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Abstract

Study Design: Clinically related experimental study.

Objective: Evaluation of strain in posterior low lumbar and spinopelvic instrumentation for multilevel fusion resulting from the impact of
such mechanical factors as physiologic motion, different combinations of posterior and anterior instrumentation, and different techniques of
interbody device implantation.

Summary of Background Data: Currently different combinations of posterior and anterior instrumentation as well as surgical techniques
are used for multilevel lumbar fusion. Their impact on risk of device failure has not been well studied. Strain is a well-known predictor of
metal fatigue and breakage measurable in experimental conditions.

Methods: Twelve human lumbar spine cadaveric specimens were tested. Following surgical methods of lumbar pedicle screw fixation
(L2—S1) with and without spinopelvic fixation by iliac bolt (SFIB) were experimentally modeled: posterior (PLF); transforaminal (TLIF);
and a combination of posterior and anterior interbody instrumentation (ALIF+PLF) with and without anterior supplemental fixation by
anterior plate or diverging screws through an integrated plate. Strain was defined at the S1 screws, L5—S1 segment of posterior rods, and
iliac bolt connectors; measurement was performed during flexion, extension, and axial rotation in physiological range of motion and
applied force.

Results: The highest strain was observed in the S1 screws and iliac bolt connectors specifically during rotation. The S1 screw strain was
lower in ALIF+PLF during sagittal motion but not rotation. Supplemental anterior fixation in ALIF+PLF diminished the S1 strain during
extension. Strain in the posterior rods was higher after TLIF and PLF and was increased by SFIB; this strain was lowest after ALIF+PLF, as
supplemental anterior fixation diminished the strain during extension, in particular, cages with anterior screws more than anterior plate.

Strain in the iliac bolt connectors was mainly determined by direction of motion.
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Conclusions: Different devices modify strain in low posterior instrumentation, which is higher after transforaminal and posterior tech-

niques, specifically with spinopelvic fixation.
Level of Evidence: N/A.
© 2016 Scoliosis Research Society. All rights reserved.
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Introduction

Currently long multilevel posterior instrumented fusion
with spinopelvic fixation is widely used for surgical
correction of spine deformity [1-6]. However, this treatment
is quite expensive, having typical cumulative two-year
costs ranging from $40,000 to $54,000, not including
reoperation [7-9]. Reoperation with device replacement can
more than double these expenses [7,10]. The cumulative
rate of reoperation reaches 15% to 17% at the four-to five-
year follow-up [11]. Around 30% to 40% of the reopera-
tions are caused by device failure, including rod and/or
screw fracture [11,12], having significant association with
nonunion at the level of failure [13]. Clinical studies have
shown that fixation to the sacrum and/or the pelvis is
associated with different complications requiring additional
treatment, including rod and screw failure [5.6,13,14].
Enhancing of the spinal correction and the construct sta-
bility can be reached by combining posterior instrumenta-
tion with anterior interbody devices. It improves the
construct stiffness and decreases strain in the S1 pedicle
screw [15]. Unfortunately, the impact of common, currently
used devices on strain in posterior instrumentation has not
been studied.

It has been shown in clinical studies that combination of
posterior instrumentation with an interbody implant does
not guarantee stable correction at long-term follow-up, in
particular, corrected lumbar lordosis tends to decrease
correlating with the interbody height loss [12,16]. It sug-
gests loss of anterior support, which may increase stress
within the rigid posterior instrumentation, and corre-
spondingly increase the risk of failure. This effect can be
explained by the fact that vertebral bone density is rela-
tively low, and endplate is quite soft, with a stiffness that is
significantly less than the stiffness of implants, causing
subsidence [17]. Supplemental anterior fixation can
decrease or eliminate this negative effect. In posterior
transforaminal approaches, unilateral dissection of facet
joint decreases mechanical function of the posterior spinal
column [18]. Also, transforaminal fusion requires use of
different cages with smaller footprints and absence of stiff
fixation. It can decrease anterior support, increasing stress
in posterior instrumentation and correspondingly risk
of failure.

It was previously shown that strain, which is an index of
micro-motion under the applied force, is a good predictor
of metal fatigue and correspondingly risk of breakage [19].
This index is measured as a ratio of dislocation to the initial

status, and can be applied to define the impact of different
mechanical factors on the risk of device failure in experi-
mental studies. The purpose of the current study is evalu-
ation of strain in the S1 screw, the rod between L5 and S1,
and the iliac connectors/rod between the S1 and the iliac
screws impacted by physiologic motion with various ante-
rior and posterior fixation techniques.

Materials and Methods
Specimen description and preparation

Twelve cadaveric human lumbar spines with intact
pelvis were obtained from Lonetree Medical Donation
(Littleton, CO) and stored frozen at —20°C prior to surgical
preparation and instrumentation. There were six male and
six female donors; mean age was 67 (standard deviation,
10.4) and ranged from 41 to 79 years at death (Table 1).
Before testing, the specimens were thawed and muscular
tissues were removed, but ligamentous structures were left
intact. The pelvises were potted in Smooth-Cast 321
(Smooth-On, Inc., Easton, PA) deep enough to cover the
pubic crest but shallow enough to leave the sacrum unfixed
and free to move. The proximal spine was also potted at L1
in the same epoxy resin for attachment to the test apparatus.
The spines were instrumented as described below (using the
current operative technique we employ with our operative
cases), and 10 tests with different combination of posterior
and anterior devices were performed consequently.

Test 1: for all 12 specimens, posterior instrumentation
(PLF) with two 6.0-mm-diameter titanium rods and
6.0-mm-diameter pedicle screws (Pangea Spine System,

Table 1
Tested lumbar specimens.

Specimen ID  Sex Age Height (cm) Weight (kg) 40% of

(year) weight (N)
C110106 F 71 165.1 66.738 261.9
C110079 F 69 177.8 90.8 356.3
C101542 F 66 162.56 80.812 317.1
C110110 F 78 165.1 68.1 267.2
C110126 F 79 165.1 149.82 587.9
LMD00090 F 41 172.72 68.1 267.2
C110104 M 75 172.72 81.72 320.7
C110108 M 56 180.34 102.15 400.8
C110128 M o4 182.88 77.18 302.9
C110080 M 67 182.88 136.2 534.4
LMD00033 M 73 165.1 66.738 261.9
LMD00098 M 67 180.34 93.524 367.0
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Fig. 1. Posterior instrumentation and strain gage placement. Places where
strain was defined by strain gage: L5—S1 rods (R); S1 screw (S1); iliac
bolt connector (C).

DePuy/Synthes, Raynham, MA) were placed bilaterally
from L2 to S1. Iliac bolts were also placed without the
connectors (Fig. 1). Mechanical testing was without the
iliac bolts connected at this stage (Table 2). Test 2: iliac
bolts were connected to the construct described above (Test
1) in all 12 specimens and the mechanical testing was
repeated (Table 2). Test 3: for six specimens, a trans-
foraminal approach was used (TLIF): the posterior rods
were removed from both sides, and a unilateral facetectomy
(three specimens were done from the right and three from
the left) with posterior discectomy was performed at
L5—S1. Trial spacers were used to determine the appro-
priate size of implant based on direct visualization and feel.
This was followed by the placement of a T-Pal cage
(DePuy/Synthes) (Fig. 2) and re-placement of the posterior
rods with compression at L5—S1; then mechanical testing
was performed without the iliac bolts connected (Table 2).
Test 4: iliac bolts were connected to the construct described
above for Test 3 and mechanical testing was repeated for all
six specimens (Table 2). Test 5: for the other six specimens,
an anterior discectomy and insertion of an interbody PEEK
cage (SynFix-LR, DePuy/Synthes) was performed at
L5—S1 (ALIF+PLF). This was done after the posterior
rods were removed and a discectomy was performed ac-
cording to our current operative technique. A trial spacer
was used to determine appropriate size and was based on
direct visualization and feel. The rods were then re-placed
with compression across the L5 and S1 pedicle screws.
Mechanical testing was performed without additional
anterior fixation and without iliac bolts connected
(Table 2). Test 6: iliac bolts were connected to the construct
described above for Test 5 and mechanical testing was
repeated for all six specimens (Table 2). Test 7: iliac bolts

were disconnected from the construct described for Test 6
and additional anterior fixation was performed with the
ATB system (in three specimens; the other three had the
anterior screws placed through the integrated titanium plate
for the SynFix-LR cage) (DePuy/Synthes Raynham, MA)
(Fig. 3), and the mechanical testing was repeated for all 6
specimens (Table 1). Test 8: iliac bolts were connected to
the construct described above for Test 7 in all six specimens
and the mechanical testing was repeated (Table 2). Test 9:
iliac bolts were disconnected from the construct described
for Test 8, and the ATB system (or SynFix screws) were re-
placed by the opposite fixation method (Fig. 4). In all six
specimens, the mechanical testing was repeated (Table 2).
Test 10: iliac bolts were connected to the construct
described above for Test 9 in all 6 specimens, and the
mechanical testing was repeated (Table 2).

All specimens were initially instrumented from L2 to S1
and with iliac bolts. Rods were precontoured at that time.
Specimens were then preserved using our standard proto-
col. Testing, including disc preparation (either anterior or
posterior) was performed on a single specimen at a time
and took 30 minutes or less for each specimen. During
testing, specimens were maintained with cadaveric solution
to preserve the integrity of the soft tissues.

Strain was defined by strain gages as a function of the
voltage caused by local forces during testing. Strain gauges
were selected according to the tested device size and
attached to the following places at the right and left sides:
(1) rods between L5 and S1 after appropriate contouring;
(2) iliac bolt connectors (C2A-06-062LW-120; Micro-
Measurements, Raleigh, NC); and (3) S1 screws (C2A-
06-015LW-120; Micro-Measurements, Raleigh, NC) which
were augmented by removing the proximal 5 mm of thread
to create a smooth surface for mounting of the strain
gauges. Gages were bonded to the device surface with
M-Bond 200 adhesive (Micro-Measurements) and allowed
to set for 24 hours. Strain gauges were affixed and instru-
mentation placed on the specimens after they had been
appropriately thawed just prior to testing.

The spines were tested in a randomized order for sub-
failure stiffness using an Instron 1321 servo-hydraulic test
machine (Instron, Norwood, MA). The epoxy resin was
used as the specimen’s attachment point to the test appa-
ratus. Flexion and extension were assessed using a trian-
gular waveform, 0.25 Hz, 8 cycles, 6 Nm. Axial rotation
test was conducted with a triangular waveform, 0.25 Hz, 8
cycles, 6 Nm, with 40% body weight compression
load (Table 1).

Statistical data analysis

Statistical analysis was performed in a few stages: (1)
analysis of variance (ANOVA) was applied for assessment
of following characteristics of strain: distribution, mean,
median, standard deviation, standard error of the mean, and
95% confidence interval; based on the results of this



Table 2
Design of the biomechanical tests.
Test Posterior L2/S1 instrumentation (bilateral rods and pedicle screws) Interbody instrumentation ATB Unilateral  Iliac Specimen
SPECIMEN  Rods Pedicle screws Type of fixation  Interbody implant, Plate at  dissection b(?lts ()
- - - - L5-S1 L5/S1 of facet with
n  Material Diameter n Material Length  Diameter T joint at rod
(manufacturer) (mm) (manufacturer) (mm) (mm) (manufacturer) L5/S1 connector
1 2 Titanium 6.0 12 Pangea 45 6.0 Posterior No No No No 12
(DePuy/Synthes) Titanium
(DePuy/Synthes)
2 2 Titanium 6.0 12 Pangea 45 6.0 Posterior No No No Yes 12
(DePuy/Synthes) Titanium
(DePuy/Synthes)
3 2 Titanium 6.0 12 Pangea 45 6.0 Transforaminal TLIF cage (T-Pal) No Yes No 6
(DePuy/Synthes) Titanium
(DePuy/Synthes)
4 2 Titanium 6.0 12 Pangea 45 6.0 Transforaminal TLIF cage (T-Pal) No Yes Yes 6
(DePuy/Synthes) Titanium
(DePuy/Synthes)
5 2 Titanium 6.0 12 Pangea 45 6.0 Anterior and PEEK Cage No No No 6
(DePuy/Synthes) Titanium posterior (SynFix)
(DePuy/Synthes)
6 2 Titanium 6.0 12 Pangea 45 6.0 Anterior and PEEK Cage No No Yes 6
(DePuy/Synthes) Titanium posterior (SynFix)
(DePuy/Synthes)
7 2 Titanium 6.0 12 Pangea 45 6.0 Anterior and PEEK Cage Yes No No 6
(DePuy/Synthes) Titanium posterior (SynFix)
(DePuy/Synthes)
8 2 Titanium 6.0 12 Pangea 45 6.0 Anterior and PEEK Cage Yes No Yes 6
(DePuy/Synthes) Titanium posterior (SynFix)
(DePuy/Synthes)
9 2 Titanium 6.0 12 Pangea 45 6.0 Anterior and PEEK Cage with No No No 6
(DePuy/Synthes) Titanium posterior anterior screws
(DePuy/Synthes) (SynFix)
10 2 Titanium 6.0 12 Pangea 45 6.0 Anterior and PEEK Cage with No No Yes 6
(DePuy/Synthes) Titanium (DePuy/ posterior anterior screws

Synthes)

(SynFix)

ALIF, anterior lumbar interbody fusion; ALIF cage, SynFix with integrated titanium plate (DePuy/Synthes, Raynham, MA); ATB plate, anterior tension band system including titanium plate with fore 3.5-

mm screws (DePuy/Synthes); NA, not available; PEEK, polyether-ether-ketone; TLIF, transforaminal lumbar interbody fusion; TLIF cage, T-Pal (DePuy/Synthes).
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Fig. 2. TLIF cage: image (A); implantation after facet joint dissection,
frontosagittal projection (B); and coronal projection (C). TLIF, transfora-
minal lumbar interbody fusion.

analysis, the Wilcoxon nonparametric test was selected for
defining the statistical significance of difference between
compared subgroups (p-value) [20]; (2) correlation between
data obtained at right and left sides was defined by
Spearman’s test [20]; (3) a multiple-factor analysis to
define the impact of the studied fixation types (10 tests) on
strain in the studied device (S1 screws, posterior rods, and
iliac bolt connectors) during flexion, extension, and axial
rotation, and if significant impact was defined, comparative
analysis of differences between the studied types of fixation
was performed; (4) to elucidate the impact of the studied
factors grouping analysis of results obtained during
different tests was applied; and (5) a multiple regression
analysis was performed to define combination of factors
that provide the most significant impact on the strain in the

ATB Plate

PEEK Cage

Fig. 3. PEEK cage with ATB Plate. PEEK, polyether-ether-ketone.

=~Titanium
Plate

Anterior
screws

Fig. 4. PEEK cage with anterior fixation by screws. PEEK, polyether-
ether-ketone.

studied posterior instrumentation at the tested conditions.
To enhance the reliability of the obtained results, p < .01
was considered as statistically significant; p-values between
.05 and .01 were regarded as conditionally significant,
requiring further confirmation. The statistical analysis was
performed using JMP 7.0.1 software (SAS Institute Inc.,
Cary, NC, www.jmp.com).

Results

General characteristic of strain and impact of
direction of motion

Our results suggested that strain defined by strain gauges
in posterior spinopelvic instrumentation is highly variable
during physiologic range of motion and varied from 0.001 to
2.3 with right skewed distribution. The highest mean strain
was revealed during rotation in S1 screws, 0.58 (95% con-
fidence interval [CI]: 0.46, 0.59); and in iliac bolt connec-
tors, 0.41 (95% CI: 0.28, 0.55) (Table 3). The correlation
between right and left sides was strong, 0.5 < r < 0.8
(Table 3). Direction of motion significantly modified strain;
in particular, axial rotation with the same applied force
caused on average more than two times higher strain in S1
screws and iliac bolt connectors (p < .01) than flexion and
extension. This effect was statistically significant (p < .001)
in all three tested fixations types (PLF, TLIF, and
ALIF+PLF) but was not significant in rods (Table 3).

Impact of fixation type

The type of surgical intervention (fixation) significantly
(p < .0001) modified the strain in the lumbosacral segment
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Table 3
Distribution of strain in tested device depending on direction of motion (all surgical techniques combined).
Device Correlation (R) Direction ~ Number of Strain p-value
between r'1ght of motion m'easurements Distribution Mean Median Min. Max. 95% Confidence
and left sites (right and left) limi
imits
R p-value Min. Max.
S1 screws 0.64 <.0001 Extension 144 Right skewed 0.21%  0.11 0.01 2.1 0.15 0.26 <.0001
Flexion 144 Right skewed 0.16* 0.11 0.01 2.3 0.12 0.20
Rotation 144 Right skewed 0.58% 0.38 0.03 438 0.46 0.59
Posterior 0.72 <.0001 Extension 144 Right skewed 0.22 0.18 0.01 1.1 0.18 0.26 344
rods (L5/S1 Flexion 144 Right skewed 0.26 0.13 0.01 1.3 0.20 0.31
segment) Rotation 144 Right skewed 0.32 0.20 0.01 44 0.24 0.39
Iliac bolt 0.57 <.0001 Extension 72 Right skewed 0.14* 0.11 0.01 04 0.12 0.16 .0002
connector Flexion 72 Right skewed 0.20% 0.13 0.01 0.9 0.15 0.25
Rotation 72 Right skewed 0.41%  0.24 0.01 28 0.28 0.55

Levels not connected by same letter are significantly different (p < .01).

of the posterior rods (Table 4). In particular, ALIF+PLF
provided approximately two times less strain (p < .01) in
the posterior rods than a TLIF technique, specifically dur-
ing flexion and extension, but not rotation (Table 4). This
difference was less statistically significant between
ALIF+PLF versus PLF but without facet joint dissection
(Table 4). Strain in S1 screws and iliac bolt connectors did
not show a significant difference between the studied types
of fixation in our test conditions (Tables 5 and 6, Supple-
mental Digital Content).

Impact of spinopelvic fixation by iliac bolt

Application of spinopelvic fixation by iliac bolt showed
a tendency to decrease strain in S1 screws, in particular,
during rotation after PLF, TLIF, and ALIF+4PLF, but
revealed differences that were not statistically significant
between compared subgroups (p > .05; Tables 7-9, Sup-
plemental Digital Content). However, combining results of
all types of fixation showed conditional significance for
rotation (p = .048). At the same time, spinopelvic fixation
by iliac bolt increased the strain in posterior rods after PLF

(p = .046; Table 7, Supplemental Digital Content; Fig. 5)
and TLIF (p = .088; Table 8, Supplemental Digital Con-
tent; Fig. 6), specifically, during flexion. This effect was not
revealed in ALIF4+PLF (Table 9, Supplemental Digital
Content). Combining the results of PLF and TLIF in flexion
showed a statistically significant result (p = .005); in
particular, the mean strain in posterior rods was 0.22 (95%
CIL: 0.12, 0.32) without iliac bolts, and 0.44 (95% CI: 0.32,
0.55) with iliac bolts.

Impact of additional anterior fixation by ATB system
or anterior screws in ALIF+PLF

Additional anterior fixation decreased strain in Sl
screws during extension by 2.5—3.0 times with conditional
significance (p = .048) when the iliac bolts were discon-
nected. This effect was not significant (p = .261) if the iliac
bolts were connected (Table 10, Supplemental Digital
Content). The same effect was observed for strain in the
posterior rods, but not statistically significant (p > .05;
Table 11, Supplemental Digital Content).

Table 4
Impact of fixation type on strain in posterior rods (L5—S1 segment).
Device Direction  Type of fixation Tests n Mean  Standard error  Standard  95% confidence limits p-value
of motion of the mean deviation Min. Max.
Posterior Combined  Anterior and posterior 5—10 216 0.21% 0.02 0.32 0.16 0.26 <.0001
rods (L5/S1 Posterior 1-2 144 027 0.02 0.25 0.21 0.33
segment) Transforaminal 3—4 72 0.39% 0.05 0.42 0.31 0.46
Extension  Anterior and posterior 5—10 72 017° 0.03 0.23 0.11 0.22 .001
Posterior -2 48 026" 0.03 0.23 0.19 0.33
Transforaminal 3—4 24 0318 0.04 0.20 0.22 0.40
Flexion Anterior and posterior  5—10 72 0.16" 0.04 0.30 0.09 0.24 <.0001
Posterior 1-2 48 0.28"%  0.04 0.26 0.20 0.37
Transforaminal 3—4 24 0.43° 0.06 0.31 0.30 0.56
Rotation Anterior and posterior  5—10 72 0.30 0.07 0.39 0.19 0.40 401
Posterior 1-2 48 0.39 0.11 0.74 0.19 0.37
Transforaminal 3—4 24 042 0.13 0.64 0.16 0.69

n, number of measurements (observations) used for statistical analysis including right and left sides.
Combined: extension, flexion, and rotation; levels not connected by the same letter are significantly different (p < .01).
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Strain in Posterior Rods (L5/S1 segment), Flexion
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Fig. 5. Profile of strain in the L5—S1 segment of posterior rods caused by flexion at tested conditions. Levels of strain not connected by the same letter are
significantly different, with p value <.01. Error bars show the standard error of the mean.

Impact of ATB system versus interbody cage with
integrated locking screws for ALIF+PLF

Both types of anterior supplemental fixation provided
similar impact on strain in the S1 screws (Table 12,
Supplemental Digital Content). However, strain in the
posterior rods was on average more than two times less
when an interbody cage with integrated locking screws
was used; this effect was conditionally significant during
extension (0.02 < p < .05) and did not depend on the
iliac bolt connection (Table 13, Supplemental Digi-
tal Content).

Multiple regression analysis

A multiple regression analysis allowed evaluation of a
combination of factors that influenced strain in the posterior
instrumentation the most significantly. In particular, the
strain in L5—S1 rods depends on such factors as type of
fixation, direction of motion, supplemental anterior fixa-
tion, and fixation by iliac bolts and can be approximated by
the following equation (1):

lr=0.29+X1+X2+X3 +X4 (1)

where [, is the strain in L5—S1 rods; X; matched to the fix-
ation type: PLF (0.02), TLIF (0.08), and ALIF+PLF
(—0.06); X, matched to the direction of motion: extension
(—0.06), flexion (—0.03), and rotation (0.06); X5 matched
to the supplemental anterior fixation: no fixation (0.04), fix-
ation by ATB plate (0.02), and fixation by cage with ante-
rior screws (—0.07); and X, matched to the fixation by iliac
bolts: yes (0.02), no (—0.02). The correspondence between
calculated and measured values was statistically significant
(p < .001) but not high: R* = 0.1; root mean square error
(RMSE) = 0.27. Combination of two main factors influ-
enced the strain in S1 screws: direction of motion and fix-
ation to pelvis by iliac bolts (Equation 2):

where [ is the strain in S1 screws; X; matched to the direc-
tion of motion: extension (—0.09), flexion (—0.13), and
rotation (0.22); and X, matched to the fixation to pelvis
by iliac bolts: yes (—0.05), no (0.05). The correspondence
between calculated and measured values was moderate:
R? = 0.20, RMSE = 0.27, p < .001.



34 C.J. Kleck et al. / Spine Deformity 5 (2017) 27—36

Strain in Posterior Rods (L5/S1 segment), Extension
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Fig. 6. Profile of strain in the L5—S1 segment of posterior rods caused by extension at tested conditions. Levels of strain not connected by the same letter are
significantly different, with p-value <.01. Error bars show the standard error of the mean. Statistical package used: JMP 7.0.1 (SAS Institute Inc).

Strain in the iliac bolt connectors was mainly deter-
mined by direction of motion and by type of fixation
(Equation 3):

where /; is the strain in iliac bolt connectors; X; matched to
the direction of motion: extension (—0.1), flexion (—0.05),
and rotation (0.16); and X, matched to the fixation type:
ALIF+PLF (—0.05), PLF (0.001), and TLIF (0.05). Corre-
spondence between calculated and measured values was
moderate: R* = 0.13, RMSE = 0.28; p < .001.

Discussion

The current study was focused on the evaluation of
factors that impact strain during the physiological range of
motion in lumbopelvic fixation, typically used for long
posterior fusions. Strain is an index that can be used to
predict device failure. We studied strain in the S1 pedicle
screws, L5—S1 rods, and iliac bolt connectors/rod between
S1 and the iliac bolt. It was shown that the direction of
motion is a powerful factor, which impacts the device
strain; in particular, the highest level of strain was caused

by axial rotation, specifically in S1 screws and iliac bolt
connectors (Table 3). Of note, intervertebral support with a
cage, inserted through an anterior approach, decreased the
strain in S1 screws as shown previously [15]. However, in
our study, this effect was most significant during extension
when supplemental anterior fixation was applied, and
particularly when the iliac bolts were not connected. This
finding demonstrates that anterior support, even with sup-
plemental fixation, provides only limited protection of the
S1 screws mainly during sagittal displacement, specifically
extension, and likely does not decrease impact of axial
rotation. It suggests that S1 screws are at risk of fracture
even if anterior instrumentation is used.

It was suggested that spinopelvic fixation enhances the
stiffness and stability of constructs [6]. Our study demon-
strated that it also tends to diminish the strain in S1 screws
but increases the strain in the spinopelvic segment of the
posterior rods, specifically during flexion, contributing to
the risk of fracture (Fig. 5). This outcome corresponds with
clinical findings [13,14]. An anteriorly placed interbody
cage significantly decreased this strain during flexion and in
combination with the addition of supplemental anterior
fixation also decreases the strain during extension (Fig. 6).
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Unfortunately, neither anterior instrumentation constructs
had an impact on strain within rods during rotation. Of
note, a transforaminal technique showed the maximal strain
in rods during flexion and extension, with a tendency to rise
after spinopelvic fixation with iliac bolts (Figs. 5 and 6). It
suggested that posteriorly placed interbody cages could not
compensate for instability caused by facetectomy for
transforaminal discectomy. This also suggests that other
techniques such as posterior lumbar interbody fusion may
provide similar benefits to anterior methods. Unfortunately,
we did not evaluate posterior lumbar interbody fusion
specifically in our testing algorithm.

The strain in iliac bolt connectors mainly depended on
the direction of motion, is maximum during axial rotation
(Table 3), and is somewhat less in ALIF+PLF than that in
PLF and TLIF. The effects of anterior supplemental fixation
provided by a different device were close but not entirely
equivalent. In particular, there were no differences in the S1
screws strain at extension when the ATB system or cage
with integrated locking screws were applied (Table 12,
Supplemental Digital Content); however, utilization of
cages with integrated locking screws caused less strain in
the lumbosacral segment of the posterior rods during
extension than an ATB plate (Table 13, Supplemental
Digital Content; Fig. 6). Theoretically this difference can
be explained by the different slope of screw insertion in
these devices; however, this finding was only conditionally
significant and requires further confirmation.

Impact of the studied factors on strain in the posterior
instrumentation considered was confirmed by the results of
the multiple regression analysis. However, limited predic-
tive value of the obtained equations suggests the presence
of other factors that, likely, also influenced strain, and
which were not taken into consideration in the current
study. First of all, it relates to the quality of bone in the
vertebrae and pelvis, and quality of material in the tested
devices. Therefore, the presented results are limited by the
absence of radiographic evaluation of the specimens before
and after device insertion. It did not allow evaluation of
such factors as bone mineral content, bone density, osteo-
porotic status of the operated vertebrae, and accuracy of the
device placement as potential confounders. However, each
specimen was tested against itself in each of the test con-
ditions, limiting the effect of bone quality as a confounder.

Evaluation of the material quality in rods, screws, and
iliac bolt connectors before implantation is also very
important, and could be done by noninvasive tests based on
ultrasound and/or electric impedance. Another limitation is
linked with the relatively low number of specimens, which
was not enough sometimes to get strong statistically sig-
nificant results because of the high variability of strain.
Thus, some of the obtained results require further confir-
mation. Also, there are many fusion techniques/devices
available, and not all could be tested. Although the results
are analyzed for the specific implants described, there may
be other techniques that provide equivalent or better results.

Finally, as with all cadaveric tests, specimen integrity
can affect results. Standard protocol for cadaveric testing
was followed, and exposure of the specimens was limited to
reduce the risk of tissue degradation as a confound-
ing factor.

Conclusions

1. Application of interbody devices and surgical tech-
nique significantly modify strain in low posterior
instrumentation for long multilevel posterior fusion;
the maximal strain was observed in S1 pedicle screws
and iliac bolt connectors, specifically at axial rota-
tion. Insertion of an anterior interbody implant, spe-
cifically with anterior supplemental fixation,
decreased the strain in S1 screws during sagittal
motion but not during axial rotation.

2. The transforaminal technique causes maximum strain
in the lumbosacral segment of the posterior rods,
which increases after lumbosacral fixation with iliac
bolts.

3. Spinopelvic fixation with iliac bolts contributes to
deceasing strain in S1 screws but significantly in-
creases strain in the lumbosacral segment of the
posterior rods, specifically after posterior or trans-
foraminal techniques. Combination of anterior and
posterior techniques significantly decreases this ef-
fect, including the strain in iliac bolt connectors.

4. Interbody cages with supplemental fixation with in-
tegrated and locked anterior screws tend to decrease
the strain in the lumbosacral segment of posterior
rods better than an ATB system.

Supplementary Data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jspd.2016.09.045.
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