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Abstract

Purpose Three column thoracic osteotomy (TCTO) is
effective to correct rigid thoracic deformities, however,
reasons for residual postoperative spinal deformity are
poorly defined. Our objective was to evaluate risk factors
for poor spino-pelvic alignment (SPA) following TCTO for
adult spinal deformity (ASD).
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Methods Multicenter, retrospective radiographic analysis
of ASD patients treated with TCTO. Radiographic measures
included: correction at the osteotomy site, thoracic kyphosis
(TK), lumbar lordosis (LL), sagittal vertical axis (SVA),
pelvic tilt (PT), and pelvic incidence (PI). Final SVA and PT
were assessed to determine if ideal SPA (SVA < 4 cm,
PT < 25°) was achieved. Differences between the ideal
(IDEAL) and failed (FAIL) SPA groups were evaluated.
Results A total of 41 consecutive ASD patients treated
with TCTO were evaluated. TCTO significantly decreased
TK, maximum coronal Cobb angle, SVA and PT
(P < 0.05). Ideal SPA was achieved in 32 (78%) and failed
in 9 (22%) patients. The IDEAL and FAIL groups had
similar total fusion levels and similar focal, SVA and PT
correction (P > 0.05). FAIL group had larger pre- and
post-operative SVA, PT and PI and a smaller LL than
IDEAL (P < 0.05).

Conclusions Poor SPA occurred in 22% of TCTO
patients despite similar operative procedures and deformity
correction as patients in the IDEAL group. Greater pre-
operative PT and SVA predicted failed post-operative SPA.
Alternative or additional correction procedures should be
considered when planning TCTO for patients with large
sagittal global malalignment, otherwise patients are at risk
for suboptimal correction and poor outcomes.

Keywords Spinopelvic alignment - Sagittal vertical axis -
Osteotomy - Pedicle subtraction osteotomy - Thoracic -
Vertebral column resection

Introduction

Fundamental to the principles of spinal deformity surgery
is restoration of spinal alignment. The negative impact of



Eur Spine J (2012) 21:698-704

699

sagittal malalignment with regard to disability, pain, and
poor health related quality of life (HRQOL), has been well
documented [1-8]. Sagittal spinal deformity is commonly
assessed using the sagittal vertical axis (SVA; horizontal
distance between a C7 plumbline and the posterior, supe-
rior aspect of S1) [9]. However, several authors have
emphasized the importance of the pelvis in maintaining
global spinal alignment [6, 10-13]. Pelvic retroversion,
reflected by an increased pelvic tilt (PT), is a compensatory
mechanism to correct positive sagittal malalignment. High
PT has been shown to correlate with pain and poor
HRQOL [5, 9]. In addition, high PT values can mask the
measured amount of sagittal malalignment if pelvic mea-
surements are neglected and only SVA is evaluated,
potentially leading to under appreciation of the magnitude
of sagittal imbalance and under correction of spinal
deformity that may predispose to poor clinical outcomes
[14, 15]. Consequently, increasing evidence suggests that
SVA alone does not fully reflect the underlying pathology
of sagittal malalignment and that assessment of global
spino-pelvic alignment (SPA) provides a more complete
picture of mechanisms used to maintain upright posture.

Spinal osteotomies are established surgical techniques to
correct spino-pelvic malalignment [1, 16, 17]. Reports have
demonstrated that improved sagittal spinal alignment fol-
lowing spinal osteotomies correlate with improved
HRQOL scores [4]. Spinal osteotomies that provide the
greatest amount of correction include osteotomies that
involve all three columns of the spine [17], including
pedicle subtraction osteotomy (PSO) and vertebral column
resection (VCR). PSO typically includes removal of the
posterior bony elements, pedicles, and a wedge of bone
from the vertebral body, with the apex directed anteriorly.
Closure of the osteotomy wedge via posterior column
compression increases the degree of lordosis and reduces
positive sagittal malalignment. In contrast, posterior VCR
(PVCR) typically includes removal of all three spinal
columns at the operative level. Correction of positive
sagittal malalignment is typically achieved by placement of
an undersized cage or interbody device into the anterior
aspect of the corpectomy defect and closure of the VCR
resection site. Three column osteotomies are most com-
monly performed in the lumbar spine, and the vast majority
of reports have focused on the lumbar spine. Three column
osteotomies can also be performed in the thoracic spine in
the setting of rigid thoracic deformity [14, 15, 18]. Three
column thoracic osteotomy (TCTO) is considerably more
technically demanding than three column lumbar osteot-
omy, primarily due to the risks of spinal cord compromise.
Consequently, there are few reports regarding the radio-
graphic and clinical outcomes of TCTO, and existing
reports are primarily based on small, single-surgeon or
single-institution series [14—19].

Planning for TCTO often focuses on regional correction
at the deformity site within the thoracic spine. However,
planning for TCTO must also account for the need to
achieve global sagittal SPA. The factors important for
TCTO surgical planning and the ability of TCTO to restore
anatomic sagittal spinal alignment have not been well
defined. The objective of the present study was to evaluate
risk factors for failure to achieve ideal sagittal SPA fol-
lowing TCTO for adult spinal deformity (ASD) based on a
multicenter, consecutive series of patients.

Materials and methods
Patient population

This study was conducted through the International Spine
Study Group (ISSG), a multicenter group consisting of 10
sites at which complex ASD surgery is commonly per-
formed. The ISSG has established a prospective, consec-
utive case spinal osteotomy database for assessing
outcomes following complex reconstructive spinal surgery.
Prior to enrollment of patients and prior to each study using
the database, each study site obtained appropriate Institu-
tional Review Board approval.

This is a multi-center retrospective radiographic analysis
of patients treated with TCTO, either thoracic PSO (TPSO)
or thoracic PVCR (TPVCR), at ISSG centers. All proce-
dures were performed via a posterior approach, and no
osteotomies were performed from an anterior approach.
Inclusion criteria included: adults (>18 years) treated for
ASD with TCTO (TPSO or TPVCR), and availability of
pre- and post-operative full-length antero-posterior (AP)
and lateral standing X-rays that included visible femoral
heads. Patients with ankylosing spondylitis or spinal
deformity resulting from neuromuscular conditions, tumor,
or infection were excluded from analysis.

Data collection and radiographic analysis

Pre- and post-operative full-length radiographs were per-
formed with patients in a free-standing posture with elbows
flexed at approximately 45° and fingertips on the clavicles
[20, 21]. Radiographic measurements were performed
using SpineView software (SurgiView®, Paris, France)
[22, 23]. Focal coronal and sagittal degrees of correction
achieved by the osteotomy were assessed using the Cobb
angle between the inferior endplate of the vertebra above
the TCTO level and the superior endplate of the vertebra
below the TCTO level (Fig. 1). Regional radiographic
measurements of sagittal alignment included thoracic ky-
phosis (TK, T4-T12 Cobb angle), thoracolumbar kyphosis
(TLK, T10-L1 Cobb angle), and lumbar lordosis (LL, L1-S1
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Fig. 1 Method used to calculate degree of sagittal correction at the
osteotomy site. The difference between the two angles, o; and oy,
reflects the degree of focal sagittal correction. The degree of coronal
correction at the osteotomy site was determined using a similar
approach based on antero-posterior imaging

T
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Fig. 2 Definition of sagittal spino-pelvic parameters, including
thoracic kyphosis, lumbar lordosis, and sagittal vertical axis (SVA)
in (a), and T1 spino-pelvic inclination (T1-SPI) and T9 spino-pelvic
inclination (T9-SPI) in (b). Circle in bottom right corner of b depicts
the femoral head. (Reprinted with permission from: Schwab F, et al.
Gravity line analysis in adult volunteers. Spine 31(25):E959-E967,
2006)

Cobb angle; Fig. 2). Global radiographic measurements
included sagittal vertical axis (SVA), Tl spinopelvic
inclination (T1-SPI), and T9 spinopelvic inclination (T9-
SPI; Fig. 2). Pelvic parameters measured included: pelvic
incidence (PI), pelvic tilt (PT), and sacral slope (SS;
Fig. 3). To facilitate analysis, patients were divided into
the primary plane of spinal deformity; sagittal, coronal or
mixed plane deformity.
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Fig. 3 Definition of pelvic parameters, including sacral slope (SS),
pelvic incidence (PI), and pelvic tilt (PT), based on the center of the
femoral head (dark, solid circle) and the sacrum. (Reprinted with
permission from: Schwab F, et al. Gravity line analysis in adult
volunteers. Spine 31(25):E959-E967, 2006)

Statistical analysis

Demographic, surgical, and radiographic parameters were
evaluated using descriptive statistics of means, standard
deviations, and 95% confidence intervals. The Shapiro-
Wilks test was used to assess the normality of the data.
Post-operative SVA and PT were assessed for each patient
to determine sagittal SPA and to define two patient groups.
Patients with ideal post-operative SPA (SVA < 4 cm and
PT < 25°) were classified as IDEAL, and patients with
SVA >4 cm and PT > 25° were classified as FAIL.
Demographic, surgical, and radiographic parameters were
compared between the IDEAL and FAIL groups, as well as
between patients treated with PSO versus VCR, using a
t test, with threshold of significance set at P < 0.05.

Results
Demographic and operative data

Between 2003 and 2009, 41 consecutive patients, mean age
39.1 years (SD = 18.3 years), received 43 TCTOs. Eigh-
teen patients received TPSO and 23 patients received
TPVCR. The patient group included 31 women and 10
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Fig. 4 Distribution of 43 TCTO procedures performed in 41 adults
for treatment of spinal deformity

men. 26 (63%) patients had no prior spine surgery. Diag-
noses included: adult idiopathic scoliosis (n = 19), tho-
racic hyperkyphosis (n = 14), congenital scoliosis (n = 4),
proximal junctional kyphosis (n = 2), and deformity fol-
lowing compression fracture (n = 2). The primary plane of
deformity at the time of surgery was sagittal (n = 21),
coronal (n = 13), or multi-planar (» = 7). Minimum one
osteotomy was performed at every level of the thoracic
spine from T2 through T12 (Fig. 4). The mean number of
fused levels was 13.5 (SD = 3.4). Based on the Shapiro-
Wilk test all parameters assessed were normally distributed
(P > 0.05).

Radiographic outcomes

The mean focal coronal correction achieved at the osteot-
omy level was 9.5° (SD = 8.2°) for all patients, and was
14.8° (SD = 8.1°) for patients with primarily coronal or
multi-planar deformity. The mean focal sagittal correction
achieved at the osteotomy level was 14.4° (SD = 14.6°)
for all patients and was 20.8° (SD = 11.8°) for patients
with primarily sagittal or multi-planar deformity. Post-
operative TK, TLK, maximum coronal Cobb angle, SVA,
and PT improved from pre-operative values (Table 1). Pre
and post-operative PI and LL were similar.

The mean coronal correction at the osteotomy site
was similar for patients treated with TPSO (n = 18,
mean = 9.4°, SD = 9.5°) and patients treated with

TPVCR (n = 23, mean = 9.7°, SD = 7.3°; P = 0.923).
The mean sagittal correction at the osteotomy site was
similar for patients treated with TPSO (n = 18,
mean = 12.8°, SD = 14.4°) and patients treated with
TPVCR (n = 23, mean = 15.6°, SD = 14.9°; P = 0.559).

Ideal post-operative SPA was achieved in 32 (78%)
patients (Fig. 5). Nine patients (22%) were classified as FAIL
SPA (mean post-operative SVA = 4.6 cm, SD = 6.1 cm;
mean post-operative PT = 25.8°, SD = 8.8°).

Comparison of IDEAL and FAIL patient groups

One patient in the FAIL group (11%) was treated with TPSO
and 8 (89%) were treated with TPVCR. 17 patients in IDEAL
(53%) were treated with TPSO and 15 (47%) were treated
with TPVCR. The osteotomy level was T2-T6 in 2 (22.2%)
and T7-T12 in 7 (77.8%) of the patients in the FAIL group
and was T2-T61in 5 (15.6%) and T7-T12in 27 (84.4%) of the
patients in the IDEAL group (P = 0.637). The IDEAL and
FAIL groups had similar numbers of spine levels fused
(P = 1.000), similar percentage of patients fused to the
sacrum (IDEAL = 87.5%, FAIL = 66.7%, P = 0.165),
similar coronal correction at the osteotomy  site
(IDEAL = 10.2°; FAIL = 7.1°; P = 0.327) and similar
sagittal correction at the osteotomy site (IDEAL = 13.0°%
FAIL = 19.1°; P = 0.336). IDEAL and FAIL groups had
similar pre- and post-operative TK and similar change in TK
following TCTO (Table 2). Correction of SVA, PT, LL, and
PI-LL mismatch following TCTO was similar between
IDEAL and FAIL (Table 2). The FAIL group had signifi-
cantly greater pre- and post-operative SVA, PT, PI, and
PI-LL mismatch and had significantly lower pre- and post-
operative LL than IDEAL (Table 2).

Discussion

This study provides a radiographic assessment of factors
associated with failure to achieve adequate post-operative
sagittal spino-pelvic alignment following TCTO for ASD.
TCTO significantly decreased the mean TK, maximum
coronal Cobb angle, SVA and PT. However, 22% of

Table 1 Comparison of pre-
and post-operative radiographic

parameters in 41 adults with
spinal deformity treated with
three column thoracic
osteotomy

* P values based on two-tailed,

Radiographic parameter (SD) Pre-operative Post-operative p*

Thoracic kyphosis (°) —62 (25) —37 (12) <0.001
Thoracolumbar kyphosis (°) —15 (24) —6 (11) 0.006
Maximum coronal Cobb angle (°) 56 (32) 24 (17) <0.001
Sagittal vertical axis (mm) 24 (74) -2 (51) 0.002
Pelvic incidence (°) 51 (12) 51 (12) 0.829
Pelvic tilt (°) 15 (13) 11 (12) <0.001
Lumbar lordosis (°) 63 (18) 60 (13) 0.314

paired 7 test
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Fig. 5 Pre- (a) and post-operative (b) full length sagittal radiographs
of a patient with fixed thoracic kyphosis with good post-operative
spino-pelvic alignment following thoracic pedicle subtraction osteot-
omy (TPSO). Pre- (¢) and post-operative (d) full length sagittal
radiographs of a patient with fixed thoracic kyphosis with poor post-

operative spino-pelvic alignment following TPSO. Note the sub-
stantial positive sagittal malalignment, high pelvic tilt, and relative
lack of lumbar lordosis for the patient in (c). Vertical line is the C7
plumb line. Circles represent femoral heads

Table 2 Comparison of pre- and post-operative radiographic parameters in 41 adults with spinal deformity treated with three column thoracic
osteotomy, stratified based on success of achieving ideal post-operative sagittal spino-pelvic alignment

Parameter (SD) Pre-operative Post-operative Change
IDEAL FAIL P** IDEAL FAIL p** IDEAL FAIL px*

Sagittal vertical axis (°) 6 (53) 89 (103) 0.002 —16 (39) 46 (61) 0.001 —22 (43) —43 (75) 0.272
Pelvic tilt (°) 11 (10) 31 (8) <0.001 709 26 (9) <0.001 —4 (5 =5 (6) 0.667
Thoracic kyphosis (°) —60 (27) —67 (19) 0.465 —37 (12) —37 (16) 0.875 24 (23) 30 (25) 0.486
Lumbar lordosis, LL (°) 66 (16) 50 (21) 0.021 63 (10) 50 (17) 0.005 -3 (13) —-1(24) 0.712
Pelvic incidence, PI (°) 49 (12) 59 (9) 0.018 49 (11) 59 (10) 0.011 0(®2) 02 0.696
PI-LL (°) —17 (20) 49 (10) 0.001 —15 (12) +10 (9) <0.001 +3 (14) +1(22) 0.753

IDEAL and FAIL reflect patients in which ideal post-operative sagittal spino-pelvic alignment was and was not achieved, respectively. See text

for definitions. SD = standard deviation

** P values based on two-tailed, paired ¢ test. Significant P values are shown in bold

patients had spino-pelvic malalignment following TCTO, a
finding known to correlate with poorer clinical outcome [5,
9]. IDEAL and FAIL patients had similar operative pro-
cedures and similar degrees of regional correction, how-
ever FAIL patients had greater pre-operative sagittal
malalignment. Consequently, these data suggest that addi-
tional or alternative correction procedures should be
considered when planning TCTO for patients with large
spino-pelvic malalignment to reduce the risk of residual
post-operative deformity and poor outcomes.

Few reports have addressed the use of TCTO in ASD.
The majority of data that does exist on TCTO for ASD
includes small case series from a single institution or

@ Springer

reports that include thoracic procedures as part of a
series of lumbar PSO (LPSO) procedures. O’ Shaughnessy
et al. [14] reported on 25 TPSOs performed in 15 ASD
patients. Improvements were demonstrated in TK (75.7°
to 54.3°, P <0.005) and SVA (106.1 to 38.8 mm,
P < 0.005) post-operatively. Mean sagittal correction at
the osteotomy site was 16.3°. Correction was greater for
more caudal TPSO levels (mean correction 10.7° for T2-
T4 TPSO, 14.7° for T5-T8, and 23.9° for T9-T12). The
authors noted that TPSOs in lower thoracic segments
provide greater sagittal correction, due to the morphology
and greater size of these vertebral bodies, and concluded
that their current practice is to perform TPVCRs for
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corrections between T2 and T10 to achieve greater
correction.

The present series offers multiple contrasts with that of
O’Shaughnessy et al. [14]. The current study provides a
substantially greater number of patients, is a multi-center
investigation, and includes both TPSOs and TPVCR pro-
cedures. Although the mean number of osteotomies per
patient was considerably lower in the present series (1.05)
compared with that of O’Shaughnessy et al. (1.67), the
degree of sagittal correction for cases with primarily sag-
ittal or multi-planar deformity was comparable, 20.8°
versus 16.3°, respectively. The present series does not
provide support for the supposition of O’Shaughnessy
et al., that TPVCR enables a more robust correction than
TPSO, as we identified no significant differences in focal
correction at the osteotomy site between the TPVCR and
TPSO groups. Compared with patients treated with TPSO,
those treated with TPVCR had a non-significant trend
toward greater risk of poor post-operative SPA. The
direction of this trend is unexpected, and it is possible that
unappreciated differences in technique or patient selection
may account for this finding. In addition, because the series
of O’Shaughnessy et al. does not provide assessment or
discussion of pelvic parameters, it is unclear whether
residual sagittal malalignment may have been masked by
increased pelvic retroversion (elevated PT).

Yang et al. reported a series of 35 adults with ASD
treated with PSO (28 LSPO, 7 TPSO) [15]. They reported
significant improvement in focal correction at the osteot-
omy site, TK, and SVA for patients treated with LPSO.
However, they noted only significant improvement in focal
correction at the osteotomy site, not TK or SVA, for
patients treated with TPSO. They concluded that LPSO
offers potential significant improvement of focal, regional,
and global spinal alignment, whereas TPSO was only
associated with improved alignment at the osteotomy site.
These findings contrast with the present series, in which
significant improvement in focal, regional, and global
alignment were identified following TCTO. This contrast
may reflect differences in technique or the relatively small
number of patients treated with TPSO in the study by Yang
et al. Alternatively, the significant degree of sagittal mal-
alignment in the patient population treated with TPSO by
Yang et al. (mean pre-operative SVA = 127 mm) may
have been incompletely corrected with a single level
TPSO. This latter explanation is consistent with the pri-
mary conclusion of the present study; additional or alter-
native correction procedures should be considered when
planning TCTO for patients with substantial spino-pelvic
malalignment. Other reports have documented TPSO and
TPVCR as treatments for ASD [16, 18]. However, these
cases have typically been included as only a small subset of

a larger study of LPSO, and primarily included only distal
thoracic (T11 or T12) osteotomies, substantially limiting
the ability to provide meaningful comparisons to the
present series.

The importance of achieving spinal alignment in ASD
surgery has been well established [2-6, 9, 12, 13, 24].
Glassman et al. correlated radiographic findings with
standardized HRQOL measures in 298 ASD patients,
including 172 with and 126 without history of prior spine
fusion [2]. Positive sagittal malalignment proved to be the
most reliable predictor of clinical symptoms in both patient
groups. The importance of the pelvis in regulating spinal
alignment has also been established [9, 11-13, 25]. LaFage
et al. prospectively correlated spino-pelvic radiographic
parameters and HRQOL measures in 125 adults with spinal
deformity. The strongest correlations with poor HRQOL
measures were SVA, T1 spino-pelvic inclination, and PT
[S].

Strengths of the present study include the multicenter
design and relatively large number of patients. The con-
tribution of cases to the present series from multiple sur-
geons across the United States strengthens the
generalizability of our findings and conclusions. The pri-
mary limitations of this study are the retrospective design
and the lack of direct correlations with HRQOL measures.
Since this study is based on radiographic review, the ret-
rospective design should have limited impact. Correlations
between sagittal spinal alignment and HRQOL measures
have been reported in multiple prior studies and have been
discussed in the present study for context. Efforts are
currently underway to provide prospective clinical out-
comes assessment following TCTO.

Conclusion

TCTO is an effective procedure to correct rigid thoracic
spinal deformities. Planning for these procedures often
focuses upon regional correction at the osteotomy site.
Failure to consider global SPA may result in sub-optimal
SPA. Poor final SPA in this study occurred in 22% patients,
despite similar operative procedures and regional defor-
mity correction as patients who achieved ideal post-oper-
ative SPA. High pre-operative PT and SVA predicted
failed post-operative SPA. Additional or alternative cor-
rection procedures should be considered when planning

TCTO for patients with significant spino-pelvic
malalignment.
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