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Introduction: Pedicle screw instrumentation (PSI) serves as the widely accepted surgical treatment for adolescent idiopathic scoliosis (AIS). The accuracy of screw positioning has remarkably improved with robotic assistance. Nonetheless, its impact on radiographic and clinical outcomes remains unexplored. This study aimed to investigate the radiographic and clinical outcomes of robot-assisted PSI vs. conventional freehand method in AIS patients.



Methods: Data of AIS patients who underwent PSI with all pedicle screws between April 2013 and March 2022 were included and retrospectively analyzed; those with hybrid implants were excluded. Recruited individuals were divided into the Robot-assisted or Freehand group according to the technique used. Radiographic parameters and clinical outcome measures were documented.



Results: In total, 50 patients (19, Freehand group; 31, Robot-assisted group) were eligible, with an average age and follow-up period of 17.6 years and 60.2 months, respectively, and female predominance (40/50, 80.0%). The correction rates of Cobb's angles for both groups were significant postoperatively. Compared to freehand, the robot-assisted technique achieved a significantly reduced breech rate and provided better trunk shift and radiographic shoulder height correction with preserved lumbar lordosis, resulting in significantly improved visual analog scale scores for back pain from the third postoperative month.



Conclusion: Overall, robot-assisted PSI provides satisfactory radiographic and clinical outcomes in AIS patients.
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1 Introduction

Scoliosis, defined as abnormal spinal rotation with a coronal curve greater than 10°, can be classified into three subtypes: congenital, neuromuscular, or idiopathic. Approximately 85% of cases are idiopathic, further categorized by age of onset: infantile (≤2 years), juvenile (3–9 years), and adolescent (≥10 years) (1). Adolescent idiopathic scoliosis (AIS) is the most common form, affecting 1%–3% of children aged 10–16 years (2). Approximately 10% of affected individuals progress and require surgical intervention (3). Surgery is indicated in individuals with a primary curve greater than a Cobb's angle of 45° (2). Correction of spinal deformity is crucial for improving a patient's health-related quality of life. Pedicle screw-only construct is safe, effective and reliable in correcting spinal deformities (4–6) and is still considered the widely accepted surgical option. However, screw implantation is particularly challenging if the patient presents with a higher degree of deformity or hypoplasia of the spinal pedicle (7). Spinal robotic technology offers a solution to this problem (8, 9). The Mazor Robotics's SpineAssist™ became the first FDA-approved robot to guide the placement of pedicle screws in 2004 (10). The accuracy of pedicle screw implantation has been well studied (8, 11, 12). However, there is a paucity of information on the radiographic and clinical outcomes, especially in patients with AIS. This study aimed to investigate the radiographic and clinical outcomes of robot-assisted (RO) pedicle screw instrumentation for AIS compared to those of the conventional freehand (FH) method.



2 Materials and methods

The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board of our institution (No. CE21251B, date of approval: Jul 28, 2021). The requirement for written informed consent was waived by the institutional review board.


2.1 Study design

Considering our study's aim, we hypothesized that surgery using the RO technique approach would outperform that using the FH method regarding radiographic and clinical outcomes. To investigate this hypothesis, we consecutively enrolled 50 AIS patients who underwent all-pedicle-screw posterior instrumentation surgeries between April 2013 and March 2022 and analyzed their data. Medical records and radiographic images were retrospectively reviewed. Individuals were recruited according to the following criteria: (1) minimal follow-up period of one year, (2) availability of pre- and postoperative images, (3) all-pedicle-screw construct only, and (4) primary surgery. The exclusion criteria included: (1) congenital vertebral malformation (e.g., hemivertebra, spina bifida) and neuromuscular abnormalities, (2) spinal anchors other than pedicle screws (e.g., hook, clamp, wire), and (3) revision surgery.

The recruited individuals were divided into two cohorts according to the use of the spinal robotic system. All patients underwent conventional surgery before the robotic system was introduced in our institute in 2018. Patients in the RO group underwent surgery with the assistance of Mazor Robotics Renaissance™ (Medtronic, Denver, CO, USA), whereas those in the FH group underwent conventional FH pedicle screw placement. The process of installation and implementation has been explained in detail in a previous article (13).

All surgeries were performed via an open approach with a midline incision. Three brands of pedicle screws were used: Xia™ (Stryker, Kalamazoo, MI, USA), GZ Spinal Fixation System™ (Yi Hua Medical, Taichung, Taiwan), and Wiltrom Spinal Fixation System™ (Wiltrom Medical, Hsinchu, Taiwan). Screw diameters varied from 4.5–6.5 mm. Fusion bed preparation and bone grafting procedures were identical in both groups. We performed posterior column osteotomies (PCOs) at the apex of the scoliosis curve to achieve better correction of the deformity. Thorough decortication of the bilateral lamina was also performed at every level. Local bone chips, along with Bicera™ bone graft substitute (Wiltrom Medical, Hsinchu, Taiwan), were utilized for bone grafting. Lastly, the derotation technique was adapted for reduction of the spinal deformity.



2.2 Radiographic parameters

Radiographic parameters observed in both coronal and sagittal radiographs included the following: Cobb's angle, coronal balance, trunk shift (TS), radiographic shoulder height (RSH), thoracic kyphosis, lumbar lordosis (LL), sagittal vertical axis (SVA), pelvic tilt (PT), pelvic incidence (PI), and sacral slope (SS), which were defined according to the Spinal Deformity Study Group manual (14) and measured using Surgimap™ software (Nemaris, New York, NY, USA). Screw density was defined as the total number of pedicle screws implanted per vertebra (15). The correction rate (CR) was calculated using the following formula: (preoperative Cobb's angle − postoperative Cobb's angle)/(preoperative Cobb's angle) × 100% (15). Normative data of the sagittal alignment parameters were extracted from the studies of Yukawa et al. (16) and Zhou et al. (17) in light of the geographical proximity and ethnic similarity, whereas coronal parameters were extracted from the study by Clement et al. (18). All definitions and normative data of these parameters are shown in Table 1 and illustrated in Figure 1. Additionally, the breech rate of the pedicle screws were evaluated on postoperative computed tomography (CT) by Gertzbein and Robbins' classification (19) and further defined as satisfactory (grade A or B) or unsatisfactory (grade C, D, or E) (20).


TABLE 1 Definitions and normative data of radiographic parameters.
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FIGURE 1
Illustration of the coronal and sagittal parameters on plain films. (A) Methods of measurement of the coronal parameters including coronal balance (CB), trunk shift (TS), and radiographic shoulder height (RSH) on plain anteroposterior radiograph. (B) Methods of measurement of the sagittal parameters including thoracic kyphosis (TK), lumbar lordosis (LL), sagittal vertical axis (SVA), pelvic tilt (PT), pelvic incidence (PI), and sacral slope (SS) on plain lateral radiograph.




2.3 Clinical outcome measures

Clinical outcome measures included the visual analog scale (VAS) score for back pain, Oswestry Disability Index (ODI), and quality-adjusted life years (QALYs) obtained at each follow-up appointment, including at 1, 3, 6, and 12 months postoperatively. Initially, the patients completed the EuroQol five-dimensions (EQ5D) questionnaire, which was further converted to QALYs using the Japanese value set published by Tsuchiya (21).



2.4 Statistical analysis

The Mann–Whitney U-test and chi-squared test were used for continuous variables and categorical variables, respectively. Data in the tables are presented as medians with interquartile ranges (IQRs) enclosed by square brackets for continuous variables, and frequency with percentage enclosed by parentheses for categorical variables. The difference of radiographic parameters between pre- and postoperative values were analyzed using the Wilcoxon signed-rank test. Statistical analysis was conducted by professional statisticians affiliated with our institution using the SPSS 25 software (IBM, Armonk, NY, USA). The significance level was set at p < 0.05.




3 Results


3.1 Patient demographics and perioperative details

In total, 50 patients (19, FH group; 31, RO group) were eligible, with an average age of 17.6 years, an average follow-up period of 60.2 months, and female predominance (40/50, 80.0%). The demographic characteristics and preoperative status of the enrolled patients are outlined in Table 2, and there were no significant differences, except for the follow-up period. The perioperative details are described in Table 3. The Wiltrom Spinal Fixation System™ was utilized for 88.0% of all participants, and the proportion of brands used by the two groups was identical, p = 0.661. The RO technique placed significantly more pedicle screws per patient (median: 21.0, IQR: 17.0–24.0) than the FH group (13.0, 8.0–15.0), p < 0.001, while vertebrae instrumented per patient were similar. Consequently, the RO group achieved significantly higher pedicle screw density (2.0, 1.8–2.0) than the FH group (1.1, 0.8–1.8), p < 0.001. The correction rates were 59.1% for the FH group and 61.5% for the RO group, p = 0.204. The operative time was significantly prolonged with the assistance of the robot, at 510.0 (403.0–607.0) min, compared to 375.0 (299.0–450.0) min for FH surgery, p = 0.005. Nonetheless, operative time per screw was not different, 25.0 min for the RO group and 23.4 min for the FH group, p = 0.662. Additionally, the estimated blood losses (EBL) were not statistically different: 1,200.0 (800.0–2,700.0) ml for the RO group and 800.0 (700.0–1,700.0) ml for the FH group, p = 0.131. The EBL per screw were also similar, 70.6 and 72.7 ml for the RO and FH groups, respectively, p = 0.484. The average length of stay (LOS) was less for the RO group [7.0 (6.0–8.0) days] than that for the FH group [8.0 (7.0–9.0) days], although this was not statistically significant, p = 0.123.


TABLE 2 Overview of the demographic characteristics of the two groups.
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TABLE 3 Perioperative details of the two groups.
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3.2 Radiographic parameters

There were no significant differences in preoperative radiographic parameters between the two groups (Table 4). Table 5 further demonstrates the influence of surgical intervention on radiographic parameters, comparing both surgical methods. Patients in both groups had significantly improved Cobb's angles after corrective surgery. The RO technique provided a greater corrective force for TS (from 12.4 to −5.3 mm) and RSH (from 11.4 to −1.2 mm), both p = 0.001. The postoperative LL of both groups was within the normal range, while FH surgeries significantly reduced the LL from 56.0° to 47.4°, p = 0.013. FH surgery significantly changed the SVA, from negative to positive (−28.0–11.8 mm, p = 0.017). In contrast, the SVA in the RO group remained similar postoperatively. None of the three spinopelvic parameters, including PT, PI, and SS, differed postoperatively in either group. The breech rate of the pedicle screws was significantly lower for the RO group (9.5%) compared to the FH group (32.3%), p < 0.001 (Table 6).


TABLE 4 Preoperative radiographic parameters of the two groups.
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TABLE 5 Comparison of the preoperative and postoperative radiographic parameters for the FH and RO groups.
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TABLE 6 Breech rates of the pedicle screws of the two groups.
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3.3 Clinical outcome measures

All three clinical outcome measures (VAS score for back pain, ODI, and QALYs) were similar preoperatively between the two cohorts as shown in Table 2. Table 7 further compares clinical outcome measures between groups preoperatively and at each follow-up point. Postoperative changes in the ODI and QALYs were not significantly different between the two groups, except for at the third month postoperatively (ΔODI3m, p = 0.031). The patients who underwent RO surgery experienced improved VAS scores from the third month postoperatively (ΔVAS3m), p = 0.017, as compared to those in the FH group, until the last follow-up one year after surgery (ΔVAS12m). Figure 2 demonstrates the trend in VAS changes. Postoperative ΔVAS12m in both groups was significantly improved from preoperative values. To compare the radiographic outcomes of the two surgical techniques, we present one case each for the two cohorts (Figures 3, 4).


TABLE 7 Median changes (Δ) of clinical outcome measures of the two groups.
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FIGURE 2
This line graph represents the change in visual analog score (VAS) score for back pain of the two groups at each follow-up point compared with preoperative value. The robot-assisted (RO) technique significantly outperformed conventional freehand (FH) surgery from the third postoperative month. * Indicates p < 0.05 between the two groups. § Indicates the significant improvement of ΔVAS12m in the FH group compared with preoperative value (p < 0.05). † Indicates the significant improvement of ΔVAS12m in the RO group compared with preoperative value (p < 0.05).



[image: Figure 3]
FIGURE 3
A female classified as lenke 3CN received freehand surgery at the age of 14 years. (A) The preoperative anteroposterior (AP) radiograph revealed a Cobb's angle of 84.3°. (B) The postoperative AP radiograph revealed a Cobb's angle of 43.4°, and correction rate (CR): 48.52%. The screw density was 1.43. (C) The preoperative lateral view showed lumbar lordosis (LL): 52.9°, and sagittal vertical axis (SVA): −21.7 mm. (D) The postoperative lateral view showed reduced LL (40.5°), and anteriorly moved SVA (4.8 mm).



[image: Figure 4]
FIGURE 4
Another 14-year-old male with Lenke 1A- scoliosis underwent robot-assisted surgery. (A) The preoperative anteroposterior (AP) radiograph revealed a Cobb's angle of 46.1°, radiographic shoulder height (RSH): 31.0 mm, and trunk shift (TS): 24.1 mm. (B) The postoperative AP radiograph revealed a Cobb's angle of 9.8°, correction rate (CR): 78.74%, improved RSH (13.8 mm) and TS (1.6 mm). The screw density was 2.00. (C) The preoperative lateral view showed lumbar lordosis (LL): 62.1°. (D) The postoperative lateral view showed preserved LL (69.7°).





4 Discussion

The RO technique may outperformed the conventional FH posterior instrumentation surgery for AIS patients in certain aspects. However, the follow-up period was significantly shorter in the RO group, as the Renaissance™ robotic system was not introduced in our institute until 2018. A higher pedicle screw density was attained with RO compared to that with the FH method. The correction rates were similar, at approximately 60%. The operative time per screw and EBL per screw did not differ between the two surgical methods.

Both groups underwent an open approach with a midline incision, with similar LOS in both groups; this correlates with the findings by Schatlo et al. (22) that LOS was not statistically different between RO and conventional FH open-approach techniques (9.8 days vs. 10.3 days), p = 0.390. Hyun et al. (23) compared robot-guided minimally invasive surgery and fluoroscopic-guided open surgery, with LOS reported to be 6.8 days vs. 9.4 days, p = 0.020. It can be concluded that the surgical approach, open or minimally invasive, independently affects LOS, regardless of robotic use (9, 23).

A retrospective multicenter study of postoperative TS in patients with AIS deemed a horizontal deviation greater than 2 cm of the vertical trunk reference line (VTRL) from the center sacral vertical line (CSVL) post-surgically as positive TS. The prevalence of positive TS was found to reduce from 29.3% to 13.6% after surgical intervention (24), similar to the results of our study (from 48.0% to 8.0%). We further conducted the McNemar test to analyze the change in positive TS postoperatively using two different techniques. The TS for the RO group was significantly reduced from 45.1% to 3.2%, p < 0.001, a larger reduction than that for the FH group (52.7%–15.8%), p = 0.065. Patient without trunk shift preoperatively who developed trunk shift after the surgery was considered iatrogenic. In the FH group, two patients (10.5%) exhibited iatrogenic trunk shift, while in the RO group, there were no instances (0%). The RO technique provides more effective correction for TS, and also reduces the risk of iatrogenic trunk shift compared to the FH method.

The existing literature primarily focuses on using RSH as a parameter to predict postoperative shoulder imbalance (PSI). Unbalanced shoulders are defined as having an RSH of 10 mm or more (25). Studies have identified preoperative RSH as an independent predictor of PSI (26). Our data suggest that shoulder imbalance shows significant improvement after RO surgery, in contrast to the FH group, where RSH remains relatively unchanged. We recommend considering RO surgery for patients with preoperative shoulder imbalance to achieve better RSH correction and thereby reduce the risk of PSI.

Due to the financial limitations imposed by our National Health Insurance system, titanium rod remains the sole option for posterior spinal instrumentation in our healthcare setting. Previous literature suggests that cobalt-chromium rods are generally considered better than titanium rods for effectively reducing the rate of rod fractures, correcting spinal deformities, and ensuring postoperative stability (27, 28). Limited to using titanium rods, we need to increase pedicle screw density to effectively and safely perform the reduction by derotation technique with the rods. Through preoperative planning and the assistance of a robot during surgery, surgeons are able to implant a greater number of pedicle screws, achieving a higher screw density.

Postoperative plain radiographs demonstrated significantly reduced LL values for patients in the FH group, whereas RO surgery maintained the LL. Iatrogenic loss of LL is a disabling complication after corrective scoliosis surgery, resulting in the inability to stand upright and back pain (29). Chun et al. (30) also reported a strong relationship between low back pain (LBP) and lumbar lordotic angle. Given this evidence, we concluded that the RO technique could provide sustained postoperative LL, resulting in less LBP than the conventional FH method. This corresponded with our finding of significantly improved back pain three months postoperatively (ΔVAS3m) with the use of a robot. We suggest that special attention should be paid while operating on patients with especially small LL using the traditional FH method.

We observed that SVA was significantly increased, moving anteriorly, after conventional FH surgery, but remained unchanged in the RO group. The postoperative SVAs for both groups were within the physiological range of the child (−31.6–22.4 mm). Notably, postoperative SVA in the FH group was beyond the normal range (9.5 mm) of the adult Schwab Adult Spinal Deformity Classification (31). The RO technique may be better for sustaining patient SVA.

As for the accuracy of RO pedicle screw instrumentation, previous studies have already verified its accuracy, ranging from 90% to 100% (32). In our study, the rate of satisfactory screw position was 90.5%; we believe that this is related to the pedicle hypoplasia commonly present in AIS patients. Additionally, we aimed to achieve a higher screw density when performing surgery. Provided that the screw could reach the vertebral body during preoperative planning, we could specially design an “in-out-in” trajectory for some patients with pedicle hypoplasia. To avoid medial wall violation, it is feasible to increase the total number of pedicle screws in a safe way (only lateral breech), and further achieve better corrective force. Conversely, such a trajectory could not be designed preoperatively if using the conventional FH method, and we would rather not insert screws at the vertebrae of patients with pedicle hypoplasia.

Our data demonstrates that the RO group had a significantly lower breach rate compared to the FH group (9.5% vs. 32.3%, p < 0.001). This reduced breach rate allows for the successful placement of a larger number of pedicle screws, significantly increasing screw density. Hwang et al. have reported that high-density pedicle screw constructs lead to better deformity correction in AIS patients (33). The RO technique, by achieving higher screw density, provides stronger spinal fixation, enabling surgeons to safely perform more effective deformity corrections.

The changes in the ODI and QALYs after surgery were not significantly different between the two groups, except for ΔODI3m. However, all patients reported better function and quality of life 12 months postoperatively compared with that observed preoperatively. The VAS for back pain was the main clinical parameter that verified the superiority of the RO surgery. The RO technique outperformed conventional FH surgery at alleviating LBP from the third postoperative month (ΔVAS3m). This correlated with the radiographic finding that RO surgery could maintain postoperative LL, resulting in reduced LBP compared with that with the conventional FH method.

Costa et al. (34) performed a biomechanical study and found that a misplaced screw in the craniocaudal direction was associated with significantly less primary stability than screws in the centered sagittal position. Açikbaş et al. (35) also found that significant spinal motion on flexion-extension radiographs was observed in patients with screw misplacement, and this significant motion was correlated with more intense back pain. Robotic technology has demonstrated significantly superior accuracy with fewer misplaced pedicle screws compared to that with conventional techniques (8, 11, 12), providing stability to the spinal structures and further alleviating back pain.

To our knowledge, this study is the first to highlight the radiographic and clinical outcomes of RO pedicle screw instrumentation in patients with AIS; this is clinically important in assisting surgeons with adopting RO techniques.



5 Limitations

First, the sample size was small, which could be owing to the inclusion of only all-pedicle-screw construct and exclusion of hybrid implants. Second, there is chronological bias. Before the robotic system was first introduced in our institute in 2018, patients could only choose conventional FH surgery, which caused a significant difference in follow-up time between the two groups. Finally, data from only one institute were included.



6 Conclusions

Overall, RO pedicle screw instrumentation achieves a significantly reduced breech rate and provides satisfactory radiographic and clinical outcomes in AIS patients. TS and RSH were significantly corrected with preserved LL, resulting in an improved VAS score for back pain.
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cB Alignment of C7PL in relation to CSVL. Positive value if C7PL is on the right side. —4%12mm (18)

TS Horizontal distance between VTRL and CSVL. A trunk shift to the right of the CSVL is a positive value. NA

RSH Vertical distance between SHRL and THRL. Positive value if the right shoulder is up. 510 mm (18)

TK Angle between T4 superior endplate and T12 inferior endplate. 41.8°=11.1° (17)

LL Angle between L1 superior endplate and S1 superior endplate. 52.4°£13.1° (16)

sva Alignment of C7PL in relation to the posterior-superior corner of S1. Positive value if C7PL lies anteriorly. ~46+13.5 mm (16)

T Angle between a line originating from center of femoral head to midpoint of sacral endplate and VRL. Positive value 114°66° (16)
if VRL lies anteriorly.

PI Angle between a line originating from center of femoral head to midpoint of sacral endplate and a line perpendicular 51.8°=11.7° (16)
to center of sacral endplate.

s Angle between S1 superior endplate and HRL. 403°9.1° (16)

CB, coronal balance; TS, trunk shift; RSH, radiographic shoulder height; TK, thoracic kyphosis; LL, lumbar lordosis; SVA, sagittal vertical axis; PT, pelvic tilt; PI, pevic
incidence; SS, sacral slope; C7PL, C7 plumbline; CSVL, center sacral vertical line; VTRL, vertical trunk reference line; SHRL, superior horizontal reference line; IHRL,
Infesiar Borzontal reference Une: VRL erticat mferenceine: HAL Kotaontal reference lise: Nk not avellable: S5 standard deviation.
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FH, freehand; RO, robot-assisted; CB, coronal balance; TS, trunk shift; RSH
radiographic. shoulder height; TK, thoracic kyphosis; LL, lumbar lordosis; SVA
sagittal vertical axis; PT, pelvic tit; PI, pelvic incidence; S, sacral slope. Mann-
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FH, freehand; RO, robot-assisted; CB, coronal balance; TS, trunk shift; RSH, radiographic shoulder height: TK, thoracic kyphosis; LL, lumbar lordosis; SVA, sagittal vertical
axis; P, pelvic tilt; PI, pelvic incidence; S5, sacral slope. Wilcoxon signed-rank test was performed. Data presentation: median [interquartile rangel.
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(n=19) (n=31)
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Female, n (%) 14| 3% |26 | 839%) | 0474

[ [
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FH, freehand; RO, robot-assisted; BMI, body mass index; Curve type: the Lenke
classification system for AIS. VAS, visual analog scale; ODI, Oswestry disability
index; QALYs, quality-adjusted life years. Mann-Whitney U-test was applied for
continuous variables. Chi-squared test was applied for categorical variables. Data
p median le rangel; frequency
*Indicates p <0.05.
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screw (min)
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EBL per screw (ml) | 72.7 | [50.0-1133] | 706 | [375-127.8] | 0484
LOS (days) 80 7.0 [60-8.0] 0123

FH, freehand; RO, robot-assisted; EBL, estimated blood losses; LOS, length of stay
Mann-Whitney U-test for continuous variables. Chi-squared test for categorica

variables. Data median rangel; frequency
*Indicates p < 0.05.
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FH, freehand: RO, rob d; Sati bein and :

grade A or B; Unsatisfactory: Gertzbein and Robbins classification grade C, D, or

E. Chi-squared test was performed. Data presentation: frequency (percentage)
*Indicates p < 0.05.
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FH, freehand; RO, robot-assisted; VAS, visual analog scale; ODI, Oswestry disability index; QALYs, quality-adjusted life years; AVAS,.,, the change in VAS for back pain
between the first month postoperatively and preoperative value; AVAS;,, the 3rd month; AVASgy, the 6th month; AVAS ., the 12th month; AODly,,, the change in
ODI between the first month postoperatively and preoperative value; AODIsy, the 3rd month; AODln, the 6th month; AODhzr, the 12th month; AGALYsy, the
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Mann -Whitney U-test was performed. Data presentation: median [interquartie range]
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