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Abstract

Background The sacroiliac joints (SIJ) are specialized articulations in the pelvis that allow load transfer between

the upper and lower body. Traumatic pelvic disruption often requires surgical fixation of at least one of these joints.
Subsequent SIJ pain is associated with asymmetries in joint laxity or stiffness. This pilot study examines SIJ stiffness in
patients with intact sacroiliac screw fixation after posterior pelvic ring injuries. This information will prove valuable to
informing surgeons about technique efficacy in SlJ injury stabilization.

Questions/purposes This pilot study examined Sl stiffness in patients with intact sacroiliac screw fixation to: (1)
establish vibration energy color Doppler imaging (VECDI) SUJ intra-rater reliability; (2) measure SlJ stiffness in subjects
following surgical fixation using VECDI; (3) compare stiffness data between post-surgical and healthy control subjects;
(4) evaluate the relationship between stiffness data and pain and disability scores.

Methods 13 reliability and 19 experimental subjects were tested using VECDI. Subjects were placed into a side-lying
position on top of a shaker apparatus that transmitted vibration energy to the pelvic ring while color Doppler images
were taken from the bilateral posterior SlJ. One investigator performed SIJ measurements on healthy subjects to
establish reliability and then evaluated post SIJ fixation stiffness in experimental subjects at four-weeks (T1) and eight-
weeks (T2). Visual analog scales were used to collect subjective pain scores at each time point.

Results Healthy subject VECDI values suggested good intra-rater reliability (ICC=0.819; Cl 95% = 0.405-0.945). No
significant differences in SIJ stiffness (ATU) were observed between healthy and experimental subjects at both time
points (p>.05). Pearson correlation coefficients highlighted relationships between current pain at T1 and T2 (p=.004,
r=.879), and Oswestry Disability Index (ODI) values at T1 and T2 (p=.003, r=.890).

Conclusions Asymmetric laxity through the SIJ can be associated with pain resulting from either trauma or inherent
physiologic variations. Prior to this study, the mainstay of evaluation was subjective indexes, such as the ODI. Here we
propose VECDI as a potentially objective tool in SIJ assessment. Following surgical fixation necessitated by trauma,
fixation using Sl screws demonstrated similar stiffness values through the SIJ at four- and eight-weeks post-operatively
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when compared to healthy controls. Direct inferences regarding VECDI's exact sensitivity to SIJ dysfunction cannot
be concluded from our investigation due to small sample sizes. Future investigations should include a larger sample
size to enhance our understanding of stiffness measurements obtained using VECDI, validate the technique, and
determine the time-course of healing from SIJ surgical stabilization.

Keywords (MeSH terms) Ultrasonography, Doppler, color, Joint diseases, Joint diseases, Sacroiliac joint

Introduction

Pelvic ring disruptions are often the result of high-energy
trauma and can have devastating outcomes such as high
rates of chronic pain and disability [1-6]. Injuries to the
posterior pelvic ring encompass a spectrum of injury
patterns with varying degrees of bony and joint instabil-
ity. Sacroiliac screw fixation accompanied by an open or
closed reduction is a widely accepted method for surgi-
cally stabilizing posterior pelvic ring injuries [2, 7]. Typi-
cally, screws traversing the sacroiliac articulation remain
in place indefinitely, but the long-term consequences of
screw fixation through the sacroiliac joint (SIJ) are not
well documented.

The sacroiliac joints are highly specialized, stable, and
flexible articulations designed for transferring loads
between the spine and lower extremities [8]. The osse-
ous aspects of the sacroiliac joint (SIJ) with correspond-
ing ligamentous connections contribute to stability
and resistance to shear forces that enable load transfer
through the pelvis during standing and gait. The flexible
stability necessary for bipedal gait has been attributed to
the interdigitating articular surfaces of the SIJ, which are
supported by ligamentous and myofascial structures [8].
This configuration produces the highest friction coeffi-
cient of any diarthrodial joint, which contributes to pel-
vic ring stability.

The dysfunctional SIJ has been implicated as a poten-
tial pain source in both the non-traumatic and post-trau-
matic populations with persistent low back pain [8-10].
Trauma history is present in 40—50% of all SIJ pain cases,
with most occurring due to motor vehicle accidents and
falls [10, 11]. Sacroiliac joint pain is described as gluteal
or paraspinal (lateral to the midline, below the 5th lum-
bar vertebra) and can be exacerbated with transitional
movements, such as moving in bed or rising from a chair
[10]. Several investigators have reported an association
between SIJ pain and joint laxity [8, 12, 13]. Asymmetric
forces on the joint may result in increased or decreased
compression and force closure leading to SIJ dysfunction
[8]. This theory is supported by evidence of reduced pain
and increased stiffness with the application of an exter-
nal compressive force across the pelvis (such as with belt
fixation) among subjects with SIJ pain [14]. Therefore,
examining the effect of screw fixation on SIJ stiffness and
pain is relevant for guiding clinical decision-making with
respect to SIJ screw management.

Sacroiliac dysfunction may also portend functional
impairment and disability. Although no measurement
instrument specific to SIJ pain and dysfunction has been
reported, the Oswestry Disability Index (ODI) has been
validated as a subjective tool capable of identifying dis-
ability caused by SIJ pain [15]. The ODI is a self-reporting
instrument for patients with low back pain (LBP) and is
widely accepted as a reference standard [15—17]. Despite
differences in the clinical presentations of LBP and SIJ
pain patients, ODI scores have been correlated with pain
improvement and being sensitive to the changes in dis-
ability following fusion of the SIJ. The minimum clinically
important difference (MCID) in ODI scores following SIJ
treatment was calculated as 13—15, similar to values pre-
viously reported for LBP [15].

Measurement of sacroiliac joint motion has been a
widely disputed topic. A variety of methods such as
accelerometers, goniometers and manual pelvic compres-
sion have been used, albeit inconsistently, in attempts
to measure joint stability and classify pathologic pro-
gression [18, 19]. Recent investigations have suggested
Vibration Energy Color Doppler Imaging (VECDI) as a
reproducible means of measuring stiffness at the SIJ in
cadavers [19], healthy populations [20-23], and pelvic
pain patients [13, 22, 24—26]. This technique was initially
explored using physical models to measure differences
in tissue sonoelasticity, which directly correlates with
stiffness [27]. Investigators have now successfully dem-
onstrated its efficacy by differentiating stiffness of the
first tarsometatarsal joint in healthy versus hypermobile
subjects [11], as well as in ankylosing spondylitis patients
[26]. We sought to evaluate the abilities of VECDI in
gauging SIJ stability after post-operative screw fixation,
which may be an important parameter in clinical evalua-
tions of patients with pelvic ring disruptions.

The purpose of this investigation is to examine the
effect of screw fixation on the SIJ in patients who have
undergone surgical repair for traumatic injury. This pilot
study first aims to determine the intra-rater reliability of
VECDI on S]J stiffness. Secondly, this study will opera-
tionalize VECDI to compare SIJ stiffness in patients who
have undergone surgical stabilization after joint trauma
with age- and sex-matched control subjects. Third, this
study will examine the relationship between data regard-
ing post-stabilization SIJ stiffness, pain, and self-reported
disability, for post-operative experimental subjects. The
findings will objectively assess the degree of stiffness that
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screw fixation offers to provide evidence behind this sur-
gical management strategy. This is the first study to use
VECDI to examine the effect of screw fixation on SIJ
stiffness.

Methods

Subjects

This study received approval from our Institutional
Review Board. Thirty-two participants (13 reliability sub-
jects without known medical problems, 11 experimental
subjects with screw fixation, and 8 age- and sex-matched
controls) volunteered for this study. All individuals were
between the ages of 18- and 65 years old and could main-
tain a side-lying position for 15 minutes. Experimental
subjects were selected a priori based on the inclusion cri-
teria of previously undergoing SIJ screw fixation, which
included trans-iliac or trans-sacral screw fixation. These
subjects were recruited through the trauma division of
the Department of Orthopedic Surgery at our midsized
level 1 trauma center. The recruitment period started on
September 1st, 2016 and ended July 1st, 2021. Any sub-
ject was excluded if: (1) the investigator was unable to
confidently discriminate between the individual’s sacrum
and posterior superior iliac spine (PSIS) during VECDI;
(2) pregnancy by self-report; (3) open wounds around
the SIJ; (4) and any pelvic screw fixations other than the
SIJ. Additionally, reliability and control subjects were
excluded if they: (1) experienced active spinal or pel-
vic pain requiring professional health-care management
within the past 12-months; (2) had known, unhealed pel-
vic or sacral fracture; or (3) had known neuromuscular
or musculoskeletal disorders. All participants read and
signed the informed consent.

Instrumentation
An example setup of the required instrumentation
can be seen in Fig. 1. Vibration energy was transmitted

Fig. 1 The instrumentation required: shaker calibrator (left), shaker ap-
paratus positioned under a modified measurement table (center), ultra-
sound device and transducer (right)
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to the pelvic ring using a shaker apparatus (Labworks
Inc. ET-139 75lb shaker, Costa Mesa, California). The
device was positioned under the measurement table
and extended up through an opening in the tabletop to
a height sufficient to maintain contact against the sub-
ject’s ilium, applying a force in the lateral direction. High
frequency (200 Hz, acceleration 2 g-pk), low amplitude
(<0.05 mm) vibrational energy was initiated at the shaker
calibrator and transmitted to the top plate of the shaker
apparatus, which was secured under the bony promi-
nence of the test side lateral iliac crest. An investigator
then applied a hypo-allergenic, water-based ultrasound
gel over the interface between the dorsal sacrum and
PSIS on the test side. Vibrations were detected using a
linear ultrasound transducer (General Electric LOGIQ.
GE Healthcare, Milwaukee, Wisconsin). The ultrasound
transducer (12 MHz) was rested across the test side SIJ
region spanning from the PSIS to the dorsal sacrum, par-
allel to the skin surface (Fig. 2). Anatomic landmarks vis-
ible on ultrasound included the ilium, PSIS, and SI joint
(Fig. 3). Color Doppler was turned on, with the region of
interest box capturing the PSIS and SIJ. Optimal pulse
repetition and initial gain settings varied per patient. An
example of these settings can be seen in Supplemental
Video 1.

Vibration energy was presented on the color Doppler
monitor as pixels, where the intensity of vibration pixels
from the PSIS and SIJ appeared simultaneously on the
monitor at sufficiently high threshold values (Fig. 3).The
minimum threshold unit (TU) levels were determined
for both the PSIS and SIJ by lowering the color Dop-
pler image registry to a level where vibration from each
structure was minimally detectable (where the image
turns from color to gray). At a certain TU value of the
color Doppler image, both the PSIS and SIJ vibrated with
energy sufficient to display color on the monitor. The
ultrasound gain setting was decreased until the sensitiv-
ity of the Doppler fell below the color threshold on the
screen for each structure (TUgy and TUpgys).

Because of an expected decline in the transfer of vibra-
tion energy across the ilium, the SIJ reached a minimum
threshold unit level first, followed by the PSIS when the
threshold unit level was further decreased (Supplemen-
tal Video 1). The PSIS (TUpg) threshold units were
subtracted from the SIJ (TUg;) threshold units, which
resulted in vibration threshold differences at the two
structures (ATU). The relationship between the TU val-
ues of the PSIS and SIJ are represented by the following
formula:

TUgry— — TUpgis= ATU (1)
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Fig. 2 (a) Vibrations were detected using a linear ultrasound transducer positioned across the test side SIJ region spanning from the PSIS to the dorsal
sacrum. (b) A closer view demonstrating the shaker apparatus positioned under the bony prominence of the test side lateral iliac crest and placement

of the ultrasound transducer

Midline
(Sacrum not

visualized)

Fig. 3 Vibration energy presented on the color Doppler monitor as pixels,
where incrementally decreasing the ultrasound gain leads to color mov-
ing from both the SIJ and PSIS to the PSIS only. * = Posterior superior iliac
spine

ATU represents joint stiffness. A smaller value equates
to a stiffer joint, while a larger value corresponds to
increased joint laxity [28].

Preparatory procedures

Following reading and signing the informed consent,
each subject completed a background health history
questionnaire and was measured for height and weight
with a subsequent body mass index (BMI; kg/m?) cal-
culation. Experimental subjects additionally completed
the ODI as well as a visual analog pain scale (VAS) to

determine symptom severity. Next, all subjects attained
a side-lying position with approximately 15° of knee flex-
ion on top of a custom-built table with a square cut-out
for the shaker apparatus. Complete contact of the ilium
was confirmed to ensure optimal vibration energy trans-
mission through the SIJ.

Experimental procedures

Thirteen asymptomatic subjects were measured for SIJ
stiffness to assess intra-rater reliability. The dominant-
side SIJ was measured three times by one investigator
while an assistant recorded the ATU, effectively blinding
the rater. Subjects returned 48 hours later and were mea-
sured using the same procedure to establish intra-rater
reliability.

Following acceptable intra-rater reliability statistics,
the same investigator measured 11 experimental sub-
jects (1 with left, 2 with right, and 8 with bilateral fixa-
tion, respectively) at four-weeks (T1), and eight-weeks
(T2). Three measurements were recorded for both SIJs
with the shaker apparatus contacting the tested side. 8
age- and sex-matched control subjects were measured on
their dominant side for between-group comparison of SIJ
stiffness. Lastly, Visual analog scales (VAS) were used to
collect subjective patient pain scores at each time point.

Statistical analysis

Measures of central tendency, standard deviation and
gain unit (ATU) value distributions were used to describe
the data. Data normality was established through assess-
ing the values for skewness and kurtosis (from -2 to
2), along with Shapiro-Wilk test outcomes (p>.05). A
Levene’s test was used to test for data homogeneity
of variance (p>.05). Intraclass correlation coefficients
(ICC;, ) representing relative agreement were calculated
in the initial 13 control subjects to determine intra-rater
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Table 1 Mean (standard deviation) of the anthropometric
characteristics

Experimental Group Control Group p
(n=11) (n=8) value
Age 37.5(13.0) 403 (10.1) 0.62
Sex Male=8, Female=3 Male=6, Female=2
Height (m) 1.7(0.1) 1.8(0.1) 0.18
Weight (kg) 75.5(22.6) 81.4(12.0) 0.52
BMI (kg/m?) 255 (54) 25.2(2.5) 0.91

reliability of stiffness measurements using the previously
described VECDI measurement model. Intra-rater reli-
ability was calculated using each rater’s three repeated
measurements between the two testing days. Indepen-
dent and dependent sample ¢-tests were calculated to
analyze between- and within-group SIJ stiffness. Pearson
product-moment correlations were calculated between
ATU, ODI, and VAS current pain score for both time
points in experimental subjects. All statistics were calcu-
lated using SPSS Statistics 24.0 software (Statistical Pack-
age for the Social Sciences, IBM SPSS Inc., Chicago, IL).

Results

Intraclass correlation values suggested good intra-rater
reliability (ICC=0.819; CI 95% = 0.405-0.945). Differ-
ences in anthropometric variables between test subjects
and controls (age, gender, BMI) were non-significant
across experimental and control groups (Table 1).

No significant differences for ATU were observed
between healthy subjects and experimental subjects
at both time points (p>.05; Table 2). A qualitative
observation revealed increased SIJ stiffness within the
unilaterally fixated group (N=3) at T1 between the
involved (mean=3.67+4.2 SD) and uninvolved side
(mean=10.13+2.8 SD). Pearson correlation coefficients
highlighted relationships between current pain at T1
and T2 (p=.004, r=.879), and ODI values at T1 and T2
(p=.003, r=.890). A non-significant negative correlation
trend was observed for right side ATU at T1 and current
pain at T1 (p=.458, r=-.25), and T2 (p=.158, r=-.550).
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Discussion

The sacroiliac joints (SIJ) allow for upper and lower body
load transference via highly specialized articulations.
Traumatic disruptions of these articulations may result
in surgical fixation to at least one of these joints. SIJ pain
can be a significant source of low back pain, with cited
etiologic rates of 4-15% [8, 29]. Thus, this pilot study
attempted to elucidate whether VECDI can be a poten-
tial tool for objectively assessing the SIJ. This was done
by including intra-rater reliability testing and examin-
ing those who had undergone prior posterior pelvic ring
fixation. Lastly, subjective perceptions of SIJ pain were
correlated with objective stiffness data to evaluate rela-
tionships regarding laxity across the SIJ.

Objective 1: to establish vibration energy color Doppler
imaging (VECDI) SlJ intra-rater reliability

The use of doppler imaging of vibrations (DIV) has been
investigated since the early 90’s. Buyruk et al. used DIV
to characterize the SIJ in order to better understand peri-
partum pelvic pain [20]. This was accomplished through
examination of healthy volunteers to validate the tech-
nique’s reproducibility and reliability. DIV has contin-
ued to be used as a research tool in studying pelvic pain
in women but has yet to be validated in men or patients
who have traumatic disruption of their posterior pelvic
elements. Our study demonstrated good reproducibility
and intra-rater reliability (ICC=0.819) through repeated
measurements over multiple testing days.

Prior to the work done with doppler imaging, the
most common ways of analyzing the SIJ objectively were
through: radiography, static images incapable of dynami-
cally evaluating the SIJ in real time, or by using tantalum
beads. The latter is notable for being invasive and difficult
to measure small changes in position with. On physical
examination, multiple provocation maneuvers (distrac-
tion test, compression test, thigh thrust test, Gaenslen
test, sacral thrust, and FABER) and their associated sensi-
tivities for SIJ dysfunction have been evaluated. Telli et al.
found that when assessed individually, the sensitivities of
these tests were 68.3%, 78.5%, 71.8%, 56.4%, 70.95%, and
91.4%, respectively [30]. Despite these good to excellent

Table 2 Mean joint stiffness (ATU) among healthy and experimental subjects

Side - Time Point

Right -T1 Right -T2 p value* Left - T1 Left-T2 p value*
Healthy subjects 56(3.7) 532.1)
Experimental subjects 438(3.1) 5439 0.17 79 (6.5 74(6.0) 0.38
p value** 0.82 0.74

ATU Values represented as: Mean (SD)
* = Paired samples t-test

** = Independent samples t-test
T1=Time point one (4 weeks)

T2=Time point two (8 weeks)
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sensitivities, a multitest physical exam regimen was still
recommended given that intraexaminer reliability and
agreement remained questionable [30]. The preliminary
data from our study revealed that VECDI has good intra-
rater reliability as determined by using an intraclass cor-
relation coefficient analysis. Given the nature of the pilot
study, our methodology did not examine the sensitivity of
VECDIL. Future studies should employ a larger population
size with a blinded investigator to determine accuracy in
diagnosing SIJ dysfunction using joint stiffness (ATU)
found through utilization of VECDL

Objectives 2 and 3: measuring SlJ stiffness in post SIJ
fixation patients and comparison with healthy control
subjects

It has been suggested that asymmetric hyperlaxity across
the bilateral SIJ could play a role in LBP. Damen et al.
reported asymmetric laxity during pregnancy is asso-
ciated with a three-fold increase in postpartum pelvic
pain in comparison to those who had symmetric laxity
[13]. To assess SIJ laxity in our study, we used a measure-
ment of stiffness, ATU, to examine whether post fixation
patients may have asymmetric joint laxity across the SIJ
that could be indicative of SIJ dysfunction. It is important
to realize that ATU is only a reflection of the amount of
mobility of the ilium relative to the sacrum and not the
absolute rigidity of the pelvis. In our measurements,
our study revealed there was no statistical difference in
SIJ stiffness (ATU) between the fixation group versus
the healthy controls. Care had been taken to eliminate
potential confounders by approximating characteristics
between experimental subjects and the controls as much
as possible, with no statistical differences found (Table 1).
This meant that the SIJ fixations received by the experi-
mental subjects were demonstrative of restoration of
near anatomic parameters (i.e. stiffness) of the joint. It
is important to note that the degree of ligamentotaxis
in each SIJ fixation was also likely contributory to the
observed stiffness values seen among experimental sub-
jects. By carefully molding fracture fragments back into
alignment using an SIJ screw, anatomic alignment could
be better achieved. This likely equated to higher than
expected stiffness values at each time interval as the sur-
rounding soft tissues further helped reinforce the fixation
construct during healing.

A post hoc power analysis completed using statisti-
cal analysis in R (R Core Team (2021), R: A language
and environment for statistical) assumed an alpha
value of 0.05 with a power of 0.8 to calculate a sample
size estimate from the pilot data. This included a mean
of 3.67+4.2 SD compared to the uninvolved mean of
10.13+2.8 SD. An r number of 0.88 was derived, indica-
tive of a large effect size. Using these variables, we calcu-
lated that a sample size of 40 patients would require SIJ
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examination using VECDI in order to find a statistically
significant difference between SIJ stiffness among experi-
mental and control subjects, with 20 patients in each

group.

Objective 4: to evaluate the relationship between stiffness
data and self-reported pain and disability scores

The lack of difference in SIJ stiffness/restoration of ana-
tomic joint stiffness was also reflective of a reduction in
pain as seen by the negative correlations with subjective
pain measured at different time points in fixation. There
was a statistically non-significant difference between
the SIJ of the three patients with unilateral fixation. This
was interesting as there did not appear to be any corre-
lation with subjective pain for this asymmetry as would
have been previously suggested based on the findings of
Damen et al. [13]. Collectively, these results can be inter-
preted that the use of SIJ fixation, be it through transil-
iac-transsacral or sacroiliac screws, can restore near
anatomic levels of mobility through a traumatically dis-
rupted joint. As our investigation indicates, the restora-
tion of anatomic parameters, specifically joint stiffness,
can potentially be measured using VECDI in a reliably
replicative manner among different technicians. How-
ever, the exact sensitivity of this technique to SIJ dysfunc-
tion and its ability to find a significant difference in SIJ
stiffness need to be determined using large scale blinded
studies. Our posthoc power analysis using the data from
this pilot study has helped reveal the necessary number
of subjects required to accomplish this.

Limitations

First, the small sample size of this pilot study is a limi-
tation to the general applicability of the results. As pre-
viously noted, large scale studies are the next step in
evaluating the sensitivity of VECDI for joint dysfunc-
tion and validating the technique. Second, only one
researcher collected all the measurements. Multiple
studies have indicated that there can be a steep learning
curve to using VECDI, which could limit the potential
for it to be adapted as a tool for objective measurements
[2]. Third, multiple parameters can influence VECDI
measurement results. These include differences in
patient positioning, pelvic tilt, alignment, muscle status
and activation, hydration status, extent of ligamentous
injury, etc. Fourth, VECDI uses the relative difference of
threshold units across the joint rather than the absolute
value, which could confound measurements comparing
those with and without fixation in future studies as well
as anatomic variations between participants. Fifth, other
pathologies contributing to postoperative low back pain
may have confounded our assessment of SIJ stiffness and
pain. For example, reported incidence rates of cluneal
nerve entrapment have ranged from 1.6 to 14% [31, 32].
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In the postoperative setting, trauma patients may develop
cluneal neuralgia from scarring which may be difficult to
distinguish from SIJ dysfunction [32].

Conclusion

The use of VECDI can serve as a reliably reproducible
tool for measuring the stability of the SIJ before and after
fixation. Asymmetric laxity through this joint can be
associated with pain and be the result of either trauma
or inherent physiologic variations. Prior to this study, the
mainstay of evaluation was subjective indexes, such as the
ODI. Here we propose VECDI as a potentially objective
tool in SIJ assessment. Following surgical fixation neces-
sitated by trauma, fixation using SI screws demonstrated
similar stiffness values through the SIJ at four- and
eight-weeks post-operatively when compared to healthy
controls. Direct inferences regarding VECDI’s exact sen-
sitivity to SIJ dysfunction cannot be concluded from our
investigation due to small sample sizes. Future investi-
gations should include a larger sample size of at least 40
patients total (20 experimental, 20 controls) to enhance
our understanding of stiffness measurements obtained
using VECDJ, validate the technique, and determine the
time-course of healing from SIJ surgical stabilization.

Future studies

As this study had a small overall sample size, we continue
to add to our data in investigating patients with either
unilateral or bilateral fixation after traumatic disrup-
tion of the posterior pelvic ring. We aim to collect long
term follow-up data on patients who have symptomatic
implants of the SIJ necessitating hardware removal and
use this cohort for further subset analysis.
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