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Abstract
Study Design—Correlation of locations of sacral insufficiency fractures are made to regions of
stress depicted by finite element analysis derived from biomechanical models of patient activities.

Objective—Sacral insufficiency fractures occur at consistent locations. It was postulated that sacral
anatomy and sites of stress within the sacrum with routine activities in the setting of osteoporosis are
foundations for determining patterns for the majority of sacral insufficiency fractures.

Summary of Background Data—The predominant vertical components of sacral insufficiency
fractures most frequently occur bilaterally through the alar regions of the sacrum which are the
thickest and most robust appearing portions of the sacrum instead of subjacent to the central sacrum
which bears the downward force of the spine.

Methods—First, the exact locations of 108 cases of sacral insufficiency fractures were catalogued
and compared to sacral anatomy. Second, different routine activities were simulated by pelvic models
from CT scans of the pelvis and finite element analysis. Analyses were done to correlate sites of
stress with activities within the sacrum and pelvis compared to patterns of sacral insufficiency
fractures from 108 cases.

Results—The sites of stress depicted by the finite element analysis walking model strongly
correlated with identical locations for most sacral and pelvic insufficiency fractures. Consistent
patterns of sacral insufficiency fractures emerged from the 108 cases and a biomechanical
classification system is introduced. Additionally, alteration of walking mechanics and asymmetric
sacral stress may alter the pattern of sacral insufficiency fractures noted with hip pathology (p=.002).

Conclusions—Locations of sacral insufficiency fractures are nearly congruous with stress depicted
by walking biomechanical models. Knowledge of stress locations with activities, cortical bone
transmission of stress, usual fracture patterns, intensity of sacral stress with different activities, and
modifiers of walking mechanics may aid medical management, interventional, or surgical efforts.
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Key Points
• Identify the exact locations of sacral insufficiency fractures from large a consecutive

series of cases by MRI and/or CT anatomical imaging methods.
• Biomechanical model simulations to determine locations of stress within the sacrum

with patient activities determined by finite element analysis.
• Match clinical locations of sacral insufficiency fractures and sacral stress with

activities as identified by the biomechanical models.
• Sacral insufficiency fracture biomechanical classification system is introduced.
• Knowledge of sacral stress locations with activities, cortical bone transmission of

stress, usual sacral insufficiency fracture patterns, intensity of sacral stress with
different activities, and modifiers of walking mechanics may aid medical,
interventional, or surgical management of patients.

Introduction
Osteoporotic sacral insufficiency fractures may present with characteristic “H” type patterns
with both vertical and horizontal components of fractures across the sacrum; bilateral or
unilateral vertical fractures through the sacral alar regions medial to the sacroiliac joints and
lateral to the neuroforamena; isolated horizontal components; or variations of these patterns.

In contrast, post-traumatic non-osteoporotic sacral fractures occur at many different locations
throughout the sacrum including the neuroforamena and central canal and are more commonly
unilateral when there is a vertical component(1-6). Insufficiency (7-14) fractures may present
with bilateral vertical alar components with the “H” pattern the most common pattern in most
published series(12,15,16), but a single unilateral vertical component is common and is the
most common pattern in a smaller number of series (17,18). Regardless, the vertical
components nearly invariably involve the alar regions of the sacrum medial to the sacroiliac
joints.

It is counterintuitive that the vertical components of sacral insufficiency fractures most
consistently occur through the thickest and most robust appearing portion of the sacrum
adjacent to the sacroiliac joints instead of medially where the sacrum bears the weight of the
spine and upper body, and has thinner AP dimensions. We hypothesized that sacral anatomy
and the location of stress within the sacrum with routine activities are the foundations for
consistent locations for most sacral insufficiency fractures, and are the predominant causes of
sacral insufficiency fractures in the setting of osteoporosis.

The first component of this study was to identify and catalogue the exact locations of sacral
insufficiency fractures from CT or MRI scans from a group of 108 patients with sacral
insufficiency fractures. These fracture locations were then compared to anatomical features of
the sacrum that may predispose the sacrum to fracture planes in the setting of osteoporosis.

The second component of the study was composed of biomechanical analyses of the sacrum.
Finite element analyses were performed on 3D computer models of the pelvis and sacrum to
highlight stress within the sacrum. Different patient activities and their effects on the sacrum
were simulated by altering forces and boundary conditions for finite element analysis.
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Materials and Methods
Anatomical Analysis

The retrospective format of the clinical portion of the study qualified the study for expedited
IRB approval and waiver of consent. Patient identification data were protected by the primary
investigators.

One hundred and eight sets of imaging studies from patients with sacral insufficiency fractures
were retrospectively reviewed. Sixty six cases from 2001 to 2006 were from institution #1 and
42 cases from 2003 to 2006 were from institution #2. Additional clinical information was
obtained from patient charts and imaging reports. Findings or histories that could potentially
alter the location of sacral insufficiency fractures by focal sacral structural or non-uniform
material properties were noted, and these cases were assigned to the “Modified Biomechanics”
group or excluded from the study. This group also included cases with prior pelvic radiation,
Tarlov cysts, small sacral masses, and uncommon or unusual fracture patterns.

Our intent was to limit study cases to insufficiency fractures caused by cyclic loading of
osteoporotic bone and prevent inclusion of pathologic and post-traumatic fractures
masquerading as insufficiency fractures. Exclusionary criteria for the study included large focal
masses of the sacrum and resultant pathologic fractures, prior sacral surgery, and Paget's
disease. Cases with clear history of trauma or numerous synchronous rib or extremity fractures
at other locations of the body were considered post-traumatic fractures and excluded from the
study.

The 108 cases were divided into two datasets. Group 1 cases were presumed to be osteoporotic
sacral insufficiency fractures and fracture planes were determined by sacral anatomy and sacral
stress with activities. Group 2 cases had pre-existing potentially confounding small sacral
lesions, altered regional bone material properties, or unusual biomechanics that could alter the
common locations of insufficiency fractures. All imaging studies were reviewed by at least
two senior Neuroradiologists (BD, AP, JR, and KK) for agreement of fracture locations. Over
1,000 MRIs, CTs, bone scans, or additional imaging studies were reviewed from the 108
patients. Identification of exact locations of insufficiency fractures was limited to CTs and
MRIs because of their higher anatomic resolution.

After review of all 108 cases, 85 cases were assigned to Group 1 and were presumed to have
osteoporotic insufficiency fractures with at least one adequate CT or MRI of the pelvis or
lumbosacral spine which included the sacrum. Osteoporosis was confirmed in Group1 patients
by history, imaging, or bone mineral densities. Twenty three cases were assigned to the Group
2, “Modified Biomechanics” category because of confounding factors that could possibly alter
the location of the insufficiency fractures or unusual biomechanics.

Also, an association was suspected between unilateral vertical asymmetric sacral insufficiency
fractures caused by altered mechanics with activities of Group1 patients and hip pathology.
The hip pathology could potentially subject the sacrum to asymmetric stress and could be
identified on lumbosacral spine CTs or MRIs. The null hypothesis was the association was
random. One-tailed 2×2 Fisher exact test was used to evaluate random association between
asymmetric sacral insufficiency fractures and hip pathology.

Biomechanical Analyses
The biomechanical portion of the study used computer 3D models for finite element analysis
to identify stress locations by ANSYS (ANSYS, Inc., Canonsburg, PA). The 3D models were
prepared and meshed prior to the ANSYS finite element analysis. One model introduced
repetitive vertical loading over the central sacrum to simulate bipedal weight bearing and
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stationary activities with boundary conditions composed of constraints at both acetabula (Fig.
1). A second clinical model was tested with alternating weight bearing of the two sides of the
pelvis to simulate walking, stair-climbing, and jogging (Fig. 2). A third clinical model
simulating pre-existing partial vertical sacral alar fractures was tested to evaluate transverse
component fracture occurrence (Fig. 3) after vertical component fractures.

The finite element mesh was patterned after the pelvic bone models proposed by Dalstra and
Phillips(19). Separate ROIs (regions of interest) were delineated for cortical and cancellous
bone regions. Cortical bone was meshed with shell elements and cancellous bone with 10 node
tetrahedral elements. Different material properties were assigned to each. Cortical bone elastic
modulus was E= 12 GPa (gigapascals, kN/mm2). Poisson's ratio was υ = 0.3. Cancellous bone
material properties were set at E = 100 MPa (megapascals) and υ = 0.2. Constant cortical
thickness (0.45 mm) and nonlinear material properties were assumed. Sacral loads were applied
over the S1 body. Physiologic loads of 400, 800, and 1200 Newtons were applied to the sacrum
to simulate different levels of activities, although stress patterns should be similar for different
loads, but different intensities. Four hundred Newtons is equivalent to approximately 90 pounds
weight for the pelvis, abdomen, and upper body. Inter-pubic ligament (10 node tetrahedral
mesh) properties were E = 12 MPa and υ = 0.45. Pelvic model finite element meshes were
composed of 108,339 cortical and 681,505 cancellous elements. The computations were
performed on a 4 CPU (Intel) computer with 16 gigabytes of RAM. Solutions of models
required approximately 1.5 hours of computational time for each model.

Results
Anatomical Data

There were 85 Group 1 conventional osteoporotic cases and the mean age of Group 1
osteoporotic cohort was 76.8 years. Seventy nine of 85 were females (92.9%) and 6 of 85 were
males (7.1%). The range of ages spanned 26 to 95 years. The mean age for the 79 females was
76.9 years and 77.3 years for the 6 males.

Common insufficiency fracture patterns emerged from the series of 108 cases. Group 1 cases
had normal underlying sacral anatomy and were presumed to have uniform but osteoporotic
bone material properties. Group 1 cases were further divided into two categories composed of
symmetric and asymmetric fracture patterns. Group 2 cases had pre-existing focal or non-
uniform abnormalities that could distort fracture locations (13 with pelvic radiation, 3 small
Tarlov cysts, 4 with uncommon transverse-only fracture patterns, and 3 small sacral masses)
and presented with advanced or unusual fracture patterns. Thirteen total cases were excluded
from analyses. Causes for exclusion were: 3 cases with history of trauma, 4 cases with large
sacral masses, 4 cases with inadequate images, one case with prior sacral surgery, and one case
with sacral Paget's disease. Figure 4 introduces a biomechanical classification system that can
be used to describe this arrangement of fracture patterns. The “H” pattern was most common
(Table 1).

Unilateral hip pathology (Fig 5) was noted in 11 of 23 cases with asymmetric vertical sacral
fractures. Only 5 of the remaining 62 Group 1 cases had significant unilateral hip pathology,
P=.002 (Table 2).

Biomechanical Data
Finite element analyses depicting stress within the sacrum with different activities are presented
in Figures 6 and 7. The values for sacral alar stress from our 1200 Newton models for stationary
and walking models were 15 and 30 MPa, respectively. Ambulation (alternating weight-
bearing, Figure 7) was the activity that had the distribution of stress within the sacrum that
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most closely matched the pattern for sacral and pelvic insufficiency fractures; although, there
was some minor overlap for sacral fractures with the stationary model at high loads. Although
it was not the focus of the study, the walking model also displayed maximal stress at
characteristic locations for pelvic insufficiency fractures. Those regions included the acetabular
region, pubic and ischial rami, and inner curve of the iliac wing(20-21).

The walking model did not reveal any significant degree of stress at the S1 or S2 horizontal
level where the horizontal components of insufficiency fractures occur. The stationary model
displayed low levels of stress at those locations even with high loads. The occurrence of
transverse stress within the sacrum after loss of lateral support was validated by the partial
bilateral sagittal alar fracture model (Fig. 8).

Discussion
To date, our series of 108 patients with sacral insufficiency fractures is the largest reported in
the literature. The most common pattern of sacral insufficiency fracture in our series was
bilateral vertical parasagittal plane fractures through the sacral ala medial to the sacroiliac
joints, but lateral to the neuroforamena and a horizontal component crossing at the upper S2
or lower S1 levels, forming a characteristic “H” pattern (Figure 4, Table 1).

Sacral insufficiency fractures occur consistently at characteristic locations, and are more
commonly bilateral in most large series in contrast to the usual unilateral location of non-
osteoporotic post-traumatic fractures(1-6,12,15-18); although, minor acute trauma may mimic
any fracture pattern in osteoporotic attenuated bone. Additionally, unilateral vertical
insufficiency fractures through the sacral ala are common, and unilateral sacral post-traumatic
fractures may present in a similar manner and mimic unilateral sacral insufficiency fractures,
similar to sacral insufficiency fractures with asymmetric sacral stress. Sacral stress fractures
in healthy athletes (22-25) also occur at similar locations in the sacral ala and are likely
mediated by similar biomechanics, but at far higher intensities.

Sacral Osteoporosis
The underlying causes of sacral insufficiency fractures are osteoporosis and greater
susceptibility to injury with normal repetitive activities and minor trauma. Trabecular bone is
more affected by osteoporosis (19;26) than cortical bone but cortical bone is also significantly
attenuated; hence the vertebral bodies, pelvis, and sacrum are particularly susceptible to
fractures. Bone quality is a term used to describe the overall integrity of the bone structure. It
takes osteoporosis into account and additionally includes structural changes which also
contribute to bone integrity and its resistance to failure. Osteoporosis is defined as both low
bone mass and micro architectural deterioration of bone tissue, and it lowers bone strength,
and lowers the yield or failure threshold.

The ratio of trabecular to cortical bone is highest in the sacral alae and lower in the central
portion of the sacrum. The central neural portion of the sacrum which appears resistant to
insufficiency fractures (excluding the transverse component) has more cortical layers (4
cortical layers) with the additional posterior neural arch which covers the central sacrum.
Additionally there are more cortical layers in the neuroforamenal region of the sacrum. The
extreme lateral aspect of the sacrum adjacent to the sacroiliac joint is likely protected from
fracture by strong sacroiliac ligaments.

Sacral Insufficiency Fracture Patterns
While “H” pattern fractures were most common in our series, unilateral parasagittal sacral
fractures were commonly seen in 27% of patients in Group1 (Figure 4). A horizontal

Linstrom et al. Page 5

Spine (Phila Pa 1976). Author manuscript; available in PMC 2009 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



component of fracture appears to develop at a later stage after there is loss of support for the
central sacrum from the laterally positioned sagittal plane vertical fractures which progresses
to the typical “H” pattern on imaging studies. This concept was first hypothesized by Cooper
(13). The loss of lateral sacral alar support causes the entire weight of the upper body to be
longitudinally transferred down the central portion of the sacral bodies. In conjunction with
the lumbosacral lordosis this produces an anteroinferior vector of force which causes
compression and buckling of the anterior sacral vertebral body and occasionally anterolithesis.
The pelvic models for stress (Figures 6 and 7) display little or no stress transversely at the upper
S2 or lower S1 levels which supports the concept that the transverse component is a later
occurrence and transverse stress becomes a factor only after lateral support is lost (Fig. 8). Also
isolated transverse only sacral fractures could potentially occur in patients with extreme
amounts of sacral lordosis, unusual stress, or advanced osteoporosis (mean age 88.3 years in
our series, Fig. 4 - Group 2).

Unilateral sacral fractures in our series were associated with hip pathology p=.002 that would
alter the gait (Table 2) and stress in the sacrum. Additionally, lower extremity abnormalities,
scoliosis, modifiers of gait, or sacral loading patterns could also potentially contribute to
asymmetric sacral stress. Likely, many unilateral post-traumatic fractures are also included in
this category in our series and other series from forgotten trauma or a simple stumble without
a fall causing higher levels of unilateral sacral stress.

Sacral Biomechanical Models
The walking model stress pattern (Fig. 7) most closely matched the usual bilateral alar stress
fracture locations; although, there may be a component of overlap and some contribution from
stationary activities. Walking causes alternate weight bearing by the right and then left lower
extremities. The ipsilateral hemipelvis and sacrum is supported by the lower extremity while
the ipsilateral sacrum bears the weight of the upper body and the opposite non-weight bearing
lower extremity similar to a cantilevered truss subjecting the sacral ala to maximal stress. The
distribution of stress within the pelvis and sacrum are modified to a degree by the adjacent
musculature and soft tissues.

Walking (27) mechanics in humans are efficient, and the excess energy of planting the foot is
stored in the stretch of the muscle-tendon units. The foot is planted and the body is literally
pole-vaulted over the foot in an inverted pendulum like motion(28,29). The motion is alternated
between right and left feet. The ipsilateral sacrum bears the weight of the upper body and
opposite lower extremity with a smaller component of stress borne by the anterior pelvic ring.
Additionally, forces transmitted downward from the spine to the sacrum with walking are
increased 145-207% (27) compared to bipedal stationary activities. The inferiorly transmitted
forces from the spine to the sacrum may be up to 400-500% with stair-climbing or slow jogging
compared to bipedal activities (27).

Biomechanical models for the pelvis first proposed by Dalstra (19) indicate that the maximal
support and distribution of external forces and stress across the pelvis and sacrum (flat bones)
are from cortices of bone that conduct stress from one region of support to another and the
central trabeculae serve as spacers for the cortical surfaces. This concept has been supported
by subsequent investigators(30). This validated biomechanical model has important
therapeutic implications. Therapies should allow healing of the cortical surfaces, since weight-
bearing forces are predominantly transmitted as stress across the sacrum via the cortices to the
SI joints and iliac bone. Also, the healing sacrum and pelvis should have protected weight-
bearing and avoidance of higher stress activities for the pelvis and sacrum. Patients with
asymmetric sacral stress fractures should be evaluated for gait abnormalities, altered walking
mechanics, or history of prior trauma that may cause unilateral sacral alar fractures.
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Our chosen parameters for the study and subsequent results parallel most prior biomechanical
studies. Myers and Wilson (31) observed that acute osteoporotic vertebral body fractures occur
within a 400-2100 Newton range and osteoporotic sacral insufficiency fractures occur at
significantly lower levels than acute traumatic fractures. Waite and Mears (32) tested cadaver
osteoporotic specimens and discovered acute traumatic sacral fractures occur at 4-5 times body
weight. Bozkus and Hanci (33) also utilized finite element analysis to model non-osteoporotic
acute sacral fractures caused by a fall from a height with very high impact loads of 10,000
Newtons. The sacral stress was 430 MPa. Both the loads and sacral stress were much higher
than in our study.

Limitations
We chose shell and 10-point tetrahedral mesh finite element models which differ from Dalstra's
(19) original model. A more accurate mesh was obtained by this method; however, this method
has not been verified by strain gauges similar to the original model. Dalstra indicated that the
cortical surface of flat bones transfer 50 times as much stress across flat bones compared to
trabecular bone. This may overstate stress conveyance in the cortex within the sacral alae, since
sacral alae are thicker than the central sacrum and most flat bones, and trabecular bone likely
plays a greater supporting role in the sacral ala.

Our models had an incomplete mesh along the inferior surface of the ischial rami which slightly
emphasizes the stress near those locations. No accommodation in the models was made for the
sacroiliac joints which may allow movement with activities or supporting sacral soft tissues
that may alter stress.

Our study limited the cause of asymmetric sacral stress to hip pathology, since this information
was available on pelvic and lumbosacral spine CTs and MRIs. Additional unrecognized
musculoskeletal abnormalities likely contribute to asymmetric sacral stress and asymmetric
fractures.

Differences in the most common patterns of sacral insufficiency fractures noted in different
series may be attributed to different referral patterns of patients; different rates of prior hip and
lower extremity surgeries or prostheses in different regions of the US and outside the US;
unintentional but biased selection of patients; and inclusion of post-traumatic unilateral sacral
fractures likely account for differences in percentiles of the most common patterns of sacral
fractures noted in different series.

Conclusions
1. The exact locations of osteoporotic sacral insufficiency fractures from our series of

108 cases most precisely matched the maximal sacral stress displayed by the
biomechanical model for walking, excluding the transverse component. The sacrum
is also subjected to higher stress with walking compared to stationary activities.
Although not the focus of the study, the walking model also depicted stress throughout
the pelvis at sites characteristic for pelvic insufficiency fractures. These findings
support ambulation as the predominant primary activity causing sacral insufficiency
fractures in most patients with osteoporosis without a history of trauma.

2. Review of sacral insufficiency fractures from the series of 108 cases displayed
consistent fracture patterns and a biomechanical classification system is introduced
in Figure 4 with the more common patterns. Biomechanics support the concept that
vertical components of “H” type insufficiency fractures initially occur, and the
horizontal component forms after lateral support is lost.
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3. Knowledge of stress locations, cortical bone transmission of stress, usual fracture
patterns, intensity of sacral stress with different activities, and modifiers of walking
mechanics may aid medical, interventional, or surgical management.
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Figure 1.
The biomechanical model was prepared to simulate stationary activities. Finite element meshed
model for stationary activities is depicted with 400-1200 Newton loads on the sacrum and
bilaterally constrained acetabula.
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Figure 2.
Meshed model for walking (alternating weight-bearing) is reproduced by applying 400-1200
Newton loads to the sacrum with alternating acetabular constraints.
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Figure 3.
Vertical red lines simulate partial bilateral vertical fractures of the sacral ala prior to sacral
loading.
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Figure 4.
Common patterns emerged for sacral insufficiency fractures and a biomechanical classification
system is introduced. There are two groups. Group 1 cases have normal sacral anatomy and
osteoporosis. Group 2 cases have nonuniform material properties, small lesions, or unusual
sacral stress patterns.
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Figure 5.
A merged image from two images from the same MRI sequence in a 68-year-old female
displays left hip AVN (long arrow) and a contralateral right vertical sacral insufficiency
fracture (short arrow).
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Figure 6.
Solved finite element model with stress indicated by yellow in the sacrum and pelvis. The
stationary activity model indicates that stress is maximal (arrows) at the edge of the S1 vertebral
body and declines laterally. Brighter shades of yellow indicate higher intensity stress.
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Figure 7.
The walking sacral model displays identical locations for stress compared to vertical sacral
insufficiency fracture locations. It also depicts areas of maximal stress throughout the pelvis
that also commonly develop insufficiency fractures (arrows).
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Figure 8.
Vertical alar fractures are simulated by red vertical “cracks” in the model. After loading and
loss of lateral support, maximal stress intensities were noted to extend inferiorly (white arrows)
to complete the vertical fractures and horizontally (black arrows) to form the transverse
component and complete the “H” pattern.
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Table 1
Group 1 Osteoporotic Sacrum Most Common Patterns

Most common sacral insufficiency patterns Percentage of Group 1 cases N = 85

"H" pattern - bilateral vertical plus horizontal components N = 52 61.2% of total

Unilateral vertical only N = 16 18.8% of total

Bilateral vertical only N = 10 11.8% of total

Unilateral vertical plus horizontal component N = 7 8.2% of total

Spine (Phila Pa 1976). Author manuscript; available in PMC 2009 July 13.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Linstrom et al. Page 19

Table 2
Hip Pathology and Asymmetric Vertical Sacral Fractures

Cases n = 23 Asymmetric Unilateral Vertical Sacral Fractures n = 62 Symmetric Bilateral Vertical Sacral Fractures

1 Right hip prosthesis Right hip prosthesis

2 Right hip prosthesis Right hip prosthesis

3 Right hip prosthesis Left hip prosthesis

4 Left hip avascular necrosis Right hip prosthesis

5 Left hip prosthesis Right hip prosthesis

6 Right hip prosthesis N/A

7 Large left hip effusion and severe degenerative joint disease N/A

8 Left hip avascular necrosis N/A

9 Left hip prosthesis N/A

10 Left hip prosthesis N/A

11 Left hip prosthesis N/A
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