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ABSTRACT

Background: Sacroiliac (SI) joint pathology may result in low-back pain, which causes substantial disability.
Treatment failure with operative management of SI pain may be related to incomplete fusion of the joint and to fixation

failure. The objective of this study was to evaluate the initial biomechanical stability of SI joint fixation with a novel
implantable device in an in vitro human cadaveric model.

Methods: The right and left sides of 3 cadaveric L4-pelvis specimens were tested (1) intact, (2) destabilized, and (3)

instrumented with an implantable SI joint fixation device using a simulated single-stance load condition. Right-leg and
left-leg stance data were grouped together for a sample size of 6, and angular range of motion (ROM) was determined
during application of flexion-extension, lateral bending, and axial rotation bending moments to a limit of 7.5 Nm.

Results: Following intact testing, destabilization by severing the posterior SI joint capsule and ligaments and the

pubic symphysis reliably produced a significantly destabilized joint with the mean angular ROM more than doubling in
flexion-extension and lateral bending and more than tripling in axial rotation (P � .003) compared to the intact
condition. Instrumentation with the SI screw fixation device significantly reduced mean joint ROM compared to the

destabilized condition in all 3 anatomic planes tested (P , .001). When compared to the intact condition, the SI-
instrumented condition significantly reduced lateral bending (P¼ .01) and had a similar ROM in flexion-extension (P¼
.14) and axial rotation (P ¼ .85).

Conclusions: Instrumentation with the SI screw fixation device significantly reduced mean joint ROM compared
to the destabilized condition, with similar ROM in flexion-extension and axial rotation, and it significantly reduced
ROM in lateral bending compared to that for the intact joint. The ROM values observed with the instrumented
condition were comparable to levels of mobility considered favorable for spinal fusion.

Biomechanics
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INTRODUCTION

Pain in the lower back has multifactorial causes,
and a broad spectrum of disorders may lead to the
common clinical presentation of low-back pain.
Pain of spinal origin may be related to pathology of
the intervertebral disc, facet joints, or sacroiliac (SI)
joint.1 The SI joint is an important source of axial
back pain, which causes substantial disability.2,3

The burden of SI pain may be measured by the
number of patients affected by SI disease and by the
impact of SI disorders on health-related quality of
life. Both prevalence and impact of disease estimates
confirm that pathology of the SI joint presents a
significant burden to our health care economy.4

Management of pain from the SI joint is variable
and encompasses nonoperative and operative ap-

proaches.5 Minimally invasive surgical approaches

to the SI joint have increased dramatically in the

past 5 years, with increased recognition of SI

disorders as a source of pain and the development

of systems for surgical stabilization and fusion of

the SI joint.6 However, efficacy of operative

management of SI pain has been variable.7–9 Failure

rates as high as 50% in some series may be related to

incomplete fusion of the SI joint and failure of

fixation.10

The SI joint is a large, diarthrodial joint with dense

innervation and a complex motion pattern.11–13

Arthrodesis of the SI joint is challenging, and high

rates of failure have been reported with open and

minimally invasive approaches.14–16 The principles of

arthrodesis require decortication of adjacent bone



surfaces, compression across the joint, and rigid
internal fixation.17 A novel screw fixation system for
arthrodesis of the SI joint, Integrity-SI (CoorsTek
Medical, LLC, Fort Worth, Texas), has been
designed to optimize these principles of joint fusion.
However, the compressive and stabilizing potential of
this design has not been investigated. The objective of
this study was to evaluate the biomechanical stability
of initial SI joint fixation with this novel device in an
in vitro human cadaveric model.

MATERIALS AND METHODS

Specimen Preparation

Three human cadaveric specimens (2 female, 1
male) with a mean 6 SD age of 46.7 6 7.5 years
were studied. Specimens were transected rostrally at
L4 and included the lower lumbar spine, sacrum,
and pelvis. Computed tomography (CT) scans of
specimens were reviewed by an orthopedic surgeon
(W.W.C.) to ensure that no specimen had obvious
radiographic abnormalities. Similarly, the medical
histories of the 3 individuals were reviewed to
exclude any with metastatic disease, osteophytes,
disc narrowing, or joint arthrosis. Dual energy x-ray
absorptiometry scans performed on the L4 vertebra
of each specimen yielded a mean bone mineral
density value of 0.742 6 0.134 g/cm2.

Specimens were obtained fresh frozen, then
thawed at room temperature and carefully cleaned
of muscle tissue without damage to any ligaments,
discs, or joint capsules, including the pubic sym-
physis. Specimens were wrapped in plastic bags and
stored in a freezer at �208C until tested. In
preparation for testing, specimens were thawed in
room temperature physiologic saline. Wood screws
were inserted in various locations in the exposed L4
end plate and facet articulations. These screw heads
were embedded in fast-curing resin (Smooth-Cast
300Q, Smooth-On, Inc, Easton, Pennsylvania) in a

cylindrical potting fixture for application of loads.
Similarly, screws were inserted near the right and

left ischia on the pelvis, and the screw heads were
embedded in 2 separate (right and left) blocks of
resin. Each resin block was rectangular in shape

such that it could be clamped in a vise and securely
attached to the base of a servohydraulic test frame
(MTS Systems Corp, Minneapolis, Minnesota)

while still allowing free access to instrumented sites.

Testing Conditions

The right and left sides of each specimen were

tested in the following 3 conditions: (1) intact, (2)
destabilized, and (3) instrumented with an implant-
able SI joint fixation device. The destabilization

procedure was performed by a neurosurgical resi-
dent and consisted of complete sectioning of the
pubic symphysis in the sagittal plane and sectioning

of the posterior SI joint capsule and ligaments
(Figure 1). For the instrumented condition, the
Integrity-SI joint fixation system was used (Figure
2). Briefly, this system comprises a large ‘‘lag’’-type

screw with a hollowed shank for graft placement, a
variable-angle washer system with a large footprint,
and a smaller antirotation screw. The implants were

selected and placed by an orthopedic surgeon
(W.W.C.) under fluoroscopic guidance, following
the manufacturer’s recommended surgical tech-

nique. For the antirotation screw, a sizing of 6.5-
mm diameter by 40-mm length was chosen for 5 of
the 6 SI joint specimens, and the sixth specimen

received a 50-mm-long screw. For the larger screw, 5
of the 6 SI joints received a 12-mm-diameter by 70-
mm-long screw, and the sixth specimen received a
slightly longer screw (80 mm long).

Figure 1. (Left) Anterior view of a destabilized specimen with cut pubic

symphysis (arrow). (Right) Posterior view of a destabilized specimen with cut

posterior sacroiliac joint capsule and ligaments (arrows). Used with permission

from Barrow Neurological Institute, Phoenix, Arizona.

Figure 2. (Left) Radiographic image and (right) photograph of cadaveric

specimen implanted with a sacroiliac joint implant comprising a lag screw, an

antirotation screw, and a large adjustable washer. Used with permission from

Barrow Neurological Institute, Phoenix, Arizona.
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The surgical technique involved preoperatively

templating the optimal trajectory for the implant

into either the upper or the lower sacral segment,

pending elements of sacral dysmorphism.18 A

cannulated system was used to obtain the appropri-

ate starting point for undertaking access to the SI

joint. Appropriate fusion device length was mea-

sured and placed across the SI joint. Once the main

implant was placed, a cannulated device was again

used to place the antirotation screw based on the

trajectory of the first implant. The torque applied to

seat the implants was at the discretion of the

surgeon. No torque gauge or torque limiter was

used in seating the implants. The lateral wall of the

ilium was not violated by the washer when the final

implant seating was achieved.

Biomechanical Testing

Left and right sides of each specimen were tested

sequentially in each of the 3 conditions using a

simulated single-leg stance load condition. This

condition was modeled by rigidly clamping the

resin block attached to the ipsilateral acetabulum in

the vise and leaving the resin block attached to the

acetabulum on the contralateral side unconstrained

(Figure 3). For all tests, an apparatus was used in
which a system of cables and pulleys imparted
nondestructive, nonconstraining torque in conjunc-
tion with a standard servohydraulic test system
(MTS Systems Corp), as described previously by
Crawford et al19). Pure moment loads were applied
and distributed evenly to each motion segment
regardless of the distance from the point of
loading.20 Loads of 7.5-Nm maximum were applied
about the appropriate anatomic axes to induce 3
different types of motion: flexion-extension, lateral
bending, and axial rotation. Three preconditioning
cycles were applied at 7.5 Nm for 60 seconds to
allow for creep in each loading direction to ensure
appropriate settling at the instrument-bone interface
and to improve the reproducibility of the results.
Specimens were kept moist during testing by using
saline-soaked gauze wrapped around the SI joints
and intervertebral discs.

Three-dimensional specimen motion in response
to the applied loads during flexibility tests was
determined using the Optotrak 3020 system (North-
ern Digital, Inc, Waterloo, Ontario, Canada). This
system stereophotogrammetrically measured the 3-
dimensional displacement of infrared-emitting
markers rigidly attached in a noncollinear arrange-
ment to 6 regions on the lumbar spine and pelvic
ring, namely, L4, L5, sacrum (2 locations, 1 right
and 1 left), and the right ilea and the left ilea. A
coordinate system for each set of marker triads—
and hence for each motion segment—was defined
through a manual digitization process that aligned
each system with respect to the specimen’s L5
anatomy. Custom software converted the raw
marker coordinates to angles about each of the
anatomic axes in terms of the motion segment’s own
coordinate system.21 Angles (ie, rotation of the right
sacrum relative to the right ilium and of the left
sacrum relative to the left ilium during flexion-
extension, right lateral bending and left lateral
bending, and right axial rotation and left axial
rotation) were calculated using a technique that
provides appropriate results for describing 3-dimen-
sional motion.22

STATISTICAL METHODS

From the raw data, we determined angular range
of motion (ROM) from recorded quasi-static load-
deformation data. Larger values of ROM indicate
greater joint instability. For simplicity and to avoid
confusion in comparing right versus left single-leg

Figure 3. Biomechanical flexibility testing setup. Anterior view of a potted

specimen in the test frame under load. For simulation of single-stance loading,

the resin block attached to the acetabulum on the right side was clamped in a

vise rigidly attached to the bottom of the test frame. The resin block attached to

the acetabulum on the left side was left to hang freely. Desired directional loads

within anatomic planes were induced by reorientation of the cranially attached

cable and pulleys. Used with permission from Barrow Neurological Institute,

Phoenix, Arizona.

Cross et al.
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stance, we studied only bidirectional values of ROM

(eg, ROM during lateral bending for a single SI

joint was the combination of applied bending to the

right and left [ie, abductionþ adduction]). Further-

more, analysis of bidirectional ROM allowed left-

leg and right-leg stance data to be grouped together

for a total sample size of 6 (3 right and 3 left sides).

Mean values of ROM were statistically analyzed

using 1-way repeated-measures analysis of variance

(RM-ANOVA) to determine whether there was a

significant difference in mean parameter values for

the different conditions. This analysis was followed

by pairwise Holm-Šı́dák tests to determine which

pairs of conditions differed. P values less than .05

were considered statistically significant.

RESULTS

The mean 6 SD ROM for the intact, destabi-

lized, and instrumented conditions are summarized

in Table 1 and presented graphically in Figure 4. P

values from the 1-way RM-ANOVA and from the

Holm-Šı́dák tests, comparing the various condi-
tions, are summarized in Table 2. The mean intact
angular ROM more than doubled in flexion-
extension and lateral bending, and it more than
tripled in axial rotation to values of 6.28, 2.68, and
5.48, respectively, following destabilization of the
specimens. The increased mobility was statistically
significantly different during all directions of motion
compared to the mobility of intact joints (P � .003).
Compared to the destabilized state, the SI-instru-
mented condition decreased mobility significantly (P
, .001), with a decrease of more than two-thirds in
angular ROM in all directions of testing. Mean
stability in the SI-instrumented condition was less
than that for the baseline intact condition but was
not statistically significant during flexion-extension
(P¼ .14). SI-instrumented stability was significantly
lower than the intact condition during lateral
bending (P¼ .01). Stability with the SI-instrumented
condition was quite similar to that of the intact
condition during axial rotation (P ¼ .85).

DISCUSSION

A single-leg stance in vitro testing protocol23,24

was used to characterize the SI joint fixation
stability of a novel implantable screw fixation
device. This protocol was previously shown to
produce intact SI joint angular ROMs that are in
very good agreement with published reports of
physiologic in vivo SI joint motion, with the greatest
values occurring in flexion-extension, followed by
axial rotation, and the least ROM observed in
lateral bending.23

After intact testing, severing of the posterior SI
joint capsule and ligaments as well as the pubic
symphysis was effective in reliably producing a
destabilized joint condition with significant increas-
es in ROM in all 3 anatomic planes of testing while
still retaining sufficient mechanical integrity to
consistently withstand preconditioning and data
collection load cycles. Severing the pubic symphysis
ensured that applied loads were not shared or
distributed throughout the pelvic ring but instead

Table 1. Angular range of motion at the sacroiliac (SI) joint for all conditions during single-leg stance.a

Loading Direction Intact (n ¼ 6) Destabilized (n ¼ 6)
b

SI-Instrumented Fixation (n ¼ 6)

Flexion-extension 2.92 6 0.74 6.16 6 2.11 1.75 6 0.99
Lateral bending 1.16 6 0.39 2.62 6 0.44 0.59 6 0.34
Axial rotation 1.46 6 0.27 5.36 6 1.09 1.52 6 0.67

aValues are mean 6 SD.
bCut posterior ligament capsule and pubic symphysis.

Figure 4. Mean angular range of motion observed at the sacroiliac (SI) joint

during all test conditions. Error bars indicate standard deviations. Used with

permission from Barrow Neurological Institute, Phoenix, Arizona.
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were entirely supported by the individual left or
right SI joint being tested. This step also permitted
the pooling of left and right SI joint data for overall
comparisons.

Application of the novel SI screw fixation device
significantly reduced mean joint ROM as compared
to the destabilized condition in all 3 anatomic planes
of testing (P , .001). When compared to the intact
condition, joint ROM in the SI-instrumented
condition was statistically significantly reduced (P
¼ .01) in lateral bending, with mean values of 1.2 6

0.48 and 0.6 6 0.38, respectively. Although the mean
observed SI-instrumented ROM of 1.8 6 1.08 in
flexion-extension was less than the intact ROM of
2.9 6 0.78, the difference was not statistically
significant (P ¼ .14). A relatively large SD and low
sample size likely contributed to this outcome. In
axial rotation, the mean ROM of 1.5 6 0.78

observed in the SI-instrumented condition was
statistically (P ¼ .85) and numerically equivalent to
that observed for the intact joint condition (1.5 6

0.38).
Overall, SI joint stability was restored to a level

equal to or less than that for the intact joint with
application of the SI joint fixation device. For all
directions tested, the mean SI-instrumented joint
ROM was �1.88. Previous biomechanical investiga-
tions of the stability of spinal fusion procedures
using the gold standard of interbody implants
supplemented with bilateral pedicle screw-and-rod
instrumentation have typically reported an angular
range of motion of 28 for all directions tested under
identical load conditions as those used in the current
study.25,26 Although spinal fusion requirements may
differ from those for the SI joint, the treated ROM
values observed in the current study are comparable
to levels of mobility considered favorable for spinal
fusion.

The majority of previous biomechanical investi-
gations of SI joint and pelvic stability have applied
compressive loads,27–30 offset compressive loads,31

or combined compression with axial torsion.32,22

Those studies that included an applied torque have
tended to report measures in terms of specimen
stiffness and global specimen rotation32,33 as op-
posed to isolated SI joint rotation within anatomic
planes. These differences in load application and
outcome measures prevent a direct comparison of
results from the current study. In one such recent
study, Wu et al27 compared the in vitro biomechan-
ical stability of Tile C pelvic fractures fixed with 2
iliosacral screws, tension band plating, and a novel
minimally invasive adjustable plate under vertical
compression loading. Although the loading mecha-
nism was different than that applied in the current
study, iliosacral screw fixation was reported to
afford the strongest fixation of the 3 constructs
tested.

With regard to previous biomechanical investi-
gations of devices designed specifically for SI joint
fusion, we are aware of only 2 other published
reports.23,24 These studies were performed in our
laboratory using the same in vitro testing protocol
and measurement analysis as in the current study.
In particular, the 2014 study by Lindsay et al23

applied an identical destabilization procedure as

Table 2. P values from range-of-motion analysis.a

Type of Motion Intact vs Destabilizedb Destabilized vs SI Instrumented Intact vs SI Instrumented

Flexion-extension .003 ,.001 .14
Lateral bending ,.001 ,.001 .01

Axial rotation ,.001 ,.001 .85

Abbreviation: SI, sacroiliac.
aOne-way repeated-measures analysis of variance and pairwise Holm-Šı́dák tests. Bolded P values indicate significance.
bCut posterior ligament capsule and pubic symphysis.

Figure 5. Mean angular range of motion observed at the sacroiliac (SI) joint

from a previously published study by Lindsey et al23 compared to the same type

of data from the current study. Error bars indicate standard deviations. Used

with permission from Barrow Neurological Institute, Phoenix, Arizona.

Cross et al.
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the one used in this study. Figure 5 presents a

graphical comparison of results from Lindsey et al

with those of the current study. Both the intact and

the destabilized ROMs agreed well between the 2

studies for all directions of loading; this finding
indicates the consistency and repeatability of the

protocol application and the destabilization proce-

dure. In the previous study, the destabilized

condition produced mean increases in intact

ROM of 206% in flexion-extension, 204% in

lateral bending, and 287% in axial rotation as

compared to increases for the destabilized versus
the intact conditions in the current study of 111%,

126%, and 267%, respectively, for the same

directions of loading. In terms of SI-instrumented

results, the condition investigated by Lindsey et

al23 used a series of triangular implants (iFuse; SI-

BONE, Inc, San Jose, California) placed across the

SI joint; these implants resulted in mean ROM
reductions of 38% in flexion-extension, 31% in

combined lateral bending, and 29% in axial

rotation compared to the destabilized condition.

The mean instrumented ROM reflected increases of

89% for flexion-extension, 110% for lateral bend-

ing, and 174% for axial rotation compared with the

measured intact specimen ROMs. In comparison,
the Integrity-SI construct in the current study,

which used a large lag screw paired with a smaller

antirotation screw placed across the SI joint,

reflected mean ROM reductions of 72% in

flexion-extension, 78% in combined lateral bend-

ing, and 72% in axial rotation compared to the

destabilized condition. The instrumented condition
also resulted in mean reductions of 40% and 49%

of the intact specimen ROM in flexion-extension

and combined lateral bending, respectively, and an

increase of 4% over the intact specimen ROM in

axial rotation.

The lag-screw configuration of the instrumented

condition applied in the current study was designed

to provide compression across the SI joint via screw
thread purchase and a large variable-angle washer.

No distraction of the SI joint occurs with applica-

tion of this lag screw concept. Although compres-

sion was not measured directly, qualitatively the SI

joint was observed to compress substantially, as

noted by intraarticular contents extruding from the

joint capsule. It is likely that joint compression as
well as the rigidity of the instrumentation used were

important factors that contributed to the overall

instrumented stability observed under single-stance

moment loads in the current study.

Compression and the resulting immediate stabil-

ity of the SI joint leads to an optimal environment

for true arthrodesis to occur. It is our belief that a

principles-based system is optimal and necessary in

order to provide a solid arthrodesis across the SI

joint. As with other anatomical locations, solid

arthrodesis can be challenging to achieve. Long-

term results are predicated on achieving a solid

fusion, and great care is needed to avoid a

pseudarthosis or premature loosening or fracture

of the implants, which may lead to poorer outcome

and the need for revision surgery.

Limitations

Although the cadaveric specimens used in the

current study were relatively young in age and of

good quality, the sample size was small, and the use

of matched pairs of SI joints may have limited

specimen variability. The destabilized condition we

used in this study was designed for comparative

purposes and may not accurately reflect the nature

of clinically presented instabilities. As with other

cadaver studies, muscle forces were not simulated,

and thus in vivo loads may vary. This study

evaluated only the immediate stability of in vitro

segmental fixation. Further clinical studies are

needed to clarify performance of this novel fixation

device and to contextualize results in the setting of

clinical practice.

CONCLUSIONS

This study evaluated the biomechanical stability

of initial SI joint fixation with a novel device using

a previously published in vitro human cadaveric

single-leg stance model. Intact SI joint ROMs were

consistent with clinical observation, whereas de-

stabilized ROMs were significantly increased in all

3 anatomic planes of testing. Instrumentation with

the SI screw fixation device significantly reduced

mean joint ROM compared to that for the

destabilized condition, with similar ROM in

flexion-extension and axial rotation, and it signif-

icantly reduced ROM in lateral bending compared

to that for the intact joint. ROM values observed

with the instrumented condition were comparable

to levels of mobility considered favorable for spinal

fusion.

Evaluation of Sacroiliac Screw Fixation
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