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OBJECTIVE  The subtraction of lumbar lordosis (LL) from the pelvic incidence (PI) offers an estimate of the LL required 
for a given PI value. Relative LL (RLL) and the lordosis distribution index (LDI) are PI-based individualized measures. 
RLL quantifies the magnitude of lordosis relative to the ideal lordosis as defined by the magnitude of PI. LDI defines the 
magnitude of lower arc lordosis in proportion to total lordosis. The aim of this study was to compare RLL and PI - LL 
for their ability to predict postoperative complications and their correlations with health-related quality of life (HRQOL) 
scores.
METHODS  Inclusion criteria were ≥ 4 levels of fusion and ≥ 2 years of follow-up. Mechanical complications were proxi-
mal junctional kyphosis/proximal junctional failure, distal junctional kyphosis/distal junctional failure, rod breakage, and 
implant-related complications. Correlations between PI - LL, RLL, PI, and HRQOL were analyzed using the Pearson 
correlation coefficient. Mechanical complication rates in PI - LL, RLL, LDI, RLL, and LDI interpreted together, and RLL 
subgroups for each PI - LL category were compared using chi-square tests and the exact test. Predictive models for 
mechanical complications with RLL and PI - LL were analyzed using binomial logistic regressions.
RESULTS  Two hundred twenty-two patients (168 women, 54 men) were included. The mean age was 52.2 ± 19.3 years 
(range 18–84 years). The mean follow-up was 28.8 ± 8.2 months (range 24–62 months). There was a significant cor-
relation between PI - LL and PI (r = 0.441, p < 0.001), threatening the use of PI - LL to quantify spinopelvic mismatch 
for different PI values. RLL was not correlated with PI (r = -0.093, p > 0.05); therefore, it was able to quantify divergence 
from ideal lordosis for all PI values. Compared with PI - LL, RLL had stronger correlations with HRQOL scores (p < 
0.05). Discrimination performance was better for the model with RLL than for PI - LL. The agreement between RLL and 
PI - LL was high (k = 0.943, p < 0.001), moderate (k = 0.455, p < 0.001), and poor (k = -0.154, p = 0.343), respectively, 
for large, average, and small PI sizes. When analyzed by RLL, each PI - LL category was further divided into distinct 
groups of patients who had different mechanical complication rates (p < 0.001).
CONCLUSIONS  Using the formula of PI - LL may be insufficient to quantify normolordosis for the whole spectrum of 
PI values when applied as an absolute numeric value in conjunction with previously reported population-based average 
thresholds of 10° and 20°. Schwab PI - LL groups were found to constitute an inhomogeneous group of patients. RLL 
offers an individualized quantification of LL for all PI sizes. Compared with PI - LL, RLL showed a greater association 
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To allow the human trunk to adopt an erect pos-
ture, the spine has developed successive, opposing 
curves, which differ from the C-shaped spine of bi-

pedal primates. No other species has spinal alignment that 
includes a lumbar lordosis (LL).4,29 This upright bipedal-
ism provided notable modifications in the morphology of 
the skeleton.13 Sitting upon the femoral heads, the pelvis 
has rotated vertically to act as the foundation for the ver-
tebral column.14

Reported normal values for LL in asymptomatic adults 
vary widely.5,9,19,30,31 After the description of pelvic inci-
dence (PI), sacral slope, and pelvic tilt (PT) to evaluate 
the size and orientation of the pelvis,7 it is now understood 
that the magnitude of ideal lordosis is specific to the given 
individual and should be estimated based on the PI. De-
pending on the value of PI, any given Cobb value can be 
hypolordotic, normal lordotic, or hyperlordotic. The for-
mula of PI minus LL (PI - LL) offers an estimate of the 
lordosis required for a given PI value and tries to quantify 
the mismatch between pelvic morphology and the lumbar 
curve. Schwab et al. suggested that a PI - LL < 10° repre-
sents satisfactory spinopelvic alignment and incorporated 
this into an adult spinal deformity classification.24–26

Although it is a useful predictor, this simple approach 
has limitations. PI - LL is easy to calculate, yet hard to 
evaluate, because it also needs to be adapted to the pelvic 
morphology of each patient. Patients with so-called small 
PI have been reported to require an LL in excess of their 
PI (LL = PI + 10°), whereas patients with large PI require 
an LL smaller than their PI (LL = PI - 10°).27 However, 
it is not clear where the thresholds for small and large PI 
should lie.

Therefore, the concept of using PI - LL solely as an 
absolute numeric value with population-based average 
thresholds may be misleading. Arbitrary use of the +9 or 
-9 further complicates the reproducibility of preoperative 
planning.

Relative LL (RLL) and the lordosis distribution index 
(LDI) are 2 of 4 PI-based proportional radiographic pa-
rameters that comprise the global alignment and propor-
tion (GAP) score.34 RLL quantifies the magnitude of lor-
dosis relative to the ideal lordosis as defined by the mag-
nitude of PI. RLL is described as the ideal LL subtracted 
from the measured LL, assessing the magnitude of hypo- 
and hyperlordosis as divergence from the calculated ideal.

However, even the magnitude of lordosis as quantified 
by a single Cobb value is insufficient to fully describe the 
lordotic curve. Through a horizontal line crossing the apex 
of the curve, lordosis can be reconstructed into 2 tangent 
arcs of a circle.6 This allows a better understanding of the 
distribution of lordosis as upper- and lower-arc lordosis. 
The LDI defines the magnitude of lower-arc lordosis rela-
tive to the total lordosis.34 The LDI is described as L4–S1 
lordosis/L1–S1 lordosis × 100.

The hypothesis of the present study was that the Schwab 
PI - LL categories would comprise an inhomogeneous 
group of patients with different mechanical complication 
rates, indicating that PI - LL is insufficient to quantify spi-
nopelvic mismatch. The aim of this study was to compare 
RLL and PI - LL for their ability to predict mechanical 
complications and their correlations with health-related 
quality of life (HRQOL) scores.

Methods
Patient Inclusion Criteria

This was a retrospective analysis of data collected in 
the multicenter, consecutive, prospective study of the Eu-
ropean Spine Study Group, a collaboration of spine sur-
geons from 6 sites. Institutional review board approval 
was obtained at each site. Enrollment criteria were patient 
age ≥ 18 years with at least 1 of the following: coronal 
Cobb angle ≥ 20°, sagittal vertical axis ≥ 5 cm, PT ≥ 25°, 
or thoracic kyphosis ≥ 60°. For the present study, the spe-
cific inclusion criteria were ≥ 4 levels of posterior instru-
mented fusion and ≥ 2 years of follow-up.

Outcome Data
Mechanical complications were defined as proximal 

junctional kyphosis and proximal junctional failure; distal 
junctional kyphosis and distal junctional failure; rod break-
age and other implant-related complications (not related 
to proximal junctional failure), such as screw loosening/
breakage/pullout; or interbody graft, hook, or set-screw 
dislodgements. Proximal junctional failure was defined as 
≥ 10° increase in kyphosis between the upper instrumented 
vertebra (UIV) and the UIV + 2 between early postopera-
tive and follow-up radiographs. Proximal junctional failure 
was defined as fracture of the UIV or UIV + 1, pullout of 
instrumentation at the UIV, and/or presence of sagittal sub-
luxation. Distal junctional kyphosis/distal junctional fail-
ure was defined as ≥ 10° postoperative increase in kyphosis 
between the lowest instrumented vertebra (LIV) and LIV 
- 1 and/or pullout of instrumentation at the LIV.

Radiographic Evaluation
PI, L4–S1 lordosis, and L1–S1 lordosis were measured 

on radiographs obtained 6 weeks postoperatively using a 
validated software (Surgimap; Nemaris, Inc.). PI - LL was 
calculated using the following formula: PI minus L1–S1 
lordosis. RLL was calculated using the following formula: 
L1–S1 lordosis minus (0.62 × PI + 29). The LDI was calcu-
lated using the following formula: L4–S1 lordosis/L1–S1 
lordosis × 100.

PI - LL was divided into 3 categories as 0, +, and ++ 
for PI - LL within 10°, between 10° and 20°, and > 20°, 
respectively. RLL and LDI were divided into 4 subgroups. 

with both mechanical complications and HRQOL. The use of RLL and LDI together, instead of PI - LL, for surgical plan-
ning may result in lower mechanical complication rates and better long-term HRQOL.
https://thejns.org/doi/abs/10.3171/2017.8.FOCUS17498
KEY WORDS  adult spinal deformity; mechanical complication; spinopelvic mismatch; individualized analysis; 
compensatory mechanisms; distribution of lordosis
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RLL < -25° was considered severe hypolordosis; -25° to 
-14.1°, moderate hypolordosis; -14° to 11°, aligned; and > 
11°, hyperlordosis. An LDI < 40% was considered severe 
hypolordotic maldistribution; 40%–49%, moderate hypo
lordotic maldistribution; 50%–80%, aligned; and > 80%, 
hyperlordotic maldistribution.34

HRQOL Measures
The following questionnaires, which were completed 

preoperatively and at the last follow-up, were used in the 
analyses: Oswestry Disability Index (ODI.v2),8 Core Out-
comes Measures Index (COMI),16 Scoliosis Research So-
ciety (SRS)–22 questionnaire,1 and 36-Item Short-Form 
Health Survey (SF-36).33 

Statistical Analysis
Preliminary analyses showed the relationship to be lin-

ear, with all variables normally distributed, as assessed by 
Shapiro-Wilk’s test (p > 0.05), and there were no outliers. 
Two separate Pearson’s product-moment correlations were 
run to assess the relationships between 1) RLL and PI, and 
2) PI − LL and PI. One-way ANOVA and post hoc Tukey 
honest significant difference tests were used to compare PI 
values in RLL subgroups and PI - LL categories.

A Pearson’s partial correlation was run to determine 
the relationship between RLL, PI - LL, and final follow-
up HRQOL scores (controlling for preoperative HRQOL 
scores). Absolute RLL and PI - LL values were used in 
the analysis.

Two separate binomial logistic regressions were per-
formed to ascertain the effects of RLL and PI - LL on 
the likelihood of incurring a postoperative mechanical 
complication. Overall, performance of the models was 
assessed using Nagelkerke R2.17 As discrimination mea-
sures, the area under the receiver operating characteristic 
curve (AUC), percentage accuracy in classification (PAC), 
sensitivity, specificity, positive predictive value (PPV), and 
negative predictive value (NPV) were calculated.

The agreement of RLL and PI - LL for average, small, 
and large values of PI was assessed using k statistics.

Mechanical complication rates in RLL subgroups for 
each of the PI - LL categories were compared using chi-
square tests and the exact test.

To account for both the magnitude and distribution of 
lordosis, the RLL and LDI categories were combined to 
form 4 additional categories as follows: 1) RLL and LDI 
aligned, 2) RLL or LDI moderately malaligned, 3) RLL 
and LDI moderately malaligned, and 4) RLL and/or LDI 
severely malaligned. Mechanical complication rates in the 
categories for PI - LL, RLL, LDI, and RLL and LDI in-
terpreted together were compared using chi-square tests.

Results
Patient Clinical Characteristics

The European Spine Study Group database contained 
631 operative patients, 548 of whom had ≥ 4 levels of pos-
terior fusion. Among these patients, 251 were ≥ 2 years 
postoperative; 29 patients (11.6%) were lost to follow-up, 
which left 222 patients to be included.

The mean age of patients was 52.2 ± 19.3 years (range 
18–84 years), and the mean duration of follow-up was 28.8 
± 8.2 months (range 24–62 months).

Mechanical Complications
One hundred patients (45%) experienced at least 1 type 

of mechanical complication. Twenty patients (9%) had 
proximal junctional kyphosis, 41 (18.5%) had proximal 
junctional failure, 42 (18.9%) had rod breakage, 14 (6.3%) 
had implant-related complications, and 5 (2.3%) had dis-
tal junctional kyphosis. Fifty patients (22.5%) had under-
gone at least 1 revision surgery due to mechanical failure. 
Twenty patients (9%) and 9 patients (4.1%) had undergone 
2 and ≥ 3 such revisions, respectively.

Dependence of RLL and PI - LL on PI
There was a significant correlation between PI - LL 

and PI (r = 0.441, p < 0.001), threatening the use of PI - LL 
to quantify spinopelvic mismatch over a range of PI values 
(Fig. 1). RLL was not correlated with PI (r = -0.093, p > 

FIG. 1. Correlations between PI and preoperative PI - LL (left) and RLL (right) values.
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0.05); therefore, it was able to quantify divergence from 
ideal lordosis for all PI values (Fig. 1).

Postoperatively, in reference to PI - LL thresholds of 
Schwab’s classification, 124 patients (55.9%) fell into the 
0 category, whereas 60 (27%) and 38 (17.1%) fell into the 
+ and ++ categories, respectively. Patients in the ++ cat-
egory were found to have larger mean PI values than those 
in the categories of 0 and + (F(2, 219) = 4.027, p = 0.019, 
p < 0.05) (Table 1). Thus, PI - LL categories comprised 
patients with different PI values.

Postoperatively, in reference to RLL, 131 patients 
(59%) were aligned, whereas 8 (3.6%), 51 (23%), and 32 
(14.4%) were hyperlordotic, moderately hypolordotic, and 
severely hypolordotic, respectively. Mean PI values were 
not significantly different in RLL subgroups (F(3, 218) = 
1.563, p = 0.199, p > 0.05) (Table 1). Thus, in contrast to 
categorization with PI - LL, RLL subgroups comprised 
patients with different lordotic states, not patients with dif-
ferent PI values.

Correlations to HRQOL Scores
Compared with PI - LL, RLL had stronger partial cor-

relations with ODI, COMI, SF-36 Physical Component 
Summary and SF-36 Mental Component Summary, and 

all SRS-22 subdomain scores at last follow-up, controlling 
for preoperative scores (Table 2).

Prediction of Mechanical Complications With RLL and 
PI - LL

Higher PI - LL was associated with an increased likeli-
hood of mechanical complications. Patients who had a PI 
- LL of 10°–20° and > 20° had 1.1 and 5.3 times greater 
odds of experiencing a mechanical complication, respec-
tively, than patients who had a PI - LL < 10° (Table 3).

The model for PI - LL explained 10.8% (Nagelkerke 
R2) of the variance in incurring a mechanical complica-
tion, with 29% sensitivity, 92.6% specificity, 76.3% PPV, 
61.4% NPV, 0.62 AUC, and 64% PAC (Table 4).

Worse RLL, in both hyperlordotic and hypolordotic 
directions, was associated with an increased likelihood 
of incurring a mechanical complication. Hyperlordotic 
patients had 22.6 times greater odds of experiencing a me-
chanical complication than aligned patients. Moderately 
and severely hypolordotic patients had 5.9 and 31.2 times 
greater odds of experiencing a mechanical complication 
than aligned patients (Table 3).

The model for RLL explained 36.2% (Nagelkerke R2) 
of the variance in incurring a mechanical complication 
and correctly classified 76.1% of cases with 69% sensi-
tivity, 82% specificity, 75.8% PPV, 76.3% NPV, and 0.78 
AUC (Table 4).

TABLE 1. PI values among PI − LL and RLL categories

Category
No. of  

Patients
Mean PI  
± SD (°)

Min to 
Max PI (°)

p  
Value

PI − LL <0.05
  0 124 53 ± 11.5 25–79
  + 60 53.1 ± 13 25–83
  ++ 38 59.4 ± 15.5 34–95
RLL >0.05
  Aligned 131 52.6 ± 12.1 25–84
  Hyperlordosis 8 56.8 ± 16.5 37–83
  Moderate hypolordosis 51 55.7 ± 14.2 25–95
  Severe hypolordosis 32 57.1 ± 12.1 26–85

SD = standard deviation.

TABLE 2. Partial correlations between RLL, PI − LL, and HRQOL 
scores

HRQOL Scores
PI − LL RLL

r p Value r p Value

ODI 0.203 0.004 0.283 0.000
COMI 0.179 0.040 0.217 0.012
SRS-22 subtotal −0.136 0.052 −0.232 0.001
SRS-22 function −0.115 0.102 −0.220 0.002
SRS-22 pain −0.185 0.008 −0.206 0.003
SRS-22 mental health −0.069 0.330 −0.126 0.072
SRS-22 self image −0.050 0.478 −0.163 0.020
SF-36 PCS −0.108 0.129 −0.168 0.018
SF-36 MCS −0.125 0.079 −0.144 0.043

MCS = Mental Component Summary; PCS = Physical Component Summary.

TABLE 3. Univariate logistic regression analysis: prediction of 
mechanical complications with RLL and PI − LL

Variable MC % OR 95% CI p Value

PI − LL category
  0 37.9 1.0
  + 40 1.1 0.6–2.1 0.784
  ++ 76.3 5.3 2.3–12.1 <0.001
RLL subgroup
  Aligned 23.7 1.0
  Hyperlordosis 87.5 22.6 2.7–190.7 0.004
  Moderate hypolordosis 64.7 5.9 2.9–11.9 0.000
  Severe hypolordosis 90.6 31.2 8.9–109.4 0.000

CI = confidence interval; MC = mechanical complications; OR = odds ratio.

TABLE 4. Univariate logistic regression analysis: performance of 
the models for PI − LL and RLL

Variable PI − LL RLL

Significance of the model (p value) 0.000 0.000
Nagelkerke R2 0.108 0.362
AUC (SE) 0.615 (0.003) 0.776 (0.033)
PAC, % 64 76.1
Sensitivity, % 29 69
Specificity, % 92.6 82
PPV, % 76.3 75.8
NPV, % 61.4 76.3

SE = standard error.
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In terms of performance measures, the model for RLL 
was superior to that for PI - LL (Table 4), although both of 
the models were statistically significant (p < 0.001).

PI-Based Individualization of the Quantification of 
Spinopelvic Mismatch

Because the magnitude of the PI - LL is affected by 
the magnitude of PI, using PI - LL solely as an absolute 
numeric value may be misleading. The mean PI value in 
this study was 54° ± 13° (minimum 25, maximum 95), 
showing a normal distribution (Kolmogorov-Smirnov test, 
p = 0.043). The agreement of classification based on PI - 
LL and RLL was calculated for 3 groups: PI mean ± 1 SD 
(average PI), PI < mean - 1 SD (small PI), and PI > mean 
+ 1 SD (large PI) (Table 5).

In patients with average PI (which corresponds to 68% 
of the population), the agreement between RLL and PI - 
LL was moderate (k = 0.455, p < 0.001). The agreement 
was high for patients with large PI (k = 0.943, p < 0.001), 
and the agreement was poor and no better than chance for 
those with small PI (k = -0.154, p = 0.343).

In patients with average PI, the mechanical complica-
tion rates were 25% and 76.7%, respectively, for those who 
were aligned (n = 68) and malaligned (n = 43), according 
to both RLL and PI - LL. For the 21 patients for whom 
PI - LL was + or ++, yet RLL was aligned, the mechani-
cal complication rate was 9.5%. On the contrary, for the 19 
patients for whom PI - LL was 0, yet RLL detected mal-
alignment, the mechanical complication rate was 63.1%. 
These findings indicate that PI - LL can be misleading 
even in patients with average PI values.

PI − LL Categories Analyzed by RLL
To compare categorization of spinopelvic mismatch 

using the PI - LL concept with that of the PI-based indi-
vidualized parameter of RLL, postoperative PI - LL cat-
egories were analyzed in relation to RLL category. Cross-

tabulation of the quantification of the lordosis by RLL and 
PI - LL is shown in Table 6.

One hundred twenty-four patients were postoperatively 
classified as PI - LL 0. When these patients were analyzed 
by RLL, 97 (78.2%) were aligned and 27 (21.8%) were 
moderately hypolordotic. These 2 distinct groups of pa-
tients were found to have significantly different mechanical 
complication rates (p < 0.001) (Fig. 2). While the mean PI 
value was 54.8° ± 11.5° in RLL-aligned patients, the mean 
PI value was 46.2° ± 8.5° in RLL–moderately hypolordotic 
patients. The PI - LL cutoff of within 10° was ineffective 
as a criterion for determining whether there was any spino-
pelvic mismatch in these patients with relatively small PI.

Sixty patients were postoperatively classified as PI - 
LL +. When these patients were analyzed by RLL, 28 
(46.7%) were aligned, whereas 3 (5%) were hyperlordotic, 
20 (33.3%) were moderately hypolordotic, and 9 (15%) 
were severely hypolordotic. Mean PI values were 46° ± 
10°, 74.3° ± 7.6°, 63.1° ± 8.1°, and 45.8° ± 9.1°, respectively. 
Thus, although they were all classified as PI - LL +, these 
groups of patients had different magnitudes of PI. These 4 
distinct groups of patients were also found to have signifi-
cantly different mechanical complication rates (p = 0.000) 
(Fig. 2). 

Thirty-eight patients were postoperatively classified 
as PI - LL ++. When these 38 patients were analyzed by 
RLL, 6 (15.8%) were aligned, whereas 5 (13.2%) were hy-
perlordotic, 4 (10.5%) were moderately hypolordotic, and 
23 (60.5%) were severely hypolordotic. Mean PI values 
were 46.8° ± 18.8°, 46.2° ± 8.8°, 82.8° ± 11.4°, and 61.5° 
± 10.2°, respectively. These 4 distinct groups of patients 
were also found to have significantly different mechani-
cal complication rates (p = 0.001) (Fig. 2). Thus, patients 
with different PI sizes, who would otherwise have been 
collectively considered as PI - LL ++, displayed differ-
ent lordotic states according to RLL, in whom mechanical 
complication rates were significantly different.

TABLE 5. Agreement of RLL and PI − LL in patients with small, average, and large PI

Variable Small PI, <41° Average PI, 41°–67° Large PI, >67°

PI − LL category 0 +/++ 0 +/++ 0 +/++
RLL subgroup, no. of patients
  Aligned 12 12 68 21 17 1
  Moderate hypolordosis/severe hypolordosis/hyperlordosis 8 4 19 43 0 17
κ statistics (SE) −0.154 (0.158) 0.455 (0.073) 0.943 (0.056)
p value 0.343 <0.001 <0.001

TABLE 6. Cross-tabulation of PI − LL by RLL

PI − LL 
Category

RLL Group, No. of Patients (%)
Hyperlordosis Aligned Moderate Hypolordosis Severe Hypolordosis Total

0 0 (0) 97 (78.2) 27 (21.8) 0 (0) 124 (100)
+ 3 (5) 28 (46.7) 20 (33.3) 9 (15) 60 (100)
++ 5 (13.2) 6 (15.8) 4 (10.5) 23 (60.5) 38 (100)
Total 8 (3.6) 131 (59) 51 (23) 32 (14.4) 222 (100)

Unauthenticated | Downloaded 03/03/22 02:17 AM UTC



C. Yilgor et al.

Neurosurg Focus  Volume 43 • December 20176

Mechanical Complication Rates According to RLL and LDI 
Interpreted Together

The distribution of the lordosis in the lower (L4–S1) 
and upper (L1–3) arcs is important because it influences 
the distribution of loads.22 Thus, a maldistribution of lor-
dosis may cause mechanical complications, which is not 
considered in the Schwab criteria.

Without considering the magnitude of lordosis, when 
the distribution of lordosis postoperatively was analyzed 
with the LDI, 147 (66.2%) patients were postoperatively 
aligned, whereas 41 (18.5%), 23 (10.4%), and 11 (5%) pa-
tients had hyperlordotic maldistribution, moderately hypo-
lordotic maldistribution, and severely hypolordotic mal-
distribution of lordosis, respectively. These patients were 
found to have significantly different mechanical complica-
tion rates of 27.2%, 87.8%, 69.6%, and 72.7%, respectively 
(c2 = 58.1626 [DF = 3], p < 0.001).

Lordosis, however, should be described using both dis-
tribution and magnitude parameters. RLL and LDI both 
being aligned describes the state where the lordosis is re-
stored to the ideal magnitude and distribution. The percent-
age of mechanical complications significantly increased as 
the RLL and LDI subgroups worsened (Table 7).

Discussion
SRS-Schwab sagittal parameters set surgical goals as 

PI - LL within 10°, sagittal vertical axis < 4 cm, and PT 
< 20° for achieving good HRQOL.25 However, the use 
of PI - LL may occasionally be misleading because it is 
oversimplistic and it uses an absolute numeric value with 
population-based average thresholds. Moreover, lumbar 
lordosis, which does not exist in any species other than 

humans, cannot be adequately defined and quantified by a 
single Cobb angle value.

The PI-based proportional parameter of RLL provides 
a more precise and individualized interpretation of the lor-
dosis. The fact that the PI - LL and PI were correlated in 
this study indicates that PI - LL has a reduced ability to 
quantify spinopelvic harmony for different PI values. A 
higher or lower value of PI - LL may be due to 2 entities: 
the size of the pelvis and the magnitude of lordosis. On 
the other hand, RLL and PI were not correlated; that is, 
an increase in PI was not associated with an increase or 
a decrease in RLL. Therefore, a higher or lower value of 
RLL directly represents the magnitude of lordosis in terms 
of the deviation from the ideal.

Simplified thresholds may be easy to remember and 
useful, but they increase the margin of error. The concept 
of PI - LL provides a pragmatic method of analysis. Nev-
ertheless, with the evolving understanding in medicine and 
the ready availability of computational methods, one’s duty 
is to offer patient-specific solutions. Proportional analysis 
of the magnitude of the lordosis offers better categoriza-
tion that is tailored to each individual. The use of RLL 
clearly pointed out that the so-called Schwab PI - LL 0, 
+, and ++ categories actually constituted inhomogeneous 
patient groups with differing mean PI values and mechani-
cal complication rates. When LDI is used with RLL to ac-
count simultaneously for the magnitude and distribution of 
the lordosis, the distinction is even greater.

The surgical goal dictating that achievement of a PI - 
LL < 10° is associated with good results is, therefore, not 
true for every patient. The current study indicates that the 
surgical target of PI - LL < 10° resulted in a 37.9% rate 
of overall mechanical complications. In contrast, when 

FIG. 2. Percentage of mechanical complications among RLL subgroups in each postoperative PI - LL category.
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alignment was achieved based on the magnitude and dis-
tribution of lordosis, as quantified by RLL and LDI, the 
mechanical complication rate was just 12.6%.

RLL, LDI, and Mechanical Complications
Postoperatively, 103 patients were RLL and LDI 

aligned. Thirteen of these patients (12.6%) experienced 
mechanical complications. The mean GAP score of these 
13 patients was 3 (range 0–7), suggesting that although 
these patients were well aligned relative to the magnitude 
and distribution of lordosis, they were disproportioned ei-
ther in the pelvic and/or global spinopelvic alignment. As 
previously reported, mechanical complication rates can be 
as low as 6.1% when patients are proportioned in the sagit-
tal plane according to GAP score.34

RLL and LDI in Other Normative Data Studies
The ideal value for LL was determined from simple lin-

ear regression analyses of its relationship with PI values, 
using data from asymptomatic volunteers recorded in an 
adult radiography database.34 Ideal LL = 0.62 × PI + 29 
(R2 = 0.39, p < 0.001). LL is considered to be aligned when 
it is between 11° of hyperlordosis and 14° of hypolordosis 
from this calculated ideal. The distribution of the lordosis 
was considered to be aligned if the LDI was within the 
range 50%–80%.

In 1998, Legaye et al.15 evaluated 49 subjects with a 
mean age of 24 years and found that the mean PI was 52° 
and the mean LL was 60°. RLL can thus be calculated as 
1.2°. Similar analysis of normative data studies by Vialle 
et al.32 and Roussouly et al.20,21 revealed 3.4°, 0.2°, and 0.8° 
of normolordosis, respectively. A review by Kuntz et al.11 
in 2007 that comprises 1094 asymptomatic adults revealed 
that the mean PI was 54° and the mean LL was 62°, re-
sulting in an RLL of -0.5°. This indicates the universal 
usability of RLL.

Barrey et al.2 studied spinopelvic parameters in 154 
subjects, dividing them into 6 PI groups. From their data, 
RLL can be calculated as 2.4°, 0.0°, -0.1°, 0.5°, 0.9°, and 
-3.5° for PI groups of 28°–37.9°, 38°–47.9°, 48°–57.9°, 
58°–67.9°, 68°–77.9°, and 78°–87.9°, respectively (the 
78°–87.9° group only had 2 patients). This finding dem-
onstrates the ability of the individualized RLL to measure 
the spinopelvic mismatch for all magnitudes of PI.

Contact force distribution depends on the vertebral 
plate orientation within the curvature. Therefore, the dis-
tribution of the lordosis is as important as the magnitude. 
Roussouly and Pinheiro-Franco23 classified lordotic orien-
tation into 3 groups: backward-tilted, well-balanced, and 
forward-tilted lordosis. The authors of the current study 

believe that such a classification will not cover the whole 
spectrum; hence, we propose the use of a proportional 
formulation instead. Lordosis should be quantified as the 
magnitude of lordosis with regard to one’s ideal in propor-
tion to PI (that is, RLL), plus the magnitude of lower-arc 
lordosis with regard to the total lordosis (that is, LDI).

The validity of LDI is supported by the current litera-
ture on normative data. Research in asymptomatic indi-
viduals has revealed that the L4–S1 segment provides ap-
proximately two-thirds of the total LL.3,10,20 A review of 
the English-language literature revealed that the reported 
mean L4–5 lordosis is 41° and the mean L1–S1 lordosis is 
68°, resulting in an LDI of 60%.11 Roussouly et al.20 report-
ed similar values for lower-arc lordosis and total lordosis 
of 39.92° and 61.42°, respectively, resulting in an LDI of 
64.9%.

RLL and LDI in Patients With Adult Spinal Deformity
Today, it is crystal clear that aging and degeneration is 

a kyphosing process in which LL diminishes and thoracic 
kyphosis increases. In a study of 125 patients with adult 
spinal deformity reported by Lafage et al.,12 RLL was cal-
culated as -19.1°, displaying moderate hypolordosis on 
average. Obeid et al.18 studied patients with more severe 
deformity, with a mean knee flexion angle of 14.3°. RLL 
was calculated as -41.4°, indicating severe hypolordosis.

The compensatory mechanisms, which act voluntarily 
or involuntarily, alter the magnitude of the curves as well 
as their shape. In the setting of lower lumbar degeneration, 
more proximal lumbar levels may signify more extension.2 
In such cases, the LDI will be lower while the magnitude 
of lordosis may remain relatively unaffected.

RLL and HRQOL Scores
Although PI - LL was developed based on HRQOL 

scores and RLL was developed based on mechanical com-
plications, this study revealed that the correlation coef-
ficient for the partial correlation with HRQOL scores at 
follow-up was higher for RLL than for PI - LL. This is 
reasonable because mechanical complications have been 
shown to affect HRQOL scores.28

Limitations of the Study
This study is a retrospective analysis of prospectively 

collected data. The ability to actually prevent mechani-
cal complications by using RLL and LDI in preoperative 
planning has yet to be evaluated.

Because the calculations of RLL and LDI require mul-
tiplication and division, it is slightly more challenging to 

TABLE 7. Percentages of mechanical complications according to postoperative RLL and LDI subgroups interpreted together

Magnitude & Shape of Lordosis
Mechanical Complications, No. (%)

χ2 (DF = 3) p ValueNo Yes

RLL & LDI aligned 90 (87.4) 13 (12.6)

93.03 <0.001
RLL or LDI moderately malaligned 19 (52.8) 17 (47.2)
RLL & LDI moderately malaligned 2 (28.6) 5 (71.4)
RLL &/or LDI severely malaligned 12 (15.8) 64 (84.2)
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calculate them in one’s head. However, once calculated, 
these values offer a significantly higher level of insight 
that makes it worth the effort. The use of automated tools 
should simplify the calculation.

Conclusions
As an absolute numeric value, PI - LL may be insuffi-

cient to quantify normolordosis for the whole spectrum of 
PI values in conjunction with previously reported thresh-
olds. Furthermore, Schwab categories for PI - LL were 
found to constitute inhomogeneous groups of patients in 
this study, which may render them misleading when used 
for individualized surgical planning.

The PI-based proportional parameter of RLL offers an 
individualized quantification of LL for all PI sizes. RLL 
predicts mechanical complications more precisely and has 
better correlations with HRQOL scores than PI - LL.

The LDI quantifies the distribution of lordosis between 
the upper and lower arcs. Defining lordosis by using RLL 
and LDI together helps to interpret the patient’s lordosis as 
the magnitude and distribution of lordosis in relation to his 
or her calculated ideals. The individualized understanding 
of the magnitude and distribution of lordosis offers a one-
size-fits-all solution for the whole spectrum of PI.

The use of RLL and LDI together instead of PI - LL for 
surgical planning may result in better long-term HRQOL 
results with lower mechanical complication rates.
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