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Objective: The objective of this study was to compare the biomechanical differences of dif-
ferent rod configurations following anterior column realignment (ACR) and pedicle sub-
traction osteotomy (PSO) for an optimal correction technique and rod configuration that 
would minimize the risk of rod failure.
Methods: A validated spinopelvic (L1-pelvis) finite element model was used to simulate 
ACR at the L3–4 level. The ACR procedure was followed by dual-rod fixation, and for 4-rod 
constructs, either medial/lateral accessory rods (connected to primary rods) or satellite rods 
(directly connected to ACR level screws). The range of motion (ROM), maximum von Mis-
es stress on the rods, and factor of safety (FOS) were calculated for the ACR models and 
compared to the existing literature of different PSO rod configurations.
Results: All of the 4-rod ACR constructs showed a reduction in ROM and maximum von 
Mises stress compared to the dual-rod ACR construct. Additionally, all of the 4-rod ACR 
constructs showed greater percentage reduction in ROM and maximum von Mises stress 
compared to the PSO 4-rod configurations. The ACR satellite rod construct had the maxi-
mum stress reduction i.e., 47.3% compared to dual-rod construct and showed the highest 
FOS (4.76). These findings are consistent with existing literature that supports the use of 
satellite rods to reduce the occurrence of rod fracture.
Conclusion: Our findings suggest that the ACR satellite rod construct may be the most ben-
eficial in reducing the risk of rod failure compared to all other PSO and ACR constructs.

Keywords: Adult spinal deformity, Anterior column realignment, Multirod constructs, Fi-
nite element analysis, Rod fracture, Pedicle subtraction osteotomy

INTRODUCTION

Adult spinal deformity (ASD) is prevalent in up to 68% of the 
population and is associated with poor health-related quality of 
life.1 There is an estimated 27.5 million people with ASD in the 
United States alone, and as life expectancy continues to increase, 
the number of people with ASD will also see a spike.2,3 For ASD 

patients, pedicle subtraction osteotomy (PSO) is a common sur-
gical procedure that shortens the spine posteriorly and uses 2 or 
more rods and pedicle screws to restore spinal alignment. How-
ever, there are serious complications associated with PSO in-
cluding excessive bleeding and implant failure.4 Some studies 
estimate a 61% complication rate with the most common being 
rod fracture, with an occurrence of 22%.5-8 The spinal segment 
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is further stiffened with additional rods to reduce rate of implant 
failure, but the risk associated with excessive bleeding still re-
mains.9

To address this concern, anterior column realignment (ACR) 
has become a trusted, minimally invasive alternative to PSO. In 
an ACR procedure, an interbody cage is used to replace an in-
tervertebral disc and the anterior longitudinal ligament (ALL) 
is released. ACR has shown similar radiographic correction as 
PSO, with lesser complications.10,11 Additionally, classifications 
of different ACR procedures make it a useful surgery in a vari-
ety of clinical situations.12 However, similar to PSO, rod con-
structs are used in ACR, meaning there are similar risks of im-
plant failure. An in vitro study done by La Barbera et al.13 con-
cluded that bilateral posterior rod fixation following ACR sur-
gery may not be enough to stabilize the operated region. Thus, 
the use of 4-rod constructs is recommended, just as in PSO.14 
Literature suggests an optimal 4-rod construct configuration 
following PSO to reduce rate of rod fractures, but similar litera-
ture on optimal 4-rod configurations following ACR is sparse.13,15

Thus, the objective of this study was to use finite element anal-
ysis (FEA) to suggest the most optimal procedure and rod con-
figuration for ASD correction. For this purpose, 4 different rod 
configurations were investigated following ACR: dual-rod con-

figuration, additional medial accessory rods (ACR-MED), ad-
ditional lateral accessory rods (ACR-LAT), and additional short 
satellite rods (ACR-SAT). These rod combinations were chosen 
being among the common configurations seen in clinical prac-
tice. Also, these rods configurations have been investigated fol-
lowing PSO in our previous study.15 Thus this study simulated 
the same rod configurations following ACR to draw compari-
son among different rod configurations in PSO versus ACR.

MATERIALS AND METHODS

A previously validated osteo-ligamentous spinopelvic model 
(L1-pelvis) was used to simulate ACR at the L3–4 level in this 
study.15-18 The geometry of the initial model was based on com-
puted tomography (CT) scans of a healthy 55-year-old adult 
male. The CT data were used to reconstruct the 3-dimentional 
(3D) geometry of the model in MIMICS (Materialize Inc., Leu-
ven, Belgium). The 3D geometry of the model was meshed in 
IAFE-MESH (University of Iowa, Iowa) and HyperMesh (Altair 
Engineering, Michigan, USA) software. The meshed parts were 
assembled and assigned material properties for computational 
analysis in Abaqus (Dassault Systemes, Simulia Inc., Providence, 
RI, USA). The cancellous bone in the pelvis and vertebrae was 

Table 1. Material properties assigned to the finite element model18,22,23

Component Element type Young modulus (MPa) Poisson ratio

Bone

Cortical bone C3D8 12,000 0.3

Cancellous bone C3D8 100 0.2

Pelvic cortical bone C3D8 17,000 0.3

Pelvic cancellous bone C3D8 10 0.2

Intervertebral disc

Nucleus C3D8H C1 = 0.12, C2 = 0.003, D1 = 0.0005 0.49

Annulus ground substance C3D8 Hyperelastic (C10, 0.348; D1, 0.3)

Annulus fibers Rebar 357–550

Ligaments T3D2 Non-Linear

Apophyseal joints Nonlinear, soft contact, GAPUNI elements

Sacroiliac joints Nonlinear, soft contact

Implants

ACR cage (PEEK) C3D8 3,600 0.25

Screw head (CoCr) C3D4 241,000 0.3

Primary/supplementary rods (CoCr) C3D8 241,000 0.3

Ti6Al4V pedicle screw shaft C3D4 11,500 0.3

ACR, anterior column realignment; PEEK, polyether ether ketone; CoCr, cobalt-chromium.
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surrounded by an outer layer of cortical bone with a thickness 
of 1 mm and 0.5 mm, respectively.19-23 The intervertebral disc 
consisted of nucleus and annulus ground substances with fibers 
embedded in it. The ligaments in the model were represented 
using truss elements. The material properties for all the compo-
nents were acquired from literature (Table 1).20,23,24

1. FE Model of ACR Procedure
To simulate the ACR surgery at the L3–4 level, the interverte-

bral disc at the index segment was completely removed along 
with the ALL. Additionally, resection of the posterior elements 
(facets, lamina) was performed at L3–4 level.25 Next, a 30° hy-
perlordotic cage was inserted at the index segment and secured 
to L3 and L4 level by short titanium alloy (Ti6Al4V) screws, fol-
lowed by L1–S1 bilateral pedicle screw posterior fixation using 
5.5-mm pedicle screws with a length of 45 mm and cobalt-
chromium (CoCr) rods with a diameter of 5.5 mm. The pedicle 
screw shaft was assigned a material property of Ti6Al4V whereas 

the screw head was assigned the property of CoCr.14 Addition-
ally, the supplementary rods (accessory/satellite) were assigned 
the property of CoCr. The interaction between the screw shaft 
and bone was simulated by the “TIE” contact formulation to 
simulate the complete osteointegration of screw shaft with the 
bone. The rods were also constrained using the TIE formula-
tion to the screw head. The interaction between cage-bone in-
terface was simulated with a coefficient of friction of 0.2 using 
the surface-to-surface contact formulation. The same interac-
tions were used in our previously study, simulating different 
rod configurations following PSO.15

Overall, the ACR surgery was simulated with 4 different rod 
configurations (Figs. 1 and 2):

• �A 30° hyperlordotic cage at L3–4 level and bilateral rod fixa-
tion from L1–S1. (ACR)

• �A 30° hyperlordotic cage at L3–4 level and bilateral rod fixa-
tion from L1–S1 + short satellite rods at L3–4. In this con-
figuration, primary rods are not connected to the L3–4 pedicle 
screws. (ACR-SAT)

• �A 30° hyperlordotic cage at L3–4 level and bilateral rod fixa-
tion from L1–S1 + medially affixed accessory rods connect-
ed to the primary rods via connectors at L2–3 and L4–5 re-
gions. (ACR-MED)

• �A 30° hyperlordotic cage at L3–4 level and bilateral rod fixa-
tion from L1–S1 + laterally affixed accessory rods connect-
ed to the primary rods via connectors at L2–3 and L4–5 re-
gions. (ACR-LAT)

Fig. 1. Posterior view of the different anterior column realign-
ment (ACR) rod configurations. (A) Bilaterally fixated ACR 
model (ACR). (B) Four-rod instrumented ACR model with 
short satellite rods at L3–4 (ACR-SAT). (C) Four-rod instru-
mented ACR model with medially affixed accessory rods 
(ACR-MED). (D) Four-rod instrumented ACR model with 
laterally affixed accessory rods (ACR-LAT).

A B

C D

Long primary 
rod

Short satellite 
rod

Fig. 2. Two lateral views of the anterior column realignment 
(ACR) model. The magnified views show the 30° hyper lor-
dotic cage at L–4.

Right lateral view Left lateral view
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2. Boundary Conditions and Loading
The pelvis was constrained in all of the models. All of the 

models were subjected to a 400 N physiological compression 
load followed by a 7.5 Nm pure moment applied to the L1-su-
perior endplate to simulate flexion/extension, lateral bending, 
and axial rotation.26

3. Data Analysis
The global ROM (L1–S1) for all of the models was analyzed. 

Also, the maximum von Mises stress in the rod for all of the rod 
configurations was used to calculate the factor of safety (FOS). 
FOS was determined by dividing the yield stress of CoCr by the 
maximum von Mises recorded for a given rod configuration. 
The higher the FOS lesser are the chances of rod fracture. The 
data for ACR rod configurations were also compared to the same 
rod configurations following PSO. The percentage change for 
ACR 4-rod constructs was calculated with respect to the dual-
rod ACR construct while percentage change for PSO 4-rod con-
structs was calculated with respect to the dual-rod PSO con-
struct.

FOS=
            CoCr yield stress

                      maximum von Mises stress
where, CoCr yield stress= 989 MPa.

RESULTS

1. Range of Motion
The predicted global ROM showed that the use of more rods 

correlated to the lower ROM as higher ROM was observed in 
the dual-rod ACR model when compared to the 4-rod con-

structs (Fig. 3). Under extension loading, the ACR-SAT, ACR-
LAT, and ACR-MED showed similar changes in ROM with a 
62% decrease for all models. Under flexion loading (clinically 
most crucial motion), the ACR-SAT model showed the greatest 
reduction in ROM with a 51% decrease compared to the ACR 
model. The ACR-LAT and ACR-MED models demonstrated a 
48% and 41% decrease in ROM, respectively, when compared 
to the ACR model. Under all other loadings, the ACR-SAT gen-
erally showed the lowest percentage decrease in ROM compared 
to ACR-LAT and ACR-MED. The ACR-SAT, ACR-LAT, and 
ACR-MED models showed that ROM decreased by 34%, 40%, 
51% under left bending and 25%, 29%, and 47% under right 
bending, respectively. The greatest changes in ROM were found 
under axial rotation conditions for both the ACR-LAT and ACR-
MED models where there was a 66% and 68% decrease in left 
rotation and 70% and 69% decrease in right rotation, respec-
tively. Meanwhile, the ACR-SAT model only showed a 44% and 
46% decrease in left and right rotation, respectively.

2. Maximum Rod Stress
The maximum von Mises stress in rods was computed under 

all loading conditions (Fig. 4). The dual-rod ACR construct 
was associated with the highest maximum von Mises stress on 
the rods. All models except the ACR-SAT model showed the 
highest rod stresses under flexion loading. The ACR-SAT mod-
el, however, showed the highest rod stresses under left rotation. 
Extension loading consistently showed the lowest rod stresses 
for all models.

The location of the maximum rod stress and percentage dif-
ferences of rod stress when compared to the ACR model are 

Fig. 3. Comparison of the instrumented L1–S1 global range of motion (ROM) for different loading directions and configura-
tions. ACR, anterior column realignment; ACR-SAT, ACR-short satellite rods; ACR-LAT, ACR-lateral accessory rods; ACR-
MED, ACR-medial accessory rods. 

ACR ACR-SAT ACR-LAT ACR-MED

	 Extension	 Flexion	 Left bending	 Right bending	 Left rotation	 Right rotation

2.5

2.0

1.5

1.0

0.5

0

Ro
m

 (°
) 



Rod Configurations Analyses Following PSO and ACRMumtaz M, et al.

https://doi.org/10.14245/ns.2142450.225 � www.e-neurospine.org   591

summarized in Table 2. In the ACR model, it was found that 
the maximum von Mises stress occurred at the index segment. 
For the ACR-SAT model, the maximum stress was found at 
L5–S1 under flexion, right bending, and left bending and found 
at L1–2 under extension, right rotation, and left rotation. Addi-
tionally, the ACR-SAT model showed the highest reduction of 
rod stresses under all loadings except extension. A 42% decrease 
in rod stress was observed for extension for the ACR-SAT mod-
el compared to a 48% and 49% decrease for the ACR-LAT and 
ACR-MED models, respectively. Both the ACR-LAT and ACR-

MED model demonstrated a 20% reduction under flexion load-
ing while the ACR-SAT showed a 47% decrease when compared 
to the ACR model. The ACR-LAT model showed the lowest re-
duction in rod stresses under lateral bending and axial rotations 
with only a 32%, 25%, 17%, and 20% decrease found for left 
bending, right bending, left rotation, and right rotation, respec-
tively. However, all 4-rod models showed a decrease in maxi-
mum rod stresses compared to the ACR model, and all maxi-
mum rod stresses were located on the primary rods.

The FOS was 3.35 in the ACR model. All 4-rod constructs 

Table 2. Values and locations of the maximum von Mises stress recorded on the rods for the 4-rod configurations tested

Motion ACR ACR-SAT ACR-LAT ACR-MED

Flexion 277.3 -47.35% -19.73% -20.34%

ACR Index L5–S1 Adjacent to domino Adjacent to domino

Extension 200 -41.50% -47.80% -49.10%

ACR Index L1–2 Adjacent to domino Adjacent to domino

Right bending 228 -35.53% -25.44% -28.07%

ACR Index L5–S1 Adjacent to domino Adjacent to domino

Left bending 253 -41.50% -32.41% -34.51%

ACR Index L5–S1 Adjacent to domino Adjacent to domino

Right rotation 267 -36.33% -20.30% -24.72%

ACR Index L1–2 Adjacent to domino Adjacent to domino

Left rotation 260 -25.00% -16.54% -20.85%

ACR Index L1–2 Adjacent to domino Adjacent to domino

Factor of safety 3.35 4.76 4.17 4.20

Maximum values are reported for the ACR model, but percent difference with respect to the ACR model is reported for the ACR-SAT, ACR-
LAT, and ACR-MED models. The factor of safety for each rod is also recorded.
ACR, anterior column realignment; ACR-SAT, ACR-short satellite rods; ACR-LAT, ACR-lateral accessory rods; ACR-MED, ACR-medial ac-
cessory rods. 

Fig. 4. Comparison of the maximum von Mises stress (MPa) found for the primary rods in the ACR, ACR-SAT, ACR-LAT, and 
ACR-MED models under all loading conditions. ACR, anterior column realignment; ACR-SAT, ACR-short satellite rods; ACR-
LAT, ACR-lateral accessory rods; ACR-MED, ACR-medial accessory rods. 
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saw this number increase with the ACR-SAT model showing 
the greatest FOS at 4.76. The ACR-LAT and ACR-MED showed 
a FOS of 4.17 and 4.20, respectively.

3. Comparison of ACR and PSO Rod Configuration Results
The previous study done by Vosoughi et al.15 also recorded 

the percent change in both ROM and maximum von Mises rod 
stress between dual-rod and 4-rod constructs after PSO imple-
mentation (Tables 3 and 4). The global ROM decreased by 12%, 
11%, 1%, 1%, and 7% for their lateral accessory rod construct 
and 16%, 15%, 8%, 8%, 8%, and 8% for their medial lateral rod 
construct under extension, flexion, left bending, right bending, 
left rotation, and right rotation, respectively. Additionally, their 
satellite rod construct showed a 4%, 11%, 54%, 61% decrease in 
global ROM while a 31% increase in global ROM during axial 
rotation loading. Overall, the PSO models demonstrated an av-
erage 6% and 11% decrease in ROM for the lateral and medial 

accessory rod configurations, respectively, but the ACR models 
showed a 52% and 56% average decrease in ROM. The PSO 
satellite rod model showed an average ROM decrease of 11% 
while the ACR satellite rod model showed an average ROM de-
crease of 44%.

The PSO models done by Vosoughi et al.15 additionally ex-
plored the change in maximum rod stress when compared to 
the 2-rod PSO construct (Table 4). However, their PSO con-
structs that utilized lateral accessory rod construct only showed 
a 4% decrease in flexion loading while showing a 5%, 0%, 3%, 
11%, and 8% increase in maximum rod stress in extension, left 
bending, right bending, left rotation, and right rotation, respec-
tively. Similar results were shown by the medial accessory rod 
constructs as the maximum rod stress decreased by 2%, 8%, 3%, 
and 3% in extension, flexion, left bending, and right bending 
but increased by 2% and 0% in left and right rotation, respec-
tively. These are in contrast to much higher stress reductions 

Table 3. Values for the percentage change of global ROM of the 4-rod construct when compared to its respective ACR or PSO 
dual-rod model under all loading types

Variable
Satellite rods Lateral accessory rods Medial accessory rods

ACR model PSO model ACR model PSO model ACR model PSO model

Extension -62% -4% -62% -12% -62% -16%

Flexion -51% -11% -48% -11% -41% -15%

Left bending -34% -54% -40% -1% -51% -8%

Right bending -25% -61% -29% -1% -47% -8%

Left rotation -44% 31% -66% -7% -69% -8%

Right rotation -47% 31% -70% -7% -69% -8%

Average -44% -11% -52% -6% -56% -11%

The average percent difference is also reported.
ROM, range of motion; ACR, anterior column realignment; PSO, pedicle subtraction osteotomy.

Table 4. Values for the percentage change of maximum rod stress of the 4-rod construct when compared to its respective ACR 
or PSO dual-rod model under all loading types

Variable
Satellite rods Lateral accessory rods Medial accessory rods

ACR model PSO model ACR model PSO model ACR model PSO model

Extension -42% -10% -48% 5% -49% -2%

Flexion -47% -34% -20% -4% -20% -8%

Left bending -42% -12% -32% 0% -35% -3%

Right bending -36% -14% -25% +3% -28% -3%

Left rotation -25% -11% -17% +11% -21% -2%

Right rotation -36% -12% -20% +8% -25% 0%

Average -38% -16% -27% +4% -30% -2%

The average percent difference is also reported.
ACR, anterior column realignment; PSO, pedicle subtraction osteotomy.
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predicted in the ACR models. The average stress reductions for 
all loadings in the ACR-LAT, ACR-MED, and ACR-SAT mod-
els were 27%, 30%, and 38%, respectively, while its PSO coun-
terparts demonstrated a 4% increase and 2% and 16% decrease 
in maximum rod stress, respectively.

DISCUSSION

1. Comparison of Rod Configurations in PSO Versus ACR
Since PSO and ACR are among the most used procedures in 

correcting ASD, the dual and 4-rod configurations in either 
PSO or ACR were compared. Data from a previous study for 
dual and 4-rod constructs following PSO was used for compar-
ison. Vosoughi et al.15 observed a decrease in global ROM after 
the inclusion of accessory and satellite rods to the dual-rod con-
struct. Following PSO, they observed a reduction in global ROM 
of 11%, 6%, and 11% for satellite rod, lateral accessory rod, and 
medial accessory rod constructs, respectively. Comparatively, in 
our ACR model, a reduction in global ROM of 44%, 52%, and 
56% was observed for satellite rod, lateral accessory rod and 
medial accessory rod constructs, respectively. The possible rea-
son for less mobility in the ACR constructs could be the pres-
ence of a 30° hyperlordotic cage at L3–4 level which is secured 
to the L3 and L4 vertebrae via titanium alloy (Ti6Al4V) screws, 
providing additional stability to the ACR constructs.

Moreover, the study by Vosoughi et al.15 found that the use of 
satellite rods decreased the maximum rod stress by 16% while 
the use of lateral and medial accessory rods increased rod stress 
by 4% and decreased rod stress by 2%, respectively. In compari-
son, the addition of satellite rods to our ACR model decreased 
the maximum rod stress by 38% while the addition of lateral 
and accessory rods decreased the maximum rod stress by 27% 
and 30%, respectively.

A possible explanation for why the use of additional rods in 
ACR leads to higher reduction of rod stresses is the use of an 
interbody cage at the index segment, which has been shown to 
reduce rod stresses in PSO models as well.27 These comparisons 
suggest that the ACR constructs are generally better at reducing 
maximum rod stresses when compared to PSO. This conclu-
sion is backed by a study done by Januszewski et al.27 which 
compared PSO to ACR and came to a similar conclusion. Ad-
ditionally, the results from the study of Vosoughi et al.15 and 
present study point to satellite rod configurations as the recom-
mended 4-rod construct in reducing the occurrence of rod 
fracture following PSO and ACR, respectively.22 However, in vi-
tro and clinical studies would be required to support this rec-

ommendation. Moreover, comparisons among the ACR mod-
els of this study and PSO models of Vosoughi et al.15 must be 
interpreted considering that factors such as the length of the 
constructs and material for the screw-heads were not identical 
to our model. Although these factors may influence the results 
marginally, the conclusions should remain the same.

2. �Comparison of Dual Versus 4-Rod Constructs Following 
ACR
The results of our numerical analyses demonstrate a decreased 

global L1–S1 ROM in all 4-rod constructs compared to the 2-rod 
construct, suggesting that the use of additional rods leads to a 
reduction in motion. Our results also indicated that the maxi-
mum von Mises stresses on the primary rods were considerably 
lower in all of the 4-rod constructs compared to the 2-rod con-
struct. Our findings are consistent with the study of Januszews-
ki et al.27 in which they observed the addition of rods led to a 
decrease in stresses on the primary rods. However, the compar-
ison of rod configurations done in that study were different from 
the present study.

Godzik et al.1 conducted a multicenter retrospective study on 
rod fractures after ACR surgery and found that the rod frac-
tures occurred adjacent to the ACR site. Our dual-rod ACR 
construct model also predicted higher stresses on the rods at 
the ACR site. Thus, a possible explanation for rod fracture at 
the ACR site could be the fact that the stress concentration oc-
curs in this region.

However, with the addition of accessory rods, the high-stress 
regions on the primary rods migrated away from the ACR site 
to adjacent to the domino. Shen et al.28 also observed rod frac-
tures adjacent to the domino after the addition of accessory 
rods. Although the incidence of rod fracture decreases with the 
addition of accessory rods, drawbacks such as the addition of 
more metal mass and hindrance in wound closure can become 
problematic, especially in the case of lateral accessory rods. In 
contrast, the satellite rod construct does not have such draw-
backs but demonstrates a lower value of stresses and thus a high-
er FOS (4.76). The superiority of the satellite rod constructs over 
accessory rods in PSO and ACR could be possibly explained by 
the fact that the satellite rod construct eliminates the need for 
domino requirement for connecting additional rods to the pri-
mary rods. Thus, the notch effect is absent in satellite rod con-
struct that tends to affect the stress on the primary rods. Addi-
tionally, satellite rods reduce the need for severe rod contouring 
of the primary rods. However, the primary rods in accessory 
rod construct require severe rod contouring that enhances the 
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risk for rod failure.29

In summary, our FEA assessed the global (L1–S1) ROM and 
maximum von Mises stress for a dual-rod construct and 3 dif-
ferent 4-rod constructs. The addition of accessory/satellite rods 
models resulted in higher reduction of maximum von Mises 
stress on the primary rods when used in the ACR models as 
compared to the PSO models. The ACR-SAT rod construct 
showed the highest FOS compared to all other ACR and PSO 
constructs. The findings of this study are consistent with the lit-
erature. Studies done by La Barbera et al.13 and Godzik et al.14 
have observed that four-rod constructs successfully decrease 
rod fracture in ACR. Additionally, biomechanical study by God
zik et al.14 comparing dual versus satellite rod construct follow-
ing ACR concluded satellite rod construct to be superior to du-
al-rod construct in terms of reduction of ROM and rod strain. 
However, the stresses on the rods were not evaluated neither a 
comparison for other rod configurations following ACR or PSO 
was not done in that study. Additionally, La Barbera et al.13 found 
that simple, 2-rod constructs suffered from much lower stabili-
ty and higher rod fracture as compared to 4-rod constructs. The 
results of our computational study also predicted that 4-rod 
constructs experience lower maximum rod stresses when com-
pared to the dual-rod model following both ACR and PSO. Thus, 
we highly recommend the use of supplementary rods to reduce 
the risk for implant failure in ACR and PSO. Due to relatively 
high failure rate of bilateral rods in PSO, supplementary rods 
are often used in PSO. On contrary, ACR is relatively a new tech-
nique, limited data are able available to compare it with the fail-
ure rates of rods in PSO. In a recent study, failure rate of 4.4% 
was reported for rods following ACR.1 However, the study did 
not state that if the ACR constructs had supplementary rods or 
not. Thus, we believe more clinical data are required that com-
pares failure in bilateral ACR construct vs bilateral rods plus 
supplementary rods.

3. Limitations
As with any computational study, our FEA also had certain 

limitations. This study did not consider the adverse effects of 
notches that are created on rods during manual rod contouring 
in a surgical environment. This study also did not simulate cy-
clic loading and thus how soon the rod construct will fail can-
not be predicted. Another limitation of our study was that the 
model did not include paraspinal muscles. However, this limi-
tation was addressed by the addition of follower loads that miti-
gate the muscle contractions and the bodyweight as proposed 
by Patwardhan et al.30 Other limitations of this FEA include the 

simplification of material properties and interactions between 
the different components of the model. Additionally, the use of 
rods with different materials that can influence the stress values 
of the rod constructs was not studied. However, this aspect should 
be explored and may prove to be beneficial in understanding 
the failure mechanism in rod constructs of different materials.

CONCLUSION

In conclusion, the 4-rod constructs consistently demonstrat-
ed lower maximum rod stresses when compared to the dual-
rod model following both ACR and PSO. The results of our 
study suggest that the 4-rod constructs proved to be more ef-
fective in ACR models rather than PSO models. These findings 
were consistent with existing literature that suggested the oc-
currence of rod fracture decreased when 4-rod constructs were 
implemented. Additionally, the ACR-SAT model is associated 
with the highest FOS and lowest maximum rod stress when 
compared to all other models. ACR reduces the risk for compli-
cation compared to PSO, but the use of 4-rod constructs may 
also be more beneficial in ACR compared to PSO. However, 
additional in vitro and clinical studies are required to confirm 
that this type of construct is superior to other constructs tested 
in this study.
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