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Abstract

Background Several methodologies have been proposed to determine ideal ASD sagittal spinopelvic alignment (SRS—Schwab
classification) global alignment and proportion (GAP) score, patient age-adjusted alignment). A recent study revealed the
ability and limitations of these methodologies to predict PJIK. The aim of the study was to develop a new approach, inspired
by SRS classification, GAP score, and age-alignment to improve the evaluation of the sagittal plane.

Method A multi-center ASD database was retrospectively evaluated for surgically treated ASD patients with complete fusion
of the lumbar spine, and minimum 2 year follow-up. The Sagittal age-adjusted score (SAAS) methodology was created by
assigning numerical values to the difference between each patient’s postoperative sagittal alignment and ideal alignment
defined by previously reported age generational norms for PI-LL, PT, and TPA. Postoperative HRQOL and PJK severity
between each SAAS categories were evaluated.

Results 409 of 667 (61.3%) patients meeting inclusion criteria were evaluated. At 2 year SAAS score showed that 27.0% of
the patients were under-corrected, 51.7% over-corrected, and 21.3% matched their age-adjusted target. SAAS score increased
as PJK worsened (from SAAS =0.2 for no-PJK, to 4.0 for PJF, p <0.001). Post-operatively, HRQOL differences between
SAAS groups included ODI, SRS pain, and SRS total.

Conclusion Inspired by SRS classification, the concept of the GAP score, and age-adjusted alignment targets, the results
demonstrated significant association with PIK and patient reported outcomes. With a lower rate of failure and better HRQOL,
the SAAS seems to represent a “sweet spot” to optimize HRQOL while mitigating the risk of mechanical complications.
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Introduction Method
Restoration of sagittal alignment is one of the key elements ~ Cohort definition

of adult spinal deformity (ASD) surgery [1]. While surgi-
cal treatments have been associated with improvement in
patient-reported outcomes [2], these complex surgeries are
not without complications [3]. Among these complications,
proximal junctional failure (PJF) can have catastrophic
consequences, in addition to producing sub-optimal post-
operative alignment [4], PJF can be associated with neuro-
logical impairment [5], potentially require revision surgery,
and markedly increases treatment cost [6].

During the last few years, two primary methods of
approaching sagittal alignment have emerged. The age-
adjusted approach, described by Lafage et al. was derived
from health-related quality of life (HRQOL) scores and
includes alignment goals based on patient age [7]. Simul-
taneously, Yilgor et al. developed a combined score, name
global alignment and proportion (GAP), based on normative
data to investigate the proportionality and overall shape of
the spine using pelvic incidence (PI) as the key element [8].
While both approaches differ in their method of develop-
ment, they share a similar overall goal: to optimize post-
operative outcomes and decrease mechanical failure, includ-
ing proximal junctional kyphosis (PJK) [8—10].

Recently, others have attempted to externally validate the
GAP score proposed by Yilgor et al. While the results were
striking in the original study, subsequent studies failed to
validate this method based on different patient cohorts [11].
A comparison between the two approaches (age-alignment
and GAP score) has been performed and presented during
the Scoliosis Research Society (SRS) 2018 annual meet-
ing in Bologna Italy. During the presentation and following
discussion, it has been suggested that rather opposing these
concept, combining these two approach, as well as the SRS-
Schwab classification into a single method may produce a
more powerful tool, specifically: pelvic retroversion, spino-
pelvic mismatch and global alignment (SRS classification),
age-adjusted thresholds instead of asymptomatic align-
ment (age-adjusted approach) and concurrent parameters
(e.g. shape) instead of individual parameters (GAP score
approach).

The objectives of the current study were to create a score,
inspired by SRS-Schwab classification, the concepts of the
GAP score, and age-adjusted thresholds, and to investigate
the capability of the newly created score to predict PJK and
PJF following ASD correction surgery.
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This study is a retrospective review of a prospective multi-
center database of ASD patients, enrolled between 2009 and
2017 at 13 sites across the US. Institutional review board
(IRB) approval was obtained at each site prior to enroll-
ment in the study. Patients were enrolled in the study if
they met at least one of the following radiographic criteria:
Cobb angle >20°, sagittal vertical axis (SVA) >5 cm, pel-
vic tilt (PT) >25°, thoracic kyphosis (TK) >60°. In addi-
tion, inclusion criteria specific to this retrospective analysis
were: a complete fusion of the lumbar spine (from S1 to
L1) stopping within the thoracic spine with a minimum of
2-year follow-up.

Data collection

Demographic data, including age, sex and body mass index
(BMI), were collected as well as patient reported outcomes
that included Oswestry disability index (ODI), Short Form
36 Physical Component Score (SF-36 PCS) and Scoliosis
Research Society-22r (SRS-22r) scores. Full-length free-
standing lateral spine radiographs (36” cassette) at baseline
and at follow-up were analyzed using validated software [12]
(Spineview®, ENSAM Laboratory of Biomechanics, Paris).
All radiographic measures were performed at a central loca-
tion based on standard techniques and included the classic
spino-pelvic parameters: PI PT, Lumbar Lordosis between
L1 and S1 (LL), TK between T2 and T12, T1-Pelvic-Angle
(TPA) and SVA (Fig. 1). In addition to the classic sagittal
parameters, the proximal junctional angle (PJA), defined as
the Cobb angle between the inferior endplate of the upper-
most instrumented vertebra (UIV) and the superior endplate
of 2 levels above the UIV, was assessed.

Radiographic parameters were obtained at the following
intervals: pre-operative (before index surgery), and post-
operative (either 2 years post-operative if no revision was
performed for PJK or before PJK revision if surgery was
performed). For post-operative evaluation, in addition to the
actual post-operative alignment, the method published by
Lafage et al. was applied to generate a virtual alignment sim-
ulating the expected alignment while removing the impact of
PJK [13]. Briefly, the virtual alignment was generated using
the following framework (Fig. 2):

e Fused segment: based on the 2 year post-operative align-
ment, from pelvis to the vertebra below UIV (UIV-1)
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Fig. 1 Radiographic parameters
included in data collection:
sagittal vertical axis (SVA),
T1-pelvic-angle (TPA), pelvic
tilt (PT), thoracic kyphosis
(TK), lumbar lordosis (LL), pel-
vic incidence (PI) and proximal
junctional angle (PJA)

Correct Pelvic retroversion
Driven by PJK

Pre-Unfused Post-Fused Combined

Fig.2 Framework to generate alignment free of PJK influence according to Lafage et al. Spine 2017
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¢ Unfused segment: based on the pre-operative alignment;
incorporating C2 through the UIV

e Combination of the fused (pelvis to UIV-1, post-opera-
tive) and unfused (C2-UIV, pre-operative) segments

e Correction of pelvic tilt (PT): PT adjusted for the com-
bined alignment based on validated published formulas
using PI, LL, and TK (the formulas for PT correction
were validated on a similar ASD patient population and
predicted PT with excellent success (r*=0.86) [14].

The GAP Score (Fig. 3) and age alignment objectives
were calculated using previously published formulas [7,
8]. The differences between age-specific ideal alignment
thresholds and actual achieved post-operative alignment
parameters were calculated (offset =ideal—actual), a positive
offset denoted an over-correction of the parameter versus the
age-specific ideal value, while a negative value indicated
under-correction.

Junctional kyphosis was categorized by severity using
radiographic and clinical information. Patients were classi-
fied into four mutually exclusive groups: PJK if they meet
classic radiographic criteria (PJA > 10° and APJA > 10°)
[15], Severe PJK (S-PJK: PJA >28° and APJA >22°) [16],
PJF if patient underwent revision for PJK, or No-PJK.

Sagittal age-adjusted score (SAAS) method

The Sagittal age-adjusted score (SAAS) is a hybrid approach
inspired by the SRS-Schwab classification, the concepts of
age-alignment, and GAP score. This new score is com-
posed of three sagittal parameters (PI-LL, PT and TPA).
For these three parameters, points were assigned based
on offset with age-adjusted targets O points if the param-
eter was within 10 years of the patient’s age (Match). For
each 20 years above the age-adjusted target, 1 point was
added (e.g.,+ 1 point between+ 10 and + 30, + 2 points
between +30 and 4 50). Conversely, 1 point was subtracted
for each 20 years below the age-adjusted target (e.g., —1
point between —10 and —30, —2 points between —30 and
—50) (Fig. 4). SAAS was calculated by adding all 3 com-
ponents, creating a discreet score that could have a negative
value (under corrected) or positive value (over corrected).
SAAS was sub-categorized into “SAAS-Under” if it was
less than —1, “SAAS-Match” if it was between —1 and + 1
or “SAAS-Over” if it was greater than + 1 (Fig. 4).
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Fig.3 Global alignment and proportion (GAP) methodology as described by Yilgor et al. JBJS 2017
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Fig.4 Method of calculation of Sagittal age-adjusted score (SAAS) using the three sagittal components. Formula used to evaluate the age-
adjusted alignment targets are reported for each of the three components of the Sagittal Age-Adjusted Score

Statistical analysis

After describing the cohort in terms of baseline demo-
graphic and radiographic alignment, including classic spin-
opelvic parameters, GAP score and categories, and offset
with age-alignment, a pre-to-post-operative analysis was
conducted using paired t test and Chi” test. Comparisons
of demographic and radiographic parameters across PJK
severity groups were conducted using an analysis of vari-
ance (ANOVA).

Sagittal age-adjusted score (SAAS) values were sum-
marized and the distributions of patients by SAAS value
and category were reported. PJK severity group frequen-
cies by individual SAAS were also reported. Comparison of
SAAS across the PJK severity groups was performed using a
Kuskal-Wallis test and the rates of PJK by SAAS categories
were compared using a Fisher Exact test.

Finally, comparison of 2 year patient-reported outcomes
was conducted using SAAS and GAP score. ODI, SF-36
and SRS-22 scores were compared using an ANOVA with a
Boneferroni post hoc analysis.

All statistical analyses were performed using SPSS 21.0
(IBM SPSS Statistics for Windows, Version 21.0. Armonk,
NY: IBM Corp) and a p value less than 0.05 was considered
significant.

Results
Cohort description

409 patients out of the 667 eligible (61.3%) had suffi-
cient data to be included in the analysis. Mean age for the
entire cohort was 63.0 years (SD=9.9 years), mean BMI
was 28.1 kg/m2 (SD=5.5) and 80% were women. The
mean follow-up time was 26.6 months (SD = 6.5 months)
and revision for PJK occurred on average at 16.6 months
(SD=12.1 months).
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Table 1 Description of pre-operative alignment, alignment free of
PJK influence (Virtual) and 2 year post-operative alignment

Pre-op Virtual 2 years
PI(°) 552+124 55+124 551124
PT (°) 26.1+104 21+8.7 22.5+10
PI-LL (°) 20.6+£19.1 33+14.8 35+14.4
T10-L2 (°) -14.7+18.4 —-6+11.8 -92+133
T2-T12 (°) -34.6+18.4 -40.4+15.9 -53.4+182
TPA (°) 25.8+12.3 15.6+10.7 18.5+10.4
GT (°) 333+15.1 20.3+£13.3 24.5+129
SVA (cm) 8.0+7.1 09+52 33+£52

Sagittal alignment for the entire cohort

Pre-operative alignment measures demonstrated a moder-
ate to severe sagittal malalignment (Table 1). Pre-operative
offsets with age-adjusted targets were PI-LL: —13.6°+19.3,
PT offset —3.4°+10.5, TPA offset: —5.8°+12.5 and SVA
offset: —3.9 cm+7.1 (negative values denoted an anterior
alignment / larger malalignment versus targets). Mean GAP
score for the entire cohort was 8.6 + 3.9, with 10.0% of the
patients having a GAP score proportional (GAP-P), 21.6%
of the patient having a moderate disproportion (GAP-MD)
and 68.4% having a severe disproportion (GAP-SD). Regard-
ing the SRS-Schwab classification, 42.3% (173) and 31.3%
(128) patients had PT modifier at + and + +, respectively,
32.0% (131) and 36.9% (151) patients had SVA modifier
at + and + +, and 25.7% (105) and 47.4% (194) had PI-LL
modifier at + and+ +.

Sagittal alignment significantly changed following surgi-
cal correction (Table 1) (all p <0.001 except PI p=0.881).
Offset with age-adjusted targets improved significantly, with
mean PI-LL offset changing from —13.6° to 3.4°, PT —3.4°
vs 0.2°, TPA —5.8° vs 1.5° and SVA —3.9 cm vs 0.8 cm (all
p<0.001). GAP score improved significantly from 8.6 to 5.4
(»<0.001) and the proportion of GAP-P improved signifi-
cantly (GAP-P 23.6%, GAP-MD 39.9%, GAP-SD 36.5%).

Stratification by PJK severity demonstrated that 37.9%
(N=155) of the patients met criteria for PJK, 9.8% (N=40)

met criteria for severe PJK (S-PJK). Overall, 6.6% (N=27)
of the patients underwent revision for PJK (PJF).

Comparison of alignment free of PJK influence
(virtual) between PJK groups

Comparison of alignment free of PJK influence (virtual)
demonstrated a significantly more posterior alignment as
PJK severity increased (Table 2). Comparison of offset
with age-alignment objectives between PJK severity groups
demonstrated a significant difference (all p <0.001), with
a progressive increase in the proportion of patients with
overcorrection as PJK severity worsened (Fig. 5). Compari-
son of the GAP score between PJK severity groups did not
demonstrate a significant difference, but a trend toward a
more proportional score for PJF patient was noted (5.0 vs
4.9 vs 4.00 vs 3.3 p=0.076). No significant differences were
found when using GAP score categories instead of GAP
score (p=0.421). Significant differences were found in term
of PT modifier distribution (p =0.008), PI-LL modifier dis-
tribution (p =0.024) but not in term of SVA modifier distri-
bution (p=0.195).

Sagittal Age-Adjusted Score (SAAS)

Using alignment free of PIK influence (virtual), distribu-
tions across each component of the SAAS were determined
and are plotted in Fig. 6. For PI-LL, 19.8% of the patients
matched their age-adjusted target, 28.0% were under-cor-
rected by at least 10 years and 52.3% were over-corrected by
at least 10 years. Similarly, PT was matched for age for 21.5,
29.3% were under-corrected and 49.3% were over-corrected.
SVA distribution was matched for age for 25.8, 22.0% were
under-corrected and 52.3% were over-corrected.

After combining these three components, SAAS demon-
strated a spectrum of alignment ranging from —9 (severely
under-corrected) to +9 (severely over-corrected) with
most (>80%) of the patients between —4 and 6 (Fig. 5).
SAAS categories were distributed as follow 27.0% of the
patients were under-corrected (SAAS <—1), 51.7% of the
patients were over-corrected (SAAS > 1) and 21.3% of the

Table 2 Comparison of

! : No-PIK PIK S-PIK PIF p

alignment free of PJK influence

(virtual) between PJK severity PI (°) 56.1+12.7 53.9+11.9 56.8+12.6 50.3+11.7 0.058

groups using ANOVA PT (°) 22.449.1 20.6+8.2 18.8+7.7 16+8.2 0.001
PI-LL (°) 5.1+15.4 4+13.9 -1.6+12.5 —64+14  0.000
T10-L2 (°) -5.6+12.6 -53+10.3 -5.1+12.3 —-14£11.6 0.005
T2-T12 (°) -41.9+17.6 -37.7+14.1 —40.4+12 4534158 0.035
TPA (°) 17.5+11 14.9+10.2 1224103 109498  0.001
GT (®) 22.8+13.6 19.4+12.7 1594127 146+12.2 0.001
SVA (cm) 1.8+5.1 0.5+5.1 —-1.1+55 02+4.8 0.004
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Fig.5 Graphical representation of the comparison of offset with age-adjusted alignment thresholds between PJK severity groups
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Fig. 6 Distributions of patients for each individual SAAS component (PI-LL, PT and TPA) as well as for the overall Sagittal age-adjusted score
(SAAS)
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mS-PJK 6.5% 7.1% 12.6%
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No-PJK 56.5% 51.7% 38.6%

Fig. 7 Distribution of PJK severity group within each SAAS catego-
ries

patients matched their age-adjusted SAAS (SAAS between
-l and+1).

SAAS and PJK groups

Comparison of virtual SAAS across the 4 PIK sever-
ity groups demonstrated a significant difference: No-
PIK=0.2+3.6, PIK=14+3.3, S-PJK=2.2+3.4, PJF
4.0+2.6 (p<0.001). As illustrated in Fig. 7, the distribu-
tion of PJK severity by SAAS-group varied significantly
(p <0.009): patients in the “SAAS-over-corrected” group
were less likely to be in the No-PJK group (38.6% of No-
PJK vs 51.8 and 56.5%) and more likely to develop severe
PIK (S-PIK=12.6 vs 7.1% and 6.5%), or PIF (9.2 vs 7.1%
and 0.9%).

SAAS versus 2 year outcomes

Overall, patient-reported outcomes at 2 years improved sig-
nificantly compared to pre-operative scores (ODI 46.8+16.6
vs 29.1 +£20.4, SF-36 PCS 29.7+8.8 vs 38.9+11.1, SRS-
22r total: 2.7+0.6 vs 3.7+0.8, all p<0.001). Compari-
son between 2 year GAP score categories demonstrated a
significantly better SRS-22r appearance score for GAP-P
patients, but no other significant differences in HRQOL out-
comes measures were identified between GAP score cat-
egories (Table 3). Comparison of patient reported outcomes
between 2 year SAAS categories demonstrated that the
worst HRQOL scores were for patients in the SAAS-Under
group (ODI, SF-36 MCS, SRS-22r pain, mental and total
scores— all p <0.05) compared with patients in the SAAS-
Match and SAAS-Over groups (Table 3). Comparison of
2 year HRQOL between 2 year SRS classification modifier
showed better outcomes for patient with SVA modifier at 0
compared to + and + + (ODI, SF-36 PCS & MCS, SRS-
22r, activity, appearance and total score — all p <0.05), lower
disability (ODI) and better mental score (SF36 MCS) for
PI-LL modifier 0, and no significant difference in HRQOL
between PT modifier group at 2 year.

Discussion

The current study demonstrated that, when removing the
effect of PJIK on sagittal alignment, a more posterior global
alignment was associated with an increase in PJK severity.
This overcorrection was only detected using age-adjusted
alignment thresholds that are not reflected by the GAP score.
The SAAS, enabled stratification of patient alignment based
on three parameters (pelvic retroversion, lumbar deformity
and global deformity) that are commonly used in the litera-
ture. When investigating PJK severity, patients classified as
“Overcorrected” by SAAS had a significantly higher rates
of severe PJIK and PJF and had the lowest rate of NoPJK.

Table 3 Comparison of 2 year HRQOL scores between GAP score categories and SAAS categories

GAP score D SAAS p

GAP-P GAP-MD GAP-SD SAAS-under SAAS-match SAAS-over
ODI 25.2+19.8 30.1+20.3 30.4+20.8 0.113 32.8+22.0 26.2+19.1 28.1+19.7 0.037
SF36—PCS 409+11.2 383+11.1 37.8+11.1 0.089 37.8+11.5 394+11.2 39+10.9 0.514
SF36—MCS 52.6+104 50.5+12.9 51.1+11.3 0.42 48.6+12.9 52.4+11.9 52.3+10.7 0.016
SRS—activity 3.7+0.9 34+1.0 34+1.0 0.126 33x1.1 3.6+0.9 35+09 0.125
SRS—pain 3.6+1.1 34+1.2 34+1.1 0.359 32+1.1 34+1.1 3.6x1.1 0.031
SRS—appearance 3.8+0.9 35+09 35+09 0.017 35+1.0 35+09 3.7+0.8 0.068
SRS—mental 4.0+0.7 3.8+0.9 3.9+0.8 0.167 3.8+09 4.0+0.8 4.0+0.8 0.038
SRS—SATIS 42+1.0 4.1+1.1 4.1+0.9 0.978 4.1+1.0 40+1.1 42+09 0.212
SRS—total 3.8+0.8 3.6+0.9 3.6+0.8 0.094 35+09 3.7+0.8 3.7+0.7 0.043
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Two-year patient-reported outcomes were significantly
different across SAAS categories, while only the SRS-22r
appearance score was significantly different based on the
GAP score.

In the current study, we used the alignment free of PJK
influence. This approach allows investigation of the post-
operative alignment before reciprocal changes associated
with PJK have occurred [13]. This method mimics pre-oper-
ative planning for which only the alignment of fused seg-
ments can be controlled surgically and pelvic retroversion is
estimated using a validated formula. Results demonstrated a
significant association between more posterior global align-
ment and occurrence of PJIK. This finding is consistent with
previously published studies, and supports the hypothesis
that PJK could be a consequence of over-correction [9, 17].
Results using offset with age-adjusted alignment emphasize
this point and further strengthen the association between
over-correction and PJK.

The SAAS developed in the current study was defined
using three parameters routinely used for sagittal alignment
evaluation: spino-pelvic mismatch, which evaluates the
lumbar deformity [18], the TPA, which reflects the global
deformity of the spine [19], and the PT, which is a measure
of pelvic compensation [20]. SAAS was able to differentiate
PJK severity, with more severe PJK having a higher SAAS
(e.g. over-corrected). The GAP score did not demonstrate
a similar ability to differentiate PJK severity [11]. Even
more importantly and contrary to what would be expected,
the original GAP score tended to have a more proportional
score with increased PJK severity when removing the effect
of PIK (5.0 vs 4.9 vs 4.0 vs 3.3 p=0.076). One potential
explanation relates to the fact that the original GAP score
is based on published asymptomatic normative data, while
the biomechanical properties of a fused spine are inherently
different. From a patient reported outcomes point of view,
comparison of 2 year post-operative data demonstrated a
significant association between under-correction and sub-
optimal post-operative outcome. This results was previously
demonstrated using a similar approach [10] and is in line
with generally accepted principles of sagittal alignment and
HRQOL [18, 21].

Compare to original publication on GAP score [8], the
current study found no significant association between proxi-
mal failure and GAP score. Potential explanation for the
discrepancy between these two results can be the difference
in mechanical failure definition (proximal issue versus all
type of mechanical failures), the use of the alignment free of
PJK influence or inclusion criteria (complete lumbar fusion
to pelvis versus all types of ASD).

The current SAAS is not perfect. This score is based on
thresholds defined by age only instead of age and PI. Several
studies have demonstrated the effect of PI on PT, TPA and
even on PI-LL [22-24]. Incorporating this relationship and

creating an age- and PI-adjusted SAAS could provide valu-
able refinement of this tool. As the current guidelines for
realignment have yet to be defined using both age and PI,
the current version focused only on age. Another limitation
of SAAS is the lack of granularity at the segmental level. A
previous study demonstrated the importance of the location
of the correction and apex restauration [25]. Future itera-
tions of SAAS could focus on regional and global shapes
rather than a set of parameters to accurately represent the
complexity of sagittal alignment. Finally, other aspects has
been associated with risk of PJK, such as bone quality [26].
Including a bone quality modifier can help improve PIK pre-
diction using SAAS pre-operatively.

This study is not without limitations. First and foremost,
the multicenter aspect and long period of enrollment pro-
duce variability with regard to the correction performed,
UIV selection, and the material and techniques used.
Although the multicenter design increases the generaliz-
ability of the results, it does not permit to control for indi-
vidual type of surgery. Second, this analysis was based on
static sagittal standing x-rays only. More recent studies [27,
28] have demonstrated the importance of thoracic flexibility
and muscle quality as factors associated with development
of junctional issues, but these could not be included in the
current analysis due to the retrospective nature. Finally, PJF
was defined based on performance of revision surgery for
PJK. This definition does not account for patients who may
have been offered but declined revision surgery, nor does it
account for potentially differing radiographic and clinical
thresholds for offering revision surgery among contributing
surgeons. Therefore, the rate of PJF may be under-estimated.
In the current study we tried to mitigate the under-estimation
by adding an additional threshold for severe PIK.

Conclusion

This study focused on combining multiple approaches for
assessment of alignment (SRS classification, GAP and age-
adjusted). The new SAAS demonstrated a significant asso-
ciation with the rate of PJK. In addition to being able to
differentiate mechanical failure at the junction, SAAS cat-
egories demonstrated significant differences in HRQOL at
2 years following surgery. With a lower rate of failure than
“SAAS-Over” and better HRQOL than “SAAS-Under”, the
SAAS-Match category seems to represent a “sweet spot”
to optimize HRQOL while mitigating the risk of junctional
level mechanical complications.
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