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a b s t r a c t

Objectives: The objectives of this study were to evaluate the repeatability and reproducibility of a method
for measuring freehand rod bending and to analyze the relationship between the rod’s bend and the
resulting sagittal correction.
Materials and methods: All the children who underwent correction by posterior translation using pedicle
screws at all levels were included prospectively in 2018 and 2019. The rod’s sagittal parameters were
measured retrospectively by three independent surgeons on two separate occasions using the same
protocol. After the rods were bent but before they were inserted, the surgeon traced the contours of the
rods on a sheet of paper that was later scanned and analyzed semiautomatically. The spinal parameters
were calculated based on biplanar radiographs taken preoperatively, postoperatively and at the final
follow-up visit. Patients who had less than 10◦ thoracic kyphosis (T5–T12) made up the “Lenke N−”
subgroup.
Results: Thirty patients were included (14 of whom were Lenke N−) who had a Cobb angle of 59.2 ± 11.3◦

preoperatively and 13.3 ± 8.4◦ postoperatively (p < 0.00001). The inter- and intrarater ICC for the rod
measurements were > 0.9 (excellent). The mean kyphosis of the concave rod was 48.4 ± 5.7◦ (38.3–60.9◦).
The mean change in T5–T12 kyphosis was 9.7 ± 10.8◦ (−14.3–30.8◦) (p < 0.0001) in the entire population,
while it was 17.7 ± 7.1◦ (5.5–30.8◦) (p < 0.0001) in the Lenke N− subgroup. The change in thoracic kyphosis
was positively correlated with the kyphosis of the concave rod (rho = 0.52; p = 0.003).
Conclusion: This study found excellent reproducibility and repeatability of measuring freehand rod bend-
ing. The kyphosis applied to the concave rod is positively correlated to the change in the resulting kyphosis
and made it possible to restore satisfactory thoracic kyphosis.
Level of evidence: III.

1. Introduction

Idiopathic thoracic scoliosis often causes thoracic hypokyphosis
secondary to rotation of the apical vertebra [1,2]. Surgery consists of
a correction then fusion, which in most instances is a long-lasting
solution [3]. The objective of balanced three-dimensional correc-
tion [4] is to simultaneously:
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• restore balance in the shoulders and waist;
• lessen the gibbus deformity;
• ensure the intervertebral disc at the interior end is horizontal [5];
• provide thoracic kyphosis appropriate for the patient.

Several posterior translation techniques are effective for restor-
ing thoracic kyphosis such as sublaminar fixation [6] and all-pedicle
screw fixation [7,8]. This translation can be applied to a single con-
cave rod, a single convex rod or both at the same time [9]. The
correction technique, rod bend, and type of rod alloy can impact the
correction achieved [7,10]. Rod bending is a delicate step involving
the meticulous application of a freehand curvature that cannot be
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quantified easily but is crucial to restoring sagittal balance. Few
studies have investigated and analyzed freehand bending [11,12].

Consequently, we asked ourselves the following questions: can
freehand bending of the rod be measured in a reliable manner?
Does this bending restore the sagittal balance? We hypothesized
that there is a reliable method for measuring the rod bend applied
by the surgeon that can be used to analyze its effects on sagittal
balance for correcting idiopathic scoliosis. Thus, the objectives of
this study were to evaluate the repeatability and reproducibility
of a method for measuring freehand rod bending and to analyze
the relationship between the rod’s bend and the resulting sagittal
correction.

2. Materials and methods

2.1. Patients

All the children who underwent posterior fusion for idiopathic
adolescent thoracic scoliosis (Lenke 1 and 3) [13] were enrolled
consecutively and prospectively in 2018 and 2019. Surgery was
proposed when the Cobb angle was greater than 40◦, the Risser
sign was grade 3 or higher, the triradiate cartilage was closed and a
coronal imbalance and/or thoracic hypokyphosis (i.e., T5–T12 angle
less than 10◦) was observed. Exclusion criteria were a transitional
vertebrae, prior surgery on the spine and traction by halo brace.
Biplanar radiographs were made preoperatively, postoperatively
(5 to 7 days post-surgery) and at the final follow-up visit in a stan-
dardized standing position [14].

Two subgroup analyses were carried out:

• using the criteria of Lenke et al. [13], a “Lenke N−” subgroup was
made up of patients whose T5–T12 angle was less than 10◦;

• using the four sagittal classifications described by Abelin-
Genevois et al. [1,15].

The study was approved by our ethics committee. Each patient’s
legal guardian was informed of the study and provided written
consent.

2.2. Surgical technique

All patients were operated on by the same surgeon using the
same technique [7]. Once the polyaxial screws (Xia® 3 Spinal Sys-
tem, Stryker) were inserted at each level, the length of the 6 mm
CoCr concave rod was measured then bent manually using a spinal
rod bender. Reduction was done by progressive posteromedial
translation through posterior traction tubes (SUK Reduction Tubes,
Xia 3, Stryker) on the concave rod. The 6 mm CoCr convex rod was
measured, bent manually and then implanted as a neutralization
rod. The goal was to achieve between 10 and 40◦ of thoracic kypho-
sis.

2.3. Semi-automated measurement of rod parameters

The rod parameters were measured retrospectively using a stan-
dardized protocol. After bending the rods but before implanting
them, the surgeon traced the contour of each rod on a sheet of
paper (blue line on Fig. 1B) and labeled its orientation. The sheet
was scanned and analyzed by an application developed using MAT-
LAB 2020b software (The MathWorks, Inc. Natick, MA). A surgeon
placed 10 points (including the ends of the rod) along the rod’s
length (red dots on Fig. 1B). The software automatically marked the
contour of the rod (solid red line on Fig. 1B) and then calculated the
maximum thoracic kyphosis and lumbar lordosis generated from
the tangent lines (dotted black line on Fig. 1B), which correspond

Table 1
Characteristics of study population (n = 30).

Features

Sex 28 girls
2 boys

Mean age at surgery (years) 14.4
(12–17)

Mean follow-up (months) 24.5
(22–26.5)

Type of curvature — Lenke (n) 1 (19)
3 (11)

Proximal apex vertebra (n) T2 (7)
T3 (16)
T4 (6)
T5 (1)

Distal apex vertebra (n) L1 (1)
L2 (6)
L3 (14)
L4 (9)

to the rod’s inflexion point (red “X” on Fig. 1B). Two measurements
for each rod (concave and convex) were done at two different times
by three surgeons who were not involved in the original surgical
procedure.

2.4. Measurement of sagittal spinal parameters

These measurements were done using a previously validated
3D quasi-automatic method [16] (Fig. 1A and C). The hypokypho-
sis index was defined as the difference between the patient’s local
kyphosis (or lordosis) at the apex of the thoracic curvature and
mean value at the equivalent level for persons without scoliosis
[17,18]. Posterior translation of the apical vertebra of the thoracic
curvature [19] was calculated by projecting the anatomical cen-
ter of the vertebra in the axial plane, relative to a vertical axis
centered on the hips. Posterior translation of the apical vertebra
corresponded to a positive value.

2.5. Statistical analysis

An intraclass correlation coefficient (ICC) > 0.90 corresponded to
excellent intra- and interrater reliability. A Bland-Altman plot [20]
was used to determine the limits of interrater reliability for the
measurement of concave thoracic kyphosis, the primary endpoint
for this study. Quantitative data were compared using the Wilcoxon
test or the Mann-Whitney test. A Spearman test was used to analyze
the correlation between quantitative variables. The change in tho-
racic kyphosis was the difference between post- and preoperative
kyphosis. A p-value < 0.05 was considered a significant difference.
Simple linear regression was used to analyze:

• the relationship between changes in thoracic kyphosis obtained
relative to the concave rod’s thoracic kyphosis for each patient;

• the relationship between preoperative T5–T12 kyphosis with the
difference between the mean kyphosis applied to the concave rod
and the postoperative thoracic kyphosis measured.

The Real Statistics Resource Pack (version 7.6) was used for these
tests.

3. Results

3.1. Patients

Thirty-two patients were enrolled in the study. Two were sub-
sequently excluded (Table 1) because of incomplete radiographs
and/or incorrect positioning during the radiographs. Fourteen



Fig. 1. Preoperative radiographs of a female adolescent with thoracic lordosis (A). The thoracic kyphosis is 46.4◦ on the concave rod and the lordosis is 40.9◦ (B). The
postoperative T5–T12 kyphosis is 21.2◦ (C).

patients were in the Lenke N− subgroup. In the Abelin-Genevois
classification, 9 patients were type 1, 20 patients were type 2a and
1 patient was type 3; the latter patient’s thoracic kyphosis was 35.7◦

preoperatively and 38.9◦ postoperatively, the lumbar lordosis went
from 69.7 to 57.3◦ and the Cobb angle changed from 48.8 to 15.1◦.

3.2. Rod parameters

The mean intrarater ICC was 0.95 for the concave rod’s kyphosis
and 0.95 for the lordosis, while it was 0.96 for the convex rod’s
kyphosis and 0.95 for the lordosis. The interrater ICC was 0.93 for
the kyphosis and 0.94 for the lordosis of the concave rod. It was
0.94 for the kyphosis and 0.96 for the lordosis of the convex rod.
Fig. 2 shows the variability between raters.

The mean kyphosis for the concave rod was 48.4◦ ± 5.7◦

(38.3◦–60.9◦); it was 49.7◦ ± 4.9◦ (39.6◦–58◦) (p = 0.1) for the con-
vex rod. The mean lordosis for the concave rod was 37.4 ± 8.2◦

(20.5–53.2◦); it was 37.7◦ ± 7.6◦ (21.3◦–50.9◦) (p = 0.7) for the con-
vex rod. The mean difference per patient between the left and
right rods was 3.5◦ ± 3.1◦ (0.3◦–14.3◦) for kyphosis and 3.6◦ ± 2.4◦

(0.1◦–8.6◦) (p = 0.7) for lordosis.

3.3. Sagittal spinal parameters

In the entire study population, the mean change in T5–T12
kyphosis was 9.7◦ ± 10.8◦ (−14.3◦–30.8◦) (p < 0.0001) and while
it was 17.7◦ ± 7.1◦ (5.5◦–30.8◦) (p < 0.0001) in the Lenke N− sub-
group. All the Lenke N− patients had thoracic kyphosis greater
than the minimum target level (> 10◦) (Fig. 1C). The lumbar lordo-
sis increased significantly only in the Lenke N− subgroup (p = 0.01)
(Table 2).

Patients who were classified as type 2a in the Abelin-Genevois
classification had better thoracic kyphosis restoration (p < 0.0001)
and hypokyphosis index reduction (p < 0.001) (Table 3).

The kyphosis of the concave rod was negatively correlated with
preoperative kyphosis (rho = −0.40; p = 0.02), which means that
concave bending of the thoracic kyphosis was greater in cases of
thoracic hypokyphosis. The change in thoracic kyphosis was posi-
tively correlated with the kyphosis of the concave rod (rho = 0.52;
p = 0.003). Fig. 3 shows the relationship between the variation in

thoracic kyphosis achieved relative to the kyphosis of the concave
rod for each patient (R2 = 0.35) while Fig. 4 shows how the rod’s
bending affected the outcome (R2 = 0.55).

There was no significant difference between the spinal param-
eters measured at the final follow-up (mean of 24.5 months;
22–26.5) and immediate postoperative period (p > 0.05).

4. Discussion

4.1. Analysis of rod bending

Previous studies [11,12] have used a similar method in which
the contour of the rods is traced. The maximum curvature was
measured from tangent lines on the tracings; we also calculated
the lumbar lordosis. For the first time, an inter/intrarater analysis
(30 × 2 measurements by parameter × 2 rods/rater) was done and
concluded the ICC was excellent.

In our study, the correction technique is based on the concave
rod. The convex rod acts as a neutralization rod, thus its measured
kyphosis is nearly the same as the concave rod (p = 0.1). The dif-
ference in bending was less than 5◦ while Le Navéaux et al. [11]
reported a mean difference of about 15◦ between convex and con-
cave rods. The difference in bending is typically due to surgeon
preference or the surgical strategy. In the translation technique, it
is typical to under-contour the thoracic kyphosis of the convex rod
to lessen the gibbus deformity due to rib crushing, although this is a
theoretical concept. We did not measure the clinical gibbus defor-
mity in our study. The convex rod must be perfectly bent to match
the profile achieved by the concave correction if we want to avoid
excessive loading on the convex implants. This was important in
our study since the rods used were 6 mm CoCr devices, with a high
risk of implant pullout.

In the translation technique using a single concave rod, the alloy
material chosen for the rod is also important. It must be deformable
before it is implanted but still maintain its elastic strength so the
target correction can be achieved. CoCr alloy has a higher modulus
of elasticity than titanium, but a lower limit of elasticity.

No study has evaluated the learning curve for freehand rod
bending, which remains operator dependent. This step can be elim-
inated by using patient-specific pre-bent rods [9]. However, using



Fig. 2. Bland-Altman plot showing the interrater variability for the measurement of the concave rod’s thoracic kyphosis. The mean of differences is shown as a horizontal
line.

Table 2
Spinal parameters in the entire study population and in the Lenke N− subgroup.

Entire population (n = 30) Lenke N− (n = 14)

Preoperative Postoperative Final
review

pa Preoperative Postoperative Final
review

pa

Cobb angle (◦) 59.2 ± 11.3
(42.4–81.8)

13.3 ± 8.4
(2.3–30.4)

17.3 ± 6.6
(5.9–29.1)

< 0.00001 62.5 ± 9.4
(42.5–74.1)

18.2 ± 6
(11.8–28.5)

20.5 ± 8.6
(5.9–27.3)

< 0.00001

Kyphosis T5–T12
(◦)

17.3 ± 13.2
(−4.7;
50.6)

27.0 ± 8.4
(14.9; 51.8)

26.5 ± 9.6
(12.3; 53.3)

< 0.0001 5.9 ± 4.3
(−4.7; 9.4)

23.6 ± 7.1
(14.9; 39.8)

23.2 ± 8.4
(12.3; 40.6)

< 0.0001

Lordosis L1–S1 (◦) 47.8 ± 10.8
(28.7; 69.7)

47.7 ± 12
(17.2; 63.1)

50.8 ± 9.8
(23.8; 65.2)

0.4 43.9 ± 7.7
(28.7; 57.1)

51 ± 11.2
(28.8; 62.6)

50.8 ± 12.6
(30.3; 61.8)

0.01

Hypokyphosis
index (◦)

−4.9 ± 3.1
(−10; 0.9)

−2.8 ± 2.4
(−8.2; 1.9)

−2.3 ± 2.4
(−6.6; 2.7)

0.002 −7 ± 1.7
(−9; −4.3)

−2.2 ± 2.9
(−8.2; 1.9)

−2.4 ± 2.3
(−6.6; 2.5)

< 0.001

Translation apical
vertebra (mm)

12 ± 9.2 (0.2–32.7) 19 ± 5.9 (8–32.7)

a For the pre- or postoperative comparison.

Table 3
Spinal parameters by Abelin-Genevois subtype (1 and 2ab).

Type 1 (n = 9) Type 2a (n = 20)

Preoperative Postoperative Final
review

pa Preoperative Postoperative Final
review

pa

Cobb angle (◦) 61 ± 13.9
(43.2–81.8)

10.5 ± 6.1
(3.7–21.5)

15.3 ± 7.7
(6.7–27.3)

< 0.00001 58.9 ± 10.2
(42.4–74.1)

14.4 ± 9.4
(2.3–30.4)

19.8 ± 5.8
(5.9–29.1)

< 0.00001

Kyphosis T5–T12
(◦)

30.7 ± 10.3
(20.9; 50.6)

29.5 ± 9.7
(19.9; 51.8)

30.6 ± 11.4
(18; 53.3)

0.37 10.3 ± 8.2
(−4.7;
29.5)

25.3 ± 7.4
(14.9; 43.2)

24.4 ± 7.7
(12.3; 40.6)

< 0.0001

Lordosis L1–S1 (◦) 49.8 ± 11.6
(34.9; 69.7)

46.7 ± 11.7
(29.9; 63.1)

52 ± 11
(31.7; 65.2)

0.10 45.7 ± 9.4
(28.7; 67.7)

47.5 ± 12.6
(17.2; 62.6)

49.7 ± 9.3
(23.8; 62.5)

0.27

Hypokyphosis
index (◦)

−2.8 ± 3.5
(−10; 0.3)

−2.3 ± 1.6
(−4.6; 0.7)

−2.3 ± 1.9
(−5.3;
−0.1)

0.45 −6 ± 2.4
(−9; 0.9)

−3.2 ± 2.6
(−8.2; 1.9)

−2.5 ± 2.4
(−6.6; 2.7)

< 0.001

Translation apical
vertebra (mm)

4.8 ± 2.6 (0.2–10.5) 15.9 ± 9 (0.6–32.7)

a For the pre- or postoperative comparison.
b The values for the single patient with type 3 are not shown.



Fig. 3. Linear relationship between the variation in T5–T12 thoracic kyphosis and the kyphosis of the concave rod.

Fig. 4. Linear relationship between preoperative thoracic kyphosis and the difference between the mean kyphosis of the concave rod and the measured postoperative T5–T12
kyphosis.

this type of rod requires mastery of other — equally challenging —
factors such as the functional position in the EOS “cabin”, which can
alter the sagittal spinal parameters [14] and perfect planning of the
limit vertebra because the length of the precurved rod cannot be
changed intraoperatively.

4.2. Relationship between rod curvature and sagittal correction
achieved

The objective of surgical treatment was achieved because the
patients who had thoracic hypokyphosis had more normal kyphosis
based on the classifications of Lenke et al. [13] and Abelin-Genevois
et al. [1,15]. The results on Fig. 3 suggest that over-bending of
the concave rod is needed, especially when a larger correction is
desired. Previous studies [16,21] have found a loss of correction
due to flattening of the rod because the vertebral column is stiff.
Serhan et al. [22] showed that 5.5 mm CoCr rods underwent plastic

deformation after having been bent 30◦ on a synthetic spine model
and recovered only 48% of their shape after release. Le Navéaux et al.
[11] found about 20◦ loss in the concave rod’s bend (CoCr 5.5 mm),
as did Cidambi et al. [12]. Using a 6 mm titanium rod led to about
16◦ loss of correction in the study by Salmingo et al. [21]. Using
a two CoCr rod technique may be an alternative to minimize this
loss of correction. Solla et al. [9] recommend 10◦ overcorrection in
patients who had thoracic hypokyphosis.

In our study, the curvature given to the concave rod affects the
postoperative T5–T12 kyphosis. Other factors [23] could be inte-
grated into studies such as the density and type of implants [24],
need for posterior laminectomy, flexibility of the curvature, loca-
tion of the apex of the thoracic kyphosis.

In the Lenke N− subgroup, the lumbar lordosis increased signif-
icantly by about 10◦. This increase happened because the surgeon
considered the global sagittal balance and intuitively increased the
lordosis curvature for patients with thoracic hypokyphosis. Nev-



ertheless, this increase in postoperative lumbar lordosis was not
found in the Abelin-Genevois type 2a subgroup patients. Our expla-
nation is that type 2a patients have less than 20◦ T5–T12 kyphosis
while the Lenke N− subgroup included patients whose thoracic
kyphosis was less than 10◦. Here again, this technique is controlled
by the surgeon’s assessment and visual evaluation.

4.3. Limitations

One of the limitations of this study is that we did not directly
evaluate the likely loss of bend in the concave rod. The kyphosis
and lordosis measured on the rods correspond to the maximum
kyphosis and lordosis imparted by the surgeon. The inflexion point
might be different depending on the manual bending of the rod.
Furthermore, we did not take into account the reducibility of the
curvature.

5. Conclusion

This study found excellent reproducibility and repeatability of
measuring the freehand rod bending applied during the surgical
treatment of idiopathic scoliosis in adolescents. The maximum tho-
racic kyphosis applied to the concave rod is positively correlated
with the change in the resulting kyphosis and made it possible to
restore satisfactory thoracic kyphosis, especially in patients with
hypokyphosis.
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