS 638 713.5* 649.2

LT 698.8 763.2* 696.7

Note: Values indicated with “*” illustrates the stress values at the distraction/ locking site. Under compression-bending, the RO and LT models experienced

the highest von Mises stresses adjacent to the distal anchor (635.7 and 690.4 MPa, respectively). However, simulation of the SBS connector shifted the

highest stress region adjacent to the proximal anchor (681.2 MPa). Distraction caused a shift in the location of maximum von Mises stress from adjacent

distal/proximal anchor to the distraction/ locking site near the connectors (shown with '*'). Using a long tandem connector caused higher stresses at the

distraction site compared to the SBS model (763.2 vs 713.5 MPa). Based on literature28 the yield stress for Titanium is in the range of 795 to 875 MPa.

Abbreviations: CB, Compression-bending; LT, long tandem; MS, multi-segment; RO, rods-only; SBS, side-by-side.

TABLE 5 Comparison between MS-CB (multi-segment models subjected to compression-bending only) and MS-D + CB (multi-segment
models subjected to distraction followed by compression-bending) models

Stiffness (N/mm) Yield load (N)

MS-CB MS-D + CB Percentage difference in stiffness MS-CB MS-D + CB Percentage difference in yield load

RO 76.3 61.4 20% 642.4 571 11%

SBS 77.8 62.8 19% 655.4 585 11%

LT 82.5 72.3 12% 752.3 718.2 4%

Note: The percentage difference in stiffness/yield load was normalized to the MS-CB models. Including distraction caused a decrease in stiffness and yield

load compared with compression-bending only.

Abbreviations: CB, Compression-bending; LT, long tandem; MS, multi-segment; RO, rods-only; SBS, side-by-side.
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performances of rigid and semirigid devices. They are also currently

used to evaluate different components of spinal implants (such as the

pedicle screws, hooks, and rods) used in scoliosis surgeries.

Traditional growing rods consist of two segments of “long rods”

spanned over multiple spinal segments. These rod segments are joined

together by axial connectors, which allow periodic lengthening (dis-

traction of the spine) at various time intervals. The tight interface of

axial connector with the rod on either side causes a notch effect on

the spinal rods and alters the stress distribution in the rod-segments.

Therefore, they are a potential source of complications with respect

to implant's failure,7 and biomechanical test protocols should account

for these aspects.

The main shortcoming associated with the ASTM-F1717 guide-

line to evaluate growing rods, is the absence of distraction over multi-

ple segments. During scoliosis surgeries, spine is distracted mainly

through soft tissue like discs, and its deformity is corrected. This pro-

cess imposes significant compressive and bending loads on the locked

scoliosis hardware due to soft tissue relaxation before the normal

physiological loading is experienced by these implants.

Hill et al,2 Foltz et al,15 and Alvarez et al,25 have presented

modifications of the ASTM-F1717 for the growing rods with axial

connectors. Their modifications still used a VO model, which

induced the entire compressive load on the growing rods. Shorez

et al suggested a single level (one FSU) hybrid model by providing

an anterior support to mimic the biomechanical properties of the

nonfusion implants.13 In their approach, the effects of distraction

and multiple lengthening were not considered. However, based

on the clinical studies,4-6 failed implants are associated with more

distraction.

To better represent the mechanics associated with distrac-

tion, a new FE based testing setup was developed to accommo-

date long growing rods. In the current study, it was hypothesized

that by adding certain complexities to the current VO model and

considering more segments/components, an increased under-

standing of reasons for clinical failures could be realized. Such

complexities included the anterior support, distraction process,

and lengthening/locking mechanism.

In the MS-CB models, the use of springs with stiffness

corresponding to the pediatric spine provided a more realistic load-

sharing condition, compared with the VO models 2,13,15. Results in the

MS model showed a portion of the applied load was distributed across

the intervening blocks and springs. Therefore, a lesser load was car-

ried by the rods, and higher yield load was observed compared with

the VO models. This finding was consistent with a study by Kim et al

in which they found that growing rods had higher yield load compared

to the conventional ones.14 Moreover, the anterior support will

increase the durability of the nonfusion spinal implants during the

fatigue testing experiment and hence allow for capturing a more accu-

rate mechanical performance of these devices13,17-20,22.

Results for MS-D + CB models showed that locking mechanism

produced stresses at the distraction site prior to compression-bending

(104.4, 156.1, and 194.1 MPa for RO, SBS, and LT models, respec-

tively). These preexisting stresses aggravate the implants'

complications and can contribute to higher fracture incidents, a factor

which is absent in the current protocols. Moreover, our output

showed distraction caused an additional compressive load and bend-

ing moment resulting in higher stresses (129%, 66.6% increase in the

stresses at the distraction site for SBS, and LT models, respectively

compared to models with no distraction [MS-D + CB vs MS-CB]).

The critical stress locations predicted by MS-D + CB models were

consistent with clinical studies4,7,10. Yang et al showed that in 40% of

incidents, failure occurred at the proximity of tandem connectors,7

which was considered a more common fracture location compared to

adjacent to anchors (14%). Our outputs predicted a high-stress region

adjacent to the connectors as a result of distraction. This was consis-

tent with a retrieval study of Hill et al,4 in which three possible frac-

ture zones were observed: adjacent to the connector (7 out of 16), at

the mid construct (4 out of 16) and adjacent to the distal anchor

(5 out of 16).

Recently, Oetgen et al studied the clinical outcome differences

(eg, coronal deformity control, lengthening efficacy, and sagittal align-

ment) between tandem and SBS connectors in 209 patients and found

both connectors exhibited similar radiographic outcomes over the

course of treatment (such as deformity correction).10 However, in a

study by Yang et al, tandem connectors showed slightly higher frac-

ture incidents, compared to SBS (18% vs 16%).7 Our stress data

showed that the combined effect of distraction, relaxation, and CB led

to relatively higher stresses in tandem, compared to SBS connectors

configuration (763.2 MPa vs 713.5 MPa), and thus supported clinical

data in patients with tandem connectors 4,7,9. It should be emphasized

that comparing these two connectors might not seem valid (due to

the different screw insertion points in the bottom block for SBS

model). Nevertheless, the proposed protocol is capable of addressing

potential complications associated with a variety of connector types.

In the present study, we utilized published, clinically relevant data

for distraction, connector designs, rod lengths, and the anterior column

to highlight the adaptability of the proposed protocol and identified

the contributing factors to the observed failures. The results presented

should be viewed from this perspective rather than their absolute mag-

nitudes. For example, by allowing the springs to relax, these models

represented a worst-case of stress relaxation of the intervertebral discs

following distraction in a pediatric patient. It also represents the stiffer

condition of the spine near alignment with vertebral curvature. None-

theless, this protocol can be used to simulate axial/transverse connec-

tors with different lengths, shapes, and positions.

This protocol is feasible and simple enough to provide a basic

assessment of the strength of the spinal implants and consequently

ensuring the reproducibility of the tests. However, similar to any other

FE study, there are limitations. All components of spinal implants were

assumed to have a simple geometry. The screws were ideally bonded

to the plastic blocks with no thread or set screw being simulated.

Therefore, the results presented here are not design-specific. Our

approach allows one to investigate the effects of the unsupported

screw length on stresses on the screws.21 The contribution of the

middle blocks, including springs, to the construct's overall stiffness

can be investigated, although not of much relevance for evaluating
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growing rods. Since a specific spring with the same stiffness was used

in the present model, one can investigate the effect of using different

springs for each level (based on the scoliosis curve/region:

i.e., thoracic, lumbar, thoracolumbar region) with the same procedure

as indicated by authors for the adult spine19,20. The proposed protocol

can be modified to accommodate several other parameters like

nonlinear springs to better match soft tissue properties, springs that

simulate torsional loads/displacements, and dampers to simulate the

effect of the viscoelastic properties of the spine.

10 | CONCLUSIONS

In the current study, a new FE-distraction-based simulation was used

to assess the modification of ASTM-F1717 to accommodate long

growing rods and axial connectors of various designs. The protocol

provides the means to simulate parameters that may present the

worst-case scenario and study the effects of various clinically relevant

parameters on the rod performance.
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