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Spinal fusion surgery is a commonly performed procedure,
both in the United States and around the world. First
reported in 1911, it was initially performed to inhibit the
progress of deformity in patients with Pott’s disease.1 Now,
�500,000 arthrodeses are performed in the United States
every year, and the rate has been increasing.2 Spinal fusion is
the bony union of two ormore vertebral bodies. The goal is to
join together consecutive motion segments for the purpose
of stabilizing an unstable spine. Common causes of instabili-
ty include degenerative, traumatic, metastatic, or infectious.
Solid arthrodesis is also desired for long-term stability after
surgery to correct a spinal deformity, such as sagittal imbal-
ance or scoliosis.

Biology of Bone Healing

Bone healing and spinal arthrodesis occur similarly. There
are three phases: inflammatory, repair, and remodeling.3

During the inflammatory phase, a hematoma is formed
around the fusion bed, with resulting infiltration of macro-
phages, polymorphonuclear cells, and fibroblasts. These cells
release metabolic factors promoting the formation of granu-
lation tissue and the migration of mesenchymal cells, and
factors necessary for vascular proliferation, such as vascular
endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and epidermal growth factor (EGF).4 Following
the infiltration of inflammatory factors, the repair phase
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Abstract Lumbar spinal fusion is a commonly performed procedure to stabilize the spine, and the
frequency with which this operation is performed is increasing. Multiple factors are
involved in achieving successful arthrodesis. Systemic factors include patient medical
comorbidities—such as rheumatoid arthritis and osteoporosis—and smoking status.
Surgical site factors include choice of bone graft material, number of fusion levels,
location of fusion bed, adequate preparation of fusion site, and biomechanical
properties of the fusion construct. Rates of successful fusion can vary from 65 to
100%, depending on the aforementioned factors. Diagnosis of pseudoarthrosis is
confirmed by imaging studies, often a combination of static and dynamic radiographs
and computed tomography. Once pseudoarthrosis is identified, patient factors should
be optimized whenever possible and a surgical plan implemented to provide the best
chance of successful revision arthrodesis with the least amount of surgical risk.
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involves repopulation of progenitor cells at the host–graft
interface, with subsequent chondrogenic and osteogenic
development, maturation of a collagen matrix, and ossifica-
tion to form woven bone. Finally, woven bone undergoes
remodeling through an interplay between osteoblasts and
osteoclasts, yielding the final mature fusion.

Local and Systemic Factors Affecting Spinal
Fusion

Numerous systemic factors may influence the ability to
achieve a successful arthrodesis. Medical comorbidities such
as rheumatoid arthritis and osteoporosismaynegatively affect
fusion rates. Additional systemic factors include nutritional
status and medications. Systemic steroids inhibit the inflam-
matory phase of bone healing and the differentiation of
progenitor cells, and decrease synthesis of extracellular ma-
trix. Other common inhibitory medications include nicotine
and nonsteroidal anti-inflammatory drugs (NSAIDs). Systemic
factors may also promote bone healing, such as growth hor-
mone, thyroid hormone, parathyroid hormone, and estro-
gens.5 Local nonsurgical factors may influence fusion rate,
such as prior radiation treatment, butmay not be optimizable.

Smoking

Smoking is perhaps the single most controllable risk factor
for pseudoarthrosis after spinal fusion. Nicotine has delete-
rious effects on the vertebral bone biology, fusion healing,
and overall gene expression,6 primarily affecting the repair
phase of bone healing.7 Theiss et al reported the down-
regulation of gene expression of bone morphogenetic pro-
teins (BMP)-2, -4, and -6; basic fibroblast growth factor
(bFGF); and VEGF in a rabbit model with exposure to nico-
tine.8 The existing vascular network undergoes vasoconstric-
tion and endothelial damage, preventing onset of
angiogenesis. Additional effects include inhibition of perios-
teal cell proliferation, increased cortisol production, de-
creased estrogen and calcitonin production, and a decrease
in calcium absorption. The final result is a decrease in both
bone mineral density and bone formation.

Factors inducing angiogenesis are most critically involved
in the third to fourth week after spinal fusion, and new bone
formation within the first 6 months. Glassman et al reported
on the rates of pseudoarthrosis in smokers and nonsmokers.9

They found a nonunion rate of 26.5 and 14.2%, respectively. For
smokers who quit for more than 6 months postoperatively,
nonunion ratewas 17.1%. The authors concluded that smoking
cessation reverses the negative impact of smoking on spinal
fusion. Smoking cessation is recommended for at least 4weeks
prior to spinal fusion surgery, and up to 6 months after
surgery.6 Unfortunately, 60% of patients are found to relapse
at3monthspostoperatively, and61%ofpatientsat 6months.10

Nonsteroidal Anti-inflammatory Drugs

Adequate pain control following lumbar spinal fusion may
be challenging. Multimodal pain regimens following

orthopaedic surgery of the lower extremities have become
routine, but their use after spine surgery has been more
limited.11 One particular class of agent, NSAIDs, act
through the inhibition of cyclooxygenase (COX), with
resulting inhibition of prostaglandin formation. However,
prostaglandin E2 is an important positive factor in early
inflammatory phase of bone healing, and NSAIDs have
been associated with an inhibitory effect on spinal fusion.
Ketorolac in particular has proven effective in postopera-
tive pain management after orthopaedic procedures, lead-
ing to a decrease in morphine requirement and hospital
stay,12 but its use after spine surgery has been associated
with pseudoarthrosis in a dose-dependent manner. Ad-
ministration of ketorolac for more than 2 days and/or at a
dose of greater than 120mg/day has been implicated in
pseudarthrosis after lumbar spinal fusion surgery.13 Con-
versely, Pradhan et al reported that administration of
ketorolac for less than 48 hours postoperatively has no
significant effect on spinal fusion.14 Perioperative NSAID
use following spine surgery has remained controversial,
with some support that selective COX-2 inhibitors or
short-term, low-dose nonselective COX inhibitors do not
increase the rate of nonunion.

Surgical Factors Affecting Fusion

Numerous factors affecting fusion are directly controllable
by the spine surgeon. These include choice of bone graft,
location of fusion site, graft site preparation, number of
fusion levels, construct design, and biological modifiers. All
of these factors should be taken into account in the formation
and implementation of a surgical plan. The goal is to optimize
patient outcomes by providing the highest chance of suc-
cessful arthrodesis with the least surgical risk.

Properties of Bone Graft and Graft Selection

Multiple biological properties of bone graft will influence
fusion rate: osteoconductivity, osteoinductivity, osteogenic-
ity, mechanical strength, and vascularity.5,15 Osteoconduc-
tivity refers to the ability of the graft to serve as a scaffold for
bone healing, allowing for the attachment, proliferation, and
differentiation of osteogenic precursor cells. Osteoinductiv-
ity refers to the ability of a graft to induce stem cell
differentiation into osteoblasts. Multiple soluble factors
have been associated with graft osteoinductivity. Many are
part of the transforming growth factor–β (TGF-β) superfam-
ily of growth factors, including BMP-2. Osteogenicity is the
ability of the bone graft to provide osteoprogenitor cells,
which eventually differentiate into osteoblasts and osteo-
cytes. Mechanical strength of graft material may be impor-
tant for load sharing when placed in the anterior column.
Finally, successful fusion requires adequate blood supply for
the recruitment of osteoinductive and osteogenic agents, and
this may be directly achieved with the use of vascularized
autograft.

Bone graft from an autologous source is the only graft
material with osteogenic potential (►Table 1). Iliac crest
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autograft is considered the gold standard for spinal fusion,
but is limited by donor-site morbidities such as pain, hema-
toma, infection, and nerve injury, as well as added operative
time and blood loss. Other common sources of autograft
include local bone (for example, laminectomy bone), rib, or
fibula. Regardless of the source, supply of autograft may be
limited and bone graft extenders may be required.

Allograft bone does not contain live cells and provides
only osteoconductive and osteoinductive potential. It is
generally stored in fresh frozen or freeze-dried forms. Supply
of allograft is theoretically abundant, but there is a small risk
of disease transmission that is dependent on its processing.
Demineralized bone matrix (DBM) is a form of allograft
produced by acid extraction of bone, removing the mineral
phase and leaving a matrix of collagenous and noncollage-
nous proteins. DBM has varying degrees of osteoconductive
and osteoinductive potential without significant mechanical
support. An additional option of bone graft extender is
synthetic. Grafts such as β-tricalcium phosphate provide
only a mechanical scaffold and are solely osteoconductive.
Furthermore, the rate of resorption of synthetic grafts is an
important consideration in their use, but they are readily
available and carry no risk of disease transmission.16 The
selection of bone graft material for a given procedure must
balance the innate graft properties that promote fusion, the
quantity of graft material required, and the risks associated
with their use and harvest.

Bone Morphogenetic Protein

Recombinant human bone morphogenetic protein–2
(rhBMP-2) is a synthetic protein with strong osteoinductive
properties that has been used as an alternative to autologous
bone graft in spinal fusion. The popularity of BMP has grown
over the past two decades, with a variety of on- and off-label
indications. On-label indication is single-level degenerative
disc disease or spondylolisthesis in the lumbar spine,
implanted via anterior or lateral interbody fusion accompa-
nied by specific interbody devices. However, up to 85% of

cases using BMP-2 has been performed in an off-label
manner,17 with the majority being posterior or transfora-
minal lumbar interbody fusions, or posterolateral lumbar
fusions.

Multiple studies have demonstrated the efficacy on BMP-
2 in lumbar spinal fusion. Arthrodesis rates have been
comparable, if not superior, to iliac crest autograft for a
variety of primary indications and fusion techniques.18,19

In the setting of revision surgery for pseudoarthrosis, BMP-2
is at least as effective as bone graft. In a systematic review,
Bodalia et al reported a 92.3% fusion rate with BMP-2, with a
faster time to unionwhen comparedwith bone graft alone.20

More recently, the safety profile for use of BMP-2 has come
under closer investigation.21 Complications in the lumbar
spine include retrograde ejaculation, subsidence, postopera-
tive radiculitis, ectopic bone formation, osteolysis, and a
concern for carcinogenesis.22,23 Nevertheless, BMP-2 con-
tinues to be a strong option when tackling cases with a high
risk of nonunion, such as in smokers or long fusions, when
there is proven pseudoarthrosis or when other graft options
are lacking or contraindicated.

Graft Location

Location of the fusion surface greatly influences the ability
to achieve solid arthrodesis. Site of arthrodesis may be the
anterior column, performed by interbody technique. This is
a favorable fusion environment where the graft is placed
under compression. With resulting load sharing and a
vascularized recipient surface, fusion can be reliably
achieved. Alternatively, fusion may be performed via a
posterior approach. Posterior fusion surfaces include the
paired facet joints and the intertransverse gutter. Posterior
approach is familiar to all spine surgeons and allows ready
access over multiple levels, but the graft surface is not load
sharing and the graft is placed under tension. Lastly,
combined anterior and posterior fusion (360° fusion) may
be performed, but the complication rates are higher than
either approach alone.24

Table 1 Relative bone graft activity

Graft Osteogenesis Osteoconduction Osteoinduction Mechanical properties Vascularity

Autograft

Bone marrow þþ þ/� þ � �
Cancellous þþ þþ þ þ �
Cortical þ þ þ/� þþ �
Vascularized þþ þ þ þþ þþ
Allograft

Cancellous � þ þ þ �
Cortical � þ/� þ/� þþ �
Demineralized � þþ þþþ � �

Note: �¼ no activity;þ¼ maximal activity.
Source: Adapted from Khan et al, Table 1.5
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Surgical Site Preparation

Adequate preparation of the fusion bed is vital to achieving
solid arthrodesis. This includes the proper removal of all soft
tissue, adequate hemostasis, decortication of non–load-
bearing surfaces, and proper placement of bone graft. For
interbody technique, this involves meticulous removal of
disc material and cartilaginous endplates without damaging
the bony endplates required for mechanical stability. For a
posterolateral fusion, bony surfaces and paired facet joints
are decorticated and interposing soft tissue such asmuscle or
cartilage carefully removed. Decortication allows for local
marrow stimulation and release of osteoinductive proteins
and an adjunct blood supply; this must be counterbalanced
against overzealous technique leading to thermal necrosis at
the graft site.

Fusion Construct

Performing a spinal fusion with instrumentation allows
creation of a rigid construct that eliminates motion between
segments and increases the fusion rate.25,26 In the lumbar
spine, the most common technique for spinal instrumenta-
tion is posterior pedicle screw fixation. Posterior screw
fixation via cortical bone trajectory has been recently de-
scribed in the lumbar spine27 and is commonly indicated for
fixation in osteopenic or osteoporotic bone.28 Additional
instrumentation techniques include anterior or lateral fixa-
tion into the vertebral bodies, frequently performed to
supplement interbody fusion performed through the same
surgical approach. Rigid fixation is particularly important at
junctional levels which experience greater biomechanical
stress. Additional levels of fixation may be required for
example, iliac instrumentation in long fusions extending to
the lumbosacral junction. In a cadaveric study, Cunningham
et al reported long fusions above L3 significantly increased
the strain on S1 screws and recommended supplemental
fixation with iliac screws.29

Global and regional spinal alignment can also affect fusion
rates. Positive sagittal balance places greater strain on the
fusion construct. The resulting cantilever moment may
result in early failure. Thoracolumbar junction is particularly
vulnerable to failure given thebiomechanical transition from
rigid, kyphotic thoracic spine to mobile, lordotic lumbar
spine. Thoracolumbar kyphosis greater than 20° has been
associated with pseudoarthrosis.30 In the setting of signifi-
cant deformity, correction may require a combination of
interbody fusions, spinal osteotomies, and long-segment
instrumentation.

Electric Bone Growth Stimulation

Electric stimulation in the postoperative period has been
used to augment fusion. Passage of an electric current results
in increased collagen synthesis and fibrocyte recruitment to
the fusion site. Direct current stimulation (DCS) requires

intraoperative placement of electrodes in contact with the
fusion mass. Pulsed electromagnetic field stimulation
(PEMFS) and capacitively coupled electrical stimulation
(CCES) may be applied externally. In an updated clinical
guideline for use of bone growth stimulators as an adjunct
for lumbar fusion, Kaiser et al found limited evidence for the
use of DCS in patients younger than 60 years, but insufficient
evidence to recommend for or against the use of PEMFS or
CCES.31

Surgical Fusion of the Lumbar Spine

The lumbar spine is the most common site for spinal
arthrodesis. It is typically performed for degenerative con-
ditions with evidence of mechanical instability, such as
spondylolisthesis or adult scoliosis. Multiple surgical
approaches are available to achieve fusion in the lumbar
spine.32 When selecting surgical approach, consideration
should be paid to the level of spinal fusion, number of fusion
levels required, spinal alignment, and the possibility of
concurrent autograft harvest.

Posterior approach for lumbar spinal fusion is the most
commonly performed technique. The fusion bed is typically
through the facet joints and intertransverse gutters,
often supplemented with posterior pedicle screw instrumen-
tation.19,33 The intervertebral disc space may also be accessed
from a posterior approach and an interbody fusion performed
via posterior lumbar interbody fusion (PLIF) or transforaminal
lumbar interbody fusion (TLIF) techniques (►Fig. 1). Posterior
fusions may be performed via open or minimally invasive
techniques (MI-TLIF). Posterior approach is the workhorse for
lumbar spinal fusion and allows readyaccess and rigidfixation
over multiple spinal levels. Disadvantages include pain from
dissection and retraction of the paraspinal muscles, potential
for nerve root injury, limited surface area for fusion, and a
limited ability to correct sagittal alignmentwithout additional
osteotomy.

Access to the lumbar spine may also be obtained from an
anterior or lateral approach. Anterior approach to the
lumbar spine is performed in the supine position with
retroperitoneal dissection (anterior lumbar interbody fu-
sion [ALIF]), and allows access to the intervertebral discs of
the mid to lower lumbar spine. The greatest surgical risk is
vascular. Ligation of the iliolumbar vein is necessary for safe
retraction of the aorta and inferior vena cava at or above the
level of the bifurcation, generally at L4–5, and surgical
exposure by an experienced vascular surgeon is recom-
mended. The cephalad limit to anterior access is frequently
the L3–4 disc space.

Lateral approach to the lumbar spine has been gaining in
popularity. The patient is positioned in the lateral decubitus
position, and the anterior column of the lumbar spine is
accessed by splitting the oblique muscles, followed by retro-
peritoneal dissection to the intervertebral disc space. Lateral
access is a favored bymany surgeons for its relative technical
ease and the ability to address multiple levels; it is also well
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tolerated by most patients. An additional benefit is the
ability to provide correction in the coronal plane for scoliotic
deformities. Variation in surgical approach is dependent on
its relation to the psoas muscle. Transpsoas approach (TP)
(lateral lumbar interbody fusion [LLIF], extreme lateral inter-
body fusion [XLIF])34 may have a higher rate of nerve injury,
particularly at more caudal levels. Symptoms include thigh
pain, numbness, and quadriceps weakness. Incidence of
neurologic complications has been reported at upwards of
30% in the immediate postoperative period, with the vast
majority of cases being transient in nature.35 Furthermore,
access to the caudal levels (L5–S1, occasionally L4–5) may be
restricted by the pelvic brim. Anterior to psoas approach
(ATP) (oblique lateral interbody fusion [OLIF]) allows oblique
access to the disc spacewith posterior retraction of the psoas
muscle.36 Rate of neurologic injury is lower with ATP ap-
proach, and more caudal levels of the lumbar spine can be
accessed, but there is a greater potential for vascular injury.37

Disc space access via anterior or lateral approaches (ALIF, TP,
ATP) is more extensive than through posterior techniques
(PLIF, TLIF) and allows for placement of graft material span-
ning a wider surface area. In addition, there is greater ability
to correct sagittal plane malalignment via anterior or lateral
interbody fusion. Supplemental fixation may be performed
through the same surgical approach, or via separate posteri-
or approach.

Varying fusion rates of the lumbar spine have been
reported and are dependent on the presence of instrumen-
tation and surgical approach. Zdeblick reported 65% success-
ful arthrodesis without instrumentation, increasing to 77%
with semirigid instrumentation, and 95% with rigid instru-
mentation.38 Christensen et al demonstrated 80% fusion rate
with posterolateral arthrodesis with instrumentation for
degenerative lumbar disease, but a 92% fusion rate with
the addition of ALIF.39 More recent studies have shown
similar results in fusions performed for degenerative lumbar
disease, with successful arthrodesis in 84 to 92% in posterior
lumbar fusion with rigid instrumentation.40 Addition of
anterior, transforaminal, or posterior interbody technique
to rigid fixation increases the fusion rate to 88 to 100%.
Similar fusions rates have been reported for lateral interbody
fusions.41

Assessing Fusion Status

The increase in the number of lumbar spinal fusions per-
formed has seen a concomitant rise in the number of
pseudoarthroses. Detection of pseudarthrosis can be chal-
lenging, and the presence or absence of solid arthrodesis has
not always been correlated with clinical outcomes.

Kornblum et al reported 56% “good” or “excellent” out-
comes despite pseudoarthrosis in patients undergoing
posterolateral lumbar spinal fusion for degenerative
spondylolisthesis.42

Conversely, as low those 26% of patients with pseudoarth-
rosis undergoing revision fusion will improve to “good” or
“excellent” despite a 94% fusion rate.43

Diagnosis of pseudoarthrosis begins with clinical sus-
picion. When symptomatic, pain is the most common
complaint. Pain is predominantly axial lower back in
location, often with a mechanical component, but may
additionally involve neurologic symptoms such as neuro-
genic claudication or radiculopathy. Diagnosis should be
confirmed radiographically. The most common imaging
modality is plain radiography in orthogonal planes. Ar-
throdesis is confirmed by observing solid bone bridging
across the site of attempted fusion. If a posterolateral
fusion was performed, solid bridging of the transverse
processes may be observed on an anteroposterior view
(►Fig. 2A–E). If an interbody fusion was performed, then
bony bridging may be seen across the disc space.
Pseudoarthrosis is indicated by the absence of bridging
ossification or by the presence of a radiolucent line across
the fusion mass. If instrumentation is present,
pseudoarthrosis may be indicated by hardware fracture
(►Fig. 2A,B) or loosening (►Fig. 3A–E). Multiple
studies have reported on the sensitivity (85–89%) and
specificity (60–62%) of static radiographs in the assess-
ment of a solid fusion.44 Dynamic radiographs in flexion
and extension may increase sensitivity, but not specifici-
ty.45 In the absence of instrumentation, motion through
the prior fusion is indicative pseudoarthrosis, although

Fig. 1 Surgical approaches to the lumbar spine for interbody fusion
techniques. The five primary interbody fusion approaches are shown
here schematically: anterior (ALIF), lateral or extreme lateral inter-
body fusion (LLIF or XLIF), oblique lumbar interbody fusion/anterior to
psoas (OLIF/ATP), transforaminal lumbar interbody fusion (TLIF) or
minimally invasive transforaminal lumbar interbody fusion (MI-TLF),
and posterior lumbar interbody fusion (PLIF). Reproduced with per-
mission from Baylor College of Medicine.
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there is no universal agreement to the degree of motion
required.

Computed tomography (CT) scans with thin cut axial
images and three-dimensional (3D) reconstructions afford
the greatest accuracy in diagnosis of a solid arthrodesis.
Presence of bilateral intertransverse bridging bone is indica-
tive of a solid posterior arthrodesis (►Fig. 2C). Conversely,
absence of facet fusion is more indicative of pseudarthrosis
(►Fig. 2D). CT is recommended as the imaging study of
choice to assess fusion status.34 Other imaging modalities
have also been described, such as magnetic resonance imag-
ing (MRI), ultrasonography, and technetium-99m bone scan,
but these modalities are not recommended for the assess-
ment of fusion status following spine surgery. The gold

standard for assessment of fusion is intraoperative explora-
tion, but the invasive nature of this modality precludes its
routine use for diagnostic purposes.

Management of Pseudoarthrosis in the
Lumbar Spine

Once symptomatic pseudarthrosis of the lumbar spine has
been confirmed, management will consist of identifying
its contributing factors and their optimization. A common
systemic contributor is nicotine intake; when possible,
cessation of smoking should precede revision surgery
and extend for a period of time after surgery. Osteoporosis
may contribute to insufficient rigidity of fixation and an

Fig. 2 A 67-year-old man, smoker, 4 years s/p multiple posterior lumbar spinal surgeries, complicated by postoperative surgical site infection
treated with multiple debridements and antibiotics. Static AP and lateral radiographs demonstrate posterior instrumentation and interbody
devices spanning L3–5 and adjacent-level kyphotic collapse (A,B). Fractured L3 pedicle screw is indicative of pseudoarthrosis at L3–4, although
intertransverse fusion mass is seen spanning L4–5. Fine cut axial CTscan with coronal reconstruction confirms failure of fusion at L3–4 (C,D), but
solid arthrodesis at L4–5 (C,E). s/p, status-post.
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increase in bone mineral density prior to revision may be
indicated.

Contributing surgical factors should be addressed and a
surgical plan implemented to optimize fusion. These in-
clude access for surgical approach, techniques for rigid
fixation, availability of bone graft material, supplemental
biologics such BMP-2, and the use of vascularized bone
graft. A change in surgical approach may involve the use of
interbody technique to repair a failed posterolateral fu-
sion, or performing a posterior fusion with rigid fixation
for a failed anterior or lateral interbody fusion. Commonly,
revision circumferential fusion may be required (►Fig. 4A,

B). Technique of fixation may need to be altered. If prior
posterior fixation is present, instrumentation fracture or
loosening may preclude rigid fixation using similar tech-
nique. Other than an increase in screw diameter or length,
fixation from an alternative approach (anterior or lateral),
or using an alternative technique (such as cortical bone
trajectory) should be considered. Choice of bone graft may

also be altered, with greater consideration for use of iliac
crest autograft if available. Additional consideration
should be given to use of osteobiologics such as rhBMP-
2, or electric bone growth stimulator. Finally, if other
options to optimize the fusion milieu are unavailable or
contraindicated, vascularized bone grafting may be indi-
cated.

Conclusion

An increase in the rate of lumbar spinal fusion surgery has
resulted in a concomitant rise in the number of pseu-
doarthroses. Imaging studies should include a combination
of radiographs and CT scan to confirm diagnosis. Once
identified, any modifiable systemic risk factors should be
addressed. Surgical treatment should be individualized to
improve the chance of successful revision fusion—such as
optimizing the choice of graft material, surgical approach,

Fig. 3 A 57-year-old woman with diffuse large B-cell lymphoma and pathologic fracture of L1, 2 years postoperatively from posterior
laminectomy and instrumented fusion T12–L2 and postoperative radiation therapy to the surgical site. Static AP and lateral radiographs (A,B)
demonstrate loosening of pedicle screw instrumentation, as indicated by haloing around the screws. Haloing is confirmed by axial fine-cut CT
scan at T12 and L2 (C,D) with sagittal reconstruction (E).
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and biomechanical fixation—within the limits of surgical
risks and surgeon comfort.
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