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A Novel Tool for Deformity Surgery Planning: Determining the Magnitude of Lordotic
Correction Required to Achieve a Desired Sagittal Vertical Axis
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-OBJECTIVE: We sought to create a model capable of
predicting the magnitude of pelvic incidenceelumbar
lordosis (PI-LL) correction necessary to achieve a desired
change in sagittal vertical axis (SVA).

-METHODS: A retrospective review was conducted of a
prospectively maintained multicenter adult spinal defor-
mity database collected by the International Spine Study
Group between 2009 and 2014. The independent variable of
interest was the degree of correction achieved in the PI-LL
mismatch 6 weeks after surgery. Primary outcome was the
change in global sagittal alignment 6 weeks and 1 year
after surgery. We used a linear mixed-effects model to
determine the extent to which corrections in the PI-LL
relationship affected postoperative changes in SVA.

-RESULTS: A total of 1053 adult patients were identified.
Of these patients, 590 were managed surgically. Eighty-
seven surgically managed patients were excluded
because of incomplete or missing PI-LL measurements on
follow-up; the remaining 503 patients were selected for
inclusion. For each degree of improvement in the PI-LL
mismatch at 6 weeks, the SVA decreased by 2.18 mm
(95% confidence interval,L2.56,L1.79; P < 0.01) and 1.67 mm
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Abbreviations and Acronyms
CI: Confidence interval
HRQOL: Health-related quality of life
LL: Lumbar lordosis
PI: Pelvic incidence
PT: Pelvic tilt
SD: Standard deviation
SRS: Scoliosis Research Society
SVA: Sagittal vertical axis
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(95% confidence interval, L2.07, L1.27; P < 0.01) at 6
weeks and 12 months, respectively. A high SVA measure-
ment (>50 mm) 1 year after surgery was negatively asso-
ciated with health-related quality of life as measured by
the Scoliosis Research Society 22 outcomes assessment.

-CONCLUSIONS: We describe a novel model that shows
how surgical correction of the PI-LL relationship affects
postoperative changes in SVA. This model may enable
surgeons to determine preoperatively the amount of LL
necessary to achieve a desired change in SVA.
INTRODUCTION
he spinal column, an essential component of the overall
structural support necessary to maintain an upright
Tposture, functions optimally when the head, shoulders,

pelvis, and feet are aligned: an equilibrium termed sagittal
alignment.1 Sagittal malalignment may occur because of spinal
deformity: a common problem that often requires surgical
intervention to improve quality of life and prevent disability.2

Postoperative measurements of the sagittal vertical axis (SVA)
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represent one way to assess the efficacy of deformity surgery; the
typical benchmark of an effective deformity surgery is a
postoperative SVA of <50 mm.3 However, SVA alone may
underestimate global sagittal malalignment and should
therefore be used in conjunction with measurements of pelvic
tilt (PT), pelvic incidence (PI), and lumbar lordosis (LL)
to determine the true extent of postoperative sagittal
malalignment.4

Restoration of a normal SVA is the single most important factor
in deformity surgery and positively correlates with major clinical
outcomes.5 In most surgical cases, the relationship between PI
and LL (PI-LL) is the primary parameter modified
intraoperatively to achieve postoperative restoration of a proper
SVA.6 For instance, patients with very large PIs require
concomitantly large LLs to achieve optimal SVAs. Conversely,
patients with low PIs have optimal SVAs with smaller LLs.
Previous literature has described a goal PI-LL relationship of 10�

to achieve an ideal SVA.7 Despite knowledge of this relationship,
no model has been able to quantify the degree to which surgical
modification of the PI-LL relationship affects subsequent SVA
correction. Establishing such a model (one with the ability to
predict the number of millimeters that the SVA changes for each
degree of surgical correction of the PI-LL) may help surgeons plan
the degree of PI-LL correction necessary to achieve a desired
postoperative SVA.
Herein, we analyze a large, prospectively maintained database

of adult patients with spinal deformity to create a model capable of
estimating the magnitude of PI-LL correction needed to achieve a
desired change in SVA.
METHODS

Study Design and Population
A retrospective review was conducted in 2016 of a prospectively
maintained multicenter adult spinal deformity database
collected between 2009 and 2014. The database is composed of
consecutively enrolled patients with adult spinal deformity
(defined by age >18 years and at least 1 of the following:
coronal Cobb angle >20�, SVA >50 mm, PT >25�, or thoracic
kyphosis �60�) collected through the International Spine Study
Group. This study was conducted in accordance with the
amended Declaration of Helsinki and reported following the
STROBE (Strengthening the Reporting of Observational Studies
in Epidemiology) guidelines. All study patients provided
informed consent.
Data Collection and Radiographic Assessment
The database contains de-identified information regarding the
demographics, medical comorbidities, clinical examinations, and
diagnostic study results of adult patients with spinal deformity.
Data for each patient were collected preoperatively, 6 weeks
postoperatively, and 1 year postoperatively. The Oswestry
Disability Index and the Scoliosis Research Society-22 Patient
Questionnaire (SRS-22) were used to assess health-related quality
of life (HRQOL). Full-length 91.44-cm (36-in) cassette radiographs
were obtained and analyzed at a single center (New York Univer-
sity Hospital for Joint Disease).
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Explanatory Variables and Primary Outcome
The primary outcome was change in global sagittal alignment,
measured in millimeters, during the follow-up period (6 weeks
and 1 year after surgery). The primary independent variable
considered was the degree of correction achieved in the PI-LL
mismatch 6 weeks after surgery. Additional important clinical
predictors that were taken into account include age, gender, body
mass index, current or past smoker, active malignancy, chronic
lung disease, chronic arthritis, and major depression.

Statistical Analysis
Descriptive statistics were used to determine baseline patient
characteristics. Quantitative variables were presented as the
mean and standard deviation (SD), median and interquartile
range, or proportions. The primary independent variable under
consideration (PI-LL correction at 6 weeks) was considered
alongside other important a priori radiologic and clinical pre-
dictors such as PT, sacral slope, age, gender, body mass index,
current or past smoker, active malignancy, chronic lung disease,
chronic arthritis, and major depression to predict the amount of
change in SVA observed during the follow-up period. We used a
linear mixed-effects model with a random intercept to model the
change in SVA during follow-up as a function of the change in
PI-LL and also adjusted for the potential confounders.
We also used an inverse probability-weighted generalized linear

model to evaluate the association between high postoperative
SVAs (>50 mm) with HRQOL outcomes. Inverse probability
weighting was used to account for information missing from
HRQOL measures at 1 year. We used P ¼ 0.05 as the cutoff for
statistical significance; all reported P values are 2 sided. All ana-
lyses were performed in STATA version 14.1 (StataCorp, College
Station, Texas, USA).

RESULTS

A total of 1053 adult patients were identified in the database
(Figure 1). Of these patients, 463 did not undergo a surgical
procedure and 87 had incomplete information on PI-LL mea-
surement and were thus excluded. The remaining 503 patients are
the focus of the present analysis.
The mean age of included patients was 57.0 years (SD, � 15.4

years); 79.2% of these patients were male. The most common
comorbidities at baseline were arthritis and major depression
(Table 1). The mean SVA at baseline was 65.0 mm (SD,� 75.9 mm).
SVA measurements were found to decrease significantly at 6 weeks
and 1 year after surgery: 26.6 mm (SD, � 51.5 mm) and 24.9 mm
(SD, � 55.9) mm, respectively (Table 2). When considering
postoperative changes in SVA as a function of the amount of
correction achieved in the PI-LL, each degree of change in the
PI-LL was found to decrease the SVA by 2.18 mm (95% confidence
interval [CI], �2.56, �1.79; P < 0.01) at 6 weeks after surgery and
by 1.67 mm (95% CI, �2.07, �1.27; P < 0.01) 1 year after surgery
(Table 3 and Figure S1). Thus, the estimated marginal relationship
between change in PI-LL mismatch and correction of the SVA can
be expressed as SVA (mm) ¼ b*PI-LL þ b*PI-LL*time þ
b*time þ b*L þ Intercept, where L represents a vector that takes
into account the effects of all considered clinical characteristics
and predictors. For both time points, the estimated change in SVA
www.WORLDNEUROSURGERY.org 905
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Figure 1. Flow chart of patients.

Table 1. Baseline Characteristics of Included Patients

Baseline Characteristic Total Sample (n [ 503)

Age, years, mean (SD) 57.0 (15.4)

Body mass index, kg/m2, mean (SD) 27.7 (9.0)

Male sex, n (%) 391 (79.2)

Charlson score, median (interquartile range) 1.0 (2.0)

Medical history, n (%)

Current smoker 38 (8.1)

Chronic heart failure 49 (9.7)

Chronic pulmonary disease 24 (4.8)

Chronic renal failure 15 (3.0)

Chronic arthritis 180 (35.8)

Malignancy 49 (9.7)

Osteoporosis 62 (12.3)

Anemia 49 (9.7)

Major depression disorder 118 (23.5)

Cervical radiography findings, �, mean (SD)

Cervical lordosis C2-C7 9.5 (15.8)

Cervical lordosis C2-T3 8.2 (17.0)

Plumb line C2-T3 63.3 (26.8)

Plumb line C2-C7 33.5 (18.9)

T1 slope 27.9 (13.9)

Lumbar radiography findings, �, mean (SD)
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associated with a change in PI-LL while holding all other included
covariates constant can be approximated by OSVA (mm) ¼ 2
*OPI-LL (Figure S2, supplementary appendix).
High SVA (i.e., >50 mm) at 1 year was negatively associated

with HRQOL. SRS-22 scores for the high SVA group (>50 mm)
were on average 0.22 points lower than those of the low SVA group
(�50 mm) 1 year after surgery (P ¼ 0.05; 95% CI, �0.44, 0.00)
(Table 4).
Sacral slope 31.8 (12.0)

Pelvic tilt 23.2 (11.0)

Pelvis incidence 55.0 (12.4)

Lumbar lordosis L1-S1 39.7 (22.0)

Pelvic incidenceelumbar lordosis 15.3 (21.5)

SD, standard deviation.

Table 2. Mean Sagittal Vertical Axis at Baseline, 6 Weeks, and
1 Year After Surgery for the Full Cohort of Patients

Time of Measurement
Mean Sagittal Vertical Axis, mm

(Standard Deviation)

Baseline 65.0 (75.9)

6 weeks after surgery 26.6 (51.5)

12 months after surgery 24.9 (55.9)
DISCUSSION

Even although depression, obesity, age, and smoking have all
been identified as potential factors affecting clinically relevant
outcomes after deformity surgery, the correction of the SVA re-
mains the single most important determinant of HRQOL in these
circumstances.5,7,8 However, outcomes after deformity surgery are
highly variable, meaning that not all patients benefit from a full
correction to a normal SVA of <5 cm. Therefore, surgeons must
evaluate additional parameters such as PI-LL and PT in addition to
SVA when developing an operative plan.8 For example, a patient in
whom a satisfactory SVA is achieved after surgery but the PT and/
or PI-LL remain increased may have a suboptimal clinical
outcome. No tools have been developed to accurately predict
postoperative SVA based on changes in a surgically modifiable
variable such as the PI-LL mismatch. Our model quantifies how
changes in the PI-LL relationship affect changes in the SVA and is
therefore capable of predicting the amount of LL necessary to
achieve a desired SVA after deformity surgery. However, the
relationship between these variables that is described here is
based on aggregated group data, and the confidence intervals
reported apply only to the group mean. Any individual estimates of
the relationship between PI-LL and SVA would necessarily have
wider confidence intervals.
Previous studies by Smith, Lafage, Blondel, and Schwab have

shown that residual positive sagittal malalignment following
906 www.SCIENCEDIRECT.com WORLD NEU
deformity surgery has a negative impact on myelopathy, adjacent-
segment disease, and HRQOL outcomes.3,9-11 In particular, Smith
et al.11 compared best and worst surgical outcomes using the same
patient population analyzed in the present study and found that
ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2017.05.086
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Table 3. Linear Mixed-Effects Model

Main Exposure
Estimated Change in SVA

at 6 Weeks (95% CI) P Value*
Estimated Change in SVA at

12 Months (95% CI) P Value*

Change in pelvic incidence�lumbar lordosisy �2.18 (�2.56, �1.79) <0.01 �1.67 (�2.07, �1.27) <0.01

SVA, sagittal vertical axis; CI, confidence interval.
*P value based on a linear mixed-effects model with random intercept including the main exposure and its interaction with time in addition to age, Charlson score, arthritis, body mass index,

smoking, cancer, gender, T1 slope, lumbar lordosis, cervical lordosis, thoracic kyphosis, and sacral slope.
yChange in pelvic incidence�lumbar lordosis ¼ [pelvic incidence�lumbar lordosis at baseline]�[pelvic incidence�lumbar lordosis at 6 weeks after surgery].
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residual positive malalignment and PI-LL mismatch were associ-
ated with worse HRQOL outcomes. Accordingly, in this cohort,
the SRS-22 (a tool that measures the HRQOL in patients with
spinal deformity) showed better outcomes in patients with an SVA
<50 mm. The PI-LL mismatch has also been described as a
measure that influences clinical outcomes, and inadequate LL in
the setting of a high PI is associated with a pathologic positive
imbalance and worse clinical outcomes.7 However, until now, a
clear relationship between the PI-LL and the SVA has not been
established. Our equation shows that 1 added degree of LL di-
minishes the SVA by slightly more than 2 mm at 6 weeks and
approximately 1.7 mm at 1 year, a difference that does not reach
statistical significance.
A formula to predict SVA after pedicle subtraction osteotomies

one that takes into account PI, LL, PT, maximal thoracic kyphosis
(MTK) and age, SVA ¼�52.87 þ (5.9 � PI)� (5.1� LL) � (4.45 �
PT) � (2.09 �MTK) þ (0.51 � age), has previously been described
by Lafage at al.12 Again, in a similar fashion to our model, SVA
inversely correlates with LL, a finding consistent with previous
knowledge about the relationship between PI-LL, SVA, and over-
all HRQOL outcomes. The primary advantage of our approach is
that it not only considers all the parameters but it also allows for
the potential prediction of postoperative SVA based on the overall
change in the PI-LL.
Limitations of the current study include the retrospective

design, as well as the fact that only patients with baseline
deformity were included in the study cohort. These results
cannot be generalized to the entire spectrum of patients pre-
senting with spinal disease. Furthermore, the study was limited
Table 4. Reported Health-Related Quality of Life at 1 Year by Sagitta

Scoliosis Research Society-22
Questionnaire Total at 1 Y

b (95% CI)

Sagittal vertical axis (1 year
after surgery) > 50 mmy

�0.22 (�0.44, 0.00)

CI, confidence interval.
*P value based on an inverse probability-weighted generalized linear model including main exposu

lordosis, cervical lordosis, thoracic kyphosis, and sacral slope. Inverse probability weighting w
ySagittal vertical axis modeled using level �50 mm as the reference value.
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by the relatively short 1-year follow-up period documented in the
patient database; this may have impeded our ability to capture
the full degree of postoperative SVA correction, which has been
previously shown to plateau at approximately 2 years after
deformity surgery.13 Also, the model presented predicts change
in SVA associated with the change in PI-LL. However, this
finding does not necessarily correspond to an absolute change in
SVA for a given patient. Individualized considerations for each
patient (e.g., sex, age, construct length, proximal junctional
kyphosis, PT, and compensatory thoracic hypokyphosis) are
recommended. Conversely, strengths of the current study include
the use of a prospectively collected cohort, the standardized
assessment of radiographic parameters, and the large size of the
study cohort.
Future studies are encouraged to validate the proposed model

with additional testing using an independent data set. In a
similar regard, given the variation in the reported measurements
within this study, inclusion of an even larger sample size or even
more repeated measures through time would aid with aug-
menting precision. Additional correlations among spinopelvic
parameters should also be examined. Whether it is the PI-LL
mismatch or the SVA correction, the main factor to improve
clinical outcomes is another excellent question that remains to
be answered. There is agreement that the SVA correlates best
with clinical outcomes and HRQOL measures and therefore
should be the main radiographic parameter assessed. Still, other
relationships can and should be explored (e.g., PI-LL and the T1
pelvic angle). Overall, predictive tools of this kind for guiding
deformity surgery preoperatively should be useful.
l Vertical Axis (>50 mm vs. �50 mm)

Patient
ear Oswestry Disability Index at 1 Year

P Value* b (95% CI) P Value*

0.05 0.85 (�5.00, 6.69) 0.78

re, age, Charlson score, arthritis, body mass index, smoking, cancer, gender, T1 slope, lumbar
as used to account for missing information on health-related quality of life measures.
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CONCLUSIONS

We report on a simple model that shows how changes in the PI-LL
relation affect the SVA. Our model may allow surgeons to deter-
mine preoperatively how much LL is needed to achieve a desired
SVA change after surgery. Further validation of our results, in the
form of a prospective trial with a longer follow-up period and a
patient population that includes patients with baseline spine
deformity, remains warranted.
908 www.SCIENCEDIRECT.com WORLD NEU
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SUPPLEMENTARY APPENDIX
Figure S1. Mean response profile for sagittal vertical axis (SVA) after
surgery. The sagittal vertical axis was reduced after surgery; no
significant changes in this parameter were found between 6 weeks and
1 year after surgery.
Figure S2. Relationship between change in PI-LL (6 weeks after surgery)
and sagittal vertical axis (SVA) at 1 year. The postoperative change in the
sagittal vertical axis was inversely proportional to the change in the PI-LL
mismatch. PI, pelvic incidence; LL, lumbar lordosis.
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