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Abstract
Study design Finite element analysis.
Objectives To biomechanically validate the classification of lumbopelvic fixation failure using an in silico model.
Summary of background data Even though major failure of lumbopelvic constructs has occurred more often in patients with 
suboptimal lumbar lordosis and sagittal balance, there has been no biomechanical validation of this classification.
Methods Finite element models (T10–pelvis) were created to match the average spinal–pelvic parameters of two cohorts of 
patients reported in Cho et al. (J Neurosurg Spine 19:445–453, 2013): major failure group (defined as rod breakage between 
L4 and S1, failure of S1 screws and prominence of iliac screws requiring removal) and non-failure group. A moment was 
applied at the T10 superior endplate to simulate gravimetric loading in a standing position.
Results Due to differences in the alignment of spinopelvic parameters between normal and failed spines in the presence 
of a fixed gravity line, the major failure cohort in this study observed a 20% higher load and 18% greater instability. As a 
result, the rod and screw stress in the major failure cohort increased by 20% and 42%, respectively, in comparison to the 
non-failure cohort.
Conclusions The greater mechanical demand on the posterior rods in the lower lumbar spine in the major failure cohort 
further emphasizes the importance of proper sagittal alignment. This finite element analysis validates the classification of 
lumbopelvic fixation failure.
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Introduction

Surgical correction of adult spinal deformity (ASD) often 
requires a multilevel fusion ranging from the proximal level 
of L2 or higher to the pelvis. If fusion is not successful, 

substantial biomechanical loading, particularly at the proxi-
mal or distal ends, can result in rod fracture (RF), screw 
pullout, or other failure. Literature reports that RF occurs 
in 6.8–9.3% of ASD patients, and for those who underwent 
pedicle subtraction osteotomy (PSO), the total incidence of 
RF was as high as 22% [1, 2]. In the case of lumbopelvic 
fixation after long construct fusion for ASD, Cho et al. [3] 
reported a 34.3% incidence of overall failure, with 11.9% 
of patients experiencing clinically significant major failure 
requiring a revision. As there was no consensus on the defi-
nition of lumbopelvic failure in the primary author’s previ-
ous work, failure was defined as either major or minor failure 
[3]. Major failure included rod breakage between L4 and S1, 
failure of S1 screws (breakage, halo formation, or pullout), 
or prominent iliac screws which required revision surgery. 
Minor failure included rod breakage between S1 and iliac 
screws, or failure of iliac screws excluding prominence of 
iliac screws and did not require revision surgery.
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Rod failure may be attributed to many factors such as: (1) 
rod material and diameter [2, 4]; (2) rod contouring tech-
niques and achieved curvature [2, 4]; (3) patient pre-opera-
tive sagittal alignment, such as pelvic tilt (PT), sacral slope 
(SS), pelvic incidence (PI), and sagittal vertical axis (SVA) 
[2, 3, 5]; and (4) surgical technique-related factors such as 
choice of osteotomy or choice of distal foundation [2–4]. 
Although there is no agreement among researchers on which 
factor had the most impact on rod fractures, it is well known 
that sagittal alignment is a key factor in reducing abnormal 
loading on the spine, lessening the risk of RF. Sagittal align-
ment is usually assessed by a plumb line method drawn on 
full-length radiographs. Other methods, such as T1 and T9 
spinopelvic inclination [5] or cranial sagittal vertical axis [6, 
7] also have been used. Many studies have investigated the 
association between sagittal alignment and clinical outcomes 
[8–10]. There is overall agreement among those retrospec-
tive studies that positive sagittal alignment (SVA > 0) is 
associated with pain and disability. Emami et al. [11] dem-
onstrated that patients with poor sagittal balance after long 
fusions to the sacrum had increased pain. Glassman et al. 
[8] reported that patients with positive sagittal imbalance 
expressed worse self-assessment in the SRS-22 question-
naire’s pain, function, and self-image subscores. In the past, 
force-plate analysis has been used to capture the spinal and 
pelvic offsets from the standing foot position and to help 
evaluate sagittal imbalance [12]. The axis of the femoral 
shaft and the plumb line has also been evaluated for the 
imbalance prior to surgical correction [13].

Even though major failure of lumbopelvic constructs 
occurred more often in patients with suboptimal lumbar lor-
dosis and sagittal balance, there has been no biomechanical 
validation of this classification. Questions remain regard-
ing mechanical risk factors, or if there is any relationship 
between implant type, spinopelvic parameters, and failure 

to achieve fusion. The purpose of this study is to biome-
chanically validate the classification of lumbopelvic fixation 
failure using an in silico model.

Materials and methods

The development of the finite element models involves three 
steps. In the first step, an L4–L5 FSU (functional spinal unit) 
finite element model was first developed and validated. The 
spine geometry was modified from a CAD model (Digima-
tion, Inc., Lake Mary, FL, USA). Intervertebral disc was 
simplified as flat endplate. The cancellous core, posterior 
elements of the vertebrae, the annulus fibrosus, and the 
nucleus were modeled as three-dimensional isotropic four 
node tetrahedral solid elements (C3D4). Thin shell elements 
(S3R) with thicknesses of 0.5 mm and 0.3 mm were used to 
model the cortical shell and endplate, respectively. Material 
properties were obtained from several references and are 
listed in Table 1. The annulus fibrosus was modeled by a 
hyperelastic constitutive law for the ground substance and 
by nonlinear springs oriented at ± 30° to the horizontal for 
the annulus fibers [14]. Coefficients of the third-order Ogden 
hyperelastic formulation were determined from experimental 
data and used [15]. Facet cartilage was modeled as shell ele-
ments with a thickness of 0.3 mm [16]. Sliding interaction 
between facets was modeled as a frictionless contact. Six 
spinal ligaments were represented by three-dimensional uni-
directional spring elements. A stepwise calibration was per-
formed in the same sequence as reported by Schmidt et al. 
[17]. Material properties of each added component were 
modified to match the corresponding in vitro data point.

In the second step, the validated L4–L5 FSU finite ele-
ment model was then extended to T12–pelvis by adding 
more vertebrae and the pelvis. The sacroiliac joint was 

Table 1  Element type and 
material properties of the 
vertebrae used in the finite 
element model of the motion 
segment

E, Young’s modulus; ʋ, Poisson’s ratio; k, spring constant; n, number of springs; ALL, anterior longitudi-
nal ligament; PLL, posterior longitudinal ligament; FL, flaval ligament; SSL, supraspinous ligament; ISL, 
interspinous ligament; FC, facet capsular ligaments

Component name Element type Material properties References

Cortical bone 4-Node solid E = 12,000 MPa, ʋ = 0.3 [14, 16]
Cancellous bone 4-Node solid E = 100 MPa, ʋ = 0.2 [14, 16]
Bony posterior elements 4-Node solid E = 3500 MPa, ʋ = 0.25 [14, 16]
Nucleus pulposus 4-Node solid E = 1, ʋ = 0.499 [14, 16]
Annulus 4-Node solid Hyperelastic, Ogden 3rd material 

model
[14–16]

Ligaments 2-Node spring ALL: k = 2.5 n = 13
PLL: k = 0.1 n = 5
FCL, FCR: k = 1.5 n = 18
FL: k = 1.5 n = 7
ISL: k = 0.1 n = 5
SSL: k = 0.5 n = 3

[14, 16]

Pedicle screws and rods 4-Node solid E = 113.8 GPa, ʋ = 0.342
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modeled as articular cartilage contacts surrounded by six 
types of strong ligaments (anterior sacroiliac, interosseous 
sacroiliac, long posterior sacroiliac, short posterior sacro-
iliac, sacrospinous, sacrotuberous) [18], depicted as spring 
elements. The range of motion of the intact T12–pelvis spine 
unit was then validated against an in-house cadaveric test of 
six specimens. A maximum moment of ± 10 Nm was applied 
in flexion/extension, lateral bending, and axial rotation. The 
motion captured was comparable to the experimental meas-
urements (Fig. 1).

In the last step, final T10–pelvis model was created to 
match the average spinal-pelvic parameters (PT, SS, and 
lumbar lordosis) of two cohorts of patients reported in the 
literature [3], major failure and non-failure groups (Fig. 2). 
The non-failure cohort had a mean post-operative SVA of 
49.6 mm, placing it into the sagittal-forward alignment 
group (0–50 mm), and a mean gravity line (GL) offset from 
the heels of 110 mm [12]. The major failure group had a 
post-operative SVA of 70.3 mm, placing it into the sagittal-
forward alignment group (> 50 mm), and a similar GL offset 
as the non-failure group. As shown in Fig. 2, the distance 
from the center of the hip joint to the center of the superior 
endplate of T10 was 57.7 mm and 59.0 mm in the non-failure 
and major failure groups in the sagittal plane, respectively. 
For the sagittal-forward group to maintain balance of the 
spinopelvic axis, pelvic retroversion (posterior shifting of 
the pelvis toward the heels to maintain a balanced mass dis-
tribution) has to occur [5]. In our model, we assumed that the 
pelvis was shifted toward the heel by 10 mm for the major 
failure group, which is quite conservative compared to the 
30 mm pelvic shift for the sagittal-forward group observed in 

the literature [5]. If we assume the average human weight is 
75 kg and the upper body weight above T10 is about 40% of 
the whole body weight (~ 300 N), then the moment created 
by the upper body on the spine is this weight multiplied by 
the distance (D) between the GL and the center of the T10 
superior endplate (moment = 300 N × D). Since the pelvis 
was shifted toward the heel by 10 mm in the major failure 
group, the moment arm was 69.0 mm compared to 57.7 mm 
in the non-failure group (Fig. 1). As the result, the non-
failure group underwent 17.3 Nm moment loading while 
the major failure group underwent 20.7 Nm moment load-
ing. The corresponding moment was applied to the superior 
endplate of T10 to simulate the static gravimetric loading in 
a standing position. No cyclic loading was simulated.

Results

Despite a fixed GL position relative to the heels, differences 
in spinopelvic parameters resulted in a neutral sagittal align-
ment in the non-failure spine model, but produced a sagittal-
forward alignment in the major failure model. As a result, 
the bending moment was approximately 17.3 Nm in the 
non-failure group and 20.7 Nm in the major failure group, 
representing a 20% increase. Differences in loads produced 
14 mm of translation and 4.9° of rotation for the major fail-
ure group—18% and 14% higher, respectively, compared to 
the non-failure group (11.9 mm translation and 4.3° rotation) 
(Fig. 3). For comparison purposes, the non-failure model 
was loaded with the same amount of moment applied to the 
major failure model (20.7 Nm) to isolate the effect of loading 
and alignment independently. The achieved translation and 
rotation were 13.2 mm and 4.7°, respectively—6% and 4% 
lower than the major failure group, respectively.

Rod stresses were highest at L1–L2 and L4–L5 in 
both cases. In the major failure group, maximum stress 
(138.3 MPa) was observed between L4 and L5. In the non-
failure group, maximum stress (115.4 MPa) was at the sur-
face between L1 and L2 (Fig. 4). High stress (141.0 MPa) 
was also observed in S1 screws in the major failure group. 
This value was 42% greater than the stress (98.9 MPa) 
observed in the non-failure group.

As with stress, high strain was also observed at L1–L2 
and L4–L5 in both models (Fig. 5). The maximum strain was 
detected on the right rod surface between L4 and L5 in the 
major failure group and on the left rod surface between L4 
and L5 in the non-failure group (0.13% and 0.11%, respec-
tively). The average maximum rod surface strain was about 
22% higher in the major failure group in comparison to the 
non-failure group. Additionally, noticeably high strain in the 
S1 screw was observed. Results were 0.13% for the major 
failure group—42% higher than the S1 screw strain (0.09%) 
observed in the non-failure group.

Fig. 1  Comparison of range of motion of the intact spine unit 
between the in vitro biomechanical test and simulation result of finite 
element model under 10 Nm moment in flexion/extension (FE), lat-
eral bending (LB), and axial rotation (AR)



564 Spine Deformity (2020) 8:561–568

1 3

Discussion

In the current study, an in silico model was used to validate 
the major failure and non-failure classifications of lum-
bopelvic fixation described by Cho et al. [3]. Patients with 
major failure risk factors—including larger PI, decreased 
lumbar lordosis (LL), and much higher SVA—demonstrated 
a greater likelihood for sagittal imbalance when compared to 
the non-failure group. From a biomechanical point of view, 
the major failure group observed a 20% increase in loading 
due to the fixed gravity line, which led to a 14% and 18% 
increase in rotation and translation, as well as a 20% increase 
in rod stress/strain when compared to the non-failure group. 
For the major failure group to maintain balance, pelvic retro-
version/shift had to occur [5]. Pelvic shift (in relation to the 
feet) is an important component in maintaining a somewhat 

fixed GL-heels offset, even in the setting of variable SVA 
and trunk inclination [12]. This mechanism uses muscle 
force to improve alignment, and thereby restore the GL posi-
tion and horizontal gaze [19]. In this case, the pelvis shift 
was modeled at 10 mm. However, clinically, sagittal-forward 
patients with pelvic shifts greater than 30 mm have been 
observed [5], which would have increased the gravimetric 
load by up to 54%. In this worst-case scenario, dramatic 
increases in rotation, translation, and stress concentration 
on the rod and screw would be expected. Generally speak-
ing, the more pelvic retroversion, the greater the shift of the 
pelvis toward the heel, resulting in a greater moment arm 
between the GL and the lumbopelvic spine, increased mus-
cle activity, and greater load on the construct.

Assessing SVA alone may underestimate the severity 
of the deformity [20]. Schwab et al. [20] reported that the 

Fig. 2  Finite element models for major failure and non-failure 
cohorts; values listed in the table are extracted from the retrospective 
study conducted by Cho et al. [3]. PT = the angle between the verti-
cal and the line through the midpoint of the sacral plate to femoral 

heads axis; SS = the angle between the horizontal and the sacral plate; 
SVA = the offset from C7 plumb line and the posterosuperior corner 
of S1
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Fig. 3  Load and displacement comparison between major failure and non-failure groups

Fig. 4  Rod and screw stress 
contours under the gravitational 
loading; values shown in the 
figure are average surface von 
Mises stresses. Units are MPa
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combination of a PI/LL mismatch (PI minus LL) and SVA 
can better predict patient disability and provide a guide for 
appropriate therapeutic decision-making. The difference in 
PI/LL mismatch between the major failure and non-failure 
groups was significant (22° vs. 9.3°) (Fig. 1) [3]. As shown 
in Fig. 3, even when the applied moment is the same, the 
major failure group observes an increase in rotation and 
translation. This indicates that the PI/LL mismatch also con-
tributes to the biomechanical stability of the lumbopelvic 
spine. Surgical intervention to increase LL often involves an 
osteotomy. One of the most popular osteotomy procedures, 
PSO, can achieve greater correction at a single segment, 
with an average correction of 30°–40° [21]. Numerous arti-
cles have discussed the benefits and disadvantages of this 
technique [1, 2, 22]. From a biomechanical point of view, 
a PSO can improve sagittal balance, thereby decreasing the 
amount of loading on the spine. However, sharp bending at 
the apex level—as well as the anatomic nature of the apex 
relative to gravitational loading—increases the mechanical 
demand on the implants. Consequently, most RFs are found 
at the apex in PSO patients [1].

The current study observed high stress/strain concen-
tration at the S1 screws for the major failure cohort. High 
strain on the S1 screws may result in complications such as 
screw pullout or pseudarthrosis at the lumbosacral junction 
for long-segment cases [23]. This result is also consistent 
with the high rate of S1 screw failure found in the major 
failure group [3]. In this case, the fixation distal level was 

at the pelvic region. The addition of iliac fixation screws 
serves as temporary scaffolding to allow for the maturation 
of bony fusion across the lumbosacral junction, which may 
lower the incidence of screw pull out, L5–S1 pseudarthrosis, 
and sacral insufficiency fracture at S1–2 [23]. One would 
expect high load demand on S1 when distal fusion ends at 
the sacrum [11, 24, 25].

There are some limitations of current model. First, rod 
contouring was not modeled. Studies have shown that exces-
sive rod bending (e.g., at L5/S1 or at PSO level) are corre-
lated to the high rate of rod fractures [1, 2]. Unfortunately, 
modeling of rod contouring is extremely difficult in finite 
element analysis; therefore, it was not included in current 
study. Second, due to the complexity involved, as well as 
to a lack of information, muscle forces are neglected in the 
current model. Very few studies have included muscle force 
into their models but these studies were still at the earlier 
stages of incorporating of muscle forces [26, 27]. It was 
extremely difficult to incorporate muscle force into already 
complicated models to study the long spinal fusion. How-
ever, with the more information and studies of muscle force 
available to the researchers, we expect that a more robust 
finite element model can be developed and studied.

This study only looked at the effects of sagittal alignment 
on the biomechanics of lumbopelvic fixation. This model 
can be easily modified to look at the effect of posterior bony 
fixation on the overall mechanical demands on the implants, 
the effect of anterior column support, rigidity of posterior 

Fig. 5  Rod and screw strain 
contours under the gravitational 
loading; values shown are aver-
age surface strains (in percent-
age format)
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or posterolateral fusion mass, the choice of distal fixation 
level, the effect of rod material or diameter, and the effect of 
surgical techniques (e.g., PSO, bilateral vs. unilateral). All 
of these studies would be out of the scope of the focus of 
the current study, and will be addressed in future analyses.

Conclusion

Due to compensatory differences in the alignment of spin-
opelvic parameters between normal and failed spines in the 
presence of a fixed GL, the major failure cohort in this study 
observed a 20% higher load and 18% greater instability. The 
higher load and instability increased mechanical demand on 
the posterior rods in the lower lumbar spine, further empha-
sizing the importance of proper sagittal alignment, while 
validating the classification of lumbopelvic fixation failure.
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