Transsacral Screw Safe Zone Size by Sacral Segmentation Variations
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ABSTRACT: Variations in sacral segmentation may preclude safe placement of transsacral screws for posterior pelvis fixation. We
developed a novel automated 3D technique to determine the safe zone size for transsacral screws in the upper two sacral segments in
526 adult pelvis computed tomography scans. Safe zone sizes were then compared by gender and sacral segmentation variations
(number of neuroforamen and the presence/absence of lumbosacral transitional vertebrae, +LSTV). Ten millimeters was used as the
safety threshold for a large screw. 3 (0.6%), 366 (70%), and 157 (30%) sacra had 3, 4, or 5 neuroforamen, respectively. Eighty-eight
(17%) were +LSTV. Safe zone size depended on gender, number of neuroforamen in —LSTV sacra and presence of LSTV (p < 0.001) but
not on the uni- or bilateral nature of the LSTV. 17% of —LSTV sacra were below the safety threshold in S1, 27% in S2, whereas 3% of
+LSTV sacra were below in S1, 74% in S2. Of —LSTV sacra that cannot take an S1 screw safely, 77% can do so in S2, leaving only 4%
of sacra that cannot accommodate a screw safely in either upper segment. The results demonstrate a predictable pattern of safe zone
size based on gender and sacral segmentation variations. © 2014 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J

Orthop Res 33:277-282, 2015.
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Transsacral screws have become a popular method of
fixation of the posterior pelvis as they can be placed
percutaneously, avoiding posterior dissection and poten-
tial wound complications, with minimal blood loss and
with the patient supine or prone.’? Transsacral screws
are technically challenging in that they span both
foraminal regions of the sacrum within an intraosseous
corridor that is dependent on sacral morphology.> 12
With advances in the technique of fluoroscopically
guided percutaneous screw placement and anatomic
understanding of the sacrum and surrounding neuro-
vascular structures, there has been a low incidence of
neurovascular injury.>1%17

The lumbosacral junction is the most variable
portion of the spine with variations in sacral segmenta-
tion, thought to be related to its load-related fusion,
seen in both number of segments, typically four to six,
and lumbosacral transitional vertebrae (LSTV) defined
as either sacralization of the lowest lumbar segment or
lumbarization of the upper sacral segment.'®22 LSTV
are estimated to be present in 4-30% of the population
and have been described since at least the early 20th
century.?*® Castellvi et al. identified four types based
on morphology in their classification system for
LSTV.2425 Type I includes unilateral (Ia) or bilateral
(Ib) dysplastic transverse processes; type II, incomplete
unilateral (ITa) or bilateral (ITb) lumbarization/sacrali-
zation with an enlarged transverse process that has a
diarthrodial joint between itself and the sacrum; type
III, unilateral (IIIa) or bilateral (IIIb) lumbarization/
sacralization with complete osseous fusion of the
transverse process(es) to the sacrum; and type IV,
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unilateral type II transition with a type III on the
contralateral side.?™?? While useful for describing the
relationship of the transitional segment to that below
it, this system does not provide information on whether
the transitional segment is a lumbarized sacral ele-
ment or a sacralized lumbar element given the signifi-
cant difficulty in determining this on imaging alone.?*

Studies to date regarding sacral morphology and its
correlation with the size of the safe zone for iliosacral
and transsacral screws have primarily focused on
whether the sacrum was normal or dysmorphic as
described by Routt et al.>% 71114 However, it is unclear
as to how many of the dysmorphic features described
by Routt et al. are needed to label a sacrum as such
nor which features are more specific for it.? It is likely
that what is described as dysmorphic is a variation of
Castellvi LSTV types IIb, IIIb, and IV.% In the largest
study to date, Gardner et al. measured the transverse
safe zone in normal and dysmorphic sacra in both
upper segments in 50 patients and found mean widths
of 12.9 and 1.2mm for the upper sacral segment, and
10.3 and 14.0 mm for the second sacral segment for 26
normal and 24 dysmorphic sacra, respectively.” The
safe zone size of the upper sacral segments has yet to
be correlated to variations in sacral segmentation.

The purpose of this study was to quantify the size
of the safe zone for transsacral screws in the upper
(S1) and second (S2) sacral segments and determine
if this is dependent on gender and patterns of sacral
segmentation. Our hypothesis was based on the
load-related fusion concept of the lumbosacral junc-
tion, specifically that an increase in the number of
neuroforamen shifts the area of load distribution of
the sacroiliac joint inferiorly thus diminishing the
safe zone size for S1 and increasing it for S2 and
similarly, the presence of an LSTV shifts the area of
load distribution of the sacroiliac joint superiorly
thus increasing the safe zone size for S1 and
diminishing it for S2.19722
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Figure 1. Upper and second sacral segment safe zones as seen
on the sagittal (1) with maximum diameter circle fit (2).

METHODS

Five hundred twenty-six adult (18 years and older) pelvis
computed tomography (CT) scans without bilateral sacral
fractures, that had been uploaded from our clinical PACS
system to our institution’s research archive and analysis
database, were analyzed with a novel automated MATLAB
script (Mathworks, Natwick, MA) that algorithmically identi-
fied bony landmarks (anterior superior and inferior iliac
spines, sacral midline, and anterior sacral foramina points)
that were used to rotate pelves in the axial and coronal
planes to create a reconstruction plane that was orthonormal
to the true sagittal plane. If a unilateral displaced fracture
was present, the uninjured hemipelvis was analyzed. The
maximum diameter of an intraosseous cylinder traversing the
sacrum orthogonal to the sagittal reconstruction plane,
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Figure 2. Safe zone diameter confirmation images at the
second sacral segment. Images were reviewed for all sacra for
accuracy of the automated safe zone size determination.

representing the trajectory for maximal safe zone size of a
transsacral screw, was automatically determined for S1 and
S2 (Fig. 1). These were verified manually for accuracy
(Fig. 2). Because identifying an LSTV as either a lumbarized
sacral element or a sacralized lumbar element can be
problematic,2* we chose to define the upper sacral segment
(S1) as the sacral segment below an LSTV or the most
inferior lumbar vertebrae. This is in contradistinction to prior
studies on safe zone size in dysmorphic sacra, which presum-
ably defined the LSTV as the upper sacral segment.5”

Sacra were characterized by the larger of the number of
anterior neuroforamen present on either side, the presence
or absence of LSTV (£LSTV), and whether the LSTV was
uni- or bilateral (Fig. 3).2* The number of anterior neurofora-
men included the foramen between the LSTV and S1. LSTV

Figure 3. Bilateral (top left) and unilateral (top right) lumbosacral transitional vertebrae, sacra with three (bottom left) and five

(bottom right) anterior neuroforamen.

JOURNAL OF ORTHOPAEDIC RESEARCH FEBRUARY 2015



were identified as such per the description for Castellvi types
IT and higher. Castellvi types I, described as having unilateral
or bilateral dysplastic transverse processes from the LSTV
without an articulation with the sacrum, were thought to be
less objective in our analysis.?®

The significance of associations between the safe zone size
of the upper two sacral segments and gender, number of
neuroforamen, the presence or absence of LSTV, and whether
the LSTV was unilateral or bilateral were determined with
one-way ANOVA or two-tailed paired ¢ tests with the
assumption of unequal variances. A p-value of less than 0.05
was considered significant.

RESULTS

Data are presented in mean (standard deviation) or in
count (proportion, with or without 95% confidence
interval). Of the 526 pelves, 305 (58%) were male and
221 (42%) female. Average age was 34.8 (15.9) years
with a range of 18-106 years. 3 (0.6%) sacra had three
neuroforamen, 366 (70%) had four, and 157 (30%) had
five (Fig. 3). 88 (17%, 14-20%) pelves, including 30
(34%) females and 58 (66%) males, were identified as
having a lumbosacral transitional vertebrae (+LSTV).
Of the +LSTV sacra, 13 (15%, 7-22%) had four neuro-
foramen, 75 (85%, 78-93%) had five neuroforamen, 47
(53%, 43-64%) were bilateral and 41 (47%, 36-57%)
were unilateral (21 left, 20 right).

Safe zone size was dependent on gender (p <0.001),
number of neuroforamen in —LSTV sacra (p <0.001)
and presence or absence of LSTV (p <0.001) but was
not dependent on whether the LSTV was unilateral or
bilateral (Table 1). In —LSTV sacra, males had 10%
larger S1 and 20% larger S2 safe zones than females
(p=0.0001 for S1, p <0.0001 for S2). In +LSTV sacra,
males had 12% larger S1 and 7% larger S2 safe zones
than females (p =0.013 for S1 only). —LSTV sacra with
four neuroforamen had a 27% larger safe zone in S1
(p<0.0001) and a 10% smaller safe zone in S2 (p=
0.0007) than those with five neuroforamen (Table 2).
Safe zone size in +LSTV sacra did not depend on the
number of neuroforamen. Safe zone size in +LSTV
sacra was 23% larger in S1 and 44% smaller in S2 than
in —LSTV sacra (p < 0.0001 for both S1 and S2).

Using a safety threshold of 10 mm for placement of a
large screw,” 83% (80-87%) of —LSTV sacra were
above the threshold in S1 and 73% (69-77%) in S2
whereas in +LSTV sacra 97% (93-100%) were above
the safety threshold in S1 and 26% (17-35%) in S2
(Table 2). Of the 17% of —LSTV sacra that cannot take
an S1 screw safely, 77% (67-87%) can safely take an
S2 screw, leaving 4% (2—6%) of —LSTV sacra that are
below the safety threshold in both S1 and S2. 4% (2—
5%) of —LSTV sacra can safely take two large cannu-
lated screws in S1 (using a safety threshold of 20 mm
or 10 mm/screw) while 22% (13-30%) of +LSTV sacra
could take two screws. Second sacral segments in
either group cannot accept two large screws. In —LSTV
sacra, 60% (49-70%) with five neuroforamen and 89%
(85-92%) of sacra with four neuroforamen were above
the safety threshold in S1 while 74% (65-84%) with
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Table 1. Sacral Segment Safe Zone Mean Diameters
(Standard Deviation) by Gender, Number of Sacral
Foramen, Uni/Bilateral Transitional Vertebrae, and the
Presence or Absence of Transitional Vertebrae (+LSTV)

+LSTV —-LSTV +/-LSTV

Male

S1 17.7 (3.6) 14.5 (3.8) 15.1 (3.9)

S2 8.2 (2.9 12.4 (2.9) 11.6 (3.4)
Female

S1 15.8 (2.8) 13.2 (3.5) 13.5 (3.5)

S2 7.6 (2.4) 10.3 (2.7) 10.0 (2.8)
Male and female

S1 17.1 (3.5) 13.9 (8.7) 14.4 (3.8)

S2 8.0 (2.8) 11.5 (3.0) 10.9 (3.3)
Three

S1 None 15.3 (1.3) 15.3 (1.3)

S2 None 7.4 (2.5) 7.4 (2.5)
Four

S1 16.1 (4.4) 14.5 (3.4) 14.5 (3.4)

S2 6.9 (1.8) 11.3 (2.9) 11.2 (3.0)
Five

S1 17.2 (3.3) 11.3 (4.0) 14.2 (4.7)

S2 8.2 (2.9 12.6 (3.3) 10.5 (3.8)
Unilateral

S1 17.3 (3.7) NA 17.3 (3.7)

S2 8.3 (2.6) NA 8.3 (2.6)
Bilateral

S1 16.8 (3.3) NA 16.8 (3.3)

S2 7.7(2.9) NA 7.7 (2.9)

Safe zone size was dependent on gender, the number of neuro-
foramen in—LSTV sacra and the presence or absence of LSTV (all
p<0.001) but was not dependent on whether the LSTV was
unilateral or bilateral. S1, upper sacral segment; S2, second
sacral segment.

five neuroforamen and 73% (68-78%) with four neuro-
foramen were above in the second sacral segment.

DISCUSSION

To avoid injury to nearby neurovascular structures
that come in close proximity to the cortical borders of
the sacrum, transsacral screws must traverse sacra
intraosseously in a transverse or orthogonal trajectory
to the sagittal plane through bilateral neuroforaminal
regions, anterior to the sacral canal at midline, with
minor deviations from this trajectory diminishing the
effective safe zone size.®'%2627 In this study, we
present a novel method of defining and grouping
variations of sacral segmentation using number of
neuroforamen, which may be a surrogate for number
of sacral elements, and the presence or absence of an
LSTV for purposes of predicting safe zone size for the
upper two sacral segments utilizing the load-related
fusion concept of the lumbosacral junction.'®?? Other
novel findings in this study are: (1) the safe zone size
for the upper sacral segments with unilateral LSTV
are similar to that with bilateral LSTV; and (2) there
is large variability in the size of the LSTV transverse
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Table 2. Sacral Segment Safe Zones Meeting Safety
Threshold (95% Confidence Interval) by Gender, Number
of Sacral Foramen, Uni/Bilateral Transitional Vertebrae
and the Presence or Absence of Transitional Vertebrae
(+LSTV)

+LSTV —-LSTV +/-LSTV

Male
S1 97% (92-100%)
S2  31% (19-43%)
Female
S1  97% (90-100%)
S2 17% (3—-30%)
Male and female
S1 97% (93-100%)
S2  26% (17-35%)

85% (81-90%)
84% (79-88%)

88% (84-91%)
74% (69-79%)

80% (74—-86%)
59% (52—66%)

82% (17-87%)
53% (47-60%)

83% (80—-87%)
73% (69-77%)

85% (82—-88%)
65% (61-69%)

Three

S1 None 100%* 100%*

S2 None 33%* 33%*
Four

S1  92% (78-100%) 89% (85-92%) 89% (86—82%)

S2 0% 73% (68-78%)  70% (66—75%)
Five

Sl 97% (94-100%)
S2  31% (20—41%)

60% (49—-70%)
74% (65—84%)

77% (70-84%)
54% (46—61%)

Unilateral
S1  95% (89-100%) NA 95% (89-100%)
S2  26% (15—43%) NA 26% (15—43%)
Bilateral
S1  98% (94-100%) NA 98% (94—-100%)
S2  20% (11-36%) NA 20% (11-36%)

#Confidence intervals not provided given n =3.

processes, some of which can accept a large transverse
screw. Furthermore, this is the largest study to date
reporting safe zone sizes for transsacral screws, which
were determined systematically utilizing a novel high-
throughput three-dimensional analysis of the sacrum
rather than a single CT slice.®”’

The number of neuroforamen had a significant
association with safe zone size in both upper sacral
segments with S1 having a negative association with
and S2 a positive association with number of neuro-
foramen (Tables 1 and 2). The presence of five neuro-
foramen could indicate the existence of either: (1)
sacralization of a lower lumbar vertebrae; (2) six sacral
segments; or (3) lateral fusion of the lower sacral
segment with the coccyx establishing a foramen. While
the majority of our sacra had four neuroforamen (366/
526, 70%), there were a large number of sacra with
five neuroforamen (157/526, 30%) with half of these
having an LSTV (75/157, 48%). We also identified
three sacra with three neuroforamen which could
indicate the existence of either: (1) a completely
lumbarized sacral segment; (2) four sacral segments;
or (3) an incompletely fused lower sacral segment in a
five segment sacrum. The association of safe zone size
with number of neuroforamen can be explained by the
load-fusion relationship of sacral segmentation, with
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larger sacra (five neuroforamen) distributing more
axial load evenly between the upper two sacral seg-
ments while smaller sacra (three or four neurofora-
men) distribute more through an S1 with a larger
articular surface with the ilium.2%22

LSTV are common and likely represent the majority
of variation at the lumbosacral junction with a reported
prevalence of 4-30% (17% in our study) and demon-
strate varying morphology from unilateral or bilateral
diarthrodial joints and/or complete fusion with the
sacrum.?* LSTV have a distinctive appearance with a
large residual disk space and oftentimes a distinct
anterior convexity between the LSTV and the sacrum
inferiorly on midline sagittal imaging in contrast to the
anterior concavity noted throughout sacra without an
LSTV. This morphology oftentimes results in an acute
alar slope as described by Routt et al.® with an anterior
neuroforamen located posteriorly and coursing over the
convex ala of the upper sacral segment (Fig. 3).
Determining whether the LSTV is a lumbarized sacral
element or a sacralized lumbar element is problematic,
especially given the variability above and below where
the thoracolumbar spine can vary in the number of
vertebrae and sacra can have anywhere from four to six
segments.?* The presence of an LSTV indicates a
capacious S1 safe zone that can nearly universally
accept a large screw (97%) and a relatively small S2
safe zone, of which only a quarter (26%) can accept a
large screw safely (Table 2). Whether the LSTV was
unilateral or bilateral had no effect on the safe zone
size of the upper two segments. Although 30 of the 47
bilateral LSTV in our study had no measurable trans-
verse safe zones due to geometric impossibility, 5 of the
17 bilateral LSTV that had a measurable transverse
safe zone had an LSTV safe zone size greater than
10 mm, with the mean diameter of these 17 being 8.4
(5.1) mm (Fig. 4). This is in contrast to a series reported
by Gardner et al. where a 10mm safe zone was not
possible in 24 dysmorphic sacra.” This is likely due to
differences in the dichotomization of sacra in their
series by dysmorphism?® and by the presence or absence
of LSTV in our study. Our results demonstrate the
large variability of the size of the LSTV transverse
processes as noted by Gardner et al.” and support the
load-fusion concept of sacral segmentation.'®?? Sacra
with large LSTV safe zones (>10mm) had smaller S1
(15.7 vs. 17.3mm) and S2 (6.2 vs. 8.5mm) safe zones
than sacra with LSTV that had smaller or no safe zones
although no statistical analysis was performed due to
the small sample size.

Safe zone size analyses to date have primarily
focused on an oblique safe zone corridor pertinent to
unilateral iliosacral screws in the upper sacral seg-
ment and have reported the safe zone size in the
second sacral segment in dysmorphic sacra to be
capacious.®>111227 Conflitti et al. manually measured
on their PACS the safe zone for unilateral iliosacral
screws in 24 dysmorphic sacra and found the average
width of the first sacral segment to be 13.2mm and
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Figure 4. Sacra with bilateral lumbosacral transitional vertebrae that cannot (left) and can (right) safely accept a transsacral screw
across the transitional vertebrae using a 10 mm safety threshold. Note the more acute alar slope on the sacrum that cannot accept the

screw safely.

the second sacral segment to be 15.2 mm, noting that
in the second sacral segment iliosacral screws could be
placed transversely to end in the contralateral ilium
whereas they had to be placed obliquely in the first
segment.® Gardner et al. measured the safe zone width
for a transsacral screw on CT simulated inlet and
outlet views in 50 patients, of which 22 were dysmor-
phic, and found mean widths of 12.9 (3.7) mm and 1.2
(6.6) mm for the upper sacral segment and 10.3
(2.3) mm and 14.0 (1.9) mm for the second sacral
segment for normal and dysmorphic sacra, respective-
ly.” These results are similar to ours when acknowl-
edging the slightly different definitions used for the
upper sacral segment where the LSTV was labeled as
the upper sacral segment in prior studies but labeled
as a distinct LSTV level with the upper sacral segment
below it in our study. We defined S1 as the segment
just below the LSTV for four reasons: (1) it is difficult
to establish whether an LSTV is a lumbarized sacral
segment or a sacralized lumbar segment; (2) LSTV
morphology is variable and they may or may not be
fused with the sacrum; (3) the majority of LSTV do not
have a transverse safe zone; and (4) LSTV can be
unilateral (41/88 or 47% in this study) or bilateral,
with the size of the safe zones similar between the two
groups.?*?® Dysmorphic sacra in prior studies likely
included Castellvi LSTV types IIb, IIIb, or IV in
addition to other sacra fulfilling the subjective criteria
for dysmorphism thus possibly accounting for a higher
prevalence of dysmorphic sacra in prior studies when

compared to the prevalence of +LSTV sacra in this
study, although this could be due to sample size
variances alone as the reported prevalence varies
widely for both LSTV and dysmorphic sacra.5~"2425:28

Strengths of this study include a large sample size,
an arguably more objective and simpler method of
classifying sacra by number of anterior neuroforamen
and the presence or absence of an LSTV in contrast to
using a constellation of dysmorphic features, and a
systematic three-dimensional automated technique to
measure transsacral screw safe zone size. Primary
limitations of this study involve our automated image
processing technique, the accuracy of segmenting the
sacrum from surrounding tissue with grayscale
thresholding and other morphological operators, and
our method of determining the cardinal axes of the
pelvis with an algorithmic anatomical point detection
technique. It is important to note that safe zone size
determinations include the cortical bone rim, which
may give a slightly overestimated or a maximum limit
for safe zone size. Furthermore, an arbitrary safety
threshold of 10 mm for safe placement of a large screw
(6.5-8.0mm) as used prior may be generous.” While
our study demonstrated that no second sacral segment
could accept two transsacral screws, placement of two
screws in this segment has been reported.®

The load-related fusion theory for sacral segmenta-
tion variations explains well the correlation of anterior
neuroforamen and presence of LSTV to transsacral
screw safe zone size. The presence of LSTV, whether
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unilateral or bilateral, nearly universally indicates an
upper sacral segment that is large enough for safe screw
placement. The second sacral segment is often a safe
alternative to transsacral screw placement if the upper
segment safe zone is too small. Only 4% of sacra cannot
accept a large screw in either upper segment. A small
proportion of LSTV with especially large transverse
processes may be able to accommodate a transsacral
screw. Given the prevalence of sacral segmentation
variations, the wide variation of LSTV morphology and
fusion patterns with the sacrum, and with a comprehen-
sive understanding of the safe zone, future research
may want to consider the effect of these parameters and
the load-related fusion concept on posterior pelvis fixa-
tion stability.
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