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Background: Robotic assistance in adult spinal deformity (ASD) surgery has been associated with improved 
pedicle screw accuracy and reduced blood loss and radiation exposure. However, evidence regarding early 
postoperative outcomes, complication profiles, and short-term readmissions in long-segment adult spinal 
deformity(ASD) surgeries remains limited. This study compared perioperative parameters and early functional 
outcomes between robotic-assisted and conventional open long-segment fusion for ASD.
Methods: We conducted a retrospective review of consecutive patients undergoing long-segment fusion for ASD 
(upper instrumented vertebra T10–T12, lower instrumented vertebra pelvis) at a tertiary spine center from June 
2022 onward. Patients undergoing upper thoracic fixation, three-column osteotomies, non-instrumented pro
cedures, or surgery for non-degenerative pathologies were excluded. Robotic-assisted minimally invasive fixation 
was compared with conventional open instrumentation. Estimated blood loss (EBL), operative duration, hospital 
length of stay, Visual Analog Scale (VAS) scores, Oswestry Disability Index (ODI), complications, 30-day read
missions, and mortality were analyzed.
Results: Seventy-four patients were included (34 robotic, 40 open), with comparable baseline characteristics. The 
robotic group demonstrated significantly lower EBL (745 ± 168 vs. 1026 ± 266 mL, p < 0.001), shorter oper
ative time (227.6 ± 28.3 vs. 290.2 ± 30.5 min, p < 0.001), and reduced hospital stay (median 3 vs. 5.5 days, p <
0.001). Both groups showed significant 30-day improvements in ODI and VAS scores. ODI improvement was 
greater in the robotic cohort (6.9 ± 2.8 vs. 4.8 ± 2.5, p = 0.002; Cohen's d = 0.81), while VAS improvements 
were comparable. Complication rates, 30-day readmissions (8.1%), and mortality (0%) did not differ between 
groups.
Conclusion: Robotic-assisted long-segment fusion for ASD was associated with reduced blood loss, shorter 
operative time, and decreased hospital stay, with improved early functional recovery and no increase in short- 
term complications.

1. Introduction

Adult spinal deformity (ASD) has garnered significant interest over 
the past decade, as evidenced by the steady increase in scientific pub
lications on the subject since 2005, peaking in 2021.1 With rising global 
life expectancy, clinicians are increasingly encountering geriatric pa
tients presenting with spinal pathologies. The prevalence of ASD has 

been reported to range between 20% and 32%, though it varies 
depending on age group and geographic region 2–4. Surgical manage
ment in this high-risk, frail population is associated with substantial 
morbidity. In a prospective 2-year study, J. S.Smith et al.5 reported a 
28.2% reoperation rate and 270 peri-operative complications, including 
145 minor and 125 major events. Similarly, Acosta et al.6 found that 
patients ≥75 years old receiving severe deformity treatment had an 
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overall peri-operative complication rate of 62% and a long-term post
operative complication rate of 52%.

Minimally invasive surgery (MIS) has emerged as an alternative 
approach to address these conditions, demonstrating comparable clin
ical and radiographic outcomes to open surgery, but with fewer com
plications 7–9. A multicentre study by Than KD et al.10 comparing the 
complications of MIS with open/hybrid surgeries showed that the MIS 
group had significantly fewer surgical, neurological and minor compli
cations in the MIS group.

However, the clinical outcomes and re-operation rates were similar 
in both the groups despite complications. Building on this foundation, 
the use of robot assisted spine surgeries has increased steadily in the past 
decade and is supported by multiple studies reporting high accuracy in 
screw insertion even in degenerative scoliosis11–13. The potential ad
vantages of robotics in long-segment deformity correction include 
percutaneous screw placement, reduced intraoperative blood loss, 
decreased soft-tissue trauma, lower postoperative pain, and earlier 
mobilisation.

While there is abundant literature on the outcomes of MIS in sur
geries for ASD, studies specifically evaluating robot-assisted techniques 
in ASD surgeries remain limited. With this background, we compared 
robotic-assisted and traditional open techniques for ASD surgery in a 
retrospective analysis focussing on the perioperative complications and 
early postoperative outcomes.

2. Materials and methods

This study was performed at a tertiary-level spine referral center 
following approval from the Institutional Review Board (IRB No. ECR/ 
34/Inst/KA/2013/RR-24). Aim of the study was to assess the peri- 
operative, 30-day post-discharge outcomes and early complications 
rates among patients who underwent surgery for adult spinal deformity. 
Written informed consent was obtained from all participants for the use 
of their intraoperative and follow-up data for research and publication 
purposes.

Consecutive patients with adult spinal deformity who underwent 
surgery at our center from June 2022 onward were included if they 
demonstrated at least one of the following radiographic criteria: coronal 
Cobb angle >20◦, sagittal vertical axis >5 cm, pelvic tilt >20◦, pelvic 
incidence–lumbar lordosis mismatch >10◦, or thoracic kyphosis ≥60◦. 
All patients underwent long segment fusion surgeries (either open or 
robotic assisted) in which the upper instrumented level (UIV) was be
tween T10-T12 and lower instrumented vertebra (LIV) being pelvis/ 
ilium for all cases. The study period began in June 2022. Robotic- 
assisted spine surgery was introduced at our institution in October 
2023. All eligible patients treated prior to this date underwent con
ventional open surgery. After introduction of robotic surgery, eligible 
patients were counseled regarding both approaches, and the final sur
gical technique was determined through shared decision-making. 
Treatment allocation was not randomized. All procedures were per
formed by the same senior surgeon.

We excluded patients for which the UIV was in upper thoracic spine 
(T2-T4), patients who underwent 3 column osteotomies, revision sur
geries, non-instrumented surgeries (decompression alone) or limited/ 
short segment surgeries and patients with non-degenerative pathologies 
like infections, trauma and tumors.

Surgical technique (Open surgery) - All surgeries were performed 
by the senior author (VS). Standard midline exposure was done followed 
by pedicle screw instrumentation at the chosen levels. Decompression 
was done at the stenotic segments based on MRI. Contoured rods were 
inserted and correction of deformity was achieved by a combination of 
posterior releases, facetectomies, cantilevering and de-rotation man
euvres. Interbody fusion was done at L4-L5 or L5-S1 levels using trans
foraminal approach in all the cases to provide anterior column support.

Surgical technique (Robot assisted MIS surgery) - Robot-assisted 
procedures were performed using the Mazor X Stealth Edition system 

coupled with O-arm™ imaging (Medtronic Ltd., Dublin, Ireland) and a 
standardized scan-and-plan protocol.14 Following sterile preparation, 
system calibration and registration were completed using a fiducial 
star-marker array. Orthogonal radiographs were obtained to verify 
marker visibility, after which a 3D scan was acquired and transferred to 
the robotic workstation for planning of pedicle screw trajectory, di
mensions, and incision sites.

All planned levels were instrumented percutaneously under robotic 
guidance. Proximal fixation (T10/T11–L2) employed reduction screws 
with long detachable tulips. Limited midline exposure was restricted to 
L3–S1, with lateral exposure of screw heads. Rods were passed through a 
submuscular tunnel, preserving proximal midline structures. Neural 
decompression and interbody fusion were performed using standard 
open techniques. A representative case is illustrated in Fig. 1.

2.1. Data Collection

Clinical records were examined from admission through 30 days 
following surgery using the institutional electronic database. Patient- 
related variables included age, sex, body mass index(BMI), American 
Society of Anesthesiologists(ASA) class, and Charlson Comorbidity 
Index(CCI). Surgical metrics comprised operative time and estimated 
blood loss(EBL). Outcomes assessed after surgery included hospital 
length of stay, Oswestry Disability Index(ODI), Visual Analog Scale 
(VAS) scores for back and leg pain, postoperative complications, 30-day 
readmissions, and mortality.

2.2. Complications were categorized into two groups

1. Surgery-related complications which included wound dehiscence or 
superficial infection, deep surgical site infection (SSI), neurological 
deficits or radiculopathy, and dural tear/cerebrospinal fluid (CSF) 
leak.

2. Medical complications included pulmonary embolism (PE), 
myocardial infarction (MI), congestive heart failure (CHF), deep vein 
thrombosis (DVT), urinary tract infection (UTI), paralytic ileus, 
delirium, and sepsis.

Additionally, 30-day readmission rates, reoperation rates, and mor
tality were documented. All variables were compared between the two 
cohorts: Group 1 – robotic-assisted surgeries and Group 2 – open/non- 
robotic surgeries.

2.3. Data and statistical analysis

Continuous variables were summarized as means with standard de
viations, and categorical data as frequencies. As data was non- 
parametric, between-group comparisons were performed using the 
Mann–Whitney U and chi-square test. Within-group pre-to postoperative 
changes were assessed using the Wilcoxon signed-rank test. Statistical 
significance was set at p < 0.05.

3. Results

3.1. Baseline characteristics

A total of 74 patients were included in the study, comprising 34 in 
the robotic-assisted group and 40 in the non-robotic group. Baseline 
demographic and clinical parameters, including age (68.4 ± 6.3 vs. 66.8 
± 4.7 years, p = 0.210), sex distribution (41 males and 33 females; no 
between group difference, p value = 0.87), body mass index (overall 
BMI 26.5 ± 4.7 with no significant between group differences, p value =
0.74), ASA grade distribution and Charlson Comorbidity Index, were 
comparable between robotic and non-robotic cohorts (Table 1). Baseline 
radiographic parameters were comparable in both the groups (Table 2).
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3.2. Intra-operative parameters and early post-operative outcomes 
(Table 3)

1. Estimated blood loss (EBL) - Mean EBL was significantly lower in 
the robotic group (745 ± 168 ml) than in the non-robotic group 
(1026 ± 266 ml), reflecting a mean reduction of approximately 281 
ml (p < 0.001, Mann–Whitney U).

2. Duration of Surgery - Robotic-assisted procedures had a shorter 
mean operative time (227.6 ± 28.3 min) compared with non-robotic 
surgery (290.2 ± 30.5 min), corresponding to a mean reduction of 
62.6 min (95% CI − 76.2 to − 49.0; p < 0.001).

3. Length of stay - The robotic group demonstrated a shorter hospital 
stay (mean 2.97 ± 0.9 days; median 3 days, IQR 2–4) compared with 
the open group (mean 5.12 ± 0.9 days; median 5.5 days, IQR 5–6), 
with a significant reduction of approximately 2–3 days (p < 0.001).

3.3. Functional outcomes (Table 3)

1. VAS score (Back pain) - Both cohorts showed significant within- 
group improvement at 30 days (p < 0.01). Back pain VAS 
improved from 6.7 ± 0.9 to 2.6 ± 0.9 in the robotic group and from 
6.67 ± 0.91 to 2.97 ± 0.86 in the non-robotic group, with no sig
nificant between-group difference (p = 0.055).

2. VAS score (Leg pain) - Leg pain VAS scores improved significantly 
in both groups, decreasing from 5.47 ± 1.41 to 1.65 ± 0.73 in the 
robotic cohort and from 5.17 ± 1.03 to 1.45 ± 0.87 in the non- 
robotic cohort, with no intergroup difference (p = 0.44, Mann 
Whitney U).

3. ODI score - Both groups demonstrated significant improvement in 
ODI scores at 30-day follow-up compared to baseline. Improvement 
was greater in the robotic group (6.94 ± 2.8) than in the non-robotic 

Fig. 1. A 65 year old lady with degenerative scoliosis, multilevel lumbar stenosis (L1–L5), and L4–L5/L5–S1 spondylolisthesis treated with T10–ilium posterior 
instrumented deformity correction, interbody fusion at L4–L5 and L5–S1, L1–L5 decompression, and cement augmentation at T9–T10.

Table 1 
Baseline demographic and clinical characteristics.

Variable Overall (n =
74)

Robotic (n =
34)

Non-robotic 
(n = 40)

p- 
value

Age (years) 67.51 ± 5.5 68.41 ± 6.3 66.75 ± 4.7 0.21a

Gender (Male/ 
Female)

41 males 
33 females 
M:F ratio =
1.24

18 males 
16 females 
M:F ratio =
1.12

23 males 
17 females 
M:F ratio =
1.35

0.87**

BMI (kg/m2) 26.5 ± 4.7 26.3 ± 4.5 26.7 ± 4.9 0.74a

ASA Grade ASA grade 1 - 
21 
ASA grade 2 - 
36 
ASA grade 3 - 
17

ASA grade 1 - 
11 
ASA grade 2 - 
18 
ASA grade 3 - 
5

ASA grade 1 - 
10 
ASA grade 2 - 
18 
ASA grade 3 - 
12

0.88**

Charlson 
Comorbidity 
Index (CCI)

Low risk (0-1 
point) - 47 
Moderate risk 
(2-3 points) 
− 19 
High risk (≥4 
points) - 8

Low risk (0-1 
point) - 22 
Moderate risk 
(2-3 points) - 
9 
High risk (≥4 
points) - 3

Low risk (0-1 
point) - 25 
Moderate risk 
(2-3 points) - 
10 
High risk (≥4 
points) - 5

0.54#

VAS Score (Back 
pain)

6.69 ± 0.9 6.7 ± 0.9 6.67 ± 0.91 0.88a

VAS score (Leg 
pain)

5.31 ± 1.23 5.47 ± 1.41 5.17 ± 1.03 0.318a

ODI score (out of 
45 - excluding 
sex life)

28.36 ± 4.14 27.85 ± 4.63 28.8 ± 3.68 0.33a

a Independent t-test; ** - Chi square test; # - Mann-Whitney test; VAS - Visual 
analog score; ODI - Oswestry Disability Index.

Table 2 
Pre-operative radiographic parameters.

Pre-operative 
parameters

Robotic assisted (n =
34)

Non-robotic (n =
40)

p- 
valuea

Pelvic Incidence (PI) 52.17◦ (17.6◦) 52.43◦ (12.56) 0.964
Pelvic Tilt (PT) 26.2◦(9.72◦) 30.43◦ (5.74) 0.277
Sacral Slope (SS) 26◦ (16.4) 22◦ (8.4) 0.544
Lumbar Lordosis (LL) 22.33◦ (14.6) 18.71◦ (6.6) 0.318
SVA (cm) 6.2 (3.6) 5.1 (2.8) 0.470
Coronal cobbs 22.5◦ (13.32) 31.7◦ (10.31) 0.150

a Independent t-test.
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group (4.8 ± 2.5), with a mean difference of 2.1 (95% CI 0.9–3.4; p 
= 0.002) and a large effect size (Cohen's d = 0.81).

A consolidated summary of peri-operative and functional outcomes 
are presented in Table 3.

3.4. Peri-operative complications

Medical complications were recorded in 14 patients, accounting for 
19 events, involving 8 patients in the robotic group and 6 in the non- 
robotic group. Urinary tract infection (UTI) was the most common 
complication, occurring in six patients (2 robotic, 4 non-robotic; p =
0.415). Other medical events included paralytic ileus (2 patients, one 
per group), acute kidney injury (1 robotic), pulmonary embolism (2 non- 
robotic), myocardial infarction (1 non-robotic), deep vein thrombosis (1 
robotic), delirium (4 patients, two per group), and sepsis (2 patients, one 
per group). Both sepsis cases followed postoperative UTI and required 
readmission for intravenous antibiotics. Cardiopulmonary events were 
identified prior to discharge and managed without residual morbidity. 
Multiple complications occurred in five patients, including combined 
pulmonary embolism and myocardial infarction, UTI progressing to 
urosepsis, and delirium with paralytic ileus. No between-group differ
ences were statistically significant.

Surgical complications occurred in 14 patients (6 robotic, 8 non- 
robotic). Wound dehiscence was most frequent (4 patients, two per 
group), followed by CSF leak (3 patients), deep surgical site infection (3 
patients), and neurological deficit (4 patients). Deep surgical site in
fections occurred in three patients (one in the robotic group and two in 
the non-robotic group), while cerebrospinal fluid leaks were observed in 
three patients (one robotic and two non-robotic). No statistically sig
nificant differences were noted between groups. Complications and their 
distribution are summarized in Table 4.

3.5. Readmission and mortality

Six patients were readmitted within 30 days due to urosepsis (2 
patients - one robotic and one non-robotic), deep surgical site infection 
(3 cases - one robotic and two non-robotic), or persistent CSF leak(one 
patient in non-robotic group). No cases of 30-day mortality was 
observed in any of the cohorts.

Comparisons between groups were performed using the chi-square 
test for overall complication rates and Fisher's exact test for individual 
complication subtypes, depending on expected cell counts. A two-tailed 
p < 0.05 was considered statistically significant.

4. Discussion

Adult spinal deformity (ASD) surgery requiring long-segment fusion 
represents one of the complex procedures in spine surgery and is asso
ciated with substantial perioperative morbidity, including high blood 
loss, prolonged operative time, and extended hospitalization.15,16

Robotic-assisted surgery has emerged as a potential strategy to address 
these challenges by improving instrumentation accuracy while facili
tating minimally invasive fixation. By limiting soft tissue disruption and 
optimizing screw placement, robotic assistance may mitigate several 
perioperative risks inherent to ASD surgery.

In our cohort, robotic-assisted surgery was associated with signifi
cantly lower intraoperative blood loss, shorter operative duration, and 
reduced length of hospital stay compared with conventional open 
techniques. These findings align with a systematic review by Sun et al., 
which demonstrated an approximate 30% reduction in estimated blood 
loss with robotic pedicle screw insertion in deformity surgery.17 Simi
larly, our study demonstrated a 27% reduction in blood loss in the ro
botic group. Given the established association between blood loss, 
operative duration, and postoperative complications, these findings are 
clinically meaningful.

Operative time is a critical determinant of perioperative morbidity. 
Monetta et al. reported a marked increase in both medical and surgical 
complications as operative duration increased, with complication rates 
rising from 2.4% for procedures under 2 h to nearly 70% for surgeries 
exceeding 4 h.18 In our study, robotic-assisted surgery reduced operative 
time by approximately 1 h. While earlier reports suggested longer 
operative times with robotic spine surgery compared to 

Table 3 
Comparison of peri-operative parameters and functional outcomes.

Variable Robotic (n = 34) Non-robotic (n = 40) p-value

Estimated Blood Loss 
(ml)

Mean(SD) - 745 
(168) 
Median(IQR) - 
740 (650–828)

Mean(SD) - 1026 
(266) 
Median(IQR) 
− 1000(845–1163)

p <
0.01*

Duration of Surgery 
(min)

Mean(SD) - 227.64 
(28.3) 
Median(IQR) - 
220(210–240)

Mean(SD) - 290.25 
(30.5) 
Median(IQR) - 295 
(268–320)

p <
0.01*

Length of Stay 
(number of days)

Mean(SD) - 2.97 
(0.90) 
Median(IQR) - 3.0 
(2–3.75)

Mean(SD) - 5.12 
(0.91) 
Median(IQR) - 5.5 
(5–6)

p <
0.001*

30 day post op VAS 
score (back pain)

2.6 ± 0.9 2.97 ± 0.86 p =
0.055*

△VAS - Back pain 4.12 ± 0.97 3.7 ± 0.85 p =
0.06*

30 day post op VAS 
score (leg pain)

1.65 ± 0.73 1.45 ± 0.87 p =
0.224 *

△VAS - Leg pain 3.82 ± 1.31 3.72 ± 1.15 p =
0.44*

30 day post op ODI 
score

20.91 ± 2.76 24 ± 3.85 p <
0.01*

△ODI score 6.94 ± 2.83 4.8 ± 2.48 p <
0.01*

SD - Standard Deviation; IQR - Inter-quartile range; * - Mann Whitney U test.

Table 4 
Overview of complications.

Variable Overall (n = 74) Robotic (n =
34)

Non-robotic (n 
= 40)

Medical 
complications 
(no. of patients)

14 (19 complications 
in 14 patients) 
UTI - 6 
AKI - 1 
PE - 2 
MI - 1 
Sepsis - 2 
DVT - 1 
Ileus - 2 
Delirium - 4

8 
UTI - 2 
AKI - 1 
PE - 0 
MI - 0 
Sepsis - 1 
DVT - 1 
Ileus - 1 
Delirium - 2

6 
UTI - 4 
AKI - 0 
PE - 2 
MI - 1 
Sepsis - 1 
DVT - 0 
Ileus - 1 
Delirium - 2

Surgical 
complications 
(no. of patients)

14 
Wound Dehiscence - 4 
CSF leak - 3 
Deep SSI - 3 
Neurological deficit - 
4

6 
Wound 
Dehiscence - 2 
CSF leak - 2 
Deep SSI - 1 
Neurological 
deficit - 1

8 
Wound 
Dehiscence - 2 
CSF leak - 1 
Deep SSI - 2 
Neurological 
deficit - 3

Re-admissions 6 readmissions 
UTI and sepsis - 2 
(Managed with 
supportive care and IV 
antibiotics) 
Deep SSI - 3 (wound 
debridement done) 
CSF Leak - 1 (re- 
exploration and repair 
of dural defect)

3 
readmissions 
UTI and sepsis - 
1 
CSF Leak - 1 
Deep SSI - 1

3 
readmissions 
UTI and sepsis - 
1 
Deep SSI - 2

Mortality Nil Nil Nil

UTI - Urinary tract infection; AKI - Acute Kidney Injury; PE - Pulmonary em
bolism; CSF - Cerebrospinal fluid.
MI - Myocardial infarction; DVT - Deep Vein Thrombosis; SSI - Surgical site 
infection.
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navigation-based or freehand techniques,19,20 many of these studies 
reflected early adoption phases, limited-level fusions, and less stan
dardized workflows. In contrast, our experience demonstrates that for 
long-segment constructs involving 9–12 levels, robotic assis
tance—particularly with percutaneous screw placement—can mean
ingfully reduce operative duration compared with open midline 
exposure used in most prior series.

Length of hospital stay was also significantly reduced in the robotic 
group. Kantelhardt et al. reported a mean reduction of four days with 
percutaneous robotic-assisted procedures compared to non-robotic sur
gery,21 while Hyun et al. demonstrated shorter hospital stays in a ran
domized trial comparing robotic-assisted and conventional open 
techniques (6.8 vs. 9.4 days).22 A meta-analysis by Li et al. similarly 
reported reduced postoperative hospitalization with robotic pedicle 
screw placement compared to freehand methods.23 Consistent with 
these findings, patients in our robotic cohort experienced a shorter 
hospital stay, averaging approximately three days versus nearly five 
days in the open group, with potential implications for reduced 
healthcare costs.

The impact of robotics on functional outcomes remains less clear. 
Hyun et al. reported superior improvement in ODI scores with robotic 
assistance,22 whereas Park et al. and Keric et al. found no significant 
differences.24,25 Notably, these studies primarily involved 
short-segment fusions performed through open approaches in both 
groups. In contrast, our study focused on long-segment constructs and 
employed percutaneous fixation for proximal segments in the robotic 
cohort, preserving midline musculature which likely contributed to the 
superior ODI improvement observed in our robotic group. Although the 
robotic-assisted group demonstrated a statistically greater improvement 
in ODI at 30 days, this difference did not consistently exceed commonly 
reported thresholds for the minimal clinically important difference 
(MCID), which typically range from 8 to 12 points in adult spinal 
deformity populations.26 However, given the early postoperative time 
point evaluated in this study, these findings likely reflect accelerated 
functional recovery rather than definitive long-term superiority. 
Longer-term follow-up is necessary to determine whether these early 
advantages translate into clinically meaningful differences at later time 
points.

Improvements in VAS scores for back and leg pain were comparable 
between groups, underscoring the multifactorial nature of axial back 
pain, which is influenced by factors such as sarcopenia, osteoporosis, 
frailty, and psychosocial variables that may not be directly modified by 
robotic assistance alone. It is important to acknowledge that the 
observed perioperative advantages likely reflect the combined effect of 
robotic guidance and a minimally invasive fixation strategy, as these two 
components are inherently integrated in the robotic workflow used in 
this study.

Despite these perioperative and functional benefits, safety remains a 
key concern. In our series, overall complication rates, 30-day read
missions, and mortality were comparable between robotic and non- 
robotic groups, with no deaths observed within 30 days. These find
ings are consistent with those of Vengsarkar et al., who reported similar 
surgical complication rates but fewer pulmonary and systemic events in 
robotic ASD surgery, potentially attributable to reduced surgical 
stress.27

Urinary tract infection (UTI) was the most common medical 
complication in our cohort, occurring in 8.1% of patients. UTIs in the 
postoperative period carry significant systemic implications. Núñez- 
Pereira et al. reported that over one-third of Gram-negative surgical site 
infections originated from urinary sources.28 In our study, both cases of 
deep surgical site infection were preceded by UTIs with concordant 
E. coli cultures. Additionally, Bohl et al. demonstrated that UTIs sub
stantially increase the risk of systemic sepsis,29 a finding reflected in our 
cohort, where both patients who developed sepsis had preceding UTIs.

Pulmonary complications, historically common in deformity sur
gery—particularly with combined anterior approaches—have decreased 

with the predominance of posterior-only techniques. Jules-Elysee et al. 
reported radiographic pulmonary abnormalities in 64% of patients un
dergoing combined anteroposterior fusion.30 While contemporary pos
terior approaches have reduced this risk, pulmonary complications 
continue to occur in 3–5% of frail or elderly patients due to aspiration or 
preexisting cardiopulmonary compromise.

Cardiovascular complications following spine surgery remain un
common, with reported 30-day myocardial infarction rates ranging from 
0.13% to 1.60%.31,32 Identified risk factors include extensive fusion, 
prolonged operative duration, advanced age, transfusion, and chronic 
kidney disease. In our cohort, cardiopulmonary complications occurred 
in 4.05% of patients, including two pulmonary emboli and one 
myocardial infarction, reflecting the high-risk nature of ASD surgery 
rather than technique-specific factors.

Robotic integration in ASD surgery continues to evolve. Future ad
vances may include enhanced navigation, augmented reality, and arti
ficial intelligence–assisted planning to further improve efficiency and 
accuracy. Expanded use of minimally invasive deformity correction 
enabled by robotics may further reduce tissue trauma, blood loss, and 
postoperative pain. Cost-effectiveness remains a critical consideration; 
while robotic systems entail substantial capital investment, reductions 
in transfusion requirements, complications, and length of stay may 
offset initial costs. Identifying patient subgroups most likely to bene
fit—such as elderly or frail individuals and those with severe deformi
ty—will be essential for optimizing utilization.

5. Limitations

This study is limited by its retrospective, single-center design and 
relatively small sample size, which restricts the ability to detect differ
ences in rare complications. Only short-term outcomes were evaluated, 
and long-term radiographic correction, fusion rates, and implant dura
bility were not assessed. Propensity matching and multivariable ana
lyses were not performed due to sample size limitations, although 
baseline characteristics were comparable and effect-size estimates sup
port the robustness of our findings. Because treatment allocation was not 
randomized and was influenced by the timing of robotic adoption and 
patient preference, selection bias cannot be excluded; however, baseline 
demographic, clinical, and radiographic characteristics were compara
ble between groups. Larger prospective multicenter studies with long- 
term follow-up and cost analyses are warranted.

6. Conclusion

Robotic-assisted long-segment fusion for adult spinal deformity was 
associated with reduced blood loss, shorter operative time, and 
decreased hospital stay compared with non-robotic open surgery, 
without increased complications or readmissions. These findings suggest 
that robotic assistance enhances perioperative efficiency and may 
translate into meaningful early clinical benefits.
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