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OBJECTIVE The objective of this study was to adjust the sagittal age-adjusted score (SAAS) to accommaodate frailty in
alignment considerations and thereby increase the predictability of clinical outcomes and junctional failure.

METHODS Surgical adult spinal deformity (ASD) patients with 2-year data were included. Frailty was assessed with the
continuous ASD modified frailty index (ASD-mFI). Two-year outcomes were proximal junctional kyphosis (PJK), proximal
junctional failure (PJF), major mechanical complications, and best clinical outcome (BCO), defined as Oswestry Disabil-
ity Index (ODI) score < 15 and Scoliosis Research Society outcomes questionnaire total score > 4.5 by 2 years. Linear
regression analysis established a 6-week score based on the component scores of SAAS, frailty, and US normal values
for ODI score. Logistic regression analysis followed by conditional inference tree run forest analysis generated categori-
cal thresholds. Multivariate analysis, controlling for age, baseline deformity, and history of revision, was used to compare
outcome rates, and logistic regression generated odds ratios for the continuous score. Thirty percent of the cohort was
used as a random sample for internal validation.

RESULTS In total, 412 patients were included (mean £ SD age 60.1 £ 14.2 years, 80% female, BMI 26.9 + 5.4 kg/m?).
Baseline frailty categories were as follows: 57% not frail, 30% frail, and 14% severely frail. Overall, by 2 years, 39% of
patients had developed PJK, 8% PJF, and 21% mechanical complications; 22% had undergone a reoperation; and 15%
met BCO. When the cohort as a whole was assessed, the 6-week SAAS had a correlation with the development of PJK
and PJF, but not mechanical complications, reoperation, or BCO. Development of mechanical complications, PJF, reop-
eration, and BCO demonstrated correlations with ASD-mFI (all p < 0.05). Regression analysis modifying SAAS on the
basis of ODI norms and frailty generated the following equation: frailty-adjusted SAAS (FAS) = 0.108 x T1 pelvic angle +
0.162 x pelvic tilt - 0.39 x pelvic incidence - lumbar lordosis - 0.03 x ASD-mFI - 1.6771. With conditional inference tree
analysis, thresholds were derived for FAS: aligned < 1.7, offset 1.7-2.2, and severely offset > 2.2. Significance between
FAS categories was found for PJK, PJF, mechanical complications, reoperation, and BCO by 2 years. Binary logistic
regression, controlling for baseline deformity and revision status, demonstrated significance between FAS and all 5 out-
come variables (all p < 0.01). Internal validation saw each outcome variable maintain significance between categories,
with even greater odds for PJF (OR 13.4, 95% Cl 4.7-38.3, p < 0.001).

CONCLUSIONS Consideration of physiological age, in addition to chronological age, may be beneficial in the manage-
ment of operative goals to maximize clinical outcomes while minimizing junctional failure. This combination enables the
spine surgeon to fortify a surgical plan for even the most challenging patients undergoing ASD corrective surgery.

https://thejns.org/doi/abs/10.3171/2023.5.SPINE23456
KEYWORDS adult spinal deformity; age-adjusted alignment; frailty

ABBREVIATIONS ASD = adult spinal deformity; ASD-mFI = ASD modified frailty index; BCO = best clinical outcome; CCI = Charlson Comorbidity Index; CIT = conditional
inference tree; FAS = frailty-adjusted SAAS; HRQOL = health-related quality of life; LL = lumbar lordosis; ODI = Oswestry Disability Index; Pl = pelvic incidence; PI-LL =
mismatch between Pl and LL; PJF = proximal junctional failure; PJK = proximal junctional kyphosis; PT = pelvic tilt; SAAS = sagittal age-adjusted score; SRS = Scoliosis
Research Society; T1PA = T1 pelvic angle; UIV = upper instrumented vertebra.

ACCOMPANYING EDITORIAL See pp 643-645. DOI: 10.3171/2023.6.SPINE23571.

SUBMITTED May 2, 2023. ACCEPTED May 22, 2023.

INCLUDE WHEN CITING Published online August 11, 2023; DOI: 10.3171/2023.5.SPINE23456.

©AANS 2023, except where prohibited by US copyright law J Neurosurg Spine Volume 39 « November 2023 ~ 646


https://thejns.org/doi/10.3171/2023.6.SPINE23571

https://thejns.org/doi/10.3171/2023.6.SPINE23571


Passias et al.

mity (ASD) have been increasing given its sig-

nificant impact on quality of life.* Understand-
ing of the parameters associated with deformity has led
to an increased understanding of realignment strategies
and targets. With different classification systems such
as the Global Alignment and Proportion score and Sco-
liosis Research Society (SRS)—Schwab classification for
categorization of deformity in existence, the development
of another categorization system was created in part due
to patient ability to tolerate invasive surgery given their
age and frailty.>”” Given that chronological age has been a
common metric used to assess patient ability to withstand
surgery, the sagittal age-adjusted score (SAAS) is a novel
externally validated radiographic alignment metric that
was created to take the patient’s age into consideration for
alignment targets.?*

SAAS is calculated on the basis of the patient’s age
and assesses three different metrics. Alignment is based
on the pelvic incidence (PI) to lumbar lordosis (LL) dif-
ference (i.e., PI-LL), pelvic tilt (PT), and T1 pelvic angle
(T1PA). A score is calculated on the basis of how far the
value is from the calculated value. Several studies have
investigated the usefulness of SAAS and its correlation
leading to favorable outcomes. One study found that
SAAS was a better predictor of postoperative improve-
ments in sagittal balance than traditional parameters.
SAAS has also been shown to have a strong correlation
with health-related quality-of-life (HRQOL) measures,
indicating its usefulness in evaluating the impact of sag-
ittal balance on patient outcomes.'°> Despite its poten-
tial usefulness, SAAS has some limitations. SAAS is a
relatively new parameter, and its clinical relevance and
usefulness require further investigation. Furthermore, al-
though SAAS takes into account age, it does not account
for physiological age or frailty.

HRQOL measures such as SRS-22 questionnaire and
Oswestry Disability Index (ODI) scores have been used
in ASD patients as metrics to assess the clinical impact
of baseline disability and to track patient outcomes. They
have also been classically used as surrogates for assessing
frailty in these patients, especially before spine-specific
frailty indices for ASD. Although the association between
frailty and HRQOL varies among the literature, worsen-
ing frailty has been associated with decreased likelihood
of achieving substantial clinical benefit and adverse out-
comes.”!*!* Therefore, our study assessed outcomes based
on HRQOL, as well as complications and reoperations, to
encompass a greater overall picture of patient outcomes.
The aim of our study was to assess whether a scoring
parameter that takes into account frailty better tailors re-
alignment goals. We hypothesized that SAAS accounting
for frailty would perform better at potentiating clinical
success while minimizing complications relative to radio-
graphic criteria alone.

Methods

Study Design and Inclusion and Exclusion Criteria

This study was a retrospective analysis of a prospec-
tively collected single-center ASD database. IRB approval

RATES of corrective surgery for adult spinal defor-
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was obtained prior to study initiation, and informed con-
sent was given by each included patient prior to enroll-
ment in the registry. The means through which the data
were collected and the outcomes defined, along with the
general inclusion criteria, have been extensively described
in prior publications. We included operative ASD patients
who had complete radiographic and HRQOL data at base-
line and 2-year follow-up in the current investigation. Cas-
es secondary to trauma, infection, and malignancy were
excluded.

Data Collection and Radiographic Parameters

Demographic information included age, BMI, biologi-
cal sex, and Charlson Comorbidity Index (CCI) score.
Frailty was assessed with the externally validated con-
tinuous ASD modified frailty index (ASD-mFI).>'¢ Sur-
gical parameters consisted of levels fused, operative time,
length of stay, surgical approach, and use of decompres-
sions and osteotomies. We recorded postoperative compli-
cations as documented in the data set and based on clini-
cal follow-up. Prospectively collected patient-reported
outcome measures were collected at baseline, as well as
at follow-up intervals, and included the following: SRS-22
and ODI scores.

Free-standing full-length lateral spine radiographs (36-
inch cassette) were taken and assessed at baseline and fol-
low-up. SpineView software (ENSAM, Laboratory of Bio-
mechanics) was used to analyze the radiographs according
to standardized and validated techniques that have been
previously published in the literature. The spinopelvic ra-
diographic parameters measured were PT, PI, T1PA, LL
(L1-S1), and PI-LL.

Clinical Outcome Assessment

Best clinical outcome (BCO) was defined as having
2-year outcomes without proximal junctional kyphosis
(PJK), proximal junctional failure (PJF), and major me-
chanical complications, along with the BCO as defined by
Smith et al. as ODI score < 15 and SRS total score > 4.5."

Complications Assessed

Radiographic criteria for PJK and PJF were used, with
PJK defined as greater than 10° change from baseline
in upper instrumented vertebra (UIV)+2 angulation and
greater than 10° angulation. PJF values were based on
the criteria reported by Lafage et al. of greater than 22°
change from baseline in terms of UIV to UIV+2 angula-
tion along with the angle being greater than 28°.'8

Mechanical complications were defined as any compli-
cation pertaining to the implant, including implant mal-
position, prominence, failure, painful implant, interbody
dislocation, screw nerve impingement, screw fracture, rod
dislocation, and rod fracture. Major mechanical compli-
cations were those that required invasive intervention or
caused prolonged or permanent morbidity or mortality.

Development of the Frailty-Adjusted Realignment Score

A 6-week score based on SAAS, frailty, and US normal
values for ODI was established on the basis of the logis-
tic regression analysis based on published work by Lafage



TABLE 1. Comorbidities of the included patients

Comorbidity Value
Arthritis 39
Cancer 13
Depression 20
Diabetes 7
Heart disease 1"
Hypertension 33
Kidney disease 3
Liver disease 2
Lung disease 5
Neurological 3
Osteoporosis 18
Peripheral vascular disease
Psychiatric 5
Total no. 19+18

Values are shown as % or mean + SD

et al."” The score was based on the correlations of these
factors with achieving BCO and the development of me-
chanical complications or PJF. Generation of categorical
thresholds was based on the rates of mechanical complica-
tions determined by using logistic regression followed by
conditional inference tree (CIT) analysis.

Statistical Analysis

Linear regression analysis established a 6-week score
based on the component scores of SAAS, frailty, and US
normal values for ODI by using an equation previously
published by Lafage et al.® Logistic regression analysis
followed by CIT run forest analysis generated categorical
thresholds. Multivariate analysis controlling for age, base-
line deformity, and history of revision was used to com-
pare the outcome rates, and logistic regression generated
odds ratios for the continuous scores. A random sample of
30% of the cohort was used for internal validation. Sta-
tistical analysis was conducted using SPSS version 28.0.1
(IBM Corp.), with all p values less than 0.05 being consid-
ered significant.

TABLE 2. Radiographic measurements
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Results
Cohort Overview

In total, 412 patients with 2-year data were included.
The mean + SD patient age was 60.1 = 14.2 years, 80%
of patients were female, and BMI was 26.9 + 54 kg/m?.
Based on the Passias-modified ASD-mFI, the mean frailty
score of the cohort was 6.5 + 4.8. Baseline frailty catego-
ries were as follows: 57% of patients were not frail, 30%
frail, and 14% severely frail. Osteoporosis was present in
18% of patients at baseline, with a mean CCI score of 1.7
+ 1.7. Comorbidity data are depicted in Table 1.

Radiographic Alignment

Baseline radiographic alignment was 23.8° + 11.2° in
PT, 54.4° + 12.4° in PI, 38.6° + 21.6° in LL (L1-S1), and
15.8° + 21.3° in PI-LL mismatch. TIPA at baseline was
22.7°+13.4°, and SVA was 6.5 + 7.1 cm.

The mean postoperative radiographic parameters were
follows: PT of 19.0° + 10.2°, PI-LL of 1.3° + 13.9°, LL of
53.1° = 14.1°, T1PA of 15.0° + 9.6°, and SVA of 2.4 + 4.4
cm. Radiographic characteristics at baseline, postopera-
tion, 1 year, and 2 years are listed in Table 2.

Surgical Details

Patients had a mean number of fused levels of 13.2 £+
2.8, an estimated blood loss of 1680 + 1273 ml, and op-
erative time of 416 + 176 minutes. The overall cohort had
a mean UIV of T7-8, and 72% underwent osteotomies,
28% three-column osteotomies, 56% decompression, and
59% interbody fusion with the following approaches: 64%
posterior and 35% anterior and posterior. In total, 79.4%
were same day surgical procedures, whereas 20.6% were
staged. All patients had a component of their surgery that
was open, and 19.9% had a component of a minimally in-
vasive surgical approach as well. Surgical characteristics
are listed in Table 3.

Clinical Outcomes

At baseline, the ODI score was 42.5 + 18.5, with a mean
2-year ODI score of 26.0 + 20.0. The SRS-22r score was
2.8 £ 0.7 at baseline and 3.7 + 0.8 at 2 years. The mini-
mal clinically important difference in ODI was reached
by 57% of patients at 1 year and 54% at 2 years. BCO was
achieved in 15% of the cohort.

Measurement Baseline Postop 1yr 2yrs
C7-plumb line, mm* 36.4 +34.5 26.7+211 275+22.0 26.8+225
PT, ° 238+11.2 19.0 +10.2 20.5+10.1 20.9+10.1
PI, © 544 +124 54.4+12.3 547+125 546+12.4
LL, ° 38.6+21.6 53.1 £ 141 52.8+14.4 521+14.2
PI-LL, © 15.8 +21.3 1.3+£13.9 1.9+ 144 25+14.2
T1PA, © 227+134 151+£9.6 16.0 £ 10.3 16.5 +10.4
Sagittal vertical axis, mm 65.2+ 711 245+442 21.6£49.5 24.7£50.0

All values are shown as mean + SD.
* Absolute values are shown.
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TABLE 3. Surgical characteristics

Characteristic Value
Levels fused, no. 13.2+2.8
ulv T7-8
Osteotomy 72
3-column osteotomy 28
Decompression 56
Interbody fusion 59
Approach

Posterior only 64
Anterior & posterior 35
Op time, mins 416 + 176
Estimated blood loss, ml 1680 + 1273

Values are shown as % or mean + SD.

Complications, Clinical Outcomes, and Frailty-Adjusted
Score Development

Overall, by 2 years, 39% of patients developed PJK,
8% PJF, and 21% mechanical complications; 22% under-
went reoperation; and 15% met BCO. When the cohort as
a whole was assessed, the 6-week SAAS was correlated
with development of PJK and PJF but not mechanical
complications, reoperation, or BCO. Development of me-
chanical complications, PJF, reoperation, and BCO dem-
onstrated correlations with ASD-mFI score (all p < 0.05).

Regression analysis, which modified SAAS on the ba-
sis of the normal ODI values and frailty, generated the fol-
lowing equation: frailty-adjusted SAAS (FAS) = 0.108 x
TI1PA + 0.162 x PT — 0.39 x PI — LL — 0.03 x ASD-mFI
- 1.6771.

Derivation of Categorical Thresholds and Comparison of
Outcomes Between SAAS and FAS

With CIT analysis, thresholds were derived for the FAS
score: aligned < 1.7, offset 1.7-2.2, and severely offset >
2.2. Significance between FAS categories was found for
PJK, PJF, mechanical complications, reoperation, and
BCO by 2 years.

TABLE 4. Comparison of complication rates by original SAAS and FAS

Binary logistic regression, controlling for baseline de-
formity and revision status, demonstrated significance
between FAS and all 5 outcome variables (all p < 0.01)
(Table 4). Internal validation saw each outcome vari-
able maintain significance between categories, with even
greater odds for PJF (OR 13.4,95% CI14.7-38.3, p < 0.001)
(Table 5).

Discussion

General acceptance of the use of surgical planning with
target realignment goals has led to improved clinical suc-
cess and mitigation of complications in the ASD popula-
tion. Although SAAS was developed with this purpose,
validation studies have demonstrated that performance
can be improved. We anticipate that some of these issues
may be derived from the inability of SAAS to account
for patient frailty, which is a vital driver of adverse events
after surgical correction. In the current work, we modi-
fied SAAS realignment targets to account for frailty and
to better tailor correction with physiological tolerance for
surgical invasiveness. A simplified FAS was developed
to balance achieving good clinical outcome against the
chances of developing mechanical or radiographic com-
plications.

In our analysis, patients proportioned in FAS sustained
significantly lower rates of PJF and reoperations, even
when accounting for baseline deformity and invasiveness
of the procedure. The importance of BMI and regional
osteopenia in contributing to adverse events after ASD
has been well established. We believe that FAS is advanta-
geous over solitary parameters given that BMI and low
bone mineral density are components of ASD-mFI. As a
composite measure incorporating these risk factors, FAS
presents a more holistic assessment of patient risk while
minimizing data inputs and utilization of multiple scoring
metrics.

Although avoidance of complications is a major focus
in preoperative planning, the ultimate goal of surgical cor-
rection is to relieve the majority of the dysfunction and
disability that affects quality of life in patients with spi-
nal deformity; thus, realignment goals targeting clinical
success are paramount. FAS demonstrated superior clin-
ical utility compared with SAAS. Furthermore, patients

No. of Range of

Mechanical

Values Patients  Frailty Score PJK*  pValue PJF* pValue Complication®* pValue  AnyReop* pValue

FAS

Aligned 67 1.9 34.3 0.127 5.5 0.029 16.4 0.376 13.4 0.007

Offset 220 5.3 36.4 75 20.5 19.6

Severely offset 125 1.1 464 13.6 24.8 31.2
Original SAAS

Over 199 6.3 437 0.164 10.6 0.094 18.6 0.088 221 0.229

Match 17 6.6 35.9 8.6 18.8 26.5

Under 96 6.5 33.3 31 29.2 16.7

* Percent of patients is shown.
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TABLE 5. Comparison of BCO based on original SAAS and FAS

No. of Range of

Values Patients ~ Frailty Score  BCO*  p Value

FAS

Aligned 67 1.9 24.2 <0.001

Offset 220 5.3 19.0

Severely 125 1.1 3.3

offset
Original SAAS

Over 199 6.3 14.9 0.867

Match 17 6.6 14.3

Under 96 6.5 16.8

* Percent of patients is shown. Based on the definition of Smith et al.””

optimized on the basis of FAS were 13 times less likely
to develop PJF and were significantly more likely to meet
good clinical outcomes.

The modification of SAAS has shown clinical utility in
these patients. It is important to note that this exploratory
approach to examine the effects of patient-specific factors
on complications and their incorporation into alignment
targets is limited. The retrospective nature of the current
study comes with its inherent bias, and selection and ex-
pertise bias were potentially present. Of course, we en-
courage surgeons to utilize their clinical decision-making
when necessary and our adjusted score as a reference tool
that provides a simplified model of a relatively complex
patient population. Further studies assessing external vali-
dation of our study are warranted.

Conclusions

Consideration of physiological age, in addition to
chronological age, may be beneficial in the management
of operative goals to maximize clinical outcomes while
minimizing junctional failure. This combination enables
the spine surgeon to fortify a surgical plan for even the
most challenging patients undergoing ASD corrective sur-

gery.
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