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Objective: The safety and clinical usefulness of minimally invasive scoliosis surgery (MISS)
has been reported in various studies. However, freehand pedicle screwing in MISS remains
technically challenging. The purpose of this study is to evaluate the accuracy and safety of
pedicle screw placement using the freehand technique in adolescent idiopathic scoliosis
(AIS) patients treated with MISS compared to conventional open scoliosis surgery (COSS).
Methods: We included 76 patients who underwent deformity correction for AIS. Comput-
ed tomography scans were used to assess screw violations divided into 2 groups according
to the surgical technique: MISS or COSS. Anterior violations were classified into grade 0, 1
(no contact with internal organs), and 2 (contact with internal organs). Medial and lateral
violations were classified into grade 0, 1 (<2 mm), and 3 (=2 mm). grade 2 were consid-
ered critical violations.

Results: A total of 630 and 1,174 pedicle screws were inserted in the MISS and COSS
groups, respectively. The overall critical violation rates of the MISS and COSS groups were
16.8% (106 screws) and 14.0% (165 screws) (p =0.116). Medial critical violations on the
left side in the middle thoracic region frequently occurred in the MISS group compared to
the COSS group (p = 0.003). There were no statistical differences in the complications.
Conclusion: Pedicle screw placement using the freehand technique in MISS for AIS patients
provided similar accuracy and safety compared to COSS. Pedicle screws inserted on the left
side of the middle thoracic region, exhibited more medial critical violations in the MISS

group.

Keywords: Accuracy, Safety, Pedicle screw, Freehand technique, Minimally invasive scoli-
osis surgery

fects.>® The freehand technique of pedicle screw insertion is
preferable to decrease the radiation exposure that takes place

In recent decades, spine surgeries with minimally invasive
surgical techniques have been applied to various spinal fields
including scoliosis surgery.' In minimally invasive scoliosis sur-
gery (MISS), pedicle screw insertion and correction maneuvers
are performed through small 2 incisions 4 cm in length and
previous studies reported that MISS for adolescent idiopathic
scoliosis (AIS) showed acceptable radiological and clinical ef-
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more in MISS surgery due to its narrow surgical fields. Howev-
er, the freehand technique of pedicle screwing in MISS has
many difficulties in identifying the entry point compared to
open surgery because of the limited visualization of anatomical
structures underneath unincised skin. Maintaining accurate
3-dimensional trajectory in MISS also is difficult due to the
limited retraction of surrounding soft tissue that interferes with
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proper direction orientation and positioning of probing instru-
ments for pedicle screwing.

To the best of our knowledge, there have been few studies on
the accuracy of pedicle screwing using the freehand technique
in MISS.

Therefore, the authors intended to primarily examine the dif-
ferences in the accuracy and safety of freehand pedicle screw-
ing and complications in MISS through a comparative study
with conventional open scoliosis surgery (COSS). Second, dif-
ferences in the accuracy and safety of inserted screws with the
freehand technique according to the anatomical region of the

spine in MISS were evaluated.

MATERIALS AND METHODS

1. Study Design

This is a retrospective comparative study conducted at a sin-
gle institution. This study was approved by the Institutional Re-
view Board of Korea University Guro Hospital (2022GR0135).
Written informed consent was obtained from the patients. From
2014 to 2020, among the 350 patients who underwent deformi-
ty correction surgeries for AIS with typical right thoracic curve,

76 patients who underwent pre- and postoperative computed
tomography (CT) scans are included in this study. The patients
with neuromuscular scoliosis, syndromic scoliosis, and idio-
pathic scoliosis with atypical curve such as left thoracic curve
were excluded. Of them, 28 patients underwent surgeries using
minimally invasive surgical techniques (MISS group) (Fig. 1),
while 48 patients underwent surgeries using conventional tech-
niques (COSS group). In all patients, sex, age, height, and weight
were measured to identify individual characteristics between
the groups. The types of scoliosis (King-Moe and Lenke classi-
fications), fusion levels, and curve flexibility were identified and

measured using plain radiography.

2. Surgical Approach in MISS

In the prone position, planned upper and lower instrument-
ed vertebrae were confirmed using fluoroscope. After drawing
a line connecting the center of the upper and lower vertebrae,
the line was divided into upper and lower halves. An incision of
4 cm was performed at the midpoint of each site.

Following skin incision and thoracolumbar fascial exposure,
skin and subcutaneous tissue were retracted using right angle
retractor. Paraspinal muscle was dissected until lamina and lat-

Fig. 1. A 21-year-old female with a Lenke type 3 curve. Twenty-six pedicle screws were inserted from T4 to L4. The surgery was

performed through 2 skin incisions.
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eral side of facet joint was exposed.

3. Pedicle Screw Insertion Technique

In all the enrolled patients, pedicle screws were inserted us-
ing the freehand technique which uses the base of the facet
joint as a landmark for entry.* The entry point for pedicle
screws in the thoracic spine is the lateral third of the lower bor-
der of the superior articular process, while the entry point in
the lumbar spine is just lateral to the base of the facet joint.” Af-
ter confirming the entry point with the eyes, a hole was created
at the entry point using a drill. A trajectory was created perpen-
dicular to the surface of the superior articular process using
curved-shape probe, and a pedicle screw was inserted through
the screw pathway.

Screw lengths of 25-30 mm were inserted into the upper
thoracic vertebrae (T1-3), 30-35 mm in the middle thoracic
vertebrae (T4-9), 35-40 mm in the lower thoracic vertebrae
(T10-12), and 40-45 mm in the lumbar vertebrae. In the case
of MISS, a guide pin was inserted through the screw pathway
and 5.0-6.0 mm diameter cannulated screws were then insert-
ed along the guide pin. In the case of COSS, a non-cannulated
screw with a diameter of 4.0-6.0 mm was inserted.

4. Evaluation of Screw Accuracy and Safety Through CT

Scans

The accuracy and safety of the inserted pedicle screws were
evaluated using postoperative CT scans. To minimize the effect
of metal scattering around the screw, the CT image was adjust-
ed to the bone setting (2,000 HU window width and 500 HU
window level).” The measurement was made dividing the
groups into screws inserted into the thoracic and lumbar re-
gions. Screws inserted into the thoracic vertebrae were divided
again into the upper (T1-3), middle (T4-9), and lower (T10-
12) thoracic regions.®

Violation of the pedicle screw was evaluated in 2 ways. First,
the medial and lateral violations of the pedicle screw were de-
fined as invasion of the medial and lateral cortices of the pedi-
cle. Depending on the degree of violation of the screw into the
medial and lateral cortical walls of the pedicle, it was classified
as grade 0 (if there was no violation of the pedicle), grade 1
(pedicle violation of less than 2 mm), and grade 2 (violation of
more than 2 mm). Second, the anterior violation of the pedicle
screw was evaluated based on the position of the screw tip and
graded as 0, 1, 2 — grade 0 is inside the vertebral body, grade 1is
outside the vertebral body, but no contact with internal organs,
and grade 2 is outside the vertebral body with contact with in-

242 WWwWw.e-neur ospine.org

ternal organs. All types of grade 2 violations were defined as
“critical violations”!!

CT evaluations were performed by a spine-trained orthope-
dic surgeon (YN) and a general orthopedic surgeon (SL) on 2
different occasions (2 weeks apart) to determine inter- and in-
traobserver reliabilities. Two observers held a consensus meet-
ing prior to each evaluation. After the second evaluation, both
observers had a final meeting to decide on the violation grades.
If both observers agreed on the grade, this grade was used. If
there was a discrepancy between the observers, the higher
grade was used. The interobserver reliability between the 2 ob-
servers was moderate (k=0.534) at the first evaluation and sub-
stantial (k=0.744) at the second evaluation. The intraobserver
reliability of the observers was substantial (k= 0.645, 0.702).

5. Complication Evaluation

After surgery, complications such as hemothorax, infection,
wound dehiscence, and neurological deficit were evaluated. Re-
operation due to screw malposition was also evaluated.

6. Statistical Analysis

Data analysis was performed using the IBM SPSS Statistics
ver. 20.0 (IBM Co., Armonk, NY, USA). Student t-test was used
for the analysis of continuous variables, and the chi-square test
and Fisher exact test were used for the analysis of categorical
variables. Statistical significance was set at p <0.05. Inter- and
intraobserver reliability were evaluated using Cohen kappa.

RESULTS

There were no statistically significant differences between the
2 groups in age, height, weight, body mass index, curve type,
preoperative Cobb angle, and flexibility of the curve (all p > 0.05).
There was a difference in sex between the 2 groups (p=0.046).
Detailed demographic data are presented in Table 1.

A total of 1,804 pedicle screws were analyzed using CTs.
Among them, 630 pedicle screws were inserted in the MISS
group and 1,174 pedicle screws in the COSS group.

In the MISS group, 14, 320, 168, and 128 screws were insert-
ed in the upper thoracic, middle thoracic, lower thoracic, and
lumbar vertebrae, respectively. In the COSS group, 71, 555, 280,
and 268 screws were inserted in the upper, middle, lower tho-
racic, and lumbar vertebrae, respectively. Table 2 provides de-
tails on the anatomical regions and the proportion of pedicle
screws for each group.

In the MISS group, 106 out of 630 pedicle screws (16.8%)

https://doi.org/10.14245/ns.2244646.323
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Table 1. Demographic data of the patients

Variable MISS group COSS group p-value
Age (yr) 17.7+4.7 17.6£5.5 0.921
Sex, male:female 1:27 11:37 0.046
Height (cm) 160.6+5.2 161.1+7.7 0.617
Weight (kg) 487467 49.9+10.5 0.538
BMI (kg/m?) 189£2.5 19.0£3.0 0.823
Risser stage, 0:1:2:3:4:5 1:1:1:2:8:15 1:1:4:3:20:19 0.706
King-Moe classification, LILIILIV:V 1:8:11:4:4 5:7:20:7:9 0.607
Lenke classification, LILIIT:IV:V:VI 21:4:2:0:0:1 29:9:4:1:1:4 0.919
Flexibility of curve (%) 30.5+16.2 25.9+16.0 0.233
Preoperative magnitude of main curve (°) 63.9+10.8 65.1+15.1 0.719
Postoperative magnitude of main curve (°) 21.9+7.6 22.6+11.3 0.724
Fusion level 10.2+£0.9 11.2+1.5 0.001

Values are presented as mean + standard deviation or number.

MISS, minimally invasive scoliosis surgery; COSS, conventional open scoliosis surgery; BMI, body mass index.

Table 2. Number and proportion of inserted pedicle screws
by anatomical region

Table 3. Number of critical violations and critical violation
rate by the direction of the violation

ksl MISS group COSS group Direction MISS group COSS group p-value
Rightside Leftside Rightside Leftside Anterior 8(1.3) 19 (1.6) 0.561
Total inserted screws 315 315 586 588 Medial 30 (4.8) 39 (3.3) 0.128
Thoracic 251(79.7) 251(79.7) 452 (77.1) 454 (77.2) Lateral 74 (11.7) 121 (10.3) 0.348
Upper thoracic 7(2.2) 7(2.2) 35(6.0) 36(6.1) Overall 106 (16.8) 165 (14.0) 0.116

Middle thoracic 160 (50.8) 160 (50.8) 277 (47.3) 278 (47.3)
Lower thoracic 84 (26.7) 84(26.7) 140 (23.9) 140 (23.8)
Lumbar 64(20.3) 64 (20.3) 134 (22.9) 134 (22.8)

Values are presented as number (%).
MISS, minimally invasive scoliosis surgery; COSS, conventional open
scoliosis surgery.

were identified as critical violations. In the COSS group, 165 of
the 1,174 pedicle screws (14.0%) were identified as critical vio-
lations. There was no difference in the rate of critical violations
between the 2 groups (p=0.116). When divided by the direc-
tion of critical violations, lateral critical violations occurred
most frequently as seen in 74 cases (11.7%) in the MISS group
and 121 cases (10.3%) in the COSS group (p=0.348). Medial
critical violations were the next most frequent occurrence in
the MISS group as seen in 30 cases (4.8%) and in 39 cases in the
COSS group (3.3%) (p=0.128). Anterior critical violations oc-
curred in 8 cases (1.3%) in the MISS group and 19 cases (1.6%)
in the COSS group (p=0.561) (Table 3).

In the thoracic region, medial critical violations occurred
more frequently in 28 cases (5.6%) in the MISS group com-

https://doi.org/10.14245/ns.2244646.323

Values are presented as number (%).
MISS, minimally invasive scoliosis surgery; COSS, conventional open
scoliosis surgery.

pared to the 27 cases (3.0%) in the COSS group (p=0.016).
There was no difference in the anterior and lateral critical viola-
tion rates between the 2 groups (p=0.334, p=0.401). In the
lumbar region, there was no difference in the critical violation
rate in every direction between the 2 groups (Table 4).

In the thoracic regions, there was no difference in the medial
critical violation rate between the 2 groups of the upper and
lower thoracic regions. In the middle thoracic region, medial
critical violations occurred more frequently as seen in 25 cases
(7.8%) in the MISS group than the COSS group with 16 cases
(2.9%) (p=0.010) (Table 4). Among the critical violations in
the middle thorax, screws on left side exhibited a difference in
critical violations (p=0.003) (Table 4). The medial critical vio-
lation rate of the inserted screw at each level is shown in Fig. 2.

There were no postoperative neurologic deficits or revision
surgeries due to screw malposition. There was no difference in
complications such as hemothorax, wound dehiscence, and in-
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Fig. 2. The medial critical violation rate of pedicle screw insertions from T1 to L5. The screws inserted in T8 on the left side

show a statistically significant difference between minimally invasive scoliosis surgery (MISS) and conventional open scoliosis
surgery (COSS).

Table 4. Number of critical violations and critical violation ~ Table 5. Number of complications and complication rate
rate by anatomical region

Variable MISS group  COSS group  p-value
Variable MISS group COSS group  p-value Hemothorax 4(14.3) 16 (33.3) 0.105
Thoracic Infection 2(7.1) 4(8.3) 1.000
Anterior 6(1.2) 17 (1.9) 0.334 Wound problem 3(10.7) 3(6.3) 0.664
Medial 28 (5.6) 27 (3.0) 0.016 Neurologic deficit 0(0) 0(0) .
Lateral 67(13.3)  107(11.8)  0.401 Revision surgery 0(0) 0(0) -

Upper thoracic (T1-3) Values are presented as number (%).

Anterior 0(0) 4(5.6) 1.000 MISS, minimally invasive scoliosis surgery; COSS, conventional open

Medial 1(7.1) 4(5.6) 1.000 scoliosis surgery.

Lateral 1(7.1) 10 (14.1) 0.682
Middle thoracic (T4-9) fection between the 2 groups (Table 5).

Anterior 5(1.6) 11 (2.0) 0.656

Medial 25 (7.8) 16(29) 0010 DISCUSSION

Right medial 8 (5.0) 6(22) 0.105

Left medial 17 (10.6) 10 (3.6) 0.003 The safety and clinical usefulness of MISS surgery has been

Lateral 46 (14.4) 71 (12.8) 0.508 reported in various studies.'”” However, because of the limited
Lower thoracic (T10-12) surgical fields of view creating difficulty in identifying and

Anterior 1(0.6) 2(0.7) 1.000 maintaining the pedicle screw trajectory, freehand pedicle

Medial 2(1.2) 7 (2.5) 0.494 screwing in MISS surgery remains technically challenging. In

Lateral 20 (11.9) 26 (9.3) 0377 MISS, 2 skin incisions of 4 cm in length are used for pedicle

Lumbar screw insertion and correction maneuvering of the curve. Due

Anterior 2(16) 2(07) 0.598 to the 4-cm incision, the surgical field consisting of only the
Medial 2(1.6) 12 (4.5) 0242 4-cm skin-incised area creates difficulty in identifying the entry
Lateral 7(55) 10(52) 0.919 point and trajectory due to other areas underneath the skin that

are unincised. As a result, the accuracy of the pedicle screw in
Values are presented as number (%).

MISS, minimally invasive scoliosis surgery; COSS, conventional open MISS can be quite different from that of open scoliosis surgery.
scoliosis surgery. Therefore, the authors conducted a study related to the accura-
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Fig. 3. (A) Illustration of the scoliosis curve and location of skin incisions in minimally invasive scoliosis surgery. (B) Visibility is
obtained just below the skin incision. However, there is a possible blind spot in the middle thoracic region between the 2 skin

incisions.

cy of the pedicle screw according to the anatomical region of
the vertebral body in MISS."

The critical violation rate of inserted pedicle screws in the
MISS group was 16.8%, which was slightly higher compared to
the COSS group (14.0%) with no statistical significance. The
critical violation rate of 16.8% in the MISS group is considered
to be similar to the violation rate of 10% to 12% reported in
COSS in previous studies.>"!

Eight cases (1.2%) of critical anterior violations occurred in
the MISS group. The pedicle screws with anterior critical viola-
tions were in contact with the lung in 7 cases and the psoas
muscle in 1 case of the MISS group. However, no signs of injury
such as hemorrhage were identified in the internal organs. Dur-
ing the follow-up, no complications requiring reoperation or
repositioning of screws developed. According to previous stud-
ies, screws that are in contact with organs do not always cause
complications.”*'> However, the thoracic aorta and the esopha-
gus on the left side and the azygous vein and inferior vena cava
on the right side of the vertebral column were at the greatest
risk for injury in anterior violations.'® There was no statistical
difference in anterior critical violations between the MISS and
COSS groups (p=0.561).

In the MISS group, 30 cases (4.8%) of critical medial viola-
tions occurred. Medial critical violations occurring in the tho-

https://doi.org/10.14245/ns.2244646.323

racic spine were identified in 28 cases (11 cases on the right side
and 17 cases on the left side). However, none of the 28 patients
exhibited neurological symptoms. According to a study by
Liljenqvist et al.,'” the safety space for the spinal cord in scolio-
sis changes according to the concavity with the maximum
width of the safety space being approximately 5 mm on the
convex side. Due to this wide safety margin on the convex side
of scoliosis patients, no neurological injuries developed. In this
study, neurological deficits were not observed despite screw vi-
olations into the medial wall of the pedicle by more than 2 mm.
This could be explained by shifting of the dura mater and spi-
nal cord on the side of the screw."

Twenty-five cases of critical medial violations occurred in the
middle thoracic region. It is interesting that screws only on the
left side exhibited differences with statistical significance
(p=0.003). The possible explanation for the common develop-
ment of critical violations in the left side of the middle thorax
are as follows: firstly, the left side of the middle thoracic region
is close to the apical vertebra of the concave side where the ver-
tebral column is most severely rotated placing it more vulnera-
ble to medial violations with high convergent screw trajectories.
Secondly, the middle thoracic vertebrae are located distal to the
skin incision, making approaches difficult with limited visual-
ization of the surgical field (Fig. 3A, B). Narrow surgical fields
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Fig. 4. (A) The ideal trajectory of the pedicle screw (dotted line) is located toward the left of the skin incision. (B) The surgeon
can check the medial wall violation using a ball tip probe without soft tissue tension as seen in conventional open scoliosis sur-
gery. (C) Soft tissue tension acts as an obstacle for the ball tip probe in identifying medial wall violations in minimally invasive

scoliosis surgeries (cross-mark).

and soft tissue obstacles interfere with the proper positioning
for screw trajectories and probing of the hole with ball tips. For
palpation of the continuity of medial wall of the pedicle with
ball tip probes, the probes require convergent angles and suffi-
cient soft retraction (Fig. 4A-C). As a result of higher conver-
gent screw trajectories and narrow surgical fields with difficult
soft tissue retraction, the safety of the medial wall of the pedicle
could not be clearly confirmed and may have resulted in a
higher rate of medial wall violations of the left side of the mid-
dle thoracic region.

In the MISS group, lateral critical violations occurred in 74
cases (11.7%), but there were no complications after surgery.
There was no statistically significant difference, even when
compared with the COSS group. When additionally classified
by anatomical region, lateral critical violations occurred more
frequently in the thoracic region (13.3%) compared to the lum-
bar region (5.5%). Lateral critical violations in the thoracic re-
gion are not “critical” because the lateral pedicle wall at the tho-
racic region is covered with a rib. Therefore, surgeons tend not
to mind lateral violations that occur in the thoracic region.

This study demonstrated the accuracy and safety of pedicle
screws using freehand techniques in MISS compared to COSS,
but there were limitations. Not all patients who underwent sur-
geries were included, only patients who underwent both preop-
erative and postoperative CT scans. The retrospective design
and small sample size, especially in the upper thoracic region,
limits the statistical power.

CONCLUSION

Pedicle screws using the freehand technique in MISS provide
similar accuracy and safety when compared with COSS. MISS
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could be a safe option for the treatment of AIS. Pedicle screws
inserted on the left side of the thoracic region, especially the
middle thoracic region, exhibited more medial critical viola-
tions in the MISS group. Cautious placement of pedicle screws
is recommended when inserting pedicle screws into the left
side of middle thoracic regions in MISS.
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