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Abstract

Purpose The objective of this computational study was to

compare the biomechanical effects of different implant

densities in terms of curve reduction and the force levels at

the implant–vertebra interface and on the intervertebral

elements.

Methods Eight cases were randomly picked among

patients who have undergone a posterior spinal instru-

mentation for adolescent idiopathic scoliosis (AIS). For

each case, two computer simulations were performed, one

with the actual surgery implant pattern and another with the

same fusion levels but an alternative implant pattern pro-

posed by an experienced surgeon. The two implant patterns

for each case were respectively put into higher and lower

implant density group. The spinal correction and the force

levels at bone–implant interface and on the intervertebral

elements were analyzed and compared between the two

groups.

Results There were on average 13% more pedicle screws

and 30% more bilaterally placed pedicle screws in the

higher versus lower density group. The difference in the

density of screws (92% vs. 79%) did not lead to significant

difference in terms of the resulting main thoracic (MT)

Cobb angle, and the MT apical axial vertebral rotation. The

average and maximum implant-vertebra force levels were

about 50 and 65%, respectively higher in the higher versus

lower density group, but without consistent distribution

patterns. The average intervertebral forces did not signifi-

cantly differ between the two groups.

Conclusions With the same fusion levels, lower density

screws allowed achieving similar deformity correction and

it was more likely to have lower screw–vertebra loads.

Keywords Biomechanical modeling � Scoliosis �
Spine instrumentation � Implant density � Pedicle screw

Introduction

Surgical instrumentation is the main option for the treat-

ment of severe spinal deformities [1, 2]. Over the last two

decades, tremendous progress has been made in segmental

spinal instrumentation [3, 4]. One of the remarkable

developments was the introduction of pedicle screws

which, using the strongest part of the vertebra for anchor-

ing the implant, have greatly improved the stability of

spinal instrumentation and allowed surgeons to apply

higher corrective forces to translate and derotate the sco-

liotic spine [5, 6]. Basic deformity reduction techniques

associated with the modern segmental spinal instrumenta-

tion systems for posterior spinal fusion involve vertebral

translation, rod derotation, apical vertebral derotation,

bilateral apical vertebral derotation, direct vertebra dero-

tation, compression and distraction, and in situ rod con-

touring [7, 8]. In order to apply certain correction

techniques and to have a better control on the deformed

spine, there has been a noticeable trend among spine

surgeons to use more and more pedicle screws [9–11].

Nowadays, pedicle screws are frequently placed bilaterally

at each vertebra included in the fusion, but some surgeons
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recommend fewer screws [12]. In spite of the demonstrated

benefits of pedicle screws, the associated complications,

risks, and the hardware costs are not negligible [13, 14].

Several clinical studies have been carried out to compare

the deformity-correction effects of spinal instrumentations

with the same fusion levels but different number (density)

of implants [9–11]. Studies have also been conducted to

evaluate intervertebral and implant-vertebra force levels

[15]. However, systematic biomechanical studies have yet

to be done in order to improve knowledge on the effects of

the total number of implants on curve corrections and

resulting stress levels.

The objective of this computational study was to analyze

and compare the biomechanical effects of alternative

densities of pedicle screws for the treatment of adolescent

idiopathic scoliosis (AIS) in terms of curve reduction and

the resultant force levels at the implant–vertebra interface

and on the intervertebral elements. The tested hypothesis

was that increasing the number of implants allows sup-

plementary deformity correction, but tends to overconstrain

the instrumented scoliotic spine, therefore creating high

stresses at the bone-implant interface.

Methods

A numerical computer simulation platform was developed

to simulate the biomechanical effects of patient-specific

spinal instrumentation. Using the developed computer

simulation software, the posterior spinal instrumentations

of eight patients with AIS having previously undergone

posterior instrumentation and fusion were simulated first

with the actual surgical instrumentation configurations and

major corrective maneuvers. Then, the instrumentations

with alternative configurations proposed by an experienced

surgeon (HL) were simulated, for which corrective

maneuvers and all parts of the numerical models were

identical, except for the total number of implants. The next

sub-sections detail the modeling and simulation methods.

Computer biomechanical model for patient-specific

spinal instrumentation

The three-dimensional (3D) geometric model of the sco-

liotic spine of each subject with AIS was created using a

3D reconstruction technique [16]. Pre-operative postero-

anterior and lateral radiographs were taken with the

patient wearing a small calibration plate on their back. On

the two numerical radiographs, markers on the calibration

plate were detected. Then, 14 anatomical landmarks (tips

of the pedicles, vertebral body corners, and endplate

centers) were identified on each vertebra and their 3D

coordinates computed using 3D reconstruction and

optimization algorithms [16]. With the prior knowledge of

each vertebra’s topology, a predefined detailed 3D verte-

bral model was registered using the fourteen anatomical

landmarks and an optimization technique [16]. This 3D

reconstruction technique allows an average 3.3 mm accu-

racy for the entire vertebrae (1.2 ± 0.8 mm for the land-

marks of the vertebral bodies and 1.6 ± 1.1 mm for the

pedicles) [17].

During the simulation of the surgical instrumentation,

the deformation of each vertebra being far smaller than the

intervertebral displacement, each vertebra was considered

as a rigid body using the reconstructed geometry. The

spinal segment from T1 to pelvis was then modeled as a set

of rigid vertebral parts coupled by flexible elements (rep-

resenting the intervertebral disks, ligaments and facet

joints). The load–displacement relation of each of these

flexible elements was initially defined using the previously

reported experimental results [18, 19] and then adjusted to

account for the patient specific spinal geometry [20] and

stiffness [21, 22]. This method of spine modeling has been

previously validated by simulating posterior spinal instru-

mentation of ten scoliotic patients with AIS; the observed

differences were generally below 5� for the Cobb angles in

the frontal and sagittal planes [21].

During surgical instrumentation, the deformation of

each individual implant (screw or hook) being negligible

compared to the intervertebral displacement; each implant

was modeled as a rigid body. The rod was modeled as a

flexible beam with the mechanical properties of the rod

material used in the surgery. The vertebra–implant con-

nections were modeled as a generalized non-linear spring

that restrained the relative motion between the implant and

the vertebra in both rotation and translation. The stiffness

coefficients were approximated using in-house experi-

mental data on cadaveric instrumented vertebrae, but its

parametric formulation allows using more detailed data

when available in the future.

Numerical case simulations

Eight cases were randomly picked among patients who

have undergone a posterior spinal instrumentation for AIS

over the past 9 years at Sainte-Justine University Hospital

Center. The collected information necessary to define the

simulations included:

• Pre-operative coronal and lateral radiographs with

calibration markers,

• Pre-operative left and right bending radiographs,

• Implant and rod material, and geometric parameters

and their mechanical properties,

• Instrumentation configurations (implant type, location,

and rod shape),
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• Correction maneuver documentation,

• Postoperative coronal and lateral calibrated radio-

graphs.

Patient information and the geometric indices computed

from the reconstructed pre-operative 3D spinal models are

presented in Tables 1 and 2.

For each case, two simulations were performed, one

with the same surgical configuration used and another with

an alternative configuration proposed by an experienced

surgeon. Depending on the total number of implants, the

two configurations for each case were respectively classi-

fied into higher density implant group and lower density

implant group. As an example, Table 3 shows the lower

and higher density implant configurations for case 4.

In this study, only the basic corrective maneuvers were

simulated, i.e., the rod attachment, rod derotation, and

compression/distraction. To simulate the rod attachment

maneuver, displacement constraints in translation and

rotation were created between the segment of the rod and

the targeted implants. Cylindrical joints were then intro-

duced to connect the implant to the rod. For the

rod-derotation maneuver, a torque was gradually applied

on the rod up until its profile was parallel to the sagittal

plane. As the rod was derotated, the implants were free to

slide and rotate along the rod central axis. The compression/

Table 1 Patient information

Case no. Sex Age Height (cm) Weight (kg) Lenke

classification

1 Female 12 162 43 1A

2 Female 15 167 56 3C

3 Female 13 155 43 1C

4 Female 17 178 66 1A

5 Female 16 156 49 2A

6 Female 15 165 52 3C

7 Female 19 162 47 4B

8 Female 15 165 51 1B

Table 2 Geometric indices

computed from the

reconstructed pre-operative 3D

spinal models

MT main thoracic, TL/L
thoraco-lumbar/lumbar

Case no. MT Cobb

end-apex-end

TL/L Cobb

end-apex-end

Kyphosis

(T4–T12)

Lordosis

(L1–L5)

MT apical

axial rotation

1 83� 12� 54� 12� -4�
T6, T10, L1 L1, L3, L5

2 56� 29� 40� 16� -1�
T6, T9, T11 T11, L1, L5

3 35� 30� 18� 5� -6�
T7, T11, L2 L2, L3, L5

4 51� 32� 34� 27� -23�
T7, T10, L1 L1, L3, L5

5 64� 10� 66� 32� -2�
T5, T8, T11 T11, L2, L5

6 61� 72� 42� 34� -14�
T5, T8, T11 T11, L2, L5

7 51� 40� 42� 27� -18�
T5, T8, T11 T11, L3, L5

8 40� 39� 33� 32� -10�
T5, T9, T12 T12, L3, L5

Table 3 Two instrumentation configurations for case 4

Lower density implant

configuration

Higher density implant

configuration

Left Right Left Right

T1 T1

T2 T2

T3 TPH TPH T3 TPH TPH

T4 MOS MOS T4 MOS MOS

T5 T5 MOS MOS

T6 T6 MOS MOS

T7 T7 MOS MOS

T8 MOS MOS T8 MOS MOS

T9 MOS MOS T9 MOS MOS

T10 MOS MOS T10 MOS MOS

T11 T11 MOS MOS

T12 T12 MOS MOS

L1 MOS MOS L1 MOS MOS

L2 MOS MOS L2 MOS MOS

L3 L3

L4 L4

L5 L5

TPH transverse process hook, MOS monoaxial (fixed) pedicle screw
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distraction maneuver was simulated by gradually applying

a force between the two identified implants up until a

specified distance was achieved.

For the two simulations of each case, the biomechanical

models of the spine, the boundary conditions, the diameter,

shape and mechanical properties of the rods, the placement

of the implants which are common for the two simulations,

as well as the correction maneuvers, were all identical. The

only difference was the number of implants between the

lower and higher density implant configurations.

After each simulation, each intervertebral force and each

implant-vertebra force were computed. The former was the

resultant force between vertebrae while the later was the

resultant force applied by an implant on its anchored

vertebra. The spinal geometric indices were computed using

the 3D geometric model of the simulated instrumented

scoliotic spine (main thoracic (MT) Cobb angle, Kyphosis,

Lordosis, and the MT apical axial vertebral rotation).

Results

Compared to the lower density implant group, an instru-

mentation configuration in the higher density implant

group used, on average, six more implants, 13% more

pedicle screws, and 30% more bilaterally instrumented

vertebrae (Table 4).

This difference in implant density did not lead to sig-

nificant differences in terms of the resulting MT Cobb

angle in the coronal plane (Table 5), with differences not

exceeding 3� for all the eight cases. For the axial rotation in

the transverse plane at the apex of the main thoracic curve,

the absolute values of the differences did not exceed 4� for

all cases except for case 1 which is 8�.

On average, the resultant implant–vertebra forces for the

higher density implant group were about 50% higher than

the lower density implant group (Table 6). This difference

varied from case to case: in two cases the lower density

configuration gave higher resulting average forces while in

six cases the higher density configuration resulted in higher

resulting average forces. For six of the eight cases, the

maximum resultant implant-vertebra force in the higher

density implant group was higher than in the lower density

implant group, indicating a higher risk of implant–vertebra

interface loosening or implant pullout failure (Table 6).

Statistically, the mean implant-vertebral force level of the

higher density implant group is significantly higher than

the lower density group (p \ 0.05).

In terms of the average intervertebral force level, the

lower density implant configuration is higher than the

Table 4 Summary on implant density

Lower density implant group Higher density implant group

Average number of implants (min–max) 15 (12–19) 21 (17–24)

Percentage of instrumented vertebrae between the UIV and LIV (min–max) 78% (58–100%) 97% (85–100%)

Percentage of implants (left/right) 56/44% 53/47%

Percentage of bilaterally instrumented vertebrae 54% (31–73%) 84% (62–100%)

Percentage of pedicle screws/total implants 79% 92%

Table 5 Geometric indices: lower density (LD) group simulation results and higher density (HD) group simulation results

Case no. MT Cobb MT apical axial rotation Kyphosis (T4–T12) Lordosis (L1–L5)

HD LD HD LD HD LD HD LD

1 19� 19� -6� -14� 40� 42� 3� 9�
2 7� 7� -6� -4� 41� 33� 13� 11�
3 8� 7� -7� -3� 22� 24� 7� 9�
4 12� 9� -11� -13� 30� 23� 18� 13�
5 7� 6� -5� -9� 42� 50� 26� 27�
6 8� 7� -18� -18� 35� 25� 22� 28�
7 12� 11� -26� -23� 47� 44� 22� 22�
8 16� 17� -6� -7� 27� 27� 29� 32�
Average 16.2� 14.9� -11.2� -10.5� 33.4� 35.5� 18.7� 17.5�

(p values) (0.128) (0.333) (0.180) (0.184)

Average difference (std) 1� (1�) -1� (4�) -2� (6�) 1� (4�)
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higher density configuration in half of the eight cases.

Statistically, the difference between the means of the two

groups was not significant (p \ 0.05).

There were significant resultant implant–vertebra force

differences between the two groups at the local levels

(Figs. 1, 2). For instance, the difference between the

intervertebral force magnitudes at T7–T8 level for case 4

was about 260 N (Fig. 1) and the difference between the

implant-vertebra force magnitudes on the left side of T8 for

case 1 was about 370 N (Fig. 2).

Discussion

Case simulations have demonstrated that for the same

fusion levels, rod shape and material, and using the same

Table 6 Average intervertebral and implant-vertebra force level comparison: mean (min – max) (in Newton)

Case no. Intervertebral force magnitude Implant-vertebra force magnitude

Lower density

implant group

Higher density

implant group

Lower density

implant group

Higher density

implant group

1 172 (31–359) 185 (27–399) 295 (0–750) 195 (0–733)

2 167 (24–599) 143 (9–447) 90 (4–483) 337 (0–798)

3 179 (15–442) 121 (15–354) 243 (0–659) 414 (99–993)

4 188 (7–486) 185 (9–573) 172 (0–755) 218 (0–837)

5 213 (10–521) 259 (11–560) 225 (0–859) 353 (0–1133)

6 251 (17–523) 228 (13–604) 137 (0–491) 240 (0–747)

7 138 (6–596) 157 (4–580) 290 (0–1432) 275 (0–1193)

8 122 (9–302) 165 (9–615) 140 (0–459) 282 (0–1086)

Avg. 179 180 199 289

Std. 41 45 76 74

Comparison (p values) 0.451 0.027
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0 250 500 750
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0 250 500 750
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0 250 500 750
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Fig. 1 Intervertebral force level comparison (in Newton)
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level comparison (in Newton).

At each level, the higher/lower

density forces are presented for

the right (negative values) and

left (positive values) sides
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basic correction maneuvers, increasing the number of

implants does not result in improved scoliosis deformity

correction (in the coronal plane). This finding agrees well

with previous clinical reports [9, 12] suggesting that

interval pedicle screw placement constructs seem to be

equally effective as consecutive constructs for facilitating

curve correction in patients with Lenke 1 AIS [12]; higher

implant density did not improve curve correction for

patients with AIS operated by a single surgeon using an

identical surgical technique and type of instrumentation

[9]. However, a significant correlation has been found

between the number of implants and the curve correction

using a multi-center database of AIS patients [11]. It has

also been reported that increasing the number of implants

can improve the correction of curves with higher stiffness,

as determined by the fulcrum bending radiograph [10]. The

discrepancies between the results of this work and the

clinical studies may be explained by the fact that there exist

considerable differences on how the increased control

provided by adding additional implants have been explored.

An increased number of implants theoretically provide

more control on the deformed spine for performing verte-

bral derotation and compression/distraction on more ver-

tebral levels. However, the available number of degrees of

freedom provided by the screw-rod connection may not

allow easily applying the desired maneuvers leading to

overconstraints (extra forces). Therefore, this additional

control was not taken into account in this study. The dis-

crepancies among clinical studies may also be attributed

to the surgeon-specific objectives [23] and techniques

[24, 25]. With the recent advances in correction techniques,

some surgeons prefer the additional control on the

deformed spine, while others much less.

Compared to the coronal plane, the difference between

the lower and higher density groups on the sagittal and

transverse planes were fairly noticeable with standard

deviations between 4� and 6�. This variability may be

explained by supplementary constraints introduced by the

additional connections, especially when the screws were

not perfectly aligned. It has been demonstrated that slight

variations of screw insertion point and screw trajectory

affect the curve correction and have a significant effect on

the resulting forces at bone–screw interface especially with

monoaxial (fixed) screws [15]. However, due to the rela-

tively small number of cases, no general conclusion can be

made regarding the optimal pedicle screw density and the

resulting effects on the sagittal and transverse planes

associated with basic correction maneuvers.

At the bone–implant interface and on the intervertebral

elements, no correlation was found between the individual

force level and the implant density. This can be explained

by the fact that the force level is determined by a number of

factors, and is highly sensitive to implant placement when

monoaxial screws are involved [15]. Increased screw

density lead to decreased average bone-screw load for two

of the eight cases, while for the rest of the cases, higher

average bone-screw load was observed. The average

implant-vertebra force magnitude of all cases in the higher

density implant group was significantly higher. This can be

explained by looking into the screw placement variation

and how screw attachment works with monoaxial pedicle

screws. Considering the complexity of pedicle anatomy,

pedicle screw insertion could be mentally and technically

demanding [26, 27]. The priority is to make sure that each

screw is contained solely in the desired pedicle and its

alignment with its neighbors often comes after this priority

[27–29]. Even with computer-assisted image-guided tech-

niques, there is considerable variation in the placement of

each pedicle screw with respect to its neighbors. For screw

insertion depth, variation of 2–4 mm has been reported in

screw placement studies [28]. Variation in screw insertion

orientation is also significant, sometimes with pedicle

violation (medial, inferior, superior, and anterolateral ver-

tebral body) [27]. Variation of coronal plane screw position

greater than 2 mm was reported (distance between medial

pedicle wall and medial margin of the pedicle screw and

between lateral margin of the pedicle screw and lateral

vertebral corpus) [29]. The final positions of all screw

head slots are therefore unlikely to be perfectly smoothly

aligned. Depending on the screw-to-rod connection mecha-

nism, this screw malalignment is transformed into adverse

bone-screw forces of different magnitudes when various

connection maneuvers are performed [15, 30, 31].

Although monoaxial pedicle screws have demonstrated

certain superiority for vertebral rotation correction, they

have a potential disadvantage arising from the difficulty in

achieving adequate seating of the rod into the screw head

saddle [30]. Any malalignment between the rod and the

fixed-angle screw head could overconstrained the instru-

mented spine and result in additional stress (not beneficial

to deformity correction) on the bone–screw interface as the

rod is seated into the screw saddle and the locking mech-

anism firmly attaches the screw to the rod [31].

Due to the pedicle screw placement variation and the

drawbacks of screw-to-rod connection mechanism of

monoaxial pedicle screws, the higher the screw density the

more the whole system is overconstrained and the more

likely the adverse stresses are put on the bone-screw

interface. The above analysis thus explained why the

average implant-vertebra force magnitude of all cases in

the higher density implant group was significantly higher.

The polyaxial screws were designed to provide more

freedom on the screw-to-rod connection to facilitate easier

rod seating into the screw head saddle. Therefore, polyaxial

screws conceptually allow accommodating the screw

malalignment in the coronal plane and lower bone-screw
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loads are expected compared with monoaxial screws.

When screw density is relatively high and bone-screw load

is of major concerns, e.g., for patients with large and stiff

spinal deformities or for patients with compromised bone

quality or osteoporosis, polyaxial screws seem to offer

better perspective for safer spinal instrumentation. To what

extent the polyaxial screws can help reduce bone-screw

loads remains to be investigated and is out of the scope of

this paper.

In this study, only basic deformity correction maneuvers

were simulated, i.e., vertebral translation by rod attach-

ment, rod derotation, and compression/distraction. The

difference obtained by increasing the number of implants

could have been more significant if other deformity cor-

rection maneuvers had been simulated, such as direct

vertebral derotation, apical vertebral derotation, bilateral

apical vertebral derotation, and in situ rod contouring.

Fewer implants globally increase the load on each

implant, but reduce the overconstraints and supplementary

stresses exerted on the vertebral column. More implants

improve the ability to share the loads and apply local

correction maneuvers, but at the expenses of overcon-

straints resulting in higher stresses on the construct. The

optimal trade-off between having more control for local

correction and reducing the risk of higher stresses at the

bone–implant interface has yet to be systematically

studied.

Conclusion

No significant difference was observed between the higher

and the lower density implant configurations with respect

to scoliosis deformity correction in the coronal plane (i.e.,

similar correction can be achieved with less implants)

when simulating basic corrective maneuvers (i.e., vertebral

translation by rod attachment and rod derotation, and

compression/distraction). However, in the sagittal and

transverse planes, there was more difference between the

lower and higher density groups with standard deviations

between 4� and 6�. The difference on the load levels at the

bone–implant interface and on the intervertebral elements

varied from case to case. On average, however, the lower

density implant configurations allowed lower mean

implant-vertebra load and similar mean intervertebral load.

The maximum implant-vertebra force of the higher density

implant group is usually higher than in the lower density

implant group. No conclusion can be drawn on the load

distribution among implants. The lower density implant

configurations generated 31% lower average load on

the implant–vertebra interface, but very similar interver-

tebral forces compared to the higher density implant

configurations.
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