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OBJECTIVE  The objective was to determine the degree of regional decompensation to pelvic tilt (PT) normalization 
after complex adult spinal deformity (ASD) surgery.
METHODS  Operative ASD patients with 1 year of PT measurements were included. Patients with normalized PT at 
baseline were excluded. Predicted PT was compared to actual PT, tested for change from baseline, and then compared 
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Adult spinal deformity (ASD) is characterized by 
abnormal curvature of the spine, resulting from 
idiopathic, iatrogenic, or degenerative conditions 

and defined by radiographic changes in the coronal and 
sagittal planes. As the condition becomes more complex 
in severity, sagittal and coronal instability worsen and ad-
versely affect the patient’s functionality.1 As the patient 
seeks to overcome this sagittal imbalance, compensatory 
mechanisms come into play, commonly resulting in pel-
vic malalignment.2 In order to maintain center of grav-
ity over the feet and counter the loss of lumbar lordosis 
(LL), patients naturally rotate their pelvis posteriorly for 
symptomatic relief.3,4 However, as degenerative changes 
worsen over time, the pelvic compensation exhausts re-
cruited musculature, resulting in further alterations in the 
lower-extremity (LE) joints.5

The magnitude of compensation may influence the 
correction and maintenance of pelvic realignment during 
ASD corrective surgery. Preoperatively, compensation can 
be measured using a variety of techniques, such as pelvic 
tilt (PT) and knee flexion, to assess sagittal spinopelvic 
malalignment. Previously developed realignment criteria 
have set thresholds for such parameters to improve the 
patient’s disability and to minimize complications in the 
postoperative period.6,7 Despite the usefulness of these re-
alignment goals for surgical planning and their efficacy in 
curtailing adverse outcomes in ASD populations,8–11 surgi-
cal correction of radiographic malalignment is not always 
sustained in the short- and long-term follow-up visits.12

PT remains an important sagittal modifier due to its 
ability to reduce apparent global sagittal alignment.13 
Worsening LE compensation has been correlated with 
increasing patient disability and pain.6,14–17 Increasing PT 
has been directly correlated to worsening symptoms, with 
affected patients exhibiting greater disability and pain.13,18 
Appropriate postoperative correction of pelvic and LE 
compensation represents a critical goal in the effective 
surgical management of ASD. However, although prior 
studies have found biomechanical changes due to deterio-
rating PT owing to LE parameters, the effect of residual 
compensation through the full spine as well as the lower 
extremities has not been well documented. In this study, 
we sought to assess factors contributing to PT normaliza-
tion after ASD corrective surgery, as well as the effect of 
regional and LE compensation on the achievement and 
maintenance of PT.

Methods
Ethical Review Committee Statement

Institutional review board approval was obtained be-
fore enrolling patients in the prospective database.

Data Source and Study Design
This study was a retrospective review of a prospec-

tively enrolled, multicenter, complex ASD database. This 
dataset collects clinical, surgical, and outcome data from 
18 participating centers that perform spinal deformity 

against age-adjusted, Scoliosis Research Society–Schwab, and global alignment and proportion (GAP) scores. Lower-
extremity (LE) parameters included the cranial-hip-sacrum angle, cranial-knee-sacrum angle, and cranial-ankle-sacrum 
angle. LE compensation was set as the 1-year upper tertile compared with intraoperative baseline. Univariate analyses 
were used to compare normalized and nonnormalized data against alignment outcomes. Multivariable logistic regression 
analyses were used to develop a model consisting of significant predictors for normalization related to regional compen-
sation.
RESULTS  In total, 156 patients met the inclusion criteria (mean ± SD age 64.6 ± 9.1 years, BMI 27.9 ± 5.6 kg/m2, Charl-
son Comorbidity Index 1.9 ± 1.6). Patients with normalized PT were more likely to have overcorrected pelvic incidence 
minus lumbar lordosis and sagittal vertical axis at 6 weeks (p < 0.05). GAP score at 6 weeks was greater for patients 
with nonnormalized PT (0.6 vs 1.3, p = 0.08). At baseline, 58.5% of patients had compensation in the thoracic and cervi-
cal regions. Postoperatively, compensation was maintained by 42% with no change after matching in age-adjusted or 
GAP score. The patients with nonnormalized PT had increased rates of thoracic and cervical compensation (p < 0.05). 
Compensation in thoracic kyphosis differed between patients with normalized PT at 6 weeks and those with normalized 
PT at 1 year (69% vs 35%, p < 0.05). Those who compensated had increased rates of implant complications by 1 year 
(OR [95% CI] 2.08 [1.32–6.56], p < 0.05). Cervical compensation was maintained at 6 weeks and 1 year (56% vs 43%, 
p = 0.12), with no difference in implant complications (OR 1.31 [95% CI −2.34 to 1.03], p = 0.09). For the lower extremi-
ties at baseline, 61% were compensating. Matching age-adjusted alignment did not eliminate compensation at any joint 
(all p > 0.05). Patients with nonnormalized PT had higher rates of LE compensation across joints (all p < 0.01). Overall, 
patients with normalized PT at 1 year had the greatest odds of resolving LE compensation (OR 9.6, p < 0.001). Patients 
with normalized PT at 1 year had lower rates of implant failure (8.9% vs 19.5%, p < 0.05), rod breakage (1.3% vs 13.8%, 
p < 0.05), and pseudarthrosis (0% vs 4.6%, p < 0.05) compared with patients with nonnormalized PT. The complication 
rate was significantly lower for patients with normalized PT at 1 year (56.7% vs 66.1%, p = 0.02), despite comparable 
health-related quality of life scores.
CONCLUSIONS  Patients with PT normalization had greater rates of resolution in thoracic and LE compensation, lead-
ing to lower rates of complications by 1 year. Thus, consideration of both the lower extremities and thoracic regions in 
surgical planning is vital to preventing adverse outcomes and maintaining pelvic alignment.
https://thejns.org/doi/abs/10.3171/2023.11.SPINE23766
KEYWORDS  adult spinal deformity; complex; pelvic tilt; lower-extremity compensation; regional compensation; sagittal 
alignment
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correction surgery across the United States and Canada. 
Patients aged 18 years or older were included for retro-
spective review if they were enrolled in the registry from 
2020 to the present with either radiographic evidence or 
procedural or geriatric characteristics of complex ASD. 
Radiographic evidence of complex ASD was defined as 
follows: pelvic incidence minus lumbar lordosis (PI-LL) 
≥ 25°; T1 pelvic angle (T1PA) ≥ 30°; sagittal vertical axis 
(SVA) > 15 cm; thoracic scoliosis ≥ 70°; thoracolumbar/
lumbar scoliosis ≥ 50°; and global coronal malalignment 
> 7 cm. Procedural characteristics of complex ASD in-
cluded the following: 3-column osteotomy and/or anterior 
column reconstruction of the spine, or posterior spinal fu-
sion > 12 levels. We included operative complex ASD pa-
tients who had complete radiographic and health-related 
quality of life data at baseline through 1 year of follow-up.

Data Collection
Demographic data that were abstracted for eligible in-

dividuals consisted of the following: age, sex, BMI, his-
tory of prior fusion, Passias et al.–modified adult spinal 
deformity frailty index (modified ASD-FI),32,33 baseline 
comorbidities categorized using the Charlson Comorbid-
ity Index (CCI), and history of total hip or total knee ar-
throplasty. Surgical parameters consisted of levels fused, 
operative time, length of stay, surgical approach, and use 
of decompression and osteotomy. A standardized compli-
cations-reporting form was completed for the periopera-
tive time interval, for each clinical follow-up, and at any 
point that the site became aware of a new complication 
or adverse event. The de-identified data from each center 
were sent to a central site where the collective datasets 
were summarized and analyzed, and the complications 
reviewed. Patient-reported outcome measures were pro-
spectively collected at baseline and follow-up intervals 
and included the following: modified Oswestry Disability 
Index (ODI) for low-back pain, Scoliosis Research Society 
(SRS) Questionnaire–22r, Veterans RAND-12, numeric 
pain rating scale, and the Patient Reported Outcomes 
Measurement Information System (PROMIS) domains 
(anxiety, depression, pain interference, physical function, 
and social satisfaction). Outcome assessments were com-
pleted via patient surveys at baseline and during subse-
quent follow-up encounters through 6 weeks after surgery.

Radiographic Data Collection
Full-length free-standing lateral spine radiographs (36-

inch cassette) were collected and assessed at baseline and 
follow-up. All radiographic analyses of the spinal axis 
were performed using full-spine EOS imaging, which 
included sagittal and coronal visualization from the top 
of the skull to the bottom of the foot. Sagittal and coro-
nal radiographic parameters were obtained from the EOS 
radiographs by using appropriate radiographic imaging 
and measurement software, including Spineview (Labora-
tory of Biomechanics) and Surgimap, as previously pub-
lished.1,2

Measures of Radiographic Alignment
The measured spinopelvic radiographic parameters 

were PT, pelvic incidence (PI), SVA, thoracic kyphosis 
(T4–12), T1PA, LL, and pelvic incidence minus lumbar 
lordosis (PI-LL). Integrated spinopelvic alignment was as-
sessed with several methods. 1) The SRS-Schwab ASD 
classification system was used, which involves the three 
established modifiers of PT, PI-LL, and SVA that are each 
stratified into three tiers of severity as follows: 0 (non-
pathological), + (moderate deformity), and ++ (marked de-
formity).5 2) The age-adjusted alignment targets for sagit-
tal correction were assessed by using previously published 
formulas established by Lafage et al.6 3) The global align-
ment and proportion (GAP) score was calculated, which 
includes four parameters: relative pelvic version (mea-
sured minus ideal sacral slope);1–3 relative LL (measured 
minus ideal LL);1–3 lordosis distribution index (L4–S1 
lordosis divided by L1–S1 lordosis multiplied by 100);1–3 
and relative spinopelvic alignment (measured minus ideal 
global tilt). The total GAP score was calculated out of 13 
and was used to determine proportionality on the basis of 
a previously defined distribution (score ≤ 2 proportional, 
score 3–6 moderately disproportional, score ≥ 7 severely 
disproportional).7

The included LE parameters were cranial-hip-sacrum 
angle, cranial-knee-sacrum angle, and cranial-ankle-sa-
crum angle.

Normalization of PT
PT normalization was assessed at 6 weeks and 1 year 

postoperatively. Predicted PT was calculated from the 
Lafage et al. 2011 formulation30 of spinopelvic alignment, 
as follows: PT = 1.14 + 0.71 × PI − 0.52 × (maximal LL) − 
0.19 × (maximal thoracic kyphosis).

Predicted PT was compared to actual PT at the follow-
up time points at 6 weeks and 1 year. They were then test-
ed for change from baseline. Calculated change in PT was 
then compared against the following alignment criteria: 
sagittal age-adjusted score, SRS-Schwab score, and GAP 
alignment score.

Measures of Regional and LE Compensation
Thoracic decompensation was measured on the basis 

of thoracic kyphosis in the unfused region and defined as 
a > 15° change from baseline. Compensation was subse-
quently noted as thoracic kyphosis in the fused region. 
Cervical decompensation was calculated similarly with 
cervical kyphosis. LE compensation was set as the upper 
tertile for each LE parameter at 1 year postoperatively, as 
compared to baseline.

Statistical Analysis
Frequency distributions and summary statistics were 

calculated for all demographic, clinical, surgical, and ra-
diographic variables. Univariate analyses were used to 
compare normalized and nonnormalized patients in terms 
of demographic characteristics, surgical descriptors, and 
radiographic parameters. The independent-samples t-test 
was used to assess differences in continuous variables. 
Deformity severity at follow-up and clinical outcomes, in-
cluding rates of implant failure, infection, proximal junc-
tional kyphosis (PJK), pseudarthrosis, and mechanical or 
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radiographic complication, were assessed. All p values < 
0.05 were considered significant. All statistical analyses 
were conducted using SPSS version 25.0 (IBM Corp.).

Results
Cohort Overviews

Of 424 total patients, 156 complex ASD patients met 
the full inclusion criteria and had PT and LE data at 1 
year. The mean ± SD age of this cohort was 64.6 ± 9.1 
years, 79% were female, mean BMI was 27.9 ± 5.6 kg/m2, 
and mean CCI score was 1.9 ± 1.6. The mean PT mea-
sured at was 30.5° ± 10.8° at baseline, 22.5° ± 11.1° at 6 
weeks, and 25° ± 8.7° at 1 year.

Surgical Descriptors
In terms of the surgical characteristics, the mean ± SD 

number of levels fused was 11.8 ± 4.4, mean estimated 
blood loss was 1841.6 ± 833 ml, and mean operative time 
was 449.6 ± 153 minutes. In total, 58.9% of patients (n = 
92) underwent a posterior-only approach while 41.0% of 
patients (n = 64) underwent a combined approach. Overall, 
120 patients (77%) underwent osteotomy as part of their 
index procedure. Of these, 18% underwent 3-column os-
teotomy.

Analysis of Cohorts That Achieved PT Normalization
In total, 69.8% (n = 109) of the cohort achieved normal-

ized PT by 1 year postoperatively. At baseline, PI-LL was 
lower in those who achieved normalized PT by 6 weeks 
postoperatively compared to those who did not achieve 
normalization (22.9° ± 11.5° vs 27.8° ± 14.8°, p < 0.05). 
The same held true for SVA (65.6 ± 42.3 mm vs 81.3 ± 
10.8 mm, p = 0.045). The GAP score at baseline was sig-
nificantly greater for those who achieved normalization by 
6 weeks (1.8 ± 3.9 vs 1.7 ± 3.1, p = 0.02). However, GAP 
score at 6 weeks was greater for nonnormalized patients 
(0.6 ± 2.5 vs 1.3 ± 2.9, p = 0.08) (Table 1).

SVA (82.1 ± 19.1 mm vs 81.3 ± 10.8 mm, p = 0.7) and 
PI-LL (28.4° ± 11.5° vs 27.8° ± 14.8°, p = 0.07) at base-
line for those who achieved normalization by 1 year were 
comparable to those of the nonnormalized group. Baseline 
GAP score for the same group was significantly greater in 
those who achieved normalization (1.9 ± 2.6 vs 1.7 ± 3.1, p 
= 0.04). However, the trend for GAP scores was reversed 
at 1 year, with nonnormalized patients having a greater 
score, although this finding was not significant (0.9 ± 1.1 
vs 1.5 ± 2.4, p = 0.49).

Overall, normalized patients had significantly lower 
baseline SRS-Schwab PI-LL (24.2° ± 18.9° vs 28° ± 13.4°, 
p < 0.05) and greater baseline GAP proportionality score 
(1.8 ± 2.3 vs 1.7 ± 2.3, p = 0.01) when compared to nonnor-
malized patients. Baseline SVA was comparable between 
the two groups (81.6 ± 19.1 mm vs 91.3 ± 20.5 mm, p = 
0.56).

Compensation in Those Who Achieved PT Normalization
At baseline, 58.5% of patients had compensated in the 

thoracic and cervical regions. In the postoperative period, 
compensation was maintained by 42% of patients, with no TA
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change after matching in terms of sagittal age-adjusted 
score or GAP score. Those with nonnormalized PT had 
increased rates of thoracic and cervical compensation by 
1 year postoperatively (p < 0.05). Percentages of patients 
with thoracic compensation differed significantly between 
those who normalized at 6 weeks and those who normal-
ized at 1 year (69% vs 35%, p < 0.05). Cervical compen-
sation was maintained from 6 weeks to 1 year postop-
eratively in the normalized and nonnormalized cohorts 
(56% vs 43%, p = 0.12). In terms of LE compensation at 
baseline, 61% were compensating. In terms of each joint, 
31.5% were compensating at the hip at baseline, 38% at 
the knees, and 30.7% at the ankles. Matching for sagittal 
age-adjusted score did not eliminate compensation at any 
joint (all p > 0.05). Overall, nonnormalized patients had 
higher rates of LE compensation across all joints when 
compared with those who normalized by 1 year postoper-
atively (all p < 0.01), with normalized patients having the 
greatest odds of resolving compensation in the extremities 
(OR [95% CI] 9.6 [2.45–13.10], p < 0.001).

Outcomes of Patients Who Achieved PT Normalization
Those with thoracic compensation had increasing 

rates of implant complications by 1 year postoperatively 
(17.3% vs 4.5%, p < 0.05), with greater odds of complica-
tions overall (OR 2.08 [95% CI 1.32–6.56], p < 0.05) when 
compared to those without compensation in the thoracic 
region. In contrast, those with cervical compensation did 
not have significantly greater odds of implant complica-
tions (OR 1.31 [95% CI −2.34 to 3.03], p = 0.09) when 
compared to those without compensation.

With regard to LE compensation, when history of total 
knee arthroplasty or total hip arthroplasty was controlled 
for, those patients who were still compensating had higher 
rates of implant complications (OR 1.9 [95% CI 1.67–9.91], 
p = 0.026) when compared to patients without compensa-
tion (Tables 2 and 3).

By 1 year postoperatively, normalized patients had 
overall lower rates of implant failure (8.9% vs 19.5%, 
p < 0.05), rod breakage (1.3% vs 13.8%, p < 0.05), and 
pseudarthrosis (0% vs 4.6%, p < 0.05). The PJK rates were 
comparable between the two groups (11.4% vs 15.5%, p = 
0.08). The total complication rate was significantly lower 

for those patients who achieved normalization compared 
with that of the nonnormalized patients (56.7% vs 66.1%, p 
= 0.02), despite comparable ODI, EQ-5D, or SRS-22r pain 
scores (all p > 0.05) (Table 2).

Discussion
Sagittal spinopelvic malalignment in ASD is an impor-

tant indicator of severity and risk of postoperative compli-
cations, often leading to compensatory mechanisms. Ret-
roversion of the pelvis is a primary mechanism that is used 
to counterbalance the loss of LL and to minimize the en-
ergy expenditure required to maintain upright positioning. 
Increased PT can also compensate for sagittal imbalance. 
Although many ASD patients have improvement in their 
baseline PT after corrective surgery, some do not. Even if 
a patient achieves optimal spinopelvic radiographic align-
ment with ASD surgery, the lack of maintenance of align-
ment after surgery can result in persistent symptoms as 
well as increased postoperative morbidity.

The correlation between LE compensation, spinopelvic 
deformity, and disability in the context of ASD surgery 
has been well studied.6,15–18 LE mechanisms are thought to 
be equally as important as PT as compensatory modali-
ties in patients affected by ASD, and they may also indi-
cate those at risk of mechanical complications. In a recent 
study by Kim et al.,31 the sagittal deviation of each LE 
joint from the cranial center of mass demonstrated strong 
correlations with baseline disability and functional scores, 
as well as correlations with current spinopelvic parame-
ters.6,17 On the basis of these parameters, it was found that 
correction of both T1PA and L1–S1 lordosis produced sig-
nificantly greater improvements in these global compen-
sation parameters, while additional studies have identified 
the association between undercorrection of age-adjusted 
alignment and the presence of LE compensation.18–20

Knee flexion angle (KA) has been particularly studied 
as a possibly defining parameter of LE compensation. Shi-
mizu et al. reported increased prevalence of LE compen-
sation (measured on the basis of KA) and increasing PT 
in patients with sagittal spine malalignment.13 Vaynrub et 
al. compared matched ASD patients with and without LE 
compensation (measured on the basis of KA and global LE 
angle) and reported that patients with residual postoperative 
LE compensation had significantly worse health-related 
quality of life metrics (as measured on the basis of ODI).21 
Ferrero et al. similarly correlated increasing pelvic and LE 
compensatory metrics with worsening ODI scores.22 Simi-
larly in our study, we found that ODI scores were worse 

TABLE 2. One-year outcomes of the normalized and 
nonnormalized cohorts

PT Normalized Nonnormalized p Value

Implant failure 8.9 19.5 0.020
Rod breakage 1.3 13.8 <0.001
Pseudarthrosis 0 4.6 0.034
PJK 11.4 15.5 0.084
Total complication 56.7 66.1 0.023
Mean ODI 14.1 18.7 0.56
Mean EQ-5D 0.65 0.47 0.13
Mean SRS-22r pain 2.4 3.5 0.071
Reop rates 2.9 3.7 0.082

Values are shown as % unless indicated otherwise.

TABLE 3. LE parameters of the nonnormalized and normalized 
cohorts

Normalized Nonnormalized p Value

Cr-H-S 204.2 ± 6.5 208.1 ± 8.2 0.041
Cr-K-S 3.2 ± 2.7 4.3 ± 6.5 0.038
Cr-A-S 4.1 ± 5.6 6.8 ± 3.9 0.022

Cr-H-S = cranial-hip-sacrum angle; Cr-K-S = cranial-knee-sacrum angle; 
Cr-A-S = cranial-ankle-sacrum angle. 
Values are shown in degrees as mean ± SD unless indicated otherwise.
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in patients with nonnormalized PT, although this finding 
was not statistically significant. However, we found signifi-
cantly increased compensation at the hip, knee, and ankle 
joints in patients who failed to normalize in terms of PT 
when compared to those who normalized in PT.

Thoracic compensation is another notable mechanism 
that may influence the risk of mechanical complications. 
Protopsaltis et al. found that, compared to patients with 
maintained thoracic alignment, patients with reciprocal 
thoracic kyphosis after undergoing thoracolumbar fusion 
surgery exhibited higher rates of postoperative mechani-
cal complications such as PJK.23 Correspondingly, it is 
recognized that the risk of PJK can be minimized with 
postoperative normalization of global alignment metrics.24 
In our study, the patients with nonnormalized PT likewise 
exhibited significantly higher rates of thoracic and cervi-
cal compensation at 1 year postoperatively and also had 
higher rates of PJK, implant failure, rod breakage, and 
pseudarthrosis.

The presence of pelvic compensation has a multifac-
eted impact on realigning the spine, maintaining correc-
tion, and achieving clinical success after ASD surgery. 
Our study sought to elucidate the implications of the pel-
vic response to regional and LE compensation, along with 
the importance and utility of incorporating PT into post-
operative monitoring. Previous findings in LE compensa-
tion are echoed in our study. LE compensation was cor-
related with worsening complications and a higher rate of 
implant failure. Subsequently, it was more often resolved 
with PT normalization, further elucidating the ability of 
spinopelvic parameters to minimize detrimental effects on 
LE compensation. Future studies ought to seek to identify 
long-term complications and relationships between PT 
normalization and reversal of normalization. The study of 
such factors will aid in clinical improvement and under-
standing of the development of radiographic and mechani-
cal complications after corrective ASD surgery.

Numerous studies have demonstrated the difficulty of 
accurate prediction of postoperative PT in patients un-
dergoing ASD corrective surgery.25–27 Even with attempts 
to accommodate pelvic and LE compensatory metrics, 
postoperative PT normalization still proves difficult to 
predict.28,29 There is some promise with advancements in 
patient-specific surgical planning and implant customiza-
tion.29 Further progression with such technology may im-
prove prediction of postoperative PT, in conjunction with 
accommodation of pelvic and LE compensatory metrics.

We wish to recognize several limitations to the present 
study. First, retrospective studies cannot determine causal-
ity, so we recommend exploring the impact of other fac-
tors, such as age, frailty, BMI, and bone mineral density at 
operative levels, in the context of LE compensation. This 
study only identified possible factors that may be associ-
ated with the maintenance of PT after ASD surgery, so we 
cannot recommend absolute surgical indications or treat-
ment plans based on these results. We recommend that 
these factors, in addition to current parameters, be used 
in an integrative tool for surgical planning. As such, we 
encourage others to replicate and validate these findings 
in order to fully determine their true impact on clinical 
practice.

Conclusions
This study highlighted points of regional compensation 

that have contributed to pelvic response. Patients with PT 
normalization had higher rates of resolution in terms of 
thoracic and LE compensation, leading to lower rates of 
complications by 1 year. Thus, consideration of both the 
lower extremities and thoracic regions in surgical planning 
is vital to preventing adverse outcomes and maintaining 
pelvic alignment.
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