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Impact of thoracolumbar inflection point on outcomes and
complications in adult spinal deformity
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OBJECTIVE Existing literature on the impact of alignment parameters relative to the thoracolumbar inflection point
remains sparse. The authors aimed to investigate the influence of the inflection point, lumbar lordosis apex (LLA), and
other alignment parameters on complications, reoperations, and clinical outcomes.

METHODS Patients with adult spinal deformity who underwent fusion of the lower thoracic spine (T7-12) to pelvis, for
whom 2-year data were available, were included. Parameters relative to the inflection point, the inflection point from the
upper instrumented vertebra (UIV), the LLA, and the theoretical inflection point based on pelvic incidence in the norma-
tive populations from Roussouly morphology were assessed. Patients were evaluated based on inflection point changes
of at least 1 level from baseline and stratified into caudal, same, and cranial groups. The analysis controlled for invasive-
ness, baseline deformity, frailty, and PJK prophylaxis.

RESULTS A total of 435 patients (mean age + SD 65 + 8 years) were included in the study. The mean baseline inflec-
tion point was at the L1-2 interbody space, which was corrected more cranial to the L1 body after surgery. Development
of proximal junctional failure (PJF) or proximal junctional kyphosis (PJK) with reoperation was associated with a more
caudal baseline inflection point (L2 inferior endplate vs L1 body, p < 0.001). In the adjusted analysis, patients with a more

ABBREVIATIONS ASD = adult spinal deformity; CCl = Charlson Comorbidity Index; CVA = coronal vertical axis; GAP = Global Alignment and Proportion; LDI = lumbar
distribution index; LL = lumbar lordosis; LLA = LL apex; MC = mechanical complication; PA = pelvic angle; Pl = pelvic incidence; PJF = proximal junctional failure; PJK =
proximal junctional kyphosis; PT = pelvic tilt; SVA = sagittal vertical axis; TK = thoracic kyphosis; UIV = upper instrumented vertebra.
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caudal baseline inflection point had 25% higher odds of developing PJF by 2 years (OR 1.26 [95% CI 1.08-1.46], p =
0.003). Postoperative normalization to the theoretical Roussouly inflection point had decreased rates of rod breakage
(4.5% vs 9.3%, p = 0.049) but higher rates of PJF (13.1% vs 7.7%, p = 0.044). Stratifying patients based on inflection
point change from baseline, rates of PJK and PJF 2 years after surgery were higher in the cranial group (both p < 0.003),
with no difference in meeting the Roussouly target inflection point. Compared with the cranial group, there was 4.4 times
lower odds of developing PJF in the caudal group and 2.0 times lower odds in the group with the same inflection point (p
< 0.05). Increased distance from the UIV to the inflection point was associated with mechanical complications (MCs) (p <
0.05). Decreased distance between the LLA and inflection point at baseline was associated with MC (p = 0.04).

CONCLUSIONS Although correction of the inflection point to normative values decreased rates of MC, PJK rates
remain high suggesting other factors being at play. These correlations between the inflection point and the UIV and LLA
underscore the pivotal role of the inflection point in achieving adequate realignment.

https://thejns.org/doi/abs/10.3171/2025.3.FOCUS24651
KEYWORDS adult spinal deformity; comorbidity; inflection point; frailty; outcomes; thoracolumbar spine; complication

such as degenerative scoliosis, kyphosis, and spon-

dylolisthesis, represent a complex clinical challenge
that affects an increasingly significant portion of the aging
population.!? These deformities often manifest as a com-
bination of sagittal and coronal plane malalignment that
can lead to significant morbidity, pain, impaired function,
and reduced quality of life. Inadequate correction of sagit-
tal plane deformity is a well-known risk factor for compli-
cations and poor outcomes after surgery.?

One of the key parameters in the evaluation and man-
agement of adult spinal deformity (ASD) is the sagit-
tal alignment of the spine, particularly the relationship
between the pelvis and the spinal column. The thoraco-
lumbar inflection point is a unique anatomical and bio-
mechanical landmark, representing the transitional point
between the more rigid thoracic spine and the more flex-
ible lumbar spine. This point has gained increasing atten-
tion in recent years after being mentioned as an important
component of the Roussouly classification and its poten-
tial role in influencing spinal biomechanics, progression
of spinal deformity, and the success or failure of surgical
interventions.* While much is known about parameters
such as pelvic incidence (PI), lumbar lordosis (LL), and
pelvic tilt (PT) in the context of ASD, the role and signifi-
cance of the inflection point have remained comparatively
underexplored.

Therefore, understanding the impact of the inflection
point on outcomes and complications following inter-
ventions for ASD can provide valuable insights for spine
surgeons, potentially influencing surgical planning and
prognostication. We aimed to shed light on this relation-
ship, elucidating the influence of the inflection point in
the broader context of ASD management. Additionally,
through a comprehensive analysis, we aimed to provide a
framework that integrates understanding of the inflection
point into the broader landscape of ASD evaluation and
treatment.

Methods

Study Design

We conducted a retrospective study of a prospectively
collected multicenter ASD database of the International
Spine Study Group, with the dataset including 24 partici-
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pating centers across the United States and Canada. In-
ternal review board approval was obtained prior to study
initiation, and informed consent was obtained from each
participant before enrollment. Database enrollment crite-
ria consisted of patients > 18 years of age with > 1 of the
following radiographic measures: PT > 20°, PI minus LL
(PI-LL mismatch) > 10°, Cobb angle > 20°, sagittal verti-
cal axis (SVA) > 5 cm, and/or thoracic kyphosis (TK) >
60°. We included operative patients who underwent fusion
from at least L1 and proximal to the pelvis for whom there
were available 2-year data.

Data Collection

Demographic information includes age, sex, BMI, and
Charlson Comorbidity Index (CCI).> The mASD-FI (mod-
ified ASD frailty index) was used to evaluate frailty.5” We
recorded postoperative complications as documented in
the dataset and based on clinical follow-up. Patient-report-
ed outcome measures were prospectively collected and in-
cluded the SF-36, the Scoliosis Research Society 22-item
questionnaire, and the Oswestry Disability Index.

Radiographic Data Collection

Full-length freestanding lateral spine radiographs (36-
inch cassette) were analyzed using SpineView (ENSAM,
Laboratory of Biomechanics) software according to stan-
dardized and validated techniques.!? We measured spino-
pelvic radiographic parameters that included the coronal
vertical axis (CVA), PT, PI, LL (L1-S1), PI-LL mismatch,
LL apex (LLA), lumbar distribution index (LDI; L4-S1/
L1-S1), TK (T2-12), SVA, and T1 pelvic angle (PA). The
thoracolumbar inflection point was the vertebral level at
which LL transitioned to TK. We computed the inflection
point to the nearest half-vertebral level, and it was evalu-
ated among variances in PI, LLA, and the upper instru-
mented vertebra (UIV). The Sagittal Age-Adjusted Score
was used to evaluate age-adjusted differences in align-
ment among groups.®

Cohort Grouping

Patients were stratified by PI and LLA based on the
Roussouly classification developed on the normative pop-
ulation.* The current Roussouly type was based on the
sacral slope as the determinant and the LLA. The theoreti-
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cal target was based on the following PI values: the low PI
group had a PI < 45°, while the mid PI had a PI = 45° and
< 60°, and the high PI had a PI = 60°. Roussouly type 1 and
type 2 had a low PI and were differentiated by the LLA
being above or below L3. The Global Alignment and Pro-
portion (GAP) scoring system and Roussouly classifica-
tion of morphotypes were used to evaluate LDI targets.?-!!

Postoperative inflection point variances were evalu-
ated based on changes from preoperative inflection points.
Evaluation of the postoperative inflection point based on
whether it was corrected cephalad or caudad to baseline
the inflection point was conducted. Patients were further
evaluated according to baseline inflection point location
categories: at or cranial to T11, between T12-L1, or L2
and caudal.

Complications

Overall complications included medical and surgery-
related complications regardless of severity. Mechanical
complications (MC) consisted of instrumentation-related
failures and were defined as any complication pertain-
ing to the implant, including implant malposition, promi-
nence, or failure; painful implant; interbody dislocation;
screw nerve impingement or screw fracture; and rod dislo-
cation or rod fracture. Major MCs were those that required
invasive intervention or caused prolonged or permanent
morbidity or mortality.

Radiographic criteria for proximal junctional failure
(PJF) and proximal junctional kyphosis (PJK) were used,
with PJK defined as a> 10° change from baseline in UIV+2
and > 10° angulation.”” PJF values were based on Lovec-
chio et al. criteria of a > 22° change from baseline in UIV
to UI'V+2 angulation along with the angle being > 28°.13

Statistical Analysis

Baseline demographic, radiographic, and clinical data
were compared between cohorts using means comparison
tests. Multivariable logistic regression was used for ad-
justed analysis to evaluate variances based on the inflec-
tion point and its changes, as well as the inflection point
in relation to the LLA and UIV. ANCOVA was used to
adjust for covariates, as appropriate, including the follow-
ing factors: age, frailty, CCI, osteoporosis, baseline dis-
ability, prior history of spine surgery, baseline deformity,
invasiveness, and number of levels fused, as appropriate.
Statistical analyses were conducted using IBM SPSS Sta-
tistics, version 29.0.1 (IBM Corp.), and p < 0.05 was con-
sidered statistically significant.

Results
Patient Characteristics

A total of 435 patients (318 female, mean age + SD 65
+ 8 years) were included. At baseline, the mean BMI was
287 = 5.9, with a mean CCI of 19 = 1.6 and mASD-FI
of 8.3 £ 4.9. Osteoporosis was present in 15% (n = 65) of
patients. Most patients (62%, n = 270) had undergone prior
spine surgery, while 42% (n = 183) had undergone prior
surgery. Surgically, a posterior only approach was used in
70% (n = 305) of patients, and a combined anteroposte-
rior approach was used in 30% (n = 130). The mean and

Mir et al.

median UIV were at T10. Most patients (77%, n = 335)
underwent osteotomies, while 20% (n = 87) of patients
underwent 3-column osteotomies. Interbody fusion was
performed in 70% (n = 305) of patients, with a mean num-
ber of levels of 2.3. PJK prophylaxis was used in 42% (n =
183) of patients. Stratified by the type of prophylaxis, 14%
(n = 61) of patients had cement, 5% (n = 22) had hooks,
1.4% (n = 6) had hybrid, and 19% (n = 83) had tethers.

Alignment

At baseline, mean alignment values were follows: CVA,
33 £ 29 mm; PI, 56° = 13° PI-LL mismatch, 23° + 18°;
LLA,L3-4;LDI,0.90 +0.74; TK, 33° = 17°;, PT, 26° £ 9°,
SVA, 78 + 71 mm; and TPA, 26° + 12°. Postoperatively,
this was corrected to: CVA, 27 = 21 mm; PI-LL mismatch,
3° + 13°% LLA, L3—-4; LDI, 0.64 = 0.19; TK, 50° + 16
PT, 21° £ 9% SVA, 33 = 45 mm; and TPA, 18° + 9°. Mild
deterioration of alignment was seen 2 years after surgery
for some parameters: CVA, 28 + 20 mm; PI-LL mismatch,
4° +13°% LLA,L3—4; LDI, 0.65 +0.20; TK, 52° + 17°; PT,
23° £ 9% SVA, 43 = 52 mm; and TPA, 20° = 10°.

Complications

The overall complication rate was 64% (n = 278), while
19% (n = 83) of patients had major complications and 23%
(n = 100) underwent reoperations. Surgical complications
occurred in 36% (n = 157) of patients, with 15% (n = 65)
having neurological complications. The overall MC rate
was 20% (n = 86); 13% (n = 57) due to implant failure, 3%
(n = 13) due to implant malposition, 0.7% (n = 3) due to
interbody dislocation, and 0.9% (n = 39) due to loose inter-
body. Rod fracture occurred in 7.5% (n = 33) of patients,
while rod dislocation occurred in 0.5% (n = 2), screw
breakage in 2.8% (n = 12), and a loose screw in 2.8% (n =
12). PJK occurred in 62% (n = 270) of patients by 2 years
after surgery, with 11% (n = 48) developing PJF by 2 years.

Preoperative Inflection Point

The mean thoracolumbar inflection point at baseline
was located at the L1-2 junction, while the median was
at L2 (IQR TI12-L3). Regression analysis showed that,
despite thoracolumbar deformity at baseline, an increas-
ing PI correlated with a more proximal inflection point
at baseline (unstandardized 3 = —1.709, R? = 0.094, p <
0.001) (Fig. 1).

Those with early MCs (by 3 months) had a more caudal
baseline inflection point, with the mean at the L2 supe-
rior endplate versus the L1 body in those that did not have
MCs (p = 0.006). Similarly, patients who developed PJF
or PJK with reoperation had an even more caudal baseline
inflection point (L2 inferior endplate), whereas those who
did not develop PJF/PJK had a mean inflection point at
the L1 vertebral body (p < 0.001). Adjusting for baseline
characteristics, a more caudal baseline inflection point had
25% higher odds of developing PJF by 2 years after sur-
gery (OR 1.26 [95% CI 1.08-1.46], p = 0.003).

Postoperative Inflection Point

Postoperatively, the overall mean inflection point was
adjusted cranially by half a level to the body of L1, while
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FIG. 1. Graph showing baseline thoracolumbar inflection points, with dots indicating each individual patient, stratified by PI.

the median was shifted by 1 level to L1. This was seen
even with isolated analysis of patients without MCs. Those
with a caudal baseline inflection point were more likely to
have a more caudal inflection point after surgery, which
was seen even when stratifying by Roussouly types. Pre-
operatively, 36% (n = 157) of patients were Roussouly
aligned, while postoperative normalization to the theo-
retical Roussouly inflection point was associated with de-
creased rates of rod breakage (4.5% vs 9.3%, p = 0.049)
but higher rates of PJF (13.1% vs 7.7%, p = 0.044). When
stratifying patients based on inflection point change from
baseline, rates of PJK and PJF 2 years after surgery were
greater in those with a more cranially adjusted inflection
point compared with those with the same inflection point
or a caudally adjusted inflection point (PJF 13.5% vs 7.0%
vs 3.4%, respectively; p = 0.002), (PIK 66% vs 54% vs
46%, respectively; p < 0.001), with no differences seen
among groups whether meeting the Roussouly target in-
flection point or not (p > 0.05). Compared with the cranial
group, there was 4.4 times lower odds of developing PJF in
the caudally shifted group and 2.0 times lower odds in the
group with the same inflection point (p < 0.05).

Patients Without Appropriate Restoration of Lower LL

Patients who had hyperlordotic maldistribution of the
LDI (LDI > 80%) according to GAP scoring had the most
distal inflection point before and after surgery (L1-2)
relative to those who had an LDI < 80% (Table 1). Fur-
thermore, those with an LDI > 80% had the lowest extent
of inflection point change after surgery (vertebral-level
change in inflection point 0.2 vs 0.6, p = 0.007). Accord-
ing to Roussouly matching of the LDI, the inflection point
before and after surgery were significantly more distal in
patients who had an overcorrected LDI (L1 vs L2-3, p <
0.001).
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Inflection Point Relative to the UIV and LLA

Patients with MCs had a shorter preoperative distance
between the LLA and the inflection point (mean number
of levels 1.8 + 1.3 vs 2.2 + 1.6, p = 0.04). Furthermore,
those with MCs had an increased distance between both
the preoperative and postoperative inflection point relative
to the UIV (mean number of levels preoperatively 4.5 +
1.8 vs 3.3 + 2.6, p = 0.04; postoperatively 4.0 + 1.4 vs 2.9
+ 1.6, p = 0.006). Additionally, a decreased ULV inflection
point distance trended toward significance for proximal
decompensation (PJF or thoracic decompensation) in the
adjusted regression analysis (OR 1.9 [95% CI 0.99-3.63],
p =0.055).

Discussion

The intricacies of spinal biomechanics along with res-
toration of malalignment have been the subject of many

TABLE 1. LDI GAP score and inflection point

GAP Score Inflection Point p Value
Baseline
0 L1-2 <0.001
1 L1-2 <0.001
2 T12-L1 <0.001
3 L2-3 <0.001
Postop
0 L1 <0.001
1 L1 <0.001
2 L1 <0.001
3 L2 <0.001

Brought to you by Duke University | Unauthenticated | Downloaded 06/25/25 05:06 PM UTC



Mir et al.

FIG. 2. A: Preoperative radiograph obtained in a 51-year-old male with spinal deformity classified as Roussouly type 3, who was
scheduled for T10 to pelvis fusion, with a thoracolumbar inflection point at L2. B and C: Postoperative radiographs obtained in the
same patient 2 years later showing the Roussouly type 2 (mismatched) deformity failed to normalize to theoretical Roussouly mor-
phology (type 3). The patient achieved a postoperative PI-LL mismatch of 6.4° (improved from 31.1° before surgery). Despite the
improved PI-LL alignment, the patient did not meet the minimum clinically important difference for the Oswestry Disability Index
and Scoliosis Research Society 22-item questionnaire score. During the postoperative period, the patient sustained a rod fracture

at the L3-4 level (arrow).

studies in ASD corrective surgery.'$%12 Furthermore,
evaluation of the normative population shows correlations
between spinal morphology and shape that might be ex-
pected to improve outcomes in the ASD population.!4-2!
However, the impact of the thoracolumbar inflection point
remains inadequately explored in the ASD population.
Our investigation evaluated the influence of the inflection
point independently, and in relation to the LLA and UIV,
on complications.

In our study, a more caudal baseline inflection point
(Fig. 2) was associated with early MCs and PJK. This can
be attributed to the increased loss of lordosis and greater
mechanical load on the construct for its restoration. Res-
toration of the inflection point based on pelvic morpho-
logical features, as characterized by Roussouly in the nor-
mative population, had lower rates of MCs, such as rod
fracture, but was also associated with higher rates of PJF.*
These findings suggest that correction of the thoracolum-
bar inflection point based solely on the PI might not be
sufficient to mitigate all complications.

Evaluating the inflection point change from baseline as
being more cranial or caudal, patients with a more cranial
inflection point change had higher rates of PJK and fail-
ure, regardless of meeting the ideal inflection point. While

restoring spinal morphology and geometry to normative
values could reduce within-construct complications, the
noteworthy forces experienced by adjacent segments due
to the acute changes in alignment from corrective surgery
can lead to subsequent pathology in these segments. This
can potentially be attributed to the chronic degenerative
changes leading to global compensatory mechanisms to
maintain the cone of economy. Patients at high risk for
junctional failure, such as those with osteoporosis or in-
creased frailty, can benefit from adjusted geometrical
restoration rather than from complete restoration to nor-
mative physiological spinal morphological shape. While
Sagittal Age-Adjusted Score alignment targets have been
suggested in the ASD population, geometrical alignment
is not adequately explored at present.?

Determination of the UIV can often be challenging in
the ASD population, with many opposing factors in the
short and long term. The relationship of the inflection
point to the UI'V was such that an increased distance from
the UIV to the inflection point increased the likelihood
of MCs. With only patients who underwent fusion to the
pelvis included and the mean levels fused in our study be-
ing 8, most patients had UIV cranial to the thoracolumbar
inflection point. Additionally, a decreasing distance from
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the LLA and inflection point was predictive of MCs. Al-
though studies have shown an inflection point cranial to
T12 was associated with higher rates of PJK, we found
that caudal correction, especially in relation to the LLA,
can be detrimental.?? This highlights the relative balance
with the multifactorial nature of MCs, which should be
considered with adequate restoration of spinal shape and
malalignment.

Although our study provides insight into the inflection
point and its postoperative changes independently and in
relation to other parameters, further studies are required
to evaluate definitive recommendations for its correction
in the ASD population.

Limitations

Although our multicenter study allows for better gener-
alizability of the results, including addressing prior limita-
tions of studies with homogeneous ethnicities, it does have
several limitations. Despite our study having a relatively
large patient cohort, the retrospective nature inherently
places limitations. Additionally, we only considered pa-
tients who underwent fusion to the pelvis, which, although
homogenizing the cohort, can introduce selection biases.
A notable limitation of our study was the exclusion of the
L1 PA from our analysis. L1 PA is a critical sagittal align-
ment parameter that might have significant associations
with changes in the inflection point and the risk of post-
operative MCs. However, due to inconsistent data collec-
tion of L1 PA across our patient cohort, we were unable
to include it in this analysis without compromising the
integrity of the dataset or introducing potential bias. We
recognize that this omission limits the comprehensiveness
of our findings. To address this gap, we plan to conduct a
follow-up study specifically investigating the role of L1 PA
in postoperative alignment and MCs. This future research
will enhance the understanding of sagittal plane biome-
chanics and build on the insights provided by the current
study.

Conclusions

Despite lower frailty and baseline deformity in our
cohort of patients with a cranially adjusted postoperative
inflection point, rates of PJK and PJF were significantly
higher. Increased distance between the LLLA and the in-
flection point was associated with higher rates of PJK, PJF,
and thoracic decompensation. Correspondingly, a greater
distance between the UIV and the inflection point was
predictive of the development of regional decompensa-
tion. The target inflection point, especially in relation to
the LLA and UIV can be an important consideration to
minimize complications in ASD corrective surgery.

Key Points

1. Patients with a more caudal baseline inflection point are
at higher risk of developing MCs, such as PIK and PJF,
which often necessitate reoperation.

2. Postoperative alignment normalization to the theoreti-
cal Roussouly inflection point was associated with re-
duced rates of rod breakage. However, this adjustment
was accompanied by an increased incidence of PJF.

6 Neurosurg Focus Volume 58 * June 2025

3. Patients whose postoperative inflection point shifted

cranially from baseline were found to have higher rates
of PJK and PJF by the 2-year follow-up assessment. In
contrast, patients whose inflection point shifted cau-
dally had lower odds of developing PJF compared with
those with cranially shifted inflection points.

4. Patients with hyperlordotic maldistribution of the LDI

as defined by the GAP score (LDI > 80%) exhibited
the most distal inflection points both before and after
surgery (at L1-2) compared with patients with an LDI <
80%. Moreover, patients with LDI > 80% had the least
change of position of the inflection point after surgery.
When analyzed according to Roussouly matching, pa-
tients with overcorrected LDI had significantly more
distal inflection point positions both before and after
surgery.

5. Patients with a shorter preoperative distance between

the LLA and the inflection point had a lower rate of
MC:s. Conversely, patients who experienced MCs tend-
ed to have a greater distance between the inflection
point and the UIV both before and after surgery.
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