
O R I G I N A L  R E S E A R C H

A Cadaver-Based Biomechanical Evaluation of 
a Novel Posterior Approach to Sacroiliac Joint 
Fusion: Analysis of the Fixation and Center of the 
Instantaneous Axis of Rotation

Dawood Sayed 1 

Kasra Amirdelfan2 

Ramana K Naidu 3 

Oluwatodimu R Raji 4 

Steven Falowski 5

1The University of Kansas Medical 
Center, Kansas City, KS, USA; 2IPM 
Medical Group, Walnut Creek, CA, USA; 
3California Orthopedics & Spine, 
Larkspur, CA, USA; 4Medical Device 
Development, San Francisco, CA, USA; 
5Neurosurgical Associates of Lancaster, 
Lancaster, PA, USA 

Purpose: The purpose of this study was to assess the stabilizing effect of a posterior joint fixation 
technique using a novel cortical allograft implant in unilateral and bilateral fixation constructs. We 
hypothesize that fixation would reduce the joint’s range of motion during flexion-extension, axial 
rotation, and lateral bending loads. We also hypothesize that fixation would shift the center of the 
instantaneous axis of rotation during the predominant flexion-extension motions towards the 
implant’s location, and that this shift would be correlated with the reduction in flexion-extension 
range of motion.
Materials and Methods: Six cadaveric sacroiliac joint specimens were tested under intact, 
unilateral fixation, and bilateral fixation conditions. The total range of motion (ROM) of the 
sacroiliac joint in flexion–extension, lateral bending, and axial rotation were evaluated by an 
optical tracking system, in a multidirectional flexibility pure moment model, between ± 7.5 
Nm applied moment loads. The centers of the instantaneous axis of rotation (cIAR) of the 
sacroiliac joint were evaluated during flexion-extension loading. A correlation analysis was 
performed between the ROM reduction in flexion-extension upon implantation and shift of 
the cIAR to the graft implantation site.
Results: Unilateral and bilateral fixations generated sacroiliac joint ROM reductions in flexion- 
extension, lateral bending, and axial rotation motions. Fixation shifted the cIAR to the graft 
implantation site. Reduction in the total range of motion had a moderate correlation with the shift 
of the cIAR.
Conclusion: Our novel posterior approach presents a multifaceted mechanism for stabilizing 
the joint: first, by the reduction of the total range of motion in all planes of motion; second, by 
shifting the centers of the instantaneous axis of rotation towards the implant’s location in the 
predominant plane of motion, ensuring little to no motion at the implantation site, thus 
promoting fusion in this region.
Keywords: range of motion, arthrodesis, allograft, distraction interference

Introduction
Degenerative changes in the sacroiliac joint (SIJ) account for 10% to 38% of patients 
reporting chronic low back pain.1 As a result, joint fusion has been implemented as 
a treatment method.2–5 Fixation techniques described in literature can be classified into 
lateral and posterior approaches.2,6–17 Currently, the lateral approach is the most common 
approach utilized for sacroiliac joint arthrodesis, especially due to the prevalence of 
biomechanical and clinical studies assessing its efficacy.2,8–13 In contrast, posterior 
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approaches remain yet to be explored biomechanically, amidst 
increasing interest due to their reduced potential for damage to 
the sacral nerves and muscles, which remains a complication of 
the lateral approach.17

One interpositional posterior approach utilizes 
a rectangular-shaped cortical allograft with serrations on its 
sides (LinQ fusion System, PainTEQ, Tampa, Florida) which 
is inserted posteriorly towards the anterior portion of the 
sacroiliac joint (Figure 1). The placement of the allograft 
distracts the joint to relieve stresses on the joint cartilage and 
ligaments, while its serrations allow for coupling of the medial 
and lateral portions of the joint.2,14–18 Fusion of the joint is 
promoted in the region where its articulating bodies are 
coupled, as this region becomes the center of rotation of the 
joint. This induces stability at and localizes compressive forces 
at the implantation site where fusion is desired, while also 
relieving stresses on capsular neural structures and those neural 
structures directly anterior to the joint. Centers of rotation have 
previously been used to drive implant design and to assess the 
quality of spinal motion.19–23

Thus, in this study, we aimed to assess the stabilizing effect 
of a posterior SIJ fixation technique using a novel cortical 
allograft implant in unilateral and bilateral fixation constructs, 
within the multidirectional bending flexibility model. We 
hypothesize that both unilateral and bilateral fixation would 
reduce the joint’s range of motion during flexion-extension, 
axial rotation, and lateral bending loads. We also hypothesize 
that the posterior technique would shift the center of the 
instantaneous axis of rotation (cIAR) during the predominant 
flexion-extension motions towards the implant’s location and 
that this shift would be correlated with the reduction in flexion- 
extension range of motion.

Materials and Methods
Specimen Preparation
Six fresh-frozen cadaveric joint specimens from three pel-
vises were obtained from the American Association of 
Tissue Banks (AATB) accredited tissue bank. A sample 
size of four sacroiliac joints was calculated using the 
following assumptions: standard deviation of 27%, 80% 
power, 0.05 level of significance, and an effect size of 50% 
reduction, in flexion/extension.9 Potential specimens were 
screened and eliminated if there was a history of smoking, 
drug abuse, chemotherapy, radiation treatment, previous 
spine surgery, or fragility fractures. The age at the time 
of death ranged 35 ± 1 years, average body mass index 
was 26 ± 2. Dual-energy x-ray absorptiometry scans of the 
lumbar vertebra were used to exclude osteoporotic tissue, 
the average L1-L4 t-score was 0.8 ± 0.6, and the average 
L4 bone density was 1.3 ± 0.2 g/cm2, female-to-male ratio 
was 2:1. Additionally, all specimens were screened with 
Computer Tomography (CT) scans to exclude donors that 
exhibited bony bridging/fusion of the sacroiliac joint.24

Each specimen was prepared by stripping away the soft 
tissue, with care taken not to disrupt the sacroiliac joints, 
sacrolumbar joint, or the pubic symphysis. Before potting, 
steel wires were placed through the ischium and the L4 verteb-
rae to allow for a better fixation of the epoxy. Each ischium was 
potted individually in a fast curing resin (Smooth-Cast 300Q, 
Smooth-On, Inc, Easton, Pennsylvania) with the superior- 
inferior axis, defined physiologically, aligned with gravity.25 

Wood screws were inserted through the L4 endplate and into 
the L5, rigidly fixing both vertebral bodies. The L4 vertebral 
was then potted in a cylindrical mold with fast curing resin to 
allow for mounting of a pure moment ring during testing 
(Figure 2). The custom pure moment ring was attached with 
fluoroscopic guidance using the pubic symphysis to align the 
anterior-posterior axis of the ring.

Sacral Perimeter Marking
Under fluoroscopy, the superior end of the sacral ala, the 
inferior end of the sacral ala (which lies adjacent to the 
pelvic brim of the ilium), were identified and marked using 
a pelvic inlet view. Meanwhile, the inferior end of the 
sacroiliac joint (which lies at the third sacral level) was 
identified and marked in anterior-posterior view (Figure 3).

Motion Calibration
To track the motion of the iliac and sacrum during biomecha-
nical testing, an optical tracking system was utilized (3D 
Investigator, Northern Digital Inc., Waterloo, Ontario, Figure 1 Illustration of the rectangular-shaped cortical allograft.
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Canada). The Optotrak 3020 optical active-marker system has 
been reported to have a precision of 0.02° and 0.125 mm, with 
repeatability limits of 0.04° and 0.15 mm.26 Infrared markers 
were rigidly attached to the medial portion of each ilium and 
the third sacral body. To align the coordinate system of the 
camera to the anatomical axes of the specimen, a digital probe 
was used to mark various points on the specimen. The origin 
was defined as the most superior point of the sacral ala. Two 
points on the moment ring (previously aligned) were taken to 
orient the coordinate system to the physiological axes (super-
ior-inferior and medial-lateral). The bottom of the sacral ala 
and the bottom of the sacroiliac joint were also digitally probed 
to align and orient the digital sketch of the sacrum to the 
fluoroscopic images taken during specimen preparation and 
fixation. These oriented marker positions were recorded for 5 
s at 100 Hz during each loading interval.

Biomechanical Model
Specimens were tested using a fixed moment ring cable sys-
tem. The cables were wound around the moment ring and ran 
through pulleys in the appropriate direction before being con-
nected to the actuator (858 Mini Bionix II; MTS, Eden Prairie, 
MN, USA) to induce the desired bending movement.27 For all 
testing, a single-leg stance was utilized; the joint undergoing 
testing was rigidly clamped to a platform mounted on linear 

bearings allowing transverse movement, while the untested 
joint was free to move (Figure 2).8–13

The specimens were first pre-conditioned, which con-
sisted of three cycles of loading from 0 N-m to 7.5 N·m. 
The specimens were tested quasi-statically (fourth loading 
cycle), from 0 N·m to 7.5 N·m in 1.5 N·m increments with 
45 s holds at each load. Motion tracking data was recorded 
at the end of each hold before ramping up to the next load 
level. Each specimen was loaded in six anatomical bend-
ing directions: flexion, extension, left/right lateral bending, 
and left/right axial rotation.8–13 Each loading was per-
formed under a compressive axial follower load of 15 N, 
due to the weight of the pure moment ring on the potted 
L4 vertebrae.

The specimens were first tested (on both sides) with 
both sacroiliac joints intact. Subsequently, fixations 
were performed by implanting the allograft (LinQ SI 
Joint Stabilization System; PainTEQ) in one (unilat-
eral) and both (bilateral) sacroiliac joint side(s). Both 
ipsilateral and contralateral joints were tested in stand-
ing posture after each fixation. All fixations were per-
formed by a board-certified interventional pain 
specialist. The implants were placed in a cephalad tra-
jectory adjacent to the second sacral neural foramina 
(Figure 3).

Figure 2 Illustration (left) of the biomechanical model, and picture (right) of the test setup in the left single-leg stance. Pure moments were applied to the potted lumbar 
spine using a moment ring system, as shown (in white). Relative motions between the sacrum and the iliac were tracked with motion markers rigidly fixed to each bone using 
steel pins (white). Not pictured in the illustration are counternutation, ipsi axial rotation, and ipsi lateral bending arrows. Pure moment ring system in picture, is set up for 
contra- (right-) lateral bending of the left sacroiliac joint.
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Outcome Measurements
The primary outcomes measured are documented in 
Table 1. Relative rotations between the iliac and sacral 
coordinate systems were calculated at each loading inter-
val. The range of motion was calculated for flexion- 
extension, right-left lateral bending, and right-left axial 
rotation for the intact and bilateral fixation schemes. The 
locations of the sacral markers relative to the iliac coordi-
nate system were recorded at each loading interval and 
used for cIAR calculations. Centrodes of the IAR during 
Flexion-Extension moments were calculated between 
loading intervals 1.5 Nm apart, which produced an ade-
quate amount of angular separation (~0.1°).28 Using com-
puter software (MATLAB 2020a, The MathWorks Inc, 
Natick, Massachusetts), lines were made connecting the 
location of each sacral perimeter marking, to its new 
location at each instance of loading (Table 1). 
Perpendicular bisectors were then extrapolated from 
these, and the intercept was the locus of the instantaneous 
axis of rotation (IAR) for that loading instance. The graft’s 
implantation site was determined relative to the sacral 
markings by assessing the lateral fluoroscopic images 
taken during implantation in conjunction with ImageJ 
(ImageJ, U.S. National Institutes of Health, Bethesda, 
Maryland, USA).

Statistical Analysis
The total range of motion, as well as distance from the 
graft’s implantation site to the plane center of the instan-
taneous axis of rotation (cIAR) in the sagittal plane, were 
calculated and compared between intact and each fixation 
scheme using paired t-tests at p≤0.05 (SAS, SAS Institute, 
Cary, North Carolina, United States). Correlation analysis 
was also performed between the percent reduction in total 
range of motion during flexion-extension loads, and the 
distance the cIAR moved towards the allograft’s 

implantation site upon fixation. k-means of bilateral fixed 
joint clusters were utilized in conjunction with unilateral 
fixation data for correlation analysis (SAS, SAS Institute, 
Cary, North Carolina, United States). All data are reported 
as mean ± one standard deviation unless otherwise stated.

Results
The range of motion (ROM) results are shown in Figure 4. 
Flexion/extension loading produced the largest total range 
of motion, followed by axial rotation, and lateral bending. 
During flexion/extension loading, unilateral and bilateral 
sacroiliac joint fixations, respectively, resulted in a 34% ± 
27% (p = 0.049) and 39% ± 23% (p = 0.040) significant 
decrease in motion. During lateral bend loading, unilateral, 
and bilateral fixations, respectively, resulted in a 51% ± 
23% (p = 0.004) and 51% ± 16% (p = 0.001) significant 
decrease in ROM. During axial rotation loading, unilateral, 
and bilateral fixations, resulted in 32% ± 14% (p = 0.008) 
and 40% ± 17% (p = 0.010) significant decreases in ROM, 
respectively.

The plane center of the instantaneous axis of rotation 
(cIAR) results upon fixation are shown in Figure 5. 
Average plane cIAR was calculated during flexion/exten-
sion loading in the sagittal plane. The cIAR results also 
depict the distance (mm) of the cIARs at the intact, uni-
lateral, and bilateral fixed states from the graft implanta-
tion site. The intact cIAR was in the cephalad region of 
the joint, in the region of the posterior superior iliac spine. 
The graft was implanted at the center of the joint across 
the articular and fibroid regions. The cIAR upon unilateral 
fixation was shifted downwards towards the graft implan-
tation site. The cIAR upon bilateral fixation was also 
located at the center of the joint across articular and 
fibrous region. During intact testing, the average cIAR 
was 31 ± 23 mm from the graft placement. Upon unilateral 
fixation, the average cIAR was 19 ± 25 mm from the graft 

Figure 3 Fixation with bone allograft implants were performed according to the manufacturer’s recommended technique. Black pins in fluoroscopic images, identify the 
sacral perimeter.
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implantation site, and upon bilateral fixation, the average 
cIAR was 10 ± 3 mm from the graft implantation site. 
Unilateral and bilateral fixation, respectively, resulted in 
a 53% ± 26% (p = 0.047) and 51% ± 32% (p = 0.050) 
reduction in the distance of the cIAR from the graft’s 
implantation site.

Correlation analysis of ROM and cIAR results are 
shown in Figure 6. Upon fixation, change in the flexion/ 
extension cIAR had a moderate linear (R2=0.5279, 
p≤0.0292) correlation with the percent reduction in total 
ROM during flexion-extension loading.

Discussion
The goal of this study was to characterize changes in 
sacroiliac joint biomechanics upon posterior intra- 
articular fixation of the joint. From the results obtained, 
posterior unilateral and bilateral fixations of the sacroiliac 
joint were able to significantly reduce the total range of 
motion during flexion-extension, lateral bending, and axial 
rotation motions. We also conclude that the posterior fixa-
tion is effective in shifting the center of the instantaneous 
axis of rotation (cIAR), to the allograft’s location, and this 
shift may be an indicator of increased joint-allograft 

Table 1 Outcome Measures Defined to Analyze the Mobility of the Sacroiliac Joint. Relative Motions and Centers of Rotation are 
Described

Measure Description & Calculation

Total Rotation in Three Planes Total angular rotation of sacrum between extents of loading in each of the three 

planes. Calculated as the Pythagorean suma of rotations on and off of the loading 

plane.
Coupled Motion Ratio in Three Planes The percent of angular rotation that occurs in each of the three loading planes. 

Calculated as the on-axis angular rotation of the sacrum divided by the total angular 

rotation of the sacrum.
Instantaneous Axis of Rotation (IAR) in Sagittal Plane The helical instantaneous axes mapped out by the centrodes about which the sacrum 

rotates relative to the ilium. To calculate the IARs, lines were made connecting the 

positions of every combination of sacrum perimeter markers with their subsequent 
positions between each 1.5 Nm loading interval instances, in both directions, which 

produced an adequate amount of on-axis angular separation (~0.1°).28 Perpendicular 

bisectors were then extrapolated from these and the intercepts located the centrodes 
(C) which defined the helical IAR. 

C1: 0 Nm to +1.5 Nm 

C2: +1.5 Nm to + 3 Nm 
C3: +3 Nm to +4.5 Nm 

C4: +4.5 Nm to +6 Nm 

C5: +6 Nm to +7.5 Nm 
C6: −6 Nm to −7.5 Nm 

C7: −4.5 Nm to −6 Nm 
C8: −3 Nm to −4.5 Nm 

C9: −1.5 Nm to −3 Nm 

C10: 0 Nm to −1.5 Nm
Center of the Instantaneous Axis of Rotation in Flexion 

and Extension Directions (Direction cIAR)

Linear axis which passes through the center of the helical instantaneous axes of 

rotation, projected unto the joint’s sagittal plane as a point, between extents of 

loading in flexion and extension directions of motion. Calculated as the average 
location of the centrodes, which define the helical instantaneous axes of rotation of 

the sacrum over ten loading intervalsb.

Center of the Instantaneous Axes of Plane Rotation (Plane 
cIAR)

Linear axis which passes through the center of the helical instantaneous axes of 
rotation, projected unto the joint’s anatomic loading plane as a point, between extents 

of loading in the sagittal plane of motion. Calculated as the average location of the 

directional cIAR which constituted motion in the sagittal planec. 
Sagittal Plane: Flexion (+ve) and Extension (-ve) cIARs

Notes: aThe Pythagorean sum of a set of numbers x1, x2, …, xn is defined as 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1 þ x2
2 þ . . .þ x2

n
p

. bThe negative (-ve) and positive (+ve) Direction cIARs for a set of 
centrodes defining the IAR are defined as cIARFlex ¼

C1þC2þC3þC4þC5
5 , cIARExt ¼

C6þC7þC8þC9þC10
5 . cThe Plane cIARs for a set of positive and negative directions are defined 

as cIARFE ¼
cIARFlexþ cIARExt

2 .
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coupling complex stability, resulting in little or no micro-
motion at the location of the graft. The elimination of 
micromotion at the implantation site is an important pre-
cedent for improved fusion outcomes at the implant, as 
well as the reduced incidence of pseudoarthrosis.29–31 

Furthermore, we conclude that this shift in the plane center 

of the Instantaneous Axis of Rotation (cIAR) towards the 
graft implantation site upon fixation is moderately and 
positively correlated with the increased reduction in the 
total range of motion (ROM) during flexion/extension 
loading (R2=0.5279, p<0.03). However, moderate correla-
tion cannot confirm causation between outcome measures, 

Figure 4 Ranges of rotational motion in three planes. The x-axis lists the three planes of loading. The y-axis displays the total rotation in each direction and plane of motion. 
The asterisk (*) indicates statistically significant reductions in flexion-extension, lateral bending, and axial rotation motions from the intact condition. The table shown lists 
the numbers used to create the chart and the coupled motion ratio. All data are represented as mean ± standard deviation. A, B, C represent individual donors from which 
sacroiliac joints were obtained.
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but indicates that both outcomes are coupled in this novel 
approach.

Our results are corroborated by previous in-vivo 
and in-vitro investigations of sacroiliac joint 
biomechanics.8–13,32–34 We report 2.9 ± 1.2 degrees, 
1.4 ± 0.6 degrees, and 2.4 ± 0.8 degrees of intact 
flexion-extension, lateral bending, and axial rotation 
loading. Previous investigations have reported 2.3 ± 
1.4 degrees to 4.5 ± 3.3 degrees for flexion/extension 
loading, 1.1 ± 0.8 degrees to 1.5 ± 1.5 degrees for 
during left/right lateral bending, and 1.7 ± 0.8 degrees 
to 2.9 ± 2.1 degrees during left/right axial rotation.8–13 

We also report that the center of the instantaneous axis 
of rotation (cIAR) during intact flexion-extension, is in 
the cephalad region of the joint, in the region of the 
posterior superior iliac spine. This is in agreement with 
previous investigations of the sacroiliac joint’s 
Instantaneous Axes of Rotation, which have also 
placed the flexion-extension instantaneous axis of rota-
tion (IAR) posterior to the joint and in the region of 
the iliac tuberosity.32–34 The coupled motion ratios 
observed for flexion/extension, left/right lateral bend-
ing, and left/right axial rotation loads were 82% ± 
16%, 64% ± 37%, and 84% ± 12%, respectively; 

Figure 5 Approximated anatomic view of the sacrum overlaid on the normalized sacral markings (white). The origin is set as the sacral perimeter mark representing the 
superior end of the ala. The normalized cIARs between the extents of flexion/extension loading are displayed on the left lateral sacrum. All data are represented as means 
with standard deviations highlighted in ellipses. Light red ellipse is the standard deviation for the intact cIAR. Dark grey ellipse is the standard deviation for the graft location. 
Light blue ellipse is the standard deviation for the unilateral cIAR. Light green ellipse is the standard deviation for the bilateral cIAR. The asterisk (*) in the table, indicates 
statistically significant difference in the distance of the cIAR from the graft’s location, during the intact range of motion compared to unilateral and bilateral fixed ranges of 
motion.
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Odeh et al reported ratios of 96% ± 5%, 61% ± 30%, 
and 95% ± 6% for the same pure moment loads. 
Identical coupled motion ratios are observed between 
flexion/extension, left/right lateral bending, and left/ 
right axial rotation.35

We undertook this study within the context of the 
standard multidirectional bending flexibility model with 
pure-moment load application, which has been utilized 
by many investigations of spinal fusion techniques 
because of its consistency and reliability.36,37 Optical mar-
kers were placed near the tested sacroiliac joint to guaran-
tee that bone deformation during asymmetrical loading did 
not influence the range of motion results.38 Still, our study 
is not without limitations. The pure-moment flexibility 
loading scheme may not accurately represent typical in- 
vivo loading. Pure moments are correlated with in vivo 
motions in single planes, such as flexion during rise-to- 
stand, rotation, and bending during gait and positioning 
during activities of daily living. They do not match the 
complexity of combined multiplanar in-vivo loading. All 
specimens were of good bone quality, and further studies 
would be required to determine the effect of osteopenia 
and osteoporosis on fixation performance. While the 
amount of motion reduction required to promote fusion 
is not known, previous investigators utilizing triangular 
rods for lateral sacroiliac fixation, in a similar 

experimental setup have reported ~34% (unilateral) and 
~50% (bilateral) mean reduction in flexion/extension 
pooled range of motion only.10 In our investigation, we 
report ~45% (unilateral) and ~48% (bilateral) reduction for 
the same mean flexion/extension pooled range of motion, 
and this is in addition to further reductions in lateral 
bending and axial rotation motion planes. The current 
model also cannot simulate biological changes over time. 
However, the long-term efficacy and safety of this novel 
fusion allograft in-vivo have been previously 
demonstrated.39 Only a fraction of the body mass was 
applied to the joints through the S1 vertebrae, to avoid 
limiting the motion of the sacroiliac joint, as cadaveric 
tissue is stiffer than in vivo.8–13 However, we were able to 
replicate results from previous in vivo and in vitro 
studies.32–34 Also, it has been shown that variations 
between small and large compressive loads do not affect 
the trends in knee joint mobility.40 Application of the 
results from the presented model to the clinical scenario 
should be undertaken with these limitations in mind.

Conclusion
The stabilizing effect on the total range of motion and 
center of instantaneous axis of rotation in the posterior 
approach to sacroiliac joint arthrodesis had not been pre-
viously quantified or investigated. Our study concludes 

Figure 6 Scatter Plot and Correlation Analysis of outcome measures. The x-axis displays the percentage reduction in the distance of the cIAR from the implant. The y-axis 
displays the percentage reduction in total range of rotational motion during flexion/extension loading. The correlation coefficient (R2) indicates a moderate relationship 
between outcome measures, with equation shown above.
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that our novel posterior approach presents a multifaceted 
mechanism for stabilizing the joint. The first mechanism 
of stabilization is presented by the reduction of the total 
range of motion in all planes of motion, ie, during flexion- 
extension, lateral bending, and axial rotation. As in-vivo 
motions are a complex combination of various loads, 
fixation in all motion planes may result in increased effi-
cacy. A second mechanism of stabilization is presented by 
shifting the center of the instantaneous axis of rotation 
(cIAR) towards the implant’s location in the predominant 
plane of motion, ensuring little or no micromotion at the 
implantation site, thus promoting fusion in this region. 
Thus, the potential efficacy of this novel approach may 
be dependent on the accurate positioning of the allograft. 
While previous investigators have reported efficacy of 
66.5% to 76.5% in pain reported outcomes for this 
approach, there are currently no studies that clinically 
examine the consistency of the allograft placement.39,41
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