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Abstract

Background Percutaneous iliosacral screw placement is
the standard procedure for fixation of posterior pelvic ring
lesions, although a transsacral screw path is being used
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more frequently in recent years owing to increased frac-
ture-fixation strength and better ability to fix central and
bilateral sacral fractures. However, biomorphometric data
for the osseous corridors are limited. Because placement of
these screws in a safe and effective manner is crucial to
using transsacral screws, we sought to address precise
sacral anatomy in more detail to look for anatomic varia-
tion in the general population.

Questions/purposes We asked: (1) What proportion of
healthy pelvis specimens have no transsacral corridor at the
level of the S1 vertebra owing to sacral dysmorphism? (2)
If there is no safe diameter for screw placement in the
transsacral S1 corridor, is an increased and thus safe
diameter of the transsacral S2 corridor expected? (3) Are
there sex-specific differences in sacral anatomy and are
these correlated with known anthropometric parameters?
Methods CT scans of pelves of 280 healthy patients
acquired exclusively for medical indications such as
polytrauma (20%), CT angiography (70%), and other rea-
sons (10%), were segmented manually. Using an advanced
CT-based image analysis system, the mean shape of all
segmented pelves was generated and functioned as a tem-
plate. On this template, the cylindric transsacral osseous
corridor at the level of the S1 and S2 vertebraec was
determined manually. Each pelvis then was registered to
the template using a free-form registration algorithm to
measure the maximum screw corridor diameters on each
specimen semiautomatically.

Results  Thirty of 280 pelves (11%) had no transsacral S1
corridor owing to sacral dysmorphism. The average of
maximum cylindrical diameters of the S1 corridor for the
remaining 250 pelves was 12.8 mm (95% CI, 12.1-13.5
mm). A transverse corridor for S2 was found in 279 of 280
pelves, with an average of maximum cylindrical diameter
of 11.6 mm (95% CI, 11.3-11.9 mm). Decreasing
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transsacral S1 corridor diameters are correlated with
increasing transsacral S2 corridor diameters (R value for
females, —0.260, p < 0.01; for males, —0.311, p < 0.001).
Female specimens were more likely to have sacral dysmor-
phism (defined as a pelvis without a transsacral osseous
corridor at the level of the S1 vertebra) than were male
specimens (females, 16%; males, 7%; p < 0.003). Further-
more female pelves had smaller-corridor diameters than did
male pelves (females versus males for S1: 11.7 mm [95% CI,
10.6-12.8 mm] versus 13.5 mm [95% CI, 12.6-14.4 mm],
p < 0.01; and for S2: 10.6 mm [95% CI, 10.1-11.1 mm]
versus 12.2 mm [95% CI, 11.8-12.6 mm ], p < 0.0001).

Conclusions Narrow corridors and highly individual, sex-
dependent variance of morphologic features of the sacrum
make transsacral implant placement technically demand-
ing. Individual preoperative axial-slice CT scan analyses
and orthogonal coronal and sagittal reformations are rec-
ommended to determine the prevalence of sufficient-sized
osseous corridors on both levels for safe screw placements,
especially in female patients, owing to their smaller cor-
ridor diameters and higher rate of sacral dysmorphism.

Introduction

Percutaneous screw fixation of the posterior pelvic ring is
commonly used to treat unstable pelvic ring lesions
[9, 12, 13, 20, 25, 27, 30, 35]. Iliosacral osseous corridors
exist at the first and second sacral vertebral levels. Whereas
the main corridor axis alignment is horizontal on the second
sacral vertebra, two different osseous corridors can be ad-
dressed on the first sacral vertebra, depending on the
individual sacral shape and fracture pattern (Fig. 1): (1)
oblique iliosacral screw trajectory [2, 5, 20]; and (2) trans-
verse transsacral screw trajectory [5, 9, 12, 24, 25, 35].

Fig. 1A-B (A) An oblique iliosacral screw position at the level of S1
and a transverse transsacral screw position on the level of S2 are
displayed to fix a pelvic ring fracture (AO/OTA classification,
61C1.2.2 cl) in a dysmorphic sacrum. (B) Two transverse transsacral

The advantage of transverse screw placement is the
opportunity to address central Denis Zone III [6] and
bilateral sacral fractures by transsacral fixation with
longer screws. Furthermore, increased fixation strength
was reported for longer screws in biomechanical studies
[18, 33]. The drawback of transsacral screw fixation is
the difficult placement owing to the individual variable
three-dimensional anatomic shape of the sacrum (sacral
dysmorphism), with several neurovascular structures in
close proximity to the osseous boundary (S1 corridor: L4
and L5 nerve route and internal iliac vessels above and
in front of the sacral alar region; S1 nerve route and the
residual nerve pairs in the spinal canal below and pos-
terior; S2 corridor: S1 foramen with its nerve route
above and S2 foramen with its nerve route below)
[3, 7, 34]. Furthermore there is limited ability to see all
relevant bony structures on the intraoperative two-di-
mensional fluoroscopic images [7, 22, 29, 31, 40]. The
corridor for the oblique sacroiliac screw placement in the
first vertebra has been investigated in different biomor-
phometric studies [2, 7, 8, 16], but data for transverse
transsacral screw placement at the level of S1 and S2 are
limited owing to the small size of study groups, different
exclusion  criteria, or measurement techniques
[11, 22, 23, 37, 39].

Therefore, CT data sets of 280 healthy pelves were
evaluated to answer the following study questions: (1)
What proportion of healthy pelvis specimens have no
transsacral corridor at the level of the S1 vertebra owing to
sacral dysmorphism? (2) If there is no safe diameter for
screw placement in the transsacral S1 corridor, is an
increased and thus safe diameter of the transsacral S2
corridor expected? (3) Are there sex-specific differences in
sacral anatomy and are these correlated with known
anthropometric parameters?

screws were inserted at the level of S1 to fix a jumpers fracture (Roy-
Camille Type 1). The inserts in the lower right corner show the screw
positions in representative axial CT-slices.
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Table 1. Sex-specific differences of anthropometric parameters

Data set Overall (n = 280) Female (n = 116) Male(n = 164) p value
Age (years)
Mean 63 63 63 NS
95% CI 60-65 59-66 60-65
Range 19-93 19-93 20-93
Body height (cm)
Mean 171 164 175 0.0001
95% CI 170-172 163-166 174-176
Range 142-196 142-181 154-196
Body weight (kg)
Mean 79 73 83 0.0001
95% Cl 77-81 70-76 80-86
Range 45-135 45-120 48-135

NS = not significant.

Materials and Methods

The evaluation was performed on a set of 280 segmented
pelvis specimens (Table 1) available as triangulated sur-
face meshes in an advanced image analysis system
developed by a team from Technische Universitit
Miinchen in cooperation with Stryker Trauma GmbH (Kiel,
Germany). All segmentations were performed manually by
a radiologist (GK), based on CT scans acquired exclusively
for medical indications: polytrauma (20%), CT angiogra-
phy (70%), and other reasons (10%), before this study was
designed. Pelves with fractures, pelvic ring deformity, hip
dysplasia, or hardware in situ were excluded. The scans
were collected with the consent of the patients.

The specimens were processed as described [10, 32]. A
mean shape (the template) was generated from all input
data sets (Fig. 2). The individual specimens (the samples)
were registered to the template using a free-form registra-
tion algorithm that yields a dense surface mapping from
points located on the template to anatomically corre-
sponding points on the samples.

For our analysis, a point was placed in each of the two
corridors of S1 and S2 on the template. Through the
mapping algorithm, the two points were transferred to each
sample to determine the patient-specific location of these
points. In the mediolateral direction, a transsacral axis for
each corridor was defined individually. Starting with this
initial axis, a fitting procedure identifies the cylinder with
the greatest diameter that can be placed in the osseous
corridor without penetrating the cortical regions (at the
superior and anterior sacral surface, neuroforamen wall, or
spinal canal). To do that, the sample meshes are projected
along the axis to generate component images for each
corridor. An image pixel is set if no cortical bone structure

@ Springer

Fig. 2 On a true lateral view from the right side, the green surface
area defines the corridor shape through which a transsacral screw can
be placed at the level of S1. The red surface area defines the corridor
shape through which a transsacral screw can be placed at the level of
S2. The small circles (arrows) represent the manually set starting
point for the transsacral corridor analysis. In a mapping algorithm,
this starting point was transferred automatically from the template
pelvis to each pelvis to determine the transsacral corridor axes and
diameters of each specific pelvis.

gets hit by the corresponding orthogonal projection ray.
The mapped template points are visible as small circles
(Fig. 2) located inside the projected regions, representing
the available space of the corridors. The cylinder diameter
corresponds to the diameter of the largest circle that can be
fitted inside each region. Using the two mapped points as
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Fig. 3A-H Transsacral corridors (red) at the level of S1 (upper row)
and S2 (lower row) are shown for a nondysmorphic-shaped sacrum.
Shown are the (A) S1 corridor in coronal and (B) axial slice images,
and (C) the S2 corridor in coronal and (D) axial slice images. In a
dysmorphic sacrum, no transsacral S1 corridor exists. Shown are the
dysmorphic sacrum (E) in the coronal and (F) axial planes. A
compensatory larger transsacral S2 corridor exists as shown (G) on
coronal and (H) axial slice images.

pivot points, the axes can be tilted for each corridor sep-
arately by two angles (alpha, beta) to simulate different
viewing directions while generating the orthogonal pro-
jections. The two angles are tested iteratively over an
angular search range, which is discretized and evaluated for
each of these parameter configurations.

This evaluation yields the diameter and the axis of the
largest cylinder that fits entirely into the patient-specific
corridor. If no space is available, the projection is empty
and no cylinder fitting can be performed (Fig. 3).

In our clinical setting, a minimum corridor diameter of
at least 9 mm was defined as a cutoff for placing a 7.3-mm
cortical screw to get a tolerance of accuracy of 1 mm on
each side. If no transsacral osseous corridor was prevalent,
such pelves were defined as having sacral dysmorphism.
The rationale for such CT-based designation of sacral
dysmorphism was the continuum of reported radiographic-
based criteria for sacral dysmorphism [8].

Statistical Analyses

For statistical analysis, Microsoft™ Excel™ 2013 (Mi-
crosoft Inc, Redmond, WA, USA) and the R x64 3.1.2
software program (R Foundation for Statistical Computing,
Vienna, Austria) were used. All data are presented as mean
and 95% CI to determine statistical significance. Proba-
bility values less than 0.05 were considered significant.

The Ryan procedure with the Welch test (for heteroge-
neous variances) or the t-test (homogeneous variances) was
used for analyses of corridor diameter differences.

The proportions of sacral dysmorphism and corridor
sizes (< 9 mm versus > 9 mm) were analyzed with Pear-
son’s chi-square contingence test (2 x 2 or 2 x 4). Linear
correlation analyses for S1 and S2 corridor diameters and
pairwise testing of corridor diameters with anthropometric
data (age, body height, body weight) were performed
separately for females and males [15].

Results

Transsacral Corridor at SI Level and the Proportion of
Sacral Dysmorphism

Thirty of 280 (11%) pelves had no transsacral S1 corridor
owing to sacral dysmorphism. The maximum cylindrical
diameter of the S1 corridor for the remaining 250 pelves
was 12.8 mm (95% CI, 12.1-13.5 mm). Setting the diam-
eter threshold at 9 mm for a secure transsacral 7.3-mm
screw placement, theoretically fixation would have been
possible in 191 (68%) of the pelves (Fig. 4).

Transsacral Corridor at S2 Level and Their Dependence
on Sacral Dysmorphism

A transverse corridor for S2 was found in 279 of 280
(99.6%) pelves. The maximum cylindrical diameter of the
S2 corridor was 11.6 mm (95% CI, 11.3-11.9 mm), which
was smaller than the S1 corridor (p < 0.001). Setting the
diameter threshold at 9 mm for a secure transsacral 7.3-mm
screw placement, fixation would have been possible in 245
(88%) of the pelves (Fig. 4).

Correlation of Transsacral Corridor Diameters at S1
and S2 Levels

A decrease in the transsacral S1 corridor diameter was
correlated with an increase in the transsacral S2 corridor
diameter (males, —0.311, p < 0.001) (Table 2) (females,
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Table 2. Sex-specific correlation analyses for males

Variable Age Body height Body weight S1 corridor diameter S2 corridor diameter
Age 0.987¢ —0.2327 —0.003 —0.091

Body height —0.2097 0.006 0.242F

Body weight 0.060 0.201"

S1 corridor diameter —0.311%

S2 corridor diameter

R values; * p < 0.05; p < 0.02; 'tp < 0.001.

Table 3. Sex-specific correlation analyses for females

Variable Age Body height Body weight S1 corridor diameter S2 corridor diameter
Age —0.257" 0.022 0.012 0.034

Body height 0.2417 0.218* 0.127

Body weight 0.041 0.043

S1 corridor diameter —0.260"

R values; * p < 0.05; 'p < 0.02.

—0.260, p < 0.05) (Table 3), meaning the smaller the S1
corridor diameter the larger S2 corridor diameter.

Sex-specific Differences for the Transsacral Corridors
and Correlation With Anthropometric Parameters

The corridor diameters at the S1 and S2 levels were smaller
in females than in males (S1: 11.7 mm [95% CI, 11.4-12.0
mm] versus 13.5 mm [95% CI, 12.6-14.4 mm], p < 0.01;
S2: 10.6 mm [95% CI, 10.1-11.1 mm] versus 12.2 mm
[95% CI, 11.8-12.6 mm], p < 0.0001).

@ Springer

Sacral dysmorphism (no transsacral corridor at the level
of S1) was found in 19 of 116 (16%) female pelves and 11
of 164 (7%) male pelves (p < 0.005). Setting the diameter
threshold at 9 mm for a transsacral screw placement, 67 of
116 (58%) female and 126 of 164 (77%) male pelves
theoretically would have been placed safely at the S1 level
and 97 of 116 (84%) female and 154 of 164 (94%) male
pelves would have been placed safely at the S2 level. No
transsacral corridor of at least 9 mm (on level S1 or level
S2) was present in 7% of males and 1% of female pelves.

The observed negative correlation of the S1 and S2
corridor diameters was sex-independent (females, —0.260,
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p < 0.04; males —0.311, p < 0.001). Whereas the body
height had only a weak correlation with the S1 corridor
diameter in females (0.218; p < 0.05), a weak correlation
of the body height and body weight with the S2 corridor
diameter in males (0.242, p < 0.02; 0.201, p < 0.02) was
observed.

Discussion

These biomorphometric data support efforts to improve
fixation techniques for posterior pelvic ring lesions by
using the transsacral S1 osseous corridor for implant
placement [9, 11, 12, 21, 26, 36], primarily described in a
case report for a bilateral S1 dislocation [38] and later as a
salvage procedure in combination with a posterior tension
plate for failed posterior pelvic ring fixations in seven cases
[1]. Compared with the oblique sacroiliac screw fixation
described by Matta and Saucedo [20], additional fracture
pattern like central sacral fractures (Denis Zone III) and
bilateral posterior pelvic lesions can be addressed through a
unilateral approach, whereas alternative sacroiliac screw
fixation from both sides was accompanied with an
increased risk of screw misplacement [9, 12]. Furthermore,
in biomechanical studies, increased fixation strength for
transsacral screw placement was reported owing to the
screw placement in three additional cortices on the con-
tralateral side instead of placing the screw tip in the weaker
cancellous bone of the sacral ala and S1 vertebral body
[18, 33, 39]. This seems particularly important in the
increasing number of insufficiency fractures of the pelvic
ring caused by osteoporotic bone quality [14]. Neverthe-
less, transsacral screw placement is more demanding than
iliosacral screw placement [5]. Sex-dependent prevalence
of sacral dysmorphism reported in our study (16% in
females and 7% in males) and too-narrow corridors (de-
pending on the surgeon’s diameter-cutoff decision) (Fig. 4)
must be excluded to prevent screw misplacements with
violation of neurovascular structures [9, 29, 37].

Our study has some limitations. First, CT data sets for
different medical indications were segmented, not neces-
sarily representing the cohort group of patients with pelvic
ring fractures. Nevertheless, a large number of segmented
pelves (280) from patients with a wide age range (19-93
years) were analyzed. Second, only bone surfaces were
segmented. This does not facilitate automatic measurement
of the inner diameter of the osseous corridors (excluding
the cortical thickness). Third, unfractured pelves were
investigated, but some degree of persistent fracture
malreduction could be present in clinical settings. This
must be considered especially for transforaminal (Denis
Zone II) fractures, where a 5-mm dislocation results in a
36% reduction of the osseous S1 corridor at the “waist of

the hourglass”, when placing an iliosacral screw [28]. The
same is true for transsacral screw placement. Using a
cylindrical-shaped volume for automatic measurement of
the osseous corridor diameters does not respect the ovoid-
shaped osseous corridor at the level of the S1 vertebra and
therefore represents only the maximum osseous corridor
height, but not necessarily the larger corridor width
[11, 22, 39], which could facilitate placement of an addi-
tional second screw in the same corridor [22].

No transsacral osseous corridor at the level of the S1
vertebra was present in 30 of 280 healthy pelves. With
wider use of screw fixations in different positions in the
posterior pelvic ring (iliosacral or transsacral), several
morphologic variations were described and the terms
“dysplastic sacrum” and “sacral dysmorphism” were
introduced, however, there is lack of consensus regarding
their definitions [2, 4, 7, 22, 29]. Routt et al. [29] described
five qualitative radiographic signs for sacral dysplasia
based on pelvic-outlet and true lateral views, whereas
quantitative parameters were described by others [17, 22].
Kaiser et al. [17] developed a sacral dysmorphic score
based on coronal and axial angulation of the upper sacral
segment. Mendel et al. [22] reported the lateral sacral tri-
angle configuration in the lateral view. A triangle ratio of
1.5 (calculated by the quotient of the anterior height and
width of the first sacral body) represents the boundary ratio
for the prevalence of sacral dysmorphism, defined as
transsacral corridors with a diameter less than 7.3 mm,
unsuitable for screw placement. In contrast to these studies,
we defined sacral dysmorphism as the absence of a trans-
sacral corridor at the level of the S1 vertebra, as a high
sacral anatomic variability [4] and different corridor
diameter cutoffs (5, 9, or 10 mm) exist for transsacral
implant placement based on the implant types used
(screws, bars, or nails), implant sizes (5-8 mm diameters),
and insertion technique (fluoroscopic-controlled versus
computer-guided navigation) [2, 5, 8, 11, 21, 24, 37]. Our
study provides additional information regarding transsacral
corridor-size distributions and proportions of pelves based
on their individually set cutoffs in clinical settings (Fig. 4).
Using the largest 10-mm diameter cutoff, as reported by
Gardner et al. [8] and Moed and Geer [24], transsacral
osseous corridors at the S1 and S2 vertebrae would have
been too narrow in 36% and 26% of pelves compared with
32% and 12% when using the 9-mm cutoff. Measured
cylindrical diameters in our study (S1, 13 £ 0.3 mm; S2,
12 + 2 mm) are similar to those reported by Lee et al. [19]
(S1: 14 £ 4 mm; S2 11 & 3 mm) and larger than those
reported by Vanderschot et al. [37]. (S1, 8 &= 0.9 mm; S2, 7
4+ 3 mm). Minor differences in several studies may be
attributed to heterogeneity of the groups based on sex or
the measurement techniques as discussed in a recent study

[11].
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In cases of sacral dysmorphism or too-narrow transsa-
cral S1 corridors, it may be possible to place only oblique
sacroiliac screws, according to Matta and Saucedo [20], but
alternative or additional transsacral screw placement at the
level of the S2 vertebra may be considered [24, 29]. A
compensatory larger transsacral osseous S2 corridor in
dysmorphic versus nondysmorphic sacra [7, 8, 11], was
confirmed in our study, as shown by a weak negative
correlation of the S1 and S2 transsacral corridor diameters.
Furthermore, the larger range of maximum corridor
diameters for S1 compared with the smaller more-sig-
moidal distribution for S2 (Fig. 4) shows the greater
variability of the S1 osseous corridor shape and confirms
the results of Wagner et al. [39] based on their investiga-
tion of 20 healthy pelves.

We observed sacral dysmorphism in more female pelves
than in male pelves, however, it was present in pelves of
both sexes. Furthermore, corridor diameters were larger in
male pelves than in female pelves. This sex-dependency
has not been considered routinely in some studies pub-
lished to date [2, 7, 9, 11, 29]. In contrast, Gardner et al. [8]
reported no differences in the proportion of sacral dys-
morphism between sexes in their cohort of 50 adult pelves,
whereas Hasenboehler et al. [16] found a trend for sex-
dependent prevalence of sacral dysmorphism (19% of
female and 12% of male pelves) in patients with trauma.
There is a lack of common definition of sacral dysmor-
phism and studies are based on different cohort groups (age
and sex distribution) [2, 7-9, 11, 16, 22, 24, 29]. Smaller
transsacral S1 corridor sizes were observed in females
compared with males [23].

We believe that because of the complex and highly
individual variance of morphologic features of the sacrum,
transsacral implant placement for fixation of posterior
pelvic ring lesions remains demanding, and additional
research is necessary for precise definition of the terms
“sacral dysmorphism” and “dysplastic sacrum”. Never-
theless, our findings provide the surgeon with additional
information for safe transsacral implant placement. Sacral
anatomy and potential transsacral screw corridor diameters
are sex-dependent and should be considered in the preop-
erative CT scan analysis. In contrast to the scientific
software program used in our study, three-dimensional
volumetric measurement options are not routinely available
in clinical software programs and therefore only a two-
dimensional measurement technique in two-dimensional
reformatted images can be used. In axial slice images
parallel to the S1 vertebra endplate the maximum corridor
width (anterior border: S1 foramen or iliac wing; posterior
border: spinal canal) must be determined, and in an
orthogonal slice image reformation in a coronal plane, the
corridor height (cranial border: surface of the alar pedicle;
caudal border: S1 neuroforamen) must be measured.

@ Springer

Depending on these measurements, the surgeon must
decide whether to use transsacral implant fixation or an
alternative fixation method (oblique SI screw place-
ment, spinopelvic fixation, anterior iliosacral plating, or
posterior ilioiliacal bridging plate fixation).
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