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Abstract

Purpose Pedicles on the concave side of the proximal thoracic (PT) curve in adolescent idiopathic scoliosis (AIS) patients
with Lenke II and IV deformities tend to be narrow and dysplastic, making pedicle screw (PS) insertion challenging. The
aim of this study was to evaluate the feasibility for PS placement in these patients using pedicle chord length, diameter, and
channel morphology.

Methods In this retrospective study, 56 consecutive AIS patients with Lenke II or IV curves who underwent instrumented
posterior spinal fusion (PSF) were studied. The mean age at surgery was 14.8 years and the mean PT curve measured 45°.
Two independent investigators evaluated all visible pedicles from T, to T, vertebral levels using axial images from intraop-
erative computed tomography-guided navigation recording the pedicle: (1) maximum transverse diameter ‘d’ at the isthmus,
(2) maximum chord length ‘I, and (3) qualitative assessment of the channel morphology (types A-D).

Results Two hundred and sixty-eight concave and 264 convex pedicles were measured. The mean ‘d” of the concave pedicles
at Ty and T, was < 3.0 mm, compared to > 5.0 mm for the convex counterparts (p <0.001). Of all concave pedicle channels,
48% had morphology characteristics that were riskier for PS cannulation (type C or D) compared to 2% of all convex pedicle
channels (type A or B) (p <0.001).

Conclusion Almost half of all concave pedicles have morphologic characteristics that make them too small to accommodate
a PS. Though PSs could be inserted using an in—out—in technique in these patients, alternative fixation anchors may improve
strength and safety.
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Introduction

Instrumented posterior spinal fusion (PSF) with pedicle
screw (PS) fixation has been widely adopted as the preferred
treatment for correcting spinal deformity in adolescent
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idiopathic scoliosis (AIS) [1]. PSs provide rigid, three-col-
umn fixation, imparting superior pull-out strength, and result
in better curve correction compared to alternative anchors
[2]. Most commercially available instrumentation systems
for AIS have pedicle screws with diameters ranging from
4.35t0 7.5 mm.

AIS is classified by the system described by Lenke et al.
[3] into six curve patterns in an attempt to guide surgical
decision-making. Curve patterns II and IV are characterized
by structural proximal thoracic (PT) curves that are typi-
cally included in the surgical construct to prevent PT curve
progression and postoperative shoulder imbalance [4-6]. PT
concave-sided pedicles are commonly narrow and dysplas-
tic, while those on the convex side are wider and shorter [7,
8]. This remodeling is attributed to mechanical forces and
other factors related to the developing deformity. Although
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PSs offer many advantages over hook and wires, a PS breech
can damage neurologic structures medially, and thoracic or
abdominal structures laterally or anteriorly [9—14]. While
the overall accuracy of PS placement is relatively high, so
is the per-patient rate of misplacement [15]. In addition, the
misplacement rate is around 33% when pedicle diameter
is<5 mm [16], a common scenario found in structural PT
curves. As compared to instrumentation of the thoracolum-
bar spine in pediatric scoliosis patients, screw placement in
the PT spine has a higher risk for misplacement [17].

The feasibility of safe pedicle screw insertion can be
evaluated on preoperative computed tomography (CT) or
magnetic resonance imaging (MRI) studies. Additionally,
intraoperative CT-guided navigation is a powerful tool
to improve the safety of pedicle screw insertion in spine
deformities [18-21]. Its use decreases the rate of severely
misplaced screws and unplanned returns to the operating
room [22]. Given the value of pedicle screw fixation, the
need to include the PT curve in most Lenke II and IV curves,
and the known risk of placing screws in narrow pedicles, our
objective was to evaluate the feasibility for safe PS place-
ment on the concave and convex sides of the PT curve using
(1) pedicle chord length; (2) maximum transverse diameter;
and (3) qualitative channel morphology.

Methods
Patient selection

We retrospectively evaluated a consecutive series of AIS
patients treated with PSF from 2009 to 2020. Patients were
included if they had a diagnosis of AIS, underwent PSF with
an upper instrumented vertebra (UIV) of T, or proximal, and
had intraoperative CT-guided navigation with axial images
available for review. Any patients who did not have a struc-
tural PT curve (Lenke II or IV) or were older than 21 years
at the time of surgery were excluded. The final cohort con-
sisted of 56 patients (38 females; 18 males) with a total of
672 pedicles (T|—Ty) that potentially could be considered
for screw fixation.

Data collection

Preoperative clinic notes, imaging, and operative reports
were examined to determine the PT curve magnitude, age
at surgery, and levels fused. Demographic and preopera-
tive information is presented in Table 1. The mean age at
surgery was 14.8 years (11.2-20.1 years) and the mean
Cobb angle of the PT curve was 45° (range, 30°-62°).
The mean Cobb angle of the main thoracic curve was 61°
(range, 50°-112°). Of the 672 eligible pedicles, 532 (268
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Table 1 Patient characteristics

Total 56 (100%)
Sex
Female 38 (67.9%)
Male 18 (32.1%)
ulv
T, 3(5.4%)
T, 53 (94.6%)
LIV
T11 1(1.8%)
T12 12 (21.4%)
L1 18 (32.1%)
L2 14 (25.0%)
L3 11 (19.6%)
Risser
0 10 (17.9%)
1 4(7.1%)
2 5(8.9%)
3 4(7.1%)
4 17 (30.4%)
5 16 (28.6%)
Age at fusion 14.8 years (11.2-20.1)
PT Cobb 46° (30-62)
MT Cobb 61° (50-112)

UIV upper instrumented vertebra, LIV lower instrumented vertebra,
PT proximal thoracic, MT main thoracic

concave and 264 convex) were visible on the intraoperative
axial CT images. No multiplanar reconstruction was used
in this study. All visible pedicles were measured inde-
pendently by two investigators in the embedded PACS
software (Intellispace PACS, Philips, Amsterdam, The
Netherlands). Each set of measurements was performed
using the axial slice in which the visualized pedicle was
the widest. The following measurements or assessments
were made for each pedicle (Figs. 1, 2):

(1) Length ‘I’ of the pedicle from the posterior to ante-
rior cortex of the vertebra along the longitudinal axis
of the pedicle (i.e., chord length).

(i) Transverse diameter ‘d’ of the pedicle at its narrowest
part (i.e., isthmus).

(iii) Qualitative evaluation of pedicles by categorizing
them into one of the following four types [23]:

Type A: Adequate cancellous channel.
Type B: Narrow cancellous channel.
Type C: Cortical channel.

Type D: No pedicle channel.
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Fig. 1 Illustration of pedicle’s
maximum transverse diameter
‘d’ and chord length ‘I’

D1 to D2: Maximum transverse diameter ‘d’ at the pedicle isthmus
L) to L2: Maximum length of the pedicle from the posterior to anterior cortex of the vertebra
along the longitudinal axis of the pedicle (chord length ‘17)

Type A: adequate cancellous channel
Type B: narrow cancellous channel
Type C: cortical channel

Type D: no pedicle channel

Fig.2 Illustration of the four types of pedicle channel morphologies

Statistical analysis

Each pedicle measurement was averaged between raters.
These individual pedicle measurement averages were sum-
marized using descriptive statistics. The distribution of con-
cave measurements at each vertebral level was compared to
their convex counterparts using independent sample ¢ tests
after confirming that the data were normally distributed.
The proportions of concave and convex channel morphol-
ogy types at each vertebral level were compared using x 2
tests. A x 2 test was also used to compare the proportion of

pedicles <4.0 mm on each side of the curve. Two-tail signifi-
cance was considered at @ =0.05 for all analyses.
Interobserver reliability for pedicle diameter and length
was calculated using the intraclass correlation coefficient
(ICC) based on a two-way random effects model for absolute
agreement. Interobserver reliability for pedicle morphology
was calculated using the kappa statistic. ICC or kappa val-
ues of <0.00, 0.00-020, 0.21-0.40, 0.41-0.60, 0.61-0.80,
and > 0.80 were used to indicate no, slight, fair, moderate,
substantial, and almost perfect agreement, respectively [24].
All statistical analyses were performed using Excel 2016
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(Microsoft Corporation, Redmond, WA) and SPSS version
27 (IBM Corp., Armonk, NY).

Results
Measurements

The average pedicle chord length ‘1’ increased with descend-
ing vertebra on both the concave and convex sides of the PT
curve (Table 2; Fig. 3A). The average concave pedicle ‘I’
increased from 29.0 mm at T, to 38.4 mm at T, compared
to the convex side which increased similarly from 29.7 to
36.6 mm. The ‘I’ of the concave T,—T pedicles was larger
than their convex counterparts (p <0.05 at all three lev-
els). However, the average concave and convex ‘1’ at each
level from T, to Ty was between 35.0 and 40.0 mm. Thus,
the maximum length of a PS that could be inserted using

standard trajectory in the PT curve was identical on both
the concave and convex sides of the curve: 25 mm intraos-
seous at T, 30 mm intraosseous at T, and T;, and 35 mm
intraosseous at T,—Ts.

The average transverse diameter ‘d’ of the T; and T,
concave pedicles were both <3.0 mm, compared to their
convex counterparts, which were>5.0 mm (p <0.001 at
both levels) (Table 2; Fig. 3B). In total, 67% of all T|-T
concave pedicles were <4.0 mm versus 17% on the convex
side (p <0.001).

Morphology

The proportion of concave and convex pedicles that could
theoretically accommodate a commercially available PS
within the channel at each PT vertebral level are depicted
in Table 2 and Fig. 4. Among all pedicles, 48% of the con-
cave pedicle channels had a morphology that would not

Table 2 Mean and standard

o ! Convex PTC Concave
deviations for pedicle chord
length ‘I’ and transverse Morphology (%) [ (mm) d (mm) d (mm) [ (mm) Morphology (%)
diameter ‘d’, along with channel
morphology breakdown for B c D D C B A
the concave and convex sides 90.0 100 0.0 00 297+27 64+13 T, 73+13 290+26 00 00 00 100.0
of the proximal thoracic curve
(N=56) 941 59 0.0 0.0 323+29 59+13* T, 47+13*% 319+30 00 54 351 595
86.5 13,5 0.0 0.0 34.1+29 52+1.0% T, 27+1.1% 348+33 392 216 275 118
82.1 179 0.0 0.0 352+3.3* 50+1.0% T, 22+09% 37.2+4.0% 53.6 339 10.7 1.8
643 32.1 3.6 00 35.6+3.5% 48+12% Ts 3.1+1.1% 384+3.5*% 250 32.1 35.7 7.1
643 28.6 54 1.8 36.6+4.7% 48+24% Ty 4.0+1.3*% 384+33* 107 16.1 41.1 32.1
PTC proximal thoracic curve
*Statistically significant difference as compared to the same measurement on the opposite side of the PT
curve, determined by independent samples ¢ test (@ <0.05)
40.0 - 8.0 -
384 384 7 .
A 38.0 B 7.3 ——Concave (Right)
Convex (Left
36.0 1 \ 59 Lest)
- 604 64
g 34.0 A 323
= 341 —
= 320 1 297 €
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Fig. 3 Distribution of the proximal thoracic pedicle average chord length ‘I’ (A) and transverse diameter ‘d’ (B) in Lenke II and IV curve pat-

terns for concave and convex sides

@ Springer



Spine Deformity (2021) 9:1541-1548

1545

Convex

Concave

Morphology

oowy

|
|

“o

25
0!
750,

I/;,)

Fig.4 Distribution of the proximal thoracic spine pedicle channel
morphologies in Lenke II and IV curve patterns for concave (left)
and convex (right) pedicles. Channel morphology types C and D are
unlikely to accommodate commercially available pedicle screws

accommodate intraosseous placement of the smallest diam-
eter screw available (type C or D) compared to only 2% of
all convex pedicles (p <0.001). The pedicle with the highest
proportion of type C or D channels was the concave pedicle
of the T, vertebra (87%; p <0.001 as compared to its convex
counterpart).

Interobserver reliability

The interobserver agreement for chord length, trans-
verse diameter, and pedicle morphology was substantial
(ICC=0.70; 95% confidence interval [CI] 0.64-0.76),
almost perfect (ICC=0.85; 95% CI 0.82-0.87), and sub-
stantial (kappa=0.76; 95% CI 0.72-0.80), respectively.

Discussion

More than 20 years into the PS fixation era for deformity
correction in AIS, the value of screw fixation is widely
appreciated. Today, attention is primarily focused on
increasing the safety of PS insertion in the distorted anat-
omy that spine deformity surgeons routinely encounter.
As we show in this study, the narrow concave pedicles
of the PT curve in Lenke II and IV spinal deformities are
high risk for pedicle screw fixation. With the spinal cord
resting against the medial wall of the concave pedicle [25]
and vital thoracic structures at risk with anterior and lat-
eral penetration, the stakes are particularly high for screw
instrumentation in PT curves. The narrow pedicles of the
PT curve have been shown to have some of the highest
rates of critical medial and anterior perforation [26, 27].
The esophagus is at risk of injury in a PT curve with a pos-
itive T, tilt when inserting a PS on the concavity [28]. In a
PT curve with neutral or negative T tilt, the trachea is at

risk while cannulating a concave pedicle and the esopha-
gus is at risk on the convexity [12, 28]. The left subclavian
artery is also at risk with excessively long PS use in the
PT left pedicles of Lenke II patients [14]. Additionally,
pedicle breech and poor osseous fixation will negatively
impact the amount of force that can be imparted during
correction maneuvers. The patient-specific detail afforded
by image-guided navigation can optimize patient safety.

Ideal screw placement would be a screw that is entirely
intraosseous inserted during the first attempt. PS selec-
tion and use should be influenced mainly by the maximum
transverse diameter of the pedicle at its isthmus and the
maximum length along its longitudinal axis (i.e., the chord
length). Previous studies note that PS insertion to at least
80% of the chord length provides sufficient strength for
most implants [29, 30]. However, the pedicle diameter is
the critical factor that dictates the placement technique and
screw size used. Screws with a larger diameter have bet-
ter pull-out strength, increasing the rigidity of the construct
[31]. We found at least 67% of concave pedicles and 17% of
convex PT pedicles in Lenke II and IV curve patterns to be
smaller (<4.0 mm) than the smallest diameter screw avail-
able (4.35 mm). PS insertion techniques can create 1-2 mm
of plastic deformation of the pedicle channel during screw
insertion [8]. Therefore, some narrower native pedicles
can safely accept a slightly larger diameter screw. Here, we
show the average transverse diameter of the concave T; and
T, pedicles to be <3.0 mm, risking breech even when tak-
ing advantage of the plastic deformation phenomenon. In
accordance with this study, a recent study by Lee et al. [32]
showed the widest average endosteal transverse diameter
on both the concave and convex sides of the structural PT
curves from T, to T, to be no more than 4.0 mm. The PT
spine also seems to commonly lack sufficient size for PS
cannulation in adults. In a series of 18 human cadavers age
62-83 years, McLain et al. [7] observed that a high propor-
tion of pedicles, including 61% of T, pedicles, 67% of T
pedicles, and 75% of T pedicles, had a minimum transverse
diameter of < 5.5 mm, thus making transpedicular PS instru-
mentation riskier.

The pedicle screws in the PT spine can be inserted either
by anatomical trajectory or at a trajectory that parallels the
superior endplate of the vertebra. The latter has additional
pull-out strength with better screw purchase based on bio-
mechanical data [9]. Alternatively, an “in—out—in” technique
can be employed, wherein there is an intentional lateral
breech of the screw with re-entry into the vertebral body
through its dorsolateral cortex [33]. Though an in—out—in
insertional technique minimizes the risk of a medial wall
breech and neurologic insult, injury to the sympathetic trunk
remains a possibility [34]. This technique is also associated
with reduced pull-out strength compared to PSs placed using
an anatomical trajectory [35].
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Pedicle channel morphology was first described by Wata-
nabe et al. in 2014 [23]. They rank ordered four types of
channels. Pedicles with an adequate cancellous channel (type
A) or narrow cancellous channel (type B) could have a pedi-
cle probe inserted and screw placed with low risk for breech
or perforation. Pedicle channels with a cortical channel (type
C) or no channel (type D) were riskier for attempting pedicle
probe insertion and may require specialized insertion tech-
niques, such as channel expansion by malleting a pedicle
probe or using a small high-speed drill. When planning a
construct for patients with pedicle channel types C or D,
options include use of the “in—out-in” technique, skipping
small pedicles, or using alternative anchors to minimize the
risk of devastating injury. We found 48% of concave-sided
pedicles of the PT curve, including 87% of the T, pedicles,
to have channel morphology type C or D, compared to only
2% of all convex-sided pedicles. This finding emphasizes
the need for surgeons to proceed with caution or consider
alternate fixation strategies on the concave side of the PT
curve, especially at the T5—T5 levels.

The morphology of PT spine (T;-T,) and thoracic pedi-
cles has been extensively studied using cadavers and imag-
ing (i.e., plain radiographs, CT, magnetic resonance imag-
ing, and three-dimensional fluoroscopy) [36-38]. Striking
differences have been observed in the dimensions between
males versus females and Caucasians versus Asians [39-41].
As confirmed by our findings, the concave-sided T;, T,, and
Ts pedicle have proven to be some of the narrowest. This
has been shown to be especially true among Asians [42, 43].

This study has some limitations. We relied on intraopera-
tive CT-guided axial images to study pedicle channels and
thus were limited only to the pedicles captured with this
technique. As a result, data reported for the T, and T, verte-
bral levels may be underpowered as they were not included
in all of the CT spins despite T, or T, UIVs. In addition,
the intraoperative axial images may not fully represent the
information provided by real-time multiplanar imaging used
to guide surgeons during PSF because the image data saved
in the PACS does not optimize the gantry angle. None-
theless, the intraoperative axial CT images offer the best
available representation of the imaging used by surgeons
in real-time. Lastly, systemic measurement bias may have
been introduced when raters made measurements on differ-
ent computer monitors with varying resolution. However,
the interobserver reliability analysis showed substantial to
almost perfect agreement across all measurements, so this
is unlikely.

In summary, while pedicle screw instrumentation offers
excellent fixation strength and deformity correction, the
PT component of Lenke II and IV curves present anatomic
challenges. Pedicles are narrower than the smallest available
screw diameter in the majority of concave pedicles and in
17% of the convex pedicles. Pedicle channel morphology
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leads to higher risk PS insertion in 48% of the concave PT
pedicles, including 87% of the pedicles on the concave side
of T,. Alternate instrumentation type, instrumentation place-
ment techniques, and/or deformity correction strategies in
this area can reduce this risk of breech and injury to the
spinal cord or other adjacent anatomic structures. Further
comparative studies are needed to determine the optimal
strategy to maximize pull-out strength, deformity correc-
tion and safety in the PT spine of AIS patients with Lenke
II and IV curves.
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