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the theory of anterior overgrowth [2], are almost invari-
ably characterized by thoracic hypokyphosis, which can 
be severe (T5-T12 thoracic kyphosis < 10°, Lenke - sagittal 
modifier).

The development of such a severely abnormal sagittal 
alignment has consequences that are not limited to the tho-
racic region, resulting in a disruption of the entire spinal 
alignment. In fact, thoracic hypokyphosis tends to shift the 
C7SVA backward and to decrease the T1 slope [3]. As a 
compensation, this ultimately leads to the development of 
a cervical kyphosis (CK), in order to translate the head for-
ward and maintain the global balance [3, 4]. This entire pro-
cess results in a maldistribution of the physiological sagittal 
curves, with a lordotic thoracic spine that shifts the kypho-
sis apex between the cervical spine and the cervicothoracic 
junction (Fig. 1).

Introduction

The sagittal alignment of Adolescent Idiopathic Scoliosis 
(AIS) has attracted growing interest, becoming pivotal in 
the Lenke classification with the introduction of a sagittal 
modifier [1]. In particular, thoracic curves, partly due to 
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While the interplay between thoracic hypokyphosis and 
the development of CK is well established, the reports on 
CK spontaneous correction after AIS correction are conflict-
ing. Hillibrand et al. [4] were among the firsts to study the 
relationship between AIS and CK, reporting no improve-
ment in cervical lordosis, even with successful restoration 
of thoracic kyphosis (TK). Conversely, other authors [5–7] 
reported improved cervical sagittal alignment post-AIS cor-
rection. The first aim of the present paper is to assess the 
amount of spontaneous change in cervical alignment after 
correction of severely hypokyphotic (< 10°) AIS curves. 
Secondly, the aim of the study is to identify any radiographi-
cal parameter than can predict postoperative cervical sagit-
tal alignment in these patients. (Fig. 2).

Materials and methods

Study sample

A multicenter retrospective review of AIS patients with a 
major thoracic curve (Lenke 1, 2, 3 patterns), with asso-
ciated severe thoracic hypokyphosis (TK < 10°; Lenke - 
modifier) who underwent surgical correction between 2016 
and 2020 at the participating centers was performed. Non-
idiopathic scoliosis, infantile, juvenile, or adult idiopathic 
scoliosis diagnosis were considered exclusion criteria. Each 
participating Institution’s local Ethics Committee approved 
this retrospective study.

Data collection

Cobb angle of proximal thoracic (PT) and main thoracic 
(MT) curves, PT curve flexibility index and C7PL-CSVL 
were measured on the coronal plane. On the sagittal plane: 
C2-C7 cervical lordosis (CL), C5-T2 Cobb angle, T2-T5 
TK, T5-T12 TK, L1-S1 lumbar lordosis (LL), pelvic inci-
dence (PI), pelvic tilt (PT) and sacral slope (SS) were mea-
sured. T1 slope (T1s) and upper instrumented vertebra slope 
(UIVs) were measured as the angles between the respective 
upper end plate and the horizontal plane. For every mea-
surement, a positive value was considered kyphotic, while 
a negative value was considered lordotic. Apical vertebral 
rotation (AVR) was measured according to Nash-Moe. 
C2-C7 change, C5-T2 change, T2-T5 change and T5-T12 
change were calculated as “follow-up– preoperative val-
ues”. Ideal CL was calculated according to the formula by 
Staub et al. [8] and the cervical lordosis mismatch (CLMM) 
was calculated as the difference between the actual CL and 
the ideal CL. The difference between PI and TK was cal-
culated (PI-TK). Distances between theoretical (T7 accord-
ing to Lafage et al. [9]) and the actual TK apex, actual TK 
apex and scoliosis (considering MT curve) apex, theoretical 
TK apex and scoliosis apex, actual TK apex and UIV, were 
measured. TK apex-SVA was measured as the horizontal 
distance between TK apex’ centroid plumb line and the pos-
terosuperior corner of S1.

Each measurement was taken at the preoperative and at 
the last-available follow-up (minimum 2 years) radiographs 
by two experienced surgeons, in case of discrepancy aver-
age value was considered.

Surgical technique

All surgeries were performed with a homogeneous tech-
nique. Fusion area was determined according to Lenke 
rules [10]. High-density pedicle screws constructs were 
adopted. Periapical asymmetric Ponte Osteotomies and 

Fig. 1  On the left a physiologic sagittal alignment, with a well repre-
sented thoracic kyphosis, with the apex at T7. On the right, the typical 
sagittal alignment of a severely hypokyphotic AIS: maldistribution of 
physiological sagittal curves, with a lordotic thoracic spine that shifts 
the kyphosis apex between the cervical and the cervicothoracic junc-
tion regions (in this case, at C7)
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asymmetrically contoured 5.5 cobalt-chrome rods, with an 
aggressive concave rod over-contouring, were adopted in 
order to have an optimal TK restoration [11]. Translation 
maneuver over the two simultaneously applied rods and 
segmental direct vertebral rotation (DVR) were performed. 
It is crucial to emphasize that DVR in our technique is 
implemented within a complex, integrated, corrective strat-
egy in which DVR is just one of the components, and the 
key element is the postero-medial translation. In this view, 
we try to achieve a de-torsion of the spine with simultane-
ous TK restoration, coronal correction and axial derotation. 
This is used to avoid the risk of sagittal plane deterioration 
that may come with DVR, as extensively demonstrated in 
the literature [12–14].

Statistical analysis

The Shapiro–Wilk test was used to verify normal distribu-
tion. Student’s T test was used to compare samples in case 
of continuous variables, normal distribution and appropriate 
numerousness. In case of discrete or non-normally distrib-
uted variables, Welch U test was performed [15]. After sub-
grouping patients and outcomes, additional univariate and 
multivariate analyses were performed. Binomial logistic 
regression and linear logistic regression models were cre-
ated adopting a backward stepwise approach based on the 

variables that resulted statistically significant at the univari-
ate analysis. P-values < 0.05 were considered significant. 
Jamovi statistical analysis software (The jamovi project, 
Version 1.6) was used to perform the analysis.

Results

57 patients (48 females and 9 males) met the inclusion cri-
teria and achieved a minimum of 2 years of follow-up. The 
average age was 15.2 ± 2.1 (range 11–18).

Sagittal alignment changes after Ais correction

At the last follow-up, a significant improvement in cervi-
cothoracic alignment was achieved (Table 1). T5-T12 TK 
passed from 0.7° to 12.9 (p <.001), while T2-T5 TK did 
not show significant changes. C5-T2 Cobb angle showed a 
significant decrease (p =.017) and T1s increased (p <.001). 
At the same time, CL significantly increased from 10.7° to 
4.1 (p =.004). The ideal CL was calculated as −11.9°, and 
the mismatch between this value and the actual CL passed 
from 22.7° to 15.9° (p =.003). PT (p =.042) and SS (p =.017) 
showed slight but significant improvements. Theoretic-
actual TK apexes (p <.001) and Actual TK-scoliosis apexes 
distances (p <.001) significantly decreased after surgery.

Fig. 2  Exemplificative case: a 18 years old female, with a Lenke 
1 A-curve. On the sagittal plane, a severe thoracic hypokyphosis can 
be noticed (T5-T12 TK = −5°), with an associated cervical kyphosis 
(17°). As a result of the deformity the kyphosis apex is shifted upwards 
(C7). At the follow-up, a good triplanar correction can be noted. In 

particular, on the sagittal plane, TK significantly improved (T5-T12 
TK = 14°), with a consequent improvement in cervical lordosis (C2-
C7 CL = 18°). Moreover, kyphosis apex moved to a more physiologic 
position (T4)
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Binomial logistic regression model: what factors correlate 
with a postoperative Cl of at least − 5°?

Patients were divided into two groups based upon postop-
erative CL. Group L had a follow-up CL of at least − 5°, 
while Group N-K had a follow-up CL of less than − 5° (i.e. 
neutral or kyphotic alignment). A univariate analysis was 
performed to detect differences between the two groups 
(Online Resource 1). A binomial logistic regression model 
was built (Table  2). The R2 was 0.496 and none of the 
variables showed concerning collinearity. Postoperative 
T5-T12 TK (z = 2.551; p =.011) and preoperative T2-T5 TK 
(z = 2.112; p =.035) showed significant correlation with the 
outcome.

Binomial logistic regression model: what factors correlate 
with a minimimal detectable improvement in Cl for 
patients who had a preoperative neutral or kyphotic 
sagittal cervical alignment?

Only patients with a preoperative neutral (−5° < CL < 0°) or 
kyphotic (CL > 0°) cervical alignment were included. Group 
1 consisted of patients that reached a C2-C7 Change of at 
least − 6.2°. Group 2 consisted of patients that did not reach 
this improvement (C2-C7 Change>−6.2°). The value of 
−6.2° was chosen as the cutoff since Marques et al. [16] 
demonstrated it to be the minimum detectable change for 
CL. The variables that showed a significant difference at the 
univariate analysis (Online Resource 2), were included in 
the multivariate analysis (Table 3). The R2 reached 0.420, 
and none of the variables displayed collinearity. TK apex-
SVA (z=−1.97; p =.049) and C5-T2 Change (z=−2.56; 
p =.010) showed a negative correlation with the outcome, 
while TK-scoliosis apexes distance showed a positive cor-
relation (z = 1.96; p =.049).

Linear regression model: what factors are linearly 
correlated with the cervical lordosis change after surgery?

A correlation matrix was first designed to detect any lin-
ear correlation with CL change (significant variables are 
reported in Online Resource 3). The significant variables 
were then included in a linear regression model (Table 4). 
The R2 reached 0.640. Preop PI° and fu PI-TK° showed 
moderate collinearity (VIF = 9.31 and 9.71 respectively).

Preoperative C2-C7 CL° (t=−5.827; p <.001), preopera-
tive PI (t=−2.218; p =.031), UIVs (t=−2.791; p =.008), fu-
AVR (t=−3.238; p =.002) showed a negative correlation 
with the outcome, while postoperative PI-TK showed a 
positive correlation (t = 2.697; p =.012).
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view, assuming that CK is a direct consequence of the tho-
racic hypokyphosis, the restoration of a more physiologic 
TK would indirectly lead to a spontaneous increase in CL. 
The present paper confirms this hypothesis, with a signifi-
cant T5-T12 TK increase that was paired with a significant 
improvement in CL (from 10.7° to 4.1). This supports the 
results achieved by Ilharreborde [5] Hiyama [6] Yagi [7], 
and it is in contrast with Hillibrand [4] and Hwang [17]. In 
detail, the increase in CL that we achieved (−6.7° ± 16.7°) 
was comparable to Hiyama [6] (−7.1°) and Yagi [7] (−7°), 
however this was associated with more than double of the 

Discussion

While there is a significant body of literature on the restora-
tion of TK in AIS, there is still a lack of evidence regarding 
the cervical sagittal alignment changes following posterior 
correction of severly hypokyphotic AIS curves. At the same 
time, while the restoration of TK benefits from corrective 
maneuvers that directly act at the thoracic level, every 
change that takes place at the cervical level relies only 
on indirect correction, considering that the upper instru-
mented vertebra typically lies between T2 and T4. In this 

Table 2  Binomial logistic regression model: what factors correlate with a postoperative Cl of at least − 5°?
Deviance: 34.1; AIC: 46.1; R2: 0.496

95% Confidence Interval 95% Confidence Interval
Variable Estimate Lower Upper SE Z p Odds-Ratio Lower Upper VIF Tolerance
Intercept −12.0255 −20.0816 −3.969 4.1103 −2.926 0.003 5.99E-06 1.90E-09 0.0189
fu T5-T12 TK° 0.3102 0.0718 0.549 0.1216 2.551 0.011* 1.36 1.074 1.7308 2.02 0.494
preop T2-T5 TK° 0.2659 0.0191 0.513 0.1259 2.112 0.035* 1.3 1.019 1.6697 1.89 0.53
fu T1s° 0.1026 −0.0629 0.268 0.0845 1.215 0.224 1.11 0.939 1.3076 1.37 0.728
fu COBB MT° 0.1314 −0.0413 0.283 0.0826 1.46 0.144 1.13 0.96 1.3265 1.87 0.534
UIVs° 0.0134 −0.2055 0.232 0.1117 0.12 0.904 1.01 0.814 1.2616 1.97 0.507
* p <.05, ** p <.01, *** p <.001
MT, main thoracic; TK, thoracic kyphosis; T1s, T1 slope; UIVs, upper instrumented vertebra slope

Table 3  Binomial logistic regression model: what factors correlate with a minimimal detectable improvement in Cl for patients who had a preop-
erative neutral or kyphotic sagittal cervical alignment?
Deviance: 37.7; AIC: 47.7; R2: 0.42

95% Confidence Interval 95% Confidence Interval
Variable Estimate Lower Upper SE Z p Odds-Ratio Lower Upper VIF Tolerance
Intercept −1.7491 −3.4017 −0.0965 0.8432 −2.07 0.038 0.174 0.0333 0.908
Preop TK APEX-SVA −0.0282 −0.05627 −1.52e − 4 0.0143 −1.97 0.049* 0.972 0.9453 1 1.13 0.884
C5-T2 CHANGE −0.1244 −0.21958 −0.0293 0.0485 −2.56 0.01* 0.883 0.8029 0.971 1.08 0.926
T2-T5 TK CHANGE 0.1314 −0.00987 0.2726 0.0721 1.82 0.068 1.14 0.9902 1.313 1.14 0.875
Preop Actual TK-scoliosis 
apexes distance

0.206 4.75E-04 0.4115 0.1049 1.96 0.049* 1.229 1.0005 1.509 1.18 0.850

* p <.05, ** p <.01, *** p <.001
TK, thoracic kyphosis; TK apex-SVA, thoracic kyphosis-sagittal vertical axis distance

Table 4  Linear regression model: what factors are linearly correlated with the cervical lordosis change after surgery?
Deviance: AIC: 454; R2: 0.640

95% Confidence Interval
Variable Estimate Lower Upper SE t p VIF Tolerance
Intercept 23.688 2.6043 44.7710 10.4859 2.259 0.028
Preop Flexibility Index PT (%) 0.101 −0.0553 0.2575 0.0778 1.300 0.200 1.64 0.610
preop T2-T5 TK° −0.2269 −0.9496 0.4116 0.3385 −0.795 0.431 1.64 0.609
preop C2-C7 CL° −0.687 −0.9234 −0.4496 0.1178 −5.827 < 0.001*** 1.92 0.52
preop PI° −0.743 −1.4165 −0.0695 0.3350 −2.218 0.031* 9.31 0.107
C5-T2 Change° 0.149 −0.1786 0.4775 0.1632 0.916 0.364 1.27 0.787
UIVs° −0.718 −1.2360 −0.2009 0.2574 −2.791 0.008** 2.40 0.416
fu PI-TK° 0.743 0.1700 1.3157 0.2849 2.697 0.012* 9.71 0.103
fu AVR −3.020 −4.8955 −1.1450 0.9327 −3.238 0.002** 1.77 0.566
* p <.05, ** p <.01, *** p <.001
PT, proximal thoracic; TK, thoracic kyphosis; CL, cervical lordosis; UIVs, upper instrumented vertebra slope; PI, pelvic incidence; AVR, apical 
vertebral rotation according to Nash-Moe
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TK-scoliosis apexes distances, their statistical significance 
is questionable (p =.049). However, it is reasonable that 
having a TK apex which is more posteriorly translated rela-
tive to the sacrum will aid in TK and, consequently CL, 
increase. At the same time, when the apexes of scoliosis and 
kyphosis are distant, it is easier to maintain separate control 
of the sagittal and the axial/coronal planes, avoiding further 
iatrogenic flattening of TK with spine derotation [12, 14].

Finally, a linear regression model was built to assess 
which factors were linearly correlated with the CL change 
after surgery. Apart from the significance of preop CL, 
which was obvious, the analysis returned some interesting 
results. First, UIVs correlation was statistically significant. 
This might result in a useful intraoperative tip, as surgeons 
should try to tilt UIV in kyphosis as much as possible and 
they should check with the fluoroscope the amount of UIVs 
that was achieved. Secondly, preop-PI correlation was sta-
tistically significant. This is an interesting point: patients 
with a high PI tend to have pronounced curves on the sagit-
tal plane on both lumbar, thoracic and cervical level [18]. 
When a thoracic hypokyphosis is corrected in higher-PI 
patients, the cervical spine seems to be more prone to go 
back to its theoretically hyper lordotic alignment, showing 
an increased CL change. Fu PI-TK’s correlation significance 
indirectly confirmed the importance of TK restoration, since 
a greater fu-TK relatively to the PI predicts a greater C2-C7 
change. Lastly, the correlation with the fu-AVR suggests 
that the more powerful the derotation, the higher the risk 
of not obtaining a lordotic change in CL. This is indirectly 
explained by the anterior spinal overgrowth theory [19, 20]. 
Since it is known that AIS is characterized by sagittal wedg-
ing of the vertebral bodies [21, 22], a strong derotation that 
brings the rotated bodies back to a true sagittal plane can 
limit the possibilities of restoring the TK, with the related 
consequences on cervical alignment.

The present study does not come without limitations. The 
two major drawbacks are the lack of assessment of CK’s 
clinical impact and the relatively short follow-up, which are 
closely related to each other. In particular, the fact that CK 
is present in approximately 30% of healthy subjects [23], 
has called into question its clinical relevance as a causal 
factor for cervical degeneration. Preliminary evidence sug-
gests a possibile correlation between CK and HRQOL, in 
the healthy [24] as well as in the scoliotic population (both 
pre-surgery [25, 26] and after surgery [27, 28]). However, it 
is very difficult to build strong evidence on this aspect since 
these young patients may have huge compensatory capabili-
ties that allow them to perform as their peers for a long time. 
In fact, at the time this study was conducted none of our 
patients presented neck complaints. Therefore, future long-
term follow-up study of these patients will be performed to 
determine whether remnant post-operative CK would mark 

TK increase in our cohort (12.2° vs. 5.6° and 3.6°, respec-
tively). At the same time, Ilharreborde et al., with a simi-
lar increase in TK compared to our cohort (14.5 vs. 12.2°), 
reported a significanlty larger increase in CL compared to 
ours (−18.8 vs. −6.7).

This can be explained by the differences in the baseline 
characteristics of the cohorts and more specifically by the 
fact the present study is the only one including only patients 
with a severe hypokyphosis (TK < 10°).

This subset of patients, on one hand requires a more pow-
erful TK restoration, but on the other hand this greater TK 
increase results in a proportionally smaller increase in CL. 
This seems to suggest that, in cases with such an altered 
sagittal profile, the cervical spine’s ability for spontaneous 
correction is partially lost and tends to retain a kyphotic 
alignment. This is also confirmed by the fact that Actual-
Ideal C2-C7° CL mismatch improved but remained con-
siderable after surgery (15.9° ± 23°). Moreover, all patients 
included in our cohort can be classified as CK-H accord-
ing to Ito et al. [3]; on the contrary, the other cited studies 
included also different patterns (CK-M and CK-L). CK-H 
pattern has a much larger posterior translation of C7 com-
pared to CK-M and -L and, therefore, it shows smaller 
amount of spontaneous CK correction in proportion to the 
degree of TK restoration.

The second aim of the present paper was to search for 
any radiographical parameter able to predict the postopera-
tive cervical sagittal alignment.

Our first binomial logistic regression model highlighted 
the crucial role that thoracic alignment plays in cervical 
alignment. On one hand, the direct correlation between 
the probability of having a lordotic cervical spine postop-
eratively with the postoperative T5-T12 TK confirms the 
importance of a lower-TK restoration. On the other hand, 
the direct correlation with the preoperative T2-T5 TK high-
lights the important role of upper-TK. In fact, this region 
serves as the foundation for the cervical spine, much like 
the pelvis does for the lumbar spine. By tilting the cervi-
cal spine’s foundation forward, a well-represented T2-T5 
TK tends to facilitate a lordotic alignment of the neck after 
surgery.

Focusing only on patients with a preoperative neutral 
or kyphotic cervical alignment, a second binomial logistic 
regression model was built, searching for any significant 
predictors for the chance of having a minimal clinically sig-
nificant improvement in CL. In this model, a C5-T2 change 
in a lordotic sense was significantly correlated with the 
chance to achieve at least a 6.2° of increase in CL. This 
emphasizes how the key to obtaining an increase in CL is 
the normalization of the cervicothoracic passage, which is 
typically kyphotic due to the cranial shift of the kyphosis 
apex. Regarding preop TK apex-SVA and preop Actual 
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the start of a pathological process that would ultimately 
result in accelerated cervical degeneration and neck pain. 
Additionally, the absence of a formal power analysis repre-
sents a limitation of this study. Due to the relative rarity of 
AIS with severe thoracic hypokyphosis, it was not possible 
to calculate a priori the sample size required to detect sta-
tistically significant differences. However, we included all 
eligible patients available to maximize the statistical power 
of the study.

The final limitation of our paper is represented by the 
measurement method. Sagittal plane measurements can 
be particularly challenging in AIS, mainly due to the axial 
plane rotation that does not allow a true lateral view with a 
2D imaging [29, 30]. In this view, the preoperative hypoky-
phosis may have been particularly underestimated, while 
cervical and postoperative TK measurements may have 
been less affected. Future studies adopting 3D imaging are 
needed to further develop this field. Moreover, the absence 
of routine postoperative computed tomography (CT) scans 
limited our ability to use the RAsag parameter, the most 
objective and reliable measurement of AVR. Consequently, 
we adopted the Nash-Moe grading system, which may be 
less precise in quantitative assessment of AVR.

However, to the best of our knowledge, this is the first 
study to specifically investigate the cervical alignment 
changes after AIS surgery in a cohort of severely hypoky-
photic patients.

Conclusion

CL showed a significant improvement after posterior only 
correction of hypokyhotic AIS. Despite that, a significant 
mismatch between ideal and postoperative CL remains. The 
degree of restoration of thoracic alignment seems to corre-
late with the amount of spontaneous CL improvement after 
surgery.
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