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BACKGROUND AND OBJECTIVES: The spectrum of patients requiring adult spinal deformity (ASD) surgery is highly
variable in baseline (BL) risk such as age, frailty, and deformity severity. Although improvements have been realized in
ASD surgery over the past decade, it is unknown whether these carry over to high-risk patients. We aim to determine
temporal differences in outcomes at 2 years after ASD surgery in patients stratified by BL risk.
METHODS: Patients ≥18 years with complete pre- (BL) and 2-year (2Y) postoperative data from 2009 to 2018 were
categorized as having undergone surgery from 2009 to 2013 [early] or from 2014 to 2018 [late]. High-risk [HR] patients
met ≥2 of the criteria: (1) ++ BL pelvic incidence and lumbar lordosis or SVA by Scoliosis Research Society (SRS)-Schwab
criteria, (2) elderly [≥70 years], (3) severe BL frailty, (4) high Charlson comorbidity index, (5) undergoing 3-column
osteotomy, and (6) fusion of >12 levels, or >7 levels for elderly patients. Demographics, clinical outcomes, radiographic
alignment targets, and complication rates were assessed by time period for high-risk patients.
RESULTS: Of the 725 patients included, 52% (n = 377) were identified as HR. 47% (n = 338) had surgery pre-2014 [early],
and 53% (n = 387) underwent surgery in 2014 or later [late]. There was a higher proportion of HR patients in Late group

ABBREVIATIONS: 3CO, 3-column osteotomy; ACR, anterior column realignment; ASD, adult spinal deformity; BL, baseline; BMP,
bone morphogenetic protein; CCI, Charlson comorbidity index; GAP, global alignment and proportion; HR, high risk; HRQL, health-related quality of life;
ISSG, International Spine Study Group; LL, lumbar lordosis; ODI, Oswestry Disability Index; PI, pelvic incidence; PJK, proximal junctional kyphosis; SF-36,
Short Form-36; SRS, Scoliosis Research Society; SVA, sagittal vertical axis; TXA, tranexamic acid.
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(56% vs 48%). Analysis by early/late status showed no significant differences in achieving improved radiographic
alignment by SRS-Schwab, age-adjusted alignment goals, or global alignment and proportion proportionality by 2Y (all
P > .05). Late/HR patients had significantly less poor clinical outcomes per SRS and Oswestry Disability Index (both P <
.01). Late/HR patients had fewer complications (63% vs 74%, P = .025), reoperations (17% vs 30%, P = .002), and surgical
infections (0.9% vs 4.3%, P = .031). Late/HR patients had lower rates of early proximal junctional kyphosis (10% vs 17%, P =
.041) and proximal junctional failure (11% vs 22%, P = .003).
CONCLUSION: Despite operating on more high-risk patients between 2014 and 2018, surgeons effectively reduced
rates of complications, mechanical failures, and reoperations, while simultaneously improving health-related quality
of life.

KEY WORDS: Adult spinal deformity, High-risk patients, Postoperative outcomes, Complication rates, Reoperation, SRS-Schwab modifiers, Frailty

The management of adult spinal deformity (ASD) has seen
significant growth in diagnosis, patient selection, surgical
technique, and perioperative care.1-3 In a recent investi-

gation, 71% of patients with ASD were found to have durable,
functional improvement at 3 years postoperatively. However, the
authors noted that frailty, comorbidities, and surgical approach
were partly responsible for less-than-ideal outcomes.1

Over the past decade, technical improvements and advances in
medical management have made ASD surgery more efficient and
reduced complications, reoperations, and readmissions.4 How-
ever, whether these benefits apply to all eligible patients is unclear.
In recent years, surgeons have become more open to operating on
patients who are deemed to be at high risk (HR) for adverse events
based on age, baseline (BL) frailty, deformity severity, and other
factors.5 Although morbidity and recovery have improved in ASD
surgery over the past decade, it is unknown if high-risk individuals
benefit.
In this context, we sought to determine whether temporal

changes in technique and surgical management of ASD have
resulted in improved outcomes for high-risk individuals under-
going ASD corrective surgery. We used a large multicenter series
of patients from the International Spine Study Group, which
included ASD surgery performed over the course of 2009 to 2018.
This data set was previously used to support determinations of
outcomes after surgical interventions and temporal changes in
ASD management.6 We hypothesized that because of improve-
ments in the surgical management of ASD over the past decade,
high-risk patients operated on more recently would experience
lower complication rates and better clinical outcomes.

METHODS

Data Source and Study Design
We performed a retrospective review of a prospectively collected,

multicenter database containing patients with ASD enrolled at 19 par-
ticipating centers from 2009 to 2018. Institutional review board approval
was obtained at each participating enrollment site, and all patients
provided informed consent at enrollment. Overall, eligibility for inclusion
in the registry has been extensively outlined before.7 The data collected at

the participating sites underwent rigorous quality control, which included
quarterly query reports that were compiled and sent to designated
research coordinators. These reports were reconciled to address any
missing or potentially erroneous data points. Our investigation consisted
of patients obtained from the full anonymized International Spine Study
Group (ISSG) data set who met the following criteria: patients with ASD
who received surgical intervention and had complete radiographic and
health-related quality-of-life (HRQL) data before surgery and at 2 years
postoperatively.

Data Collection and Radiographic Assessment
Standardized data collection forms captured patient demographics,

surgical parameters, and comorbidities at initial presentation. Adverse
events, including complications, mechanical failure, and kyphosis, were
assessed at all follow-up intervals up to 2 years. HRQLmetrics collected at
BL and at follow-up time points included the Short Form-36 (SF-36),
Oswestry Disability Index (ODI), and Scoliosis Research Society (SRS)-
22r (SRS-22r).

Radiographic parameters at BL and follow-up intervals were assessed
with full-length free-standing lateral spine radiographs. Images were
analyzed with SpineView® (ENSAM, Laboratory of Biomechanics).8-10

The spinopelvic radiographic parameters examined were pelvic tilt (PT:
the angle between the vertical and the line through the sacral midpoint to
the center of the 2 femoral heads), the mismatch between pelvic incidence
and lumbar lordosis (PI-LL), and the sagittal vertical axis (SVA: C7
plumb line relative to the posterior–superior corner of S1).11,12

Definition of Early and Late Surgical Cohorts
Patients were stratified by year of surgery into early and late cohorts.

Those who received surgery from 2009 to 2013 were classified in the early
group. Those who received surgery between 2014 and 2018 were
classified in the late group. Temporal division in 2014 was used to
compare cohorts with adequate recorded follow-up data. Furthermore, as
the application of high-risk committees steadily increased, no inflection
point could be determined, further reinforcing the decision to use a
temporal midpoint.

Measures of Radiographic Alignment
The SRS-Schwab ASD classification system was used to stratify the

severity of deformity, which involves 3 established modifiers of PT, PI-
LL, and SVA, each stratified into 3 tiers of severity: 0 [nonpathologic], +
[moderate deformity], and ++ [marked deformity].13 Age-adjusted
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alignment targets for sagittal correction were evaluated using previously
published criteria established by Lafage et al.14,15 Finally, the global
alignment and proportion (GAP) score was calculated. This scoring utility
includes 4 parameters: Relative pelvic version (measured minus ideal
sacral slope) [0-3], relative lumbar lordosis (measured minus ideal lumbar
lordosis) [0-3], lordosis distribution index (L4-S1 lordosis divided by L1-
S1 lordosis multiplied by 100) [0-3], and relative spinopelvic alignment
(measured minus ideal global tilt) [0-3], as well as an age factor [0-1]. The
total score calculated out of 13 determines proportionality based on
previously defined distributions (≤2 proportional, 3 to 6 moderately
disproportional, and ≥7 severely disproportional).16

Definition of High-Risk Cohort
A patient was deemed HR if they met 2 or more of the following

criteria: (1) ++ BL PILL or SVA by SRS-Schwab criteria, (2) being elderly
[≥70 years], (3) severe BL frailty [by 40-itemMiller frailty index], (4) high
Charlson comorbidity index (CCI) [≥1 SD above the cohort mean], (5)
undergoing 3-column osteotomy, or (6) undergoing fusion of >12 levels,
or >7 levels for an elderly patient.17-19

Functional Outcomes
Postoperative functional outcomes were assessed as previously defined

by Smith et al: Regarding the SRS-22 questionnaire, the best clinical
outcome was a SRS-22 Total score ≥4.5, while the worst clinical outcome
was a SRS-22 Total score ≤2.5 at 2-year follow-up. For ODI, the best
clinical outcome was a score ≤15 and the worst clinical outcome was a
score ≥50.20

Statistical Analysis
In this investigation, complications were considered the primary

outcome, with all other outcomes considered secondarily. The time of
surgery (early vs late) was the primary predictor. All other factors were
considered covariates. Baseline comparisons were made using χ2 testing
and independent-sample t-tests for categorical and continuous variables.
Binomial logistic regression assessed effect of multiple independent
variables on trajectory of dependent variables. All analyses were performed
using SPSS software (IBM Corp. IBM SPSS Statistics for Windows,
v25.0). Statistical tests were 2-tailed with significance set to P < .05.

RESULTS

Cohort Overview/Demographics
725 patients with ASDmet the inclusion criteria. Overall, 47%

of patients (n = 338) had their index surgery before 2014 [early],
and 53% (n = 387) underwent surgery in 2014 or later [late]. The
mean age of the total population was 61 ± 14 years, 77% were
female, mean body mass index (BMI) was 27.8 ± 5.9 kg/m2, and
mean CCI was 1.82 ± 1.74. By the Miller ASD frailty index,
39.4% (n = 286) were not frail, 40.3% (n = 292) were frail, and
18.8% (n = 136) were severely frail. In terms of surgical char-
acteristics, mean levels fused was 11.0 ± 4.4, mean estimated
blood loss was 1523 mL, and mean operative time was 377 min.
18.5% of patients (n = 134) underwent 3-column osteotomy
(3CO) during index surgery. By surgical approach, 67% of pa-
tients (n = 486) underwent posterior-only and 32% (n = 232)

underwent combined surgery. Of the 725 operative ASD patients,
52% (n = 377) were identified as high-risk [HR]. 70.9% of early-
HR patients and 55.9% of late-HR patients had 2-year follow-up
data. Patients without complete data were excluded, which
yielded cohorts of 161 for early-HR and 216 for late-HR. For
patients within the HR cohort, the mean age was 67 ± 10 years,
mean BMI was 28.9 ± 5.8 kg/m2, and mean CCI was 2.5 ± 1.9.
Within HR, 96 patients (25.9%) were considered not frail, 153
(41.4%) were frail, and 121 (32.7%) were considered severely
frail. There was a significant difference in age, BL BMI, and BL
CCI between the HR and non-HR cohorts (P < .001, all) (Tables
1 and 2).

Radiographic Data
Mean radiographic parameters were as follows: PT 24.4°, PI-LL

16.8°, SVA 66.2 mm, sacral slope 30.7°, and T4-T12
kyphosis �34.1°. SRS-Schwab modifier assessment at BL iden-
tified the following distribution of deformity severity: 35.0%
nonpathological [0], 23.6% moderate deformity [+], and 41.4%
marked deformity [++] for PI-LL; 40.8% 0, 28.9% +, and 30.3%
++ for SVA; 34.2% 0, 37.0% +, and 28.8% ++ for PT.

Mitigating Techniques
Among HR patients, the late group had higher usage of

proximal junctional kyphosis (PJK) prophylaxis (59% vs 24%, P <
.001) and higher usage of supplemental rods (37% vs 9%, P <
.001). PJK prophylaxis entailed using or combining hooks,
tethers, cement/kyphoplasty, transition rods, or crosslinks.
However, no significant associations were found between using
bone morphogenetic protein (BMP)-2 or supplemental rods and
rates of PJK/proximal junctional failure in the HR cohort.

Outcomes for High-Risk Patients by Year of Surgery
After temporal binning, 61 patients (42.7%) fell within the

early group and 216 patients (57.3%) were in the late group.
High-risk patients who had surgery in 2014 or later [late group]
were older (63 years vs early: 58 years), had a more marked
deformity in PI-LL preoperatively, had higher CCI scores, and
underwent fewer 3CO (all P < .05). There was a higher proportion
of HR patients in the late group (56% vs early: 48%, P = .028).
There were no significant differences between the Early HR vs

Late High-Risk patients in achieving improved radiographic
alignment in terms of SRS-Schwab, matching age-adjusted
alignment goals of Lafage et al, or improving in GAP pro-
portionality by 2 years postoperatively (all P > .05). Late-HR
patients had fewer poor clinical outcomes by the definition of
Smith et al for SRS-22r and ODI (both P < .01) (Table 3). These
findings remained statistically significant when accounting for BL
age and SRS-22 Total scores via binomial logistic regression
(χ2(3) = 73.672, P < .001). Furthermore, at 2Y, late-HR patients
more frequently achieved mimimum clinically important differ-
ence in SRS-Mental domain (P < .05), yet early-HR patients more
frequently met best clinical outcome of Smith et al in SRS at 2Y
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(P < .005). Late-HR patients more frequently achieved BCO of
Smith et al in ODI at 2Y (P = .013), and early-HR patients more
frequently achieved best clinical outcome of Smith et al in ODI at
2Y (P < .005).
Examining complications occurring up to 2 years postoperatively,

late-HR patients had lower rates of overall complication (63% vs
early: 74%, P = .025), reoperation (17% vs 30%, P = .002), and
deep surgical infection (0.9% vs 4.3%, P = .031). Late-HR patients
had lower rates of early PJK (by 6M postoperatively; 10% vs 17%,
P = .041) and a lower rate of proximal junctional failure by 2 years
postoperatively (11% vs 22%, P = .003). Late-HR patients also
trended toward a lower rate of rod fracture (10% vs 16%, P = .062).

DISCUSSION

HR patients with ASD often experience elevated rates of
postoperative complications, reoperations, morbidity, and mor-
tality, with mortality rates reaching up to 30% in patients older
than 65 years.11,21 In this study, we aimed to identify the impact

of temporal changes across stages of ASD surgery among HR
patients who underwent corrective surgery. Our findings reveal
advancements in managing HR patients undergoing ASD surgery,
with marked improvements in outcomes for those operated on
between early and late cohorts, corresponding with the intro-
duction of enhanced surgical techniques and perioperative care.
Historically, advanced age was a significant factor in patient

selection and surgical suitability for ASD surgery.21,22 However,
recent developments in ASD-specific frailty indices prompted a
shift in evaluating patient risk vs benefit. Reliance on chrono-
logical age alone has proven less predictive.19,23 Frailty is rec-
ognized as a predictor of postoperative complications and
reoperation likelihood. A comprehensive study involving 598
patients with ASD highlighted a significant correlation between
frailty status and clinical outcomes: 24.2% classified as “not frail”
experienced favorable outcomes, while only 16.7% of those
deemed “frail” or “severely frail” achieved similar results.24 The
mASD-FI predicted 30-day mortality and readmission rates in
spinal surgeries, emphasizing the utility of frailty assessments in
preoperative evaluations.21 In our study, late-HR patients had a

TABLE 1. Demographic and BL Comparison of Cohorts: Non–High-Risk Patients, High-Risk Patients, and Early/Late Cohorts

Baseline demographic characteristics

Mean value ± SD

P valueNon-HR cohort (n = 348) HR cohort (n = 377)

Age (y) 54.4 ± 14.2 66.8 ± 10.0 <.001*

Sex (% female) 78% 80% .509

BMI (kg/m2) 26.6 ± 5.8 28.9 ± 5.8 <.001*

Baseline CCI 1.03 ± 1.1 2.5 ± 1.9 <.001*

Miller ASD Frailty Index

Not frail 39.4% (n = 286) 25.9% (n = 96)

Frail 40.3% (n = 292) 41.4% (n = 153)

Severely frail 18.8% (n = 136) 32.7% (n = 121)

Early cohort (n = 338) Late cohort (n = 387) P value

Age (y) 57.9 ± 14.8 63.3 ± 12.0 <.001*

Sex (% female) 80% 70% .038*

BMI (kg/m2) 27.3 ± 6.1 28.2 ± 5.7 .027*

Baseline CCI 1.6 ± 1.7 2.1 ± 1.8 <.001*

Early HR cohort (n = 161) Late HR cohort (n = 216) P value

Age (y) 65.4 ± 11.2 67.8 ± 8.9 .011*

Sex (% female) 80% 80% .979

BMI (kg/m2) 29.1 ± 6.0 28.7 ± 5.7 .242

Baseline CCI 2.4 ± 1.9 2.7 ± 1.9 .079*

ASD, adult spinal deformity; BL, baseline; BMI, body mass index; CCI, Charlson comorbidity index; HR, high-risk.

4 | VOLUME 00 | NUMBER 00 | MONTH 2024 operativeneurosurgery-online.com

PASSIAS ET AL

© Congress of Neurological Surgeons 2024. Unauthorized reproduction of this article is prohibited.

http://www.operativeneurosurgery-online.com


higher mean age than early-HR patients (63 y vs 58 y). In
addition, the increased proportion of HR patients in the later
cohort (56% vs 48%) indicates increased surgeon confidence in
managing complex cases. Moreover, preoperative rehabilitation
optimization protocol has garnered significant interest. Nielsen
et al25 conducted a randomized controlled trial on patients un-
dergoing a 2-month prehabilitation program with degenerative
lumbar disease. They found that participants reached recovery
milestones faster, experienced shorter hospital stays, and reported
greater satisfaction. Advances in preoperative protocols have
substantially broadened the patient population eligible for sur-
gery.19,23,26

In the late-HR cohort, we observed a reduced incidence of
overall complications from 74% to 63% (P = .025), reoperations
from 30% to 17% (P = .002), and deep surgical infections from
4.3% to 0.9% (P = .031). Standardized protocols for perioperative
medical assessments/optimization, intraoperative anesthesia fluid
management, and postoperative pain control/mobilization have
become critical to the success of surgical outcomes in ASD surgery
in recent years.5,27-29 The Seattle Spine Team Protocol em-
phasizes preoperative education and counseling for patients on the
importance of medical optimization. After the implementation of
this protocol, patients exhibited a statistically significant reduction
in all measured complications within 30 days after surgery.29 In

TABLE 2. Surgical Comparison of Cohorts: Non–High-Risk Patients, High-Risk Patients, and Early/Late Cohorts

Surgical characteristics

Mean value ± SD

P valueNon-HR cohort (n = 348) HR cohort (n = 377)

Posterior levels fused 9.8 ± 4.0 12.1 ± 4.3 <.001*

EBL (mL) 1223.9 ± 1270.3 1800.9 ± 1596.2 <.001*

Operative time (min) 354.6 ± 132.3 397.7 ± 133.2 <.001*

Length of stay (d) 6.9 ± 3.6 8.6 ± 4.9 <.001*

Interbody fusion 461 (63.5%) 252 (66.8%) .361

Decompression 433 (59.7%) 244 (64.7%) .004*

No. of 3-column osteotomies .03 ± .178 .42 ± .501 <.001*

Early cohort (n = 338) Late cohort (n = 387) P value

Posterior levels fused 11.4 ± 4.2 10.7 ± 4.4 .019*

EBL (mL) 1772.2 ± 1647.7 1308.6 ± 1273.8 <.001*

Operative time (min) 378.1 ± 131.7 376.1 ± 137.0 .421

Length of stay (d) 7.96 ± 3.67 7.7 ± 4.9 .168

Interbody fusion 215 (63.6%) 246 (63.6%) .35

Decompression 211 (62.4%) 222 (57.4%) .166

No. of 3-column osteotomies 0.33 ± .472 .2 ± .411 <.001*

Early HR cohort (n = 161) Late HR cohort (n = 216) P value

Posterior levels fused 12.4 ± 4.2 11.9 ± 4.4 .111

EBL (mL) 2042.8 ± 1812.1 1622.3 ± 1393.6 .006

Operative time (min) 396.9 ± 136.5 398.3 ± 131.1 .459

Length of stay (d) 9.0 ± 4.0 8.3 ± 5.4 .093

Interbody fusion 116 (72%) 135 (62.5%) .355

Decompression 113 (70.2%) 131 (60.6%) .055

No. of 3-column osteotomies .59 ± .494 .31 ± .474 <.001*

EBL, estimated blood loss; HR, high-risk.
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addition, significant improvements have been made in intra-
operative management. Although tranexamic acid (TXA) dem-
onstrated efficacy in reducing blood loss in spine surgery as early as
2010, it was not until 2015 that the first prospective, randomized
trial investigating the use of TXA in ASD surgery was pub-
lished.30,31 A meta-analysis confirmed that TXA was not sig-
nificantly associated with an increased risk of thromboembolic
events but was linked with lower intraoperative blood loss and
total transfusion volumes in ASD surgery. Regarding TXA dosage,
a recent randomized controlled trial compared 2 TXA protocols
[low dose (L): 10 mg/kg bolus, 1 mg/kg/hr infusion; high dose
(H): 50 mg/kg, 5 mg/kg/h] in complex ASD surgery.32

We observed that late-HR patients underwent fewer 3CO (P <
.05). In recent years, there has been an increase in anterior column
realignment (ACR) procedures and a decrease in 3CO proce-
dures.33,34 Because of their capacity for large degrees of correc-
tion, 3CO procedures were a mainstay for significant rigid sagittal
plane deformities.35,36 However, increasing awareness and re-
porting of the high complication rate associated with 3COs,
especially in frail patients, have decreased their popularity.37-40

The shift toward ACR is due to its similar efficacy in unfused
spines and less morbid outcomes (minimally invasive approach,
decreased blood loss, and lower complication rates).36,37,41-43

Although ACR has gained popularity, both procedures are used
for their effective corrective capabilities when applied appropri-
ately.36,37,41,43,44

Meanwhile, we also observed an increased incorporation of
supplemental rods (37% vs 9%, P < .001) and a lower rate of rod
fracture (10% vs 16%, P = .062) in the late-HR cohort. Spine
deformity surgeons recognized the importance of offloading
biomechanical stress at the 3CO because of the high rod fracture
and pseudarthrosis rates, and began incorporating supplemental
rod constructs.45-50 It is commonly recommended to use bilateral

accessory rods to support the lumbosacral junction (2 accessory
rods and 2 primary rods).51 A systematic review and meta-analysis
of multiple-rod constructs vs 2-rod constructs found that the rod
breakage rates in the multiple-rod and the 2-rod groups were
10.66% and 29.87%, respectively. The multiple-rod construct
inhibited rod breakage (odds ratio [OR]: 0.28; 95% CI: 0.19-
0.41; P < .001), pseudarthrosis (OR, 0.30; 95% CI, 0.18-0.50;
P < .001), and rod fracture at the osteotomy site (OR, 0.34; 95%
CI, 0.13-0.89; P = .03). Concurrently, the utilization of BMP in
spinal fusion surgery for ASD has increased. A meta-analysis
assessing the safety and efficacy of BMP in this context re-
vealed a significant decrease in pseudarthrosis rates (OR = 0.23,
95% CI, P = .002, i2 = 0) among patients receiving BMP.52 The
average BMP dose was 8.75 mg/level, lower than the recom-
mended 12 mg/level dosage. Additional studies have reported that
the combined use of multirod constructs and BMP can reduce the
risk of pseudarthrosis and reoperation by 7.5-fold.53,54

In recent years, the field of ASD has made significant strides in
defining and using target parameters, such as PI-LL, which has
become a cornerstone metric guiding spine surgeons in re-
constructing the lumbar spine.55 In 2012, Schwab and SRS
introduced the SRS-Schwab classification, building upon
Schwab’s classification system.13,56,57 The PI-LL metric has been
refined to adjust for extreme pelvic incidence and patient age
values.58 Despite higher BL risk and deformity severity in the late-
HR cohort, patients experienced fewer poor clinical outcomes as
measured by the SRS and ODI scores (both P < .01). This
evolution spurred further developments, including the sagittal
age-adjusted score for ASD.59 Offering a lower failure rate and
enhanced HRQL, the sagittal age-adjusted score aims to improve
HRQL while mitigating the risk of mechanical complications.59

Our data showed that despite poorer CCI scores in the late-HR
cohort, there were no significant differences in achieving

TABLE 3. Comparison of Outcomes Between Early and Late HR Patients

Complications Early HR (n = 161) Late HR (n = 216) P value

Complications before 2Y 73.9% 63.0% .025*

Reoperation before 2Y 30.4% 17.1% .002*

Infection before 2Y 9.3% 4.2% .043*

Deep infection 4.3% 0.9% .031*

Proximal junctional kyphosis

6 months 17.4% 10.2% .041*

3 years 42.2% 18.5% .001*

Proximal junctional failure 21.7% 10.6% .003*

SRS worst clinical outcomes 14.3% 5.6% .004*

PDO best clinical outcomes 19.3% 30.6% .013*

HR, high-risk; SRS, Scoliosis Research Society.
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improved radiographic alignment as measured by SRS-Schwab,
age-adjusted alignment goals by Lafage et al, or GAP score at
2 years after operation (all P > .05).
This study has noted significant improvements in treating

patients with ASD since 2014 compared with those treated before
2014. Our findings, including a higher mean age of HR patients,
improved radiographic outcomes, and lower postoperative
complication rates, suggest that surgeons have made great strides
in identifying, classifying, and treating complex patients who may
present with difficult surgical confounds. Thus, a greater pop-
ulation of patients with ASD may achieve alignment targets, and
associated ASD pain, disability, or sequelae may be alleviated.

Limitations
This study has several limitations that warrant discussion.

Although the data from the ISSG were gathered prospectively, our
retrospective review may be subject to selection bias and in-
complete data capture. Second, the historical cohort design poses
additional limitations as surgical techniques, perioperative care,
and patient selection criteria evolved, which could confound the
outcomes. Although our analysis accounted for some variables, we
could not control all potential confounders, such as surgeon
experience and institutional quality improvement initiatives.
Furthermore, the ISSG centers in this study are specialized

high-volume institutions with significant expertise in managing
ASD. As a result, the outcomes observed may not fully represent
general clinical practice. Another limitation is the differential
follow-up rates between the early and late cohorts. Only 70.9% of
early-HR patients and 55.9% of late-HR patients had complete 2-
year follow-up data. Given that the late cohort ended in 2018,
some of these patients’ 2-year appointments would have been
scheduled during the COVID-19 pandemic, which, in other
patient populations, greatly affected scheduled, in-person ap-
pointment attendance.60,61 Although our study provides valuable
insights into outcome trends for patients with HR ASD, these
limitations highlight the need for further prospective, controlled
studies to validate our findings and refine our understanding of
the factors contributing to improved surgical outcomes.

CONCLUSION

In this cohort of patients with ASD treated over the past decade,
we found substantive improvements in technical and functional
outcomes for patients who are considered at higher risk for adverse
events. Despite operating on more high-risk patients in 2014 to
2018, spine surgeons working at our participating centers effectively
reduced the rate of complications, mechanical failures, and reop-
erations while improving HRQL in patients with high-risk ASD.
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W ith many improvements and evolutions in technique, peri-
operative processes, patient optimization, standardized protocols,

etc., the question remains: Have we achieved incremental progress for our
patients? The authors of this study sought to tackle this question by
comparing a modern surgical cohort (2014-2018) of high-risk surgical
patients compared to a historical cohort (2009-2013). The results in-
dicate that the modern cohort was less likely to have poor clinical
outcomes, complications/reoperations/surgical site infections, and lower
rates of proximal junctional kyphosis and failure. The authors discuss
possible contributions to this finding, attributing this to the impact of
many popular concepts such as perioperative optimization, evolution of
surgical techniques (PJK prophylaxis, use of tranexamic acid, multirod
constructs, BMP use, and fewer 3-column osteotomies), refinement of
alignment goals, and preoperative rehabilitation, among many others. I
believe the findings are a testament to the strides that have beenmade over
the last decade and a half through countless focus on precision, data
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collection, mentorship and education by surgeons, and continued re-
finement of surgical techniques to deliver on the promise of improved
outcomes. I commend the authors on an impressive analysis, large patient
cohort, and a well-written and thoughtful manuscript. I believe that these
positive findings validate, to a certain extent, our belief that we have
evolved as complex spine surgeons across time. However, despite the deep

yearning for validation of our efforts, we must acknowledge the limi-
tations of such a study (specifically the discordant follow-up rates between
the 2 cohorts) and the resultant impact on its conclusions.
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