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Abstract

Purposes: This study aimed to investigate whether the morphology of the superior articular processes of L5 vertebra
affected the accuracy of pedicle screw placement by reviewing 299 patients who had undergone L5 pedicle screw
fixation over the past 12 months and measuring relevant parameters.

Methods: We retrospectively analyzed patients who underwent L5 vertebra fixation at our spine surgery depart-
ment from October 20, 2020 to October 20, 2021. Patients with spondylolisthesis, spondylolysis, and scoliosis were
excluded. Parameters associated with the superior articular process were analyzed, including Mammillary process-
Spinal canal Distance (MCD), Inter-Facet Distance (IFD), Inter-Pedicle Distance (IPD), Zygapophysial Joints Angle (ZJA),
Superior Articular Width, and Lateral Recess Transverse Diameter. The L5 vertebral body was reconstructed by Mimics
21.0, and the simulated L5 screws were inserted at multiple entry points to measure the Maximum Safe Transverse
Angle (STA™®),

Results: A total of 299 patients who underwent L5 vertebra fixation with 556 pedicle screws were analyzed. An
MCD <6 mm was associated with a significant increase in screw placement failure rate and decrease in ZJA. The MCD
was positively correlated with IFD. No significant change in IPD was observed. Mimics software analysis showed that
the STA™® decreased with a decrease of MCD. When WBV <6 mm, 93% of the trans-mammillary vertical line was
located within 50% of the pedicle.

Conclusions: The superior articular process tended to narrow the spinal canal and exhibit a steep and a “cloverleaf”
morphology when the MCD was <6 mm. This morphology increased the risk of operator mis-judgement resulting in
screw placement failure. Assessment of the relationship between the trans-mammillary vertical line and the pedicle

represents a simple method to predict abnormal morphology of the superior articular process before surgery.
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Introduction

Pedicle screw fixation is essential for maintaining spinal
stability in spinal surgery. Breach or perforation of the
pedicle cortex is a widely acknowledged complication
of screw placement, with an incidence rate between 6.5
“Correspondence: [1i0821b@163.com and 13% [1-4] Perforation of the medial and inferior
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stimulation, leading to postoperative nerve pain [5]. Most
patients with postoperative pain due to screw placement
failure need reoperation. Even if pedicle perforation does
not result in neurological symptoms, pedicle wall dam-
age reduces the biomechanical strength of pedicle screw
fixation and accelerates the progression of degeneration
of adjacent segments of the lumbar discs [6-8].

Common entry reference markers for pedicle screw
placement include the mammillary process, accessory
process, and lateral margin of zygapophysial joints. The
commonly used methods of pin entry points include
the Roy-Camille [9], Magerl [10], Weinstein [11], and
“N”_shaped crest techniques. The “A”-shaped crest put
forward by Professor Xin-ru Du is a crest structure where
the pars interarticularis converges at the accessory pro-
cess, which appears almost constantly in L1-L4, but only
in 81% of L5 vertebra.

It is well-established that the accuracy of screw place-
ment in L5 is not very ideal. Indeed, L5 is the segment
with the highest lumbar screw placement failure rate
with free-hand screw placement or X-ray navigation only
[12]. The pedicle morphology of the L5 vertebral body
varies significantly at different stages of physical devel-
opment [13]. Moreover, L5 vertebral body exhibit the
largest standard deviation of both vertebral width and
pedicle parameters [14]. It is widely believed that the rate
of screw placement failure is significantly increased if the
spinal canal at L5 exhibits a “clover” shape. The “clover
leaf” spinal canal remains poorly understood, warranting
further studies.

In this study, the risk factors of screw placement fail-
ure were analyzed by reviewing patients who underwent
L5 pedicle screw fixation in our center over the past 12
months, measuring the L5 vertebral body parameters,
and analyzing the corresponding screw placement accu-
racy rates.

Materials and methods

We retrospectively analyzed patients in our spine sur-
gery department who underwent L5 vertebrae fixation
from 2020.10 to 2021.10. Patients who underwent lum-
bar multi-slice spiral computed tomography (CT) before
and after surgery for lumbar disc herniation and lumbar
spinal stenosis were included. To reduce the confound-
ing effect of abnormal vertebral structure or rotation on
screw placement, our exclusion criteria included 1. Lum-
bar spondylolisthesis; 2. Spondylolysis of L5 vertebral
body; 3. Scoliosis (upper endplate L4—upper endplate
S1 cobb Angle>10°; or L5 upper endplate with horizon-
tal angle >5°); 4. L5 vertebral rotation (Nash-Moe Grade
greater than or equal to grade 2 [15]); 5. Lumbosacral
transitional vertebra. 6. Severe facet joint arthritis (Fuji-
wara Grade greater than or equal to grade 3 [16]).
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A dual-source spiral 64-slice CT scanner (General
Electric Company, USA) was used with the patients in
the supine position.

During the analysis, we found that an increased screw
placement failure rate paralleled a decrease in MCD.
Therefore, we divided the patients into four groups,
according to the mean and standard deviation of the
MCD, A (MCD<6 mm), B (6 mm<MCD<8 mm), C
(8 mm<MAC<10 mm), and D (MCD > 10 mm) groups
for measurement and analysis.

The Amiot grading system was used to evaluate the
accuracy of pedicle screw placement, including lev-
els 0—4: ideal position, 0-2 mm, 2-4 mm, 4-6 mm,
and>6 mm [17].

Three reference lines parallel to the upper endplate
were drawn from the axial CT scans across the mid-
line of the upper disc, across the superior margin of
the pedicle, and across the inner edge of the pedicle.
Measurement of the ZJA in plane b was performed in
accordance with a previously published study by Boden
et al. [18]. The SAW and IFD were measured in plane
¢, and the MCD and IPD were measured in plane d.
Meanwhile, the LRTD was measured by the horizontal
distance from the medial edge of the superior articular
process to the medial edge of the corresponding pedicle
(Fig. 1).

The CT images were converted into 3D images of
L5 vertebral bodies by Materialize interactive medi-
cal image control system version 21.0 (Mimics, Leu-
ven, Flanders, Belgium). A 6.5-mm-diameter cylinder
was used to simulate pedicle screws. The Magerl, Roy-
Camille, and “A”-shaped crest techniques were used
for the entry points, and the simulated screws were
tangent to the medial pedicle wall. The STA™ was the
angle between the pedicle screw and the line through
the spinous process perpendicular to the posterior edge
of the vertebral body (Fig. 2).

All statistical analyses were performed using SPSS
21.0 statistical software (SPSS, Chicago, IL, USA). An
independent t-test was used to determine differences
in pedicle parameters after stratifying by gender (male
or female) and laterality (left or right). Analysis of vari-
ance (ANOVA) was used to examine the significance of
differences in all pedicle parameters and demograph-
ics (age, height, weight, and BMI) between the A-D
groups. The minimum significant difference was used
for all comparisons between groups. Pearson corre-
lation was used to examine the relationship between
pedicle parameters and MCD. The chi-square test was
used to compare categorical variables. A P-value <0.05
was statistically significant.
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Fig. 1 AThree axial sections parallel to the upper endplate: b. Through the midline of the disc; c. through the upper edge of the pedicle; d. through
the medial margin of the pedicle. B ZJA was measured by the angle between the spinous process axis and the medial edge of the bilateral superior
articular process. C IFD was measured by the distance between the inner edge of the bilateral superior articular process; SAW was measured

by the length between the inner and outer edges of the superior articular process. D. MCD was measured by the vertical distance between the
mammillary process and the inner edge of lateral pedicle; IPD was measured by the distance between the inner edges of bilateral pedicles; LRTD
was measured by the distance between the superior articular process and the inner edge of the pedicle

Results
A total of 299 patients (141 men and 158 women) with
a mean age of 57.9+12.87 years (32—-83 years) under-
went L5 vertebra fixation with 556 pedicle screws from
October 20, 2020, to October 20, 2021 (Table 1). The
pedicle screws were classified as grade 0 (n =469, 84.4%),
grade 1 (n=38, 6.8%), grade 2 (n=32, 5.7%), grade 3
(n=5,0.9%), and grade 4 (n=12, 2.2%). The failure rates
of screw placement in groups A to D were 65.7%, 9.0%,
11.2% and 2.2%, respectively (Table 2).

Parameters in group A (with minimum MCD) and
group D (with maximum MCD) were significantly

different from other groups. The smallest ZJA and IFD
were observed in group A (17.8 £ 1.4 mm and 33°+5.9°,
respectively). The largest bilateral LRTD (6.6+1.6
and 6.3+1.4) and smallest SAW (14.84+1.5 mm and
14.4 £ 1.3 mm) were also found in group A. The I-SAW
was significant difference between group A and other
groups, with not a significant difference on r-SAW
(Table 3).

There was no significant correlation between MCD
and IPD, while a positive correlation was found between
MCD and IFD. Pearson’s correlation analysis showed
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* Du
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* Magerl

- by
Fig.2 STA™® was measured by the angle of the long axis of the cylinder and the long axis of the spinous process when the simulated cylinder was
tangent to the inner edge of the pedicle at different insertion points

Table 1 Demographic date among groups

Male Female Age Height (cm) Weight (kg) BMI (kg/m?)
Group A 10 26 60.1+£11.1 1574+6.2 56.7+79 226+19
Group B 46 64 574+£112 1583+7.1 60.0+6.9 240+£2.1
Group C 52 55 5814135 160.0+83 61674 242423
Group D 33 13 621+£132 165.0£8.1 69.7+£64 255+1.7
Pvalue 0324 0.146 0.031 <0.001 0.016

Table 2 Accuracy of L5 screws placement

Idea position 0.1-2.0 mm 2.1-4.0 mm 4.1-6.0 mm >6.0 mm Totally
Group A 23 (34.3%) 18 18 3 5 67
Group B 189 (90.7%) 9 1 2 208
Group C 175 (88.9%) 10 6 1 5 197
Group D 82 (97.6%) 1 1 0 0 84

Table 3 Difference of L5 pedicle parameters in group

MCD (mm) IPD(mm) IFD (mm) L-ZJA R-ZJA L-SAW (mm) R-SAW (mm) L-LRTD (mm) R-LRTD (mm)
GroupA  46=£12 283422 178+14"  345+64 328459  148+15 144413% 66+16 63+14"
GroupB  7.0+08 271427 210431 442474 450481  160+£17 155412 47414 43413
GroupC  86+07 267421 215429  476+£75 472479 155413 15541.1 38+10 34413
GroupD 112417 280414 243432 4734£70 470470 161415 164413 38411 29409
Pvalue <0001 0.549 <0.001 <0.001 <0.001 0.071 0.034 <0.001 <0001

MCD mammillary process—vertebral canal distance, IPD inter-pedicular diameter, IFD inter-facet distance, ZJA zygapophysial joint angle, SAW superior articular
process width, LRTD lateral recess transverse diameter

*Compared with the other groups, the difference was statistically significant (P <0.05)
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that IFD positively correlated with MCD (r=0.6976,
P=0.0001) (Fig. 3).

A smaller MCD was predominantly found in women.
The proportion of female patients in group A was 72.2%.
Further measurements showed that not only SAW was
smaller than men in group A, but IFD was also smaller
than men (Table 4).

As MCD decreases, STA™* decreases. The STA™*
of group A was only 3.68° by the Magerl technique. The
STA™® was about 15-16° for groups B and C and 25°for
group D (Table 5).

Interestingly, during the measurement process, we
found a simple preoperative evaluation method. In pre-
operative horizontal or vertical CT cross sections, when
a vertical line passing through the mammillary process
was medial to the midpoint of the pedicle, it indicated
that the superior articular process was too close to each
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other. This phenomenon was found in 93% of cases in
Group A and 5% in the other groups (Fig. 4).

Discussions

Navigation technology has developed rapidly in recent
years. Current evidence suggests that the accuracy of
robotic screws placement or intraoperative CT naviga-
tion is higher than free-hand or intraoperative X-ray
navigation [19]. However, this navigation equipment is
expensive, and most spinal surgeons still place pedicle
screws free-hand or with intraoperative X-ray. The accu-
racy of free-hand screw placement is not ideal, especially
for L5. An increasing body of evidence suggests that dur-
ing placement of L5 segment, it should be directed out-
wards and upwards [5, 20]. Measurement and analysis
of CT images suggest that the entry points for L5 have

MCD :4.8mm
IFD :17.40mm
IPD :28.32mm

]
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Fig. 3 Screw placement was performed on L5 vertebrae with different MCDs. A Vertebral MCD <6 mm; B Vertebral MCD > 6 mm; C Pedicle screw
perforation through the pedicles (bilateral perforation >4 mm); D Pedicle screws did not break through the pedicles

MCD :10.9mm
IFD :24.44mm
IPD :28.95mm
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Table 4 Difference of L5 pedicle parameters in sex

Sex MCD (mm) IPD (mm) IFD (mm) L-ZJA R-ZJA L-SAW (mm) R-SAW (mm) L-LRTD (mm) R-LRTD (mm)
Group A F(26) 47410 272+£26 175+14*% 347+£82 330£79 149+14* 14.1£1.5% 62+£14 6.2£16

M (10) 44+09 288+27 181409 340+£69 321£51 162+£09 152+£13 63412 61x1.7
Group B F (64) 72404 271+£22  213%+1.1 448+73 448+£81 162%1.1 151£23 50409 44+£11

M (46) 6.8+0.5 276£25 223413  435+£80 4524+90 158+12 16.1+1.0 43£1.1 40409
GroupC  F(55) 88+0.5 267+£31 216+13 4734+83 464+77 156+£1.1 160£1.3 37+10 36+£13

M((52) 8514 267£28 215420 479+£69 483+£76 15309 151+13 30+£09 31£10
GroupD F(13) 111419 276+£28 251+18% 480+71 482£89 161+10 16.5+£09 3.7+08 26409

M@33) 114x17 284+£37 234+15 468%x7.1 462+71 162%1.1 164£15 40+1.1 33£10

MCD mammillary process—vertebral canal distance, IFD inter-facet distance, IPD inter-pedicular diameter, ZJA zygapophysial joint angle, SAW superior articular

process width, LRTD lateral recess transverse diameter

*Compared with the male groups, the difference was statistically significant (P <0.05)

Table 5 STA™® in different entry points

Group A Group B Group C Group D
Magerl 368+£390 14964363 1596+4.64 24234363
Roy-Camille  —817£3.17  274£256  467+£211 1078+4.1
Du —1124+£296  998+242 12184301 1754292

STA™™ maximum safe transverse angle

a tendency to be inward, requiring either the “A”-shaped
crest or Magerl technique.

At present, the commonly used screw placement entry
points use the superior articular process and transverse
process as the reference. However, the transverse process
of the lower lumbar spine is deep and sometimes blocked
by the iliac crest and pulled by the erector spine muscle;
accordingly, it is difficult to fully expose the root of the
transverse process during surgery. Therefore, the mor-
phology of the superior articular process and its position
relative to the spinal canal directly affect the accuracy of
pedicle screw placement. When the superior articular

process faces inward, the insertion point is also inward
relative to the spinal canal. In this case, screw placement
at an angle of 10—15° can cause the screw to penetrate the
inner wall of the pedicle (Fig. 5). Importantly, we found
that when the MCD was less than 6 mm, the screw place-
ment failure rate increased significantly. Evaluation of
the preoperative CT showed that the STA™* of screw
placement was only 1-7°. For these patients, the angle of
insertion should be abducted if the screws are placed at
commonly used entry points.

In fact, such cases are not uncommon. More than 10%
of the 299 patients (n=36) presented with a low MCD,
which may be attributed to selection bias caused by the
smaller ZJA [21]

All 299 patients included in this study were patients
with lumbar disc herniation or lumbar spinal steno-
sis. Although patients with severe facet arthritis were
excluded at the time of inclusion, changes in facet
joint morphology could affect the final measurements
[22, 23]. The ZJA at L5 is generally about 45° and does
not exhibit significant heterogeneity across different
populations. The reported average ZJA in Indian [24],

r2=0.01347
P=0.2901
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Fig. 4 Relationship between L5 parameters and MCD. A IPD was not significantly correlated with MCD. B IPD was significantly correlated with MCD
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Fig.5 The vertical line through the mammillary process is medial to
the midpoint of the pedicle

Chinese [25], and French [26] populations is 48.32°,
47.7°, and 44.4°, respectively. In the present study, the
average ZJA of L5 (n=598) was 46.3°, consistent with
the literature. However, the ZJA in group A decreased
significantly to 33.7°. Morphologically, this type of
facet joint is more similar to the superior facet of L4.
When the L5 superior facet became more sagittal than
horizontal, it increased susceptibility to degenerative
lumbar diseases, including lumbar disc herniation and
degenerative lumbar spondylolisthesis [22, 27]. Exces-
sively small vertebral bodies and steep facet joints were
associated with lumbar instability, while excessively
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steep facet joints could accelerate the rate of disc
degeneration [28].

Moreover, we found that the small distance between
superior articular processes of L5 was associated with a
small MCD. A study by Santiago et al. where the sagit-
tal diameters of lumbar vertebrae and articular pro-
cesses of 39 healthy Spaniards were measured showed
the distance between L5 superior articular processes was
22.2 mm = 0.40 mm [29]. Consistently, Oguz et al. meas-
ured the lumbar vertebrae of 24 healthy Turks, and the
distance between L5 superior articular processes was
21.7 mm = 2.8 mm [30]. In this study, the inter-facet dis-
tance in group A was only 17.8 mm =+ 1.4 mm, indicat-
ing that the superior articular processes of group A are
closer to each other than in other groups. In addition, the
SAW was also smaller in group A compared with BCD,
although this reduction was not statistically significant
on one side. Compared with the normal superior artic-
ular process, the superior joint of group A exhibited a
steeper and sharper variation. The steep superior articu-
lar process tended to narrow the spinal canal compared
to the gentle superior articular process. The L5 spinal
canal of this type of superior articular process typically
exhibits a “clover” shape, with the superior articular pro-
cess extending inward (Fig. 6).

IPD is also a factor that affects the relative posi-
tion of the entry point. However, the IPD in group
A was only 28.3+2.2 mm and did not increase sig-
nificantly. Meanwhile, the overall mean IPD was
28.4 mm =+ 2.3 mm, which was not significantly different
from the reported average transverse diameter in Chinese
(29.61 mm £0.63 mm) and Indian (28.02 mm % 0.37 mm)
populations in the literature [31].

Mitra, Datir, and Hou et al. observed a sequential
outward migration of the central entry point of the

"clover" shape

Fig. 6 lllustration demonstrating the difference between the two types of superior articular processes. In groups with low MCD (B), the superior
articular processes are closer to each other and rotate inward compared to groups with normal MCD (A). At this point, the spinal canal exhibits a




Liu et al. Journal of Orthopaedic Surgery and Research (2022) 17:505

lumbar pedicle from L1-L4 [14, 32]. At L5, the entry
point is located lateral to the lateral boundary of the
facet joint. However, if the angle of the superior facet
of L5 is small with no “abduction,” the usual Magerl
entry point is inward-facing. In some medical centers,
to avoid this kind of situation, the root of the transverse
process is adopted for screw insertion, which is more
lateral than Margel entry point, with an accuracy rate
of >98% [33]. However, a more external entry point
means more muscle dissection, bleeding, and longer
surgical time. Although screw placement failure was
avoided in a small number of patients, the cost-effec-
tiveness of this approach needs further study. Based on
the current Magerl or “*”-shaped crest insertion meth-
ods, preoperative estimation of excessive orientation
of the L5 superior articular process is a cost-effective
method. When the MCD is less than 6 mm, the internal
angle of screw placement should be reduced, and verti-
cal entry into the vertebral body may be required.

Conclusions

We report a distinct superior articular process of the
L5 vertebral body characterized by MCD<6 mm,
decreased IFD, SAW, and ZJA. In this type of verte-
bral body, the superior articular process is closer to the
spinal canal when used as the reference for the tradi-
tional insertion point, increasing the risk of spinal canal
invasion during pedicle screw placement. Preopera-
tive evaluation of the superior articular process on CT
images is vital to avoid screw perforation into the spinal
canal.
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