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OBJECTIVE The objective of this study was to explore the rate of proximal junctional failure (PJF) and functional out-
comes of normative alignment goals compared with alignment targets based on age-appropriate physical function.

METHODS Baseline relationships between age, pelvic incidence (Pl), and a component of the T1 pelvic angle (TPA)
within the fusion were analyzed in adult spinal deformity (ASD) patients and compared with those of asymptomatic
patients. Linear regression modeling was used to determine alignment based on Pl and age in asymptomatic patients
(normative alignment), and in ASD patients, alignment corresponding to age-appropriate functional status (functional
alignment). A cohort of 288 ASD patients was split into two groups based on whether the patient was closer to their nor-
mative or functional alignment goal at their 6-week postoperative radiographic follow-up. The rates of proximal junctional
kyphosis (PJK) and PJF were determined for each cohort.

RESULTS |In the 288 ASD patients included in this pre- to postoperative analysis, there was no difference in baseline
alignment or health-related quality of life (HRQOL) between the normative alignment and functional alignment groups. At
6 weeks, patients with normative alignment had a smaller TPA (4.45° vs 14.1°) and Pl minus lumbar lordosis (-7.24° vs
7.4°) (both p < 0.0001) and higher PJK (40% vs 27.2%, p = 0.03) and PJF (17% vs 6.8%, p = 0.008) rates than patients
with functional alignment.

CONCLUSIONS Correction in ASD patients to normative alignment resulted in higher rates of PJK and PJF without
improvements in HRQOL. Correction in ASD patients to functional alignment that mirrors the physical function of their
age-matched asymptomatic peers is recommended.
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tating disorder associated with pain and func-

tional disability, even after corrective surgery. The
degree of instrumentation and fusion has profound effects
on a patient’s ability to complete activities of daily liv-
ing, including basic hygiene, dressing oneself, and social
activities.! Undercorrecting a deformity can lead to severe
disability from compensatory mechanisms the body en-
lists to maintain positioning; conversely, aggressive re-
alignment surgery has been shown to result in mechanical
complications such as proximal junctional kyphosis (PJK)
or proximal junctional failure (PJF).2* PJK is a mechani-
cal complication of spinal realignment surgery that may
lead to continued disability and subjects the patient to
high rates of surgical revision. Several studies have identi-
fied significant risk factors, particularly increased age and
overcorrection.*8

As medicine continues to transition into an age of per-
sonalized care, there is continued recognition that elderly
individuals may not require the aggressive realignment
that a younger patient may need.” With the goal of im-
proving patient satisfaction, several studies have proposed
targeted ASD alignment parameters that correlate with in-
creased health-related quality-of-life (HRQOL) outcome
scores. However, there has been no clear consensus on
proper corrective alignment for patients with ASD. One
school of thought focuses on the use of normative align-
ment, which has been calculated from an asymptomatic
cohort, to assess overcorrections and predict complica-
tions in ASD surgery.”” Another recommends alignment
that is based on age-appropriate physical function in com-
bination with individual pelvic incidence (PI) to reduce
PJK and PJF.3!!

Differences in functional outcomes and PJK between
these alignments have not been fully explored. Despite the
focus on patient-centered outcomes, there has yet to be
a clear assessment of clinical significance between these
alignment goals. The purpose of this study was to com-
pare clinical outcomes and rates of PJK and PJF in ASD
patients after surgical correction to normative alignment
or age- and Pl-associated functional alignment. Using a
component of T1 pelvic angle (TPA) within the fusion, the
T4 pelvic angle (T4PA), allows for measurement of spino-
pelvic alignment separate from that of the unfused tho-
racic spine and any PJK that may occur postoperatively.
This study uses T4PA to compare normative alignment
and age- and Pl-associated functional alignment targets in
terms of PJK, PJF, and HRQOL measures.

Methods
Study Design

This study was a retrospective analysis of prospectively
collected data from ASD patients conducted through a
collaboration of spine surgeons from 11 sites across the
US. Patients were enrolled through an IRB-approved pro-
tocol at each site. Patients older than 18 years of age were
retrospectively included if they underwent three-column
osteotomy or prospectively enrolled if they had radio-
graphic evidence of spinal deformity (coronal Cobb angle
> 20°, sagittal vertical axis [SVA] = 5 cm, pelvic tilt [PT]

ﬁ puLT spinal deformity (ASD) is a chronic, debili-
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= 25°, or thoracic kyphosis [TK] = 60°). Criteria for inclu-
sion were patients who underwent surgical fusion to T4
and in whom 36-inch standing radiographs were obtained
at baseline and 6 weeks and 2 years of follow-up. For the
present study, all patients also had HRQOL outcomes
available at baseline and 2 years of follow-up. Patients
were excluded if they had a neuromuscular, traumatic, in-
fectious, or malignant cause of scoliosis.

Radiographic Analysis and Data Collection

Data collection at baseline included standardized
HRQOL questionnaires as well as clinical, demograph-
ic, and radiographic information. Basic demographic and
clinical data included patient age, sex, BMI, smoking sta-
tus, American Society of Anesthesiologists (ASA) Physical
Status Classification, and history of prior spine surgery. In
all patients, 36-inch standing scoliosis radiographs were
obtained for which the patients had no external support,
such as walkers. All radiographic measurements were
performed at a location using standard techniques for
establishing parameters. Radiographic analysis was per-
formed on baseline radiographs using dedicated and vali-
dated software (SpineView and SpineLab, ENSAM).12.13
The radiographic parameters recorded included T4PA,
PT, and PI minus lumbar lordosis (PI-LL). For this study,
PJK was defined according to the system of Glattes et al.,"*
kyphotic angle > 10° between the upper instrumented ver-
tebra (UIV) and UIV+2, and PJF was defined as severe
PJK (kyphotic change > 21.6°), UIV listhesis, or proximal
junctional fracture.’!

HRQOL assessment tools included the Oswestry Dis-
ability Index (ODI), Scoliosis Research Society (SRS)-22,
and SF-36 questionnaires. Two standard summary scores
were calculated based on the SF-36 Physical Component
Summary (PCS) score. The SRS-22 provides a summary
score and multiple subdomains, including activity, pain,
appearance, mental, and satisfaction.

Asymptomatic Patient Population

A cohort of 118 asymptomatic patients was analyzed.
These patients had no back pain, neck pain, or complaints
related to postural deformity."" Associations were assessed
between alignment, age, and PI. Linear regression analysis
was performed on their TAPA, age, and PI to determine
normative T4PA values for different PI and age categories.

Statistical Analysis

Baseline relationships between age, PI, and T4PA were
analyzed in the ASD patients and compared with those
of the asymptomatic patients. Linear regression modeling
was used to determine functional alignment corresponding
to age-appropriate functional status in ASD patients. Spi-
nal deformity patients with UI'V above T4 were grouped
based on their corrections: normative versus functional.
Each patient had two individual T4PA realignment goals,
a normative T4PA goal based on an asymptomatic popu-
lation and a functional T4PA goal based on age-adjusted
physical function scores. If the postoperative alignment
achieved at 6 weeks was up to the midpoint between nor-
mative and functional alignment, we considered these



TABLE 1. T4PA values in asymptomatic patients for normative
alignment stratified by age and PI
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TABLE 3. Baseline demographic data, radiographic parameters,
and patient-reported outcomes

Age, yrs
Pl 40 50 60 70 80

35°  -3.855°  -2.005°  -0.155° 1.695° 3.545°

45° 0.135° 1.985° 3.835° 5.685° 7.535°

55° 4.125° 5.975° 7.825° 9.675° 11.525°
65° 8.115° 9.965° 11.815°  13.665° 15.515°
75°  12.1056° 13.955° 15.805° 17.655° 19.505°

patients to have normative alignment per the normative
target. If the postoperative alignment achieved at 6 weeks
was higher than the midpoint between normative and
functional alignment, we considered these patients to have
functional alignment per the functional target. Patients
with extreme over- or undercorrection were excluded (> 2
SDs from the mean postoperative T4PA). Baseline demo-
graphics, HRQOL, radiographic parameters, and rates of
PJK and PJF were compared among the two cohorts using
the t-test and chi-square analysis, where appropriate, with
significance set to p < 0.05.

Results

Linear Regression Analyses

In total, 118 asymptomatic patients (68.1% female,
mean age 50.7 + 17.0 years, mean BMI 28.0 + 6.0 kg/m?)
were analyzed in a multilinear regression model to deter-
mine normative alignment based on T4PA, PI, and age.
TAPA was found to correlate with age and PI, generating
the following formula: normative T4PA = -25.22 + 0.399
x PI + 0.185 x age (r = 0.713, r> = 0.51, p < 0.001). Table
1 provides these T4PA alignment values stratified by age
and PL

A total of 1916 ASD patients (72.2% female, mean
age 609 + 14.1 years, mean BMI 28.2 + 6.0 kg/m?) were
included in the development of our functional alignment
formula. The linear relationships among T4PA, PI, and
age were used to generate a regression model using the
age-readjusted PCS formula (PCSnorm = 66.68 — 0.35 x
age) from the published US normative values of SF-36 to
derive the following equation: functional T4PA = 045 x
PI - 0.43 x PCSnorm + 6.85 (r = 0.6, > =0.36, p < 0.001).

TABLE 2. T4PA values in ASD patients for functional alignment
stratified by age-adjusted PCS score and PI

Age-Adjusted Normative PCS Score*

Pl 52.58° 49.08° 45.58° 42.08° 38.58°
35° -0.0094°  1.4956° 3.0006° 4.5056° 6.0106°
45° 4.4906° 59956°  7.5006° 9.0056° 10.5106°

55° 8.9906° 10.4956° 12.0006° 13.5056° 15.0106°
65° 13.4906° 14.9956° 16.5006° 18.0056° 19.5106°
75° 17.9906° 19.4956° 21.0006° 22.5056° 24.0106°

* The age-adjusted PCS scores are for 40, 50, 60, 70, and 80 years, respec-
tively.
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Normative Functional
Alignment Alignment p
Group (n=137) Group (n=151) Value
Mean BMI, kg/m? 26.7 27.2 0.46
Mean ASA class 2.4 2.2 0.059
Female sex 84.7 775 012
Smoker 3.8 76 0.167
Diabetes 29 6.0 0.22
Hypertension 217 291 0.8
Lung disease 46 3.6 0.68
Osteoporosis 22.6 13.2 0.04
Prior spine surgery 35.6 414.7 0.285
Mean PI-LL, © 10.4 11.33 0.72
Mean PT, ° 22.46 22.69 0.85
Mean T4PA, ° 16.72 17.55 0.61
Mean ODI 42.66 36.87 0.24
Mean SF-36 PCS score 33.1 34.08 0.47
Mean SRS-22 score 2.78 2.81 0.7

Values are given as percentages unless otherwise indicated. Boldface type
indicates statistical significance.

Table 2 provides these T4PA alignment values stratified by
age-adjusted PCS score and PI.

Functional Versus Normative Alignment

A total of 304 ASD patients were evaluated. Of these,
16 were excluded for having a postoperative T4PA > 2 SDs
from the mean. Thus, 288 ASD patients were included
in the pre- to postoperative analysis (137 in the norma-
tive alignment group and 151 in the functional alignment
group); there was no difference in baseline alignment or
HRQOL between the groups (Table 3). Patients in the
functional alignment cohort were less likely to have os-
teoporosis (13.2% vs 22.6%, p = 0.04) than patients with
normative alignment. No other differences in comorbidi-
ties were observed. A comparison of patients excluded
from the study with those who were included is shown in
Table 4.

Patients in the functional alignment cohort were equal-
ly likely to have undergone pedicle subtraction osteotomy
(17.1% vs 17.9%, p = 0.88) and vertebral column resec-
tion (9.5% vs 11.1%, p = 0.69) as patients in the normative
alignment cohort. Moreover, the average number of Ponte
osteotomies was similar in both the functional and norma-
tive alignment groups (5.7 vs 5.4, p = 0.5). Similarly, use
of PIK prophylaxis was observed to be uniform between
the functional and normative alignment cohorts (39.1% vs
474%, p = 0.15). The PJIK prophylaxes most commonly
used were hooks (28.8%), tethers (10.1%), and hybrid
(3.1%).

At 6 weeks postoperatively (Table 5), the norma-
tive alignment group had smaller T4PA (4.5° vs 14.1°, p
< 0.001) and PI-LL (-7.2° vs 74°, p < 0.001). A Pearson
chi-square analysis revealed that patients with normative
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TABLE 4. Comparison of patients excluded for overcorrection or

TABLE 6. Six-week postoperative radiographic parameters in
patients with and those without PJK

undercorrection (> 2 SDs from mean postoperative T4PA) with
those included in the study

Radiographic Parameter Normative Functional p
Excluded Patients Included Patients p Value for Those w/o PJK (n=282) (n=110) Value
Total no. of patients 16 228 TAPA, © 41+64 13.4 £ 8.1 0.001
Mean age, yrs 57.9+16.3 551+ 16.4 0.51 PI-LL, © -8.0+94 6.7+122  0.001
Mean BMI, kg/m? 269+4.6 26.9+6.0 0.98 PT, ° 12773 209+94 0.001

Mean ASA class 23+06 23+07 0.78 TK, ° 40.4 +15.1 385+155 04
Female sex 81.3 80.9 0.97 LL,° 60.8 + 9.1 455+122  0.001
Smoker 12.5 5.2 0.33 SVA, mm -56+375  28.2+480  0.001
Diabetes 0 4.5 0.39 TPA, © 74+6.7 16.9 £ 8.1 0.001

Hypertension 188 285 04 Radiographic Parameter ~ Normative ~ Functional p
Lung disease 6.3 4.2 0.69 for Those w/ PUK (n =55) (n=41) Value
Osteoporosis 12.5 17.7 0.59 TAPA, © 54462 15.5+ 6.2 0.001
Prior spine surgery 43.8 38.9 0.7 PI-LL, ° 56489 8.8+8.4 0.001
PI-LL, © 276+38.9 10.9 £22.6 0.12 PT ° 157+77 246+ 8.4 0.001
PT,° 319£220  226+114 01 TK, 440+133  376+178 0048
TAPA, © 26.6 +£25.2 17.2 £ 14.1 017 LL ° 611 + 10.0 472+ 17 0.001
oDl 4266 £ 191 M.2+199  0.85 SVA, mm 22+338 299+380  0.001
SF-36 PCS score 315+76 337115 0.49 TPA, ° 97+64 196 +6.2 0.001

SRS-22 score 28307 280%0.6 0.88

Values are given as mean + SD or percentage unless otherwise indicated.

alignment developed higher rates of PIK (40% vs 27.2%, p
=0.03; OR 0.56, 95% CI 0.34-0.92) than the functionally
aligned cohort at 6 weeks, but no difference was seen at 2
years postoperatively (48.1% vs 37.3%, p = 0.073). Patients
with osteoporosis were found to have similar rates of PIK
at both 6 weeks (42.2% vs 32.3%, p = 0.2) and 2 years
(50.0% vs 42.1%, p = 0.35) postoperatively. A comparison
of the radiographic characteristics of those who did and
did not develop PJK between groups is shown in Table 6.
Rates of PJF were higher in the patients with normative
alignment (17% vs 6.8%, p = 0.008) than in those with
functional alignment. Patients who developed PJF had a
mean T4PA offset of —1.2° + 6.8° from normative align-
ment and —5.2° + 6.9° from functional alignment. In con-
trast, patients without PJF had a mean T4PA offset of 3.9°
+ 7.2° from normative alignment and —0.42° + 7.1° from
functional alignment. A greater or positive T4PA offset
indicates a more anterior alignment; conversely, a lower
or negative offset indicates a more posterior alignment.
There was a trend toward worse 2-year SF-36 PCS scores
in patients who developed PJF (37.7 vs 41.6, p = 0.09). No
other differences in HRQOL were seen between patients

TABLE 5. Six-week postoperative radiographic parameters

Radiographic Normative Alignment Functional Alignment

Parameter Group (n =137) Group (n = 151) p Value
TAPA, © 45 141 <0.0001
PI-LL, ° -72+94 74+ 111 <0.0001
PT, ° 13975 21.8+95 <0.0001

Values are given as mean + SD unless otherwise indicated.
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LL = lumbar lordosis.
Values are given as mean + SD unless otherwise indicated.

with PJF and those without PJF (2-year ODI, 2-year SRS-
22 score, AODI, and ASRS-22 score). The normative and
functional alignment groups both showed improvement
in outcomes from baseline to the 2-year follow-up (p <
0.001), with no difference in 2-year HRQOL measures.

Discussion

The primary goal of realignment surgery is to relieve
a patient’s symptoms of sagittal malalignment and maxi-
mize their cone of economy. Dubousset’s cone of econo-
my is frequently discussed in the setting of ASD because
it conveys the idea that ideal spinal alignment maintains
standing posture with minimal muscular energy expendi-
ture. Deviation of alignment exponentially increases the
amount of energy required for one to sustain horizontal
gaze and posture; thus, patients with ASD expend a ma-
jority of their energy to remain upright. Many patients,
particularly elderly individuals, may not have the energy
to maintain posture; thus, their alteration in global sagittal
alignment drives recruitment of the body’s compensatory
mechanisms. Individual patient characteristics such as
age, sex, and race/ethnicity relate to which compensatory
mechanisms their body chooses to alleviate the mechani-
cal load. For example, males have been shown to use more
knee flexion, while females tend to use more PT and hip
extension.'>!® Surgical treatment of ASD serves to correct
such compensatory mechanisms and achieve proper sag-
ittal alignment in patients; however, the determinants of
proper alignment are debated.

With the help of technology, the planning of surgical
correction continues to transition toward a personally tai-
lored operation. Each patient poses a particular challenge,
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FIG. 1. Preoperative (A) and postoperative (B) 36-inch standing radiographs obtained in a 63-year-old patient who underwent
T3-S1/ilium fusion with correction close to normative alignment (T4PA offset from normative = -0.48°), resulting in PJK/PJF.
Preoperative (C) and postoperative (D) 36-inch standing radiographs obtained in a 65-year-old patient who underwent T3-S1/ilium
fusion with correction close to functional alignment (T4PA offset from functional = 0.11°), resulting in no PJK/PJF.

and their personal needs and goals of care may not fit in to
what may be considered normal alignment. For instance,
there are ASD patients who experience significant clinical
improvement following surgery despite not meeting nor-
mative alignment criteria, and equally, there are patients
in whom the correction may seem to be well aligned, but
they experience limitations in functional activity. Correc-
tion of spinal alignment should focus on alleviating pain
and improving physical function while reducing the risk
of complications. Our results suggest that it may not be
necessary for older individuals to undergo correction to
normative alignment to clinically benefit from surgery; in
fact, doing so may lead to a higher rate of PJF.

Alignment targets that incorporate normative param-
eters such as the global alignment and proportion (GAP)
score developed by Yilgor et al. have been shown to pre-
dict PJK/PJF with high specificity; however, the GAP
score has been demonstrated to have inherently low sensi-
tivity.'%!” Moreover, external validation studies have dem-
onstrated the overall poor generalization of the score to
other populations.'®!° The use of such methods has driven
spinal correction toward mirroring that of asymptomatic
individuals, a threshold that may be too extreme for certain
patients, particularly those who are older and more frail.
Not only does correction to normative alignment subject
a patient to a more rigorous operation and the risks that
come with it, but it may result in a higher rate of PJF when
compared with correction to functional alignment. Be-
cause of their reliance on spinal radiographic parameters,
normative alignment goals cannot account for enough of
a patient’s individual characteristics. For example, patient
lifestyle should be considered in preparation for surgery.
A patient’s longevity is heavily associated with their phys-
ical activity.?>?! Overcorrecting alignment in such a way
that limits a patient’s physical ability to walk, stand, or en-
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gage in social activities may decrease their overall quality
of life. Furthermore, geographic location, race/ethnicity,
and BMI have been shown to play a role in radiographic
spinopelvic disability thresholds, suggesting that surgeons
should recognize each individual’s needs when planning
correction.???

Past literature has revealed that realignment targets
should be tailored to patient age and PL>!'** Although
both age and PI are used in determining functional align-
ment, PI is the primary driver, with a coefficient 150%
larger than that for age. The current study provides evi-
dence that normative alignment thresholds do not contrib-
ute to clinical improvement in a patient’s physical function
compared with patients in whom functional alignment is
performed. When examining the results, patients with
normative alignment underwent significantly greater cor-
rection as measured by T4PA and PI-LL than those with
functional alignment and went on to develop higher rates
of PJK and PJF. Specifically, patients who developed PJF
after normative alignment had a T4PA offset that was ad-
jacent to their target. Figure 1 shows the preoperative and
postoperative radiographs for 2 patients, one with norma-
tive alignment correction and the other with functional
alignment correction. Compared with patients in the
functional alignment group who subsequently developed
PJF, the T4PA offset for the patient in whom normative
alignment correction was performed was several degrees
away from the target, suggesting that proper functional
alignment was not achieved in this patient (Fig. 1A and
B). Additionally, those in the functional alignment cohort
who did not go on to develop PJF were found to have a
T4PA offset near their goal. Conversely, it has also been
shown that the relaxed age- and Pl-associated alignment
targets will not result in the rate of undercorrection being
increased in these patients, which reaffirms that normative
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planning techniques for ASD surgery may be too aggres-
sive without providing any clinical benefit to the patient.
One should note that although the HRQOL was lower for
patients who developed PJK than for those who did not,
this difference was not statistically significant. This find-
ing may strengthen the argument that HRQOL scores are
not as correlated to alignment goals as previous literature
claims, but this could also be because of a lower power
analysis.?

It has been shown that patients with osteoporosis have
lower bone density, which can lead to spinal instability and
accelerate the development of PJK. In a retrospective co-
hort study of elderly patients who underwent correction
and fusion surgery for ASD, the mean bone density mea-
sured using lumbar dual-energy x-ray absorptiometry and
spinal CT was found to be associated with revision sur-
gery for PJK or additional vertebral fracture.?® Although
patients in the normatively aligned cohort were found to
have an increased rate of osteoporosis than those with
functional alignment, a subsequent analysis comparing pa-
tients with osteoporosis with those without demonstrated
no difference in the rate of PJK. In addition, the use of PJK
prophylaxis seemed to have no effect on the development
of this complication, suggesting that there is a great deal
of complexity surrounding PJIK and indicating that further
investigation is necessary to fully understand its multifac-
eted nature.

The use of age- and HRQOL-adjusted goals of mea-
surement in spinal deformity is not novel. Over the past
decade, some surgeons have continued to investigate the
benefit of including quality-of-life outcomes and patient-
specific metrics into spinal alignment goals.?”?® The SRS-
Schwab classification was among the first used for this
purpose and has shown great intra- and interobserver reli-
ability.?*° More recently, the sagittal age-adjusted score
for ASD continues the trend toward a focus on patient-
reported outcomes.”® As with the literature above, we hope
the present study emphasizes the importance of incorpo-
rating a patient’s individual needs and functional outcomes
into their alignment goals.

Although prospectively collected radiographic and
HRQOL data were used, the primary limitation of the
study is its retrospective design, which subjects the data
and analysis to inherent biases of the researchers. This
study used published age-specific normative values for the
SF-36 PCS score and data from a multicenter database of
ASD patients to determine the alignments that would cor-
respond to the expected functional status of their similarly
aged peers. The SF-36 is a health outcome measure that
has been used to quantify health status in many different
diseases. Since normative data are available for patients of
different ages, the SF-36 can be used to compare patients
with a specific pathology, in this case ASD, with their age-
matched asymptomatic peers. Although this methodology
has its flaws, there are few tools to appropriately quantify
functional outcomes in such a population.

Conclusions

Current medical technology continues to focus on de-
veloping a tailored approach to each patient. Despite this,
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some alignment guidelines have continued to be based on
parameters seen in a heterogeneous and asymptomatic
population. Similar to the SRS-Schwab classification and
sagittal age-adjusted score for ASD, our results contribute
to the evidence that surgical planning should be based on
individual characteristics of the patient, particularly age
and PI. The alignment of patients with ASD should not
be corrected to match the alignment of their asymptomat-
ic unfused peers; rather, functional realignment to match
age-appropriate physical function should be performed.
This will lead to no change in patient quality of life but
reduce the rate of PJF.
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