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Abstract
Introduction  Accurate prediction of spontaneous lumbar curve correction (SLCC) after selective thoracic fusion (STF) 
remains difficult. This study sought to improve prediction accuracy of SLCC. The hypothesis was preoperative and intraop-
erative variables could predict SLCC < 20°.
Methods  A multicenter observational prospective analysis was conducted to determine predictors of SLCC in AIS patients 
that had posterior STF. Curve types included major thoracic curves (Lenke 1, 3–4).The primary outcome variable was to 
establish prediction models, and a postoperative lumbar curve (LC) ≤ 20° was defined as the target variable. Multivariate 
logistic regression models were established to study the relationship between selected variables and a LC ≤ 20° versus a 
LC > 20° at ≥ 2-year follow-up. Single and dual thresholds models in perspective of clinical rationales were applied to find 
models with the highest positive/negative predictive values (PPV/NPV). The secondary outcome measure was SRS scores 
at ≥ 2-year follow-up.
Results  410 patients were included. At ≥ 2-year follow-up 282 patients had LC ≤ 20°. These patients had better SRS-22 
scores than those with LC > 20° (P = 0.02). The postoperative LC and LC ≤ 20° were predicted by preoperative LC and LC-
bending Cobb angle (P < 0.01, r = 0.4–0.6). Logistic regression models could be established to identify patients at risk for 
failing the target LC ≤ 20°.For preoperative LC and LC-bending, the prediction model achieved a NPV/PPV of 80%/72%. 
If the postoperative main thoracic curve is combined with the preoperative LC and a gray area for difficult decisions was 
allowed, model accuracy could even be improved (NPV/PPV = 96%/81%).
Conclusion  An accurate prediction model for postoperative SLCC was established based on a large analysis of prospective 
STF cases. These models can support prediction and understanding of postoperative SLCC aiding in surgical decision mak-
ing when contemplating a selective thoracic fusion.
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Graphical abstract
These slides can be retrieved under Electronic Supplementary Material.

Key points

1. Prediction of spontaneous lumbar curve correction (SLCC) after selective 
thoracic fusion (STF) for adolescent idiopathic scoliosis (AIS) remains a 
challenge.

2. A detailed analysis on 410 AIS patients that had posterior STF was done to 
improve prediction of SLCC.

3. Preoperative lumbar curve and lumbar curve flexibility as well as the 
corrected postoperative thoracic curve were shown to be the main 
predictors of SLCC using bivariate statistical prediction models.
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adolescent idiopathic scoliosis using logistic regression models and clinical rationale. 
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Prediction models for postoperative lumbar curve correction
following selective thoracic fusion in AIS with a posterior approach.
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Take Home Messages
1. An accurate prediction model for postoperative SLCC was established based 

on a large analysis of prospective STF cases. 

2. These models can support prediction and understanding of postoperative 
SLCC aiding in surgical decision-making when contemplating a selective 
thoracic fusion versus a fusion that includes both the thoracic and lumbar 
curves most challenging when there is a main thoracic curve but a B or C 
lumbar modifier. 

3. Both the preoperative lumbar curve severity as well as the lumbar curve 
flexibility and the thoracic curve Cobb angle after surgical correction were 
shown the main predictors of postoperative spontaneous lumbar curve 
correction.

Koller H, Hitzl W, Marks MC, Newton P, - Harms Study Group (2019) Accurate prediction 
of spontaneous lumbar curve correction following posterior selective thoracic fusion in 
adolescent idiopathic scoliosis using logistic regression models and clinical rationale. 
Eur Spine J;
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Introduction

A right-sided major thoracic curve in a patient with adoles-
cent idiopathic scoliosis (AIS) is the most common curve 
pattern requiring surgical treatment. Ideally, a fusion is as 
short as possible while achieving the underlying goal of 
preventing scoliosis progression while maintaining global 
balance. When a “minor” lumbar curve also exists, there is 
often debate about whether this curve also requires fusion. 
It has been known since the recommendations of Moe that 
an isolated fusion of the thoracic curve (e.g., selective 
thoracic fusion) may lead to acceptable overall correc-
tion. The goals of a selective thoracic fusion (STF) for the 
“false double major” curve are to halt curve progression, 
restore balance, correct major trunk deformity and create 
spontaneous lumbar curve correction (SLCC) while fusing 
the lowest number of segments [1–4]. The merits of STF 
have been confirmed both clinically and biomechanically. 
With a more distal lowest instrumented vertebra (LIV) in 
the lumbar spine, there are increased disk pressure and 
segmental motion in the adjacent level, while overall lum-
bar motion is reduced and the risk for disk degeneration is 
elevated [5–16]. Long-term studies have shown that with 
a mild to moderate residual lumbar curve (LC), immedi-
ate postoperative SLCC is well achieved after STF [1, 2, 
17–21]. The coronal balance parameters largely stabilize 
by three-month postoperative [22], and significant changes 
are less predictable thereafter [17, 18, 22].

The definition of a postoperative ideal target LC magni-
tude in STF is still lacking. Some studies have advocated 
radiographic risk factors for degeneration adjacent to the 
fusion, which are related to the magnitude of the residual 
LC. These factors include the level of LIV [23], a L4 take-
off (TO) > 7° [23] and LIV-TO > 10° [23]. Based on the 
analysis of patient-specific radiographic results by several 
surgeons in a study of Schulz et al. [24], the authors could 
define ideal surgical outcomes as a LC < 26° as well as a 

LC-correction > 37%, deformity-flexibility quotient < 4, a 
central sacral vertical line deviation (CSVL) ≤ 2 cm, and 
a trunk shift of < 1.5 cm. Patients with these “ideal” radio-
graphic parameters had less pain and were more satisfied. 
Based on unsatisfying radiographic outcomes with clini-
cal relevance in some patients, other authors have defined 
suitable targets as LC ≤ 20° [25], LC < 25° [26], LC < 35° 
[19], LIV-TO < 5° [27], and LIV-TO < 10° [23, 28]. In a 
study of 273 patients that had STF using an anterior tech-
nique, Koller et al. [25] showed that patients with a post-
operative LC ≤ 20° were more likely to sustain an “excel-
lent” outcome in patients with a LC > 20°.

Given that surgeons may not absolutely agree on a post-
operative target LC following STF, the question remains 
regarding accurate prediction of SLCC. This remains dif-
ficult and fusing too much or too little of the spine espe-
cially if a large residual deformity remains may have long-
lasting effects [29].

Currently, the posterior approach is the most common 
approach used for STF. Therefore, the objectives of our 
study were to improve the prediction of SLCC following 
STF using a posterior technique. Based on a target SLCC, 
the aim of this study was to test several logistic regression 
models to identify parameters best predicting the target 
SLCC with a secondary aim to provide surgeons with an 
additional tool to improve planning of AIS surgery.

Materials and methods

Through a multicenter, prospective database study includ-
ing AIS patients undergoing surgery in the years 2003 to 
2011, AIS patients with a major thoracic curve (MTC) 
that had posterior STF were included in this analysis. 
Minimum postoperative follow-up (FU) was 2  years. 
Patients selected had no revision surgery. The charac-
terization of scoliosis curve pattern was done using the 
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Lenke classification. Only types 1, 3, and 4 were included. 
Patients with a type A lumbar modifier were subclassified 
into patients with type A-L and type A-R [30]. Only curve 
types suitable for STF, e.g., type A-L, B, or C lumbar com-
pensatory curve, were included in the analysis. Type 1 A-R 
was excluded. All patients were treated with a posterior 
approach with modern screw-rod constructs. Patients had 
either all-pedicle screw constructs or a screw-rod construct 
that had ≥ 80% pedicle screw usage. Preoperative, postop-
erative, and 2-year follow-up radiographs were centrally 
measured for standard radiographic scoliosis parameters. 
The thoracic kyphosis was measured from the upper end 
plate of T2 to the lower end plate of T12. Curve flexibility 
(%/°) and MTC and LC-correction were calculated (%/°). 
The scoliosis correction index (SCI) for the MTC was cal-
culated comparing the postoperative MTC-correction (%) 
divided by the preoperative MTC-flexibility (%) [25]. A 
SCI of 1 indicates that surgical MTC-correction equals the 
bending film correction of the MTC. On the postoperative 
coronal radiographs, the upper and lower instrumented 
vertebrae (UIV and LIV) were determined.

To assess clinical outcomes, the SRS-22 scores were 
evaluated. Self-image and satisfaction domains as well as 
the SRS-22 total score were utilized in the analysis.

The previous studies indicated that LC ≤ 26° best meets 
the expectations of a target Cobb angle [24]. In addition, 
a previous study showed that using LC ≤ 20° as target 
variable generated statistically sound prediction models 
for SLCC by STF using an anterior approach [25]. In the 
preceding study, a stepwise regression analysis includes 
coronal and sagittal plane radiographic variables to best 
predicting a target LC ≤ 20° at follow-up. With high accu-
racy, the predictive information was provided by pre-
operative LC and LC-bending as well as postoperative 
MTC. Hence, in the current study on 410 patients with 
a posterior approach for STF, a postoperative LC ≤ 20° 
was defined as target variable to establish the prediction 
models.

We analyzed whether patients with LC > 20° at follow-
up and patients with ≥ 80% pedicle screw constructs had 
different clinical and radiographic outcomes for continu-
ous and discrete variables if compared to patients with a 
postoperative LC ≤ 20°.

Statistical analysis

Data were carefully checked for outliers by using normal 
probability plots. Cross-tabulation tables together with Fish-
er’s exact test or Pearson’s Chi-square test were computed. 
95% confidence intervals (CI) for means and differences 
of means were computed, and LSD tests were used as post 
hoc tests. Correlation analyses were done to examine the 
relationships of clinically relevant radiographic parameters 

that were used in the decision making process for STF (e.g., 
postoperative MTC, preoperative LC and MTC, and LC-
bending). Univariate and multivariate linear regression 
models were used to analyze the relation between predictor 
variables (e.g., preoperative LC or LC-bending) and output 
variables (e.g., follow-up LC).

Stepwise multivariate linear and logistic regression anal-
yses were conducted to study the relation among selected 
variables and a LC > 20° at 2-year follow-up. In a first step, 
only one cutoff was used in the logistic regression model. 
Although this model already yielded clinically useful 
information, the authors attempted to further optimize the 
model by using a gray area (area of no decision) in a sec-
ond step and hence to increase the model’s accuracy. For 
this goal, the surgeon together with the statistician defined 
clinically mindful conditions in terms of clinical equipoise 
and used two cutoffs in order to define a gray area. The 
clinical rationales were: given the model predicts a positive 
result (i.e., FU LC > 20°), we allowed it to wrongly predict 
in less than 20%. This corresponds to a positive predictive 
value (PPV) ≥ 80%. Given the model predicts a negative 
result (i.e., FU LC ≤ 20°), we allowed a wrong prediction 
(i.e., LC > 20°) in less than 10%, i.e., a negative predictive 
value (NPV) ≥ 90%. Given a patient effectively shows a 
negative result at the FU, the model is allowed to make a 
wrong prediction in ≤ 10%. This corresponds to a specific-
ity ≥ 90%. Given that a patient actually shows a positive 
result at follow-up, the model is allowed to make a wrong 
prediction in ≤ 10%, i.e., a sensitivity ≥ 90%. Finally, the 
model should make a decision in at least more than one-
third of patients.

All reported tests were two-sided, and P values < 0.05 
were considered as statistically significant. Data are reported 
as mean and ± 1 standard deviation (SD). Statistical analy-
ses were performed with NCSS (NCSS 10, Kaysville, UT), 
Mathematica 11.1 (Wolfram Research, Champaign, IL), 
STATISTICA 13 (StatSoft, Tulsa, OK), and PASW 22 (IBM, 
SPSS Statistics for Windows, Armonk, NY).

Results

Sample characteristics

410 AIS patients with posterior STF met the inclusion 
criteria for this evaluation. The sample included 115 
male (28%) and 295 female patients (72%). Mean age 
was 15 ± 2.5 years (10–21 years). Patients had Risser sign 
3 ± 1.6 (Risser 0–5). 336 patients (82%) had Risser ≥ 2.

The LIV was at or above L1 in all patients with T9 
being the most proximal LIV. The LIV was T9 in one 
patient (0.2%), T10 in five patients (1.2%), T11 in 47 
patients (11.5%), T12 in 155 patients (37.8%), and L1 in 
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202 patients (49.3%). The UIV was at T1 in four patients 
(1%), at T2 in 63 patients (15.4%), at T3 in 124 patients 
(30.3%), at T4 in 177 patients (43.2%), at T5 in 40 patients 
(9.8%), and at T6 in two patients (0.5%).

According to the Lenke classification, the study sample 
used for prediction model analysis included 354 patients 
(86.4%) with type 1 curve, 37 patients (9%) with type 3 
curves, and 19 patients (4.6%) with type 4 curves. Coro-
nal plane lumbar modifier was type AL in 175 patients 
(42.7%), type B in 128 patients (31%), and type C in 107 
patients (26.1%). Sagittal plane modifier was type “-”in 77 
patients (18.8%), “normal” in 292 patients (71.2%), and 
“+” in 37 patients (9%).

All 410 patients had ≥ 80% pedicle screws (80–100%), 
while 267 patients (65.1%) had all-pedicle screw constructs 
(100%). Patients with all-pedicle screw constructs revealed 
no significant clinical differences compared to patients 
with ≥ 80% pedicle screw constructs. Results are listed in 
detail in Table 1.

Radiographic results

Results of radiographic measurements are summarized in 
Table 2. Analysis of the postoperative evolution of the LC 
from early postoperative radiographs to 2-year postoperative 
showed an average loss of SLCC of 0.3° ± 6.1°. The statisti-
cal analysis showed a strong correlation between preopera-
tive LC and immediate postoperative LC (r = 0.7, P < 0.01) 
and preoperative and the 2-year postoperative follow-up LC 
(r = 0.61, P < 0.001, Fig. 1). Likewise, the linear regression 
analysis showed a significant correlation between pre-op 
LC-bending and early postoperative LC (r = 0.53, P < 0.01) 
and the 2-year postoperative LC (r = 0.4, P < 0.001, Fig. 2). 
The immediate postoperative LC was on average 4° ± 9.2° 
larger than the preoperative LC-bending value. At final fol-
low-up, the difference was 4.2° ± 10°.

The preoperative MTC (r = 0.3, P < 0.001) and MTC-
bending (r = 0.3, P < 0.001) were mild predictive variables 
for postoperative MTC. The same interdependency was 
found for preoperative and follow-up data points (MTC-
bending: r = 0.2, P < 0.001; preoperative MTC: r = 0.3, 

Table 1   Comparison of 
clinical and radiographic 
outcome differences between 
patients with all-pedicle 
screw constructs and patients 
with ≥ 80% screw density

ns Nonsignificant statistical difference, F/U Follow-up, MTC Main thoracic curve, LC Lumbar curve, TK 
Thoracic kyphosis, LL Lumbar lordosis, and C7-CSVL Deviation of C7 plumb-line off central sacral verti-
cal line
*Screw density is ≥ 80% but not 100%

Parameter Pedicle screw density P value

≥ 80% screw density* 
(mean ± 1SD)

100% screw density 
(mean ± 1SD)

2 yrs F/U: SRS22-Self-Image 4.4 ± 0.6 4.5 ± 0.5 ns
2 yrs F/U: SRS 22-Satisfaction 4.6 ± 0.7 4.6 ± 0.6 ns
2 yrs F/U: SRS 22-Total 4.4 ± 0.5 4.5 ± 0.4 ns
Patient age at surgery 14.7 ± 2.2 14.5 ± 2.1 ns
Risser (1–5) 3.2 ± 1.5 3.0 ± 1.5 ns
Pre-op MTC (°) 52.5 ± 9.6 52.2 ± 10.6 ns
Pre-op LC (°) 35 ± 8.8 35.0 ± 9.3 ns
MTC-bending (°) 34.2 ± 14.3 32.0 ± 14.0 ns
LC-bending (°) 12.5 ± 9.5 13.2 ± 10.1 ns
Pre-op C7-CSVL (cm) − 0.3 ± 1.6 − 0.7 ± 1.9 ns
Pre-op TK (°) 29.5 ± 14.2 29.6 ± 13.9 ns
Pre-op LL (°) − 58.8 ± 12.4 − 60.8 ± 12.0 ns
Post-op MTC (°) 16.2 ± 6.7 17.6 ± 6.8 ns
Post-op LC (°) 16.4 ± 8.3 17.3 ± 9.1 ns
Post-op C7-CSVL (cm) − 1.6 ± 1.6 − 1.3 ± 1.7 ns
Post-op TK (°) 30.2 ± 8.3 27.6 ± 9 P = 0.005
Post-op LL (°) − 51 ± 11.4 − 52.7 ± 12.2 ns
Follow-up MTC (°) 19 ± 7.5 21.2 ± 7.4 P = 0.005
Follow-up LC (°) 16.8 ± 7.9 17.5 ± 8.6 ns
Follow-up C7-CSVL (cm) − 1.0 ± 3.4 − 0.9 ± 1.4 ns
Follow-up TK (°) 31.7 ± 9.4 29.4 ± 10.0 P = 0.03
Follow-up LL (°) − 57.2 ± 11.3 − 57.6 ± 11.7 ns
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P < 0.001). The postoperative MTC was 15.6° ± 13.8° 
smaller than the MTC-bending value and 12.4° ± 14.3° 
smaller at latest follow-up. In general, a satisfying postop-
erative MTC-correction was achieved, as indicated by a SCI 
of 2.9 ± 4.6.

Statistical analysis revealed a strong correlation between 
preoperative LC and preoperative MTC values (r = 0.66, 
P < 0.001). Similar correlations were found immediate 
postoperatively (r = 0.58, P < 0.001) and at 2-year follow-up 

(r = 0.6, P < 0.0001). Accordingly, there was a significant 
correlation between MTC-flexibility (°/%) and LC-flexi-
bility (r = 0.4, P < 0.001). The correction of MTC and LC 
(°/%) was significantly correlated postoperatively (r = 0.6, 
P < 0.001) and at latest follow-up (r = 0.6, P < 0.001). Impor-
tantly, the postoperative LC-correction was strongly asso-
ciated with the MTC-correction (r = 0.6, P < 0.001). That 
is to say there was greater SLCC when there was greater 

Table 2   Radiographic results in 410 AIS patients that had STF

CI Confidence interval for means, ns No statistically significant difference, FU Follow-up, MTC Main thoracic curve, LC Lumbar curve, and 
C7-CSVL Deviation of C7 plumb-line off central sacral vertical line
*–indicates postoperative loss of LC-correction (= increase in LL postoperative), **equal to changes in spontaneous lumbar curve correction

Radiographic parameter Pre-op Post-op 2 years FU P value pre-op 
vs. post-op

P value 
post-op vs. 
F/U

Mean ± 1SD (95% CI) Mean ± 1SD (95% CI) Mean ± 1SD (95% CI)

Main thoracic curve (°) 52.3 ± 10.3
(51.3–53.3)

17.1 ± 6.8
(16.5–17.8)

20.4 ± 7.5
(19.7–21.1)

P < 0.0001 P < 0.0001

MTC-bending (°) 32.8 ± 14.2 – – – –
MTC-flexibility (%) 38.2 ± 20.7 – – – –
MTC-correction (%) – 66.9 ± 12.4 60.5 ± 14.1 – –
Lumbar curve (°) 35 ± 9.1

34.1–35.9
17 ± 8.8
(16.1–17.9)

17.2 ± 8.4
(16.4–18.0)

P < 0.0001 ns

LC-bending (°) 13.0 ± 9.9 – – – –
LC-flexibility (%) 64.5 ± 23.3 – – – –
LC-correction (%)** – 52.3 ± 19.1 51.2 ± 20.1 – –
Thoracic kyphosis (°) 29.5 ± 13.9

(28.2–30.9)
28.5 ± 8.9
(27.6–29.4)

30.3 ± 9.8
29.3–31.2

P = 0.05 P < 0.0001

Lumbar lordosis (°) − 60 ± 12.1
(− 61.2 to − 58.8)

52.3 ± 11.6
(− 53.4 to − 51.1)

57.4 ± 11.6
(− 58.5 to − 56.2)

P < 0.0001 P < 0.0001

C7-CVSL (cm) − 1.4 ± 1
(− 0.7 to − 0.4)

1.8 ± 1.3
(− 1.5 to − 1.2)

1.4 ± 2.1
(− 1.2 to − 0.7)

P < 0.0001 P = 0.0001

Difference post-op LC to 
LC at 2 years

– – − 0.3 ± 6.1* – –

Fig. 1   Correlation between preoperative LC and follow-up LC data in 
410 AIS patients who had STF using posterior approach

Fig. 2   Correlation between LC-bending and follow-up LC data in 410 
AIS patients who had STF using posterior approach
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MTC-correction. Analysis of correlation strength between 
the postoperative LC and the postoperative MTC as well as 
the preoperative LC and LC-bending rendered stable condi-
tions for analysis of SLCC.

Analysis of SLCC prediction

At follow-up, 128 patients (31.2%) had a LC > 20° and 282 
patients (68.8%) had a LC ≤ 20°. Stratification of patients 
with a LC of ≤ 20° vs. LC > 20° revealed significant dif-
ferences for the various radiographic parameters evaluated 
(Table 3). Patients with a LC ≤ 20° also had significantly 
higher (better) SRS-22 total scores (P = 0.02) though mean 
differences were small. Group differences are summarized 
in Table 3.

A multivariate regression model to predict postopera-
tive LC by using preoperative LC and LC-bending was 
found. The regression equation was 2-year post-op LC 
(°) = -1.42 + 0.5*pre-op LC (°) + 0.0915*pre-op LC-bend-
ing (°) (r = 0.61, r2 = 0.37). This model showed only small 

differences between raw predicted values and observed 
post-op LC data (median = 0.05°, 95% CI = 2–27°; R = 0.6, 
Fig. 3).

For preoperative LC and LC-bending, the logistic regres-
sion model in which 100% of patients were classified showed 
the following prediction performance: specificity of 91% and 
sensitivity of 51%, NPV of 80% and PPV of 72%.

A prediction model with two cutoffs instead of one for 
preoperative LC and LC-bending fulfilling the above-defined 
conditions was also established. It showed the highest accu-
racy when using two cutoffs (specificity 90%, sensitivity 
90%, NPV 96%, PPV 77%, total correct predictions: 90%, 
classification of 37% of patients). A contour plot of this 
bivariate logistic regression model is illustrated in Fig. 4 
revealing the significant interaction of preoperative LC and 
LC-bending in predicting the risk for a residual LC > 20° 
at 2-year follow-up. The surface of this contour plot is dis-
sected into ten parts indicating different risks for LC > 20°. 
Along the diagonal contour lines, the risk for an LC > 20° 
at follow-up is constant. The green areas indicate low risk, 
and the red areas indicate medium to high risk. The legend 

Table 3   Comparison of patients 
with LC > 20° and LC ≤ 20° for 
various outcome measures

ns No statistically significant difference, F/U Follow-up, MTC Main thoracic curve, LC Lumbar curve, TK 
Thoracic kyphosis, LL Lumbar lordosis, and C7-CSVL Deviation of C7 plumb-line off central sacral verti-
cal line
*–Indicates postoperative loss of LC-correction (increase in LL postoperative)

Parameter Lumbar curve at 2 yrs follow-up P value

LC > 20° LC ≤ 20°

2 years F/U: SRS22-Self-Image 4.3 ± 0.6 4.5 ± 0.5 P < 0.0001
2 years F/U: SRS 22-Satisfaction 4.5 ± 0.8 4.6 ± 0.6 P = 0.01
2 years F/U: SRS 22-Total 4.4 ± 0.5 4.5 ± 0.4 P = 0.02
Patient age at surgery 14.3 ± 2.0 14.7 ± 2.2 ns
Risser (1–5) 3.0 ± 1.5 3.1 ± 1.5 ns
Difference btw. post-op LC and F/U LC (°)* − 2.4 ± 6.7 0.6 ± 5.4 P < 0.0001
Pre-op MTC (°) 55.6 ± 11.7 50.8 ± 9.2 P < 0.0001
MTC-bending (°) 37.5 ± 15.5 30.7 ± 13 P < 0.0001
Pre-op LC (°) 41.7 ± 8.0 32 ± 7.8 P < 0.0001
LC-bending (°) 18.4 ± 10.7 10.5 ± 8.5 P < 0.0001
Pre-op C7-CSVL (cm) − 1.1 ± 1.4 − 0.3 ± 1.9 P < 0.0001
Pre-op TK (°) 31.2 ± 13.7 28.4 ± 14.0 ns
Pre-op LL (°) − 60.9 ± 12.0 − 59.7 ± 12.3 ns
Post-op MTC (°) 21.3 ± 6.9 15.3 ± 5.9 P < 0.0001
Post-op LC (°) 25 ± 7.5 13.4 ± 6.7 P < 0.0001
Post-op C7-CSVL (cm) − 1.8 ± 1.7 − 1.2 ± 1.6 P = 0.0005
Post-op TK (°) 29.3 ± 9 28.1 ± 8.8 P = 0.0005
Post-op LL (°) − 52 ± 12.4 52 ± 11.8 ns
Follow-up MTC (°) 25.5 ± 6.9 18.1 ± 6.5 P < 0.0001
Follow-up LC (°) 27.2 ± 5.1 12.7 ± 5.0 P < 0.0001
Follow-up C7-CSVL (cm) − 17 ± 3.6 − 0.6 ± 1.3 P = 0.001
Follow-up TK (°) 32.2 ± 10.2 29.2 = 9.5 P = 0.006
Follow-up LL (°) − 58.8 ± 11.9 − 56.8 ± 11.4 ns
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indicates the corresponding risk for a residual LC > 20°. To 
demonstrate how the model works, we discuss three patients 
P1, P2, and P3 in Fig. 4. P1 has a preoperative LC of 25° 
and a preoperative LC-bending of 10°. These parameters are 
within the dark green area, which indicates that the risk for 
a LC > 20° is between 0 and 10%. If the patient’s preopera-
tive LC is 60° and the preoperative LC-bending is 30°, as 
in P2, the associated risk of the LC > 20° is between 94%. 
P2 lies within the red area. If the patient’s preoperative LC 
is 45° and the preoperative LC-bending decreases to 20°, 
and the patient reaches P3, which was associated with a risk 
of 63%. The expected postoperative correction of MTC is 
another valuable piece of information a surgeon can use 
for planning for SLCC in the individual patient. Given the 
aforementioned conditions for clinical risk stratification, a 
model that takes correction of MTC (postoperative MTC) 

and preoperative LC into consideration was found and is 
illustrated in Fig. 5. If postoperative MTC, which is a param-
eter influenceable by the surgeon, is selected together with 
preoperative LC, model accuracy could even be improved 
if compared with the combination of preoperative LC and 
LC-bending data (specificity of 92%/sensitivity of 90%, 
NPV of 95%/PPV of 81%, classified patients 50%, correct 
classification in 91%). Two cutoffs are at 10% and 64% for 
MTC-correction. To be useful, the surgeon must make some 
reasonable estimate of the anticipated percentage correc-
tion of the MTC. Again, four example points are shown for 
illustration and better understanding.

Both graphs may be useful for the surgeon during the 
decision making process whether to do a STF or not in the 
individual patient and curve pattern.

Discussion

For fusion-level selection and the determination of whether 
or not to include the lumbar C modifier curve in the treat-
ment of MTC scoliosis, the surgeon relies on the ratio 
between MTC and LC magnitude, trunk shift, patient age, 
maturity, body weight and activity level as well as surgeon 
dependent factors including experience, surgical technique, 
and the average correction rate achieved by the surgeon [25, 
31, 32]. The current study aimed at adding a tool to the 
surgeon’s armamentarium that enhances decision making in 
STF versus longer fusions into the lumbar spine.

With the analysis of a sample of 410 AIS patients includ-
ing only patients with posterior STF, accurate prediction 
models for postoperative SLCC and LC ≤ 20°/LC > 20° were 
established. In combination, the models can be helpful in 
the prediction and understanding of postoperative SLCC. 

Fig. 3   Predicted versus observed values for follow-up lumbar curve 
magnitude based on the preoperative LC and LC-bending data

Fig. 4   Contour plot of bivariate 
logistic regression model with 
preoperative LC and LC-
bending as predictors. Colors 
indicate risk for LC > 20° at 
follow-up (FU). Specificity: 
90%, sensitivity: 90%, NPV: 
96%, PPV: 77%, 63% of all 
patients were unclassified, total 
correct predicted patients: 90%. 
Along the contour lines dis-
sected in ten parts, the risk for 
an LC > 20° is constant. Data of 
three example patients (P1, P2, 
and P3) together with their pre-
operative LC, LC-bending, and 
risk for LC > 20 °C at follow-up 
are drawn. These three example 
patients are discussed in the 
results section
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The inclusion of a target outcome in the analysis, e.g., a 
LC ≤ 20°/LC > 20°, contributed to the development of clini-
cally feasible models. Sample characteristics reported in the 
literature, including age and follow-up length [2, 19, 25, 29, 
33–36], are similar to the variables reported in our study. 
In the current study, one model is based on preoperative 
LC and LC-bending data (Fig. 4), and the other model uses 
postoperative MTC-correction and preoperative LC (Fig. 5). 
Postoperative MTC can only be estimated before surgery, 
but is a variable that can be directly influenced by each sur-
geon’s individual techniques.

To effectively apply both models in daily practice, the 
performance of the models has to fulfill some clinical ration-
ales. In order to meet these conditions, advanced statisti-
cal methods were used with two cutoffs instead of only one 
cutoff, so a gray area was generated. This further increased 
model accuracy. Preoperative variables along with surgi-
cal data can be used to predict in which patients the unin-
strumented lumbar spine will have a postoperative residual 
LC ≤ 20°.

The previous studies also attempted to predict SLCC 
using linear regression analysis [37, 38]. However, either 
re-testing accuracy of a small test sample in an independent 
cohort was lacking or predictive power was small [25, 38]. 
In a multicenter study by Abel et al. [38] on 123 patients 
that had STF, the authors used preoperative LC and L4 take-
off angle as predictor variables of follow-up LC. The linear 
regression model explained only 40% of the variance of 
postoperative LC. In another study [39] on 24 AIS patients 
with Lenke type 1C or 2C curves, prediction for postop-
erative coronal balance after STF was calculated based on 
the preoperative coronal balance data. R2 was 0.38 only. In 

a similar statistical fashion, several authors tried to define 
predictive equations for postoperative LC [37, 40, 41], but 
advanced statistical methods for prediction accuracy, error 
ranges for predicted postoperative LC values, or a scatter 
plot showing observed and predicted postoperative LC val-
ues were not provided. The apical vertebral rotation of the 
LC correlates with increasing LC Cobb angle, and it was 
suggested that it predicts SLCC [19, 32]. However, several 
authors did not observe significant change in the apical ver-
tebral rotation of the LC after STF [1, 19] and its prediction 
strength was shown inferior in comparison to that of the 
preoperative LC and LC-bending [25]. Other studies on STF 
have focussed on the spinal level of the LIV and showed 
improved SLCC when the LIV descended to lumbar levels 
[42], which is an intuitive finding. The LIV position, how-
ever, had no influence on SLCC in the current sample with 
large number of patients.

It is important to understand in which areas prediction 
models provide accurate prediction. To address these goals, 
the authors defined surgically sound cutoffs with the statisti-
cian that would render a model useful in clinical practice. 
If patient’s parameters do not fall into the model prediction 
area, no prediction is calculated by the model rather than a 
less accurate prediction. This objective was accomplished by 
using different cutoffs within the bivariate model. In clinical 
practice, most patients in whom a STF is considered will 
fall within the area where the model provides a prediction.

The prediction of the model is always to be interpreted 
with the perspective of the other clinical and radiographic 
variables known [25, 32] to also influence the decision pro-
cess toward a STF. However, this prediction model offers 
valuable insight into the postoperative behavior of the LC.

Fig. 5   Contour plot of bivariate 
logistic regression model with 
preoperative LC and postopera-
tive main thoracic curve (MTC) 
as predictors. Colors indicate 
risk for LC > 20° at follow-up 
(FU). Specificity: 92%, sensitiv-
ity: 90%, NPV: 95%, PPV: 
81%, 50% of all patients were 
unclassified, total correct pre-
dicted patients: 90%. Along the 
contour lines dissected in ten 
parts, the risk for an LC > 20° is 
constant. Data of four example 
patients (P1–P4) are drawn
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Notably, in the current study, patients with a LC ≤ 20° 
had significant better SRS-22 total scores (P = 0.02) add-
ing evidence to the use of a target LC ≤ 20° as done in the 
previous studies [25]. Patients with LC ≤ 20° had smaller 
preoperative LC (av. 32° vs. 42°) and smaller curve magni-
tude in the bending films (av. 10° vs. 18°). Based on inter-
group differences for the means ± 1SD of the patients with 
a follow-up LC ≤ 20°/LC > 20° (summarized in Table 3) 
and in perspective of the bivariate regression model (shown 
in Fig. 4), surgeons might face difficulties in particular in 
patients with preoperative LC ≥ 40° and/or a LC-bending 
of ≥ 20° to achieve a postoperative LC ≤ 20° using posterior 
STF. Although a LC ≤ 20° may be considered ideal, many 
will also accept a LC ≤ 30°, which would increase the preop-
erative LC and LC-bending appropriate for STF accordingly. 
This study was not designed to determine the “acceptable” 
residual LC, but rather predict in which patients a STF will 
result in that residual curve being less than 20°.

The statistical approach selected for the current study 
does not imply that a prediction will be made for a single 
patient based on the equations only. However, the model 
supports the decision making process. The model might par-
ticularly support surgeons who have defined their optimum 
SLCC at a LC ≤ 20° and who select a posterior approach for 
STF. The model using the postoperative MTC predicted the 
LC best which is intuitive as both the preoperative and post-
operative correlations between MTC and LC were strong 
in our study. This emphasizes the point that greater MTC-
correction predicts greater SLCC. There may be concerns 
of greater coronal decompensation following greater MTC-
correction, especially in the early postoperative period; how-
ever, at 2 years, the LC-correction had high correlation with 
MTC-correction [25, 29].

This study analyzed AIS patients that had a posterior 
approach for STF. Average postoperative SLCC was 52%. 
In a previous study by Koller et al. [25] on 273 patients 
that had an anterior approach for STF, postoperative SLCC 
was 47%. In a matched-pairs study comparing anterior and 
posterior STF, the authors identified small, but nonsignifi-
cant differences regarding SLCC [29, 43]. The differences 
are largely related to the difference in MTC-correction 
achieved, in particular with the use of modern screw-
rod constructs in comparison with anterior techniques. 
The prediction models introduced for posterior STF in 
the current study and for anterior STF [25] show similar 
accuracy, with improvements achieved in this study. To 
work with accurate prediction modeling, the use of the 
dedicated model is recommended for both anterior and 
posterior STF. It clearly defines the areas of high predic-
tion and where it performs best. This definition of model 
applicability is very important for any statistic model or 
equation to be used in clinical practice. Accordingly, it is 
of interest to note that Lenke 2 curves were not included 

in our model. Compensation of postoperative shoulder 
height imbalance in Lenke 2 curves is usually achieved 
by SLCC or distal lumbar adding-on [44, 45]. In addition, 
AIS curve pattern with lumbar modifier type A-R, which 
was an exclusion criterion in our study, is more common 
in Lenke 2 curves. In clinical practice of the author, the 
model provides accurate prediction of postoperative LC 
in perspective of a target MTC achieved during surgery 
(see Fig. 5).

Patients that achieved a target LC ≤ 20° were shown to 
achieve better clinical outcomes in terms of the SRS-22. 
These patients also had on average no significant postopera-
tive LC increase in comparison with patients with LC > 20° 
(Table 3). In another study by Benett et al. [31], patients 
with greater percent correction of MTC and LC were most 
likely to attain the minimal clinically important difference 
in their patient-reported outcomes postoperatively. The 
rationales for the definition of this target in the current study 
were also based on the previous studies and expert opinions 
[23–26, 28]. Our findings support that a postoperative LC of 
equal to or smaller than 20° is a reasonable target variable 
also in future studies that might further improve prediction 
modeling. Nevertheless, patients with a residual postopera-
tive LC > 20° still can have long-term maintenance of the 
residual LC and excellent clinical outcomes in many cases. 
We believe STF is a valuable means of preserving lumbar 
motion, and a modest residual LC is favorable compared to 
a fusion into the distal lumbar spine for many patients.

Conclusion

An accurate prediction model for postoperative SLCC was 
established based on a large analysis STF cases. These mod-
els can support prediction and understanding of postopera-
tive SLCC aiding in surgical decision making when con-
templating a selective thoracic fusion versus a fusion that 
includes both the thoracic and lumbar curves. Both patient- 
and curve-specific characteristics, such as the preoperative 
lumbar curve severity and the lumbar curve flexibility, as 
well as factors that can be controlled by the surgeon, the 
postoperative Cobb angle, were shown significant predic-
tors of postoperative spontaneous lumbar curve correction.
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