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ABSTRACT

Background: The pelvic girdle and spine vertebral column work as a long chain influenced by pelvic tilt. This study aims
to assess the effect of open and closed chain anterior pelvic tilt (APT) or posterior pelvic tilt (PPT) on cervical and lumbar spine

kinematics using an in vitro cadaveric spine model.
Methods:

Three human cadaveric spines with intact pelvis were suspended with the skull fixed in a metal frame. Optotrak

3-dimensional motion system captured coordinates of pin markers at 24 different points for real-time tracking of cervical and
lumbar regions. Additional geometric parameters were measured to calculate pelvic incidence and pelvic tilt. A force-torque
digital gauge applied consistent force to standardize the acetabular or sacral axis’ APT and PPT during simulated open- and
closed-chain movements, respectively.

Results: 1In closed-chain PPT, significant differences in relative intervertebral decompression were noted between
spinal levels C2/C3 (4.85 mm) and C5/C6 (1.26 mm), while compression was noted between L1/L2 (-2.54 mm) and L5/S1
(—11.84 mm) and between L3/L4 (-2.78 mm) and L5/S1 (-11.84 mm) (P < 0.05). Displacement during closed-chain PPT was
significantly greater than during open-chain PPT for cervical and lumbar spines. In closed-chain APT, significant differences in
relative intervertebral decompression were noted between spinal levels L1/L2 (2.87 mm) and L5/S1 (24.48 mm) and between
L3/L4 (2.94 mm) and L5/S1 (24.48 mm) (P < 0.05). Pelvic incidence remained the same as the pelvis tilted anterior and
posterior.

Conclusions: In PPT, open-chain pelvic tilts did not produce as much cervical and lumbar intervertebral displacement
compared with closed-chain pelvic tilts. In contrast, APT saw fewer differences between open- and closed-chain tilting. There
was a reciprocal relationship between pelvic tilt and sacral slope, producing a constant pelvic incidence throughout all pelvic

tilt angles.
Clinical Relevance:

The results of this study may help determine how a patient’s pelvic tilt is causing pain and using

that knowledge to guide rehabilitation of stabilizing muscles. The data produced here may also be helpful in determining which
rehabilitation exercises may be more difficult or prone to injury for patients with either excessive anterior or posterior pelvic tilt.

Level of Evidence: 5.

Biomechanics

Keywords: pelvic tilt, kinematics, lumbar spine, cervical spine

INTRODUCTION

Pelvic tilt (PT) denotes the rotation of the innomi-
nate bones of the pelvic girdle in either the anterior or
posterior direction.' Both anterior PT (APT) and poste-
rior PT (PPT) can occur in the setting of either an open
or closed kinetic chain. The entire chain is supposed to
span the length of the body, and the pelvis’s motions
are defined as closed if both the head and feet remain
fixed. In contrast, movements of the pelvis are consid-
ered open when either the head or feet rotate along with
the pelvis. For example, open chain can occur when the
spine, pelvis, and femur move in a coordinated fashion
to produce a range of motion greater than that available

to 1 segment alone, like during hip flexion with a
straight leg. On the other hand, when both ends of the
chain are aligned (head held upright over feet), axial
skeleton segments function as part of a closed chain,
as can be seen when performing an exercise such as a
push-up or squat.

While open-chain movements can be a part of
a workout regimen or specific daily activities (eg,
bending down to pick things up), the body is typically
held up as a closed chain.” Excessive PTs within closed-
chain movements of the spine are often seen in the pres-
ence of orthopedic pathologies, either of muscular or
skeletal origin. For example, tight hip flexor muscles
can cause the pelvic girdle to tilt anteriorly, setting off
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an unconscious adjustment that works to maintain the
head upright over the sacrum. As a result, the hip will
still flex, but the lumbar spine will extend in response
to keep an upright stature, producing excessive lumbar
lordosis.’

The most frequently encountered pathologies that
can produce a closed-chain pelvic misalignment are
adult spinal deformity (ASD) and cervical spondylotic
myelopathy (CSM). Both of these spinal conditions
demonstrate how the body attempts to correct sagittal
plane misalignments through excessive PT, either pos-
teriorly or anteriorly, to maintain upright stature and
forward gaze.* Unfortunately, as the pelvis tilts beyond
its natural position, this often creates additional pain and
further disability for the patient because of pathologi-
cal compensatory changes to other spine segments and
even the lower limbs.”” Prior literature analyzing PT
and spine kinematics has focused on the closed kinetic
chain lumbar kinematics."®® However, with an expand-
ing elderly population, spine conditions will become
more prevalent, making it essential to understand how
pathologic closed-chain APT or PPT impacts both
lumbar and cervical spinal segments. Therefore, it is
critical to comprehend pelvic compensation’s effects on
other spinal segments, so rehabilitation methods can be
more effectively designed to alleviate pain and protect
patients from aggravating previously sensitive areas.

— ;
Fixed Sacral Axis i
S —

Rotating
Acetabular Axis

This is important because closed-chain exercises tend
to be utilized early during rehabilitation, while some
open-chain movements may be incorporated later.'*"2
In addition, understanding the effects of sagittal mis-
alignment may aid spinal assessment before and after
surgeries closely coupled to the spine, such as total hip
arthroplasty."?

Our study uses an in vitro cadaveric spine model to
simulate open- and closed-chain pelvic tilting in the
anterior and posterior directions to assess the influence
on cervical and lumbar spine kinematics.

METHODS

Three fresh-frozen human cadaveric spines, each
with the pelvis and lower skull intact, were suspended
and aligned in the center of a custom metal frame by
fixing the skull superiorly and using wire and a metal
rod passing through the sacral and acetabular (Acet)
axis (Figure 1).

Before attachment on the frame, a hole was drilled
through the pelvic ilium, passing through the upper
part of the sacrum at the S1 level and exiting through
the contralateral ilium. A rod was passed through the
column to establish the sacral axis. A second hole was
drilled in the center of each acetabulum, and a rod was
passed through to set the Acet axis. Open-chain APT

Figure 1. Experimental setup: (A) coronal/front view with sacral axis fixed and (B) coronal/front view with acetabular axis fixed. The dots represent the digitized
points taken for the Optotrak: 3 green dots for the skull, 7 yellow dots for the cervical spine vertebral body (VB), 4 pink dots for the thoracic spine VB, 5 blue dots
for the lumbar spine VB, and 5 red dots for the sacrum and pelvis (only 3 seen in the frontal plane). APT, anterior pelvic tilt; PPT, posterior pelvic tilt.
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Figure 2. Simulated open- vs closed-chain movement. In open-chain movements (left image), the sacral axis is fixed, and the pelvis rotates using the acetabular
axis. In closed-chain movements (right image), the acetabular axis is fixed, and the pelvis rotates using the sacral axis. APT, anterior pelvic tilt; PPT, posterior pelvic

tilt.

and PPT were simulated by fixing the skull superiorly
and the sacral axis inferiorly, allowing pelvic rotation to
occur using a mobile Acet axis (Figure 2A). Our setup
was based on the definition of an open kinetic chain as
an open loop with 1 end free to move while the other end
is fixed. Closed-chain APT and PPT were simulated by
fixing the skull superiorly and the Acet axis inferiorly,
allowing pelvic rotation to occur using a mobile sacral
axis (Figure 2B). A closed kinetic chain, defined as a
closed loop with both ends fixed, was the basis for our
setup. The tilt range for each spine was standardized
using a digital force gauge.

A 3-camera Optotrak Certus, placed in the sagittal
plane of the spine, captured 3-dimensional coordinates
for 24 digitized points along each cadaveric spine: 3 on
the skull, 4 evenly spaced throughout the thoracic spine,
7 on the center of the anterior cervical vertebral bodies,
5 on the center of the anterior lumbar vertebral bodies,
and 5 on the sacrum and pelvis (Figure 1 and Figure 3).
The coordinates along the lumbar and cervical vertebral
bodies were used to calculate intervertebral displace-
ment during pelvic rotation. APT follows a counter-
clockwise motion in the sagittal plane with computed
angles represented by negative values. PPT follows a
clockwise motion in the sagittal plane with computed
angles represented by positive values. Kruskal Wallis
test was used to assess differences in intervertebral dis-
placements, and post hoc analysis was performed using
pairwise comparison with Dunn-Bonferroni correction.

With the help of the digitized points, PT, sacral slope
(SS), and pelvic incidence (PI) were calculated using the
formula PI = PT + SS. As seen in Figure 3, PI was cal-
culated by first finding the midpoint of the S1 vertebra,
which was determined by dividing the distance between
digitized points marking the anterior and posterior extent of
the vertebra. A perpendicular line was passed through this

M=PT+ 35

Pahic Tilt BT

Figure 3. Visualization of how pelvic incidence (PI), pelvic tilt (PT), and sacral
slope (SS) were determined. The red dots represent the digitized Optotrak
points used to calculate these values.
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midpoint, which is then connected by another line with the
endpoint digitized at the acetabulum center to obtain the PL
A perpendicular line was passed through the Acet point to
determine the PT, and the line connecting the acetabulum
center to the S1 midpoint represents the PT angle. SS was
later calculated with the PI formula (Figure 3).

RESULTS

In closed-chain PPT, significant differences in
relative intervertebral decompression displacement
were noted between spinal levels C2/C3 (4.85 mm)
and C5/C6 (1.26 mm) (P < 0.05). At the lumbar
level, significant differences in relative interverte-
bral compression displacement were noted between
spinal levels L1/L2 (-2.54 mm) and L5/S1 (-11.84
mm) and between L3/L4 (-2.78 mm) and L5/S1
(-=11.84 mm) (P < 0.05 for both). On the contrary,
in open-chain PPT, no significant differences in
relative intervertebral displacement were noted at
cervical or lumbar spinal levels. When comparing
closed-chain PPT with open-chain PPT, interverte-
bral decompression displacement was significantly
greater during closed chain at the cervical spine
levels C2/C3 (4.85 vs 1.20 mm) and C3/C4 (3.48 vs
1.39 mm) (P < 0.05) (Figure 4A). At lumbar spinal
levels, intervertebral compression during closed-
chain PPT was significantly greater than open-chain
PPT at L1/L2 (-2.54 vs —0.69 mm), L2/L3 (-6.99 vs
—0.43 mm), L3/L4 (-2.78 vs —1.17 mm), and L4/L5
(—6.10 vs —0.40 mm) (P < 0.05 for all) (Figure 4B).

In closed-chain APT, significant differences in
relative intervertebral decompression displacement
were noted between spinal levels L1/L2 (2.87 mm)
and L5/S1 (24.48 mm) and between L3/L4 (2.94
mm) and L5/S1 (24.48 mm) (P < 0.05 for both). In
open-chain APT, significant differences in relative
intervertebral decompression displacement existed
between spinal levels L4/L5 (1.53 mm) and L5/S1
(25.14 mm) and between L2/L3 (1.68 mm) and L5/
S1 (25.14 mm) (P < 0.05 for both) (Figure 5). No
significant differences in intervertebral compression
displacement were noted at cervical spinal levels
during either open- or closed-chain APT. When
comparing APT closed- and open-chain movements,
no significant differences in relative intervertebral
displacement were noted at lumbar or cervical spinal
levels.

PI angles were calculated for the 3 spines about
both Acet and sacral axes, and each axis underwent
APT and PPT. Thus, we had 4 PI graphs for each
spine: Acet APT, Acet PPT, sacral APT, and sacral

PPT. Figure 6 shows the change in SS, PT, and PI
values when the intact spine moves from a neutral
position (blue graphs) to maximum PT (orange
graphs). As seen in the figures, the PI remained the
same before and after the PT but then changed in
the values of SS as the PT adjusted from neutral to
maximum APT or PPT. Thus, there was a reciprocal
relationship between PT and SS, with an increase in
PT leading to a decrease in SS and a decrease in PT
leading to a rise in SS.

DISCUSSION

This study’s data showed that overall, open-chain
PTs did not produce as much cervical and lumbar inter-
vertebral displacement compared with closed-chain
PTs. This is consistent with what was expected, given
that open-chain movements allow joints to move inde-
pendently from other segments of the body."*

When the spine acts as a closed chain, usually when
sitting, standing, and during normal daily activities,
other portions of the spine can be easily displaced
during an excessive PT. This study showed that during
PPT, similar to what is seen in ASD, both cervical and
lumbar portions of the spine showed significant inter-
vertebral displacement. Cervical displacement can
be seen to decompress, whereas lumbar displacement
shows compression between the vertebra, illustrat-
ing that most stress may be transitioned to the lumbar
portion of the spine. Alternatively, open-chain posterior
tilting of the pelvis produced minimal intervertebral
displacement in the cervical and lumbar regions. The 1
exception was the space between L5 and S1, which had
similar compression in both the closed and open chain.

Closed-chain APT is a condition similar to what is
seen in CSM. Overall, the closed chain produced more
displacement over the lumbar and cervical vertebra,
but with no significant differences between the open
and closed chain. The area of greatest decompression
was the L5/S1 region, with the other lumbar vertebra
showing slight decompression. The cervical region
showed increased compression for both closed- and
open-chain movements.

As mentioned earlier, an essential clinical example
of a closed-chain spinal movement is seen in patients
with sagittal imbalance caused by ASD," a condition
in the adult population that affects the thoracic or thora-
columbar spine.l6 The compensatory responses by the
body due to sagittal imbalance from ASD have been
researched and well described. Studies have shown that
one of the first skeletal adjustments during ASD is the
degenerative loss of lumbar lordosis, which produces
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A Cervical Intervertebral displacement during open
vs closed chain PPT

£

E 4 *

g 3

=

8 2 I

_©

(o=

. B mf mf ml =
(5]

= c1/c2 c2/c3 C3/c4 C4/C5 C5/C6 Ce6/C7

Spine level
m Open Chain m Closed Chain
B Lumbar Intervertebral displacement during open
vs closed chain PPT

— 0 — — - —

E ] ]

£ -4 * *

(<]

E -6

3 *

2 ° .

a -10

S -12

= L1/L2 L2/L3 L3/L4 L4/L5 L5/51

m Open Chain

Spine level

m Closed Chain

Figure 4. Cervical (graph A) and lumbar (graph B) intervertebral displacement in an open-chain and closed-chain pelvic tilt. Asterisk indicates significant differences
between open- and closed-chain posterior pelvic tilt (PPT) at a specific spinal level. (A) Intervertebral decompression during closed-chain PPT was significantly
greater than open-chain PPT at the cervical spine levels C2/C3 (4.85 vs 1.20 mm) and C3/C4 (3.48 vs 1.39 mm) (P < 0.05). (B) Intervertebral compression during
closed-chain PPT was significantly greater than open-chain PPT at L1/L2 (-2.54 vs —0.69 mm), L2/L3 (-6.99 vs —0.43 mm), L3/L4 (-2.78 vs —=1.17 mm), and L4/L5

(-6.10 vs —=0.40 mm) (P < 0.05 for all).

a retroversion of the pelvis and, therefore, a poste-
rior pelvic shift to bring the head alignment posterior
over the sacrum'”'® (negative sagittal alignment). This
PPT may also produce compensatory reductions in the
natural thoracic kyphosis to keep the head aligned in
a closed chain after the loss of lumbar lordosis.'® This
loss of lumbar lordosis coupled with a PPT aligns
with the compression displacement noted at lumbar
levels in this study. This compression was shown to
be much more significant at almost all lumbar levels
during closed-chain movements. The anterior lumbar
spine compression produced an almost complete loss

of lumbar lordosis. Additionally, the decompression
seen in this study at several cervical spinal levels may
indicate that the cervical spine should be more closely
examined before surgical correction in ASD patients to
determine if patients may develop a postoperative cer-
vical deformity after surgery.*’

Patients experiencing ASD, who may compose up to
68% of the population, typically exhibit pain and may
become disabled due to the increased stress shifted
to other areas of the body to regain pelvic balance.”'
Because ASD may produce disruption to spinal align-
ment in 3 dimensions, the focus has previously been on
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Lumbar Intervertebral displacement during open
vs closed chain APT
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Figure 5. Lumbar intervertebral displacement in open- and closed-chain anterior pelvic tilt (APT). Since there were no significant differences between open and
closed chains, asterisks indicate significant differences between spinal levels within either open or closed chains. In closed-chain APT, significant differences in
relative intervertebral decompression displacement were noted between spinal levels L1/L2 (2.87 mm) and L5/S1 (24.48 mm) and between L3/L4 (2.94 mm) and
L5/S1 (24.48 mm) (P < 0.05 for both). In open-chain APT, significant differences in relative intervertebral decompression displacement existed between spinal levels
L4/L5 (1.53 mm) and L5/S1 (25.14 mm) and between L2/L3 (1.68 mm) and L5/S1 (25.14 mm) (P < 0.05 for both).

correcting the coronal plane alignment; however, more
recent research has suggested the improvement of sag-
ittal plane imbalance is just as significant to a patient’s
recovery.*!*

Patients with ASD have generally been encouraged
to seek medical/interventional treatment before con-
sidering surgical options; however, results from these
interventions are not well studied as to their efficacy.”
Typically, patients are indicated for surgery when there
is persistent low back/leg pain, the appearance of neu-
rological symptoms, or a progressive decline of spinal
balance in the sagittal and coronal plane significantly
affecting the activities of daily living. Decompression
and fusion are procedures most often used to correct
misalignments in ASD patients. Decompression alone
can be appropriate for patients with minimal spinal
degeneration and low instability. In contrast, a com-
bined decompression and fusion procedure can be
used in patients with more severe conditions.** Despite
increased complication rates, surgical intervention is
especially beneficial for older patients by providing
better pain relief, decreased disability, and improved
quality of life.”*

Another previously mentioned spinal cord condi-
tion that produces a sagittal misalignment is CSM, the
most common cause of myelopathy in adults older than
55 years old.”> A degenerative condition characterized
by compression of the cervical spinal cord,”*?’ CSM
can be asymptomatic or present with radiculopathy if

cervical nerve roots become affected,” and/or myelo-
pathic symptoms such as gait instability, fine motor
dysfunction, or proximal weakness. Because of the cer-
vical spine breakdown, these patients have been shown
to exhibit a smaller cervical lordosis.® This disruption
to healthy alignment manifests as an increased APT and
a more significant lumbar lordosis, all to re-establish
a closed-chain center of gravity that keeps the head
upright.? This significant increase in lumbar lordosis is
consistent with our study results showing anterior rela-
tive decompression at several lumbar spinal levels. This
decompression was most significantly seen in the L5/
S1 level. It did not change with closed- or open-chain
movements, indicating this change in lumbar spine cur-
vature was consistent across many different activities,
situations, and body movements. Our results indicated
no relative differences in cervical intervertebral dis-
placement, potentially showing that any compression
seen in the cervical spine was uniform and not affected
by closed- vs open-chain movements.

Even more so than ASD, the literature regarding the
treatment of CSM lacks the comparison of conservative
and surgical treatment.”® Surgical intervention can be
varied, including several different anterior, posterior,
or combined approaches. Surgery is typically offered
to patients to decompress the cervical spinal cord halt
any further neurologic decline. However, with multiple
techniques available, the surgical decision is derived
from surgeon expertise and patient’s specific anatomy
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Figure 6. Bar graphs for pelvic tilt (PT), sacral slope (SS), and pelvic incidence (PI) for 3 spines. (A) (a—d) represent graphs for spine 1, (B) (a-d) represent graphs for
spine 2, and (C) (a—d) represent spine 3. The graphs are represented for anterior pelvic tilt (APT) about acetabular (Acet) and sacral (Sac) axes and posterior pelvic
tilt (PPT) about Acetr and Sac axes. These bar graph values represent the concept PT + SS = PI.
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and related pathology’' to decompress the cord while
restoring cervical alignment.

The results of this study illustrate how the spine adjusts
during APT or PPT when someone is subjected to differ-
ent spine motions about a different axis of rotation. Most
of these regular activities are typically within a closed
chain. Our results show that the difference in open- and
closed-chain movements with APT may not significantly
differ in how the spinal segments adapt. However, with
PPT, our results indicate that the closed-chain movements
can produce much more vertebral movement and discom-
fort for the patient when compared with open-chain move-
ments. These kinematic results suggest that both the lumbar
and cervical spine are affected differently with posterior
tilt when comparing between adjacent vertebral segments
and between open- and closed-chain movements. Only
the lumbar portions show different displacements within
that specific spinal segment with no significant differences
between the open and closed chains during anterior tilt.
The results of this study may be helpful to determine how
a patient’s PT may cause impingement pathology or other
pain in some regions of the spine, which can be used to
determine which stabilizing muscles are essential to reha-
bilitating help provide support and restore alignment. The
data produced here may also help determine which reha-
bilitation exercises may be more difficult or prone to injury
for excessive anterior or posterior tilt patients.

A notable finding across both APT and PPT with both
closed- and open-chain movements was the magnitude of
intervertebral displacement seen in the L5/S1 segment.
This region exhibited the largest displacement among all
the spinal segments under study, which was an expected
finding due to this segment being the transition point
between lumbar and sacral spines, and the point where
lumbar lordosis becomes sacral kyphosis. Loads are trans-
ferred to the pelvis at this point, putting higher degrees
of biomechanical stress on the L5/S1 spinal segment.**
Our results illustrate the susceptibility of this region by
demonstrating intervertebral displacement that spans from
approximately —12 mm during PPT to approximately 25
mm during APT, meaning this segment must translate
stress under a large amount of displacement variability.
We believe these results support existing evidence that this
segment of the spine is most likely to exhibit degeneration
and spinal injuries,”>** which may be due to the forces
it must withstand throughout a wide range of interverte-
bral displacement during pelvic movements. Addition-
ally, because of the range of motion needed in the L.5/S1
segment for appropriate load transfer, the choice for L5/
S1 spinal fusion should be carefully considered given the
implications on spine biomechanics.

As seen from the PI graphs, during APT and PPT,
PI remains the same as the spine moves from neutral to
maximum PT. This is due to an interchangeable increase
in PT and SS during the PT. When PT is high, the SS is
on the lower end and vice versa. Our study abided well by
the concept that PI is made up of PT and SS, as shown by
the interchangeable nature of the SS and PT. We did not
see a clear difference between the PI angles during APT
and PPT when comparing movements about the Acet axis
with that of the sacral axis. We expect this to be the case as
more differences may be visible at the vertebral level than
at the pelvic level when comparing the Acet vs the sacral
axis of rotation.

CONCLUSION

This study shows a detailed cervical and lumbar kine-
matic assessment in a simulated open and closed kinetic
chain. The closed-chain PTs produced cervical and lumbar
intervertebral displacements, whereas the open-chain PTs
did not produce any significant displacements. The Acet
axis, responsible for the open-chain movements, allows
joints to move independently from other body segments.
Still, the sacral axis, responsible for the closed-chain
movements, created an interconnected chain, which
resulted in pelvic movements causing significant changes
in intervertebral joints of the spine. Understanding of these
findings may help surgeons during evaluation and surgical
planning in patients with ASD or CSM. It may also help
in rehabilitation exercises in patients with variable pelvic
alignment.
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