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Abstract

The objective of this study is to determine the three dimensional kinematics of the human pelvis including both sacroiliac joints
following a simulated open book injury induced on cadavers by applying anterior-posterior compressive loads to the pelvis. An
electromagnetic digitizing and motion tracking system was utilized to measure the morphology of the pelvis and the relative move-
ments of its bones during this simulated open book fracture. The screw displacement axis method was used to describe the relative
motion between the sacrum and each hipbone.

Morphologically, it was found that the articular surfaces forming the sacroiliac joints could be approximated with planar surfaces
directed from proximal and lateral to distal and medial and from posteromedial to anterolateral. The kinematic data obtained from
this study indicate that there is a direct correlation between the opening of the symphysis pubis and the opening of the sacroiliac
joint (S1J3) during open book injury. This suggests that the extent of injury of the SIJ maybe estimated from the degree of opening
of the symphysis pubis as demonstrated on anteroposterior (A—P) x-rays. The results obtained from this study also indicate that
the motion of the hipbone with respect to the sacrum on the side of the sacroiliac joint opening is almost a pure rotation, which
translates clinically on the A—P x-rays as pure opening of the SIJ without vertical displacement. The average axis of rotation was
found to be almost parallel to the SIJ planar articular surface. Furthermore, the pubic bone on the side of SIJ opening was found
to displace inferiorly and posteriorly. One can thus conclude that in open book pelvic injuries, the pubic bone on the side of injury
displaces inferiorly on the outlet projection x-rays with no vertical displacement of the SIJ. This is important since the initial
assessment of the open book injury in the emergency room includes outlet projection x-rays. From this study, the relative vertical
positions of the pubic bones on these x-rays can help the surgeon in differentiating open book fracture injury from other pelvic injur-
ies.

0 2003 IPEM. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction after excessive blunt trauma, in 22% of fatal accidents
and in 45% of fatal accidents to pedestrians.

The management of traumatic disruption of the pelvic  Proper management of pelvic ring injuries requires an
ring has become a focus of interest because it has sig-in-depth understanding of the anatomy of the pelvis, its
nificant consequences in the form of both death and dis-biomechanics, and the mechanisms of injury. By under-
ability. Tile [1] reported that the mortality of major pel- standing these, and with precise clinical and radiographic
vic fractures continue to be about 10%. He also indicated evaluation of the injury, appropriate management and
that pelvic injury is found in 12% of victims expiring treatment can be chosen. This is critical since an inap-

propriate treatment can create significant problems for a
functional recovery following trauma. Only a few
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Nomenclature

Rp, rp position vectors of any point with respect to (hereafter w.r.t.) the source coordinate system located on
the left ilium and the sacrum (global) bony coordinate system, respectively;

i  position vector of any point on the left ilium w.r.t. the source coordinate system;

i  position vector of any point on the right ilium w.r.t. the source coordinate system;

lr« pOsition vector of any point on the sacrum w.r.t. the source coordinate system,;

(g position vector of any point on the right ilium w.r.t. the sensor coordinate system on the right ilium;

< pOsition vector of any point on the sacrum w.r.t. the bony coordinate system on the sacrum;

(rise)2 poOSition vector of any point on the right ilium w.r.t. the bony coordinate system on the sacrum at an
arbitrary position, position 2;

(rii_wsc)2 POsition vector of any point on the left ilium w.r.t. the bony coordinate system on the sacrum at an
arbitrary position, position 2;

(repsc)> POSition vector of any point on the sacrum w.r.t. the bony coordinate system on the sacrum at an
arbitrary position, position 2;

(res0)q Position vector of any point on the sacrum w.r.t. the source coordinate system at the position of
digitization;

(rs0)» position vector of any point on the sacrum w.r.t. the source coordinate system at an arbitrary
position, position 2;

(ri_so)> position vector of any point on the right ilium w.r.t. the source coordinate system at an arbitrary
position, position 2;

[Rsossc] 3 x 3 rotational matrix from the source coordinate system to the sacrum bony coordinate system;

[ReriLso] 3x%3 rotational matrix from the sensor coordinate system on the right ilium to the source coordinate
system;

[Rescso] 3x%3 rotational matrix from the sensor coordinate system on the sacrum to the source coordinate
System;

[Bsossc] 44 transformation matrix from the source coordinate system to the sensor system located on the
sacrum;

[Bsosscl> 4%4 transformation matrix from the source coordinate system to the sensor system located on the
sacrum at position 2;

[Bsosscla 4%4 transformation matrix from the source coordinate system to the sensor system located on the
sacrum at the position of digitization;

[Bsscso] 44 transformation matrix from the sensor coordinate system on the sacrum to the source
coordinate system {=[Bsossc] };

[Bsosscl 4%4 transformation matrix from the source coordinate system to the sacrum bony coordinate
system;

[Bescso] 4%4 transformation matrix from the sacrum bony coordinate system to the source coordinate system
{=[Bsosscl ™}

[Bsosri] 4x4 transformation matrix from the source coordinate system to the sensor system located on the
right ilium;

[BsriLsol 4%4 transformation matrix from the sensor system located on the right ilium to the source
coordinate system {=[Bsosri]™};

[Bescssc]l 4%4 transformation matrix from the bony coordinate system on the sacrum to the sensor system
located on the sacrum;

[Bsscescl 4%4 transformation matrix from the sensor system located on the sacrum to the bony coordinate
system on the sacrum {=[Bgscsscl *};

[Bli, 4x4 transformation matrix describing the motion of a moving body w.r.t. a fixed body from position
1 to position 2;

[Bis]1, [Big], 4%4 transformation matrices describing the location of moving body 1 w.r.t. fixed body 2 at
positions 1 and 2, respectively;

(I, m, n) direction cosines of the screw axis w.r.t. a system of axes attached to the fixed body;

(X Yor Zo) coordinates of any point on the screw axis w.r.t. a system of axes attached to the fixed body;

o, p  rotation about and translation along the screw axis, respectively.Subscripts

SO source coordinate system;
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BSC  bony sacrum coordinate system;

SRIL  sensor coordinate system located on the right ilium;
SSC  sensor coordinate system located on the sacrum.

Drerup and Hierholzer [2] reported that angular move-
ments of the dimple line could be correlated with the tilt
of the pelvis. Gautsch, et al. [3] proposed to use the 3D
displays of 3D reconstructed CT scans to facilitate pre-
operative plans in managing fractures of the pelvis and
acetabulae. Major and Helms [4] used radiographic
imaging to establish a relation between pubic stress
injury and degenerative changes in the sacroiliac joints.
Literature review indicates that most studies directed
toward understanding the biomechanics of the pelvis
were focused on the analysis of side impact to design
crash dummies and human body surrogates [5] and side
door padding [6]. Renaudin, et al. [7] presented a 3-D
finite element model to determine the response of the
human pelvis under lateral loading. However, their
model was limited in that they assumed no relative
movement between the sacrum and the two iliac fossae.
Dawson, et a. [8] presented another 3-D finite element
model to describe the isolated structural behavior of the
pelvis in lateral impact. The model developed by Hoek
van Dijke, et a. [9] allowed to analyze the load transfer
through the pelvis in static postures when studying low
back pain.

Thiswork is directed toward providing an understand-
ing of the biomechanics of the human pelvis, and its
mechanisms of injury. Three major classifications for
pelvic ring disruptions have been developed and utilized
by orthopedic surgeons in assessing patients. The first
classification is based on the site of injury and was
developed by Judet et al. [10]. The second classification
is based on the mechanism of injury and was devel oped
by Young and Burgess [11]. The third classification
combines both mechanism of injury and stability and
was developed by Tile [1]. Tile indicates that the history
of a pelvic fracture depends upon the stability of the
injury, among other factors. While stable injuries give
few major long-term problems, unstable injuries con-
tinue to be problematic. The stability of the pelvic ring
depends upon the integrity of the posterior weight-bear-
ing sacroiliac complex, with the major sacroiliac, sacro-
tuberous and sacrospinous ligaments.

In Young and Burgess [11] classification, three modes
of failure are identified: anteroposterior compression
injury, lateral compression injuries and vertical shear
injury. In the first mode of failure, injury results from
an anteroposteriorly directed force producing sacroiliac
joint opening, which causes external rotation of the hemi
pelvis. In the second mode of failure, injury results from
a force paralel to the trabeculae of the sacrum and

applied to the lateral aspect of the pelvis. Different lat-
eral compression injuries are found depending on the
anteroposterior location of this lateral impacting force.
In the third mode of failure, injury results from a verti-
cally directed force causing fracture of the pubic rami
and disruption of al the ligamentous structures. Y oung
and Burgess' three-patterns classification has the advan-
tage of alerting the surgeon to potential resuscitation
problems associated with pelvic fractures and alow
appropriate surgical decision.

This project focuses on anteroposterior injuries, which
usualy involve pedestrians and motorcyclists and are
usuadly seen in Motor Vehicle Accidents (MVA).
Specifically, open book injury of the pelvisis a common
anteroposterior injury that is often encountered in MVA.
However, the mechanics of this injury is still not fully
understood. This particular injury occurs at different pro-
gressive steps. At the time of the insult, an anterior-pos-
terior (A/P) force is inflicted on the pelvis. This force
causes an initial failure of the symphysis pubis or an
initial fracture to the pubic bone. This causes the anterior
portion of the pelvic ring to be separated apart. As the
A/P force increases, this separation increases causing
rupture first to the anterior sacro-iliac ligament followed
by failure of the interosseous ligament and finaly the
posterior sacroiliac ligament; al three ligaments being
posteriorly located in the pelvic ring. This progressive
motion is thought to be one of arotation about the sacro-
iliac joint (SIJ). A complete failure of the pelvic ring
occurs when both sacro-iliac ligaments rupture.

The specific aim of this project is to simulate open
book injury in alaboratory environment in order to better
understand the mechanics of this injury. Experiments
were conducted on cadavers where anterior-posterior
compressive loads were applied to the pelvis. A maotion
tracking system was utilized to determine the changes
in the kinematics of the pelvis including both sacro-
iliac joints.

Testing consisted of applying the load incrementally
to the pelvic ring and measuring the corresponding pos-
ition of the iliac bones with respect to the sacrum; this
forms what is referred to as the motion data. After fail-
ure, careful dissection was conducted in order to digitize
bony landmarks including the geometry of the pelvis,
and the attachment locations of the different fiber
bundles of the different ligamentous structures. Mation
and digitization data were then combined to quantify the
kinematics of the injured human pelvis using the screw
displacement axis concept. Computer graphics was aso
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used to create a three dimensional animation of the pro-
gression of pelvis failure. The method is based on com-
bining the geometrical data describing the topography of
the pelvic articulating surfaces and the kinematics data
describing the relative motions between the three bones
comprising the human pelvis.

2. Experimental methods
2.1. Instrumentation

The pelvisis aring structure uniting the trunk and the
lower limbs [12,13]. It is comprised of three bones: the
sacrum, and the right and left innominate iliac bones.
The relative spatial motions between each pair of bones
are described by three rotations and three translations.
These motions were measured experimentally using the
3-SPACE Tracking and Digitizing system manufactured
by the McDonnell Douglas Electronics Company. The
accuracy of this system has been previously determined
when it was used to measure the three-dimensional kin-
ematics of the human wrist joint [14] and the human
tibio-femoral and patello-femoral joints [15-18]. It is a
true six-degree-of-freedom measurement device that
allows the measurement of the trandational and the
rotational components of the three-dimensional relative
motion between two rigid bodies. The system consists
of a source that generates a low frequency electromag-
netic field that is sensed by different sensors. The system
is also used as a digitizer and includes a stylus that is
used to designate the point to be digitized. The stylusis
a handhold device that houses a magnetic field sensor.
It was found that the mean maximum position error
using the stylus did not exceed 0.9 mm [17].

2.2. Experimental set-up

Fresh frozen cadaveric pelvi were used in this study.
Each pelvis was alowed to thaw at room temperature
24 h before testing. Careful dissection was conducted in
order to isolate the pelvic ring and to remove all excess-
ive muscles beyond the L5 level while keeping intact the
ligamentous structures that provide stability to the pelvic
ring. These posterior stabilizing structures form the pos-
terior tension band of the pelvis and include the trans-
verse and longitudinal fibers of the posterior sacroiliac
ligaments, the sacrotuberous ligaments, the sacrospinous
ligaments, the iliolumbar ligaments, and the anterior
sacroiliac ligaments.

Each pelvis was instrumented as shown in Fig. 1 by
rigidly attaching the source to the left ilium, one sensor
to the anterior surface of the sacrum and another sensor
to the right ilium. The symphysis pubis was then sharply
disrupted. In order to simulate anteroposterior com-
pression of the pelvis, it was positioned pronein an 1122

57 INITRON

B

Fig. 1. Experimental set-up. The source is attached to the left ilium,
sensor #1 is attached to the anterior surface of the sacrum and sensor
#2 is attached to the right ilium.

Instron Machine resting on four points. the two pubic
tubercles and the two anterior superior iliac spines
(ASIS). Loading was then applied in a direction perpen-
dicular to the plane containing these four points that lay
in a plane padle to the fronta plane. A
36 cm x 36 cm x 18 mm thick piece of plywood was
attached to the moving head of the Instron to facilitate
the application of the compressive load to the sacrum,
as shown in Fig. 1. Also, in order to eliminate friction
from the surface where the pelvis is resting anteriorly,
plastic sheets soaked with liquid soap were placed
between the pelvis and the fixed base of the Instron. This
allowed the symphysis pubis and the sacroiliac joints to
open freely under compressive loads.

During testing, the load was increased incrementally
to produce incremental openings in the symphysis pubis.
During this simulated open book pelvic injury, it has
been observed that the anterior part of the sacroiliac liga-
ment failed first, followed by the interosseous, and
finaly the posterior part. Testing was stopped when the
ischial tuberosities were subjected to direct loading
because at this position, loading was not applied to the
sacrum. At this stage, it was observed that the left sacro-
iliac joint was completely disrupted while the right
sacroiliac joint was opened partialy. The pelviswas then
unloaded, removed from the Instron, and the right SIJ
was manually failed. Three tests were then conducted.
The first test simulates only opening of the left SIJ. The
pelvis was thus held such that both right and left SlJs
were closed, and then manual external rotation was
applied to the left SIJ while holding the pelvis in a
supine position. The output of the 3-SPACE system was
collected for different openings of the symphysis pubis
until maximum opening. The second test was conducted
to simulate only opening of the right SIJ by manually
externally rotating the right SIJ. The third test was con-
ducted by applying manually equal external rotations to
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both joints until maximum opening, simulating thus their
simultaneous openings.

Motion data consisted of the spatial position and
orientation of the axes located in each of the two sensors
attached to the sacrum and the right ilium, respectively,
with respect to the coordinate system of axes located in
the source which was attached to the left ilium, at differ-
ent positions of the pelvic ring. The sacroiliac joints
were disarticulated after all motion data were collected.
Care was taken in order not to alter the position of the
source and the sensors. In order to establish the global
coordinate system of axes on the sacrum, the following
landmarks were digitized: the middle of the promontory,
the right and left anterior superior iliac spines, and the
right and left pubic tuberosities. Digitization data
describe the position and orientation of the system of
axes located in the stylus sensor with respect to the
source coordinate system of axes. Digitization data also
include data that describes the spatial position and orien-
tation of the system of axeslocated in each of the sensors
attached to the bones with respect to the source coordi-
nate system of axes during the digitization of each bony
landmark in order to fully define each position of digitiz-
ation.

The topology of the surfaces forming the sacroiliac
joints and the interosseous sacroiliac ligaments was then
measured. On these surfaces, and using afine tip perma-
nent black marker, grid lines were drawn 2 mm apart
forming a mesh of square elements, approximately 2 mm
X 2 mm, over the entire surfaces. The corner points of
these elements were then digitized along with other bony
landmarks including all ligamentous attachments.

3. Data analysis

3.1. Construction of sacrum bony coordinate system
and coordinate transformations

Using the digitization data, the sacrum bony (global)
coordinate system of axis was determined and the trans-
formations between the source and/or each sensor and
this bony system were calculated. Combining these
transformations with the motion data, the relative pos-
itions between the right ilium, the left ilium and the sac-
rum were determined at different stages of a simulated
open book fracture. In the analysis, the following sets
of coordinate systems of axes were identified: a sensor
coordinate system located within the source which was
rigidly attached to the left ilium; two sensor coordinate
systems located within the sensors which were attached
to the right ilium and the sacrum, respectively. These
systems of axes are shown in Fig. 2.

The sacrum (global) bony coordinate system is
determined from the digitization data describing the
location of the middle of the promontory, the right and

Sensor system
on the sacrum

]
Bony system
on the sacrum

Sensor system

on the right ilium Source system

on the left ilium

Y

Fig. 2. Source system, two sensor systems and sacrum bony system
of axes.

left anterior superior iliac spines and the left pubic tuber-
osity, points O, A, B and C, respectively, in Fig. 2. The
origin of this system is located at point O, the middle
of the promontory. The X-axisis parallel to the line con-
necting the two anterior superior iliac spines, the positive
direction being from left to right. The Y-axis is defined
as being perpendicular to the plane containing points A,
B and C; the positive direction being anterior. The third
axis, the global Z-axis is obtained by a cross product to
define a right -handed coordinate system. Hence, if e,,
g,, and e, are three unit vectors parallel to the (X, Y, 2)
axes, respectively, one can write:

e = (ra—Tg)/|ra—rg (1)
where r, and rg are the position vectors of the right
and left anterior superior iliac spines, respectively, with

respect to the source coordinate system. The unit vector
g, is then obtained as:

e, = (exegc)/lexes| (29)
where egc is calculated as:
€c = (fe—rg)/|re—rg (2b)

where r¢ is the position vector of the left pubis tuber-
osity with respect to the source coordinate system.
Finaly, e,, directed proximally, is obtained as the cross
product of e, and g,. The rotation matrix from the source
coordinate system to the sacrum (global) bony coordi-
nate system,

[Rsopsc]

is thus written as:
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.
L 1y 1,

[Rsosscl = [& & €] = |m m, m, (3)
n, n, n,

where (I, m, n) are direction cosines. Consequently, the
position vectors of any point in space with respect to the
source coordinate system and the sacrum (global) bony
coordinate system, Ry and rp , respectively, are related
according to the following relation:

{Rp} = [Bsosscl {re} (4)
where {Re} =[1 Rx Rey R, {re} =

[1 e Ipy rp]" and
[Bsoescl *

is a 4x 4 transformation matrix from the sacrum
(global) bony system to the source coordinate system,
and is written as:

R L )
s [Rox Roy Rod™ [Reossc] *

= [Bgscsal

where Ro = (Rox , Roy » Ro,) is the position vector of
the origin of the sacrum (global) bony coordinate system
with respect to the source coordinate system, and [Q] is
anull row vector of order 3. Rg and [Bgscso], Which is
the transformation matrix from the sacrum (global) bony
coordinate system to the source coordinate system, are
shown in Fig. 2.

Fig. 3 shows the 4x4 transformation matrices from the
source system to the sensors coordinate systems |ocated
on the right ilium and the sacrum, [Bsoswi] and
[Bsosscl, respectively, which are measured using the 3-
SPACE system at a given instant. They are expressed in
terms of the rotation matrices from the sensors coordi-
nate systems on the right ilium and the sacrum to the
source coordinate system, [Reriisol and [Rsscsol,
respectively, and in terms of the position vectors of the
origin of these two sensor systems with respect to the
source system.

The transformation matrix from the global bony coor-
dinate system (located on the sacrum) to the sensor coor-
dinate system on the sacrum, [Bgscssc] reman
unchanged because these two coordinate systems are
located on the same bone as shown in Fig. 3, and is
obtained as follows:

[Bsscescl = [Bsogsc] [Bsscsol (6)

Ar 7
Global system
on Sacrum

Right Ilium

<t

Sensor system

1Bsscsri |

Sensor system
on Right ilium

IBSOSRIL]

Source system
on Left ilium

Fig. 3. Transformation matrices between the sensor coordinate sys-
tems located on the sacrum and the right ilium, the global coordinate
system and the source coordinate system.

where  [Bsscesc] = [Bescsscl * and
[Bsossc] -

In order to calculate the distances between different
points on the sacrum and/or on the right and/or left ilia
at any position during pelvis motion, it is necessary to
calculate their coordinates with respect to the sensor
and/or sacrum coordinate systems attached to their
respective bones. This process includes combining the
motion data and the digitization data. As an illustration,
the procedure to calculate the distance between a point
on the left ilium, point P;, and a point on the sacrum,
point Py, at a given position of the pelvis, position 2 for
instance, is depicted in Fig. 4 and is described hereafter.
The components of the position vector of any point, P;,
on the left ilium with respect to the source coordinate
system, r,i_s, are unchanged during the motion of the
pelvis because the source is attached to the left ilium.
The measured kinematics data includes the transform-
ation matrix from the source coordinate system to the
sensor coordinate system attached to the sacrum at pos-
ition 2, [Bsosscl2- Also, the digitization data of point Py
includes the transformation matrix between the source
coordinate system and the sensor coordinate system on
the sacrum at the position of digitization [Bsossc]g, and
the coordinates of point Py, with respect to the source
system at the position of digitization, (r«_)q. Therefore,
I Which represents the position vector of point P
with respect to the sensor coordinate system on the sac-
rum, can be obtained as

{re—s} = [Bsosscld N'sc—sotd (7)

[Bsscsol =
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(a)
Rightilium P

[BSOSSC] 2

Position 2

() Sacrum
Right ilium =

Position of
digitization

Fig. 4. Transformation matrices between source and sensor systems
at an arbitrary position (position 2) and at the position of digitization.

Accordingly, the vector (rg o). Which represents the
position vector of point Py with respect to the source
system at position 2, can be calculated as

{rec-so}2 = [Bsossclz {r'so-s} (8)

Knowing ri_s, and (r«_o)», the distance between points
P, and P can be calculated at position 2.

A similar procedure is used to calculate the distance
between point P; and point P,;, which is a point on the
right ilium. The coordinates of P,; with respect to the
source at position 2 are given as (r,_s). and calcu-
lated as

{ri—sot2 = [Bsosrilz {rri-ri} 9
where
{ri—i} = [BsosriL] di-so}a (10)
where

[BsosriLl2*

is the transformation matrix from the sensor system on
the right ilium to the source system at position 2,
[BSOSRIL]d

is the transformation matrix from the source system to

the sensor system on the right ilium at the position of
digitization, r,_; is position vector of point P; with
respect to the sensor coordinate system on the right
ilium.

3.2. Graphical displays of pelvic ring motions

Computer graphics was used to have a better visualiz-
ation of the three dimensional motions of the pelvic ring.
This was accomplished by combining the kinematics
data and the digitization data describing the geometry of
the sacrum and both right and left ilia. Geometric data
included the attachment locations of several ligaments
and the locations of severa bony landmarks located on
the articular surfaces forming the sacroiliac joint. In
order to obtain a graphica display of the pelvic
motion—as shown in Fig. 5, it is necessary to calculate
the coordinates of al points located on the sacrum and
the right and left ilia with respect to the global system
of axes (fixed to the sacrum) at al joint positions. For
instance, Vectors (I'ips: )2, (Micbse )2 AN (Mo pec )2 that
represent the position vectors of points P4, P;, and Py
located on the right ilium, left ilium and sacrum, respect-
ively, with respect to the bony coordinate system at pos-
ition 2 are given as.

{rri—bsct2 = [Bsscescl [Bsossc] 2 {fri-so}2 (119)
{Tibsct2 = [Bsscesc] [Bsosscl 2 {li-so}2 (11b)
{rscosct2 = [Bsscesc] [Bsossc] 2 {2 (11c)

3.3. Determination of pelvic ring's kinematics using
the screw axis displacement method

The three-dimensional relative motion between two
rigid bodies can be described as a rotation about and a
translation along a uniquely defined axis, which is the
screw displacement axis. The parameters required to

Position 2

Fig. 5. Graphical display showing a pelvis at two positions.
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define the general motion of a moving body—body 1—
from position 1 to position 2 in terms of a screw motion
include the angle of rotation about the screw axis o, the
translation along the screw axis p, the coordinates of any
point on the screw axis (Xo, Yo, Z), and the direction
cosines (I, m, n) of the screw axis with respect to a sys-
tem of axes attached to the fixed body [19].

The coordinates of any point located on the moving
body at position 1 (x,, Y1, ;) are related to its coordinates
at position 2 (X, V., z,) according to the following
relation:

[1 % ¥ Z]"=[B] 1 2[1 X, y1 z]" (12)
where
[Bl1- (13)
W 0 0 0 0
pl=xV(=1 + 13
Yo(=Sn + VIm) C + V2
Zo(Sm + Vnl)

-+ VIm Sm+ Vim

—Xo(SN + VIm)
—YoV(—1 + mP)
Zo(—9 + Vimn)

S +VIm C+ VP -9 + Vmn

—Xo(Sm + Vnl)
Yo(=9 +Vmn) —Sm+Vnl 9 +Vmn C+ Vn?
HzV(—1 + ) O

where V = 1—-coso, S = sinc and C = coso.

For our purpose, body 1 (moving body) is the right
ilium or the left ilium, and body 2 (fixed body) is the
sacrum. Motion data and geometric data are combined
to calculate [B,_,], and [B1_,],, which are the transform-
ation from body 1 (left or right ilium) to body 2 (sacrum)
at positions 1 and 2, respectively. The motion of body
1 from position 1 to position 2 can thus be described by
a transformation matrix [B] ;_,, which is calculated as:

[B] 1-2 = [B1-2]2'[B1-3] 1 (14

The parameters of the screw axis describing the motion
of body 1 (right or left ilium) from position 1 to position
2 with respect to body 2 (sacrum) are thus calculated by
equating Egs. (13) and (14).

3.4. Determination of the best-fit planes describing the
sacroiliac articular surfaces

Visual inspection of the dissected pelvi reveaed that
the sacroiliac articular surfaces are ailmost parallel to the
sagittal plane, the yz plane. Therefore, these surfaces
were mathematically represented using the plane equ-
ation:

x=Ay+Bz+C (15)

The constants A, B and C describing the planar
approximation of each surface were determined using
the least sguare method to find the best-fit plane that
contains a certain number of digitized points, n, located
on that surface. The angles between each planar surface
and the sagittal, frontal and transverse planes, «,  and
¥, respectively, were then calculated using the follow-

ing relations:
|—B ) (16)

Y= cosl(
V1+ A%+ B?
o= cosl(l>
V1+ A2+ B

B = cosl(l_AI )
J1+ A2+ B?

Finally, and in order to have a better visualization of
the kinematics of the pelvic ring during a simulated open
book fracture, the relative positions of each screw axis
with respect to each of these planar surfaces were calcu-
lated.

4. Results
4.1. Geometry of the articular surfaces

Results were obtained from two (2) cadavers: pelvis
#1 was obtained from a male donor while pelvis #2 was
obtained from a female donor. Figs. 6 and 7 show a
graphical display of each intact pelvic ring, respectively.

Each figure includes a frontal view (X—Z plane), a sagit-
tal view (Y—Z plane) and a transverse view (X-Y plane)
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Fig. 6. Three orthogonal views of the pelvic ring for pelvis#1 (male).
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Fig. 7. Three orthogonal views of the pelvic ring for pelvis #2
(female)

of the left and right hipbones and the sacrum including
the sacroiliac joint lines. Digitization data were used to
construct these figures. For pelvis #1, the data shown in
Fig. 6 consists of 232 digitized points which include 15
points located on the right sacroiliac joint line, 17 points
on the left sacroiliac joint line, and 17 points on the
promontory and ala of the sacrum which form the pos-
terior border of the pelvic inlet, 93 points on the periph-
ery of the left hip bone, and 90 points on the periphery
of the right hip bone. For pelvis #2, the data shown in
Fig. 7 consists of 251 digitized points which include 13
points located on the right sacroiliac joint line, 13 points
on the left sacroiliac joint line, and 19 points on the
promontory and aa of the sacrum which form the pos-
terior border of the pelvic inlet, 100 points on the periph-
ery of the left hip bone, and 106 points on the periphery
of the right hip bone. Figs. 6 and 7 show that the pelvic
inlet of the female pelvis is larger than that of the male
pelvis, especialy in the anteroposterior diameter.

Figs. 8 and 9 show sagittal views of digitized points
located on the iliac surfaces of the sacroiliac joints.
These include an anteroinferior part forming the articular
surface of the sacroiliac joint and a posterosuperior part
forming the attachment surface for the interosseous
sacroiliac ligaments. Fig. 8a shows 140 points that were
digitized on the iliac articular surface of the left sacro-
iliac joint and 82 points on the iliac attachment surface
for the left interosseous ligament for pelvis #1. Fig. 8b
shows 178 points that were digitized on the iliac articular
surface of the left sacroiliac joint and 97 points on the
iliac attachment surface for the left interosseous ligament
for pelvis #2. Fig. 9a shows 102 points that were digit-
ized on the iliac articular surface of the right sacroiliac
joint and 99 points on the iliac attachment surface for
the right interosseous ligament for pelvis #1. Fig. 9b
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Fig. 8. Digitized points located on the left iliac surface defining the
sacroiliac articular surface and the attachment site of the interosseous
ligament. (a) Pelvis #1 (b) Pelvis #2.

shows 142 points that were digitized on theiliac articular
surface of the right sacroiliac joint and 78 points on the
iliac attachment surface of the right interosseous liga-
ment for pelvis #2.

4.2. Correlation between symphysis pubis opening and
sacroiliac joint opening

Data were collected to simulate three types of joint
opening: opening of the right SIJ only, opening of the
left SIJ only, and the simultaneous opening of both right
and left SIJ's. At each position of the pelvis during each
of these simulations, the right and left sacroiliac joint
openings, the symphysis pubis opening, and the distance
between the right and left anterior superior iliac spines
(ASIS's) were calculated.

Figs. 10-14 show the variations in the transverse, ver-
tical and anterior components of the symphysis pubis
opening vector. These three quantities represent the
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Fig. 9. Digitized points located on the right iliac surface defining the
sacroiliac articular surface and the attachment site of the interosseous
ligament. (a) Pelvis #1 (b) Pelvis #2.
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Fig. 10. Variations in the components of the symphysis pubis (SP)
opening during isolated opening of the right SIJ for pelvis #1.
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Fig. 11. Variations in the components of the symphysis pubis (SP)
opening during isolated opening of the right SIJ for pelvis #2.
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Fig. 12. Variations in the components of the symphysis pubis (SP)
opening during isolated opening of the left SIJ for pelvis #1.

components of the position vector of the right symphysis
pubis with respect to the left symphysis pubis as origin.
The results show that when only the right SIJ was
opened while the left SIJwas kept closed, the right pubic
bone moved posterior and inferior to the left pubic bone
as shown in Figs. 10 and 11 for pelvis #1 and pelvis #2,
respectively. This trend was reversed when only the left
SIJ was opened and the right SIJ was kept closed; the
symphysis pubis opening vector was found to have an
anterior and superior component at al joint positions as
shown in Fig. 12 for pelvis #1. This indicates that the
left pubic bone moved posterior and inferior to the right
pubic bone.

When both SIJ joints were opened simultaneously,
Figs. 13 and 14 show that the symphysis pubis opening
did not have a vertical component. In this case, and up
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Fig. 13. Variations in the components of the symphysis pubis (SP)

opening during the simultaneous opening of the right and left SIJs
for pelvis #1.
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Fig. 14. Variations in the components of the symphysis pubis (SP)
opening during the simultaneous opening of the right and left SIJs
for pelvis #2.

to 100 mm of symphysis pubis opening, also the anterior
component was negligible. This was expected since a
symmetric motion occurred when both joints were
opened simultaneously. When the symphysis pubis
opening exceeded 100 mm, a small anterior component
was identified, but most of the opening was in the trans-
verse direction.

Calculations have shown that the distance between the
right and left ASISs was amost the same during the
three simulations when the symphysis pubis opened up
to 50 mm. At 50 mm opening, the distance between the
two ASISs was 263 mm during the simulation of an
opening of only the right SIJin pelvis #1 and pelvis #2;
this distance was 264 mm and 258 mm in pelvis #1 and
pelvis #2, respectively, when only the left SIJ was

opened, and 263 mm in both pelvi when both joints were
opened simultaneously.

As the opening of the symphysis pubis increased, the
distance between the two ASISs was dlightly higher
when both joints were opened simultaneously than when
one joint was opened, keeping the other joint closed. For
pelvis#1, this distance was 315 mm when the symphysis
pubis opening reached a maximum allowable opening of
162 mm with only the right SIJ was opened. When both
SIJ's were opened simultaneously, the symphysis pubis
opened a maximum of 170 mm and the corresponding
distance between the two ASISs was 338 mm. In pelvis
#2, the values for the maximum opening of the symphy-
sis pubis were 100, 70 and 162 mm when a right open-
ing, a left opening and a simultaneous opening were
simulated, respectively. The corresponding distances
between the two ASISs were 288, 270, and 317 mm,
respectively.

Figs. 15 and 16 show the relationships between SIJ
openings and symphysis pubis opening for pelvis #1
when only the right SIJ was opened, and when both
joints were opened simultaneously, respectively. Fig. 15
shows that in pelvis #1, the symphysis pubis opening
reached a maximum of 162 mm when only the right SIJ
was opened to a maximum of 63 mm. Fig. 15 shows
that when both joints were opened simultaneously, the
symphysis pubis opening reached a maximum of 170
mm; the corresponding openings of the right and left
SIJ s were 33 and 50 mm, respectively. Similar results
were obtained from pelvis #2 where the symphysis pubis
opening reached a maximum of 100 mm when the right
SIJ was opened to a maximum of 20 mm, and a
maximum of 70 mm when the left SIJ was opened to a
maximum of 15 mm, respectively. When both joints
were opened simultaneously, the symphysis pubis open-
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Fig. 15. Relationships between symphysis pubis opening and SIJ
openings during isolated opening of the right SIJ for pelvis #1.
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Fig. 16. Relationships between symphysis pubis opening and SIJ
openings during the simultaneous opening of the right and left SIJs
for pelvis #1.

ing in pelvis #2 reached a maximum of 162 mm; both
right and left SIJ's opened to 20 mm each.

4.3. Best-fit planar approximations of the surfaces of
the sacroiliac joints

Figs. 17a and 17b show the best fit planes that
approximate the articular surfaces of the sacroiliac joints
for pelvis #1 and pelvis #2, respectively. Each of these
planes is defined using the following mathematical
relation (x = Ay + Bz + C) where the constants
A, B and C are given in Table 1. In this equation, X, y
and z are in millimeters. The angles a, 8 and y that each
of the best-fit planes makes with the sagittal plane, fron-
tal plane, and transverse plane, respectively, were also
calculated and are listed in Table 2. Figs. 17a and 17b
also include the digitized points that define the articu-
lar surfaces.

The data presented in Tables 1 and 2 show that the
two planes that approximate the right and left articular
surfaces of the sacroiliac joints were amost symmetric
with respect to the sagittal plane. The relative spatial
orientations of these planes were aimost identical in the
two pelvi that were tested, and were directed from proxi-
mal and lateral to distal and media and from posterom-
edial to anterolateral. The average angles that these best-
fit planes made with the transverse plane, sagittal plane
and frontal plane were 80.7 degrees (+ 4.60), 15.7
degrees (+ 3.3) and 77.8 degrees (+ 1.1), respectively.

4.4. Screw displacement axes
Screw displacement axes data describing the motions

that occur during the isolated and simultaneous opening
of the right and left sacroiliac joints for pelvis #1 and
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Fig. 17. Best Fit Planes approximating the right and left sacroiliac
articular surfaces along with the defining digitized points (a) Pelvis #1
(b) Pelvis #2.

pelvis #2 are listed in Tables 3-6. Tables 3 and 4 show
the data for pelvis #1 and Tables 5 and 6 show the data
for pelvis #2. Tables 3 and 5 describe the screw axes
during the isolated opening of the right and left joints,
while Tables 4 and 6 describe the screw axes during the
simultaneous opening of both joints.

In what follows, a description of the data included in
Tables 3-6 is presented. Each screw axis describes the
motion between two consecutive positions that are listed
in the second column. In Table 3, axis aand axis 1 are
the screw axes that describe the motions between pos-
itions 1 and 2 for each of the left and right sacroiliac
joints, respectively; axes b and 2 describe the motions
between positions 2 and 3, and so forth. The third col-
umn includes two angles, ¢, and @,, where @, isthe angle
of rotation between the two consecutive positions listed
in the second column and @, is the angle of rotation
between the initial position and the second of these two
consecutive positions. For instance, in Table 3, the
second entry from the top in the third column indicates
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Table 1
Coefficients defining the equations of the best fit planes (x = Ay + Bz + C) approximating the left and right sacroiliac articular surfaces for pelvis
#1 and pelvis #2

A B C

Pelvis #1 Pelvis #2 Pelvis #1 Pelvis #2 Pelvis #1 Pelvis #2
Right articular surface 0.23 0.22 0.28 0.08 63.69 57.82
Left articular surface -0.24 -0.19 -0.18 -0.13 -64.39 -59.44

Table 2
Angles in degrees between the best fit planes approximating the sacroiliac articular surfaces and the sagittal (), frontal (8) and transverse (7)
planes for pelvis #1 and pelvis #2

a (deg) B (deg) v (deg)

Pelvis #1 Pelvis #2 Pelvis #1 Pelvis #2 Pelvis #1 Pelvis #2
Right articular surface 19.92 13.18 7751 77.63 74.74 85.53
Left articular surface 16.7 12.96 76.71 79.33 80.07 82.72

Table 3
Parameters defining the screw displacement axes describing the motions that occur during the isolated opening of the left and right sacroiliac joints
for pelvis #1. Angles are in degrees

Position [ON[0Y p(mm) 0, 07 0, 6, 0, o B y
Axis a 1-2 11.6/11.6 -0.71 10.5 — 63.5 57.8 44.0 26.5 322 46.1
Axis b 2-3 8.4/19.4 -0.91 15.1 - 80.9 79.1 14.3 9.1 10.9 75.8
AXxis c 34 13.2/31.1 -0.18 17.1 — 86.2 82.1 8.8 3.8 7.9 81.2
Axisd 4-5 10.2/39.5 1.03 27.4 - 75.3 78.1 19.1 14.7 12.0 70.9
Axis e 1-5 39.5/39.5 0.42 0.1 — 79.4 87.7 10.9 10.7 2.3 79.2
Axis 1 1-2 11.6/11.6 0.48 - 21 73.4 72.3 24.7 16.6 17.8 65.4
AXis 2 2-3 10.1/21.5 0.66 — 15.9 57.3 79.3 349 328 10.7 55.0
Axis 3 34 12.3/31.2 0.81 - 10.3 59.0 79.7 33.0 310 10.4 57.0
Axis 4 4-5 11.7/42.7 1.92 — 10.8 55.1 84.5 355 35.0 55 545
Axis 5 1-5 42.7/142.7 4.06 - 10.9 60.8 77.3 324 29.2 12.7 57.7

Table 4
Parameters defining the screw displacement axes describing the motions that occur during the simultaneous opening of the left and right sacroiliac
joints for pelvis #1. Angles are in degrees

Position [ON[0Y p(mm) 0, Or 0, 6, 0, o B \%
Axis a 1-2 10.9/10.0 0.08 14 - 72.2 48.9 46.5 17.9 41.2 435
Axisb 2-3 9.6/19.9 -0.02 14.7 - 88.8 68.5 21.6 1.2 215 68.5
AXxis c 34 10.4/29.8 -0.02 1.8 - 78.0 79.1 16.3 12.0 10.9 73.7
Axisd 4-5 9.1/38.7 -0.53 8.2 - 69.4 4.7 26.1 20.6 15.3 63.9
Axis e 56 11.4/49.7 -0.82 11.2 - 63.6 819 27.8 26.4 8.1 62.2
Axis f 6-7 8.7/58.3 -0.09 4.0 - 717 70.2 27.6 18.4 19.9 62.5
AXis g 1-7 58.3/58.3 —2.42 4.4 - 71.2 69.7 28.2 18.8 20.3 61.8
Axis 1 1-2 11.1/111 0.95 - 9.1 61.2 63.7 40.9 28.8 26.4 49.1
AXxis 2 2-3 8.3/19.2 0.18 — 11 710 74.3 25.1 19.0 15.7 65.0
Axis 3 34 10.5/29.6 0.19 - 0.7 715 711 27.0 18.5 18.9 63.1

Axis 4 1-5 29.6/29.6 1.33 - 4.0 66.9 69.8 315 231 20.2 58.5
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Table 5

Parameters defining the screw displacement axes describing the motions that occur during the isolated opening of the left and right sacroiliac joints

for pelvis #2. Angles are in degrees

Position [ON[0Y p(mm) 6, O 0, 6, 0, o B %

Axis a 1-2 10.7/10.7 -04 8.7 - 88.6 73.2 16.8 14 16.8 73.2
Axis b 2-3 11.3/21.9 -1.0 0.8 - 80.1 729 19.9 9.9 171 70.0
Axis ¢ 34 9.9/31.6 -0.8 0.3 - 67.5 715 299 22.6 185 60.1
Axis d 14 31.6/31.6 23 0.3 - 79.2 711 22.0 10.8 18.9 67.4
Axis 1 1-2 11.2/11.2 -01 - 5.0 77.1 74.3 20.6 129 157 68.5
AXxis 2 2-3 10.6/21.7 10 - 13.2 68.2 65.6 33.7 21.18 24.4 56.4
Axis 3 34 12.5/34.1 0.3 - 34 78.1 727 21.2 11.9 17.3 65.9
Axis 4 45 7.5/141.3 0.3 - 8.8 88.7 75.0 15.1 13 15.0 75.0
Axis 5 1-5 41.3/41/3 14 - 44 77.3 72.5 21.9 12.7 175 68.2
Table 6

Parameters defining the screw displacement axes describing the motions that occur during the simultaneous opening of the left and right sacroiliac

joints for pelvis #2. Angles are in degrees

Position @/, p(mm) 6, ™ 0, 6, 0, o B y
Axis a 1-2 10.1/10.1 -0.7 1.3 - 77.8 68.0 25.4 12.2 22.2 64.5
Axis b 2-3 9.9/20.0 0.7 3.6 - 73.0 66.9 29.3 17.0 23.1 60.7
AXis ¢ 34 11.1/31.0 -0.8 2.8 - 7.7 72.0 22.1 12.3 18.0 68.1
Axisd 14 31.0/31.0 2.1 3.2 - 79.0 69.1 25.6 14.0 20.9 64.6
Axis 1 1-2 9.4/9.4 -0.1 - 8.4 73.4 73.6 23.7 16.6 16.4 66.1
AXxis 2 2-3 12.0/21.3 14 - 14 79.6 73.0 20.1 10.4 17.0 69.8
Axis 3 34 8.2/29.5 0.5 - 10.4 71.2 70.3 27.9 18.9 19.8 60.9
Axis 4 4-5 9.8/39.2 0.1 - 4.2 83.2 72.2 19.2 6.8 17.8 70.8
AXxis 5 1-5 39.2/39.2 1.9 — 4.4 77.4 72.7 21.6 12.6 17.3 68.2

that a rotation of 8.4 degrees occurred about axis b as
the left joint was moved from position 2 to position 3.
This entry aso indicates that a rotation of 19.4 degrees
occurred asthe left joint was moved from theinitia pos-
ition, position 1, to position 3. Axese and 5 in Table 3
represent the average screw axes from the initia pos-
ition, position 1, to the final position, position 5, for each
of the left and right sacroiliac joints, respectively. There-
fore, the values of @, and ¢, for axis e are equal to each
other, both having a value of 39.5 degrees. The fourth
column in these tables lists the values of the translations
along the screw axis, the pitch p in millimeters, as the
pelvis was moved between the two consecutive positions
listed in the second column. The angles that each screw
axis makes with the global x axis, y axis, z axis, yz plane
(sagittal plane), xz plane (frontal plane) and xy plane
(transverse plane), respectively are listed in the last six
columns as 6y, 6,, 8,, a, B and 7. The angles that each
screw axis makes with the best-fit planes approximating
the left and right articular surfaces are listed as 6,, and
0,1 respectively.

The results listed in Tables 36 indicate that the
motions that occur during the isolated and simultaneous
opening of the right and/or left sacroiliac joints are
almost pure rotational motions. This is demonstrated by
the small value for the pitch p. These results also show

that the axis of rotation changes orientation with the pro-
gressive of joint opening. The average screw axis was
found to be almost parallel to the plane approximating
the articular surface. For instance, Table 5 shows that
for pelvis #2, the angles between these axes and these
planes were 0.3° and 4.4° during isolated opening of the
left and right sacrailiac joints, respectively. On average
the angle was found to be 4° (8 cases).

5. Discussion and conclusion

Open book injury is a common anteroposterior injury
of the pelvis that is often encountered in motor vehicle
accidents. This injury is usually associated with
increased risk of bleeding from the pelvic vessels.
Understanding the mechanism and prompt diagnosis of
thisinjury in the emergency room are crucia to its man-
agement.

The results obtained from this study are limited
because only two pelvi were tested. However, these lim-
ited data can help in understanding the correlation
between SIJ disruption and the degree and direction of
the symphysis pubis opening following open book
injury. The results indicate that there is a direct positive
correlation between the opening of the symphysis pubis
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and the opening of the sacroiliac joint during open book
injury. Theoretically, one may thus conclude that the
extent of injury of the sacroiliac joint can be estimated
from the degree of opening of the symphysis pubis as
demonstrated on anteroposterior x-rays. However, due to
the recoil of the pelvis after sustaining the injury, the
degree of the sacroiliac joint injury will be underesti-
mated from the x-rays.

The screw displacement axis method was also used to
describe the motions that occur at the sacroiliac joints
during the open book injury. The results indicate that the
motion of the hipbone with respect to the sacrum on the
side of the sacroiliac joint opening is amost a pure
rotation because the trandation was negligible along
each screw axis that describes the motion between two
consecutive positions. This can be trandated clinically
on the anteroposterior x-rays as pure opening of the
sacroiliac joint without vertical displacement. Results
also show that the pubic bone on the side of sacroiliac
joint opening displaced inferiorly and posteriorly. The
inferior displacement can be demonstrated on anteropos-
terior x-rays of the pelvis.

The results describing the topology of the sacroiliac
joints indicate that the articular surfaces can be approxi-
mated as planar surfaces. The combination of the spatial
orientation of these best fit planes and the screw axes
provide an explanation for the direction of displacement
of the pubic bones during open book pelvic injury. These
planes are directed from proximal and lateral to dista
and medial and from posteromedial to anterolateral. Fig.
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18 shows the spatial location and orientation of the aver-
age screw axis during the isolated opening of the left SIJ
for pelvis #2. This figure also shows all points located
on the left SIJ including the articular and interosseous
surfaces. The average screw axis in the sagittal view is
directed obliquely from posteroinferior to anterosup-
erior, and in the frontal view from inferomedial to super-
olateral. As the joint opens anteriorly, the iliac site of
the articular surface of the left SIJ moves posteriorly as
appreciated from the frontal view. This view shows the
projection of the screw axis and indicates that al points
on the SIJ will have a displacement component that is
perpendicular to the frontal plane and directed pos-
teriorly (motion around screw axis). At the same time,
and while the iliac site of the SIJ moves superiorly (as
appreciated from the transverse view), the pubic bone
moves inferiorly. Thus, the whole left hip bone, as one
unit, opens inferiorly and laterally causing the left pubic
bone to appear displaced inferiorly on the anteropos-
terior x-ray of a pelvis with left sacroiliac joint disrup-
tion. This inferior displacement of the pubic bone is not
accompanied by sacroiliac joint translation in contrast to
the vertical shear injury.

The present work describes the response of the pelvis
under compressive anterior—posterior compressive loads.
It is hard to compare our results with those available in
the literature since only a few studies have been pub-
lished to describe the biomechanics of the pelvis. These
few studies either were limited to normal motions or
simulated different loading conditions including side
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Fig. 18. Spatia location and orientation of the average screw axis during the isolated opening of the left SIJ for pelvis #2.
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impact [5,6], and lateral loading [7,8]. Several authors
described sacroiliac normal joint motion as a rotary
motion or a rotary motion associated with translation,
and proposed different axes of rotations using different
underlying principles. Wilder, et al. [20] analyzed the
motion permitted by the topography of the sacro-iliac
joint surface. They used a Copycat Contour Gage, which
is a contour follower, to establish the contour of the
articular surface in the sagittal and frontal planes (slices
obtained from sectioning the joint surface) at the level
of Bonnaire' stubercle. A best-fit circle was then determ-
ined to best fit the contour slice. In their analysis, Wilder,
et a. [20] considered the motion to be confined to one
plane, and assumed the center of curvature as the axis
of rotation, stating that this is possible since the articular
surfaces closely conform to each other. We cannot com-
pare our results describing the locations of the axis of
rotation to those available in the literature because the
former describe the kinematics of the sacroiliac joint fol-
lowing open book injury, while the latter correspond to
normal motionsin intact joints. It isaso hard to compare
our results describing the topology of the articular sur-
faces of the sacroiliac joint as best fit planes with those
of Wilder, et al. [20] since they describe the contour of
only one dlice. Furthermore, they did not report the value
of the radius of the best-fit circle approximating this
slice.

In summary, it can be then concluded that in open
book pelvic injuries, the pubic bone on the side of injury
displaces inferiorly and the sacroiliac joint does not dis-
place vertically on the anteroposterior x-rays. This is
important since the initial assessment of the open book
injury in the emergency room includes anteroposterior
projection x-rays. From this study, the vertical displace-
ment of the pubic bones on the anteroposterior x-rays
can help the orthopedic surgeon in differentiating this
type of injury from vertical shear injuries. Each injury
is managed in a different manner. In open book pelvic
injury, the sacroiliac joint is not vertically displaced in
contrast to the vertical shear injury. Furthermore, the
pubic bone on the side of injury will displace inferiorly,
in contrast to the superior displacement that occurs in
vertical shear injuries.
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