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ABSTRACT

Background: Flatback deformity, or lumbar hypolordosis, can cause sagittal imbalance, causing back pain, fatigue,
and functional limitation. Surgical correction through osteotomies and interbody fusion techniques can restore
sagittal balance and relieve pain. This study investigated sagittal vertical alignment (SVA) and lumbar lordosis
correction achieved through sequential procedures on human spine specimens.

Methods: Human T10-sacrum specimens were stratified into 2 groups: degenerative flatback specimens had
smaller L1-S1 lordosis compared to the iatrogenic group (26.1°+15.0° vs. 47.8°+19.3°, p<.05). Specimens were
mounted in the apparatus in simulated standing posture with a nominal sacral slope of 45 degrees and subjected to
a 400N compressive follower preload. Sequential correction of degenerative lumbar flatback deformity involved:
anterior lumbar interbody fusion (ALIF) at L5-S1, ALIF at L4-5, lateral lumbar interbody fusion (LLIF) at L2-3
and L3-4, and posterior column osteotomy (PCO) at L2-3 and L3-4. In iatrogenic specimens, flatback deformity
was created by performing a posterior in-situ immobilization using pedicle screw instrumentation at L4-L5-S1
followed by distraction across the pedicle screws. We then performed LLIF at L2-3 and L3-4, followed by PCO at
L2-3 and L3-4.

Results: Statistically significant incremental corrections were noted in SVAs and lordosis after L5-S1 ALIF, L4-5
ALIF, and PCO in degenerative flatback specimens. For the iatrogenic group, statistically significant worsening
was noted in measures of standing alignment after L4-L5-S1 hypolordotic fusion. Subsequent LLIF at L2-3 and
L3-4 did not significantly improve sagittal alignment. However, after PCO at L2-3 and L3-4, final alignment
parameters were not significantly different than preoperative baseline values prior to hypolordotic fusion.
Conclusions: ALIF cages in the lower lumbar segments significantly improved sagittal alignment in degenerative
flatback specimens. In the upper lumbar segments, LLIF cages alone were ineffective at enhancing lumbar lordosis.
LLIF cages in conjunction with PCO improved alignment parameters in degenerative and iatrogenic flatback
deformities.

Introduction patients presenting with inclination of the trunk in the setting of lumbar
hypolordosis [1,2]. Affected patients reported symptoms of muscular

The first observation of flatback deformity was made in the 1970s, pain throughout the back and lower extremities, as well as an inability to
where sagittal malalignment of the spine was clinically identified in remain upright without invoking compensatory mechanisms [1]. These
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mechanisms, including pelvic retroversion, hip and knee flexion, ankle
extension, and thoracic hyperextension can result in increased energy
expenditure. Over time patients will fatigue, causing further decompen-
sation of their sagittal alignment and functional disability [3].

The importance of maintaining sagittal alignment has become in-
creasingly recognized. Global spinal alignment is objectively assessed
through determination of the sagittal vertical axis (SVA), a measurement
of the distance between the C7 plumb line and a vertical line through the
posterior superior corner of the S1 vertebra [4]. A value over 5 cm in-
dicates sagittal imbalance. Studies evaluating the clinical implications
of sagittal imbalance have associated it with increased disability and
pain, lower patient satisfaction, and worse quality of life [4-12]. The
relationship is linear- as positive sagittal imbalance increases, so does
the severity of a patient’s symptoms [11].

The etiology of flatback deformity can be iatrogenic or degener-
ative in nature. Iatrogenic flatback is a complication of posterior fu-
sion surgery of the thoracolumbar spine. Historically, this occurred af-
ter use of distraction instrumentation extending into the lumbar spine
[1,2,13,14]. Additional causes include a maligned fusion, pseudoarthro-
sis with deformity progression, thoracolumbar kyphosis, and decompen-
sation of vertebral segments adjacent to the fusion mass [13]. Degener-
ative flatback is a deformity commonly seen in the Asian population
[15]. It is attributed to progressive deterioration of the lumbar spine
over time, resulting in hypertrophy of the facet joints, loss of disc height,
and significant weakness of the back extensor musculature, all of which
contribute to loss of lumbar lordosis [15-18].

Management of flatback deformity often necessitates operative in-
tervention with the goal of restoring physiological lordosis and cor-
recting sagittal malalignment. A number of different techniques have
been developed to accomplish these objectives. The pedicle subtraction
osteotomy (PSO) is a 3-column closing wedge osteotomy that can af-
ford up to 35 degrees of lordosis correction, but is associated with a
high degree of technical difficulty and elevated complication risk pro-
file [13,19]. Conversely, posterior column (facet) osteotomy (PCO) is a
less extensive technique that resects the posterior elements and shortens
the posterior column, producing up to 10 degrees of lordosis per level
performed [2,13]. When utilized in conjunction with lordotic interver-
tebral cages, such as those placed anteriorly or laterally in the ALIF
(anterior lumbar interbody fusion) and LLIF (lateral lumbar interbody
fusion) procedures respectively, the literature suggests that greater lor-
dosis correction is achievable [20-24]. However, objective data on the
amount of correction obtained is currently lacking. Our biomechanical
study was designed to determine the degree of SVA and lumbar lordo-
sis correction achieved through sequential procedures in multiple spine
segments, including placement of lordotic cages and use of the PCO.
We hypothesized that the combined use of these procedures would pro-
duce a significant improvement in both parameters (SVA and lordosis),
restoring these values to the normal range.

Methods
Specimens

Fifteen (15) fresh-frozen human thoracolumbar (T10-sacrum) spine
specimens were utilized for this study. The muscle tissue was dissected
off the specimens, while preserving the intervertebral discs, all liga-
ments, and posterior bony structures.

Computed tomography (CT) based specimen-specific anatomic and
kinematic models were built for each specimen to facilitate analysis
of the experimental data. This technique allows for continuous, non-
invasive measurement of 3-dimensional vertebral position and motion
throughout the experimental testing protocol [25]. For kinematic model
development, a minimum of 5 radiopaque spheres, serving as fiducial
markers, were embedded in the vertebral bodies and sacrum. We ob-
tained fine slice (0.3 mm) axial CT scans of the specimen after the em-
bedding of the fiducial markers and prior to the experiments. Anatomic
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Fig. 1. T10-sacrum spine specimen undergoing testing.

3-D solid models were constructed of each vertebral body and sacrum
from these axial CT scans (Mimics, Materialize, Leuven, Belgium). Key
landmarks (mid-sagittal plane anterior, center, and posterior endplate
points and vertebral body centers) were identified on each bone recon-
struction and used in subsequent data analysis.

Apparatus

The T10-sacrum specimen was mounted in the test apparatus in
a posture that approximated a standing posture [26]. The apparatus
(Fig. 1) allowed us to adjust the sacral slope by tilting the sacrum in
the sagittal plane around the midpoint of its superior endplate. The
cup holding the specimen’s T10 vertebra was allowed to move in the
caudal-cephalic direction to account for changing vertical height in re-
sponse to changing sacral slope. The angular motion of the T10 ver-
tebra in the sagittal plane (T10 tilt) was unconstrained. The anterior-
posterior position of the T10 vertebra relative to the sacrum could be ad-
justed as needed to accommodate the standing posture. Multi-axis load
cells (AMTI, Watertown, MA) were mounted at the base and top of the
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Mean (1 standard deviation) starting sagittal parameters for specimens of both cohorts (degenerative and iatrogenic).

L1-S1 lordosis (degrees) L1-S1 SVA (mm) T10-S1 SVA (mm)

Group Sacral slope (degrees) L4-S1 lordosis (degrees)
Degenerative: (n=7) 47.2 (7.5) -23.0 (9)

Tatrogenic: 48.9 (12.4) —35.1 (11.8)

(n=6)

p-value .8 .07

—-26.1 (15) 56.3 (15.2) 84.6 (26)
—47.8 (19.3) 24.3 (16.6) 24.2 (26)
.05 .005 .002

Negative angle values indicate lordosis, and positive values kyphosis.
Positive SVA values indicate anterior offset relative to the sacrum.

p-values were calculated using 2-tailed student’s t-tests on 2 independent samples assuming unequal variances (heteroscedastic samples). p<.05 was considered
statistically significant because there was only 1 comparison per alignment parameter.

specimen to measure forces and moments applied to the specimen at the
bottom and top boundaries, respectively.

Due to muscle tone, muscle activity, and weight-bearing, the human
spine is always under some level of compressive preload in vivo. The
apparatus allowed application of compressive follower preload repre-
senting the physiologic preload acting in the lumbar spine [27]. The
400N compressive preload was applied using bilateral loading cables
that were attached to the cup holding the T10 vertebra (Fig. 1). The ca-
bles passed freely through guides anchored to each vertebra and were
connected to a loading system under the specimen.

To assess vertebral position and motions, infrared targets were
rigidly attached to each vertebral body. These targets were tracked us-
ing an optoelectronic motion measurement system (Optotrak® Certus,
Northern Digital, Waterloo, Ontario, Canada). A reference or station-
ary target that defines the specimen’s anatomic coordinate system was
mounted at the base of the apparatus.

Specimens were wrapped in saline soaked towels to prevent dehy-
dration of the tissues, and all testing was completed in a single testing
session.

Experimental protocol

Specimens 1 and 2 were used as trial specimens to finalize the proto-
col steps and testing parameters. These 2 specimens were not included
in the final data analysis.

The remaining 13 specimens were stratified into the iatrogenic or
degenerative flatback deformity group based on the initial amount of
disc collapse at L5-S1 and/or L4-5 and lordosis across L1-S1 and L4-S1
(Table 1). Seven (7) specimens were assigned to the degenerative flat-
back deformity group (Age 57.9+7.3 years; 5M, 2F) with an average lor-
dosis across L4-S1 of 23.0+9.0 degrees and L1-S1 lordosis of 26.1+15.2
degrees.

The remaining 6 specimens were assigned to the iatrogenic group
(Age 55.2+7.5 years; 5M, 1F). The baseline lordosis parameters in these
6 specimens had L4-S1 lordosis of 35.1+11.8 degrees and L1-S1 lordo-
sis of 47.8+19.3 degrees; these lordosis values compare well with the
normative values in the adult population.

Iatrogenic lumbar flatbacks were created by sequentially performing
posterior in situ fusion using pedicle screw instrumentation at L4-L5-S1
and then creating a hypolordotic fusion at L4-L5-S1 by using distraction
across pedicle screws at each level. The baseline alignment parameters
of the specimens in the iatrogenic group before creating a hypolordotic
L4-L5-S1 fusion were used as the basis to compare the alignment before
and after the sequential corrective procedure.

Degenerative lumbar flatback

Correction of degenerative flatback deformity was performed by us-
ing ALIF cages at the L5-S1 and L4-5 disc spaces and using lateral cages
with subsequent PCO at the proximal L3-4 and L2-3 segments. Spec-
imens in the degenerative flatback cohort were tested in the follow-
ing sequence: (1) Intact (Note: to improve testing flow, L4-S1 pedicle
screws were placed prior to intact specimen testing), (2) L5-S1 fusion

using a stand-alone ALIF cage (Synfix® Evolution Secured Spacer Sys-
tem, DePuy Synthes, Raynham MA), (3) stand-alone ALIF cage at L4-5,
(4) LLIF cages at L2-3 and L3-4 (Cougar LS® Lateral Cage System, DePuy
Synthes, Raynham MA), and (5) PCO at L.2-3 and L3-4 (Fig. 2).

The LLIF cages implanted at L2-L3 and L3-L4 were 15-degree lordo-
sis cages except as indicated in Table 2 where straight cages were used
as deemed appropriate by the implanting surgeon considering the nar-
row disc heights. The cages were stabilized posteriorly using L2-L4 pedi-
cle screws and rods. Compression between screws was applied before
tightening the construct. PCO involved bilateral resection of the infe-
rior articular processes of the cephalad vertebra of a spinal segment and
resection of part of lamina, spinous process, and any bony and soft tis-
sues that may obstruct posterior compression applied via pedicle screws.
Curved rods were used posteriorly to accommodate improved lordosis
across L2-4 PCO.

Iatrogenic lumbar flatback

For iatrogenic flatback deformity across L4-S1, lordosis correction
was performed above the L4-S1 fusion using lateral cages and PCO in the
proximal segments. Specimens in the iatrogenic lumbar flatback cohort
were tested in the following sequence: (1) Intact, (2) posterior in-situ
fusion at L4-L5-S1 without significantly altering the lordosis across L4-
L5-S1, (3) hypolordotic fusion at L4-S1 created by distraction across
pedicle screws at each level (L4-5 and L5-S1), (4) LLIF cages at L2-3
and L3-4, and (5) PCO at L2-3 and L3-4 (Fig. 3). The implant sizing of
L2-4 LLIF cages can be found in Table 3.

Sagittal alignment parameters were recorded at the conclusion of
each procedure using specimen-specific analysis of the neutral posture
of the thoracolumbar specimens under 400N compressive preload. These
parameters included degree of lordosis between segments of the lumbar
spine and anterior offsets of the center of the L1 and T10 vertebral bodies
relative to the center of S1 superior endplate (modified definition of L1-
S1 and T10-S1 SVA).

Statistical analysis

Within-group analyses were performed separately on the data from
degenerative and iatrogenic specimen groups. Pairwise comparisons
were performed between: (1) 2 consecutive steps, and (2) between the
initial and final values. Two-tailed, paired Student’s t-tests were per-
formed to assess the statistical significance of changes in L1-S1 SVA,
T10-S1 SVA, and L1-S1 lumbar lordosis with each successive procedure
and from initial value to final value. The Bonferroni correction was ap-
plied to account for statistical errors in the setting of multiple compar-
isons (n=>5). Consequently, p<.01 was considered statistically significant
(adjusted alpha=.05/5=.01) [28].

Between-groups analyses were performed to: (1) assess the differ-
ences in starting parameters of specimens in the 2 groups as set up in
the apparatus; and (2) compare alignment parameters (L1-S1 lordosis,
SVAs) of flatback deformities caused by degenerative versus iatrogenic
causes of hypolordosis across L4-S1. Each alignment parameter from
the 2 independent groups was compared using 2-tailed Student’s t-test.
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Fig. 2. Radiographic imaging of stepwise procedures performed on a degenerative flatback specimen (Specimen 9), (A) intact specimen, (B) after insertion of L5-S1
ALIF cage, (C) after insertion of L4-L5 ALIF cage, (D) after insertion of L2-3 and L3-4 LLIF cages with posterior stabilization, and (E) after PCO at L2-3 and L3-4 and
using curved rods to accommodate improved lordosis across L2-4.

Fig. 3. Radiographic imaging of stepwise procedures performed on iatrogenic specimen (Specimen 10), (A) intact under 400N preload, (B) after in-situ fusion
between L4-S1, (C) following distraction of the construct and creation of a hypolordotic fusion at L4-S1 and placement of LLIF cage at L2-3 and L3-4 with posterior
stabilization, and (D) after PCO at L2-3 and L3-4 with posterior stabilization using curved rods to accommodate improved lordosis across L2-L4.

Table 2
Cage sizes placed in degenerative specimens.

Specimen number

L5-S1 ALIF cage

L4-5 ALIF cage

L2-3 LLIF cage

L3-4 LLIF cage

6 13.5 mm x 14° 10.5 mm x 6° 55 x 10 x 18 mm (straight) 55 x 10 x 18 (straight)
8 13.5 mm x 14° SD 13.5mm x 18° M 50 x 8 x 18 mm (straight) 50 x 10 x 18 (straight)
9 13.5 mm x 18° SD 13.5mmx 18°S 50 x 12 x 18 mm (15°) 50 x 12 x 18 mm (15°)
11 13.5mmx 18°S 13.5mm x 18° SD 50 x 12 x 18 mm (15°) 50 x 12 x 18 mm (15°)
12 13.5 mm x 18° SD 15.0 mm x 18° MD 55 x 12 x 18 mm (15°) 55 x 12 x 18 mm (15°)
13 13.5 mm x 18° SD 13.5mmx 18°S 50 x 12 x 18 mm (15°) 50 x 8 x 18 mm (straight)
14 13.5mmx 18°S 15.0 mm x 18° MD 55 x 12 x 18 mm (15°) 55 x 12 x 18 mm (15°)

S, SD, M, MD refer to the footprint size, dimensions are as follows: S 32 x 25 mm, SD 32 x 28 mm, M 36 x 28 mm, MD 36 x 31 mm.

Table 3 Results
Cage sizes placed in iatrogenic specimens.

Specimen number L2-3 LLIF cage L3-4 LLIF cage Degenerative ﬂatbaCk def ormity correction

3 18 x 12 x 55 (15°) 18 x 12 x 55 (15°) . . . . o

4 18 x 12 x 55 (15°) 18 x 12 x 55 (159 The spec1men.s in the degenerative deformity group had significantly
5 18 x 10 x 45 (straight) 18 x 10 x 50 (straight) larger preoperative values of T10-S1 SVA and L1-S1 SVA when com-
7 18 x 12 x 50 (15°) 18 x 10 x 50 (straight) pared to the specimens in the iatrogenic group despite having similar
10 18 x 12 x50 (159 18 x 12 x50 (157 sacral slope values. This was primarily due to the smaller values of L4-
15 18 x 12 x 50 (15°) 18 x 12 x 50 (15°)

S1 and L1-S1 lordosis of the degenerative specimens (Table 1).

In this cohort, statistically significant incremental corrections (rela-
Level of significance for between-group comparisons was set at p<.05 tive to the prior step) were noted in SVAs and L1-S1 lordosis after the
because only 1 comparison per alignment parameter was performed. L5-S1 ALIF, L4-5 ALIF, and PCO procedures (p<.01) (Fig. 4). The L5-S1
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Figure 4. Average T10-S1 SVA, L1-S1 SVA, and L1-S1 Lordosis values obtained with sequential procedures in degenerative flatback specimens. Dashed box denotes

parameters of degenerative flatback deformity.

* Significant difference from previous protocol step (p<.01). § Significant difference between preoperative and post L2-L4 PCO conditions (p<.01).

Table 4
Average (standard deviation) correction obtained by sequential surgical procedures in degenerative flatback specimens.
Procedure T10-S1 SVA (mm) p-value L1-S1 SVA (mm) p-value L1-S1 lordosis (degrees) p-value
L5-S1 ALIF —43.6 (19.4) .001 -26.9 (11.7) .0009 -10.5(3.9) .0004
range: 15.4 to 74.1 range: 9.4 to 44.5 range: —16.1 to -5.0
L4-5 ALIF —40.1 (10.3) <.0001 -23.5(6.1) <.0001 -10.2 (2.9) <.0001
range: 24.6 to 52.2 range: 14.3 to 31.6 range: —13.0 to —6.6
LLIF L2-3, L3-4 -9.1 (15.7) 2 -3.8(7.5) 2 -3.6 (5.3) 12
range: —22.3 to 25.9 range: -10.5 to 12.5 range: —9.8 to 6.6
PCO L2-3, L3-4 —24.0 (8.2) .0002 —-10.6 (4.1) .0005 -8.3(2.3) <.0001
range: 12.7 to 35.0 range: 4.7 to 15.0 range: —12.1 to 5.1
Negative values indicate reduction of SVA and increase in lordosis.
p-values indicate significance when compared to the preoperative sagittal malalignment.
p-values <.01 are significant.
Table 5
Degenerative cohort posture measures: preoperative and after deformity correction with PCO (last protocol step).
Preoperative Postoperative Correction p-Value
T10-S1 SVA 84.6 (26) mm —32.1 (21.5) mm —116.7 (17.8) mm <.0001
L1-S1 SVA 56.3 (15.2) mm —8.6 (14.6) mm —64.9 (9.2) mm <.0001
L1-S1 Lordosis —26.1 (15) deg —58.7 (11.3) deg —32.6 (10.5) deg .0002

The postural correction and significance are shown.

p-values are calculated using 2-tailed, paired student’s t-tests (Significance level p<.01).

lordosis improved by an average of —9.6+5.8 degrees with L5-S1 ALIF,
while L4-5 lordosis improved by —10.1+4.7 degrees with L.4-5 ALIF. L2-
3 lordosis improved by —1.9+2.4 degrees and L3-4 lordosis by —0.8+1.9
degrees with L2-4 LLIF. No significant change in SVA or lordosis was
seen after LLIF alone (Table 4). A statistically significant overall correc-
tion was noted when comparing preoperative (intact) values to those
after completion of the PCO (Table 5).

Iatrogenic flatback deformity correction

For the specimens in the iatrogenic group (n=6), as intended, the
L4-S1 in situ fusion caused a minimal change in L4-S1 and L1-S1 lor-
dosis: —0.9+4.9 degrees (p=.7) and —1.2+5.0 degrees (p=.6), respec-
tively. In contrast, iatrogenic deformity generated by distraction ap-

plied across the pedicle screws at L4-5 and L5-S1 caused a loss of L4-
S1 lordosis that averaged 12.7+4.0 degrees (—36.0+9.2 vs. —23.2+9.4,
p=.0005). A statistically significant worsening was noted in all align-
ment parameters (T10-S1 SVA, L1-S1 SVA, and L1-S1 Lordosis) after
hypolordotic fusion across L4-S1 (Fig. 5). The severity of the flatback
deformity caused by iatrogenic L4-S1 hypolordotic fusion was compara-
ble to the native deformity of the degenerative specimen cohort (p>.2).
(Table 6).

Subsequent LLIF at L.2-3 and L3-4 did not show significant improve-
ment in sagittal alignment. Average corrections obtained by sequential
surgical procedures (LLIF and LLIF+PCO) in the iatrogenic flatback spec-
imens are shown in Table 7. The increase in L1-S1 lordosis after perform-
ing the PCO, while adding 5.8 degrees of lordosis across L1-S1 compared
to LLIF alone, was not significant (p=.07). The improvements in the T10-
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Table 6

A comparison of severity of flatback deformities.

L1-S1 lordosis (degrees) L1-S1 SVA (mm) T10-S1 SVA (mm)

Specimens Sacral slope (degrees) L4-S1 lordosis (degrees)
Degenerative Flatback 47.2 (7.5) -23.0 (9.0)

(Protocol step 1)

(n=7)

Iatrogenic Flatback 47.9 (12.0) -23.2(9.49)

(Protocol step 3)

(n=6)

p-value 9 1.0

-26.1 (15) 56.3 (15.2) 84.6 (26)
-35.1 (17.3) 51.8 (10.0) 68.9 (14.3)
4 .5 2

Degenerative deformity data is from before any surgery was performed on specimens in that cohort, while iatrogenic deformity data is from protocol step 3 - L4-S1

hypolordotic fusion.
Negative angle values indicate lordosis, and positive values kyphosis.
Positive SVA values indicate anterior offset relative to the sacrum.

p-values were calculated using 2-tailed student’s t-tests assuming 2 independent samples with unequal variances (heteroscedastic samples). p<.05 was considered
statistically significant because there is only 1 comparison per alignment parameter.

Table 7
Average correction obtained by sequential surgical procedures in the iatrogenic flatback specimens.
Protocol Step Change in T10-S1 SVA, mm p-value Change in L1-S1 SVA, mm p-value Change in L1-S1 lordosis, p-value
(standard deviation) (standard deviation) degrees (standard deviation)
LLIF L2-3, L3-4 -16.0 (13.3), .03 -8.8 (7.9), .04 —-3.0 (5.6), 2
range: —2.4 to —33.0 range: —1.5 to —20.0 range: —11.5 to 4.3
PCO L2-3, L3-4 -16.7 (12.4), .01 -7.5(5.1), .009 -5.8 (5.3), .07
range: —3.9 to —38.2 range: —2.0 to —15.4 range: —15.4 to —1.3
Negative values indicate reduction of SVA and increase in lordosis.
p-values indicate significance when compared to the previous protocol step. p- values <.01 are significant.
Table 8
Iatrogenic cohort posture measures: preoperative and after correction of flatback deformity using L2-4 LLIF and PCO.
Intact baseline Post LLIF+PCO Difference p-Value
(before hypolordotic fusion)
T10-S1 SVA 24.2 (26) mm 36.1 (15.1) mm 12 (30.5) mm 4
L1-S1 SVA 24.3 (16.6) mm 35.5 (11) mm 11.2 (17.7) mm 2
L1-S1 Lordosis —47.8 (19.3) deg —43.9 (11.1) deg 3.9 (10.9) deg 4

The postural differences and significance are shown.

p-values are calculated using 2-tailed, paired student’s t-tests (Significance level p<.01).

S1 SVA and L1-S1 SVA caused by the PCO, however, were statistically
significant (p=.01 and p=.009, respectively).

With the addition of PCO at L2-3 and L3-4, the final alignment pa-
rameters were not significantly different than their preoperative base-
line values prior to creating (iatrogenic) hypolordotic fusion (Table 8):
mean difference of 12 mm for T10-S1 SVA (p=.4), 11 mm for L1-S1 SVA
(p=-2), and 4 degrees of L1-S1 lordosis (p=.4).

Correction of lordosis at upper lumbar segments

The addition of the LLIF cages alone changed L2-4 lordosis by an
average of 2-3 degrees which was not sufficient to significantly improve
L2-4 lordosis in the degenerative or iatrogenic specimens (Table 9).
However, compared to LLIF alone, the addition of PCO to LLIF cages sig-
nificantly increased L2-4 lordosis by approximately 8 degrees in the de-
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Table 9
Lordosis across L2-4 after sequential procedures.
Average initial L2-4 Lordosis Average L2-4 lordosis after LLIF cage p-value Average L2-4 lordosis p-value
(degrees) placement (degrees) after PCO (degrees)
Degenerative specimens -2.5(9.1) -5.3(7.7) .03 —14.0 (8.6) .0006
range: —11.9 to 12.2 range: —15.2 to 8.3 range: —22.6 to 1.3
Iatrogenic specimens -13.7 (3.9) -15.7 (2.2) 2 -20.9 (5.4) .05

range: —17.9 to -7.2

range: —17.3 to —12.7

range: —30.7 to —15.1

Negative values indicate lordosis, positive values represent kyphosis.

p-values compare lordosis after LLIF cage placement to initial lordosis and compare lordosis after PCO to lordosis after LLIF cage placement.

p-values <.01 are significant.

generative specimens (p<.01) and improved lordosis by approximately
5 degrees in the iatrogenic specimens, but without reaching statistical
significance (p=.05).

Discussion

Our study was performed to objectively assess the correction in SVA
and lumbar lordosis achieved through different procedures performed
sequentially in spine specimens. The specimens that were included in
the degenerative group were noted to have a positive average initial
L1-S1 SVA of 56 mm and T10-S1 SVA 85 mm (Table 6), indicative of
sagittal imbalance at baseline secondary to loss of lordosis caused by
disc degeneration and height loss across L4-S1. By performing the an-
terior lumbar interbody fusions in the lower lumbar segments and PCO
in the upper lumbar segments we were able to obtain a statistically sig-
nificant correction in both SVA and lumbar lordosis. This indicates that
these techniques may be effective approaches when addressing patients
presenting with degenerative flatback deformity.

At 52 mm of L1-S1 SVA and 69 mm of T10-S1 SVA (Table 6), these
starting average SVA values for the specimens in the iatrogenic group
were closer to neutral, suggesting a relatively balanced sagittal align-
ment prior to intervention. Iatrogenic sagittal malalignment was in-
duced by posterior distraction across an in-situ L4-S1 fusion. The pa-
rameters of the malalignment induced by distraction were statistically
not different from the malalignment caused by hypolordosis secondary
to degenerative changes at L4-5 and L5-S1 in the degenerative cohort
(p>.2, Table 6). The goal of the subsequent procedures in the iatrogenic
group was to try to correct SVA and total L1-S1 lumbar lordosis back to
their baseline values. This was largely achieved, as we found that there
was no statistically significant difference between the initial and final
parameter values for this group of specimens (p>.2, Table 8).

Considering the clinical reports of utilizing interbody fusion cages
and posterior column osteotomy to address sagittal malalignment
[2,13,21-24] we sought to determine the amount of SVA, and lumbar
lordosis correction obtained with each of these procedures. Our findings
indicate that ALIF at the lowest 2 lumbar levels were the most powerful
technique employed while LLIF using primarily static 15-degree cages at
upper lumbar levels was the least impactful. ALIF provided correction
of sagittal alignment parameters of approximately 40-43 mm in T10-
S1 SVA, 23-27 mm improvement of L1-S1 SVA, and a gain of over 10
degrees of lordosis at each level with placement of these cages. In com-
parison, the change in sagittal alignment after L2-L4 LLIF at was 16mm
in T10-S1 SVA, 9mm in L1-S1 SVA, and less than 3 degrees of L2-L4
lordosis.

The discrepancy in correction magnitude of lordosis between the
ALIF and LLIF levels can likely be attributed to the presence or removal
of the anterior longitudinal ligament (ALL). The surgical technique for
placement of the ALIF cages necessitates sectioning of the ALL, which
allows for greater anterior height increase and therefore greater lordosis
correction. LLIF cages used in this study ranged from straight to a max-
imum of 15° of lordosis. The 15° wedge angle of the cage is expected to
provide lordotic correction. However, with the ALL intact the average
segmental correction of all levels implanted with a 15° LLIF from both
cohorts was —1.9 degrees after LIIF cage placement and -4.1 degrees af-

ter PCO. These findings suggest that cage angle alone does not dictate
magnitude of lordotic correction in the upper lumbar spine using LLIF.

Clinical studies have examined the role of the interbody techniques
in correcting sagittal imbalance. Lee et al. evaluated sagittal alignment
after performing an oblique lateral interbody fusion (OLIF) and PCO
compared to PSO [23]. No statistically significant differences in post-
operative SVA or lumbar lordosis were noted, but PSO was found to
have significantly higher rate of pseudoarthrosis and blood loss. These
findings prompted the authors to conclude that multilevel OLIF and
PCO was an effective alternative to PSO for these patients. Similarly,
Strom et al. retrospectively compared PCO with and without the ad-
dition of LLIF in a group of 92 patients [19]. Corrections in lumbar
lordosis were significantly higher for those undergoing LLIF and PCO
compared to those who only underwent osteotomy. Additionally, fewer
complications, greater pain relief, and faster recovery were noted in the
LLIF and PCO group. Finally, Janjua et al. reviewed 50 patients diag-
nosed with flatback deformity who underwent ALIF with hyperlordotic
cages [24]. Correction was supplemented with posterior osteotomies
(including PSO and Smith-Petersen osteotomy) to avoid impingement
of the nerve roots. A statistically significant difference in SVA and lum-
bar lordosis was noted compared to preoperative values, leading the
authors to propose that hyperlordotic ALIF are efficacious and should
be given consideration, particularly in light of the complications asso-
ciated with PSO. While these studies have sought to assess the clinical
utility of these techniques and alternatives to the highly morbid PSO
procedure, quantitative data from a cadaveric study was lacking in the
literature. This provided an opportunity for our study to complement
and add to the current body of knowledge on sagittal alignment cor-
rection in flatback deformity using interbody cages with and without
PCO.

Limitations of this study include those inherent to the use of ca-
daveric specimens. The T10-sacrum specimen was mounted in the test
apparatus in a posture that approximated the lumbosacral alignment
during standing [26]. The sacral slope was adjusted around a nominal
value of 45 degrees for specimens in both degenerative and iatrogenic
groups (Table 1). The sacral slope remained unchanged throughout the
experiment. The apparatus allowed application of a 400N compressive
follower preload representing the physiologic preload acting in the lum-
bar spine during standing [27] (Fig. 1). While cadavers provide quanti-
tative data on sagittal correction, they do not account for the soft tissue
structures that contribute to the final clinical outcome for a patient.
When examining the data, a substantial standard deviation was noted
in many of the values measured. This is likely attributable to the pre-
operative characteristics of the individual specimens; each level has in-
herently different baseline alignment and lordosis, and therefore these
techniques may produce variability in results among specimens. How-
ever, similar trends were noted when examining the data obtained with
each subsequent procedure in each specimen. While these factors may
have impacted the statistical analysis, they likely also better model the
clinical setting where patients can present with vastly different sagittal
alignment parameters, and therefore improve the generalizability of our
findings. Finally, a confluence of factors beyond our control including
costs and availability of specimens, and time constraints on instrumen-
tation loan for this project limited our sample size.
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Conclusions

ALIF cages in the lower lumbar segments significantly improved
sagittal alignment in adult degenerative flatback deformity. LLIF cages
in the upper lumbar segments by themselves were not effective in cor-
recting SVA or enhancing lumbar lordosis. LLIF cages in conjunction
with PCO improved both lordosis and SVA alignment parameters in both
degenerative and iatrogenic flatback deformities.

Declaration of competing interests

One or more of the authors declare financial or professional relation-
ships on ICMJE-NASSJ disclosure forms.

Clinical relevance

Our biomechanical study determined the degree of correction of
sagittal alignment achieved through sequential procedures in multiple
spine segments, including placement of lordotic cages and use of the
PCO. The combined use of these procedures produced a significant im-
provement in both lumbar lordosis and SVA parameters, restoring their
values to the normal range in treating degenerative and iatrogenic de-
formities in the thoracolumbar spine.
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