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Foreword

Minimally Invasive Spinal Deformity Surgery: An Evolution of Modern
Techniques is intended to provide an educational resource for surgeons in an
area where there has until now been a paucity of literature. Many advances in
the area of minimally invasive spine surgery (MISS) are occurring through
small series of patients operated on by innovative thought leaders. This book
provides the opportunity to put this collection of surgical techniques and
early outcomes into one place so that the student of this advancing field may
gain a broader exposure to the current knowledge base.

With the increasingly aging patient population, it is now common to see in
one’s practice older patients with advanced degenerative spine disease and
deformity. These issues can be incapacitating, causing pain and immobility,
and reducing the patient’s quality of life. Multiple medical comorbidities
often exist in these patients, along with osteoporosis, causing challenges and
often complicating treatment. As a consequence, surgical treatment of adult
spinal deformities is fraught with hazards and complications, which has led
thought leaders to seek better solutions. Contemporary spine surgeons, both
orthopedic surgeons and neurosurgeons, are recognizing that MISS is an
increasingly desirable option for managing this difficult patient population.
MISS techniques are reported to minimize blood loss and surgical site pain
and to speed up recovery. Recent work by McGirt et al. [1] showed that the
number of surgical site infections with two-level fusions performed via MISS
was significantly reduced as compared to that seen with open lumbar two-
level fusions.

This book is divided into sections that will help provide good background
information to readers wishing to become knowledgeable in all areas of
MISS. The “Deformity Surgery Principles” section includes not only epide-
miology and classification but important issues for adult deformity surgery,
such as sagittal balance and lumbopelvic parameters. The next section,
“Percutaneous Segmental Fixation,” reviews techniques of screw insertion
with a subsection on osteoporotic bone. The use of interbody fusion devices
is separately discussed in the more popular “Posterior Approaches” and a
section covering “Lateral Approaches.” The lateral approach section includes
a chapter on the role of neuromonitoring, the use of which is vitally important
in making this procedure safe. “Dealing with the Lumbo-Pelvic Junction”
discusses the importance of good distal fixation, not only to S1 but also to the
ilium, and the minimally invasive techniques to accomplish this fixation are
also well discussed. “Achieving Intersegmental Arthrodesis” discusses the
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very important issue of bone grafting techniques. Much of what has been
learned in adult deformity surgery is being incorporated into MISS approaches
for posterior adolescent idiopathic scoliosis surgery and is covered in the
“Future Directions” section.

I applaud the editors of this book for soliciting highly relevant informa-
tion on this subject; they have done an outstanding job to make sure that
significant, new information is available to surgeons wishing to learn some
of these techniques in order to take care of this increasing patient
population.

Reference

1. McGirt MJ, Parker SL, Lerner J, Engelhart L, Knight T, Wang MY. Comparative
analysis of perioperative surgical site infection after minimally invasive versus open
posterior/transforaminal lumbar interbody fusion: analysis of hospital billing and
discharge data from 5170 patients. J Neurosurg Spine 2011;14(6):771-8.

Philadelphia, PA Randal R. Betz, M.D.
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Deformity Surgery Principles



The Epidemiology of Adult Spinal
Deformity and the Aging

Population

Joseph S. Cheng, Jonathan Forbes, Cyrus Wong,

and Edward Perry

1.1 The Aging Population
The American population is aging, and aging is
associated with a rise in the prevalence of degen-
erative spinal disorders. According to the 2010
Census, while the percentage of younger people
in the USA between the working ages of 2544
years old declined by 3.4 %, the older population
within the working age, that is, ages 45-64 years
old, increased by 31.5 % and now make up 81.5
million people in the US population [1]. The
growth of people within the retirement age
bracket, age 62 years and older, in the US popula-
tion grew by 21.2 % from 2000 to 2010. Overall,
people over the age of 65 years and considered
typically retired from the work force make up
40.3 million people and represent 39 % of the
total US population. Between 2000 and 2010,
this older age group represented the fastest
growth sector in the USA and has been associated
with the increase in spinal care needed, including
adult degenerative spinal deformities (Table 1.1).
In addition to these statistics of the growing
number of “baby boomers” nearing retirement
age, the increase in our older US population is also
related to a trend for longer life expectancy as
noted with the fastest growing segment of the US
population being those 90 years and older [1]. The

J.S. Cheng, M.D., M..S. (D<) « J. Forbes, M.D.
C. Wong, M.D. « E. Perry, M.D.

Vanderbilt University Medical Center,
Nashville, TN, USA

e-mail: joseph.cheng@vanderbilt.edu

number of people in the US who are 90 years and
older has tripled over the past three decades reach-
ing 1.9 million in 2010 and is expected to quadru-
ple over the next four decades, thanks to advances
in medicine and healthcare [2]. Due to increasing
life expectancy in the USA, those over the age of
90 years now represent 4.7 % of the population
over the age of 65 as compared to only 2.8 % in
1980 with a projected increase to 10 % of the older
population in the USA by the year 2050 [1, 2].

As the number of our senior citizens increases,
so too will the need for age-appropriate medical
care. The majority of the older population in the
USA has one or more disabilities, with lumbar
spondylosis and low back pain being the most
frequently reported musculoskeletal problems
[2—4]. Compared to other medical problems, the
disability associated with degenerative spine dis-
ease is significant with a lower quality of life
based on EQ-5D, which is a standardized mea-
sure of health status developed by the EuroQol
Group (Table 1.2). Based on a review of the lit-
erature, it would appear that the disability associ-
ated with lumbar spondylosis is more than twice
that of prostate cancer and is more disabling than
diseases such as congestive heart failure, chronic
obstructive pulmonary disease, and diabetes.

The disability associated with degenerative spine
disease and adult deformity becomes more signifi-
cant as a patient becomes older. For example, those
over 90 years old typically do not live with their
families and live either alone or in a nursing facility.
Their ability to live independently versus being
institutionalized in a skilled nursing facility is

M.Y. Wang et al. (eds.), Minimally Invasive Spinal Deformity Surgery, 3
DOI 10.1007/978-3-7091-1407-0_1, © Springer-Verlag Wien 2014
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Table 1.1 Population table of age and sex composition comparing 2000-2010 data

Population by Sex and Selected Age Groups: 2000 and 2010
(For information on confidentiality protection, nonsampling error, and definitions, see www.census.gov/prod/cen2010/doc/sfl.pdf)

Sex and selected age groups 2000 2010 Change, 2000 to 2010
Number Percent Number Percent Number Percent

Total population................. 281,421,906 100.0 308,745,538 100.0 27,323,632 9.7

...| 138,053,563 49.1 151,781,326 49.2 18,727,763 9.9

| 143,368,343 50.9 156,964,212 50.8 13,595,869 9.5

Under 18 years......c.cceeeeeveeiiieennenne 72,293,812 25.7 74,181,467 24.0 1,887,655 2.6

Under 5 years.. .. | 19,175,798 6.8 20,201,362 6.5 1,025,564 5.3

5to 17 years.... . 53,118,014 18.9 53,980,105 17.5 862,091 1.6

18to 44 years......cccceeenvnveccninnnn. 112,183,705 39.9 112,806,642 36.5 622,937 0.6
18 to 24 years.. 27,143,454 9.6 30,672,088 9.9 3,528,634 13.0
25 to 44 years.. .. | 85,040,251 30.2 82,134,554 26.6 —2,905,697 -34
45 to 64 years...... ...| 61,952,636 22.0 81,489,445 26.4 19,536,809 31.5
65 years and over... -.| 34,991,753 124 40,267,984 13.0 5,276,231 15.1
16 years and over... .| 217,149,127 77.2 243,275,505 78.8 26,126,378 12.0
18 years and over... ...| 209,128,094 74.3 234,564,071 76.0 25,435,977 12.2
21 years and over... ...]| 196,899,193 70.0 220,958,853 71.6 24,059,660 12.2
62 years and OVer..........c.cccoecuvennenn. 41,256,029 14.7 49,972,181 16.2 8,716,152 21.1

Sources: U.S. Census Bureau, Census 2000 Summary File 1 and 2010 Census Summary File 1.

From: Howden and Meyer [1]

Table 1.2 Overview of baseline EQ-5D indices, number
of studies, and number of patients for selected disease
states

Number  Number  Mean EQ-5D
Disease state of studies of patients index (SD)
Prostate cancer 6 2,317 0.79 (0.23)
Diabetes type II 32 35,348  0.76 (0.22)
IBD 5 1,229 0.75(0.23)
COPD 11 7,495  0.70 (0.24)
ERSD/RF 8 2,126 0.66 (0.26)
Rheumatoid 24 28,569  0.66 (0.22)
arthritis
CHF 12 5,067  0.63(0.25)
Knee OA 10 3,029  0.52(0.26)
PVD 9 1,824 0.50 (0.28)
OA of the hip 9 36,301  0.41(0.31)
Lumbar 24 11,801  0.39 (0.26)
spondylosis
Total 137 135,106

related to the management of their disabilities
affecting their independent function [2]. Given the
prevalence of spinal disorders in the elderly popula-
tion and their associated disability, it can be expected
that the need for medical care, including surgery, to
promote a higher quality of life or increase their
quality-added life years (QALYs), is expected to
exponentially increase in an attempt to maintain the
function and overall quality of life in our older
patients.

1.2  Incidence of Spinal Disorders
and Deformity in Our Aging

Population

Low back pain (LBP) is a highly prevalent and
disabling condition that is associated with signifi-
cant healthcare resource utilization in the USA
[5, 6]. The incidence of LBP is high in older peo-
ple with 42 % of this population reporting at least
one episode of low back pain within the past
year; as a result, those over the age of 64 years
represent 20 % of all visits to physicians for LBP
[7-9]. While Medicare data (1991-2002) showed
that there was a 32 % increase in LBP patients
and a 387 % increase in related charges for LBP,
there is a paucity of research data focused on
LBP in older people over the age of 65 [10, 11].
However, there is data noting that the majority of
low back pain associated with underlying struc-
tural pathology from degenerative spine disease
such as spinal stenosis, with associated etiologies
such as spondylosis or scoliosis, is what necessi-
tates medical management [12, 13].

Adult degenerative scoliosis is typically
defined as a curvature greater than 10° in an adult
patient associated with spondylosis and degener-
ative changes of the spine. While this may occur
as a process of aging in a patient with a preexist-
ing adolescent idiopathic scoliosis, this is typi-
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cally associated with a de novo spinal deformity
from age-related degenerative spine disease but
can also be associated with iatrogenic etiologies
such as post-laminectomy syndrome or asym-
metric insufficiency fractures from osteoporosis.
In 2006, Kobayashi reported an incidence of
37 % de novo development of degenerative sco-
liosis in a study of 60 subjects 50—84 years old
followed over 12 years [14]. This work supported
the data reported by Schwab in 2005, looking at
the incidence of scoliosis in those age 60 years or
older. Schwab studied 75 people with an average
age of 70.5 years old who had no known history
of scoliosis or prior spine surgery. He determined
that 68 % of people in the study had a Cobb angle
of greater than 10° and thus met the definition of
scoliosis [15]. Given the inherent relationship
between age and the progression of degenerative
spine disease, it is not surprising that this is one
of the most frequent indications for surgery
among patients older than age 65 [12, 13,
16-19].

1.3  Incidence of Spinal Surgery
for Adult Spinal Deformity

in Our Aging Population

Surgery to correct spinal deformity secondary to
age-related degeneration is one particular disci-
pline that has experienced considerable growth in
recent years. As noted previously, much of this
growth can be attributed to the aging American
population. While conservative management of
adult deformity is the primary method of man-
agement in elderly patients, surgery is increas-
ingly being chosen due to the severity of the
disability [20]. There are a number of factors
associated with the increased prevalence of spi-
nal deformity in an aging population, and previ-
ous studies have sought to elucidate the
relationship between advancing age and progres-
sion of thoracic kyphosis and associated increases
in positive sagittal imbalance [19, 21]. The
degenerative spinal deformity seen in older
patients affects the spinal balance in inherent
load-bearing capacity of the spine, associated
with a shift of their center of gravity as estimated

by their plumb line anteriorly outside Dubousset’s
cone of economy with associated progressive
disability [21-23].

The incidence of spinal surgery for adult
degenerative spinal deformities appears to be
increasing due to reported outcomes of older
patients being equivalent with their younger
counterparts given adjustments for associated
medical conditions [24]. A large retrospective
series with at least a 5-year average follow-up
showed significant improvement of visual ana-
logue scale (VAS) scores, and 70 % of patients
reported excellent to good clinical outcome [25].
Rageb also reported a large series of 118 patients
and found excellent to good patient reported out-
comes in over 90 % of patients, although they did
not formally collect VAS or Oswestry Disability
Index (ODI) data [26]. Total complication rates
varied among studies but collectively appear to
occur in about 38 % of patients. Even accounting
for perioperative complications, outcomes have
been shown to be good with regard to reduced
pain and disability scores with proper patient
selection and preoperative screening consider-
ations [27], especially in patients who had more
significant preoperative disability [28]. As pre-
and postoperative outcome assessment improves
among practitioners, the validity of the data and
thereby the efficacy of spinal surgery in the
elderly population may further solidify. The role
of MIS techniques in deformity surgery for the
elderly population has been reported [29] but not
been fully elucidated. While more technically
challenging, the reduced blood loss may prove
beneficial for older patients in further reducing
perioperative morbidity.

While the incidence of spinal degenerative
disease and treatments from individual centers or
small cohort analyses have been noted in the
past, there remains a paucity of data in looking at
the incidence of spinal surgery for adult spinal
deformity from a population standpoint in the
USA. Part of the difficulty in tracking the overall
surgical incidence is the variations in nomencla-
ture for diagnosis using the Ninth Revision of the
International Classification of Diseases (ICD-9).
While some surgeons will document ICD-9 code
737, Curvature of the Spine, as a preoperative
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indication for spinal surgery for adult degenera-
tive scoliosis, the majority will use ICD-9 code
722, Intervertebral Disc Disorders. While this is
technically the correct documentation of the
degenerative disease being treated, it becomes
difficult to distinguish those who have associated
deformities that meet the criteria of scoliosis
from those without a curve greater than 10°.

In addition, documentation of the surgical
technique for treatment of adult scoliosis may
also vary based on the Current Procedural
Terminology (CPT) code used. For posterior
approaches, a surgeon may use CPT codes 22800,
22802, or 22804, depending on the number of
spinal segments:

e CPT 22800 Arthrodesis, posterior, for spinal
deformity, with or without cast; up to six ver-
tebral segments

e CPT 22802 Arthrodesis, posterior, for spinal
deformity, with or without cast; 7-12 verte-
bral segments

e CPT 22804 Arthrodesis, posterior, for spinal
deformity, with or without cast; 13 or more
vertebral segments
The growth rate of these surgical codes have been

significant, especially for CPT 22802 which had

increased 289 % in the 10-year period from 2001 to

2011 based on the Medicare data of typically older

adults and those with disabilities (Fig. 1.1). The

growth rate of spinal surgery for deformity of six

vertebral segments or less was noted to be 153 %
while the rate for deformities requiring arthrodesis
or fusion of 13 or more vertebral segments was

248 % in this adult population (Fig. 1.1).

However, instead of using the deformity CPT
codes above which typically have been used for
flexible adolescent curves, surgeons may also
code their surgeries for adult deformities using
the CPT primary codes of CPT 22610 or CPT
22612 for posterior spinal fusions. With these
primary codes, the surgeon would then be able to
add on CPT 22614 for each additional vertebral
segment after the first two in which arthrodesis
had been performed:

e CPT 22600 Arthrodesis, posterior or postero-
lateral technique, single level; thoracic (with
or without lateral transverse technique)

e CPT 22612 Arthrodesis, posterior or postero-
lateral technique, single level; lumbar (with or
without lateral transverse technique)

e CPT 22614 Arthrodesis, posterior or postero-
lateral technique, single level; each additional
vertebral segment (list separately in addition
to code for primary procedure)

While these surgical procedure codes may be
used for de novo age-related deformity, these
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procedure codes may also be used for arthrodesis
and stabilization of adult iatrogenic deformities
such as associated with wide decompression of
pathologies such as spinal stenosis (Fig. 1.2).
The incidence of lumbar laminectomies based
on Current Procedural Terminology (CPT) code
64037 has increased from 56,840 procedures
reported to CMS in the year 2000 to 81,700 pro-
cedures reported in 2010 in the Medicare popu-
lation, indicating a 144 % growth in procedures.
As one would expect, the increase in post-
laminectomy syndrome as documented by the
Ninth Revision of the International Classification
of Diseases (ICD-9) code 722 has led this to be
one of the top five preoperative diagnoses for
the use of lumbar fusion based on CPT code
22612, with a growth curve of utilization that
follows that of the spinal decompression
(Fig. 1.2). While the rate of growth of CPT
22612 is much higher at 274 %, rising from
24,032 procedures in 2001 to 65,834 procedures
in 2011, this procedure code also includes treat-
ment of other spinal disorders ranging from
degenerative diseases such as spondylolisthesis
to traumatic injuries such as lumbar burst
fractures.

2008 2009 2010 2011

Although recognition of methods to prevent iat-
rogenic destabilization and flat back syndrome has
improved, the increase in the number of patients
with lumbar stenosis who had prior spinal surger-
ies is likely to increase the number of patients in
need of deformity correction. Over the past two
decades, there has been a significant increase in the
number of spinal procedures for disorders such as
stenosis in older patients as well as in the overall
Medicare expenditure for spine-related pathologies
[12, 13, 19]. Our current analysis of the Medicare
data correlates with the study of Medicare benefi-
ciaries over or equal to 65 years old by Deyo and
colleagues, who demonstrated a 230 % increase
in the rates of index spinal surgery over a 10-year
period [12, 13]. The concerns about the problem of
growing healthcare costs in the care of this aging
group of patients are noted by a recent 2008 report
by Martin in which spine-related healthcare expen-
ditures totaled $86 billion in 2005 alone, which
was a 65 % increase from 1997 [30]. This has
renewed focus on the value of medical and surgi-
cal intervention for our patients with adult spinal
deformity with assessment of the relative risks and
morbidity associated with the treatments compared
to the natural history of the disease.
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While statistics indicate an anticipated increase
in the number of surgeries required for correction
of spinal deformity in the upcoming decades, sur-
gical correction of adult spinal deformity is not
without significant risks of serious morbidity and
mortality. A review of 361 adult deformity cases
from Johns Hopkins Hospital reported a 30-day
mortality rate of 2.4 % [31]. Causes of mortality
included myocardial infarction, sepsis-related
multiorgan failure, pulmonary embolus, cerebral
edema, and hypovolemic shock, and risk was
strongly associated with preoperative American
Society of Anesthesiology (ASA) physical status
class. In a different institutional study of patients
75 and older undergoing spinal deformity correc-
tion involving fusion across a minimum of five
levels, an overall complication rate of 62 % and a
major complication rate of 38 % were reported,
with major complications being life-threatening
or with significant impact on outcome (i.e., deep
wound infections, renal failure, myocardial
infarction) [32]. The authors found that morbid-
ity, but not mortality, was significantly associated
with increased age. In addition, hypertension was
associated with a ten times greater risk for major
perioperative complication. Likewise, a multi-
center study out of the Spinal Deformity Study
Group reported an overall complication rate of
71 % among elderly patients 65-85 years old,
with 42 % minor and 29 % major complications,
indicating that relatively high rates of morbidity
following adult spinal deformity correction occur
even in the best hands at expert centers [33]. This
multicenter review also found a similar correla-
tion between age and morbidity with elderly
patients having roughly four to five times higher
complication rates than younger patients.

The high risk of complications is in part due
to the nature of the surgery itself as well as the
characteristics of the patient population.
Deformity correction requires extensive surgery
typically involving multiple level osteotomies

J.S.Chengetal.

and instrumentation with greater associated
blood loss and risk of neurologic injury. Adult
spinal deformity patients also present challenges
related to their rigid deformities and poor bone
quality as well as risk factors related to their
baseline disability, deconditioning, and medical
comorbidities given their advanced age and lim-
ited mobility [34, 35].

Risk stratification, especially among elderly
patients, is exceedingly important when consid-
ering surgery for spinal deformity. The various
medical comorbidities can and should be evalu-
ated preoperatively to assist in risk stratification.
The Goldman Cardiac Risk Index is one such
measure and has documented increased cardiac
complications in patients with a history of dia-
betes mellitus, non-sinus rhythm greater than
5 PVCs a minute, aortic stenosis, myocardial
infarction during the past 6 months, uncompen-
sated congestive heart failure, or age greater
than 70 years [36, 37]. Pulmonary complications
are also not uncommon in this population. The
preoperative baseline Pco2 provides a useful
metric—as patients with chronic obstructive pul-
monary disease and a Pco2 greater than 50 are
more likely to require postoperative mechanical
ventilator support [38]. Early mobilization with
incentive spirometry in the deformity popula-
tion is important to minimize postoperative
pulmonary complications. The large amount
of fluid shifting encountered during large open
procedures in deformity reduction is relevant
when considering complications related to the
renal system. Advanced age is associated with
a decrease in creatinine clearance and glomeru-
lar filtration rate [39]. This can lead to fluid and
electrolyte imbalance following volume reple-
tion with hypotonic fluids. Postoperative hypo-
natremia in this population is not uncommon.
Morbidity involving the gastrointestinal system
is also common following open surgical reduc-
tion—many authors quote that a postopera-
tive ileus of at least 2—-3 days is to be expected
[40]. Wound infection is one final category of
postoperative morbidity that deserves mention.
Advanced age is associated with a risk of wound
infection that is approximately three to six times
that of younger patients [41].
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Many of the morbidities described above are
exacerbated by extended length of the surgery,
increased operative blood loss, and prolonged
immobilization relating to postoperative pain
associated with open reduction of spinal defor-
mity. Contemporary technological advances have
recently made possible the use of minimally
invasive techniques for internal segmental fixa-
tion and reduction of deformity [34, 42]. Previous
applications of minimally invasive surgery have
been associated with reductions in postoperative
pain, blood loss, and operative time when com-
pared to similar open procedures [43—45]. As the
population ages and the need for spinal deformity
correction increases, the role of minimally inva-
sive deformity correction in years ahead is
expected to exponentially increase.

Conclusion

Many authors have identified a trend of rising
medical care for the treatment of degenerative
spinal disorders in our Medicare population,
and assuming a stable incidence of spinal dis-
ease, concluding that there is too much inap-
propriate medical and surgical care being
delivered. However, the population data would
indicate that we have a rapidly growing older
US population and that this is associated with
age-appropriate degenerative spinal disorders
including spinal deformities needing medical
and surgical care.

Concern about our growing healthcare
costs had led to discussions on the cost-effec-
tiveness of treatment options including the use
of minimally invasive surgical techniques. As
spinal disorders are associated with some of
the highest rates of disability and loss of inde-
pendence for our patients, understanding the
epidemiology of adult spinal deformity and
our aging population is needed to avoid inap-
propriate rationing of care. The only way to
assess the appropriateness of these spinal
treatments is to analyze the clinical variables
and outcome measurements for the effective-
ness, rather than looking at absolute costs or
rate of growth data alone, as overinterpreta-
tion of any subset of data is potentially mis-
leading and dangerous.
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Classification Schema for Scoliosis

Olaolu C. Akinbo, Tsung-Hsi Tu, John E. Ziewacz,
and Praveen V. Mummaneni

2.1 Introduction

Scoliosis classifications serve as a guide for treat-
ment decisions [1, 2]. An ideal classification system
should be comprehensive and easy to utilize [3].

2.1.1 Definitions

Definitions of the Scoliosis Research Society
(SRS) are presented here for clarity. The central
sacral vertical line (CSVL or CSL) is the vertical
line in an anteroposterior radiograph that passes
through the center of the sacrum (Fig. 2.1). The
vertebra or disc of a scoliotic curve which is
most deviated laterally from the central sacral
line is the apical vertebra. A thoracic curve must
have its apex between the T2 and T11 vertebra, a
thoracolumbar curve must have its apex at the
T12-L1 vertebra, and a lumbar curve must have
its apex between the L1 and L5 vertebra. The
cephalad end vertebra is the vertebra in the ceph-
alad direction from a curve apex whose superior
surface is maximally tilted toward the concavity
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of the curve. Similarly, the caudad end vertebra
is the vertebra in the caudad direction from a
curve apex whose inferior surface is maximally
tilted toward the concavity of the curve. The
magnitude of the curve is assessed by the Cobb
method, and this is the angle between lines
drawn on end plates of the end vertebrae (supe-
rior end plate of the cephalad end vertebra; infe-
rior end plate of the caudad end vertebra). In a
patient with multiple curves, the major curve is
that which has the largest Cobb measurement on
an upright long cassette coronal x-ray of the
spine; any smaller curve is termed a minor curve.
The neutral vertebra is that which has no axial
rotation. A stable vertebra is the thoracic or lum-
bar vertebra which is adjacent to a scoliotic
curve and it is most closely bisected by the
CSVL (assuming the pelvis is level). See
Fig. 2.1. A curve is described as structural if its
coronal plane Cobb measurement does not cor-
rect past zero on supine maximal voluntary lat-
eral side-bending x-ray film. This measures the
flexibility of the curve. Kyphosis is a posterior
convex angulation of the spine [4].

2.2  Adolescent Idiopathic
Scoliosis Classification

Systems

Based on etiology, scoliosis has been broadly
subdivided into idiopathic, neuromuscular, syn-
dromic, congenital, and degenerative types. The
idiopathic type (which is most common) can be

M.Y. Wang et al. (eds.), Minimally Invasive Spinal Deformity Surgery, 11
DOI 10.1007/978-3-7091-1407-0_2, © Springer-Verlag Wien 2014
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Fig. 2.1 36-in. antero-posterior X-ray illustrating scolio-
sis terms. CSVL Central Sacral vertical line

subclassified further according to the patient’s
age at diagnosis into infantile, juvenile, adoles-
cent, and adult groups [5]. The early efforts at
classification of scoliosis were essentially
focused on the adolescent idiopathic scoliosis
(AIS) subtype.

Schulthess in 1905 classified scoliosis into
cervicothoracic, thoracic, thoracolumbar, lum-
bar, and combined double primary [6]. This clas-
sification was based on curve type and its
location. Subsequent publications by James in
1954 [7] and Moe in 1970 [8] excluded the cervi-
cothoracic type due to its rarity. However, they
retained the fundamental principles of curve
location and type in classifying the disorder.
These features were noted to be constant for a
curve even during its growth [9]. The early clas-
sifications were inadequate for making treatment
decisions. Advancements in the understanding of
the clinical features of scoliosis, investigative
modalities, and surgical techniques led to more
refined classification schemes. These include the
classification systems of King [10], Coonrad
[11], Lenke [12], and the Peking Union Medical
College [3].

0.C. Akinbo et al.

2.2.1 TheKing System

The King classification was aimed at choosing
the patients who are suitable for selective tho-
racic fusion in the presence of combined thoracic
and lumbar scoliosis and to identify the segments
to be fused. A retrospective review of 405 patients
who had undergone posterior spine fusion with
Harrington rod instrumentation for thoracic AIS
was done. They excluded the patients who had
single lumbar or thoracolumbar curves, develop-
mental delay, neuromuscular disease, and spon-
dylolisthesis and those who were older than 25
years at the time of surgery. The following set of
x-ray films were analyzed for each patient: pre-
operative standing anteroposterior (AP) or pos-
teroanterior (PA) and a set of preoperative supine
side-bending AP films. The curve types were
assessed based on the CSL and the stable vertebra
was noted. The term “flexibility index” was
introduced. This is determined by measuring the
percentage of flexibility of the thoracic and lum-
bar curves on maximum lateral bending x-ray
films. The percentage correction of the thoracic
curve is deducted from that of the lumbar curve;
this difference is the flexibility index [10].

Type I is an S-shaped curve in which both the
thoracic curve and the lumbar curves cross the
midline. The lumbar curve is larger than the tho-
racic curve on the standing radiograph. The flex-
ibility index is a negative value (i.e., the thoracic
curve was more flexible on side bending). Type 11
is an S-shaped curve in which both the thoracic
and lumbar curves cross the midline. The tho-
racic curve is equal to, or greater than, the lumbar
curve and the flexibility index is >0. Type Il is a
thoracic curve in which the lumbar curve does
not cross the midline (so-called overhang).
A type IV long thoracic curve is one in which L5
is centered over the sacrum but L4 tilts into the
long thoracic curve. In type V, there is double
thoracic curve in which the T1 is tilted into the
convexity of the upper curve and the first rib is
elevated on this convexity.

The classification by King et al. did not include
any consideration for the sagittal deformity; the
curve types were determined only with coronal
imaging. This classification was subsequently
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found to have poor interobserver and intraob-
server reliability and it had limited reproducibility
[12-14].

2.2.2 The Coonrad System

In 1998, Coonrad et al. noted the lack of a com-
prehensive, data-based, and user-friendly coronal
pattern classification of idiopathic scoliosis [11].
They reviewed the records and radiographs of
2,000 consecutive patients with idiopathic scoli-
osis. These patients spanned a period of 30 years.
Their aims were (1) to identify and categorize the
spectrum of coronal curve patterns in a large
sample of patients with idiopathic scoliosis
according to the SRS definition of the apical ver-
tebra and (2) to apply simple numerical nomen-
clature for classification. The classification was
seen as a vital prelude to the consideration of the
sagittal and three-dimensional variables of idio-
pathic scoliosis. The flexibility of the curves was
determined by a supervised recumbent lateral
bending coronal x-ray. Eleven types were
described and these are summarized below.

Type 1A consists of thoracic and lumbar
curves and both are structural. The lumbar curve
is larger and/or less flexible, and its apex is at/or
below the L1-L2 disc space. Type 1B consists of
thoracic and thoracolumbar curves, both are
structural. The thoracolumbar curve is larger and/
or less flexible, and its apex is at T12, L1, or the
disc space in between. Type 2A consists of tho-
racic and lumbar curves, both are structural. The
thoracic curve is larger and/or less flexible and
the apex of the lumbar curve is at or below the
L1-L2 disc space. Type 2B consists of thoracic
and thoracolumbar curves, both are structural.
The thoracic curve is larger and/or less flexible.
The apex of the lumbar curve is at T12, L1, or the
disc space in between. Type 3 consists of a tho-
racic curve that is structural, and its apex is at
T7-T9. Type 4 consists of a thoracic structural
curve with the apex at either T10 or T11. The
lower end vertebra is usually at L2 or L3 and the
L4 is tilted into the curve. Type 5 consists of dou-
ble thoracic curves and both are structural. The
T1 or T2 vertebra is usually tilted into the upper
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curve. Both apices are located at the thoracic
spine segment. Type 6 consists of a thoracolum-
bar curve, the apex of which is at T12, L1, or the
disc space in between. Type 7 consists of a lum-
bar curve, and the apex is at the L1-L2 or L4-L5
disc spaces or between these. Type 8 consists of
triple curves; the size of the largest of the three
curves determines the laterality. Type 9 consists
of multiple curves. The largest number in the
Coonrad study was the quadruple.

This classification was based on the following
characteristics of the curves: the location, num-
ber, relative Cobb angles, and flexibility of each
curve when they are multiple. The sagittal and
three-dimensional features of the deformity were
not considered. It was however noted that these
were necessary for the choice of treatment, fusion
levels, and surgical approach. The identification
and categorization of the spectrum of existing
coronal pattern types is considered a mandatory
prerequisite for any classification. This classifi-
cation complemented the King’s system. Its
interobserver and intraobserver reliability was
initially reported to be 98.7 % and 100 %, respec-
tively. However, the former was subsequently
found to be only 46 % (x=0.38) [15]. The Lenke
classification system was introduced 3 years
later.

2.2.3 The Lenke System

Lenke et al. in conjunction with the Scoliosis
Research Society (SRS) introduced another clas-
sification system in 2001 which is based on both
coronal and sagittal aspects of the scoliotic defor-
mity. This method was designed to determine the
appropriate vertebral levels that should be
included in a fusion. They studied four x-ray
films for each of their 27 patients, including the
coronal and lateral views of the standing long
cassette x-rays and the coronal views of the right
and left supine side bending. The curve locations
were defined as proximal thoracic (PT), main
thoracic (MT), or thoracolumbar/lumbar (TL/L).
The apex of the PT curve lies at T3, T4 or T5.
That of the MT curve lies between T6 and the
T11/T12 disc. The SRS definitions were applied
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e type --“

Curve Main Double Double
configuration thoracic thoracic major
Major structural MT MT MT
curve
Minor structural Nil PT TL/L
curve
Minor PT, TL/L TLL PT
non-structural
curve

Triple major Thoracolumbar/ Thoracolumbar/
lumbar lumbar-
main thoracic
MT or TL/L TL/L TL/L
MT or TL/L Nil MT
PT
Nil PT, MT PT

Lumbar curve modifier Thoracic sagittal modifier

A: CSVL lies between the lumbar pedicles up to the stable vertebra _

B: CSVL touches the concave border of the apex or lies between this and its

concave pedicle

C: CSVL lies completely medial to the entire concave boarder of the apical

vertebra

Fig. 2.2 The Lenke system. A structural curve has a
Cobb angle of >25° on side-bending radiographs and/or
kyphosis of at least +20°. The minor non-structural curves
maybe present or not. PT Proximal Thoracic curve. MT
Main Thoracic curve. TL/L Thoracolumbar/Lumbar

to distinguish between major and minor curves
and also to define the apices of the thoracolumbar
and lumbar curves. The flexibility of the minor
curves was considered. They lacked normal flex-
ibility if the Cobb angle is >25° on side-bending
radiographs and/or kyphosis is at least +20°, and
these were described as structural. The curve
types were based on the identification of the
major curve and the structural characteristics of
the minor curves [12] as follows.

In type 1, the MT curve is the major curve; the
PT and TL/L curves are minor and nonstructural.
Type 2 consists of double thoracic curves; the
MT curve is major, while the PT curve is minor
and structural. The TL/L curve is minor and non-
structural. Type 3 consists of double major
curves. The Cobb angle of the MT is >TL/L or it
may be lesser, in which case the difference is not

< 10° (Hypokyphotic)

+10° to +40° (Normal)

> +40° (Hyperkyphotic)

curve. CSVL Central sacral vertical line (Adapted from,
Lenke LG, Betz RR, Harms J, Bridwell KH, Clements
DH, Lowe TG, Blanke K. Adolescent idiopathic scoliosis:
a new classification to determine extent of spinal arthrod-
esis. J Bone Joint Surg Am 2001;83:1169-81, [12])

greater than 5°. Both curves are structural and the
MT is regarded as the major curve, while the PT
curve is nonstructural. Type 4 consists of triple
major curves, the PT, MT, and TL/L. All are
structural and either of the two latter curves may
be the major curve. In type 5, the TL/L curve is
structural and it is the major curve. The PT and
MT curves are nonstructural. In type 6, the TL/L
curve is the major curve, and it is at least 5°
greater than the MT which is also structural. The
PT curve is nonstructural. See Fig. 2.2.

Lumbar spine modifiers A, B, or C were intro-
duced because the lumbar deformity alters spinal
balance and affects proximal curves. Modifier
“A” is applied when the CSVL runs between the
lumbar pedicles to the level of the stable verte-
bra. The curve apex must be in the thoracic spine,
at or cephalad to the T11/T12 disc. Thus, modifier
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A can only be applied for a main thoracic curve
(types 1-4). It is not applied for thoracolumbar/
lumbar curves (types 5 and 6) or when the CSVL
lies on the medial aspect of the lumbar apical
pedicle. Modifier “B” is applied when the CSVL
touches the concave margin of the lumbar curve
apical vertebra body (or bodies if the apex is a
disc) or when it lies between this border and the
concave pedicle. The TL/L curves are excluded
because the curves all have a thoracic apex.
Modifier C is applied if the CSVL lies completely
medial to the entire concave lateral aspect of the
thoracolumbar or lumbar apical vertebral body or
bodies (if the apex is a disc).

The kyphotic component of the thoracic
spine deformity was described in this method
of classification with another set of modifiers:
—, N, or +. The mean normal sagittal thoracic
alignment from the fifth to the twelfth tho-
racic vertebra is +30° with a range of +10° to
+40° [16]. Patients who have adolescent idio-
pathic scoliosis tend to have decreased thoracic
kyphosis or even thoracic lordosis in compari-
son with normal controls [16, 17]. The sagittal
thoracic modifiers were determined by mea-
surements from the superior end plate of the
fifth thoracic vertebra to the inferior end plate
of the twelfth thoracic vertebra on a stand-
ing lateral radiograph. Modifier “~” is applied
if there is thoracic hypokyphosis, which is a
curve <+10°. Modifier “N” is applied for nor-
mal thoracic kyphosis (+10° to +40°), while the
“+” sign is applied for hyperkyphotic thoracic
curves (>+40°). The recommendation for spi-
nal arthrodesis is that it should include only the
major curve and structural minor ones.

Lenke et al. noted inaccuracies in assessing
axial plane deformity on biplanar radiographs;
thus the axial components of the deformities
were excluded from this system of classification.
The authors stated that the mean interobserver
reliability for determining curve type with this
system was 93 % (range, 85-100 %), with a mean
k value of 0.92 (range, 0.83—1.00), while that of
the King system was found to be 64 %, and the
value was 0.49 [14]. Subsequently, other investi-
gators reported moderate range interobserver
reliability for the Lenke system [18, 19].

Lt}
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The Lenke system is more comprehensive
than the earlier classifications; it also provides
for objective curve assessments to aid surgical
planning. The sagittal component of the defor-
mity was included in the classification. However,
the complexity must be noted. Forty-two curve
patterns are derivable by the application of the
modifiers to the six basic curve types. The rota-
tional component of the deformity was also not
addressed. The Lenke system is currently the
most widely utilized classification scheme for
AIS and it thus provides a basis for comparison
of treatments and outcomes [20].

2.2.4 Peking Union Medical College
System

Qiu et al. at the Peking Union Medical College
(PUMC) proposed this system of classification in
2005. They reviewed the records of 427 idio-
pathic scoliosis patients who were managed
operatively over 18 years. The curves were
assessed with the preoperative supine side-
bending radiograph and anteroposterior and lat-
eral standing radiographs taken before and after
surgery. The SRS definitions of scoliosis and
curve apex locations were strictly applied. The
flexibility of the curvature was calculated thus:
(Cobb angle on standing — Cobb angle on convex
bending)/Cobb angle on standing} x 100 % [3].
The rotation of the apical vertebra was recorded
from 1° to 4° using the Nash-Moe method [21].

This method was designed to enable the selec-
tion of a surgical approach and of fusion levels.
All the curves were classified into single, double,
and triple curves according to the apex vertebra,
and these were termed types I, II, and III, respec-
tively. There were a total of 13 subtypes.

Type Ia is a thoracic curve, Ib is thoracolum-
bar, and Ic, a lumbar curve. Type II consists of
thoracic (T) and thoracolumbar/lumbar (TL/L)
curves. Subtype Ila consists of double thoracic
curves. In subtype IIb, the T curve is at least
10°>TL/L curve. For Ilc, the difference between
the Cobb angles of T and TL/L curves is <10°,
while in IId, the TL/L is 10°>T curve. Further
subdivisions of these subtypes are based on the



16

differences in flexibility of the curves, presence
of TL/L kyphosis, and its degree of axial rotation.
Subtype Illa consists of triple curves; its thoraco-
lumbar/lumbar component has a Cobb angle of
<45°, rotation <2°, flexibility >70°, and no
kyphosis. In subtype IIIb, distal lumbar curve is
larger and more rigid.

The interobserver and intraobserver reliability
that was stated by the authors for the PUMC sys-
tem was 85 % (k=0.83) and 91 % (x=0.90),
respectively [3]. This method has attempted to
further simplify the classification of AIS into
three major types, although there are 13 subtypes.
It has also included the rotational component of
the deformity. The reliability of this scheme
requires further validation through independent
prospective multicenter studies.

Adult Scoliosis
Classifications

2.3

Adult scoliosis is an entirely distinct entity from
AIS with respect to clinical features, radio-
logical findings, treatment, and prognosis [22].
Degenerative changes are frequently associated
with adult deformity. These include spinal ste-
nosis, spondylolisthesis, rotational subluxation,
lumbar hypolordosis, and rigidity [2]. There are
also differences with respect to the patterns of the
deformity, its progression, the clinical features,
the goals, and strategies of treatment.

Until recently, the management of adult sco-
liosis was mostly nonoperative. This was due to
the significant risks which were related to the
patient’s age, poor bone quality, and the lack of
adequate instrumentation to enable and maintain
correction. However, the increase in age and lon-
gevity of the population, coupled with advances
in surgical techniques and anesthetic care, has
stimulated substantial progress in the surgi-
cal care of adult scoliosis patients [23]. Adult
scoliosis is generally considered as greater than
10° of coronal curvature in a skeletally matured
spine. The health status and treatment options
in adult scoliosis are significantly influenced
by symptomatic degenerative changes and the
global imbalance of the spine in the sagittal and
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coronal plane [2, 27]. These should be incorpo-
rated into a comprehensive adult scoliosis clas-
sification system. Also the principles that guide
the choice of management such as operative,
nonoperative, limited, or extensive instrumenta-
tion require detailed definition through an effec-
tive classification method. Four classification
systems have been developed for adult scoliosis
by Aebi [24], Schwab et al. [25], the Scoliosis
Research Society (SRS) [2], and the hybrid
SRS-Schwab system [26].

2.3.1 Aebi Classification System

The classification system of adult scoliosis devel-
oped by Max Aebi in 2005 is focused on etiology
much more than specific details of the deformity.
There are four types (I, II, IIla, and IIIb). Type I
consists of primary degenerative scoliosis and
this is typically in the thoracolumbar or lumbar
spine, with an apex between L2 and L4. The
deformity was said to have resulted from asym-
metric degenerative disc changes with asymmet-
ric vertebral loading. There is attendant frontal
deviation and rotation with the facet joints on one
side acting as a pivot. Type II describes a pro-
gressive idiopathic thoracolumbar and/or lumbar
scoliosis which has been present since adoles-
cence or childhood but becomes progressive due
to mechanical, bony, or degenerative changes. In
type III there are two subgroups. Type Illa con-
sists of secondary adult scoliosis mostly at the
thoracolumbar, lumbar, or lumbosacral segments.
This type occurs secondary to an adjacent curve
within the spine, lumbosacral anomaly such as
hemisacralization, or pelvic obliquity which is
secondary to a hip pathology or a leg length dis-
crepancy. Type IIIb includes adult scoliosis that
is caused by bony weakness, due to metabolic
bone disease and osteoporosis [24].

The Aebi system offers a relatively simple
means of classifying adult deformity based on
the etiology. It may be useful in predicting the
natural history of the disease. However, it does
not reflect the complexity of specific deformities
to a degree that is adequate for detailed surgical
planning.
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2.3.2 The Schwab System

Schwab et al. noted that the impact of the adult
scoliotic deformity and treatment approaches
is related to pain and disability and not to the
skeletal age or the projected progression of the
deformity [25]. Thus the pediatric and adoles-
cent methods cannot be transposed on adult
patients. Their hypothesis was that a reliable
radiographic classification that consists of clini-
cal groups could be developed. These clinical
groups are to be segregated by the initial treat-
ment modality (operative versus nonoperative)
and quality of life.

The study recruited 947 adults from 11 cen-
ters. Modifiers were applied to grade the lumbar
lordosis and subluxations (either in coronal or
sagittal plane). This system has five major types
of adult scoliosis, and these were distinguished
according to the location of the apex vertebra. In
type I there is single thoracic curve. Type II con-
sists of a major upper thoracic curve with the
apex at T4-T8 and also a thoracolumbar or lum-
bar curve. In type III, there is a lower thoracic
major curve, whose apex is at T9-T10, and a tho-
racolumbar or lumbar curve. Type IV adult sco-
liosis consists of a thoracolumbar major curve,
the apex is at T11-L1, and any other minor curve
may be present. Type V has a major lumbar sco-
liotic curve with its apex at L2-L.4 and any other
minor curve. Major and minor curves were dis-
tinguished as defined by the SRS. If there are
more than two curves with identical Cobb angle
measurements, then the lower curve is selected as
the major.

Lumbar lordosis modifiers (A, B, and C) were
measured based on the T12-S1 sagittal Cobb
angle. Modifier “A” implies marked lordosis
which is >40°, modifier “B” implies moderate
lordosis which ranged between 0° and 40°, while
modifier “C” indicates no lordosis. A subluxation
modifier was also added. The maximal interver-
tebral subluxation in the coronal or sagittal plane
was measured to determine the subluxation mod-
ifier score. The “0”’modifier was applied if there
is no subluxation, “+” for moderate subluxation
(1-6 mm), and modifier “++” for marked sublux-
ation (>7 mm). Disability and pain were assessed
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with Oswestry Disability Index (ODI) and SRS
function/pain scores and compared across the
subtypes. Analysis of the treatment pattern across
the subtypes was also performed.

Loss of lordosis was associated with signifi-
cantly lower SRS pain/function and higher ODI
scores (lordosis modifier A vs. C, P<0.007) in
patients with thoracolumbar and lumbar curve
patterns (types IV and V). However, this was con-
trary to its effect on the major thoracic types (I, 11,
and III), for which it had no statistically signifi-
cant impact. The subluxation modifier was also
associated with a marked impact for adult scolio-
sis types IV and V when measured with the SRS
function score and ODI. The impact was not sig-
nificant for the thoracic curves. The curve type
was not predictive of surgical management, but
there was a significant increase in the surgical rate
with an increasing lordosis modifier (A vs. C;
36 % vs. 54 %, respectively; P<0.04) and with
higher intervertebral subluxation (modifier “0”
vs. “++7; 36 % and 52 %, respectively; P<0.001).

This classification method was focused on
clinical impact parameters and it was not fully
descriptive of the structural variations of the
curves. This is quite contrary to the detailed
radiographic parameters that were employed in
the adolescent classification methods. However,
it is known that in the management of adult sco-
liosis, pain and disability are major issues.

2.3.3 The SRS System

This adult scoliosis classification system was
developed by the adult spinal deformity commit-
tee of the Scoliosis Research Society. It aims to
provide a basis for an evidence-based approach
to the management of adult spinal deformity as
well as comparison of treatment modalities and
outcomes between various centers. The classifi-
cation is based on standing full-length radio-
graphs in the coronal and sagittal planes. Global
balance, regional deformity patterns, and focal
degenerative changes within the deformity were
assessed [2].

Six primary coronal curves were identified
based on the apical levels and there is also
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a designation for primary sagittal-plane defor-
mity in the absence of a significant coronal curve.
The six primary curves were single thoracic (ST),
double thoracic (DT), double major (DM), triple
major (TM), thoracolumbar (TL), and lumbar (L)
and a primary sagittal-plane deformity (SP).
These curves were defined according to the crite-
ria of the SRS. Significant primary thoracic
curves must be >40° and the C7 sagittal plumb
line must lie lateral to the apical vertebral body of
the curve. The upper thoracic curves are struc-
tural if the first thoracic rib or clavicular tilt is
>5° with the elevated side located ipsilateral to
the apex of the deformity. The criteria for the tho-
racolumbar and lumbar curves are a Cobb angle
which is >30° and the CSVL which is lateral to
the apical vertebral body of the curve.

A sagittal modifier was applied because the
kyphotic deformity in the sagittal plane is known
to have significant impact on the health status
and surgical strategies when correcting adult
scoliosis. The sagittal modifier for the PT region
is positive when the sagittal Cobb angle is >20°.
The corresponding values for the MT region is
Cobb angle >50°, TL region >20°, and L region
>-40°. The lumbar degenerative modifier is
only applied if radiographic evidence of disc

narrowing, facet arthropathy, and degenerative
spondylolisthesis or rotatory subluxation >3 mm
in any plane is present. The global balance mod-
ifier describes the spinal column imbalance in
either the coronal or sagittal plane. Loss of sagit-
tal balance was significant if the C7 plumb line
is >5 cm either anterior or posterior to the sacral
promontory, while the loss of coronal balance is
significant if the C7 plumb line is >3 cm to
either side of the CSVL.

The authors reported a good interobserver
reliability for curve type (k=0.64), sagittal modi-
fier (k=0.73), degenerative lumbar modifier
(x=0.65), and global balance modifier (x=0.92).
This classification system does not account for
the presenting symptoms, patient’s age, and
comorbidities such as osteoporosis and systemic
diseases. These clinical parameters are important
in treatment decisions for adult scoliosis. Further
validation of this system will be required.

2.3.4 The SRS-System

A hybrid SRS-Schwab classification of adult sco-
liosis was recently published [26] (Fig. 2.3). The
authors noted the substantial correlation of pelvic

coRnaieine HPE o angle

Major thoracic

L Major lumbar or
major thoraco-lumbar

D Double major curves

T9 and above > 30°

T10 and below > 30°

Double Both curves > 30°

No coronal curve > 30°

<10°
+ <10° to 20°
++ > 20°

Fig.2.3 The SRS-Schwab system

<4cm < 20°
410 9.5 cm 20° to 30°
>9.5cm > 30°
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parameters with pain and disability [27]. Thus
they aimed to incorporate these clinically rele-
vant spinopelvic parameters into the Schwab
classification system and subsequently assess the
reliability of the hybrid system. The relevant
parameters include the sagittal vertical axis
(SVA), the pelvic tilt (PT), and the difference
between the pelvic incidence (PI) and the lumbar
lordosis (LL), PI-LL. The Pl is the angle between
the line drawn perpendicular to the sacral end
plate at its midpoint and the line drawn from the
midpoint of the sacral end plate to the midpoint
of the bicoxo-femoral axis. The LL is the sagittal
Cobb angle measured between the superior end
plate of L1 and the superior end plate of S1. The
PT is the angle between the line connecting the
midpoint of the sacral end plate to the midpoint
of the bicoxo-femoral axis and the vertical. The
SVA is the offset between the sagittal C7 plumb
line and the posterosuperior corner of the sacrum.
The measurements were done on full-length cor-
onal and sagittal spine radiographs. The cutoff
values for grades of the modifiers were deter-
mined using outcome scores that were previously
reported to have a strong clinical impact [28, 29].

There are four basic curve types in this sys-
tem. Type T is a major thoracic scoliotic curve
with apex at T9 or higher and Cobb angle is >30°.
Type L is a major lumbar or thoracolumbar major
curve, its apex is at T10 or lower, and Cobb angle
is >30°. Type D is a double major curve and each
curve is >30°. While in type N, there is no coro-
nal curve that is greater than 30° (i.e., no major
coronal deformity).

The first sagittal modifier is the PI-LL mea-
sure; this parameter is important for the surgical
planning of osteotomies in order to preserve an
adequate LL. The “0” modifier is applied for
patients with PI-LL values <10°. The “+” modi-
fier is applied for values between 10° and 20°,
while the “++” modifier is applied for values
>20°. The PT is crucial in assessing spinal defor-
mity; a high PT (increased pelvic retroversion) is
a compensatory mechanism that can affect and
also reduce the apparent extent of global sagittal
malalignment. Modifier “0” is applied for a
PT<20°, “+” is for PT values between 20° and
30°, while the “++” modifier is applied for PT
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values >30°. Patients with an SVA of less than
40 mm are classified with modifier “0,” SVA
between 40 and 95 mm had “+,” and SVA of
greater than 95 mm, “++.”

The inter-rater reliability that was reported by
the authors for the entire classification was 0.79.
They concluded that its application is easy and
consistent. A recent study has demonstrated that
this system is descriptive, correlates with health-
related quality of life (HRQOL) scores, and cor-
responds to treatment preference for adult spinal
deformity [30].

Conclusion

The importance of scoliosis classification
systems lies in its ability to standardize com-
munication among health-care providers
and to facilitate comparison of management
approaches and outcomes. The classification
of AIS which is essentially structural has gone
through various stages. The initial efforts were
descriptive of coronal curve types, their loca-
tion along the spinal column, and the relative
flexibility of the curves. Lenke et al. introduced
modifiers that described the kyphotic com-
ponent and the associated lumbar deformity.
The axial rotation of the deformity was part
of the modifiers used in the PUMC method in
an attempt to address the three-dimensional
configuration of the deformity. Adult scoliosis
classification methods differ from that of the
AIS because of the preponderant degenera-
tive features and systemic diseases in this age
group. Pain and disability are major factors
in the management of adult scoliotic patients.
These must all be factored into the classifica-
tion methods to ensure a complete description
of the adult scoliosis patient and the deformity.
Such classification must also be useful for
effective treatment decision-making.
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Indications for Adult Spinal
Deformity Surgery

Jeffrey H. Weinreb, Kristina L. Bianco,
Virginie Lafage, and Frank Schwab

3.1 Introduction

Shifting demographics and aging populations have
resulted in a rise in adult spinal deformity (ASD).
ASD refers to abnormal spinal curvature in the cor-
onal, axial, or sagittal planes in patients over the age
of 18. A recent publication found that the prevalence
of ASD ranges from 2 % to 32 % in the general pop-
ulation but exceeds 60 % for adults greater than 60
years of age [1]. With a simultaneous shift in expec-
tations for quality of life (QOL), the demand for
treatment of ASD has dramatically increased. ASD
is most commonly caused by untreated adoles-
cent idiopathic scoliosis, adult-onset degenerative
scoliosis, or primary sagittal imbalance [2]. While
some cases of ASD can be managed with conser-
vative care and nonoperative procedures, many
ASD cases require surgical intervention. Unlike
adolescent idiopathic scoliosis (AIS), there is no
widely accepted classification system that provides
guidelines for the surgical treatment of ASD [3].
Therefore, the decision to undergo surgical treat-
ment of ASD must carefully consider clinical symp-
toms, radiographic parameters, coexisting medical
comorbidities, and the patient’s physiologic status.
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The potential benefits and risks associated with the
surgical treatment of ASD must also factor into the
treatment decision. This chapter provides an over-
view of current indications for the surgical treatment
of ASD and highlights the significance of using a
combination of both clinical symptomatology and
radiographic imaging to propose the optimal treat-
ment plan for patients with ASD.

3.2 Symptom-Driven Treatment
Clinical symptomatology is one of the key factors
in the treatment decision process for patients
affected by ASD. While the evaluation for pediat-
ric and adolescent spinal deformity is based on
radiographic data, the evaluation of ASD is based
both on radiographic data and clinical symptoms
[4]. When presenting with spinal deformity,
younger adult patients tend to seek coronal plane
deformity treatment, while older patients are more
likely to desire treatment for relief of pain and dis-
ability [4]. Through operative treatment, surgeons
are tasked with alleviating pain, restoring spinal
alignment, and improving functionality. This
undertaking is complicated by the fact that the
adult patient population has greater risks related to
surgical care and a diminished healing potential
compared to children or adolescents with spinal
deformity [4]. It is important to note that a distinc-
tion exists between pain and disability, the primary
treatment drivers in the adult population. Pain and
disability are two separate clinical phenomena,
with differing symptomatology and treatments.
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3.2.1 Pain

Both axial and radicular pain receive substan-
tial attention as indicators for ASD surgery.
Although both types of pain are mediated by the
spinal cord and nerves, their etiologies, symptom
patterns, and surgical indications differ consider-
ably. Both types of pain may be managed with
analgesics such as nonsteroidal anti-inflamma-
tory drugs (NSAIDs) or narcotics, although con-
tinuous narcotic usage may lead to dependency
or desensitization. Noninvasive conservative pain
management methods, such as physical therapy
or spinal injections, should be considered before
operative treatment.

3.2.2 Axial Pain

Axial pain in the setting of ASD is most com-
monly a pain disorder of the lumbosacral region
that is hypothesized to result from advanced
intervertebral disc (IVD) degeneration and facet
arthrosis. IVD degeneration results in physi-
ologic disc changes, which in turn produce pain
through instability, abnormal motion, or loss
of stiffness. Pain may result from biochemi-
cal environment changes, such as inflamma-
tory cytokines or nociceptive neurotransmitter
release [5]. Although IVD is often implicated in
axial pain, pain may also arise from the associ-
ated anatomy. The facet joints, ligaments, fascia,
nerve roots, and dura are capable of transmit-
ting pain. Progressive disc disease results in
load cycling to surrounding structures, which
may lead to increased arthropathy, ligamentous
hypertrophy, and muscle fatigue. Studies per-
formed on patients with similar symptoms dem-
onstrate a wide range of pain sources, including
the disc, facet joints, and sacroiliac joints, and it
remains unclear whether the disc itself or other
surrounding structures are the actual source of
pain [5].

Spinal fusion may be indicated when axial
lower back pain is present and is predicated on
the theory that pain is related to abnormal move-
ment and loading across a motion segment due to
disc and facet degeneration. Spine surgeons have
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adopted fusion across a degenerated disc as a
method for relieving pain, although the literature
has failed to demonstrate consistent successful
clinical outcomes after fusion surgery in this
patient population [5].

3.2.3 Radicular Pain

Pain radiating into one or more extremities via a
nerve dermatome is defined as radicular pain and
implies inflammation, pressure, dysfunction, or
stretch of a nerve root [6]. Discectomy is a com-
mon treatment method for radicular pain related
to focal disc herniation; and success ranges from
48 % to 89 % in the literature [7]. Long-term
follow-up reveals that 50-60 % will experience
significant back pain after 10 years and 20-30 %
will develop recurrent radicular pain [7]. Nerve
decompression via foraminotomy or laminec-
tomy is also used to treat intractable radicular
pain that is unresponsive to nonsurgical symptom
management [8, 9]. Additionally, when radicular
pain occurs as a result of isthmic spondylolisthe-
sis, instrumented fusion has shown to be effec-
tive in treating symptoms [9]. However,
unsatisfactory outcomes following surgical inter-
vention indicate ongoing degeneration, segmen-
tal instability, spinal stenosis, and recurrent disc
herniation [10].

3.2.4 Disability

Disability, whether in conjunction with pain or
not, is another important driver for ASD treat-
ment and should be considered separately from
pain syndromes described above. Disability
implies functional limitation and may be caused
by deformity, biomechanical insufficiency, and
mechanical impediment. For example, a patient
with marked pelvic retroversion may not have
significant pain, but may be very limited in
common tasks due to sagittal plane deformity
and an inability to extend the hips (gait and
standing disruption). Disability caused by pain
may be managed through medication (as previ-
ously discussed), and mechanical disability
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may be managed with external walking aids,
braces, or wheelchairs. The Oswestry Disability
Index (ODI) is a widely used questionnaire to
assess disability and can be used to track dis-
ability changes in a single patient or in a popu-
lation [11].

3.3  Correlating Imaging

with Symptomatology

Radiographic imaging, in addition to the evalua-
tion of pain and disability, is critical in the diag-
nosis and treatment planning related to ASD.
Studies have demonstrated that patients with
more severe disability stand to gain the most
from surgical intervention. Furthermore, patients
with more severe radiographic deformity tend to
exhibit more pain and score lower on disability
surveys [12, 13]. However, ASD patients do not
become uniformly disabled with age, and disabil-
ity cannot be solely predicted by radiographic
findings [4]. A recent classification system
acknowledges the relationship between imaging
and disability and defines radiographic goals for
surgery.

Cc7

Fig.3.1 Sagittal parameters
that are important in the
evaluation of ASD and can be
used for surgical planning.
Sagittal vertical axis (SVA),
pelvic tilt (PT), and pelvic
incidence minus lumbar
lordosis (PI-LL) are correlated
with the disability of patients

SVA
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3.4  SRS-Schwab Classification
While ASD has previously been described using
pediatric classification systems, the SRS-Schwab
classification has been established as an improved
method to categorize patients according to driv-
ers of pain and disability for adults with spinal
deformities. The SRS-Schwab classification sys-
tem uses radiographic imaging to assess the
extent of spine deformity, evaluate whether spine
deformity surgery is necessary, and establish a
plan if surgical correction is needed. This classi-
fication system has shown excellent inter- and
intra-observer reliability on pre-marked and
unmarked x-rays and has proven to be essential
for the assessment of spinal deformity and surgi-
cal planning [14]. The SRS-Schwab classifica-
tion has recently been updated to incorporate
pelvic parameters, which have been found to play
a fundamental role in the radiographic evaluation
of patients with spinal deformities [15-22].
Restoration of sagittal alignment is a funda-
mental goal of spinal surgery. Several key param-
eters, including sagittal vertical axis (SVA), pelvic
tilt (PT), and pelvic incidence minus lumbar lor-
dosis (PI-LL), have been identified as important

PT PI
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Fig.3.2 Surgical parameter
measurement goals based on
correlations between these
parameters and HRQOL
survey scores

SVA<50 mm

radiographic parameters used in the evaluation of

ASD (Fig. 3.1.). These parameters have been

found to be highly correlating with the disability

of patients and provide a guide for patient assess-

ment and surgical planning [21, 23].

SVA is used to determine global sagittal align-
ment and is the distance between a vertically
drawn plumb line from the midpoint of the C7
vertebra and its offset from the posterior-
superior corner of the sacral end plate.

PT is the angle between a line drawn from the
center of the femoral head axis to the midpoint
of the sacral plate and the vertical. PT denotes
the spatial orientation of the spine.

PI-LL is a sagittal modifier that represents the
difference between the angle measurement of
PI and the angle measurement of LL.

Pl is defined as the angle between a line drawn
from the center of the femoral head axis to
the midpoint of the sacral plate and the per-
pendicular to the sacral plate.

LL is measured as the angle between the plane
defined by the superior S1 plate and the
superior L1 plate.

Subsequent work determined radiographic
measurement pain and disability thresholds as
indicated by widely utilized pain and disability
questionnaires. Schwab et al. delineate surgical
radiographic parameter goals and confirm that
improvements in sagittal modifier class correlate
with pain and disability improvement. The

PT<20°

Spino-pelvic harmony

LL=PI +/-9°

threshold for disability is defined as an ODI score
greater than 40, an SVA greater than 47 mm, a PT
greater than 22°, and absolute value of PI minus
LL greater than 11° [24]. Considering the radio-
graphic parameter correlation with pain and dis-
ability, Schwab et al. define realignment
objectives in the sagittal plane as an SVA less
than 50 mm, a PT less than 20°, and LL equal to
PI+9° (Fig. 3.2) [25].

3.4.1 Imaging Analysis

and Diagnosis

Radiographic measures in the context of ASD
evaluation require images obtained in a free-
standing patient position. This patient position-
ing is essential to effectively evaluate key
aspects of a deformity and potential compensa-
tory mechanisms that a patient may be recruit-
ing. If a patient is not in a weight-bearing
position, global deformity, truncal inclination,
or compensatory mechanisms can be underesti-
mated and lead to improper patient evaluation
and treatment. Ideal standing radiograph posi-
tion involves natural foot position, forward
shoulder flexion, and elbow flexion to bring fin-
gertips onto the cheekbones or midclavicles
(Fig. 3.3) [26]. CT and MRI studies have
quantified the response of the lumbar spine to
rotatory torque and have correlated increased
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Fig. 3.3 Proper standing position for ASD evaluation
radiography

axial rotation in degenerated discs with pain
provocation on discography [27, 28].
Additionally plain radiographic findings in
patients with axial low back pain may demon-
strate characteristics consistent with degenera-
tive disc disease. While radiography does not
demarcate soft tissue disc, film may reveal
decreased disc height consistent with a col-
lapsed or dehydrated disc. Sclerotic end plates
or bone-on-bone appearance are commonly
seen with severely degenerated discs and may
indicate pain origin [5]. A review of common
imaging techniques applied in the evaluation of
symptomatic ASD follows.

3.4.2 X-Ray

Conventional radiography with plain-film radi-
ography is any easy procedure to perform. Whole
spine images of the standing frontal (anteroposte-
rior) and sagittal (lateral) view are required for
adequate evaluation of the patient’s deformity.

Fig.3.4 Example of an AP X-ray image

Radiographs should include the occiput superi-
orly and the femoral heads inferiorly. This pro-
cess allows spinal assessment in a freestanding
position (Figs. 3.3 and 3.4). However, this method
utilizes ionizing radiations and can be harmful
with prolonged exposure. Newer technologies,
such as those employed by EOS imaging, may
offer low-dose alternatives to traditional single-
beam radiographs.

3.4.3 MRI

MRI uses a strong magnetic field in the radio fre-
quency range. This method is particularly useful
for the visualization of soft tissue structures,
especially the disc space and adjacent soft tis-
sues. Nonetheless, major limitations of this pro-
cess include the inability to obtain standing
images and long acquisition times. The use of a
strong magnetic field may also be problematic
for patients with electronic devices such as a
pacemaker or spinal cord stimulators.
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344 (CT

CT imaging produces tomographic slices of
specific area of the body through the axial plane.
Computer algorithms allow image reconstruc-
tion in the sagittal and coronal planes. This pro-
cess is particularly useful for bone tissue
visualization. Combination with myelography,
which consists of an intrathecal contrast agent
injection, allows a clear and accurate representa-
tion of the spinal anatomy. Results of this com-
bination provide better osseous and joint
anatomy than MRI. However, as with conven-
tional radiographs, this method utilizes ionizing
radiations that may be dangerous for patients
(Fig. 3.5).

3.4.5 EMG

EMG may be helpful in identifying sources for
radicular pain patterns and guide indications
for surgery. EMG is defined as muscular elec-
trical activity recording and forms a valuable
aid in the neuromuscular function assessment.
EMG and nerve conduction studies are rou-
tinely used to differentiate radiculopathy from
peripheral symptoms and confirm the localiza-
tion of radicular compression. Patients who
present with abnormal EMG and signs of radic-
ulopathy may be eligible for surgical decom-
pression if focal pathology is confirmed on
imaging.

Biomechanical studies have demonstrated that
the spine itself cannot bear large loads and there-
fore recruits the paraspinal musculature to main-
tain shape [29]. In ASD evaluation, abnormal
EMG recordings in one study were shown to be
predictive relative to progression of deformity, as
asymmetry in paraspinal EMG activity at the
lower end vertebra of the curve was associated
with deformity progression [30].

3.5 Operative Indications

The foremost indication for surgical ASD
treatment is the lack of response to nonsurgical
pain and disability management. Nonsurgical

Fig.3.5 Example of an AP CT scan in a scoliosis patient
(Reprinted with permission from Ha et al. [53])

treatments include bracing, pain medication,
exercise, and physical therapy. If these conserva-
tive treatments fail to provide satisfactory out-
comes, ASD surgery may be indicated.

To determine whether or not a patient will
likely benefit from surgical treatment for ASD,
Schwab et al. describe a binary logistic regres-
sion method to build predictive models of certain
independent variables including gender, age
group, BMI, subluxation degree, osteotomy, and
sagittal balance, among others [13]. The minimal
clinically important difference (MCID) was
determined by several widespread pain and
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appearance surveys. Patients most likely to ben-
efit significantly from surgery had higher grades
of deformity by the classification modifiers, more
severe subluxation, and worse pain and disability
scores. From a clinical perspective, patients with
less morbidity before surgery have lower
improvement potential in terms of disability and
may be more affected by the difficulties associ-
ated with recovery than the clinical improvement
realized by surgical correction of ASD.

A comparison study of matched pairs of oper-
ative and nonoperative ASD treatment by
Glassman et al. demonstrated that nonsurgical
patients have greater preoperative risk factors,
while surgical patients have larger coronal curves
and more frequent leg pain and more severe back
pain [31]. Surgery is indicated in younger adult
patients with large curvature of the spine accom-
panied by chronic pain or disability that is unre-
lieved by conservative management. Surgical
correction may also be indicated when deformity
is aesthetically unacceptable to the patient.
Surgery is indicated in the elderly for the same
reasons but is also indicated for significant loss of
pulmonary function not attributable to underly-
ing pulmonary disease [32].

The risks and potential benefits of any planned
surgery must be carefully weighed and reviewed
in open discussion with patients. The goal of
ASD surgery is often not to completely restore
function or remove all deformity and pain, but to
offer improved alignment, halt progression, and
provide stability to address the main components
of deformity — disability and pain. The patient’s
expectations regarding the surgery must be
clearly established and managed, as unrealistic
patient expectations lead to dissatisfaction with
the end result.

It is important to underline the capabilities of
any given surgeon and medical team in performing
corrective surgery. For example, in a given case, a
transforaminal lumbar interbody fusion (TLIF)
may be the preferred technique compared to a
combined anterior/posterior interbody fusion
because it is associated with shorter operating
time, less blood loss, shorter hospital stay, and
lower incidence of complications including infec-
tion and pseudoarthrosis [33]. However, a TLIF
should not be attempted by a surgeon without
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experience in this technique if he/she is more expe-
rienced with anterior/posterior interbody fusion.

3.6 Benefits of Surgical

Treatment

The surgical treatment of ASD has become an
extensively studied topic and the potential bene-
fits of surgery have been widely established.
Surgical treatment of ASD has been found to sig-
nificantly improve spinal alignment and improve
factors associated with QOL. ASD patients
treated surgically report a greater reduction of
total pain, leg pain, and fatigue and significant
improvements in self-image and daily function in
comparison to ASD patients treated nonopera-
tively [34—39]. The benefits associated with sur-
gery should be considered by patients and
physicians in the decision to choose surgical
treatment.

Reduction of pain and disability: The surgi-
cal treatment of ASD can significantly reduce pain
associated with spinal deformities. In a study of
surgical versus nonsurgical treatment of adults
with idiopathic scoliosis, surgically treated patients
reported a significantly greater decrease in back
pain, leg pain, fatigue, and disability than patients
who were treated nonsurgically [34, 36, 39]. The
management of pain and disability is a critical fac-
tor to consider in treatment decisions.

Improvement of QOL measures: Patients
with ASD demonstrate greater functional limita-
tions and greater daily analgesic use and report
worse QOL measures than matched patients
without ASD [2, 34, 40]. Patients should also
be counseled that a major complication is more
likely with revision, staged, and anterior/pos-
terior surgery to improve understanding of risk
profiles [2]. Studies have found that surgical
treatment results in many benefits associated
with improving the QOL of patients. Surgically
treated patients experience a greater improvement
in self-image and the ability to perform physical,
functional, and positional tasks than nonsurgi-
cally treated patients [34, 37]. In a cohort study
of patients with adult symptomatic lumbar sco-
liosis, operative treatment significantly improved
QOL, whereas nonoperative treatment, whether
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observation, treatment with medications, or com-
bining medication with injections and physical
therapy techniques, did not significantly improve
QOL for patients [35]. Furthermore, a retrospec-
tive review of conservative and surgical treat-
ment of degenerative lumbar scoliosis found
that patients who were treated surgically had
significantly improved walking ability and QOL
and experienced very few complications [38].
Though surgical treatment is often considered
for the reduction of pain and disability for ASD
patients, it is also imperative to consider QOL
factors into the treatment decision. The changes
in health-related quality of life (HRQOL) after
surgical treatment of ASD can be predicted by
the SRS-Schwab classification system.

In a study by Schwab et al., operatively treated
patients had significantly greater disability and
poorer HRQOL scores than the nonoperatively
treated group. The operatively treated group also
had significantly greater baseline deformity,
reflected by worse scores for the SVA and PT
modifiers by the SRS-Schwab classification
parameters. However, at 1-year follow-up, the
operatively treated patients showed significantly
greater improvements than the nonoperatively
treated group. These findings further support the
potential for surgical treatment to improve the
quality of life for adults with spinal deformity.

Improvements for elderly patients: The
potential benefits of surgical treatment for ASD
apply to all adults; however, a recent study has
illuminated the possibility that surgical treatment
provides disproportionately greater benefits to
elderly patients [41]. A retrospective review of
patients undergoing surgical treatment revealed
that compared to younger patients, older patients
were shown to have significantly greater baseline
disability, greater severity of back and leg pain,
and worse health status. Furthermore, elderly
patients experienced significantly more com-
plications with surgical treatment than younger
patients. However, despite the greater disability
and higher complication rate, elderly patients
were found to have statistically indistinguish-
able postoperative outcomes measures of disabil-
ity, health status, and back and leg pain as the
younger age groups. This suggests that elderly
patients may have a greater improvement in dis-
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ability and pain with surgery, in comparison to
younger patients. Another study demonstrated
the substantial benefit of surgical treatment for
patients over 65 years old with degenerative
disc disease who are treated with decompres-
sion and arthrodesis [42]. Patients over 65 years
old showed a greater improvement in back and
leg pain scores than patients under 65 years
old. Due to the increased risk of complications,
surgical treatment might not always be advised
for elderly patients. However, the findings that
elderly individuals may have disproportionately
greater benefits from surgical treatment can aid
in the decision-making process for this patient
population.

3.7 Risks of Surgical Treatment
Despite the proven potential benefits of surgical
correction of ASD, there are many risks and com-
plications associated with surgery. Patients who
are deciding to undergo surgical treatment for
ASD must balance the possible improvement
from surgery with the inherent risks of the
procedure.

Surgical complications: While the risk of
complications would appear significantly higher
for surgical treatment than it is for nonsurgical
treatment, even nonoperative care can lead to
functional deterioration and poor outcome. The
incidence of major complications of ASD sur-
gery has been found to be around 10 %, and the
incidence of minor complications has been found
to be 14-34 % [2, 3, 43]. In the elderly popula-
tion, complication rates have been found to be as
high as 80 % [43]. These high complication rates
should be considered for patients deciding to
undergo surgical treatment for ASD.

Common complications related to ASD sur-
gery include pulmonary, cardiac, renal, hemato-
logical, and gastrointestinal issues, as well as
infections. These complications vary in severity
[43, 44]. Excessive blood loss, deep wound infec-
tion, and pulmonary embolism have also been
reported as frequent complications of ASD sur-
gery [2].

Bridwell et al. examined a cohort of patients
treated operatively and nonoperatively for lumbar
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scoliosis. HRQOL scores from patients who
experienced minor complications (excessive
bleeding, superficial infection, minor neurologic
deficit, postoperative CSF leak, and seroma) or
major complications (including cardiac arrest,
spinal cord deficit, nerve root deficit, vascular or
visceral injury, instrumentation failure or junc-
tional breakdown, deep wound infection, myo-
cardial infarction, and major neurologic and/or
motor deficit) [45] improved significantly from
baseline to postoperative. However, there was a
trend toward a smaller incremental improvement
in those patients with major complications com-
pared to those patients with minor or no compli-
cations [35].

3.8 Risk Factors for Surgical

Complications

Past medical history: In general, patients who
experience major complications related to sur-
gery have complex medical histories and comor-
bidities [3]. Diseases, such as osteoporosis, have
been found to lead to surgical complications dur-
ing ASD surgery. Osteoporosis complicates sur-
gical treatment options given the poor bone
quality of osteoporosis patients [46]. Other com-
mon medical comorbidities include hyperten-
sion, depression/anxiety, coronary artery disease,
and gastroesophageal reflux disease [3]. The
number of comorbidities is an independent risk
factor for complications following surgery [47].
Past medical history and comorbidities should be
considered when contemplating the decision to
undergo surgery for the treatment of ASD.
Previous surgeries and surgical proce-
dures: In a retrospective review of patients who
were surgically treated for ASD, the majority of
patients who developed major complications
were undergoing revision surgery or a staged
procedure [2]. Revision surgery patients had the
greatest incidence of excessive blood loss and
deep wound infections. Nutritional and meta-
bolic disorders from the first intervention can
limit physiologic resilience in the second proce-
dure. For this reason, postoperative spine-related
infections have been found to be correlated with
staging and multiple surgical approaches [48]. In
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addition, the SRS morbidity and mortality data-
base found that patients who underwent osteoto-
mies or combined anterior/posterior approaches
had significantly higher rates of complications
than other surgical approaches [49]. These find-
ings should factor into operative planning, if sur-
gery is considered.

3.9 Minimizing Surgical Risk

Risk scoring: Risk scoring is commonly used to
identify patients at risk for adverse outcomes.
Risk scoring systems help identify risk factors,
improve patient counseling on the risk versus
benefit of surgery, and reduce perioperative com-
plications [2]. Risk scoring approaches include
the American Society of Anesthesiologists (ASA)
physical status class, the Acute Physiology and
Chronic Health Evaluation (APACHE), the
Injury Severity Score (ISS), and the Glasgow
Coma Scale (GCS) [50, 51]. These classification
systems predict the risk for morbidity and mor-
tality associated with surgery. The majority of
patients that experience complications from sur-
gical treatment of ASD are ASA grade III [3]. An
improved patient-specific risk scoring system is
essential in the decision to choose surgical treat-
ment. A risk scoring system that quantifies the
impact pain generators and particular surgical
procedures have upon the complication risk pro-
file must be developed [2].

Cost of surgery: In addition to physiologic
complications from surgery, the high cost of sur-
gery is a societal and health economic issue. The
high cost of surgery is in part due to complication
rates and resource utilization following surgical
correction of ASD [3]. In order to reduce the
complications and costs of surgery, improved
patient selection and procedure selection must be
made [52].

Conclusion

Indications for surgical treatment rely on a
complex interplay between patient and physi-
cian, and the decision to proceed with surgical
treatment for ASD is based on a wide array of
personal, clinical, radiographic, and outcomes
modeling information. The capabilities of the
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surgeon, medical team, and hospital are of
paramount importance when deciding on a
treatment plan. While radiographic imaging
and classification systems have been found to
be effective tools to evaluate spinal deformity,
clinical symptomatology, physical examina-
tions, and expectations are imperative for
good decision making. The evaluation of pain
and disability, in addition to radiographic
imaging, has made predictive modeling by
pathology and surgical planning possible. The
SRS-Schwab classification, combined with
proper technical execution, can help deter-
mine benefits and likelihood of achieving suc-
cess from surgery. An improved risk scoring
system to quantify patient-specific parameters
and to identify the complication risks of a sur-
gical procedure will aid in the decision for sur-
gical treatment of ASD.
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Sagittal Balance

Jeffrey B. Knox and Baron S. Lonner

In recent years, the importance of sagittal plane
alignment in the energy-efficient functioning of
the individual has been underscored. Sagittal
plane malalignment is a principal cause of dis-
ability in patients with spinal deformity and other
spinal pathologies. It is associated with numer-
ous conditions including degenerative disc dis-
ease, Scheuermann’s kyphosis, spondylolisthesis,
posttraumatic kyphosis, ankylosing spondylitis,
and iatrogenic flatback deformity. Regardless of
surgical technique, whether traditional or MIS,
restoration or maintenance of sagittal alignment
is paramount to achieving optimal functional
outcomes.

While the majority of conditions affect align-
ment of a limited segment of the spine, local
changes may be accompanied by compensatory
changes at distant segments of the spine. With
inadequate compensatory mechanisms or with
large deformities, global sagittal imbalance may
arise with many resulting negative consequences.
The compensatory changes, themselves, may
cause unwanted consequences, which should be
taken into consideration in evaluating and treat-
ing patients with spinal disease. In order to prop-
erly understand sagittal malalignment, it is
important to first understand the normal sagittal
curvature of the spine.

J.B. Knox, MD ¢ B.S. Lonner, MD ()

New York University Hospital for Joint Diseases,
New York, NY 10002, USA

e-mail: blonner@nyc.rr.com

4.1 Local Spinal Alignment
Segmental sagittal alignment has been shown to
be highly variable with a wide range of normal
values [1, 2]. Normal cervical alignment aver-
ages 13.9°+12.3° of lordosis when measured
from C2 to C7 in asymptomatic individuals [3].
The lordosis is centered between C4 and C6.
Cervical lordosis is impacted by thoracic kypho-
sis as a number of authors have shown [4].
Alignment transitions to a relatively neutral to
slightly kyphotic angulation about the cervico-
thoracic junction with normal values ranging
from 1 to 20° of kyphosis, depending on age
with significantly higher values in older
individuals.

Normal thoracic kyphosis ranges from 20° to
up to 66° [2, 5] with the apex of the kyphosis
occurring around T6-T8. Higher kyphosis values
have been correlated with both older age and
female gender. The thoracolumbar junction rep-
resents an area of transition. Alignment at this
level becomes neutral as the spine transitions
from the kyphotic thoracic to the lordotic lumbar
spine

Lumbar lordosis is similarly variable with
normal values ranging anywhere from 20° to 80°
with apex of curvature located at the L3/L4 disc
space [5, 6]. The vast majority of lordosis occurs
in the lower lumbar spine with approximately 2/3
arising from L4-L5 to L5-S1. In addition to indi-
vidual variability, increased age is associated
with decreased lumbar lordosis, which can be a
result of disc degeneration. The individual’s
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Fig. 4.1 Pelvic sagittal
parameters

lordosis is determined by the innate pelvic mor-
phology, namely, pelvic incidence [7].

Pelvic sagittal alignment represents an impor-
tant component of the global sagittal alignment
of the individual and is comprised of three pri-
mary parameters: pelvic incidence, pelvic tilt,
and sacral slope (Fig. 4.1). Pelvic incidence rep-
resents a morphologic parameter, which reaches
a fixed value by the time the patient reaches skel-
etal maturity. While this varies between individu-
als, this parameter does not change according to
position or associated spinal deformity. Normal
values range from 33° to 82° [2]. Pelvic inci-
dence is the angle between a line from the center
of the bicoxofemoral axis to the midpoint of the
sacral endplate and a line perpendicular to the
middle of the sacral endplate.

Contrary to pelvic incidence, pelvic tilt and
sacral slope represent a positional parameter
that varies with position and spinal deformity.
Pelvic tilt is the angle between a line from the
midpoint of the femoral heads to the midpoint
of the sacral endplate and a vertical reference
line. Sacral slope represents the angle between
the sacral endplate and a horizontal reference

J.B.Knox and B.S. Lonner

line. These values are highly interrelated as pel-
vic incidence can be quantified as the summa-
tion of pelvic tilt and sacral slope (PI=PT+SS).
Hence, alteration of PT or SS is associated with a
proportional decrease in the other value to main-
tain a stable PL

These values represent an important compen-
satory mechanism in spinal deformity in that
patients with positive sagittal balance compen-
sate increasing pelvic tilt in order to maintain
upright posture. This mechanism relies on exten-
sion of the hip and intact and strong gluteal mus-
cles and is an energy-inefficient process. As
patients become older, their ability to compen-
sate for spinal malalignment in the sagittal plane
becomes compromised secondary to multiple
factors including hip osteoarthritis, hip flexion
contractures, and weak gluteal muscles (hip
extensors). These factors all limit the pelvic com-
pensatory mechanism.

As noted by Stagnara in 1982 and confirmed
more recently, due to the wide variability of the
so-called normal sagittal alignment, treatment is
ideally tailored to the individual patient rather
than creating a “one-size-fits-all” approach. The
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guiding principles are that the patient should be
able to stand upright with minimum effort and
the lumbar lordosis should closely match pelvic
incidence within 10°. As such, proper attention to
pelvic parameters is important to accurate under-
standing and planning of spinal deformity sur-
gery and key to obtaining good results in these
patients.

Sagittal pelvic alignment has also been shown
to be important in spondylolisthesis. Patients
with elevated pelvic incidence and its associated
elevated lumbar lordosis place increased shear
forces across the L5-S1 pars, thereby placing the
patient at risk for development of spondylolysis.
As such, a linear relationship has been shown
between spondylolisthesis grade and PI. Sagittal
pelvic alignment is important also in determining
whether or not slip reduction is indicated. Despite
the severity of slippage, normal posture is main-
tained if sacropelvic balance is maintained. When
this becomes unbalanced with a retroverted pel-
vis, the patient develops forward sagittal balance
and this may indicate a need for reduction [8].

4.2 Global Alignment

Numerous measurements exist to evaluate global
sagittal plane alignment. The simplest and most
commonly used reference point is the C7 sagittal
vertical axis (C7SVA). This is drawn vertically
down from the C7 vertebral body. The distance
between this line and the posterosuperior corner
of S1 is measured. Patients are considered to
have positive sagittal balance when this line lies
anterior to this point and negative when it lies
posteriorly. This line normally lies 0.5 cm
(£2.5 cm) from the posterosuperior corner of S1.
The advantage of this measurement is that it is
relatively simple and reliable and familiar to the
majority of practitioners. An additional method
of measuring overall balance is utilizing the T1
tilt angle. This is the angle between a line from
the centroid of Tl to the center of the
bicoxofemoral axis and the vertical plumb line.
This measurement has the advantage of not
requiring calibrated radiographs. T1 tilt angle has
been shown to correlate with SVA with angles
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greater than 25° correlating with greater than
10 cm of positive sagittal imbalance and most
importantly with patient-reported outcomes [9].

4.3 Imaging

Accurate measurement of these parameters
depends on the ability to obtain high-quality
radiographs. Full-length posteroanterior (PA)
and lateral radiographs on 36-in. cassettes are
crucial for complete radiographic evaluation of
spinal alignment. Newer low-radiation biplanar
radiography provides for excellent visualization
with only 10 % of the radiation of conventional
radiographs [10]. Visualization of the femoral
heads is mandatory for calculation of pelvic
parameters.

Patients should be instructed to stand with
knees locked in extension to fully appreciate the
sagittal plane while minimizing the effects of
compensatory knee flexion. Additionally, posi-
tion of the arms is key in obtaining quality radio-
graphs. While arm flexion is required in order to
properly visualize the spine, arm position also
affects the apparent sagittal alignment of the
spine. Such changes can be minimized using
multiple techniques. One common method is to
have the patient holding an IV pole or ski poles,
which keeps the arms at a 45° angle with the
weight of the arms supported by the poles [11].
This allows for passive elevation of the arms with
minimal change in sagittal alignment. An alterna-
tive position is to have the patient hold the arms

with their fists resting on the ipsilateral
clavicles.
44  Outcomes

Sagittal plane imbalance is poorly tolerated and
has dramatic implications for patients in terms of
functional status and quality of life [12]. Patients
with forward (indicated as +) sagittal balance
must constantly exert energy to maintain a hori-
zontal gaze and upright position. This results in
markedly increased energy requirement during
activities of daily living with increased oxygen
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consumption of up to 28 % and 60 % at 25° and
50°, respectively, of trunk flexion [13]. Part of
this compensatory mechanism is knee flexion,
which contributes to increased energy expendi-
ture. Patients may complain of thigh and buttock
fatigue as well as hip or knee pain in addition to
their back complaints. In addition, pelvic retro-
version and hyperextension of normal motion
segments are utilized by the patient to maintain
an erect posture and require muscular activity
and energy expenditure.

What this means for the patient is a dramatic
effect on quality of life and patient-reported
health-related outcomes. Of the radiographic
parameters, sagittal malalignment has been
shown to be the most predictive factor correlated
with adverse outcomes over coronal imbalance
and coronal curve magnitude. This has been
demonstrated via multiple indices including
SF-12 physical health composite, SRS-29 pain,
SRS-29 activity, SRS-29 total, and ODI ques-
tionnaires [9, 12, 14]. Such differences have been
shown to be particularly pronounced past an SVA
of 5cm [9].

Another important factor is the location of
sagittal deformity. While less important than
overall sagittal balance, more distally based
kyphosis is associated with worse prognosis.
Patients with a regional kyphosis of the lumbar
spine have been shown to experience signifi-
cantly more pain and disability compared to
those with neutral or lordotic lumbar alignment.
Additionally, an elevated pelvic tilt (>25°) por-
tends a poorer prognosis in terms of adverse
health outcomes with increased pain and
decreased function indicating that even well-
compensated sagittal malalignment is poorly tol-
erated in many patients [9].

Fig.4.2 Example of revision surgery for positive sagittal
imbalance

Figure 4.2 demonstrates a representative case
of a patient undergoing revision spinal fusion and
instrumentation for positive sagittal imbalance.
Preoperatively, the patient experienced severe
disability with an ODI score of 24. However, at 4
months postop, the ODI had increased to 44 and
the patient had improvement in all domains of the
SRS (Table 4.1).

Table 4.1 Preoperative and postoperative SRS outcome score

Activity Pain Image
Preop 2.40 2 1.2
Postop 43 4.5 4.5

Mental Satisfaction Mean
2.8 n/a 2.1
4.2 5 4.5
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Lumbopelvic Parameters

Manish K. Kasliwal, Justin S. Smith, Manish Singh,
and Christopher I. Shaffrey

5.1 Introduction
The demographic shift toward an older popula-
tion in the United States has led to an increased
prevalence of adult scoliosis, with reported rates
as high as 70 % among the elderly [1]. Although
the disease may have a relatively benign course,
some patients experience significant symptoms
as a result of disc degeneration, facet arthropa-
thy, and/or nerve root compression. Patients with
symptomatic adult scoliosis typically present
with pain and disability, and back pain and radic-
ulopathy are the most common presentations [2].
Complete understanding of adult scoliosis
requires assessment of lumbopelvic parameters,
which have recently been shown to correlate
with health-related quality of life (HRQOL) and
have proven to be important in surgical planning
for patients with adult spine deformity [3-6].
The spinal column performs a number of criti-
cal functions in the human body. As a structure,
the spine is frequently defined by the vertebrae,
discs, and surrounding soft tissues. It has been
recently understood that when one considers the
role of the spine in terms of balance and align-
ment, an isolated analysis of the spine is insuffi-
cient, and the spinal balance and alignment are
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intimately linked with the pelvis and lower
extremities [7—14]. In fact, Dubousset considered
the pelvis as a separate vertebra such that the
marked importance of the pelvis is included in
the analysis of the spine [15]. The pelvis, with its
static morphology, serves as the base of the spine
and articulates with it through the sacrum and
sacroiliac joints; its morphology determines the
position of the sacrum. The mobile spine adapts
to the sacral position, adjusting the degree of cur-
vature to achieve a mechanically efficient posture
[16]. Since pelvic morphology is constant, or at
least relatively static after adolescence for each
individual, the morphology of the pelvis can be
considered the foundation on which the rest of
the spine derives its sagittal orientation [17]. In a
normal, asymptomatic state, a balance occurs
between the spine and the pelvis: spinopelvic
balance. This term was first introduced by Vaz
et al. [14] as a means of describing the relation-
ship between pelvic morphology and the curva-
ture of the spine.

Although the coronal component of adult
deformity is often the most apparent and tradi-
tionally has been the target for surgical correc-
tion, it has been shown in multiple studies that
sagittal balance plays a more important role in
predicting the symptomatology and HRQOL in
adults with scoliosis both before and after sur-
gery [4, 6, 18, 19]. The ability to effectively
maintain an upright standing posture is funda-
mental to normal human function, with spinal
deformities often impairing the ability to main-
tain an upright posture. Recent studies of
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patients with spinal deformity have demon-
strated that global spinal misalignment is a
strong predictor of disability [4]. The concept of
cone of economy was introduced by Dubousset
to describe the fundamentals of optimal stand-
ing balance and posture, which is based on a
cone, centered at the feet of a standing individ-
ual, projecting upward and outward, which
defines the range of standing postures for which
the body can remain balanced with minimal
effort and free from external support [20]. As
the body moves toward the periphery of this
cone, often seen in patients with spinal deformi-
ties, additional effort and energy expenditure
are necessary to maintain balance, and beyond
the periphery, external support, such as a cane,
crutch, or walker, may be necessary to prevent a
person from falling. The substantially greater
energy required to maintain an unsupported
standing posture that approaches the periphery
of the cone of economy or beyond can produce
fatigue, pain, and disability, often seen in
patients with spinal deformity [20]. Several
radiographic measures have been defined for the
assessment of spinal alignment, including coro-
nal, sagittal, and pelvic measures, which if ideal
should lead to maintenance of upright posture in
the zone of economy, allowing for painless
upright posture at rest and during motion [7].
There has been increasing recognition of the
important role of the pelvis in influencing spinal
alignment and parameters for evaluation of spi-
nopelvic balance have been defined.

5.2  PelvicIncidence

Pelvic incidence (PI) is defined as the angle sub-
tended by a line drawn between the center of the
femoral head and the sacral endplate and a line
drawn perpendicular to the center of the sacral
endplate (Fig. 5.1) [21]. Pelvic incidence is a
morphological parameter that remains consistent
during a patient’s lifetime, with slight changes
occurring during prepubertal development [17].
Following puberty, PI is generally considered to
be a fixed morphological parameter, reflecting

Fig. 5.1 Pelvic incidence (PI) is described as an angle
subtended by a line which is drawn from the center of the
femoral heads to the midpoint of the sacral endplate and a
line perpendicular to the center of the sacral endplate. The
sacral slope is the angle between the superior sacral end-
plate and a horizontal reference line, and the pelvic tilt is
the angle between the line connecting the midpoint of the
superior sacral plate to the center axis of the femoral
heads and a vertical reference line. PI is the sum of the
sacral slope (SS) and the pelvic tilt (PT). SS and PT vary
based on pelvic position, while PI is a fixed parameter
(Image reproduced with permission from Medtronic.
Radiographic Measurement Manual. Memphis, TN:
Medtronic Sofamor Danek; 2004)

the relationship of the sacrum to the pelvis [17].
Although the PI is fixed, it regulates and attempts
to maintain sagittal balance primarily with
changes of lumbar lordosis (LL). Recently,
Schwab et al. reported on the role of PI in deter-
mining the degree of LL and supported a for-
mula, based on the work of Duval-Beaupere and
colleagues, in which lumbarlordosis (LL) =PI +9°
(x9°) 13, 22].
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5.3  PelvicTilt

Pelvic tilt (PT) is defined as the angle subtended
by a line drawn from the midpoint of the sacral
endplate to the center of the bicoxofemoral axis
and a vertical plumb line extended from the bicox-
ofemoral axis (Fig. 5.1) [6]. When the spine tilts
forward (age-related change, sagittal imbalance,
loss of lordosis, increase of kyphosis), one way to
maintain the spinopelvic alignment is to retrovert
the pelvis with increase in PT to maintain an eco-
nomic posture and to keep the spine as vertical as
possible. In a review of 125 cases involving adults
with spinal deformity by Schwab et al, there was a
significant correlation between HRQOL measures
and PT [13]. A high PT is indicative of pelvic ret-
roversion in an attempt to compensate for sagittal-
plane deformity, and it compensates for decreased
LL (Fig. 5.2) [13]. While PT is an important
parameter and does correlate with HRQOL, it
should also be remembered that PT is a posture-
dependent measurement [6, 13]. Correction of
deformity by performing an osteotomy without
accounting for an increased PT has the potential to
result in incomplete correction of positive sagittal
imbalance and persistent clinical symptoms of
sagittal imbalance [7]. Pelvic realignment should

Fig.5.2 Schematic diagram
demonstrating for a given
structural deformity, how
pelvic retroversion compen-
sates for spinal deformity.
Left, no pelvic retroversion
and high sagittal vertical axis
(SVA). Middle, moderate
pelvic retroversion and SVA.
Right, high pelvic retroversion
and no SVA

<

a

attempt to obtain a postoperative PT<20° [19].
PT realignment restores appropriate femoral-
pelvic-spinal alignment required during efficient
ambulation. This parameter independently has
been shown to correlate to impairment in walking
tolerance; therefore, it should be considered in
surgical planning [6, 13, 15].

5.4  Sacral Slope

Sacral slope (SS) is defined as the angle subtended
by a line drawn along the endplate of the sacrum
and a horizontal reference line extended from the
posterior superior corner of S1 (Fig. 5.1) [23]. A
mathematical relationship exists such that PI is
the sum of PT and SS (PI=PT+SS) [5-7, 19, 23].
As PT increases, the SS decreases because the
sacrum assumes a more vertical position about the
femoral head axis (pelvic retroversion) [6].

5.5 Lumbar Lordosis

Lumbar lordosis (LL) is measured from the supe-

rior endplate of L1 to the superior endplate of S1
and plays an important role in maintenance of

“ K
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upright posture (Fig. 5.3) [13]. Loss of lumbar
lordosis or flat back syndrome has been associ-
ated with clinical symptoms of back pain and

Fig. 5.3 Sagittal spinal parameters. Lumbar lordosis
(LL) measured from the superior endplate of L1 to the
superior endplate of S1

inability to maintain upright posture [24]. Normal
values of LL have been described for the adult
population and typically range from 40° to 60°.
However, the role of pelvis cannot be underesti-
mated in influencing the LL, since every individ-
ual has an LL which is dependent on the PI [11,
17,23, 25]. A study by Duval-Beaupere and col-
leagues demonstrated that there is a relationship
between the LL and PI and that relationship must
be maintained in order to optimize the spinopel-
vic balance [22]. A larger-than-normal PI needs
to be balanced with a larger-than-normal SS and
LL. Although the spine can be balanced even
with a lower LL as compared to PI, the PT is
often elevated in that case and signifies a sign of
sagittal imbalance, highlighting the complex role
the pelvis can play in determining the overall spi-
nal balance [10].

5.6 Pelvic Obliquity

Pelvic obliquity is a coronal plane parameter
which often plays a crucial role in surgical plan-
ning. Pelvic obliquity is estimated by measuring
the angle formed between a horizontal reference
line and a line drawn between the 2 inferior
points of the sacral ala on an anteroposterior
radiograph (Fig. 5.4) [7]. Pelvic obliquity can be
aresult of leg length discrepancy from congenital
or acquired conditions or from sacropelvic defor-
mity, either of which may produce a compensa-
tory lumbar curve to balance the spine. Correction
of this lumbar curve without correction of the

Horizontal
Pelvic refcla,i:]eence
coronal
reference ~ (HRL)
line
Fig.5.4 Tllustration showing (PCRL) h':)ergc?r:?alll
measurement of pelvic obliquity reference
(Image reproduced with line
permission from Medtronic. (FHRL)

Radiographic Measurement
Manual. Memphis, TN:
Medtronic Sofamor

Danek; 2004)
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underlying pelvic obliquity may lead to coronal
decompensation. Similarly, pelvic obliquity can
be secondary (e.g., resulting from attempts to
compensate for a spinal scoliotic curve), and in
these cases, the curve correction strategies must
be of sufficient magnitude to allow the pelvis to
relax in the coronal plane following surgery. All
patients should be evaluated clinically and radio-
graphically for a leg length discrepancy, and if
one is identified, the patient should be reevalu-
ated both clinically and radiographically after fit-
ting with a shoe lift to assess how the spine and
pelvis respond to correction of the discrepancy.
Patients with a flexible curve due to pelvic oblig-
uity as a result of a leg length discrepancy may
respond well to the addition of a shoe lift only or
surgical treatment of the leg length discrepancy.
If the spinal curve is rigid, it will not correct after
the addition of a shoe lift, and surgical planning
should take this into account.

5.7 The Spinopelvic Relationship
and Pelvic Translation
Initially, treatment of scoliosis commonly

remained restricted to correction of LL and
thoracic kyphosis (TK). Recently, several stud-
ies have underscored the importance of pelvic
morphology in the standing balance in normal
adults and children, particularly through effect
on LL [8, 9, 11, 12, 26]. It has been suggested
that parameters across adjacent zones of the spi-
nopelvic axis (pelvis/lumbar spine; lumbar spine/
thoracic spine) are interdependent. These rela-
tionships result in the sagittal balance of an indi-
vidual and the use of compensatory mechanisms.
It has been shown that the center of mass of the
standing person should be balanced within a nar-
row relationship to the feet for all subjects (adult
patients with spinal deformity and asymptomatic
adult subjects) as described by Dubousset’s cone
of economy concept [20]. In order to maintain
the gravity line, it is evident that spinal deformity
will lead to recruitment of balancing mechanisms
[12]. One of the ways to measure this is to ana-
lyze the PT which indirectly measures the pel-
vic location regarding the heel line and increases
when the sagittal vertical axis (SVA) increases to
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shift the pelvis posteriorly to maintain the overall
balance [6]. These findings confirm the critical
role of the pelvis in maintaining balance of the
spinopelvic axis.

5.8 Clinical Relevance

It has been shown recently in a number of studies
that proper sagittal alignment is the single most
important factor affecting outcome for adults
undergoing spinal deformity surgery [4, 19, 27].
Patients with spinal deformity with a positive
sagittal alignment and inadequate LL have worse
physical and social function, self-image, and pain
scores [4]. While clinically effective, one of the
shortcomings of the sagittal balance concept is
that it does not address how balance should be
achieved. This is where the concept of spinopel-
vic balance impacts adult spinal deformity sur-
gery. Spinopelvic balance is based on the concept
that there exists a normal, harmonious relation-
ship between the pelvis and the spine [7-9, 11,
12, 26]. Restoring this relationship during adult
spinal deformity correction may play an impor-
tant role in determining the surgical outcomes of
these patients, independent of sagittal balance.
The results of a large study by Lafage et al. dem-
onstrated that pelvic position, measured by PT,
correlated with HRQOL measures in adult
patients with spinal deformity [6]. Additionally,
the abnormally high values for PT reflect pelvic
retroversion, which is a compensatory mecha-
nism for sagittal imbalance. This may affect the
surgical decision on osteotomy type and location,
as well as how and where correction is achieved
along different segments of the spine [7].
Spinopelvic balance should be differentiated
from sagittal balance; the latter describes the
overall sagittal-plane relationship between spine
and the pelvis, while the former describes how
the components of the sagittal plane, the regional
curves, affect and relate to each other. Vaz et al.,
[14] noted that the PI remains constant, while LL,
TK, SS, PT, and knee position all vary. PI, which
is constant in each individual, dictates the posi-
tion of the sacrum, which is balanced by the
degree of LL, which then impacts the amount of
TK. Recently, a new classification system has
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been developed for adult deformity, the SRS-
Schwab classification, which incorporates spinal
and pelvic parameters with very high interob-
server and intraobserver reliability and might be
useful for classifying this group of patients [28].

Studies have demonstrated that patients who
developed flat back or sagittal decompensation
after spinal fusion tended to have a high PI and
that decompensated patients had less LL in rela-
tion to PI. Gottfried et al. [29] reported a spinopel-
vic profile in patients who developed fixed sagittal
imbalance after spine fusion, which consisted of a
high PI and an extremely elevated PT and reduced
LL and TK due to compensation for fixed sagittal
imbalance with reduced TK and increased pelvic
retroversion. This again highlights the importance
of identifying abnormal sagittal spinopelvic
parameters before surgery and appreciating that
patients with elevated PI require more LL and that
presence of high PT after surgery often indicates
inadequate correction of sagittal spinal alignment.
[6, 13, 18, 19, 21]

Conclusions

To conclude, the pelvis plays a critical role in
balanced upright sitting and standing postures.
Apart from the traditional measures such as
SVA, LL, TK, and regional scoliotic curves,
evaluation of pelvic parameters is paramount
to develop a surgical strategy that maximizes
the chances of optimal surgical outcome.
When planning spinal reconstructive proce-
dures, it is important to consider that preop-
erative planning formulas that do not evaluate
pelvic parameters especially PI and PT may
be inaccurate and increase the risk for post-
operative misalignment. [30] Normalization
of PT requires more angular correction than
predicted by the formula of Ondra et al. [31]
Pelvic obliquity and the associated etiol-
ogy should also be taken into account as the
etiology of pelvic obliquity and whether it
is primary or is compensatory significantly
affect the overall surgical planning. A num-
ber of studies have examined the relationship
between position of the pelvis and alignment
of the spine. It is important to understand
this relationship in healthy subjects such that
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proper diagnostic evaluation and optimal treat-
ment approaches for spinal deformity can be
pursued. Poor integration of the spinopelvic
relationship can lead to suboptimal outcome
and iatrogenic pathology such as flat back and
kyphotic decompensation syndromes, also
termed “fixed sagittal imbalance.”
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The Importance of the Fractional

Curve

Michael Y. Wang

6.1 Introduction

The last decade has witnessed the proliferation of
techniques and technologies for minimally inva-
sive spinal surgery (MIS). Many of these meth-
ods have now been effectively applied to treat
spinal deformities, with the end result being that
modern MIS surgeons have had to develop an
understanding of traditional deformity principles.
It cannot be overstated that deformity surgeons
have spent the past 70 years developing an under-
standing of the principal tenets and goals of sur-
gical intervention. This level of understanding,
while continually in evolution, has been the result
of tireless research, with the primary goal of
improving patient outcomes. Needless to say, the
application of MIS techniques should be applied
with these principles foremost in mind. Examples
of these tenets would include achieving a suc-
cessful arthrodesis, respect for neural tissues, not
stopping a fusion at the apex of a curve, and res-
toration/maintenance of coronal and sagittal
balance.

One of the areas where MIS surgery has
proven less than adequate has been the manage-
ment of fractional curves in adult spinal defor-
mity surgery. Because the development of
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scoliosis typically occurs gradually, the “major”
curve is compensated for at least in part by one or
two other “minor” curves as the body attempts to
maintain coronal balance. As the typical major
curve lies in the mid-lumbar spine, some com-
pensation will also occur below this major curve.
This scoliosis, which typically resides at the lum-
bosacral junction, is called the fractional curve
(Fig. 6.1). In addition, a coronal imbalance at the
L5/S1 level can actually produce a compensatory
major curve above it.

Biomechanics
of the Fractional Curve

6.2

Surgeons treating scoliosis should pay special
attention to the lumbosacral junction. In tradi-
tional open surgery, fusions will often involve
the lumbosacral junction, and successful opera-
tions need not pay special attention to this area
as an open exposure will allow for neural decom-
pression, fusion, instrumentation, and segmental
manipulation to correct any local deformity. For
example, due to difficulties in achieving an L5—
S1 fusion, many surgeons will perform an
adjunct anterior lumbar interbody fusion. While
this approach adds the risks and morbidity of a
second surgical approach, it offers several dis-
tinct advantages: (1) The ample exposure of the
disc space unencumbered by neural elements
allows the surgeon to place a graft with a large
surface area for fusion. (2) The ability to place
this large interbody spacer or graft improves
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anterior load sharing, off-loading stress from the
posterior fixation hardware. (3) Distraction of
the disc space also opens the neural foramen,
indirectly decompressing the neural elements.
(4) Removal of the anterior longitudinal liga-
ment allows for application of significant forces
to distract the disc space. This affords the oppor-
tunity to add up to 15° degrees of lordosis to the
spine. (5) Improving sagittal and coronal align-
ment at the lumbosacral junction translates into
greater effects up the spinal column than an
equal correction in the mid-lumbar spine. In
essence, then, the addition of a L5-S1 or L4-S1
ALIF will effectively deal with any fractional
curve issues. Other methods for handling the
fractional curve in open surgery include PLIF or
TLIF, posterior decompression, and segmental
manipulation of the screws and rods to achieve
deformity correction.

In a review by McPhee and Swanson, correc-
tion of the fractional curve via a staged procedure
resulted in a substantial correction of scoliosis,
lordosis maintenance, and high arthrodesis rates.
Furthermore, these radiographic findings were
correlated with a greater more improvement in
function than with posterior surgery alone [1].
Given these factors, both traditional and MIS sur-
geons should pay special attention to the frac-
tional curve. Preoperatively, an assessment of the
fractional curve’s role in compensating for the
major curve, its degree of flexibility, the amount
of sagittal correction needed in this area, and any
local neural element compression in this area is
all critical in preoperative planning. Preoperative
MR, lateral bending X-rays, and 36 in. standing
films can be helpful for preoperative patient
evaluation.

6.3  Neural Entrapment

at the Fractional Curve

In a study by Fu et al. of 36 patients with adult
scoliosis, at least one level of severe foraminal
stenosis was identified in 97 % of patients, and all
but one of these patients had significant radicular
pain. 19 % of patients presented with multiple
levels of symptomatic nerve root entrapment,

76 % had pain corresponding to areas of the most
severe foraminal stenosis, and 24 % had pain cor-
responding to areas of moderate stenosis [2].
During the preoperative evaluation, it is critical
to identify the symptomatic level(s) of nerve
entrapment, if there is concomitant leg pain.
Fractional curve radiculopathies will typically
involve L5 or S1, thus radiating down the poste-
rior thigh and into the dorsum or sole of the foot
(Fig. 6.1). Pain that is more localized to the ante-
rior thigh or groin is typical of mid- and upper-
lumbar radiculopathy and thus associated with
the major curve.

-
-
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Fig. 6.1 (a) Typical adult degenerative scoliosis demon-
strating the major curve in the mid-lumbar spine with a
compensatory fractional curve at the lumbosacral junc-
tion. (b) Also note the loss of normal lordosis at the lum-
bosacral junction. (¢) The patient’s preoperative pain
drawing showing symptoms of an L5 radiculopathy due to
foraminal stenosis associated with the fractional curve
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Fig. 6.1 (continued)

6.4 Delayed Adjacent
Degeneration at the

Lumbosacral Junction

Stopping a surgical construct before the lumbo-
sacral junction is undertaken when the surgeon
wishes to minimize the number of levels fused.
Maintenance of motion at either L4/L5 and L5/
S1 preserves a patient’s ability to compensate for
any over- or under-correction of deformity. This
strategy requires a healthy disc at the interspace.
In a study by Brown et al., six out of 16 adult
scoliosis patients who had a long fusion stopping
at L5 had significant adjacent segment degenera-
tion on radiographic studies (38 %). Three of
these (19 %) underwent revision surgery. Patients
with good preoperative sagittal balance, pre-
served lumbar lordosis, good postoperative frac-

tional curve correction, and L5-S1 disc height
preservation were the most likely to benefit from
stopping the fusion at L5 [3]. Patients with a pre-
existing fractional curve at the L5-S1 area who
do not have the area fused surgically are thus at
high risk for adjacent segment breakdown and
the need for revision surgery.

6.5 Deficiencies with MIS

Surgery

The use of MIS techniques to treat spinal defor-
mity poses unique challenges. Some of the com-
monly used methods, such as trans-sacral screws
or trans-psoas interbody fusion, are more easily
applied at certain spinal levels. For example, the
superior aspect of the iliac crest can render lateral
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access to the L5-S1 disc space highly problem-
atic, without drilling through the iliac wings.
Thus, surgeons employing this technique will
have to either leave the lumbosacral curve
untreated or employ a different route of access
for deformity correction and fusion/fixation.

In addition, access to the low lumbosacral lev-
els through the psoas muscles poses substantially
more risk of a neurological complication, such as
a femoral nerve injury or lumbosacral plexopathy
[4]. The psoas muscle is also thicker and more
prone to retraction-related injury in these areas.
As such, some surgeons elect not to fuse L4-L5
through a lateral access route unless they go ante-
rior to the psoas muscle.

Routes of access to accompany a trans-psoas
approach include trans-sacral screws or MIS
TLIF. Both of these approaches require prone
positioning, thereby lengthening the surgical pro-
cedure and anesthetic time. In cases where prone
positioning would be needed for supplemental
MIS screw fixation, these may be acceptable
options.

6.5.1 Curve Under-Correction

While the MIS surgeon may approach the patient
with good intentions for deformity correction,

M.Y. Wang

under-correction of curves can be problematic.
Open surgical procedures allow the surgeon to
perform specific maneuvers to destabilize the
spine, including facet osteotomies, placement of
large interbody grafts, and removal of any poste-
rior osteo-ligamentous structures. This allows for
mobilization of the spine and later deformity cor-
rection and can be critical given the stiffness of
adult deformities. Furthermore, the lumbosacral
junction tends to be particularly rigid and may
already be fused into an abnormal position. Open
surgery also allows for application of forces more
directly to the spine to manipulate it under direct
visualization. For example, compression and dis-
traction between pedicle screw heads in open sur-
gery is more efficient as a force vector can be
applied directly between the screw heads with the
rod already in place. MIS techniques do not strip
all the overlying soft tissues and make direct
force application along the long axis of the rod
problematic.

Thus, when performing MIS deformity surgery,
the surgeon should realistically gauge his or her
ability to destabilize and then fixate the lumbosacral
junction into an acceptable alignment. Failure to do
so can lead to clinical worsening, as a solid fusion/
fixation can reduce the patient’s ability to compen-
sate for a fractional curve by stiffening the mid-
lumbar spine (Figs. 6.2 and 6.3).
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Fractional curve
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Fig.6.2 (a) Consequences of correction of the major curve without proper attention to a fixed fractional curve, leading
to a worsening of coronal balance after surgery. (b and ¢) Case example
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Fig. 6.3 (a and b) Proper
attention paid to rigid major
and fractional curves,
resulting in neural decompres-
sion of the lower lumbar nerve
roots, improvement of sagittal
balance, and maintenance of
coronal balance while
correcting the scoliosis. This
procedure was performed with
a multilevel MIS TLIF at
T11-iliac in concert with
percutaneous screw-rod
placement and facet fusion of
the thoracolumbar area

Conclusions

The field of MIS spinal surgery is still in its
infancy. In the past, minimal scientific com-
munication between traditional open defor-
mity surgeons and MIS surgeons has led to
recognition that MIS techniques must still
respect the established and validated goals of
deformity surgery in general. Recognition and
management of fractional curves is an exam-
ple of one area where MIS deformity surgery
can be deficient. Failure to recognize the limi-
tations of MIS surgery can lead to suboptimal
patient outcomes.
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Radiation Safety

D. Greg Anderson

7.1 Introduction

Radiation is a form of energy. There are two
basic types of radiation: particulate radiation
and electromagnetic radiation [1].

Particulate radiation is produced by the dis-
integration of an unstable atom and includes
alpha and beta particles. These particles have
both energy and mass [1]. Alpha particles are
larger subatomic structures with two protons and
two neutrons, which are capable of traveling only
short distances with minimal tissue penetration.
Alpha particles can, however, cause substantial
biologic damage when inhaled or ingested. Beta
particles are fast-moving electrons (or positrons)
and are capable of traveling longer distances,
penetrating deep into or through tissue [1]. Beta
particles (positrons) are used in positron emis-
sion tomography (PET) scans.

The second basic type of radiation is electro-
magnetic radiation (EMR), which includes (in
order of increasing energy) radio waves, micro-
waves, infrared waves, visible light, ultraviolet
light, X-rays, and gamma rays. EMR is pure
energy with no mass and has characteristics of
both an electric and magnetic field. EMR is emit-
ted by charged particles and travels in an oscillat-
ing wave with a wavelength that is inversely
proportional to the energy of the wave.
Electromagnetic waves contain photons, or small
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packets of energy, which travel (in a vacuum) at
the speed of light [1].

Ionizing radiation includes forms of radiation
that carry enough energy to liberate electrons
from atoms, thus ionizing the atom. In the elec-
tromagnetic spectrum, wavelengths shorter than
visible light are capable of ionizing atoms.
Ionizing radiation can exert a major effect on
human health by damaging DNA and causing
genetic mutations. There are many sources of
ionizing radiation in the environment including
both natural and man-made sources. The average
background radiation worldwide is about 3 mSv
(0.3 rem) per year. Natural sources of ionizing
radiation account for about 80 % of the back-
ground radiation to humans and include cosmic
radiation, solar radiation, ingestion of radioactive
elements, radon gas, and ground sources of radia-
tion. Medical radiation accounts for the greatest
component of man-made radiation exposure to
humans and includes various diagnostic and ther-
apeutic modalities [2].

In an occupational setting, exposure to ioniz-
ing radiation should be limited to the greatest
extent possible to limit the potential health
impacts of radiation exposure. Unfortunately,
there is no threshold effect for ionizing radiation
exposure, meaning that there is no exposure level
with zero health risks below it. The sievert (Sv) is
the primary unit utilized to discuss the effects of
medical radiation exposure and is defined as 1 J
of energy per kilogram of body tissue, averaged
over the whole body. In occupational settings,
radiation is generally measured in millisieverts
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(mSv), or 1/1,000 Sv. The effects of ionizing
radiation are reduced by the distance from the
source according to the inverse square law: inten-
sity = I/distance [3].

Ionizing radiation has become an indispens-
able tool in modern medicine. Radiation is used
in medicine in two primary ways: to diagnose
disease or injury and to kill unwanted (generally
cancerous) cells. The oldest and still most com-
monly used radiation modality is the plain radio-
graph. In this study, X-rays are passed through
body tissues and collected on a photosensitive
detector (film) producing an image of the tissues
traversed by the X-ray beam. Less commonly
performed diagnostic studies in the field of
nuclear medicine involve the injection, swallow-
ing, or inhalation of a radioisotope which emits
particles which can be detected (by a gamma
camera) for diagnostic purposes [2]. In general,
the radioisotope chosen preferentially localizes
to the specific tissues or organ where diagnostic
information is required.

Due to the potential negative health impact
of ionizing radiation, the Federal and State
Governments impose strict controls on ion-
izing radiation exposure in an occupational
setting [4]. The two primary bodies which
oversee and provide recommendations on occu-
pational exposure limits for radiation include
the International Commission on Radiological
Protection (ICRP) and The National Council on
Radiation Protection (NCRP). In general, the
guidelines established by these organizations
have two principle objectives: (1) to prevent
acute unhealthful radiation exposure and (2) to
limit chronic radiation exposure to “acceptable”
levels [5]. The general philosophy of occupa-
tional radiation exposure is to maintain exposure
levels “as low as reasonable achievable.” This
means that all radiation workers should make
every reasonable effort to reduce radiation expo-
sure to humans, far below the required limits
whenever possible [5]. When considering diag-
nostic medical radiation exposure, the primary
variables to consider are the following: exposure
time, distance from the source, and the presence
of shielding [6].
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In the United States, the ICRP and NCRP rec-
ommendations include: [7-9]

1. Occupational Exposures

— Annual effective dose limit: 50 mSv per

year

— Cumulative effective dose limit: 10 mSv X

age (years)
2. Equivalent Dose Limits for Specific Tissues

— Lens of eye: 150 mSv

— Skin, hands, and feet: 500 mSv

— Thyroid: 20 mSv

The primary risk from occupational radia-
tion exposure is an increased risk of cancer,
although other diseases such as cataracts and
teratogenesis are also of concern. The risk
depends on the amount of radiation received,
the time over which the dose is received, and
the body parts exposed. Although scientists
assume low-level radiation exposure increases
one’s risk of cancer, medical studies have not
demonstrated adverse health effects in individu-
als exposed to small chronic radiation doses
(i.e., up to 10,000 mrem above background).
Also, the increased risk of cancer from occupa-
tional radiation exposure is small when com-
pared to the normal cancer rate in modern
society [3].

As mentioned, there is no threshold effect,
which means that there is no radiation dose with
a zero risk of excess tumor formation. For
instance, one study documented an increased
rate of DNA translocation and certain cancers in
pilots, which were exposed to radiation from
flying at high altitudes [10]. Cancer risk was
found to increase with more years of flight,
showing the cumulative effects to radiation
workers [10].

Among hospital workers, orthopedic sur-
geons have been shown to have as high as a
fivefold increased chance of tumor formation,
presumably caused by the prolonged occupa-
tional exposure to ionizing radiation [4, 11].
The most common modality to expose the spine
surgeon to radiation is the C-arm used during
spinal procedures. Unfortunately, spinal proce-
dures using fluoroscopy may expose the sur-
geon to radiation doses 10—12 times higher than
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that of other nonspinal musculoskeletal proce-
dures [12].

Patient exposure should also be considered.
The relative radiation exposures of common
diagnostic imaging modalities are: [9]

— Lumbar AP and lateral radiograph=>1.8 mSv

— Percutaneous insertion of 4 pedicle
screws = (0.5 mSv
— Spiral CT scan of  chest or

abdomen = 10-20 mSv
— Cardiac ablation procedure = 10-300 mSv

As mentioned above, radiation exposure to the
cornea can cause cataracts. Cataract formation is
4.6 times more frequent in radiation workers
compared with nonradiation workers [13]. One
study involving kyphoplasty found that radiation
exposure to the eye was 0.271+£0.200 mSv per
vertebra when eye shields were not used [14].

Radiation scatter from the X-ray beam hitting
the patient, metal retractors, and the OR table is
the primary source of radiation exposure to the
surgeon. The dose of radiation scatter is much

higher on the side of the X-ray emitter as com-

pared to the receiver (Fig. 7.1). To minimize the

effects of radiation exposure, the following steps

should be taken: [15]

1. Shielding: The surgical team should use per-
sonal protective equipment in the operating
room (Fig. 7.2).

2. Distance: As dictated by the inverse square
law, the exposure to radiation is inversely pro-
portional to the square of the distance to the
source. Therefore, the surgeon and other per-
sonnel should be located as far away as practi-
cal from the radiation source during
fluoroscopic procedures [15]. When possible,
the surgeon should work on the side of the
X-ray source and not the X-ray emitter.

3. Fluoro Time: Minimize the beam-on time when
using fluoroscopy. Use good coning techniques
to narrow the beam and avoid magnification
mode which has a higher radiation output. Use
spot images, rather than continuous fluoro-
scopic images, whenever possible [15].

Fig. 7.1 Illustration of how the largest amount of radia-
tion is produced by scatter near the X-ray source: (a) posi-
tion of the X-ray tube above should be avoided; (b) by
positioning the X-ray tube below the patient, the amount

of scatter to the surgical team is reduced; (c) in the lateral
position, the radiation scatter is less on the side of the
X-ray receiver
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Fig. 7.2 Personal protective equipment used in operating room: (a) Leaded glasses (0.75 mm of lead equivalent), (b)
leaded apron (0.5 mm of lead equivalent), (c) thyroid shield (0.5 mm of lead equivalent)

Conclusion

Understanding the physics of radiation and the
biologic effects of radiation exposure, a surgeon
can minimize the health risks to himself/herself
and reduce the risks to the surgical team and
patient. Proper personal protective equipment
should always be utilized and specific steps
should be taken to reduce fluoroscopic time and
increase the distance from the radiation source
when performing spinal procedures.
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Costs of Minimally Invasive Spine

Surgery

Kevin S. Cahill

8.1 Introduction: Costs of Spinal

Surgery

It is well known that the US healthcare system
devotes significant resources to the evaluation and
treatment of patients with spinal disorders. Back
pain continues to be one of the leading causes of
disability in the USA and has been reported to be
the most common reason for seeking evaluation by
a physician, second only to the common cold [1-
4]. It is estimated that over 33 million US adults
suffered from spine-related disorders in 2005 [4].
In addition, it has been shown that the average
expenditure for medical care by US adults with
spinal disorders is 73 % higher than adults without
back and neck problems [4]. This corresponded to
a national total expenditure of over 89 billion dol-
lars in 2005 on spine-related care [4].

Given the high prevalence of spinal disorders
in the US society and these associated costs, the
costs and utilization of surgical procedures in the
treatment of patients with spinal disorders have
been under scrutiny. Although surgical costs are
only one component in the complex array of
healthcare resources that are consumed during
the treatment and evaluation of patients with spi-
nal disorders, they have received great interest in
academia and the lay press [5]. A primary reason
for this increased scrutiny has likely been the
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dramatic increase in utilization of surgical proce-
dures for the treatment of spinal disorders.

There has been significant interest in the
increased utilization of spinal decompression and
fusion procedures in the treatment of cervical and
lumbar spinal disorders over the past two decades
[6-10]. It is well documented that the utilization
of surgical procedures for the treatment of spinal
disorders has been on the rise, although more
recent evidence in Medicare patients suggests
that overall surgical rates have slightly declined
from 2002 to 2007 [7]. The majority of interest
has been on the utilization of more costly spinal
fusion procedures, with reports demonstrating a
dramatic increase in spinal fusion rates over the
past 15 years. For example, one report demon-
strated that there has been an increase greater
than 100 % in the number of fusion procedures
performed for degenerative spine disease seen
from 1996 to 2001 [6]. More recent data has indi-
cated that the yearly total number of fusion pro-
cedures has stabilized since 2002, although the
performance of complex surgical fusions has
increased [7].

There is substantially less known about the
utilization of minimally invasive techniques in
spinal surgery. A variety of minimally invasive
techniques have been developed for spinal proce-
dures over the past decade. Many are now readily
employed in routine spinal procedures. Details of
these techniques can be found throughout the
remainder of this comprehensive minimally inva-
sive spinal surgery text. One of the first mini-
mally invasive techniques developed for lumbar
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surgery was the muscle-splitting approach for
lumbar micro-discectomy. This procedure is per-
formed through a tubular retractor and has been
described for initial as well as revision discec-
tomy [11, 12]. More complex procedures involv-
ing minimally invasive fusion techniques have
been more recently described for single-level as
well as multilevel thoracolumbar pathologies
[13-15].

Given the high prevalence of spinal disorders
in the USA, the significant costs to the healthcare
system associated with treatment of back pain,
and the increasing utilization of certain surgical
treatments for spinal disorders, determination of
the economic value of surgical treatments for spi-
nal disorders is of great significance to the popu-
lation’s health and healthcare finances. Minimally
invasive surgical procedures are an example of a
novel technology with a yet unknown cost profile
and economic value. The evaluation of the cost
profile of minimally invasive spinal procedures
and the corresponding clinical outcomes has the
potential to significantly improve outcomes in
spinal fusion as well as help determine the most
cost-effective treatments. The remainder of this
chapter will provide an overview of the relevant
components of a cost analysis of minimally inva-
sive spinal surgery and summarize the available
data.

8.2  Cost Analysis

There are several different categories of costs to
consider when evaluating a novel surgical proce-
dure. In general, most cost and cost-effectiveness
analyses will be performed from the perspective
of the society. Societal costs will consider every-
one affected by the procedure and all related
costs regardless of who actually is responsible
for the costs [16]. When looking at a specific sur-
gical procedure, the initial total costs associated
with the procedure as well as long-term total
costs must be considered. The initial costs of the
surgery and initial hospitalization costs will
include the costs associated with the use of the
operating room, surgeon and anesthesiologist
fees, surgical implant costs such as those for
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spinal instrumentation, and other supplies used
during the procedure. General costs of operating
room time and associated personnel can be esti-
mated per given time unit to allow for estimation
of the cost impact of longer procedures.
Postoperative hospitalization costs can also be
itemized. In addition to a standard room and
board cost, there will be laboratory fees, medica-
tions, supplies, radiology fees, and other ancil-
lary services such as physical therapy.

To get a true sense of the cost profile of the
procedure, the long-term costs must be evaluated
in addition to initial costs. In spine procedures,
there are many relevant delayed costs that may
have a significant impact on the overall cost.
Repeat surgical procedures, complications, and
repeat hospital admissions related to the primary
procedure are important components that need to
be analyzed. Furthermore, the recovery time in
the postoperative period can be quantified into a
cost associated with the procedure. Although this
is somewhat controversial, this is typically ana-
lyzed in the form of lost productivity, and there
are many ways that have been described to quan-
tify this value [17]. In several spine surgery
reports, the time to return to work has been uti-
lized as a proxy for this productivity cost.

Decreased Costs with MIS
Spine Surgery

8.3

There are many theoretical reasons why a MIS
approach to spine surgery should produce spe-
cific areas of cost savings. The overall con-
cept of less tissue disruption that is the basis
for MIS surgery should translate into less sur-
gical trauma and therefore cost savings in the
postoperative period as the patient is able to be
mobilized more rapidly and experiences a faster
recovery. As such, the cost savings are expected
to be realized in the postoperative period for
MIS spine surgery.

The postoperative period following MIS
spine procedures has been carefully ana-
lyzed. The largest volume of data is available
for MIS lumbar micro-discectomy. In lumbar
micro-discectomy, muscle-splitting approaches



8 Costs of Minimally Invasive Spine Surgery

performed through a tubular retractor have been
advocated as a minimally invasive technique and
have been described for initial as well as revision
discectomy [11, 12]. In this procedure, a trans-
muscular approach is taken to the lumbar spine.
This approach is considered less invasive than
the subperiosteal dissection performed in the
traditional “open” micro-discectomy procedure.
There have been several large studies comparing
the postoperative clinical outcomes with tubu-
lar approaches compared to open micro-discec-
tomy. In a multicenter trial of 100 randomized
patients, the tubular micro-discectomy group
saw a slightly faster clinical recovery but only
when the procedure was performed at the more
experienced clinical center [18]. This effect was
predominately due to early reductions in back
pain scores for the tubular group at the experi-
enced center. A randomized, single-center trial
of 125 patients demonstrated equivalent clinical
results for the two approaches but a decrease in
postoperative analgesic use was detected in the
tubular micro-discectomy group [19]. Likewise,
the analysis of a single surgeon series of 66
patients indicated that patients who underwent
tubular micro-discectomy had lower immediate
postoperative narcotic utilization and shorter
postoperative hospitalization times [20].
Despite these improvements in postoperative
recovery, substantially less has been reported on
the actual impact of this MIS approach on overall
costs of micro-discectomy. The largest analysis
to date comparing tubular to conventional micro-
discectomy was performed in the Netherlands by
Arts et al. [21]. This randomized controlled trial
of 328 patients demonstrated slightly less favor-
able outcomes for tubular micro-discectomy at
1-year postsurgery and nearly identical outcomes
at 2 years [21, 22]. The cost-effectiveness analy-
sis of this trial has also recently been released
where it was concluded that tubular micro-
discectomy was unlikely to be cost-effective
compared to conventional techniques [23]. In this
cost-effectiveness analysis, it was demonstrated
that the average costs for surgery, including the
initial hospital admission, were higher for tubular
discectomy. However, this analysis was per-
formed outside of the USA, so it is difficult to
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translate these results to practice in the USA
where healthcare costs are significantly
different.

For more complicated MIS procedures, such
as lumbar fusion, it would be expected that the
MIS approach should have even greater cost sav-
ings in the postoperative recovery period. That is,
most micro-discectomies are performed in the
outpatient setting and have relatively rapid post-
operative recovery times. Larger fusion proce-
dures have much more significant costs associated
with postoperative hospitalization, recovery
time, and complications. The ability of MIS pro-
cedures to reduce the costs of these postoperative
expenses may have a substantial impact on the
overall cost profile of the procedure.

There is relatively limited data on the costs
associated with MIS fusion compared to open
fusion procedures. Wang et al. analyzed out-
comes and hospital charges following open com-
pared to MIS lumbar interbody fusion in a series
of 74 patients at the University of Miami [24].
This was a retrospective evaluation of open pos-
terior lumbar interbody fusion (PLIF) compared
to MIS trans-foraminal lumbar interbody fusion
(TLIF). For single-level procedures, the average
length of stay for the MIS TLIF group was
approximately one day shorter than the open
PLIF group (3.9 vs. 4.8 days, p=0.01). This
report also demonstrated an average hospital
charge for single-level MIS TLIF procedures of
$70,159 compared to $78,444 for open PLIF pro-
cedures. The data for the two-level procedures
failed to reach statistical significance. This was
likely attributable to the smaller sample size of
15 patients in the two-level group.

A formal cost-effectiveness analysis has also
been reported for 30 nonrandomized patients
with grade 1 spondylolisthesis who under-
went open versus MIS TLIF [25]. Patients
were assigned to treatment groups based on
surgeon preference, and costs were estimated
using patient-reported resource utilization and
Medicare mean total diagnosis-related surgery
costs. This analysis showed a shorter length
of postoperative hospitalization for the MIS
TLIF group (median of 3.0 days for MIS vs.
5.0 days for open TLIF, p=0.001), decreased
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postoperative narcotic utilization, and a shorter
time to return to work (8.3 weeks for MIS vs.
16.3 weeks for open, p=0.02). However, the
overall 2-year outcomes in terms of quality
adjusted life years gained and the overall cost-
effectiveness ratio did not demonstrate a statisti-
cally significant difference between groups. The
authors did state that the study needed twice as
many patients to be powered to detect a signifi-
cant difference given these results.

The cost saving associated with the use of per-
cutaneous pedicle screws has also been directly
analyzed by Wang et al. [26]. This analysis uti-
lized a large inpatient dataset containing over
6,000 patients who underwent single- and two-
level lumbar fusions. Patients were classified
according to the type of pedicle screw used dur-
ing the fusion procedure: cannulated versus non-
cannulated screws. The patients that had
cannulated screws implanted were classified as
having “MIS” fusions while all others as “open”
fusions. The study demonstrated a significant
decrease in the postoperative length of hospital-
ization in the MIS group. The difference was of
the greatest magnitude in the patients that under-
went two-level procedures (3.4 days for MIS
fusion vs. 4.0 days for open fusion, p<0.001).
Additionally, total hospital costs were analyzed
for the two groups. No statistically significant
difference was found for single-level MIS com-
pared to open fusion costs. However, for two-
level procedures, there was an average lower
total cost in the MIS group of almost 2,000 dol-
lars (total average cost of $33,879 for MIS com-
pared to $35,984 for open fusions, p=0.002).

Finally, the cost associated with the treatment
of postoperative complications is another major
cost that could be decreased by MIS-based pro-
cedures. In traditional, open spinal deformity sur-
gical fusion procedures, the complication rate has
been reported to range from 10 % to as high as
almost 70 % of procedures [27-29]. It is expected
that certain postoperative complications such as
medical complications or postoperative infec-
tions should be decreased with MIS procedures.
This has been evaluated for postoperative surgi-
cal site infection rates by McGirt et al. [30]. For
this analysis, a hospital discharge and billing
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dataset was utilized to compare the surgical site
infection rate for open compared to MIS lumbar
interbody fusion procedures. It was demonstrated
that there was no difference in the infection rate
following single-level MIS compared to open
procedures. However, for two-level procedures,
the infection rate decreased to 4.6 % for MIS pro-
cedures compared to 7.0 % for open fusion
(»=0.03). This translated to a cost savings of
$38,400 per 100 two-level MIS fusion proce-
dures. This finding has also been confirmed in a
literature review of 362 MIS TLIF patients com-
pared to 1,133 open TLIF patients [31]. This
review found a surgical site infection rate of
0.6 % in the MIS TLIF cohort compared to 4.0 %
in open TLIF cohort (p<0.01).

Increased Costs with MIS
Spine Surgery

8.4

On the other hand, there are many reasons why
the surgical costs of minimally invasive spinal
procedures should be more costly than traditional
open surgery. First, minimally invasive proce-
dures rely on specialized instruments and retrac-
tors. This equipment is essential to allow
procedures to be performed through incisions
that are smaller and less disruptive than tradi-
tional open techniques. For example, any type of
MIS decompression procedure will mandate a
specialized retractor and tissue dilator system.
This usually includes sequential muscle-dilating
tubes. These retractors may be disposable or have
disposable components that are replaced with
each procedure, such as a disposable fiber-optic
light source. The costs associated with these sys-
tems are likely to be greater than a traditional sur-
gical retractor.

A specific example of a specialized retractor is
the access systems developed by several vendors
for lateral approaches to the thoracolumbar spine.
In these procedures, a minimally invasive, trans-
psoas approach is taken [32]. However, given the
location of the lumbosacral plexus within the
psoas muscle, specialized neuro-monitoring
techniques are necessary to enable the selection
of a nerve-sparing trajectory through the psoas
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muscle. As such, not only are tissue dilators
needed, but also equipment to monitor free-
running and evoked EMG during the procedure
is essential. These instruments are critical to the
safety of the procedure. These specialized instru-
ments are typically disposable and have a cost
associated that may not be present in cases using
more traditional open techniques.

Furthermore, in addition to specialized retrac-
tors and instruments, specialized spinal implants
are needed for MIS fusion procedures. A well-
known example is cannulated pedicle screws
used in MIS instrumented fusions. These screws
are capable of being placed percutaneously and
are essential to MIS fusion procedures. These
cannulated implants command a premium com-
pared to traditional pedicle screw instrumenta-
tion. Furthermore, more advanced imaging
techniques are typically required for safe place-
ment of these screws. Uniplanar or biplanar fluo-
roscopy as well as spinal navigation systems are
often employed for the placement of these
screws. The combination of the premium for the
implants and the imaging systems used for safe
placement typically will be more costly than
those used in tradition techniques.

Recent data has demonstrated the increased
implant costs for MIS procedures. A recent anal-
ysis by Lucio et al. of initial hospital cost differ-
ences between open two-level PLIF and MIS
two-level lateral interbody fusion demonstrated
increased implant/instrumentation costs in the
MIS group [33]. This analysis looked at the ini-
tial hospital costs of over 200 patients that under-
went two-level open compared to MIS lumbar
fusion. The implant/instrumentation costs in the
MIS group were an average of $3,810 greater
than the open group (p<0.05). However, overall
initial hospital costs were lower in the MIS group
as cost savings were evident in almost all other
cost categories including room and board, medi-
cations, laboratory studies, physical therapy, and
decreased readmission and reoperation costs.

In addition to the need for costly, special-
ized instruments and instrumentation, there is
an important fundamental difference in MIS
spine fusion surgery that is inherently more
costly. Due to the limited exposure provided

63

by muscle-splitting approaches to the spine in
MIS procedures, MIS fusions primarily rely on
interbody fusion techniques as opposed to pos-
terolateral fusions. A robust discectomy can be
performed through a very small skin incision
allowing for the preparation of a large fusion
surface on the vertebral endplates. In contrast,
posterolateral fusion techniques are not read-
ily applicable to most MIS fusion procedures as
they require more extensive muscle dissection
that cannot be achieved in a muscle-splitting
approach. As such, interbody fusion is uti-
lized in the majority of MIS fusion procedures.
Interbody fusion procedures usually involve
structural cages or other grafts that may add a
several 1,000 dollars in costs to the procedure. It
was recently demonstrated in Medicare patients
that “complex” fusion procedures such as 360°
fusions performed through a single incision had
greater hospital charges and complication rates
than “simple” fusion procedures such as postero-
lateral fusion ($80,888 mean charge for complex
fusions compared to $58,511 mean charge for
simple fusion procedures, p<0.05) [7].

Along with a greater reliance on interbody
fusion, there is likely a greater reliance on fusion
adjuncts such as allograft, biologics, and bone
graft extenders with MIS fusion procedures. Due
to the minimal exposure in MIS procedures, there
may be less autologous bone removed that is
available to use as local structural or morselized
autograft. For example, in a MIS lateral inter-
body fusion, there is typically no locally har-
vested autologous bone graft available during the
procedure. Thus, there may be a reliance on graft
extenders and other commercially available
products that have higher associated costs. It has
been well documented that the use of bone mor-
phogenetic proteins is associated with signifi-
cantly higher initial surgical costs for spinal
fusion procedures [34]. The percentage of MIS
fusion procedures that utilize BMP is not known.

Finally, the surgical time of MIS procedures
must be considered in the cost profile. Operating
room time is extremely valuable as significant
personnel and other resources are dedicated to
the patient while undergoing the procedure. If the
MIS procedure requires more surgical time than
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the open procedure, then this will translate into
significantly increased costs for the MIS
procedure.

Conclusions

The rate of utilization of MIS procedures in
spinal surgery is unknown. However, there has
been significant interest in the development of
these techniques over the past two decades,
and many are considered a routine part of the
modern spine surgeon’s armamentarium.
Furthermore, there is relatively little cost data
related to these procedures. As summarized
above, there are many reasons why a MIS
approach should increase surgical costs. These
costs need to be further explored and defined
relative to open procedures. Likewise, the
expected cost savings produced in the postop-
erative period need to be further clarified and
quantified. Once these cost analyses are per-
formed, the overall cost profile of a given MIS
procedure can be determined and compared to
open procedures.
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The MiSLAT Algorithm: Minimally
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for Adult Degenerative Deformity
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9.1 Introduction

The goals of adult spinal deformity treatment are
to reduce pain, arrest progression of the defor-
mity, restore sagittal and coronal balance, improve
neurological function, and improve cosmesis.
Traditional open approaches can achieve these
goals. However, surgical treatment of adult spinal
deformity is associated with substantial surgical
risks, especially due to the increased age and asso-
ciated medical comorbidities of many patients
with adult spinal deformity. Open scoliosis sur-
gery is associated with prolonged operative times
and significant blood loss. Complication rates
of adult deformity surgery are as high as 41.2 %
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[1]. A recent International Spine Study Group
(ISSG) study reviewed a total of 953 adult spinal
deformity patients with minimum 2-year follow-
up to identify patients with major perioperative
complications. Ninety-nine major complications
were observed in 72 patients (7.6 %). The most
common complications were excessive blood
loss (>4 L) and deep wound infection requiring
reexploration of the wound and pulmonary embo-
lism [2]. Minimally invasive approaches for adult
spinal deformity surgery have been developed to
address the high perioperative morbidity of tradi-
tional open approaches [3—6].

9.2  Challenges of Minimally
Invasive Deformity Surgery

and Initial Results

In order to be a viable option in the treatment of
adult scoliosis, MIS techniques must be able to
achieve the same objectives as open techniques:
(1) adequate decompression should be achieved
with minimally invasive surgery, (2) implants
should be accurately placed with minimally inva-
sive approaches, (3) a solid fusion should be
established, and (4) sagittal balance should be
maintained/restored. Recently, several publica-
tions have addressed these issues. Anand et al.
reported 28 patients treated with three or more
levels of anterior and posterior deformity surgery
with a mean age of 67.7 years and mean follow-
up time of 22 months [7]. Mean intraoperative
blood loss was 500 cc for combined anterior and
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posterior minimally invasive deformity surgery,
and the operative times were a mean of 500 min.
The visual analog scale, treatment intensity scale,
36-Item Short Form Health Survey, and Oswestry
Disability Index (ODI) scores at 1 year were signif-
icantly improved compared to preoperative values.
The mean coronal Cobb angles were 22° preop-
eratively and 7.5° postoperatively. However, the
authors did not report results of sagittal balance cor-
rection. Complications were noted in 23 patients,
mostly transient dysesthesia (17/23) related to the
extreme lateral interbody fusion (XLIF) approach.
Transient thigh dysesthesia is a known complica-
tion of lateral interbody approaches [8].

Tormenti et al. reported their retrospective
review of eight cases performed with a combined
anterior XLIF and posterior open pedicle screw
fixation surgery and compared this cohort to 4 cases
who underwent posterior-only open surgery [9].
The mean preoperative and postoperative coronal
Cobb angles were 39° and 13° in the minimally
invasive surgery group versus 19° and 11° in the
posterior-only group. One case of cecal perforation
during the anterior approach was reported in this
series. However, the authors did not utilize mini-
mally invasive percutaneous dorsal fixation and did
not report sagittal balance parameters.

Dakwar et al. retrospectively reviewed 25 adult
degenerative deformity patients who underwent a
minimally invasive lateral approach for three or
more levels with a mean follow-up of 11 months.
The mean intraoperative blood loss was 53 ml per
level with a mean length of stay of 6.2 days [10].
Visual analog scale scores and ODI improved sig-
nificantly postoperatively. Complications included
three cases of transient postoperative anterior
thigh numbness, one case of rhabdomyolysis
requiring temporary hemodialysis, one case of
implant failure, and one case of asymptomatic
subsidence. The authors concentrated on coronal
curve correction rather than on sagittal plane cor-
rection, and one-third of their cases failed to dem-
onstrate restoration of sagittal balance.

Wang and Mummaneni retrospectively reviewed
23 patients with thoracolumbar deformity treated
with minimally invasive approaches [6]. The
mean age was 64.4 years with a mean follow-up
of 13.4 months. The mean blood loss was 477 ml.
The coronal Cobb angles improved from 31.4°

PV. Mummaneni et al.

preoperatively to 11.5° postoperatively. Lumbar
lordosis improved from 37.4 preoperatively to
47.5° postoperatively. All of the 16 patients who
underwent interbody fusion at every level achieved
solid fusion. However, of the seven cases without
use of interbody fusion at every level, two patients
had pseudarthrosis. Seven patients developed thigh
dysesthesia or numbness on the side of the mini-
mally invasive lateral approach.

These initial experiences demonstrate that
MIS deformity correction can be achieved safely
and effectively, with acceptable complication
rates. However, challenges remain, particularly
the restoration of sagittal balance.

9.3  Patient Evaluation

Leg and back pain are the principal symptoms for
which adult deformity patients seek medical
attention. It is important to ascertain whether the
pain is radicular in nature versus purely axial. If
the pain is radicular, then it is important to know
whether the pain is indeed congruent with foram-
inal stenosis. Additionally, it is important to note
if the location of the stenosis is central, paracen-
tral (lateral recess), foraminal, or extraforaminal.
Axial pain may be related to radiographic insta-
bility (spondylolisthesis) or sagittal imbalance.

To clinically assess the patient, the patient
must stand with his or her knees fully extended.
The degree of sagittal and coronal imbalance,
including trunk shift is noted. Any degree of
shoulder and/or pelvic asymmetry is also noted.
Clinical assessment of the degree of flexibility of
the structural curve is ascertained by bending
maneuvers. Pelvic obliquity and leg length dis-
crepancy are also evaluated and noted. A thor-
ough neurological examination including motor
strength, reflexes, sensory testing, and gait test-
ing are performed. The trochanters and sacroiliac
joints are palpated for any degree of tenderness.
Hip and knee contractures are evaluated.

As with all deformity patients, full 36-in.
standing posterior-anterior and lateral radio-
graphic views are obtained. Additionally, supine
long cassette radiographs are obtained; the latter
are important in that they permit further evalua-
tion of the flexibility of the curve in both planes.
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This is particularly important in minimally inva-
sive approach planning as it will help the surgeon
decide whether an osteotomy is needed for fixed
sagittal imbalance. Careful attention must be paid
to plan correction of any fractional curves at the
lumbosacral junction.

Appropriate measurements are undertaken
with particular attention to the parameters of the
sacropelvic region, including the lumbar lordo-
sis/pelvic incidence mismatch. Ideally, lumbar
lordosis should match the pelvic incidence £10°.
This is important in planning any degree of cor-
rection necessary to alleviate the patient’s symp-
toms, since sagittal balance correction has been
associated with improved clinical outcomes in
patients undergoing scoliosis surgery [11-13].
Computed tomography and MRI images are also
obtained. In patients who have cardiac pacemak-
ers, a computed tomographic myelogram is an
important adjunct to the radiographic evaluation
when MRI is not possible. To further elucidate
the pain generators, provocative testing such as
facet and nerve root blocks can be of great value
to the deformity surgeon.

9.4 Treatment Planning

and Classification

Operative interventions require evaluation of the
unique needs and goals of each patient. In order
to guide operative decision-making, several clas-
sification schemes as well as levels of treatment
have been proposed for adult spinal deformity.
In 2010, Lenke et al. published a “treatment lev-
els” guide to adult degenerative deformity man-
agement [14]. In this scheme, the patient’s
needed treatment is classified into six treatment
levels, based on clinical and radiographic find-
ings. Of the six Lenke-Silva treatment levels,
treatment levels I-IV could be appropriately
treated with current minimally invasive tech-
niques based on recently published literature [6,
7, 10]. We have modified the Lenke-Silva para-
digm to create an algorithm for minimally inva-
sive treatment of spinal deformity, which we
have termed the MiSLAT (Mummaneni, M.
Wang, Silva, Lenke, Amin, Tu) algorithm
(Fig. 9.1). The MiSLAT algorithm can further

be simplified to guide surgeons to ‘“‘small,”
“medium,” and “big” surgery, based on clinical
and radiographic parameters (Fig. 9.2).

9.5 The MiSLAT Algorithm

9.5.1 MiSLAT Treatment Level |

This patient population typically presents with
symptoms consistent with neurogenic claudication
due to central and/or lateral recess stenosis. These
patients have no significant degree of back pain
and/or any complaints consistent with their defor-
mity. These patients do not have sagittal or coronal
imbalance. The treatment goal is nerve root
decompression and not deformity correction.
Minimally invasive techniques are well suited for
this treatment level. Typically, a tubular retractor is
used to perform an ipsilateral hemilaminotomy
and foraminotomy. Then, by angling the tubular
retractor medially, an undercutting contralateral
decompression is also possible (“ipsi-contra”
decompression). This type of “ipsi-contra” mini-
mally invasive tubular decompression may be per-
formed at one or two contiguous levels through
one small incision. However, the presence of
radiographic instability precludes this approach/
procedure. Patients in this treatment level cannot
have subluxation of greater than 2 mm and no sag-
ittal and/or coronal imbalance, and the curve
should be less than 30°.

9.5.2 MiSLAT Treatment Level ll

Typically in the MiSLAT level II cases, the
decompression involves levels of the spine which
are radiographically unstable and concomitant
focal instrumentation at the area of decompres-
sion is recommended. This treatment level can be
achieved via minimally invasive techniques as
well. This level of treatment is well suited for
patients who have neurogenic claudication, mini-
mal to moderate low back pain, Cobb angles less
than 30°, >2 mm subluxation, and lack of anterior
bridging osteophytes at the decompression site.
However, these patients should not have lumbar
kyphosis or global imbalance. These patients
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MiSLAT algorithm
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decompression

decompressed
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Fig.9.1 MisLAT algorithm

benefit from focal decompression and minimally
invasive fixation/fusion of the decompressed
levels — typically using an expandable tubular
retractor to perform a transforaminal interbody
fusion with mini-open or percutaneous pedicle
screw fixation at one or two contiguous levels.

MiSLAT treatment levels I and II are consid-
ered “small” surgery in the abbreviated MiSLAT
algorithm (Fig. 9.2).

9.5.3 MIiSLAT Treatment Level lll

These patients suffer from back pain in addition to
neurogenic claudication and radiculopathy. They
have over 2 mm of subluxation, lack anterior
bridging osteophytes, and Cobb angles greater
than 30°. Besides extensive decompression and
focal instrumentation at the decompressed levels
of the lumbar spine, anterior or posterior inter-
body fusion of the apex of the lumbar curve is

Thoracic hyperkyphosis

MiSLAT V

ot

Open surgery
with fusion to

- .

ISERCHECE]
approach, indirect +/— direct
foraminal decompression,
MIS PSF* to include Cobb
angles of the main curve

Open surgery
with
osteotomies*

T-spine +/—
osteotomies™

typically needed. Here again, minimally invasive
techniques are well suited as they achieve the
same goals as the open approaches. As with treat-
ment level I, extensive decompression at multiple
levels can be done through expandable tubular
retractors; and, as with treatment level II, instru-
mentation can be performed via percutaneous or
mini-open techniques, and interbody grafting
achieved posteriorly via tubular retractors.
Alternatively, minimally invasive lateral inter-
body procedures or anterior interbody fusions
may be used with concomitant posterior percuta-
neous fixation. These anterior or lateral interbody
procedures allow for indirect foraminal decom-
pression by distracting the interbody space.

9.5.4 MiSLAT Treatment Level IV

These patients have claudication-radicular
symptoms, back pain, and lumbar hypolordosis/
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MiSLAT algorithm

SVA normal

Neurogenic claudication/radiculopathy
Y
Y
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Class 1 “small” surgery with
decompression or one/two
level fusion for mobile listhesis

Thoracic hyperkyphosis

Class 2 “medium” surgery with

decompression and fusion of

apex of the curve or the entire
coronal cobb of the curve

Fig. 9.2 Abbreviated MisLAT algorithm

kyphosis. The goal of the operative interven-
tion includes decompression, instrumentation,
interbody fusion, and correction of lumbar flat
back or kyphosis. Radiographs of these patients
demonstrate segmental instability and loss of
lumbar lordosis, but no significant global imbal-
ance (SVA<5 cm) (Fig. 9.3a—d). As already
delineated, decompression, instrumentation, and
interbody graft placement and arthrodesis can all
be undertaken via minimally invasive techniques.
Lordotic interbody grafts are typically placed
from a minimally invasive lateral approach prior
to posterior segmental mini-open or percutane-
ous pedicle screw instrumentation. The mini-
mally invasive laterally placed interbody cages
not only serve in kyphoscoliosis correction and
derotation but also place the pedicles in a more
“physiologic” angle, making dorsal pedicle fixa-
tion easier. Particular attention is paid to restor-
ing normal segmental lordosis in the lower levels

Class 3 “big” surgery
with osteotomies +/—

extension of fusion to
the thoracic spine

of correction, particularly at L4-L5 and L5-S1
(typically via TLIF), as two-thirds of lumbar lor-
dosis comes from these two segments. Also, it
is important to match the lumbar lordosis to the
patient’s individual pelvic incidence plus/minus
ten degrees [12, 15, 16]. MiSLAT IV treatment
typically involves fixation of the Cobb angles
of the lumbar curve (beyond just the apex of the
curve). If the curve extends to S1 or if the L5-S1
disc space is collapsed, then the instrumentation
may need to extend to S1. In these cases, it may
also be necessary to place iliac instrumentation
in long fusions (L2 or above to sacrum) to help
achieve a solid fusion at the lumbosacral junction
and avoid sacral insufficiency fracture. Recent
advances in minimally invasive techniques allow
iliac screw fixation via percutaneous minimally
invasive techniques [17]. MiSLAT IIT and IV lev-
els are “medium” surgery in the simplified algo-
rithm (Fig. 9.2).
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Fig.9.3 Example of MisLAT IV patient

MiSLAT levels I-IV can now be performed
using current minimally invasive techniques.
Basic principles of proximal and distal fusion
levels established for open surgery are also appli-
cable to minimally invasive deformity treatment.
As the soft tissue overlying the spine is preserved
with minimally invasive approaches, typical cra-
nial stopping points for multilevel lumbar instru-
mentation in MiSLAT IV treatments may vary
from T10 to L2.

9.5.5 MIiSLAT Treatment Levels
Vand VI

Schwab et al. recently updated the previous pub-
lished SRS-Schwab classification to incorporate
the spinopelvic parameters, which is highly cor-
related with HRQOL scores [18]. The classifica-
tion is comprised of curve type, which is aimed at

describing the relevant coronal aspects of the
deformity and three modifiers to characterize
sagittal components of the deformity. The inter-
and intra-rater reliability and inter-rater agree-
ment for the updated classification are excellent.
When it comes to utilizing minimally invasive
procedures to treat patients classified with SRS-
Schwab classification, the patients with PI-LL
modifier “B” or “C” (i.e., PI-LL value is greater
than 20°) and/or global balance modifier “P” or
“VP” (i.e., SVA is greater than 5 cm) are typi-
cally not suitable for a minimally invasive
approach. These patients may need more exten-
sive osteotomies to achieve sagittal vertical axis
corrections [19]. These patients would fit into
MiSLAT levels V or VI. This is “big” or open
surgery in the simplified MiSLAT algorithm
(Fig. 9.2).

In MiSLAT levels V and VI (Fig. 9.4),
the need for standard open approach with
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Fig. 9.4 Example of MisLAT V/VI patient

osteotomies remains as current minimally inva-
sive techniques typically do not permit the
achievement of the treatment goals (restoration
of spinal balance). In the future, minimally inva-
sive techniques may be applicable to patients in
these levels. As an example, the use of a mini-
open pedicle subtraction osteotomy is currently
being explored. Initial laboratory investigations
with cadavers demonstrated the use of bilateral
tubular retractors to perform the necessary bone
removal [20]. However, mini-open pedicle sub-
traction osteotomy has not yet gained wide-
spread clinical use.

Conclusions

Surgery for adult spinal deformity is aimed at
alleviation of neurological compression and
improvement of spinal balance. The high
complication rates from open surgery could
potentially be avoided through a minimally
invasive approach. The MiSLAT algorithm is
a stepwise approach to decision-making

regarding patient and procedure selection in
minimally invasive deformity correction. Not
all deformity cases can be appropriately
treated with minimally invasive techniques.
Patients with Lenke-Silva classification V and
VI deformity cannot be easily corrected ade-
quately with minimally invasive surgery in our
opinion. This includes patients with curves
with Cobb >30°, apical rotation >grade II, lat-
eral olisthesis >6 mm, and sagittal imbalance
requiring PSO. These cases still require tradi-
tional open surgery.

Minimally invasive deformity surgery is
still in its early stages. The MiSLAT algorithm
will require further validation and longer fol-
low-up with assessment of spinal balance cor-
rection and standardized clinical outcomes are
necessary to validate minimally invasive
approaches for patients with Lenke-Silva 1-4
classifications. Clinically relevant issues such
as pseudarthrosis, proximal junctional kypho-
sis, and adjacent level disease following mini-
mally invasive surgery are topics for further
study.
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Fluoroscopic Techniques in MIS

Surgery

D. Greg Anderson

10.1 Introduction

Minimal access surgical techniques have inher-
ently limited visualization and are therefore
dependent on imaging technologies for surgical
positioning. The most common, economical, and
available intraoperative imaging modality is
C-arm fluoroscopy. Due to the complex topogra-
phy of the spine, overlapping shadows are pro-
duced on the fluoroscopic image that must be
interpreted and translated to the surgeon’s under-
standing of spinal anatomy. This chapter will
focus on practical understanding and successful
application of the C-arm for spinal procedures.
This information is considered paramount to per-
forming safe fluoroscopically assisted minimal
access spine surgery.

10.2 The C-Arm Image Intensifier

The C-arm image intensifier is a primary source
of intraoperative images available in most oper-
ating rooms. The relatively low cost, portability
of the C-arm, and the rapid image acquisition
make this equipment very useful during spinal
procedures. Disadvantages of the C-arm include
radiation exposure, the bulk of the equipment
within the operative field, and the need (in most

D.G. Anderson

Department of Orthopaedics, Thomas Jefferson
University, Philadelphia, PA, USA

e-mail: greg.anderson @rothmaninstitute.com
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cases) for a dedicated, trained technician to oper-
ate the C-arm unit during surgery.

The C-arm image intensifier has an x-ray
source which produces the x-ray beam on one
side of the C. On the opposite side of the C, an
image detector is mounted perpendicular to the
direction of the x-ray beam (Fig. 10.1). X-rays
emanate from a relative point-source and travel
radially outward in all directions. The x-ray tube
focuses the x-rays into a “relative” beam. The
x-ray beam exits the tube and crosses the imaged
tissue, where some of the x-rays are absorbed by
the tissue (Fig. 10.2). The variable absorption of
x-rays by various tissue structures produces the
visualized fluoroscopic image. The path of
x-rays emanating from the x-ray tube is not par-
allel but rather is slightly divergent (Fig. 10.3).
X-rays at the edges of the x-ray tube have a
larger divergence angle compared to x-rays in
the central region of the tube. These factors pro-
duce certain imaging distortions as discussed
below.

To reduce radiation exposure, the image detec-
tor utilizes a cesium iodide phosphor to enhance
the raw fluoroscopic image by a factor of 10 [1].
Despite the relatively low radiation exposure of
the C-arm compared to other imaging modalities,
the surgeon and team are often working in close
proximity to the x-ray beam and thus may be
exposed to substantial radiation on a cumulative
basis [2]. Therefore, the use of proper personal
protective equipment (lead apron, thyroid shields,
and leaded glasses) is mandatory when working
with a C-arm.

M.Y. Wang et al. (eds.), Minimally Invasive Spinal Deformity Surgery, 77
DOI 10.1007/978-3-7091-1407-0_10, © Springer-Verlag Wien 2014
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Fig. 10.1 The image detector is set perpendicular to the direction of the x-ray beam
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Fig. 10.2 X-ray beam exits the x-ray tube and crosses the imaged tissue, where some of the x-rays are absorbed by the

tissue

10.3 Magnification, Distortion,
and Parallax

To properly use the C-arm image intensifier, it is
important to understand various types of image
distortions which can be produced by the C-arm
unit. If not understood and corrected, these imag-

ing misrepresentations have the potential to lead
a surgeon to misinterpret the images and make an
error in conducting the surgery.

Magnification always occurs, to some degree,
due to the divergent path of x-rays emanating
from the x-ray tube. The divergent x-ray beam
passes through the tissue prior to reaching the
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Fig. 10.4 Image magnification due to beam divergence

detector surface, producing an image that is
larger than the tissue structure which was imaged
(Fig. 10.4). Image magnification is greater when
the imaged tissue is closer to the x-ray source
(and thus farther from the image detector)
(Fig. 10.5). Magnification may be useful in cer-
tain instances to enhance anatomic detail of a
particular structure. To achieve greater magnifi-
cation, simply reposition the C-arm x-ray source
closer to the body. When it is more desirable to

Detector

p— 1

Imaged
tissue

Detector

Image
magnification

have a larger field of view (to image more verte-
brae in a single image), the image source should
be moved farther from the patient’s body.

Image distortion can occur in several ways.
First, distortion can occur when the x-ray beam is
not generally perpendicular to the detector surface.
This type of distortion does not occur with the use
of the C-arm image intensifier because the x-ray
beam is always perpendicular to the image detec-
tor based on the design of the unit. Another type of
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Fig. 10.5 Greater magnification is produced when the imaged object is placed closer to x-ray source
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Fig. 10.6 One type of image distortion is produced by misalignment of the imaged tissue, relative to the path of the

x-ray beam

distortion, which occurs commonly with the use of
fluoroscopy, involves misalignment of an ana-
tomic structure within the x-ray beam. In this fash-
ion, the imaged structure is not aligned in an
orthogonal manner to the detector surface. An
example of this type of distortion would be
attempting to obtain a lateral view of vertebrae
when the vertebrae are misaligned (oblique) to the
plane of the detector (Fig. 10.6). It is important for
the surgeon to recognize this type of distortion and
correct it by realigning the C-arm to provide a true
image of the segment.

Parallax is the appearance of an altered relation-
ship between objects in the foreground and back-
ground of an image, based on the vantage point of
the viewer. Parallax occurs, during C-arm usage,
when viewing structures along the borders of the
image. The divergent x-ray beam passes obliquely
through structures at the periphery of the image
which distorts the optical relationship between
foreground and background objects (Fig. 10.7).
This effect is greatest when using a C-arm with a
larger detector surface (i.e., 12 in. rather than the
8 in. detector surface). Parallax should be avoided
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Fig. 10.8 In the true AP
view, the superior endplate
shadow forms a single
radiopaque line with the
pedicles immediately caudal
to the superior endplate. The
spinous process is equal
distant between the pedicles

Superior
endplate shadow

Pedicle

by positioning the structures of interest within the
central region of the image field.

10.4 Standard Fluoroscopic
Images of the Spine

The standard fluoroscopic views used during spi-
nal surgery include the true anteroposterior (AP)
view, the true lateral view (Lat), and the en face
view (en face).

In a properly aligned true AP view, the supe-
rior endplate appears as a single radiopaque line
and the pedicle shadows are located immediately
caudal to the superior endplate. The spinous pro-
cess shadow is an equal distance between the

Pedicle

Spinous processes

pedicle shadows. The transverse processes may
sometimes be seen lateral to the pedicle shadows
and are aligned parallel to the superior endplate
shadow (Fig. 10.8).

In a properly aligned true lateral view, the
superior cortex of the vertebral body projects as a
single radiopaque line. The pedicles shadows
(right and left) should be superimposed. The pos-
terior cortex of the vertebral body (below the
pedicles) will project as a single shadow, indicat-
ing that no rotation of the vertebrae exists
(Fig. 10.9).

The en face is obtained by first starting with
the true AP view. The C portion of the C-arm is
rotated (generally 10-30° oblique to the true AP
view) until the x-ray beam is aligned with the
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Fig. 10.9 The true lateral
view should demonstrate a
single radiopaque line for the
superior endplate, the
pedicles should be superim-
posed and the posterior
cortex should appear as a
single shadow

Superior endplate

Pedicles superimposed

Posterior cortex of
vertebral body

Fig. 10.10 En face view of the pedicle. The C-arm is aligned with the central axis of the pedicle. Notice how the
medial boarder of the superior articular process is even with the medial boarder of the pedicle

central axis of the pedicle. The exact amount of
rotation can be measured from the preoperative
imaging study or can be estimated by rotating the
image until the medial margin of the superior
articular process aligns with the medical wall of
the pedicle on the fluoroscopic image (Fig. 10.10).

10.5 Tips and Tricks for Successful
C-Arm Usage

Prior to a fluoroscopically based case, the sur-
geon should discuss the surgical plan with the
C-arm technician, because successful surgery
depends on good choreography of movement and

successful communication between these indi-
viduals throughout the operation. The surgeon
should ensure that the patient is positioned on a
radiolucent spinal frame with good access for the
C-arm to enter and move freely about the surgical
field. Any leads, wires, or tubes that may obscure
the fluoroscopic images should be repositioned.
Proper personal protective equipment should be
donned prior to the procedure. It is a good idea to
check spot images of the spine to ensure that the
C-arm equipment is working correctly and image
quality is acceptable prior to initiating the surgi-
cal approach.

The C-arm should be utilized at the onset of
surgery to mark out the location of the surgical
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incisions. This principle is crucial to the success
of a minimal access approach as malposition of
the approach may prevent the surgeon from
achieving the goals of the operation. It is gener-
ally easiest for the surgeon to stand on the oppo-
site side of the table from the C-arm base. This
limits the ergonomic challenges of working next
to the most bulky portion of the equipment. The
most important aspect of using the C-arm is to
ensure properly aligned images are obtained!
Each time an image is obtained, it should first be
critically analyzed to be sure the alignment is
acceptable before executing a surgical maneuver
based on the image. Once the alignment of a par-
ticular level (e.g., L4) has been obtain for a true
AP view, it should be marked out by the C-arm
technician on C-arm unit. To do this, a piece of
cloth or silk tape is placed along the angle indica-
tor and a line is drawn indicating the proper
alignment for the true AP image of the vertebra.
Make sure to keep the field sterile during move-
ment of the C-arm from a lateral to AP views.
Various strategies may be utilized for proper ste-
rility during C-arm movement and this should be
planned out with the team in advance of surgery.
To reduce radiation exposure to the team, step
back 1-2 steps when possible while obtaining a
fluoroscopic image. These tips should prove use-
ful during fluoroscopically assisted procedures.

10.6 Limitations of Fluoroscopic
Imaging

Although fluoroscopic images are very useful
during spinal procedures, it is important to under-
stand the limitations of two-dimensional images
which involved the many superimposed tissues.
Several principles should be remembered. First,
improper alignment of the fluoroscopic images
will produce an inaccurate interpretation of
the position of instruments and implants!
Therefore, proper alignment of the C-arm is the
single most critical step for success in a fluoro-
scopically based procedure. Second, the most
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accurate fluoroscopic understanding will be
obtained by reviewing orthogonal images in two
perpendicular planes (e.g., AP and lateral). Third,
fluoroscopic images do not provide an “axial’-
type view like a CT. Therefore, small pedicle
breeches may be undetected using fluoroscopy
alone. Various surgical techniques, when com-
bined with fluoroscopy, can limit the risk of a
pedicle breech. Fourth, image quality can be
severely degraded by various patient characteris-
tics such as obesity, osteopenia, or obscuring
structures (e.g., vascular stents). Fifth, successful
use of the C-arm involves communication and
understanding between the surgeon and the fluo-
roscopic technician. Depending on the experi-
ence of the technician, additional time to ensure
accurate communication of the goals of C-arm
alignment and movements may be required.

Conclusion

C-arm fluoroscopy is, by far, the most utilized
technology for imaging during spinal proce-
dures and is a necessary component of most
minimal access approaches performed today.
A good understanding of this technology and
good fluoroscopic technique will provide the
surgeon with the ability to navigate success-
fully during minimal access spinal approaches.
The most important factor remains the ability
of the surgeon to obtain and interpret standard
C-arm images. Mastery of C-arm skills can be
achieved with good training and surgical
diligence.
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11.1 Introduction

There is agreement among surgeons that imaging
techniques are essential for most spinal procedures
regardless of the complexity of the operation, the
anatomical region, and the level of training and
comfort level of the individual surgeon. It is essen-
tial for localization of pathology, avoidance of
wrong-level surgery, and the insertion of implants.
This is even more important in minimally invasive
spinal (MIS) procedures that lack the open visual-
ization of anatomical reference points that can be
used for orientation. Traditionally, this has involved
the use of radiograph or image intensification guid-
ance either as a control at the end of a procedure or
for active guidance throughout surgery.

More recently, stereotactic 2-D or 3-D imaging
techniques and even robotic surgery have been
introduced and gained acceptance in disciplines
such as cranial neurosurgery and some orthopedic
trauma procedures. Computer-assisted surgery
(CAS) uses navigation systems to improve visi-
bility to the surgical field and increase the accu-
racy of surgery and instrumentation placement by
virtually linking the operated bony anatomy with
pre- or intraoperative imaging studies, usually CT
scans. The use of CAS has first been described for
spinal instrumentation placement in the mid-1990s
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[1-4]. In CAS a virtual representation of the sur-
geon’s instruments is shown in relation to the
patient’s anatomy that is displayed on a separate
computer screen. Pre- or intraoperative CT scans
or image intensifier images are used to generate a
“virtual surgical reality.” This surgical “GPS”
requires the attachment of a reference array with
reflective beads to the patient’s spinal anatomy
and to the surgical instrument to be tracked. The
2-D information obtained by two infrared cam-
eras tracking these beads is converted into a 3-D
representation based on the different reflective
angles. Tracking using electromagnetic instead of
infrared technology is being evaluated and has
shown some promising results [5, 6].

11.2 Potential Advantages
and Disadvantages of CAS

Supporters of CAS state that stereotactic naviga-

tion has the potential to:

e Improve accuracy of instrumentation place-
ment and optimize the size of instrumentation
used

* Reduce radiation exposure to surgeon and
staff

e Enable less invasive approaches through
smaller access

e Allow preoperative planning of instrumentation
size and trajectories and osteotomy procedures

* Allow verification of screw accuracy intraoper-
atively (true intraoperative CT scanners or intra-
operative portable cone beam CT systems)

M.Y. Wang et al. (eds.), Minimally Invasive Spinal Deformity Surgery, 85
DOI 10.1007/978-3-7091-1407-0_11, © Springer-Verlag Wien 2014
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e Minimize the risks of wrong-level surgery

e Decrease reoperation rate
Potential disadvantages of CAS include:

* The learning curve associated with the tech-
nologies for the surgeon and the OR staff
could be significant.

» Upfront costs of the capital equipment.

 Interruption of surgical “flow.”

e Additional equipment and footprint in the OR.

e Lack of scientific data supporting its clinical
benefit.

e Limited imaging quality and field of view
with mobile 3-D imaging devices currently on
the market.

» Potential increase in OR time.

» Potential line-of-sight limitations for optical
systems.

e Concerns about accuracy and interference
with metallic instruments using electromag-
netic navigation systems.

11.3 Navigation Systems Used

in MIS Surgery

The goal of MIS procedures is to achieve outcomes

that are comparable or superior to conventional sur-

gery but with less postoperative pain, quicker recov-

ery, reduced blood loss, less soft-tissue damage,

smaller surgical incisions, and less scarring. MIS

evolved as a logical consequence out of the advance-

ments in at least four different surgical areas:

e Microsurgery using the microscope or
endoscope

e New spinal access strategies via percutaneous
or mini-open procedures

e New spinal instrumentation (hardware)

* Neuronavigation/CAS using 2- or 3-D imag-
ing technology

Surgical 3-D navigation requires 2 components:

* An imaging system and the navigation plat-
form. Current spinal imaging for MIS primar-
ily works with either of the following:

— Intraoperative portable cone beam CT sys-
tems (isocentric fluoroscopy systems such
as the Siemens “Iso-C,” the Medtronic
“O-arm,” or a system made by Ziehm) [7]

— True intraoperative CT scanners [8, 9]

R. Hartl

e A 3-D navigation software platform such as
the ones currently provided by Brainlab,
Medtronic Stealth, Stryker, etc.

These imaging systems can also be used to
confirm implant placement intraoperatively.
Some of the portable isocentric C-arms and por-
table scanners offer the advantage that they can
also be used as regular C-arms; however, their
imaging quality is inferior to stationary CT
scans.

11.4 Integration of 3-D
Navigation into the MIS

Workflow

Successful integration of navigation requires
meticulous planning of each case as well as train-
ing of the surgeon and the surgical staff including
the X-ray technician and scrub nurse. Initial train-
ing should be obtained in a cadaver lab if possible.
The layout of the operating room and footprint of
the various devices used should be discussed pre-
operatively with the team. It is helpful to draw this
out initially. Some of the newer navigation plat-
forms allow the surgeon to control the computer
screen remotely. If this is not the case the surgeon
should assign and train a member of the team to run
the screen.

MIS procedures typically consist of at least
three distinct surgical steps:
e Decompression
e Placement of an interbody device and bone

graft or bone graft substitute and
¢ Instrumentation

The sequence of these surgical steps is vari-
able and based on the surgeon’s preference and
sometimes also on the type of implants and
instrumentation used. 3-D navigation can be
helpful for each of these steps. It can confirm
the correct level for the decompression.
Navigation has also been used to guide in the
placement of interbody devices, for posterior
lumbar but also for lateral transpsoas approaches.
Currently, CAS is mainly used to facilitate the
placement of screws in all regions of the spine,
from the occiput to the iliac crest and ilio-sacral
joint.
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11.5 One-or Two-Level MIS TLIF

For a one- or two-level lumbar TLIF procedure,
we perform the decompression first, followed by
the discectomy and the placement of the inter-
body spacer. Navigated pedicle screw placement
is performed last. The procedure is accomplished
through two small incisions, each approximately
3—4 cm off the midline. Fluoroscopic imaging
guides the initial incision placement; an AP view
is used to mark the incision along the outer mar-
gins of the facet joint of interest. The contralat-
eral incision is later performed using image
guidance. The initial incision is typically made
on the more symptomatic side since this is where
a facetectomy and complete decompression is
performed. A Wiltse trans-muscular approach is
utilized and serial dilators (Insight Access® sys-
tem, Synthes Spine, Westchester PA; or METRx®
retractors, Medtronic Sofamor Danek, Memphis
TN) are introduced on the side of decompression
and angled towards the facet joint and lamina to
be removed. A 22 mm tubular retractor is then
fixed into position. The surgical microscope is
introduced and a complete or partial facetectomy
is undertaken with a high-speed drill. The infe-
rior articulating process can be removed first and
used as bone graft. In stenosis cases, a laminec-
tomy is performed by angling the tube medially,
tilting of the patient away from the surgeon and
by undercutting the spinous process and contra-
lateral lamina (Fig. 11.1). A discectomy is then
performed and the vertebral endplates are care-
fully prepared for the fusion. For the interbody
fusion, we use an expandable PEEK cage and
morselized bone from the facetectomy or iliac
crest, in some cases also BMP (Fig. 11.2).

Next, the navigation reference array
(VectorVision®, Brainlab AG, Feldkirchen,
Germany) is attached with 2 percutaneous
Steinman pins to the posterior iliac crest. A 3-D
image set is obtained using the Siremobil Iso-
C3-D (Siemens AG, Munich, Germany) and
imported into the navigation system. Using a
navigated pointer or drill guide through a mini-
open or percutaneous approach, the ideal trans-
pedicular trajectory is determined, and the
diameter and length of the planned screws are

Fig.11.1 A 55-year-old with back and radicular pain due
to grade II spondylolisthesis at L5/S1. Tubular retractor in
place. The decompression has been performed through a
22 mm tubular retractor and the disc space is being entered

Fig. 11.2 An expandable interbody cage has been
applied. The tubular retractor has been removed and the
screws will be placed next

simulated on the screen (Fig. 11.3). We currently
use a custom-made navigated drill tube that
allows the insertion of a drill, tap, and a pedicle
screw without screwhead [10]. The advantage of
this system is that it avoids the use of K-wires
and that it reduces the number of instruments that
need to be navigated (Figs. 11.4 and 11.5).
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Fig.11.3 Using a navigated pointer or drill guide through
a mini-open or percutaneous approach, the ideal trans-
pedicular trajectory is determined, and the diameter and

Fig. 11.4 Navigated drill
tube that allows the insertion
of a drill, a tap, and a pedicle
screw without screwhead. The
advantage of this system is
that it avoids the use of
K-wires and that it reduces
the number of instruments
that need to be navigated

Several other options are available: A navi-
gated drill guide can be used that allows the
preparation of a starting hole with various sized
drill bits into the pedicle. K-wires can then be
introduced over which the tap and screws can
be inserted. The advantage of this approach is
that a control spin can be obtained with the
K-wires in place to confirm accurate position-
ing. A third option involves the use of precali-
brated instruments including the awl, pedicle

length of the planned screws are simulated on the com-
puter screen

probe, tap, and screwdriver. Many spinal instru-
mentation manufacturers have these now avail-
able. Nottmeier recently described how this
approach can be utilized in order to implant
pedicle screws without the use of K-wires [11].

Navigation can also be used to determine the
ideal positioning and trajectory of the TLIF or
PLIF cage and in order to determine the desired
rod length by measuring the distance between the
screwheads (Figs. 11.6 and 11.7).
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Fig. 11.5 The screw
extension posts are visible
through two small incisions.
Steinman pins with reference
array have been placed into
the left iliac crest. The rods
will be measured and placed
next

Inline 1 Inline 2
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Fig. 11.6 Navigation can be used to determine the desired rod length by measuring the distance between the
screwheads
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11.6 Complex and Deformity
Surgery

Stereotactic navigation is especially useful in
patients with more complex anatomy, such as sig-
nificant spondylolisthesis or degenerative scolio-
sis. Navigation can also be used to determine the
best trajectory for intervertebral cage placement
and for trans-sacral fixation [12] (Fig. 11.8). In the

Fig. 11.7 Steinman pins with reference array have been
placed into the iliac crest. Screws have been placed with a
navigated drill guide. Rods have been locked in place

Fig. 11.8 The use of 3D
navigation under the
microscope to determine the
optimal entry point and angle
of an intervertebral cage

lumbar spine, it is used to determine the length of
rods and to align screws during a multilevel fusion
so that the percutaneous rod placement is facili-
tated. In the cervical spine, CAS facilitates the
minimally invasive resection of odontoid masses
via a transnasal route, which is a significant
improvement when compared to conventional
maximally invasive transoral surgery [13, 14].

In more complex thoracolumbar deformity
cases, the interbody part is frequently being
accomplished via a separate anterior or lateral
approach. This surgery may also include the
placement of iliac crest screws [15]. In principle,
navigation is performed in a similar fashion as
described above (Fig. 11.9a, b).

A few differences or additional challenges,
however, apply. Some authors have reported good
accuracy with multilevel cases where the reference
array was placed> 10 levels away from the surgery
site [8]. We disagree and recommend placement of
the reference array into the iliac crest for cases up
to L3. If the fusion extends above L3, we will typi-
cally reposition the reference array more cranially
using a spinous process clamp. In our experience
this will maximize accuracy and safety. Another
challenge is that current intraoperative portable
cone beam CT systems have a limited field of view
and therefore only allow the imaging of up to
3-5 vertebral bodies. This adds time, radiation
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Fig. 11.9 A 75-year-old patient with back and leg pain

before and after
Preoperative MRI

MIS deformity correction. (a)
showing significant degenerative

exposure, and complexity to multilevel deformity
cases. The solution here is the use of a true intraop-
erative CT scanner.

The current advantage of using navigation in
complex anatomy cases is that screw placement is
clearly more accurate and technically more
straightforward than with conventional AP/lateral
fluoroscopy. Screw fit is maximized and there is no
need to “skip” levels due to small or complex ped-
icle anatomy as is frequently seen in multilevel
cases with conventional MIS techniques. A recent
systematic literature review confirmed that naviga-
tion provided higher screw placement accuracy
compared with conventional methods especially in

scoliosis. (b) Postoperative AP X-rays demonstrating
placement of pedicle screws from T10 to L5 and iliac crest
screws. Instrumentation was placed with 3D navigation

scoliosis cases [16]. We found that CAS was asso-
ciated with improved screw placement accuracy
and that it was employed in cases with a higher
degree of surgical complexity such as MIS cases,
deformity, and revision surgery [17]. As the tech-
nology improves, it is likely that CAS will become
more important in deformity surgery.

11.7 Navigation Without K-Wires

The use of K-wires can be harmful to the patient
as they can break or bend during the procedure
and cause visceral or vascular injury. In addition,
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the surgical workflow using K-wires is complex
and requires the use of multiple instruments that
go back and forth between the surgeon and the
scrub nurse. We introduced a navigated guide
tube that allows drilling, tapping, and the place-
ment of the final screw without the need for
K-wires [10]. This instrument facilitates the
workflow in the operating room by reducing the
number of instruments that need to be navigated
and reduces the potential risks associated with
current techniques for the insertion of
percutaneous or mini-open pedicle screws by
eliminating the need for K-wires (Fig. 11.4).
Nottmeier recently described an approach to
implant pedicle screws without the use of K-wires
using precalibrated instruments including an awl,
pedicle probe, tap, and screwdriver [15].

11.8 Radiation Exposure

When used intelligently, CAS can help make
spine surgery safer for the patient as well as the
surgeon and the operating room staff: The issue
of radiation exposure using 2nd-generation CAS
for MIS has been addressed by Nottmeier et al.
[18]. In 25 MISS cases with 228 screws placed
using a portable cone beam CT navigation, there
was no radiation exposure to the surgeon. This
requires, though, that K-wires are not used.

11.9 Learning Curve and
Troubleshooting

Navigation does not replace surgical experience,
judgment, meticulous preparation, and tech-
nique. For the surgeon who uses navigation for
the first time, it will neither make surgery “eas-
ier” nor will it facilitate the workflow. Navigation
requires careful planning and training not only
for the surgeon but also for the whole team: the
scrub nurse, the assistants, the X-ray technician,
and others. There is a learning curve and initially
some additional time will be required to success-
fully incorporate navigation. Many of the initial
negative reports on navigation were due to the
first generation systems not being user-friendly
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and that surgeons did not spend the time to really
master this new technique. In the author’s expe-
rience, one of the hardest tasks is to teach navi-
gation to assistant surgeons who do not have the
experience and understanding and who may
believe that navigation enables “videogame” or
“plug and play” surgery. The contrary is true:
Accurate navigation requires very meticulous
and gentle surgical technique and constant vigi-
lant interpretation of what the computer screen
shows versus the surgeon’s tactile feedback.
Subtle discrepancies may indicate a mismatch
between the actual anatomy and what the screen
shows and this requires immediate troubleshoot-
ing. In the majority of cases, this does not mean
that navigation failed. Easily correctable reasons
include:

e The surgeon’s instrument may exert too much
pressure that can lead to distortion of the
anatomy. For this reason, we prefer using a
battery-driven drill rather than a navigated awl
or pedicle finder.

¢ Contamination of the reflective beads with
blood.

e Loosening of the reference array on one of
the instruments due to mechanical irritation or
the use of a mallet to impact the instrument.

o “Skiving” of the navigated instrument off the
bone, especially along the lateral facet joint.
For this reason it is helpful to try and place the
entry point of the instrument over a flat bone
surface. The use of a battery-driven drill also
minimizes slipping off the bone.

In very rare cases the navigation may truly
be off and it may be required to obtain intraop-
erative control 3-D imaging if that is available
and to repeat the navigation steps. We also rec-
ommend that screws in the lumbar spine, once
placed, should be stimulated and, if possible,
their accuracy should be routinely verified
using intraoperative 3-D imaging if available.
As a cutoff for repositioning, we use 10 mAmps
for direct screw stimulation and any medial
breach on intraoperative 3-D imaging. Lateral
breaches, however, can also be critical if they
exceed several millimeters. In experienced
hands the rate of screws that need to be reposi-
tioned is very low.
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11.10 Impact of Navigation on
Screw Accuracy and Clinical
Outcome

Computer 3-D navigation techniques in spinal
instrumentation can improve screw placement
accuracy compared to conventional or “freehand”
placement of pedicle screws [19-25]. A meta-
analysis comparing computer-navigated spine
surgery and non-assisted pedicle screw insertions
(4814 navigated and 3725 non-navigated) showed
that there is a significantly lower risk of pedicle
perforation for CAS pedicle screw insertion com-
pared to non-navigated insertion with an overall
pedicle perforation risk 6 % for CAS and 15 %
for non-navigated insertion [22]. This meta-anal-
ysis did not reveal a difference in total operative
time or estimated blood loss when comparing the
two techniques. In reviewing our experience, we
compared navigated versus non-navigated pedi-
cle screw placement in 260 patients and 1,434
screws looking at screw accuracy, screw size, and
the complexity of surgery [17]. CAS was associ-
ated with improved screw placement accuracy
and was employed in cases with a higher degree
of surgical complexity such as MISS cases,
deformity, and revision surgery. Interestingly, we
found that CAS was associated with the use of
larger pedicle screws and a higher screw-to-pedi-
cle diameter ratio. This is explained by the ability
with CAS to plan and optimize the diameter of
the screw used which is important especially in
patients with poor bone quality or deformities
(Fig. 11.3). A recent systematic literature review
of a total of 43 in vitro and clinical papers con-
firmed that navigation provided higher screw
placement accuracy compared with conventional
methods [16]. In addition, the authors showed
that CT-based and 3-D fluoroscopy-based navi-
gation was more accurate than 2-D fluoroscopy-
based navigation system.

Verma et al. performed a systematic review of
the literature addressing functional outcome and
the incidence of neurological complications
between navigation and conventional surgery
[26]. The comparison of neurological complica-
tions demonstrated an odds ratio in favor of using
navigation for pedicle screw insertion; however,

there was no statistical significance. The authors
concluded that there were insufficient data in the
literature to infer a conclusion in terms of fusion
rate, pain relief, and health outcome scores. This
is the only study so far that has attempted to cor-
relate navigation results to clinical outcome.

11.11 Robotic Surgery

Robotic surgery uses preoperative CT scans for
the placement of pedicle screws in the lumbar
and thoracic spine [27-29]. For example, the
RenaissanceTM is a semiactive surgical guid-
ance robot (Mazor Robotics Ltd., Caesarea,
Israel) that has been designed to direct instru-
ments to predetermined locations along the spine.
On a graphic user interface with software, the
surgeon uses the preoperative CT scan to plan the
trajectory of the screws. Intraoperative fluoro-
scopic X-rays with targeting devices are then
matched with the CT-based virtual images, as
well as the surgeon’s plan. A clamp is attached to
the spinous process or a minimally invasive
frame is mounted to the iliac crest and a spinous
process. The miniature robot is then attached to
the clamp and/or frame. The robot aligns itself to
the desired entry point and trajectory, as dictated
by the surgeon’s preoperative plan. Studies using
robotic surgery show high levels of implant accu-
racy for open and percutaneous screw placement
[30, 31]. Downsides of robotic surgery include
that active tracking is not possible and implant
accuracy can only be checked after surgery with
a CT scan.

11.12 Future Developments
and Outlook

Spinal navigation clearly offers advantages over
conventional surgery including greater screw
accuracy, reduced radiation exposure, and better
planning of the size and position of implants.
Therefore, it is surprising to see that CAS is not
widely accepted among spine surgeons. The cur-
rent viewpoint of the spine surgeon on navigation
in their everyday practice is an important issue,
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which has not been studied. A survey-based study
was therefore conducted in order to assess opin-
ions on CAS that describe the current global atti-
tudes of surgeons on the use of navigation in
spine surgery [32]. This study showed that
despite a widespread distribution of navigation
systems in North America and Europe, only 11 %
of surgeons use it routinely. High-volume sur-
geons, neurological surgeons, and surgeons with
a busy MIS practice are more likely to use CAS.
“Routine users” consider the accuracy, potential
of facilitating complex surgery, and reduction in
radiation exposure as the main advantages. The
lack of equipment, inadequate training, and high
costs are the main reasons why “non-users” do
not use CAS.

These data send strong messages to the com-
munity of spine surgeon and their industrial
partners:

1. In theory, surgeons generally see value in
CAS and almost 80 % hold positive opinions
about CAS.

2. In reality, current CAS systems do not meet
surgeons’ expectations in terms of time effi-
ciency, ease of use, and integration into the
surgical workflow.

3. CAS systems have to be affordable and cost-
efficient in order to increase their availability.

4. Training has to be more readily available to
overcome the demanding learning curve for
CAS. This training should not only address
individual surgeons but ideally should also
include the surgical team in order to improve
integration of CAS into the existing work
flow.

5. Valid scientific data are needed to clarify the
precision of CAS, radiation exposure levels,
and cost-effectiveness. This will require well-
designed, prospective clinical trials.

In conclusion, navigation in spine surgery is a
rapidly evolving field and we are still at an early
stage of the technology. More advanced and user-
friendly systems that work, for example, with
true intraoperative CT scanners are becoming
available, and it will be interesting to see how
these systems will impact the use and acceptance
of navigation [8, 9]. Spinal navigation will move
away from the use of K-wires which will
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minimize the need for intraoperative X-rays use
and it will greatly facilitate the work flow. Spine
surgeons will increasingly integrate the benefits
of microscopic magnification, intraoperative
real-time imaging, and pre- and intraoperative
planning and 3-D navigation. The future of CAS
will include more widespread access to better
software and imaging technologies and the com-
bination of CAS with different imaging modali-
ties and possibly intraoperative functional
monitoring, such as electrophysiology [33].
There is little doubt that navigation will in the
future become a vital part of MIS procedures and
a standard armamentarium for spinal surgeons.
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Nuances of Percutaneous
Thoracolumbar Pedicle Screw

Fixation

D. Greg Anderson

12.1 Introduction

Minimally invasive surgical techniques have
grown in popularity in recent years due to the
theoretical advantages of smaller incisions,
reduced muscle stripping, and a quicker postsur-
gical recovery [1]. The emergence of new tech-
nologies for minimally invasive placement of
percutaneous subfascial pedicle screws and rods
has allowed surgeons to achieve secure spinal fix-
ation through a limited surgical approach [2-4].
The placement of percutaneous pedicle screws
relies on imaging modalities, most commonly the
C-arm image intensifier, to visualize the ana-
tomic landmarks necessary for pedicle targeting
[1]. The current chapter will focus on the nuances
of performing percutaneous pedicle fixation
in the thoracolumbar spine using C-arm
fluoroscopy.

12.2 Anatomy
12.2.1 Pedicle

The pedicle forms a cylindrical bone bridge
between the dorsal spinal elements and the
vertebral body. The pedicle has a strong cortical
shell with a central core of cancellous bone.
Pedicle size and angulation vary significantly
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throughout the spinal column. In general, the
transverse width of the pedicle is less than the
pedicle height (Fig. 12.1a). The exception is the
L5 pedicle which often has a width that is greater
than its height. Pedicles between T10 and L1
generally have a transverse width of at least
7 mm, while pedicles below L1 generally have a
transverse width of 8 mm or more. Due to the
variability between patients, the best strategy for
choosing the ideal implant size is to measure the
specific pedicle dimensions from the preopera-
tive imaging studies.

Medial angulation of the pedicles increases as
one descends caudally from the thoracolum-
bar junction through the lumbosacral region
(Fig. 12.1b). The nerve roots course along the
medial aspect of the pedicle and occupy the ros-
tral portion of the neural foramen. Therefore, vio-
lation of the medial or caudal pedicle cortices
places the adjacent nerve root at the greatest risk
of injury [5, 6]. The precise angulation of the
pedicles can best be determined by measuring
this parameter on the preoperative imaging
studies.

12.2.2 Thoracic Spine

In the thoracic spine, the relationship between the
transverse process and the central axis of the ped-
icles differs compared to the lumbar region and
varies by region within the thoracic spine. The
pedicle is localized along the cranial portion of
the transverse process in the upper thoracic region
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Fig.12.1 Diagram illustrating pedicle (a) width, (b) medial angulation (axial plane), and (c) sagittal angulation

but is closer to the mid-transverse process in the
mid and lower thoracic region. Due to variation
between patients, fluoroscopic guidance with the
true anterior-posterior (AP) view is helpful to
define the exact pedicle location during surgery.
The rib head lies along the lateral margin of the
thoracic pedicles and adds to the bony corridor
available for screw fixation. Both pedicle angula-
tion and vertebral body depth must be considered
more carefully in the upper thoracic region, where
shorter implants are generally required [5, 6]. The
great vessels are at particular risk in the thoracic
region if a pedicle screw is misplaced either

anteriorly or in a lateral direction on the left side
where the aorta may lie along the lateral margin of
the pedicle-rib complex [5, 6].

12.2.3 Lumbar Spine

The conventional entry site for pedicle screw
placement in the lumbar spine is at the junction
of the lateral facet (superior articular process)
and mid-portion of the transverse process [5, 6].
The pars interarticularis is generally located at
the medial boarder of the pedicle at the L1 to L4
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levels and is at the level of the mid-pedicle at LS.
Facet hypertrophy may lead to overgrowth of the
superior-lateral facet joint which may overlie the
pedicle starting point in many cases, particularly
in the lower lumbar region. Fortunately, the true
AP fluoroscopic view will precisely localize the
pedicle and guide the surgeon to the correct
starting point. The medial angulation of the ped-
icles increases from the L1 level (where it is
minimal) to the L5 level (where it is generally
15° or more). In some cases, the medial angula-
tion of the pedicles at the L5 level will make the
true AP view hard to interpret; in these cases the
en face view is helpful to define the pedicle
boundaries.

12.3 Principles of Minimally
Invasive Spinal
Instrumentation

Implantation of a percutaneous pedicle screw
construct in the thoracolumbar spine is achieved
by following a standard sequence of surgical
steps. It is important for the surgeon to adhere to
the prescribed surgical steps and to verify the
adequacy of each step before continuing on to the
next surgical step when following the targeting
strategy discussed in this chapter.

Precise localization of all surgical incisions
should be done fluoroscopically prior to mak-
ing the incisions. The incisions should be ade-
quate in size to allow placement of the implants
without undue trauma or stretch of the soft
tissues. Light bleeding from the percutaneous
incisions can generally be controlled with
manual pressure at the incision site during ped-
icle targeting, thus limiting the need for
electrocautery.

Good quality, properly aligned imaging is crit-
ical for successful targeting of the pedicles in a
percutaneous fashion. The surgeon must under-
stand how to obtain and interpret properly aligned
fluoroscopic images prior to attempting percuta-
neous pedicle fixation using the described
technique.

12.3.1 Preoperative Planning

Preoperative planning begins by careful analysis
of the imaging studies to define the sites for
implant placement along with the dimensions
and angulation of the specific pedicles to be
instrumented. The strategy for surgical incisions
should be considered in light of all the surgical
goals for the procedure including the need for
neurologic decompression and/or posterior ele-
ment fusion. In some cases, a single skin incision
may be used to access separate fascial incisions
that can be used to access different regions of the
vertebral column [1, 7].

12.3.2 Fluoroscopic Imaging

When performing a minimally invasive surgical
approach, the surgeon must obtain good quality
fluoroscopic imaging of the vertebral column.
The initial procedural step is to position the
patient prone on a radiolucent spinal table or
frame. The patient should be “squared up” or
positioned to reduce trunk rotation. Next, the
location of the surgical incisions should be
demarcated on the skin using fluoroscopic
guidance.

Prior to making any surgical incisions, C-arm
images should be obtained and analyzed to verify
that the quality of imaging is sufficient and that
the pedicles are able to be clearly visualized on
properly aligned fluoroscopic images. Severe
osteopenia, morbid obesity, or intra-abdominal
contrast may preclude adequate visualization of
the bony landmarks and prevent safe implanta-
tion of percutaneous pedicle screws. In this situa-
tion, an alternative surgical technique should be
utilized.

The key fluoroscopic views used during the
placement of percutaneous thoracolumbar pedi-
cle screws are the true AP view, the true lateral
view, and the en face view (Fig. 12.2a—c). Proper
alignment of the C-arm is a critical step with each
of these fluoroscopic views. A properly aligned
true AP image will demonstrate a “flat” superior
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Fig.12.2 Shows the most useful fluoroscopic views: (a)
true AP view, (b) true lateral view (notice the pedicles are
overlapped [white arrows] and the posterior cortex of the

end plate (only one superior end plate shadow
should be seen) [Fig. 12.2a]. The pedicles should
be localized just caudal to the superior end plate,
and the spinous process should be centered
between the pedicles. On the true lateral fluoro-
scopic image, the superior end plate should again
appear “flat.” The pedicles should be superim-
posed. The surgeon should also analyze the pos-
terior cortex of the vertebral body to be sure that
there is no malrotation (only a single shadow
should be seen) (Fig. 12.2b). Any malrotation
should be corrected prior to proceeding. The en
face view is obtained by starting with the true AP
view and then rotating the C-arm until the fluoro-
scopic beam is in line with the pedicle axis
(Fig. 12.2c). When the C-arm is aligned with the
pedicle axis, the greatest medial-lateral width
will be seen, and the medial boarder of the

vertebral body is a single line [black arrows], and (c) en
face view

superior articular process will generally align
along the medial boarder of the pedicle. When
targeting a pedicle with the en face view, the mid-
dle of the pedicle (not the lateral wall of the ped-
icle as in the AP view) is targeted. In all cases, it
is important that the region of the vertebra that is
being targeted is localized in the mid-portion of
the fluoroscopic image to ensure that the parallax
phenomenon does not lead to misinterpretation
of the image.

12.3.3 Facet or Intertransverse Fusion

If fusion of the facet joints of the intertransverse
process area is planned, this portion of the proce-
dure should be performed prior to the placement
of pedicle screws and rods, which may block
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Fig.12.3 (a and b) A K wire is placed over the patient’s
back and a fluoroscopic true AP view is obtained. The K
wire is adjusted to demarcate the location of the center of
the pedicles. A line is then drawn on the skin correspond-
ing to the center of the pedicles for guidance in making

access to these regions. When performing a facet
fusion, a tubular retractor may be used to provide
access to the facet joint for decortications and
grafting. To perform an intertransverse fusion,
the intermuscular plane between the multifidus
and longissimus muscles can be used to gain
access to the intertransverse region for meticu-
lously decorticated and grafting. After the graft-
ing has been completed, the retractor can be
withdrawn, and percutaneous targeting of the
pedicles can be performed as described below.

12.3.4 Marking Out the Surgical
Incision

Using the true AP view, a horizontal line is drawn
on the skin corresponding to the mid-pedicle at each
vertebral level (Fig. 12.3a, b). The sagittal plane

the surgical incisions. (¢ and d) The K wire is then aligned
over the lateral boarder of the pedicles, and a vertical line
is demarcated on the skin. The skin incisions should be
made 1.5-2 cm lateral to the intersection of the vertical
and horizontal lines at each level

angulation of the true AP views of each level can be
recorded on the C-arm, by placing a tape next to the
angle indicators and marking the angulation of the
particular level (Fig. 12.4). This will facilitate rapid
return to the properly angulated view for each level
later in the case. In similar fashion, vertical lines are
drawn along the lateral boarders of the pedicle in the
construct (Fig. 12.4a, b). The skin incisions are gen-
erally positioned 1.5-2 cm lateral to the intersection
of the vertical and horizontal lines for each level. In
more obese patients, a slightly more lateral skin
incision should be utilized.

12.3.5 Percutaneous Pedicle
Targeting

After the incisions have been demarcated, the
skin and fascia are sharply incised. Blunt finger
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dissection may be used to gently palpate the
base of the transverse process as a guide to
Jamshidi needle placement. A Jamshidi needle
or similar instrument is “docked” against the
bone at the base of the transverse process. The

Fig.12.4 Tape is placed along the C-arm angle indicator,
and marks are made corresponding to the sagittal plane
angulation of the L4, LS5, and S1 levels. This will facilitate
rapid return to properly oriented views of each level

location of the needle tip is then evaluated using
the true AP fluoroscopic view, and the needle tip
is adjusted as needed to localize the needle tip at
the 9 o’clock pedicle position on the left and 3
o’clock position on the right (Fig. 12.5). Once
the needle tip is in the correct position, the nee-
dle is gently tapped to penetrate the cortex to a
depth of about 2-3 mm (bone divot), which will
prevent needle slippage. The shaft of the needle
is then marked 20 mm above the skin edge
(Fig. 12.7). The markings allow the surgeon to
follow the depth of needle tip as it is passed
through the pedicle. The needle is then held
with the proper lateral to medial angulation cor-
responding to the central pedicle axis on the
axial plane (as determined by fluoroscopic
image and preoperative planning). The needle
must also be aligned for the sagittal plane,
which can be done by ensuring that on the true
AP view, the needle shaft appears to be parallel
to the superior end plate. With the needle in
proper alignment, it is tapped through the pedi-
cle until the marking on the needle shaft reaches
the skin edge. When the marking on the needle
shaft reaches the skin edge, the needle tip has
traversed the pedicle to a depth corresponding
the junction of the pedicle and vertebral body.

Fig. 12.5 (a) True AP images show docking of the
Jamshidi needle over the lateral wall of the pedicle at the
9 o’clock pedicle position on the left and the 3 o’clock
position on the right; notice the needle needs to be aligned
in the sagittal plane prior to insertion by making the

needle shaft parallel to the superior end plates of the ver-
tebral body; (b) the needle tip is seen just inside the 9
o’clock position after it has been tapped about 2-3 mm
into the cortex of the bone to prevent needle slippage, and
the needle has been aligned in the sagittal plane
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Fig. 12.6 (a) Jamshidi needles at approximately 20 mm
depth within the pedicle. The needle tip is localized
approximately at the junction of the pedicle and vertebral
body. The needle tips are both between %2 and 3 of the

When the needle has penetrated the pedicle to
a depth of approximately 20 mm, an AP fluoro-
scopic view is obtained, and the tip of the needle
is analyzed relative to the pedicle shadow. The
needle tip should appear within the pedicle
shadow between %2 and % of the distance across
the pedicle (from lateral to medial) (Fig. 12.6).
Once the needle position has been confirmed, a
guide wire is introduced through the needle shaft
and penetrated into the vertebral body to a depth
of about 20 mm beyond the end of the needle
shaft. This can often be done manually, or a clamp
may be applied to the guide wire 20 mm above the
top of the needle shaft, and then the clamp can be
tapped until it reaches the top of the needle shaft.

Tactile feedback provides important informa-
tion to the surgeon throughout the procedure. For
instance, the Jamshidi needle should pass smoothly
through the pedicle with light to moderate mallet
taps. If excessively hard bone is encountered, it is
likely that the needle tip has been misplaced medi-
ally into the facet joint and is encountering the
articular surface of the superior articular process. In
this situation, the needle will need to be removed
and a more lateral starting point utilized. Often a
thin, firm bony layer is encountered at the junction
of the pedicle and vertebral body which serves as

distance (from lateral to medial) across the pedicle and
thus in an acceptable position. (b) Another view of a
Jamshidi needle at the 20 mm depth in acceptable
position

an additional clue to the needle depth. When guide
wires are inserted through the needle shaft, cancel-
lous bone should be palpated at the floor of the
needle shaft. The guide wire can generally be
passed through the cancellous bone of the vertebral
body using manual finger pressure. The cancellous
bone of the vertebral body has a characteristic
“crunchy” feel during this maneuver.

12.3.6 Pedicle Screw and Rod
Insertion

After each of the pedicles in the construct has
been successfully targeted and guide wires have
been placed, the C-arm should be adjusted to the
true lateral projection, and the position of each
guide wire should be confirmed on a lateral fluo-
roscopic image (see Fig. 12.8). Next, a cannulated
pedicle preparation instrument (e.g., bone tap) is
used to expand the pedicle passage. It is important
for the surgeon to maintain manual control of the
guide wires throughout this process to prevent
inadvertent anterior migration or guide wire dis-
lodgement (see Fig. 12.9). Once the pedicle prep-
aration instrument has passed the base of the
pedicle, stimulus-evoked electromyography can
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Fig.12.7 (a) Diagram showing the marking of a Jamshidi
needle 20 mm above the skin edge, (b) picture of marking
of the Jamshidi needle 20 mm above the skin edge

be utilized, according to surgeon preference, to
test the voltage threshold of each pedicle site (see
Fig. 12.10). An absence of low-voltage activity
suggests the absence of a pedicle wall breech.
Cannulated pedicle screws are then inserted
over the guide wires. It is important to ensure that
the pedicle screws are placed to a depth such that
they form a smooth contour to facilitate rod cap-
ture (Fig. 12.11). The contour of the screws can
be accessed by evaluating the height of the screw

Fig. 12.8 True lateral fluoroscopic image of L4 with
guide wires in place

extensions. Adjustment of the screw height can
be made, as necessary, to achieve a smooth con-
tour between adjacent pedicle screws.

Rod measurement is generally performed with
a measuring device provided by the pedicle screw
manufacture. Once a rod of appropriate length
has been selected, rod contouring should be per-
formed. The surgeon can obtain a good estimate
of the rod contour by evaluating the contour of
the screw extensions (Fig. 12.12). However, in
spinal deformity cases, the contour of the rod will
need to accommodate the planned deformity
correction.

Rod passage typically uses a rod handle.
Generally speaking, the rod is passed sequen-
tially through the screw extensions, beginning at
one end of the construct. Rod passage requires
some tactile awareness to “feel” the tip of the rod
entering each screw extension. Once the rod has
successfully passed into a screw extension, the
rotation of that extension becomes fixed, and this
confirms successful rod capture. Steering of the
rod during rod passage is achieved by manipula-
tion of the rod handle and in some cases by
manipulation of the screw extensions. Rod pas-
sage and capture is generally more difficult in
long constructs and those with significant defor-
mity. However, with some practice most surgeons
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Fig.12.9 The surgeon must
manually hold the guide wire
while tapping or inserting
pedicle screws to prevent
wire migration or
dislodgement

Fig.12.10 The surgeon is
using stimulus-evoked
electromyography to test the
integrity of the pedicle

can learn to successfully pass percutaneous rods
even in multi-level deformity cases.

Once the rod has been successfully passed, the
screw cap at the end of the construct (generally
opposite the rod handle) is placed to prevent rod
slippage, and then the rod handle can be detached.
Next, the cap at the most lordotic portion of the

construct should be placed. This is done to seat the
rod into the screws with the proper rotational ori-
entation to match the necessary lordosis of the
construct. The remainder of the screw caps are
then placed sequentially, using rod persuasion as
needed to achieve reduction of the rod into the
screw heads. Depending on the goals of the
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Fig. 12.11 The tops of the screw extensions form a
smooth contour which will facilitate rod passage and rod/
screw capture

Fig.12.12 Rod contouring is
performed to match the
sagittal plane alignment of the
construct. Both rod length and
contouring can be estimated
by evaluating the screw
extensions

surgical procedure, compression or distraction
may be applied to the construct to achieve adjust-
ments in the vertebral position prior to final tight-
ening. Once the construct is in the desired position,
the construct is securely tightened to lock the con-
struct in place.

After final tightening, the screw extensions are
detached, and wound closure is performed in a rou-
tine manner. The authors prefer to use subcuticular
stitches with a skin sealant (e.g., Dermabond,
Ethicon, Cornelia, GA). Local anesthetic agents,
injected at the surgical site, are helpful to limit post-
operative discomfort. Patients are generally mobi-
lized as rapidly as possible following surgery.
Rehabilitation and follow-up imaging are planned
according to the nature of the surgical procedure.
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Conclusion

Thoracolumbar percutaneous pedicle screw
instrumentation and fusion can be achieved
through a series of well-defined and reproduc-
ible surgical steps. To achieve good results, the
surgeon must be familiar with obtaining and
interpreting C-arm fluoroscopic images and
have a good understanding of the three-dimen-
sional anatomy of the spinal column. A variety
of surgical nuances have been learned over time
which may prove useful to the surgeons who
wish to become proficient in the use of percuta-
neous instrumentation. Fortunately, the benefits
of reduced patient morbidity and improved
recovery from surgery far outweigh the efforts
and learning curve associated with gaining
these surgical skills.
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Despite being a somewhat trite topic at first
glance, most surgeons familiar with minimally
invasive posterior spinal fixation know that con-
touring, passing, and connecting rods can be a
challenging and cumbersome step in these proce-
dures. This was particularly the case with the first
generation of MIS instrumentation. Short-
segment percutaneous posterior fixation (i.e.,
monosegmental or bisegmental) for various indi-
cations — primarily fractures — could be accom-
plished without special instruments or
modifications of implants [1]. However, the
advent of advance MIS techniques required the
development of specially designed instruments to
accomplish multi-level screw-rod fixation [2].
Early attempts were problematic for fixation
beyond 3 segments and even more harrowing when
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a major deformity was present. The prerequisite
for this were specially designed instruments and
implants, which are now available from several
medical device companies in the field. However,
this required a migration away from automated rod
passage systems which were very effective for
connecting two or even three screw heads but had
limited flexibility in connecting more fixation
points. The key features with respect to the prob-
lem described in this chapter are the (a) reduction
screw extenders and (b) a steerable rod inserter to
allow for the passage of longer precontoured rods
without direct visual feedback under fluoroscopic
and tactile control. Large extender windows over
the screw tulips and the possibility of gradual
reduction under visual control (by means of scales
on the proximal end of the extender) are more or
less mandatory elements as well as a tight and
robust rod/inserter interface. In addition, the use of
rod entry point estimators, rod length confirmation
tools, and external markers on proximal extenders
to facilitate alignment has been helpful.

Between 2008 and 2010, the first meaningful
series of long-segment fixation were published
[3-6] describing the feasibility, safety, and limita-
tions of this approach. Most patients in these
series were primarily less complicated cases of
adult degenerative deformities (i.e., those limited
to the lumbar spine or shorter curves). While mul-
tiple techniques are available for achieving suc-
cessful rod contouring, passage, and connection,
the following is the description of my approach
and strategy for meeting these challenges. One
also has to keep in mind that this is a continually
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evolving field, with advances in techniques, tech-
nology, and instrumentation occurring regularly.

During preoperative planning, several key

interdependent features must be assessed, which
will determine the degree of difficulty to be
expected during any rod maneuver:

1.

Length of the construct

2. Severity of coronal and sagittal deformity
3.
4. The number of distinct curves the rod must

Desired/necessary degree of reduction

traverse

. Any complicated connections, such as with

iliosacral screws
These elements exist in concert with compre-

hensive classifications that may trigger differen-
tial treatment [7].

1.

3.

Length of construct: Since almost all cases are
Schwab type V or IV with a preponderance of the
former [8], the vast majority of constructs can be
considered as short (up to L.2) or intermediate (up
to T10). They will thus comprise (depending on
the inclusion of S1) either 4 or less segments in
the former group or up to 8 in the latter.

Severity of deformity: Coronal Cobb angles
>30° as well as subluxations>6 mm will
increase the difficulty. Any major sagittal imbal-
ance [9, 10], which is a major limiting factor in
MIS corrections, also complicates the correc-
tion. If the construct is considered and requires
extension to the construct to the upper thoracic
area, then two curves must typically be tra-
versed (thoracolumbar and lumbosacral) [10].
Degree of correction: The degree of sagittal
correction can be critical to optimal outcomes.
If the sagittal vertical axis (SVA) exceeds
10 cm, osteotomies will be needed for correc-
tion. This also limits the ability of the surgeon
to pass a single rod, as it is not possible to pass
a lordotic rod into a severely kyphotic spine.
Thus a two-rod technique may have to be uti-
lized. Non-kyphotic deformities can often be
corrected through appropriate contouring with
anterior releases [11, 12]. Coronal deformities
even below 30° cannot be properly corrected
with derotation techniques alone [13, 14] given
the stiffness of the spine. In these cases appro-
priate anterior or intersomatic releases may be
necessary using multiple MIS TLIFs or antero-
lateral approaches. Curves greater than 30°

4.

5.

B. Meyer et al.

should be preferentially reduced below this
limit by anterior asymmetric release and inter-
somatic fusion. A reduction of the remaining
curve is then possible by derotation.

The number of distinct curves the rod must
traverse: Passing a rod through both the thora-
columbar and lumbosacral junctions requires
the rod to be in an “S” shape to have the proper
final contour. Thus, it may not be possible to
access all the screw saddles appropriately
without a small opening in the muscle fascia.
Any complicated connections, such as with
iliosacral screws: Since the iliac screw heads
will be offset laterally and dorsally to pedicle
screws, proper screw entry site planning is
critical. Starting the sacral screws in a more
cranial position and leaving them 3-6 mm
proud, along with starting the iliac screws
caudally and more ventrally, can improve the
ease of connections. However, it is also often
necessary to place a small lateral bend in the
caudal aspect of the rods as well.

The following steps would be performed in a

long-segment MIS deformity surgery:

Once all screws and screw extenders are in
place and lined up with the aid of the markers
and lateral fluoroscopy, the rod measurement
tool is placed on the skin next to the extenders
after being bent to be in contact with the skin
over the complete length.

A rod of the corresponding length is firmly
attached to the steerable rod inserter before
any contouring. Compensation for any curva-
ture is critical. The rod is then bent in the
appropriate planes to achieve the desired
degree of deformity correction.

Starting on the concave side, the most cephalad
extender is held perpendicular to the skin, and the
rod entry point estimator is attached to mark the
place for the stab incision. Rods are often inserted
in a cranio-caudal direction for safety reasons.
Laminar shingling minimizes the risk of uninten-
tional rod passage into the spinal canal.

The passage of the rod is controlled by lateral
fluoroscopy to ensure that it remains below
the muscle fascia. Movements should be
smooth without excessive force. Once the rod
is in the first window, this can be controlled
with a rod confirmation tool brought into the
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Fig. 13.1 Rod passage with rotation of the rod along its long axis to drive the rod laterally or medially to engage all
the screw heads in a deformed spine. This requires a bend at the leading portion of the rod

extender shaft or by slightly twisting the
extender. This is repeated for every screw.

— The complete passage requires twisting move-
ments of the inserter up to 90° to both sides
along the long axis of the rod to “steer it medi-
ally or laterally” (Fig. 13.1). A combination of
tactile feedback and fluoroscopic control is used.

— From the center to periphery, the extenders are
then reduced in a stepwise fashion with the aid
of the reduction nuts, which are facilitated by
the markers visible on the extender ends.
Usually three rounds are needed until com-
plete reduction to allow successive correction
to avoid screw pullout.

— The contralateral rod is inserted after the nec-
essary pre-contouring. The inserter is detached
after all set screws are tight and final imaging
control, has been performed.
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Percutaneous Sacropelvic Fixation

Michael Y. Wang

14.1 Introduction
Lumbopelvic fixation has increasingly become
an important adjunct for stabilization of the lum-
bosacral spine. The ability to place larger diame-
ter and longer screws anterior to the center of
gravity of the body promotes stability both
regionally and globally and can also reduce the
likelihood of a pseudarthrosis or hardware con-
struct failure [20]. For these reasons, the use of
iliac screws and bolts has become popular since
the original descriptions of the precursors to
these methods by Allen and Ferguson [1].
Current indications for iliac screw fixation
include situations where substantial biomechani-
cal stabilization is required in the lumbosacral
spine. This includes settings with long constructs,
spinal deformity, severe osteoporosis, a previous
failed fusion, or severe instability due to trauma,
tumor, or infection [3, 6, 7, 10]. In addition, iliac
fixation is useful in cases where no other feasible
caudal fixation points are available, such as for
revision fusion surgery. Because the human pel-
vis contains a significant cancellous bone space
bordered by inner and outer cortical walls, screws
or bolts of a substantial diameter and length can
be placed safely for fixation. This allows the
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placement of screws between 65 and 120 mm in
length and 7.0-10.0 mm in diameter [16].

While the placement of iliac screws has
become widely accepted, there remain several
methods for ensuring proper hardware place-
ment. Manual digital palpation of the lateral iliac
wing to the sciatic notch allows the surgeon to
directly determine the screw trajectory and bony
confines manually. More recently indirect palpa-
tion of the inner cortical walls of the pelvis using
a curved pedicle finder has been advocated, mini-
mizing the need for soft tissue disruption. In
either case extensive muscular dissection over
the posterior superior iliac spine is needed to
expose the screw entry points.

Pain secondary to iliac screw placement may
be due to several causes, including hardware
prominence, disruption of the sacroiliac joint,
and screw loosening [4]. However, local soft tis-
sue destruction and muscular devitalization for
surgical exposure may play a role as well. For
these reasons, we have sought to develop a
method for the minimally invasive placement of
iliac screws.

Percutaneous pedicle screw fixation techniques
have now become widely accepted as an option for
lumbosacral fixation [2, 5, 8, 9, 11-14, 17]. The
general principle of percutaneous pedicle screw
instrumentation has been fluoroscopically guided
K-wire placement followed by screw tract prepa-
ration and hardware placement using cannulated
instruments and implants. The use of screw exten-
sions then allows the surgeon to control the implant
and secure and connect it to the adjacent levels.
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We have sought to extend these methods for appli-
cation in sacropelvic fixation and initially
described the technique in a case report [19]. We
have since expanded the application of this method
report here our preliminary results with image-
based percutaneous iliac screw placement.

14.2 Surgical Technique for
Image-Based lliac Targeting

X-ray imaging is used to visualize the body of the
ischium by angling the fluoroscope in a steep
Ferguson view in the sagittal plane and in the
plane of the ilium in the coronal plane. This
“obturator outlet view” allowed for visualization
of the inner and outer tables as well as the “tear-
drop” configuration of the ischial body (Figs. 14.1
and 14.2). This teardrop shape is the overlapping
of the two-dimensional projection of the inner
and outer tables of the ilium from medially to lat-
erally [15]. Thus, targeting this region insures
proper screw placement.

The screw entry site is located just ventral to
the posterior superior iliac spine (PSIS). A drill

or small osteotome is used to remove the corti-
cal bone so that the screw head may be recessed
to minimize hardware prominence. This entry
site into the cancellous bone also minimizes the
risk of inadvertent entry into the sacroiliac
joint. A Jamshidi needle is then advanced to a
depth of 80 mm under fluoroscopic guidance to
keep the tip of the needle within the teardrop.
This is followed by K-wire exchange and place-
ment of a cannulated awl, tap, and instrumenta-
tion with Viper™ titanium alloy percutaneous
iliac screws (Depuy Spine, Inc, Raynham,
Massachusetts).

Hardware connections were made between
screws and rods with the assistance of screw
extensions. Subfascial rod passage was per-
formed in a cranial to caudal direction by
inserting the rod through the most cranial
screw’s incision. This allowed for precise con-
trol of the length of rod passed beyond the
iliac screw saddle distally in an effort to mini-
mize hardware prominence. In several cases
two-plane rod bending was necessary to place
the distal rod laterally to meet the iliac screw
head.

Fig.14.1 (a—c) Artist’s depiction of a technique for min-
imally invasive sacroiliac screw placement. A small skin
and muscle opening is placed medial to the PSIS to allow

entry into the cancellous bone. Cannulation then occurs
under fluoroscopic guidance. (d) Percutaneous cannulated
iliac screws measuring 8 mm in diameter and 65 mm long
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Fig. 14.2 (a) Obturator outlet view with fluoroscopy
demonstrating the “teardrop” projection as the idealized
endpoint for the screw tip. (b) Intraoperative view show
the coronal and sagittal angulation needed to obtain the

14.3 Clinical Applications

We have placed 61 sacropelvic screws using this
technique [18]. All patients underwent CT scan-
ning with three-dimensional reconstruction to
assess screw placement and were found to have
no bony breaches. This experience has increased
our confidence that the targeting method inno-
vated by Chapman and colleagues is reliable and
safe. Furthermore, use of the obturator outlet
view does not require special equipment, image
guidance, or other advance technique.

We have applied percutaneous iliac screws in
the settings of spinal infection, trauma, defor-
mity, and neoplasia (Figs. 14.3, 14.4, and 14.5).
In these settings, its use has been for the same
indications and biomechanical purposes as tradi-
tional open sacroiliac fixation. It should also be
noted that later explantation of screws may also
be necessary given the relatively high rates of
screw loosening with long-term follow-up after
fusion has occurred.

One drawback of the technique may be that
screw explantation is more difficult than when
using an offset connector. While we have a lim-
ited experience with explantations, it would
require mobilization of the rod from the screw
saddle a sufficient distance to allow screw

obturator outlet view to allow percutaneous screw place-
ment over a guidewire, with screw extensions to allow for
construct assembly

removal, as opposed to open cases where the off-
set connector can simply be disengaged.

One of the practical drawbacks of this mini-
mally invasive method involves the difficulties
associated with connecting complex three-
dimensional constructs beneath the fascia. For
example, mating S1 pedicle and iliac screws will
often require a lateral offset connector or com-
plex two-plane rod bending given the more lat-
eral and dorsal location of the iliac screw head
(Fig. 14.6). We initially avoided this problem by
avoiding connections with an S1 pedicle screw,
thus allowing greater length along the rod to tran-
sition dorsally and laterally to the iliac screw
head. However, we recognized that this resulted
in a biomechanically inferior construct when
compared to open surgery. In this series three
patients had concomitant S1 pedicle screws, all
later in the series after we had acquired experi-
ence in planning screw placement to allow easier
screw-rod connection (Fig. 14.3). In these cases
careful attention must be paid to recessing the
iliac screw saddles and increasing the sagittal
distance between screw heads (i.e., placing the
S1 screws high in the pedicle and starting the
iliac screw in a more caudal position).
Furthermore, keeping the screw heads in line in
the coronal plane will minimize the need for
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two-plane rod bending. Additional problems
with the minimally invasive approach in these
settings include (1) inadvertent entry into the sac-
roiliac joint or pelvic cavity with the sharper
Jamshidi needles and (2) difficulties with creat-
ing a recessed location for the screw saddles to
prevent hardware prominence.

Ultimately, the safety of this technique can
only be demonstrated with larger clinical series.
The bony pelvis can vary in thickness and

geometry, and the soft tissues, including neural
and vascular structures, do not conform to a stan-
dard or reliable anatomic arrangement. Thus,
minimally invasive iliac screw placement can
prove more difficult due to variations in pelvic
anatomy when the traditional landmarks cannot
be directly palpated or visualized. However, the
ability to fixate the pelvis will likely significantly
expand the spectrum of pathologies that are treat-
able using a minimally invasive approach.

Fig. 14.3 (a) Case of a 46-year-old paraplegic who
developed a sacral decubitus ulcer. This was treated with
a local flap, which failed, and he subsequently developed
osteomyelitis at the lumbosacral junction due to exposed
bone. (b and ¢) The patient failed 6 months of intravenous
antibiotic treatment with progression of osteomyelitis and
back pain with deformity and bony destruction as demon-
strated on MRI and CT imaging. (d) The patient was

treated with an anterior debridement of L4-S1 with iliac
crest autograft reconstruction and (e) percutaneous instru-
mentation from L4 to the ilium. (f) Proper iliac screw
placement was confirmed with CT scanning. (g) The sur-
gical incisions avoided the infected and affected soft tis-
sues. (h) Fixation, debridement, and antibiotic treatment
resulted in resolution of the open wound without need for
another soft tissue flap to promote healing
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Fig.14.3 (continued)
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Fig.14.3 (continued)

Fig.14.4 (a-d) AP and
lateral imaging of a patient
with lumbar degenerative
scoliosis and positive sagittal
balance which was treated
with minimally invasive
interbody fusion and
percutaneous instrumentation
demonstrating the use of
percutaneous iliac screws in
correction with S1 pedicle
screws. (e) CT scanning
demonstrates proper recession
of screw saddles to minimize
hardware prominence
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Fig.14.4 (continued)
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Fig. 14.5 Postoperative imaging demonstrating applica-
tion of iliac screws in concert with an iliosacral pin to treat
a complex sacropelvic fracture

Fig.14.6 (a and b) Two-plane rod bending at the caudal end of the construct ensures proper S1 iliac hookup. The rod
must be bent to rise dorsally as it spans laterally to meet the iliac screw saddle
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John E. Ziewacz, Darryl Lau, Sigurd H. Berven,
Armed J. Awad, and Praveen V. Mummaneni

15.1 Introduction

As the population ages and life span increases, the
prevalence of osteoporosis, defined as a dual-energy
X-ray absorptiometry scan (DEXA) value <-2.5, is
increasing [12, 59]. Concomitant with this increase
is an increase in spinal fractures and deformity asso-
ciated with osteoporosis [19, 60]. As techniques for
spinal instrumentation improve, spinal surgery is
being considered in older patients, many of whom
have osteoporosis [9, 12, 17, 19, 30, 33, 35, 36, 38,
45,52,57,59, 64, 66, 70, 72, 74, 76]. It is estimated
that in patients over the age of 50 who undergo spine
surgery, 51.3 % of females and 14.5 % of males
have osteoporosis [12]. Of women who undergo
surgery for scoliosis correction, it is estimated that
10 % have osteoporosis [83]. Osteoporosis is a sig-
nificant independent predictor of complications,
particularly hardware related, in spine surgery [17,
64]. As a result, particular attention must be paid
when instrumenting the osteoporotic spine [30].
With the advancement and expansion of minimally
invasive techniques [18, 36, 37, 45, 51, 58, 66, 69]
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including for deformity correction [1, 2, 4, 15, 54, 77],
it is important for the spine surgeon to carefully fol-
low patients with osteoporosis undergoing spinal
fusions to ensure they do not develop pseudoarthro-
sis and/or implant loosening.

15.2 Complications
of Osteoporosis

Osteoporosis significantly increases the risk of
complications of spinal surgery, particularly in
multilevel fusions [17, 64]. One study of elderly
patients (mean age 68.7 year.) who underwent
multilevel fusion noted that 35/80 patients
(43.8 %) experienced implant loosening and
adjacent segment degeneration occurred in 26
patients (32.5 %) [64]. Of these, 8 (22.8 %) and 17
(65.3 %), respectively, required reoperation [64].
The authors concluded as a result that osteoporo-
sis should be considered preoperatively and that
osteoporosis should be corrected prior to surgical
treatment [64]. Another study of patients over the
age of 65 who underwent fusions at greater than
5 levels noted that early complications included
pedicle fractures and compression fractures and
occurred in 13 % of patients. Late complications
included pseudoarthroses, adjacent level degen-
eration, compression fractures, and junctional
kyphosis, which occurred in 26 % of patients [17].
A study of 66 patients over the age of 70 who
underwent minimally invasive lumbar interbody
fusions (XLIF and TLIF) noted five major com-
plications (7.4 %) [36]. The major complications
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Table 15.1 Complications of osteoporosis in spine
surgery

Complications of osteoporosis in spine surgery
Subsidence

Pedicle fracture

Proximal junctional kyphosis

Compression fracture

Pseudoarthrosis

Implant loosening/haloing

included four patients who experienced graft
subsidence after undergoing stand-alone XLIF
procedures and one patient experienced adjacent
segment degeneration (Table 15.1).

15.3 Preoperative Evaluation
and Medical Management

Preoperative evaluation of the patient with sus-
pected osteoporosis includes a DEXA scan and
metabolic labs (vitamin D, parathyroid hormone,
and calcium). These tests are important in deter-
mining the extent of osteopenia or osteoporosis
and therefore aid in preoperative planning.
Currently, a dual-energy X-ray absorptiometry
scan (DEXA) for bone mineral density measure-
ment is considered the gold standard for osteopo-
rosis diagnosis. A DEXA value of <—1 to >-2.5
is considered osteopenic, and a level <-2.5 is
considered osteoporotic. Some surgeons advocate
not operating on severely osteoporotic patients
due to the increased risk, though set cutoffs for
avoiding surgery have not been determined [17].
Despite the importance of the osteoporotic spine
on results of spinal fusion, only 44 % of surgeons
in one study ordered preoperative DEXA scan
and 12 % ordered vitamin D and calcium levels
prior to considering instrumented fusion [19].
Before we discuss medical treatment of osteo-
porosis, we need to understand the normal bone
growth. Typical bone mainly consists of osteo-
blasts, osteocytes, and osteoclasts. Osteoblasts
cells are bone-forming cells, while osteoclasts are
responsible for bone resorption. In normal bone,
remodeling of bone is a continuous constant pro-
cess [63]. Osteoporosis develops when there is an
imbalance between bone resorption and bone
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formation. This imbalance can be caused by three
mechanisms: inadequate peak in bone mass dur-
ing skeleton growth, excessive osteoclastic bone
resorption, and insufficient new bone formation
response during bone remodeling [63].

Two types of osseous tissue form bone:
trabecular bone and cortical bone. Trabecular bone
(cancellous bone) is the soft, spongelike bone in
the periphery of long bones and vertebrae. Cortical
bone (compact bone) is the dense, hard outer layer
of bones and the middle of long bones. Trabecular
bone has a greater surface area for metabolic activ-
ity than cortical bone; therefore, it is more affected
in osteoporosis. This explains why wrist, hip, and
spine (bones with relatively high trabecular bone)
are common sites of osteoporotic fractures.

Several pharmacologic treatments are used in
treatment of osteoporosis or low bone density.
American College of Physicians (ACP) recom-
mends that clinicians choose among drugs on the
basis of risks, benefits, and adverse effects in
individual patients [62]. Secondary causes of
osteoporosis must be excluded before com-
mencement of medical treatment. Alcoholism,
multiple myeloma, osteomalacia, use of gluco-
corticoids, and medical illnesses such as rheuma-
toid arthritis need to be first excluded as these
conditions would require specialized manage-
ment in addition to standard medical manage-
ment of osteoporosis [17].

Bisphosphonates act through osteoclast inhi-
bition, reducing bone turnover. They are syn-
thetic analogs of pyrophosphate which bind
to hydroxyapatite in bone remodeling, hence
reducing bone resorption activity of osteoclasts.
Bisphosphonates drug class includes alendro-
nate, etidronate, ibandronate, pamidronate, rise-
dronate, and zoledronic acid. All of them, except
etidronate and pamidronate, are approved by
Food and Drug Administration (FDA) for osteo-
porosis treatment. Because of the strong evidence
of bisphosphonates in effectively reducing the
risk for vertebral, nonvertebral, and hip fractures,
they are considered as first-line treatment of
osteoporosis [62]. Alendronate and risedronate
have been studied more than drugs in the class.
Alendronate (70 mg once weekly or 10 mg daily)
is the first-line option in treatment of osteoporosis.
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Table 15.2 Initial diagnostic evaluation of osteoporosis

Initial diagnostic evaluation of osteoporosis

Dual-Energy X-Ray Absorptiometry (DEXA) Scan
(T-score <—2.5=o0steoporosis)

Calcium level

25-hydroxy vitamin-D
Comprehensive metabolic panel
Complete blood count

Risedronate (35 mg once weekly or 5 mg daily)
is an alternative choice in case of alendronate
intolerance. Zoledronic acid, with alendronate
and risedronate, lies in the first-line in osteoporo-
sis treatment [79]. Alendronate is also considered
the first-line in the treatment of steroid-induced
osteoporosis. However, it is not FDA approved
in prevention of steroid-induced osteoporosis.
Risedronate is considered the first-line in preven-
tion of steroid-induced osteoporosis.

Parathyroid hormone (PTH) is another strategy
for osteoporosis treatment. The mechanism of
action of PTH in producing net bone formation is
complex and not completely elucidated. The extent
to which these drugs impact fusion is largely
unknown. Animal studies have demonstrated that
bisphosphonates appear to impede fusion mass,
but human studies demonstrate increased fusion
mass radiographically, though clinical outcome
was not affected [31]. To date, PTH has not been
studied in humans regarding its potential to
improve fusion (Table 15.2). In animal studies,
however, it has been shown to improve the fusion
rate and fusion mass [31]. In light of the complica-
tions associated with osteoporosis and fusion, it
may be prudent to consider delaying surgery in
patients with osteoporosis when possible and
allowing for treatment in order to improve bone
quality. However, the absolute cutoff for avoiding
surgery has not been defined, and there is no defin-
itive evidence that treatment of osteoporosis prior
to spine surgery improves outcomes [17, 32].

More recently, two agents have been intro-
duced for the treatment of osteoporosis: deno-
sumab, which is a monoclonal antibody that
inhibits the activation and differentiation of
osteoclasts, resulting in less bone resorption, and
teriparatide (recombinant parathyroid hormone
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1-34), which in contrast directly stimulates bone
growth [46]. Both have been found to reduce ver-
tebral fracture risk in postmenopausal women
with osteoporosis [46]. However, their effects on
patients undergoing spinal deformity correction
are unknown. A recent prospective cohort study
found that teriparatide was more effective than
combined vertebroplasty and anti-resorper agent
for treating post-vertebroplasty new-onset adja-
cent vertebral compression fractures [73].

Denosumab is a new drug recently approved by
FDA in 2010. It is fully human monoclonal anti-
body that targets the receptor activator of nuclear
factor-kB ligand (RANKL) that blocks its binding
to RANK, inhibiting the differentiation and activ-
ity of osteoclasts. Denosumab is considered as
first-line agent in osteoporosis treatment [79].

FREEDOM, a randomized clinical trial,
included 7,868 postmenopausal women with
osteoporosis found that denosumab (60 mg once
every 6 months) for 36 months was associated
with a reduction in the risk of vertebral, nonverte-
bral, and hip fractures [14]. The FREEDOM trial
was extended for up to 10 years. First 2 years
results (represents 5 years since FREEDOM study
commencement) showed further increase in bone
density at the lumbar spine and total hip [56].

The DECIDE trial compared the efficacy and
safety of denosumab with alendronate in 1,189
postmenopausal women with low bone mass.
Denosumab achieved better results in both bone
density and bone turnover reduction compared
with alendronate and similar safety profile [8].
Another trial showed more adherence and com-
pliance of patients receiving denosumab than
those taking alendronate [27].

Mixed treatment comparison in a recent meta-
analysis showed that denosumab is more effec-
tive than alendronate, risedronate, and other
drugs in preventing new vertebral fractures [26].

Teriparatide is the only FDA-approved ana-
bolic drug for osteoporosis treatment. Preotact, a
new anabolic agent, is pending FDA approval.
Teriparatide (20 pg/day) has been proved to
decrease both spine and vertebral fractures but
hip fractures in postmenopausal women with his-
tory of previous vertebral fractures [55, 61].
The manufacturers of teriparatide, Eli Lilly and
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Company, state in the insert package that teripa-
ratide treatment should not exceed 2 years [20].
This is based on osteosarcoma cases developed in
rats treated with teriparatide for 2 years [75, 78].
However, osteosarcoma was not reported in clini-
cal studies of humans taking teriparatide. The
Osteosarcoma Surveillance Study group have
recently published the findings of the first 7 years
of that ongoing 15 years study evaluating the
potential association between teriparatide and the
development of osteosarcoma in humans [3].
Interestingly, there were no osteosarcoma patients
who had a prior history of teriparatide treatment.

Teriparatide increases bone density at most sites
and decreases nonvertebral fractures compared to
alendronat [6]. Additionally, teriparatide is supe-
rior to alendronate for treating glucocorticoid-
induced osteoporosis [67]. Moreover, case reports
show that teriparatide is effective in treatment of
alendronate-associated osteonecrosis of the jaw
[11, 29, 41, 43]. However, cost considerations and
lack of studies showing hip fracture reduction pre-
vent using teriparatide as a first-line agent.

Combination of teriparatide and alendronate
is not recommended. Combination treatment is
not more effective than either agent alone [5, 22].
Moreover, alendronate decreases the effect of
teriparatide to increase bone density and turnover
in both men and women [23, 24].

Calcitonin, which had previously been
employed, is no longer considered appropriate
therapy for osteoporosis [46].

In 2010, the American Association of Clinical
Endocrinologists (AACE) published guidelines
and recommendations for diagnosis and treatment
of osteoporosis [79]. Based on level of evidence,
they generated the following recommendations
for choosing drugs in osteoporosis treatment:

e First-line agents: alendronate, risedronate,
zoledronic acid, denosumab

e Second-line agent: ibandronate

* Second- or third-line agent: raloxifene

* Last-line agent: calcitonin

e Treatment for patients with very high fracture
risk or in whom bisphosphonate therapy has
failed: teriparatide

¢ Recommendation against the use of combina-
tion therapy.
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Table 15.3 Summary of surgical techniques for manag-
ing the osteoporotic spine

Surgical strategies for managing osteoporosis
Expandable pedicle screws

Polymethylmethacrylate (PMMA) augmentation
Cannulated screws filled with PMMA

Increased levels of fixation (including pelvic fixation)
Bicortical screw purchase

Dual-threaded pedicle screws

Less-rigid implants

15.4 Surgical Strategies
for the Osteoporotic Spine

In light of the significant challenges in the surgical
management of osteoporotic bone, multiple surgi-
cal strategies aimed at improving pullout strength,
augmenting fusion, and reducing complications
have been employed. Among these are expand-
able pedicle screws, polymethyl methacrylate
(PMMA) augmentation, cannulated screws filled
with PMMA, increased levels of fixation, bicorti-
cal screw purchase, dual threaded screws, and less
rigid implants, among others (Table 15.3).
Biomechanical data suggests that pedicle
screws that expand within the pedicle may sub-
stantially improve pullout strength in bone com-
promised by osteoporosis [13, 48]. Early work by
Cook et al. reported that 86 % of patients with
osteoporosis who underwent expandable pedicle
screw placement experienced fusion, with no
instances of screw pullout or loosening [13]. In a
preliminary study, Wu et al. described 125 con-
secutive patients with severe osteoporosis who
underwent placement of expandable pedicle
screws. They also noted no instances of screw
loosening or pullout, and patients experienced sig-
nificantly improved outcomes as measured by
Japanese Orthopedic Association (JOA) scores
and visual analog scale (VAS) scores [80]. In
another comparison of expandable pedicle screws
with conventional pedicle screw constructs in the
treatment of patients with osteoporosis who under-
went lumbar spine fusion demonstrated that in 80
patients who received expandable screws, there
was a 92.5 % fusion rate compared to 77 patients
who underwent conventional pedicle screw place-
ment who demonstrated an 80.5 % fusion rate.
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This result was statistically significant [81].
Furthermore, in the same study, screw loosening
occurred in a significantly lower percentage
(4.1 %) of screws placed in the expandable group
compared to 12.9 % of screws placed in the con-
ventional group [81]. Furthermore, JOA and
Oswestry Disability Index (ODI) scores were sig-
nificantly better compared to preoperative scores
in the expandable pedicle screw group [81]. A bio-
mechanical comparison of expandable pedicle
screws and PMMA-augmented pedicle screws in
osteoporotic cadavers suggested that both expand-
able screws and PMMA -augmented screws exhib-
ited significantly enhanced stability as compared
with conventionally placed screws [48]. The prob-
lem with expandable pedicle screws, however, is
revision surgery. Typically, these implants destroy
the pedicle if removal is necessary for any reason.

Polymethyl methacrylate has been used with
increasing frequency to augment the fusion con-
structs in osteoporotic patients. Several stud-
ies have demonstrated the utility of PMMA in
increasing pullout strength and improving fixa-
tion [16, 38, 48, 52, 59, 68, 84]. Biomechanical
data in cadavers suggests that PMMA -augmented
pedicle screws provide superior screw stability
as compared to conventional pedicle screws, and
this fixation is comparable to that of expandable
pedicle screws [48]. In one cadaver study, as bone
mineral density decreased, PMMA-augmented
screws demonstrated significantly stronger pull-
out strength as compared to bicortically placed
conventional pedicle screws at S1 [84]. In a
3-year follow-up study of 37 osteoporotic patients
undergoing pedicle screw placement with PMMA
augmentation, Moon et al. found that VAS scores
for back and leg pain were significantly reduced
from 7.87 to 2.30 and 8.82 to 1.42 (p=0.006),
respectively [54]. Further demonstrating the clin-
ical utility of PMMA-augmented pedicle screws,
Sawakami et al. showed a significant decrease
in haloing around PMMA-augmented screws
(29.4 % vs. 71.4 %) and a significantly higher
fusion rate (94.1 % vs. 76.1 %) [68]. Additionally,
PMMA augmentation has been found to be use-
ful in anterior approaches as well [38]. A study
of 62 osteoporotic patients who underwent ALIF
with or without PMMA augmentation and were
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followed for over 2 years demonstrated that those
who had PMMA augmentation demonstrated sig-
nificantly less graft subsidence (5.2 % vs. 19.6 %,
p=0.001). Furthermore, the vertebral body height
at the index level was significantly higher in the
PMMA group (10.7 % vs. 3.9 %, p=0.001) [38].
Another option for PMMA-augmented fusion
for minimally invasive surgery is pedicle screw
placement with cannulated screws through which
PMMA is injected. A prospective study of this
technology in osteoporotic patients over the age of
70 with a mean follow-up of 2049 months dem-
onstrated that no radiographic or clinical cases of
nonunion were observed and that pain and func-
tion were improved at 6 months and maintained
at final follow-up [59]. Additionally, there was
no evidence of cement leakage, a known com-
plication of PMMA-augmented screws [17, 59].
However, a comparison of standard screws with
PMMA augmentation and screws with cannu-
lated PMMA augmentation in a synthetic verte-
bral body revealed greater pullout strength in the
standard screw group [10]. This has not been cor-
roborated clinically, however. One concern with
PMMA screw augmentation is that vertebrec-
tomy may be necessary if the PMMA becomes
infected postoperatively.

In addition to expandable pedicle screws and
PMMA-augmented screws, other surgical tech-
niques for the osteoporotic spine have been advo-
cated to reduce the complications associated with
osteoporotic bone in spinal fusion. One such
technique includes the application of Nesplon
tape in either the sublaminar or sub-pars space
connected to a rod. One study of this technique
demonstrated that tape applied in this manner in
cadaver specimen resulted in significantly stron-
ger fixation and a stiffer construct when com-
pared to pedicle screw constructs alone [28]. This
may be due to the higher regional bone density
concentration in the lamina as compared to the
pedicle. Evidence suggests that the insertional
torque required to place a pedicle screw is posi-
tively correlated with the patient’s bone mineral
density [42]. Because of this, knowing the bone
density prior to surgery may influence the num-
ber of levels needed for fusion in osteoporotic
patients [42]. Some authors advocated adding
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Fig. 15.1 (a) Lateral X-Ray demonstrating a T11 frac-
ture and kyphotic deformity following L2 pedicle subtrac-
tion osteotomy in a 59 yo woman with a history of chronic
steroid use for Lupus and osteoporosis. (b) Sagittal CT
reconstruction in the same patient demonstrating a T3-4

multiple levels of fusion in the osteoporotic
spine, with routine extension to the pelvis for
lumbosacral fixation in patients with osteoporo-
sis [17]. Also, same-diameter tapping prior to
pedicle screw placement was shown to result in
decreased insertional torque and thus pullout
strength, and therefore, undertapping or not tap-
ping prior to pedicle screw insertion has been
advocated [17] (Fig. 15.1).

15.5 Vertebroplasty/Kyphoplasty
for Osteoporotic Fractures

Osteoporotic vertebral fracture is a significant
cause of pain and disability in the elderly [50,
65]. The incidence of osteoporotic vertebral frac-
ture is likely to increase as the population ages.
Recently, vertebroplasty and kyphoplasty have

compression fracture with resultant kyphosis and progres-
sive paraparesis following T11 vertebral column resection
and extension of fusion to T3. (c) Lateral scoliosis X-Ray
in the same patient following T3-4 vertebral column
resection and extension of fusion to C7

been employed to treat both the pain and defor-
mity associated with these fractures [40, 50, 65].
Their use has been increasing at a rapid rate [40].
Vertebroplasty is meant to reduce the pain of
fractured vertebrae and prevent worsening of ver-
tebral body height loss by direct pedicular injec-
tion of PMMA. Kyphoplasty, on the other hand,
uses an expandable balloon to try to reverse the
kyphosis caused by the fracture and create space
for PMMA to be injected in order to address both
the pain and deformity associated with vertebral
compression fractures. A recent study questioned
the efficacy of vertebroplasty in the management
of osteoporotic compression fractures [34]. In a
randomized trial of 131 patients with one to three
levels of vertebral body fracture, 68 patients
underwent vertebroplasty and 63 underwent
sham injections of local anesthetic. At 1 month
and 3 months, there was no significant difference
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in outcomes between the vertebroplasty and con-
trol group [34]. However, there was a significant
trend toward a clinically meaningful result
(defined as a 30 % reduction in pain) in the verte-
broplasty group (p=0.06). Also, there was no
control group who received only medical man-
agement, and there was significant crossover
from the control group to the vertebroplasty
group at 3 months (51 % vs. 13 %) [34]. In con-
trast, a randomized controlled trial of 80 patients
comparing vertebroplasty vs. optimal medical
management of vertebral compression fractures
in osteoporosis noted that the vertebroplasty
group experienced significantly improved VAS
scores at 1 week that persisted over 36 months as
well as improved quality-of-life (QoL) scores
that persisted at 36 months compared to the con-
trol group [21]. Similarly in another randomized
controlled trial of vertebroplasty and maximal
medical therapy that included 202 patients, there
was a significant decrease in VAS pain scores at 1
month that persisted at 1 year [39]. These pro-
spective studies suggested that vertebroplasty is
effective and durable in the treatment of osteopo-
rotic vertebral fractures. Further work has dem-
onstrated that this may be the case in the very
elderly as well. DePalma et al. prospectively
studied vertebroplasty for osteoporotic vertebral
compression fractures in 123 consecutive nona-
genarians and found that mean VAS scores
decreased significantly from 7.6 preprocedure to
3.1 at 30 min following the procedure, 1.2 at 1
month, and 0.5 at 2 years, respectively [16].
Kyphoplasty has not been studied to the same
degree as vertebroplasty. However, studies dem-
onstrated its potential value [25, 49, 71, 82]. A
study of 26 patients undergoing kyphoplasty for
osteoporotic vertebral compression fractures
demonstrated a statistically significant reduction
in VAS scores from 7.7 to 3.1 and 2.9 at 1 day
and 3 months following the procedure [49].
Additionally, sagittal Cobb angle was signifi-
cantly reduced from 18.5 degrees before the pro-
cedure to 9.2 degrees after (p<0.001) [49].
Mirroring this result, a study of kyphoplasty in
27 fractured vertebrae in 25 patients noted a sig-
nificant reduction in Cobb angle (17.18 degrees
to 9.35 degrees, p<0.05). Furthermore, anterior
and medial vertebral body heights were increased
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by 33 and 50 %, respectively [82]. Evidence sug-
gested this improvement in vertebral body height
and Cobb angle was sustained at 12 months [25].
In a prospective study of 40 kyphoplasty patients
with 1-year follow-up, anterior and medial verte-
bral body height were increased by 51.25 % and
52.29 %, respectively, with no loss at 1 year [25].
Additionally, scores on the VAS, North American
Spine Society scale, and Short Form (SF)-36
scores improved significantly at 1 year [25].

Direct comparison of vertebroplasty and
kyphoplasty in a randomized controlled fashion
has not occurred. However, a review of the litera-
ture on these treatments demonstrated that both
were more efficacious at reducing pain and
improving mobility in the short-term compared
to conservative therapy alone [7].

Despite the relative safety of vertebroplasty
and kyphoplasty, complications have been
reported. The main complications include cement
leakage, cement embolism, and adjacent level
fracture [25, 44, 47]. One analysis of patients who
experienced vertebral fracture after kyphoplasty
noted that 12/14 (86 %) occurred within 6 months
of the vertebroplasty and that 10/14 (71 %) of the
fractures occurred at the adjacent level, raising the
question of the effect of vertebroplasty on frac-
tures at adjacent levels [47]. However, other stud-
ies have noted low levels of adjacent fractures and
that many of the fractures would have occurred
anyway and were related to the degree of osteopo-
rosis [53]. In some studies, the adjacent fracture
rate was lower in those treated with vertebroplasty
[21]. A meta-analysis of complications associated
with vertebroplasty and kyphoplasty concluded
that when analyzing all studies as well as only
prospective studies, vertebroplasty was found to
have increased procedure-related complications
including symptomatic and asymptomatic cement
leakage [44]. Future prospective studies are nec-
essary to corroborate this analysis.

Conclusions

Osteoporosis significantly affects the outcome
of spinal surgery. Patients with osteoporosis
are more likely to experience fractures and
surgical complications, particularly hardware-
related complications including junctional
kyphosis and screw pullout. Spine surgeons
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must be aware of these factors and understand
approaches to mitigating the consequences of
osteoporosis in surgical patients. A thorough
preoperative workup can identify osteoporosis
and may allow for delaying surgery in order to
treat the osteoporosis prior to intervention.
Newer agents such as teriparatide or deno-
sumab may prove useful in the medical man-
agement of osteoporosis prior to surgery.
When this is not possible, multiple surgical
techniques can be useful in managing the
osteoporotic spine including adding fusion
segments, undertapping, using expandable
pedicle screws, and/or augmentation with
PMMA, either prior to pedicle screw insertion
or through cannulated screws, among other
techniques. Finally, for osteoporotic vertebral
fractures, vertebroplasty and kyphoplasty are
safe and effective strategies for reducing pain
and disability associated with these fractures.

References

. Anand N, Baron EM. Minimally invasive approaches
for the correction of adult spinal deformity. Eur Spine
J.2012;22:S232-41.

. Anand N, Baron EM, Thaiyananthan G, Khalsa K,
Goldstein TB. Minimally invasive multilevel percuta-
neous correction and fusion for adult lumbar degen-
erative scoliosis: a technique and feasibility study. J
Spinal Disord Tech. 2008;21:459-67.

. Andrews EB, Gilsenan AW, Midkiff K, Sherrill B, Wu
Y, Mann BH, et al. The US postmarketing surveil-
lance study of adult osteosarcoma and teriparatide:
study design and findings from the first 7 years. J
Bone Miner Res. 2012;27:2429-37.

. Benglis DM, Elhammady MS, Levi AD, Vanni S.
Minimally invasive anterolateral approaches for the
treatment of back pain and adult degenerative defor-
mity. Neurosurgery. 2008;63:191-6.

. Black DM, Greenspan SL, Ensrud KE, Palermo L,
McGowan JA, Lang TF, et al. The effects of parathy-
roid hormone and alendronate alone or in combina-
tion in postmenopausal osteoporosis. N Engl J Med.
2003;349:1207-15.

. Body JJ, Gaich GA, Scheele WH, Kulkarni PM,
Miller PD, Peretz A, et al. A randomized double-blind
trial to compare the efficacy of teriparatide [recombi-
nant human parathyroid hormone (1-34)] with alen-
dronate in postmenopausal women with osteoporosis.
J Clin Endocrinol Metab. 2002;87:4528-35.

. Boonen S, Wahl DA, Nauroy L, Brandi ML, Bouxsein
ML, Goldhahn J, et al. Balloon kyphoplasty and

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

J.E. Ziewacz et al.

vertebroplasty in the management of vertebral com-
pression fractures. Osteoporos Int. 2011;22:2915-34.

. Brown JP, Prince RL, Deal C, Recker RR, Kiel DP, de

Gregorio LH, et al. Comparison of the effect of deno-
sumab and alendronate on BMD and biochemical
markers of bone turnover in postmenopausal women
with low bone mass: a randomized, blinded, phase 3
trial. J Bone Miner Res. 2009;24:153-61.

. Cavagna R, Tournier C, Aunoble S, Bouler JM,

Antonietti P, Ronai M, et al. Lumbar decompression
and fusion in elderly osteoporotic patients: a prospec-
tive study using less rigid titanium rod fixation. J
Spinal Disord Tech. 2008;21:86-91.

Chen LH, Tai CL, Lee DM, Lai PL, Lee YC, Niu CC,
et al. Pullout strength of pedicle screws with cement
augmentation in severe osteoporosis: a comparative
study between cannulated screws with cement injec-
tion and solid screws with cement pre-filling. BMC
Musculoskelet Disord. 2011;12:33.

Cheung A, Seeman E. Teriparatide therapy for
alendronate-associated osteonecrosis of the jaw. N
Engl J Med. 2010;363:2473-4.

Chin DK, Park JY, Yoon YS, Kuh SU, Jin BH, Kim
KS, et al. Prevalence of osteoporosis in patients
requiring spine surgery: incidence and significance of
osteoporosis in spine disease. Osteoporos Int.
2007;18:1219-24.

Cook SD, Barbera J, Rubi M, Salkeld SL, Whitecloud
3rd TS. Lumbosacral fixation using expandable pedi-
cle screws. An alternative in reoperation and osteopo-
rosis. Spine J. 2001;1:109-14.

Cummings SR, San Martin J, McClung MR, Siris ES,
Eastell R, Reid IR, et al. Denosumab for prevention of
fractures in postmenopausal women with osteoporo-
sis. N Engl J Med. 2009;361:756-65.

Dakwar E, Cardona RF, Smith DA, Uribe JS. Early
outcomes and safety of the minimally invasive, lateral
retroperitoneal transpsoas approach for adult degen-
erative scoliosis. Neurosurg Focus. 2010;28:E8.
DePalma MJ, Ketchum JM, Frankel BM, Frey ME.
Percutaneous vertebroplasty for osteoporotic verte-
bral compression fractures in the nonagenarians: a
prospective study evaluating pain reduction and new
symptomatic fracture rate. Spine (Phila Pa 1976).
2011;36:277-82.

DeWald CJ, Stanley T. Instrumentation-related com-
plications of multilevel fusions for adult spinal defor-
mity patients over age 65: surgical considerations and
treatment options in patients with poor bone quality.
Spine (Phila Pa 1976). 2006;31:S144-51.

Dhall SS, Wang MY, Mummaneni PV. Clinical and
radiographic comparison of mini-open transforaminal
lumbar interbody fusion with open transforaminal
lumbar interbody fusion in 42 patients with long-term
follow-up. J Neurosurg Spine. 2008;9:560-5.
Dipaola CP, Bible JE, Biswas D, Dipaola M, Grauer
JN, Rechtine GR. Survey of spine surgeons on atti-
tudes regarding osteoporosis and osteomalacia
screening and treatment for fractures, fusion surgery,
and pseudoarthrosis. Spine J. 2009;9:537-44.



Management of Osteoporotic Bone

131

20.

21.

22.

23

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Eli Lilly and Company. US Forteo prescribing infor-
mation. Indianapolis: Eli Lilly and Company; 2004.
Farrokhi MR, Alibai E, Maghami Z. Randomized
controlled trial of percutaneous vertebroplasty versus
optimal medical management for the relief of pain
and disability in acute osteoporotic vertebral com-
pression fractures. J Neurosurg Spine. 2011;14:
561-9.

Finkelstein JS, Hayes A, Hunzelman JL, Wyland JJ,
Lee H, Neer RM. The effects of parathyroid hormone,
alendronate, or both in men with osteoporosis. N Engl
J Med. 2003;349:1216-26.

. Finkelstein JS, Leder BZ, Burnett SM, Wyland JJ, Lee

H, de la Paz AV, et al. Effects of teriparatide, alendro-
nate, or both on bone turnover in osteoporotic men. J
Clin Endocrinol Metab. 2006;91:2882-7.

Finkelstein JS, Wyland JJ, Lee H, Neer RM. Effects of
teriparatide, alendronate, or both in women with post-
menopausal osteoporosis. J Clin Endocrinol Metab.
2010;95:1838-45.

Foo LS, Yeo W, Fook S, Guo CM, Chen JL, Yue WM,
et al. Results, experience and technical points learnt
with use of the SKy Bone Expander kyphoplasty sys-
tem for osteoporotic vertebral compression fractures:
a prospective study of 40 patients with a minimum of
12 months of follow-up. Eur Spine .
2007;16:1944-50.

Freemantle N, Cooper C, Diez-Perez A, Gitlin M,
Radcliffe H, Shepherd S, et al. Results of indirect and
mixed treatment comparison of fracture efficacy for
osteoporosis treatments: a meta-analysis. Osteoporos
Int. 2013;24:209-17.

Freemantle N, Satram-Hoang S, Tang ET, Kaur P,
Macarios D, Siddhanti S, et al. Final results of the
DAPS (Denosumab Adherence Preference
Satisfaction) study: a 24-month, randomized, cross-
over comparison with alendronate in postmenopausal
women. Osteoporos Int. 2012;23:317-26.

Hamasaki T, Tanaka N, Kim J, Okada M, Ochi M,
Hutton WC. Pedicle screw augmentation with
polyethylene tape: a biomechanical study in the osteo-
porotic thoracolumbar spine. J Spinal Disord Tech.
2010;23:127-32.

Harper RP, Fung E. Resolution of bisphosphonate-
associated osteonecrosis of the mandible: possible
application for intermittent low-dose parathyroid hor-
mone [rhPTH(1-34)]. J Oral Maxillofac Surg.
2007;65:573-80.

Hart RA, Prendergast MA. Spine surgery for lumbar
degenerative disease in elderly and osteoporotic
patients. Instr Course Lect. 2007;56:257-72.

Hirsch BP, Unnanuntana A, Cunningham ME, Lane
JM. The effect of therapies for osteoporosis on
spine fusion: a systematic review. Spine J. 2012;13:
190-9.

Hu SS, Berven SH. Preparing the adult deformity
patient for spinal surgery. Spine (Phila Pa 1976).
2006;31:S126-31.

Jo DJ, Seo EM, Kim KT, Kim SM, Lee SH.
Lumbosacral spondyloptosis treated using partial

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

reduction and pedicular transvertebral screw fixation
in an osteoporotic elderly patient. J Neurosurg Spine.
2012;16:206-9.

Kallmes DF, Comstock BA, Heagerty PJ, Turner JA,
Wilson DJ, Diamond TH, et al. A randomized trial of
vertebroplasty for osteoporotic spinal fractures. N
Engl J Med. 2009;361:569-79.

Kanayama M, Ishida T, Hashimoto T, Shigenobu K,
Togawa D, Oha F, et al. Role of major spine surgery
using Kaneda anterior instrumentation for osteopo-
rotic vertebral collapse. J Spinal Disord Tech. 2010;
23:53-6.

Karikari IO, Grossi PM, Nimjee SM, Hardin C,
Hodges TR, Hughes BD, et al. Minimally invasive
lumbar interbody fusion in patients older than 70
years of age: analysis of peri- and postoperative com-
plications. Neurosurgery. 2011;68:897-902. discus-
sion 902.

Kim DH, Jaikumar S, Kam AC. Minimally inva-
sive spine instrumentation. Neurosurgery. 2002;51:
S15-25.

Kim KH, Lee SH, Lee DY, Shim CS, Maeng DH.
Anterior bone cement augmentation in anterior lum-
bar interbody fusion and percutaneous pedicle screw
fixation in patients with osteoporosis. J Neurosurg
Spine. 2010;12:525-32.

Klazen CA, Lohle PN, de Vries J, Jansen FH, Tielbeek
AV, Blonk MC, et al. Vertebroplasty versus conserva-
tive treatment in acute osteoporotic vertebral com-
pression fractures (vertos II): an open-label
randomised trial. Lancet. 2010;376:1085-92.

Lad SP, Patil CG, Lad EM, Hayden MG, Boakye M.
National trends in vertebral augmentation procedures
for the treatment of vertebral compression fractures.
Surg Neurol. 2009;71:580—4. discussion 584-585.
Lau AN, Adachi JD. Resolution of osteonecrosis of
the jaw after teriparatide [recombinant human PTH-
(1-34)] therapy. J Rheumatol. 2009;36:1835-7.

Lee JH, Park JW, Shin YH. The insertional torque of
a pedicle screw has a positive correlation with bone
mineral density in posterior lumbar pedicle screw
fixation. J Bone Joint Surg Br. 2012;94:93-7.

Lee 1J, Cheng SJ, Jeng JH, Chiang CP, Lau HP, Kok
SH. Successful treatment of advanced bisphosphonate-
related osteonecrosis of the mandible with adjunc-
tive teriparatide therapy. Head Neck. 2011;33:
1366-71.

Lee MJ, Dumonski M, Cahill P, Stanley T, Park D,
Singh K. Percutaneous treatment of vertebral com-
pression fractures: a meta-analysis of complications.
Spine (Phila Pa 1976). 2009;34:1228-32.

Lee P, Fessler RG. Perioperative and postoperative
complications of single-level minimally invasive
transforaminal lumbar interbody fusion in elderly
adults. J Clin Neurosci. 2012;19:111-4.

Levis S, Theodore G. Summary of AHRQ’s compara-
tive effectiveness review of treatment to prevent frac-
tures in men and women with low bone density or
osteoporosis: update of the 2007 report. J Manag Care
Pharm. 2012;18:S1-15. discussion S13.



132

J.E. Ziewacz et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lin H, Bao LH, Zhu XF, Qian C, Chen X, Han ZB.
Analysis of recurrent fracture of a new vertebral body
after percutaneous vertebroplasty in patients with
osteoporosis. Orthop Surg. 2010;2:119-23.

Liu D, Wu ZX, Pan XM, Fu SC, Gao MX, Shi L, et al.
Biomechanical comparison of different techniques in
primary spinal surgery in osteoporotic cadaveric lum-
bar vertebrae: expansive pedicle screw versus
polymethylmethacrylate-augmented pedicle screw.
Arch Orthop Trauma Surg. 2011;131:1227-32.

Liu JB, Tang XM, Xu NW, Bao HT. Preliminary
results for the treatment of a pain-causing osteopo-
rotic vertebral compression fracture with a Sky Bone
Expander. Korean J Radiol. 2008;9:420-5.

Manson NA, Phillips FM. Minimally invasive tech-
niques for the treatment of osteoporotic vertebral frac-
tures. Instr Course Lect. 2007;56:273-85.

Mobbs RJ, Sivabalan P, Li J. Minimally invasive sur-
gery compared to open spinal fusion for the treatment
of degenerative lumbar spine pathologies. J Clin
Neurosci. 2012;19:829-35.

Moon BJ, Cho BY, Choi EY, Zhang HY.
Polymethylmethacrylate-augmented screw fixation
for stabilization of the osteoporotic spine : a three-
year follow-up of 37 patients. J Korean Neurosurg
Soc. 2009;46:305-11.

Movrin I, Vengust R, Komadina R. Adjacent ver-
tebral fractures after percutaneous vertebral aug-
mentation of osteoporotic vertebral compression
fracture: a comparison of balloon kyphoplasty and
vertebroplasty. Arch Orthop Trauma Surg. 2010;130:
1157-66.

Mundis GM, Akbarnia BA, Phillips FM. Adult defor-
mity correction through minimally invasive lateral
approach techniques. Spine (Phila Pa 1976).
2010;35:S312-21.

Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich
GA, Reginster JY, et al. Effect of parathyroid hor-
mone (1-34) on fractures and bone mineral density in
postmenopausal women with osteoporosis. N Engl J
Med. 2001;344:1434-41.

Papapoulos S, Chapurlat R, Libanati C, Brandi ML,
Brown JP, Czerwinski E, et al. Five years of deno-
sumab exposure in women with postmenopausal
osteoporosis: results from the first two years of the
FREEDOM extension. J] Bone Miner Res. 2012;27:
694-701.

Park SB, Chung CK. Strategies of spinal fusion on
osteoporotic spine. J Korean Neurosurg Soc. 2011;49:
317-22.

Park SH, Park WM, Park CW, Kang KS, Lee YK, Lim
SR. Minimally invasive anterior lumbar interbody
fusion followed by percutaneous translaminar facet
screw fixation in elderly patients. J Neurosurg Spine.
2009;10:610-6.

Pinera AR, Duran C, Lopez B, Saez I, Correia E,
Alvarez L. Instrumented lumbar arthrodesis in elderly
patients: prospective study using cannulated cemented
pedicle screw instrumentation. Eur Spine J. 2011;
20(3):408-14.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Ponnusamy KE, Iyer S, Gupta G, Khanna AlJ.
Instrumentation of the osteoporotic spine: biome-
chanical and clinical considerations. Spine J. 2011;11:
54-63.

Prevrhal S, Krege JH, Chen P, Genant H, Black DM.
Teriparatide vertebral fracture risk reduction deter-
mined by quantitative and qualitative radiographic
assessment. Curr Med Res Opin. 2009;25:921-8.
Qaseem A, Snow V, Shekelle P, Hopkins Jr R, Forciea
MA, Owens DK. Pharmacologic treatment of low
bone density or osteoporosis to prevent fractures: a
clinical practice guideline from the American College
of Physicians. Ann Intern Med. 2008;149:404-15.
Raisz LG. Pathogenesis of osteoporosis: concepts,
conflicts, and prospects. J Clin Invest. 2005;115:
3318-25.

Rollinghoff M, Zarghooni K, Groos D, Siewe J, Eysel
P, Sobottke R. Multilevel spinal fusion in the aged:
not a panacea. Acta Orthop Belg. 2011;77:97-102.
Rollinghoff M, Zarghooni K, Schluter-Brust K,
Sobottke R, Schlegel U, Eysel P, et al. Indications and
contraindications for vertebroplasty and kyphoplasty.
Arch Orthop Trauma Surg. 2010;130:765-74.

Rosen DS, O'Toole JE, Eichholz KM, Hrubes M, Huo
D, Sandhu FA, et al. Minimally invasive lumbar spi-
nal decompression in the elderly: outcomes of 50
patients aged 75 years and older. Neurosurgery.
2007;60:503-9. discussion 509-510.

Saag KG, Zanchetta JR, Devogelaer JP, Adler RA,
Eastell R, See K, et al. Effects of teriparatide versus
alendronate for treating glucocorticoid-induced osteo-
porosis: thirty-six-month results of a randomized,
double-blind, controlled trial. Arthritis Rheum.
2009;60:3346-55.

Sawakami K, Yamazaki A, Ishikawa S, Ito T,
Watanabe K, Endo N. Polymethylmethacrylate aug-
mentation of pedicle screws increases the initial fixa-
tion in osteoporotic spine patients. J Spinal Disord
Tech. 2012;25:E28-35.

Smith ZA, Fessler RG. Paradigm changes in spine
surgery: evolution of minimally invasive techniques.
Nat Rev Neurol. 2012;8:443-50.

Sudo H, Ito M, Abumi K, Kotani Y, Takahata M, Hojo
Y, et al. One-stage posterior instrumentation surgery
for the treatment of osteoporotic vertebral collapse
with neurological deficits. Eur Spine J. 2010;19:
907-15.

Tang H, Zhao JD, Li Y, Chen H, Jia P, Chan KM, et al.
Efficacy of percutaneous kyphoplasty in treating
osteoporotic multithoracolumbar vertebral compres-
sion fractures. Orthopedics. 2010;33:885.

Tokuhashi Y, Ajiro Y, Umezawa N. Outcomes of pos-
terior fusion using pedicle screw fixation in
patients>or=70 years with lumbar spinal canal ste-
nosis. Orthopedics. 2008;31:1096.

Tseng YY, Su CH, Lui TN, Yeh YS, Yeh SH.
Prospective comparison of the therapeutic effect of
teriparatide with that of combined vertebroplasty
with antiresorptive agents for the treatment of new-
onset adjacent vertebral compression fracture after



Management of Osteoporotic Bone

133

74.

75.

76.

71.

78.

percutaneous vertebroplasty. Osteoporos Int. 2012;23:
1613-22.

Uchida K, Nakajima H, Yayama T, Miyazaki T, Hirai
T, Kobayashi S, et al. Vertebroplasty-augmented
short-segment posterior fixation of osteoporotic
vertebral collapse with neurological deficit in the
thoracolumbar spine: comparisons with posterior
surgery without vertebroplasty and anterior surgery.
J Neurosurg Spine. 2010;13:612-21.

Vahle JL, Sato M, Long GG, Young JK, Francis
PC, Engelhardt JA, et al. Skeletal changes in rats
given daily subcutaneous injections of recombinant
human parathyroid hormone (1-34) for 2 years and
relevance to human safety. Toxicol Pathol. 2002;30:
312-21.

Vougioukas V, Hubbe U, Kogias E, Psarras N,
Halatsch ME. Vertebroplasty combined with image-
guided percutaneous cement augmented transpedicu-
lar fixation for the treatment of complex vertebral
fractures in osteoporotic patients. J Neurosurg Sci.
2010;54:135-41.

Wang MY, Mummaneni PV. Minimally inva-
sive surgery for thoracolumbar spinal defor-
mity: initial clinical experience with clinical and
radiographic outcomes. Neurosurg Focus. 2010;
28:E9.

Watanabe A, Yoneyama S, Nakajima M, Sato N,
Takao-Kawabata R, Isogai Y, et al. Osteosarcoma in
Sprague-Dawley rats after long-term treatment with
teriparatide (human parathyroid hormone (1-34)). J
Toxicol Sci. 2012;37:617-29.

79.

80.

81.

82.

83.

84.

Watts NB, Bilezikian JP, Camacho PM, Greenspan
SL, Harris ST, Hodgson SF, et al. American
Association of Clinical Endocrinologists Medical
Guidelines for Clinical Practice for the diagnosis and
treatment of postmenopausal osteoporosis. Endocr
Pract. 2010;16(3):1-37.

Wu ZX, Cui G, Lei W, Fan Y, Wan SY, Ma ZS, et al.
Application of an expandable pedicle screw in the
severe osteoporotic spine: a preliminary study. Clin
Invest Med. 2010;33:E368-74.

Wu ZX, Gong FT, Liu L, Ma ZS, Zhang Y, Zhao X,
et al. A comparative study on screw loosening in
osteoporotic lumbar spine fusion between expandable
and conventional pedicle screws. Arch Orthop Trauma
Surg. 2012;132:471-6.

Xiong J, Dang Y, Jiang BG, Fu ZG, Zhang DY.
Treatment of osteoporotic compression fracture of
thoracic/lumbar vertebrae by kyphoplasty with SKY
bone expander system. Chin J Traumatol. 2010;13:
270-4.

Yagi M, King AB, Boachie-Adjei O. Characterization
of osteopenia/osteoporosis in adult scoliosis: does
bone density affect surgical outcome? Spine (Phila Pa
1976). 2011;36:1652-7.

Zhuang XM, Yu BS, Zheng ZM, Zhang JF, Lu WW.
Effect of the degree of osteoporosis on the biome-
chanical anchoring strength of the sacral pedicle
screws: an in vitro comparison between unaugmented
bicortical screws and polymethylmethacrylate aug-
mented unicortical screws. Spine (Phila Pa 1976).
2010;35:E925-31.



Minimally Invasive
Cement-Augmented

16

Pedicle Screw Fixation

Brian Hood and Steven Vanni

Osteoporosis is a major health threat. In the
United States alone, 10 million people have
osteoporosis already, and 18 million have low
bone mass placing them at increased risk for the
development of osteoporosis [1]. Once thought to
be a natural part of aging among women, it is not
longer considered age or sex dependant.

Osteoporosis is defined as a skeletal disorder
characterized by compromised bone strength
predisposing a person to increase risk of frac-
tures [1]. Bone density is expressed as grams of
mineral per area of volume (cm?). Bone quality
refers to architecture, turnover, damage accu-
mulation, and mineralization. Currently, there
is no accurate measure of overall bone strength
[1]. Bone mineral density (BMD) is frequently
used as a proxy measure and accounts for around
70 % of bone strength.

The World Health Organization defines osteo-
porosis as bone density 2.5 standard deviations
below the mean for young healthy people [2].
Osteoporosis can either be classified as primary
or secondary. Primary osteoporosis can occur in
both sexes at all ages but often follows menopause
in women and occurs later in life in men [1]. In
contrast, secondary osteoporosis is a result of
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medications (glucocorticoids), other conditions
(hypogonadism), or disease (celiac disease). The
prevalence of osteoporosis vary by sex and eth-
nicity [1]. Both men and women experience an
age-related decline in BMD starting in midlife.
Women experience more rapid bone loss in the
early years following menopause. In men, hypo-
gonadism is an important risk factor. African-
American women have higher BMD than white
non-Hispanic women [1]. Mexican-American
women have BMDs between those of white non-
Hispanic women and African-American women
(Table 16.1 and 16.2).

For men, 30-60 % of osteoporosis cases are
associated with secondary causes [1], the most
common causes being hypogonadism, gluco-
corticoids, and alcoholism. In perimenopausal

Table 16.1 Risk factors for osteoporosis

Risk factors (predictors
of low bone mass)

Inconsistent predictors of low
bone mass

Levels of exercise in
childhood and adolescence

Female sex

Use of alcohol- and
caffeine-containing
beverages

Increased age

Estrogen deficiency Late menarche

White race Early menopause

Low weight and body Low endogenous estrogen
mass index (BMI) levels

Family history of

0steoporosis

Smoking

History of prior fracture
(hip, vertebral) [1]
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women, the most common causes are hypoes-
trogenemia, glucocorticoids, thyroid hormone
excess, and anticonvulsant therapy [1].
Glucocorticoids are the most common cause
of drug-related osteoporosis especially long-term
administration for rheumatoid arthritis (RA) and
chronic obstructive pulmonary disease (COPD).
In a prospective study, a group of patients was
treated with 10 mg of prednisone/day for 20
weeks and experienced an 8 % loss of BMD in
the spine. In addition, other secondary causes
including organ transplantation, cystic fibrosis,
celiac disease, and inflammatory bowel disease

Table 16.2 Secondary osteoporosis

Secondary osteoporosis
Genetic

Hypogonadal states

Endocrine disorders

GI disease

Hematologic disorder
Connective tissue disease
Nutritional deficiency

Drugs

Congestive heart failure (CHF)
End-stage renal disease (ESRD)
Alcoholism

Grade |

Initial stage

Grade Il

B. Hood and S. Vanni

are conditions associated with malabsorption and
resultant osteoporosis [1].

The WHO has selected BMD measurements
to establish criteria for the diagnosis of osteopo-
rosis. T-score is defined as the number of stan-
dard deviations (SD) above or below the average
BMD value for a young healthy white woman.
T-score is to be distinguished from a Z-score
which is defined as the number of SDs above or
below the average BMD for age- and sex-matched
controls. According to the WHO, osteoporosis is
present when the T-score is below 2.5 standard
deviations. T-scores were based originally on
BMD obtained by dual-energy x-ray absorptiom-
etry (DEXA) [1] (Fig. 16.1).

On the basis of simple lateral lumbar verte-
bral plain films, the authors proposed a grading
scale to categorize the severity of osteoporosis.
The classification consists of five grades: nor-
mal, initial stage, Grade 1, Grade 2, and Grade
3 (Table 16.3).

Osteoporosis plays a significant role in the
progression of adult spinal instability and defor-
mity. It has become a growing concern among the
medical community as both a primary cause of
musculoskeletal dysfunction and a comorbidity
among patients requiring surgical intervention.

b

0.5

Grade Il

Fig. 16.1 Jikei osteoporosis grading scale. (a) Radiographic image in each grade. (b) Schema of Jikei osteoporosis

grading
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Table 16.3 Jikei osteoporosis grading scale

Jikei osteoporosis grading scale
0 Normal trabecular pattern

0.5 Number of trabecula normal, bone density
decreased, trabecula thin

1 Transverse trabecula decreased, vertical
trabecula, and end plate prominent

2 Transverse trabecula more decrease, vertical
trabecula decreased

3 Transverse trabecula almost disappear, vertical
trabecula more like a ground glass image

An increased elderly population in industrial
countries is a well-know problem to society and
health services. In 2050, 54 % of the population
will be older than 65 years in countries with a
human development index of >0.9 [3]. Scoliotic
deformities are prevalent in 3648 % of osteopo-
rotic women and worsened by osteoporotic verte-
bral fractures [4]. Osteoporotic patients requiring
spinal instrumentation for instability or defor-
mity are of significant concern. Not long ago,
patients with osteoporosis and progressive defor-
mity (scoliosis) or fracture, even with neurologi-
cal manifestations, were considered inoperable.
With advances in surgical technique and instru-
mentation and growing expectations of patients,
surgeons are taking on greater reconstructive
challenges.

16.1 Instrumenting the

Osteoporotic Spine

Failure of pedicle screw fixation can result from
screw loosening or pullout. As posterior pedicle
screw systems increase in strength and rigidity,
greater demands are placed on the bone-screw
interface [5]. Interface strength can be affected
by surgical insertion technique, type of implant
used, augmentation with bone or bone cement,
and bone density [5—10] (Table 16.4).

In the osteoporotic spine or in revision sur-
gery, the bone-screw interface strength may be
severely compromised. Previous biomechanical
studies have demonstrated that pedicle screw
fixation is highly correlated to BMD [7] and that
increasing in screw pullout strength is possible
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Table 16.4 Factors affecting bone-screw interface
strength

Interface strength

Insertion technique

Type of implant

Bone density

Augmentation

using a variety of methods [5, 7-9]. An expand-
able pedicle screw design has been shown to
markedly increase the pullout strength of the
bone-screw interface [11]. Statistically signifi-
cant increase in pullout strength was found when
an expandable screw was compared with standard
pedicle screws in both high and low BMD speci-
mens [11, 12]. Although available, (Omega-21,
Biomet Spine) expandable screws have fallen out
of favor because of concerns for revision surgery.
Alternative methods such as augmenting con-
ventional screws with polymethyl methacrylate
(PMMA) bone cement and calcium phosphate
bone cements have also been shown to increase
the strength of the bone-screw interface. However,
fixation in the severely osteoporotic spine repre-
sents a challenge regardless of techniques.

The key to fixation lies in the strength of the
purchase obtained by the screws in the pedicle
and the trabecular bone of the vertebral body [13].
Osteoporosis is implicated as the cause of hard-
ware failure at an unknown rate. Loss of purchase
and screw loosening in older patients with degen-
erative spondylosis has been reported to occur
intraoperatively at a rate of 1.7 % and postopera-
tively at a rate of 3.8 % [14]. The common prob-
lems are screw bending, breakage, and lucency
at the bone-screw interface. A selected survey of
the American Back Society showed the rate of
screw loosening, and breakage was observed in
0.81 % and 2.9 % of 617 cases and ranged from
0.6 % to 11 % and 0.6 % to 25 % in a literature
review [15].

The bone-screw interface is the main determi-
nant of the stability of the screw. Screw loosening
is mainly caused by cyclic caudocephalad tog-
gling at the bone-screw interface when an axial
compressive load is transmitted through the rod
to the screw [16, 17]. If a screw is inadequately
anchored into the vertebral body through the
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Table 16.5 Techniques for augmenting the bone-screw
interface

Techniques for augmenting the bone-screw interface
Bicortical purchase

Undertapping

Offset laminar hooks

Expandable pedicle screws

Resorbable polymers

Rib grafts

Milled bone

Matchstick bone

Bone cement (PMMA, calcium phosphate,
hydroxyapatite)
Instrumentation without tapping

pedicle, loosening of the screw could lead to loss
of correction and nonunion. To predict the devel-
opment of screw loosening, objective assessment
of the stability of the bone-screw interface is a
critical issue. If surgeons could forecast which
patients are likely to develop screw loosening
with the potential for loss of correction and non-
union, they may choose to use supplementary
augmentation.

Bone mineral density affects the stability of
pedicle screws in vivo [18, 19]. Wittenberg dem-
onstrated that loosening occurs in cadaveric spine
with BMD below 0.74+—-0.17 g/cc under physi-
ological loading [8]. However, specified thresh-
olds of BMD have rarely been identified below
which screw loosening and nonunion develop in
clinical practice. Based on in vivo studies,
Wittenberg concluded that early loosening of
pedicle screw may be expected at BMD measure
by quantitative CT (QCT) less than 0.9 g/cm? [8].
Okuyama suggested that patients with a mean
BMD less than 0.674 g/cm? could indicate the
need for supplementation [19] (Table 16.5).

Although Pfeifer demonstrated an increase in
pullout strength of 50-70 % [9] with milled and
matchstick bone, this technique and several oth-
ers mentioned above do not readily lend them-
selves to minimally invasive surgery. Previous
experience with screw fixation for severe osteo-
porosis indicates that it is often necessary to
increase the number of vertebra fused in order to
avoid instrumentation failure. However, this
requires longer incisions, more screws, increased
operating time, and patient morbidity.
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16.2 Augmentation Techniques

Cook et al. performed an evaluation of expans-
ile pedicle screws in vivo and in vitro [11, 12]
(Fig. 16.2).

In cadaver specimens with poor BMD
(0.62+-0.44 g/cm?), the mean axial pullout
strength was increased 30 % [11] with the expans-
ile screws. The specimens were further divided
into very low BMD (0.28 +—0.12 g/cm?) and high
(0.95+-0.34 g/cm?). In the very low group, the
axial pullout strength was increased by approxi-
mately 50 % with the expansile design as com-
pared to a conventional self-tapping screw [11].
In the high BMD group, the pullout strength of
the expansile screw was increased approximately
200 % compared to a conventional self-tapping
screw [11]. In his clinical series of 14 implanted
patients, 93 % obtained relief of preopera-
tive symptoms and 13/14 (93 %) demonstrated
radiographic criteria for fusion [11]. There were
no reports of screw loosening or back out. This
novel technology, however, has no MIS applica-
tion, and it has fallen out of favor in open surgery.

16.3 Screw Geometry/Insertion

As previously mentioned, screw effectiveness is
critically dependant on its interface with bone.
The principle factors that determine the magni-
tude of screw interface are (1) the geometry of the
screw, (2) bone elastic modulus (i.e., BMD), and
(3) quality of fit. Components of screw geometry
that increase bone-screw interface purchase are
increased major thread diameter, increased thread
depth, and increased length of engagement.
Screw design can be optimized for a particular
site, and this approach to screw performance has
been well described in the literature [20].

Screw fit can be influenced by the method of
hole preparation. Based on a review of the litera-
ture, hole preparation appears to be very impor-
tant in osteoporotic vertebra. Tapping pilot holes
into osteoporotic bone decreases the pullout
strength of screws [21, 22]. Regarding screw
diameter, mean axial pullout force was increased
from 459+-183 N to 994+-349 N just by
increasing the diameter by 1 mm [8]. Zindrick
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Fig. 16.2 Expansile pedicle
screws

evaluated the effect of the insertion depth on the
number of cycles to failure. He found an increase
of approximately 430 % when comparing screws
inserted to 50 % of the depth of the vertebral
body as compared to those inserted through the
opposite cortex [23].

Screw profile and insertion are very important
components to ensuring a solid bone-screw inter-
face. Choosing a screw that will ensure good fit,
has an appropriate tread pattern (cortical to
engage the pedicle wall), and is inserted to the
appropriate depth to reduce the likelihood of
toggle-related failure are all concepts that MIS
surgeons are aware of and need to be mindful of
when instrumenting osteoporotic patients.

16.4 Cement Augmentation

In early evaluation of augmenting pedicle screws,
Wittenberg demonstrated a 50 % increase in
bending stiffness in screws augmented with
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PMMA and a 20 % increase in bending stiffness
with their biodegradable polymer [8]. Since their
report, there have been numerous studies with
augmentation materials and techniques which we
will review to determine the best application for
MIS surgery.

There is no question that bone cement aug-
mentation enhances the bone-screw interface
strength. PMMA was used initially for pelvic
surgery, and the use of bone cement in orthope-
dic procedures involving joint prostheses fixation
has been used with consistent demonstration of
an improved bone prosthesis interface [24, 25].
Today’s PMMA are radiopaque and have reduced
exothermic polymerization to reduce tissue
necrosis and nerve damage in case of leakage.
Two cementing techniques for stabilization of a
vertebra are currently in clinical use, vertebro-
plasty, and balloon kyphoplasty. Vertebroplasty
has considerable risks regarding cement leakage
and a slightly higher perioperative morbidity than
balloon kyphoplasty [26].
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Beckeretal. [27] conducted an in vivo study on
osteoporotic cadaver spines comparing augmen-
tation techniques with PMMA. They evaluated
non-augmented solid (non-cannulated) screws,
perforated screw with vertebroplasty augmenta-
tion, solid screw with balloon kyphoplasty aug-
mentation, and solid screws with vertebroplasty
augmentation. They found that vertebroplasty-
augmented screws, augmentation of perforated
screws, and balloon kyphoplasty-augmented
screws all show higher pullout resistance than
non-augmented screws, but significantly higher
pullout forces were only seen in the vertebro-
plasty-augmented group [27].

The pertinent technical comments from
their study include the observation that the
perforated screw had significant handling
advantages. It is technically easier to inject
cement directly through the screw. In addi-
tion, the screw can be positioned and verified
then changed if need be, characteristics that
are impossible when using a non-perforated
screw. It is possible to first place screws over
multiple segments then augment. They noted
that a simultaneous multisegmental approach
is challenging in the vertebroplasty group and
nearly impossible in the balloon kyphoplasty
group [27] (Fig. 16.3).

Frankel et al. also conducted a biomechanical
cadaveric analysis of PMMA-augmented screws
in both primary and salvage procedures [28].
They demonstrated an increase in pullout strength
of 119 % in primary and 162 % in salvage proce-
dures. This is similar to the work of Sarzier, who
demonstrated an increase in pullout force of
181 % for Jikei Grade I, 206 % for Jikei Grade II,
and 213 % for Jikei Grade III [10]. Importantly,
Sarzier demonstrated that with augmentation, a
Jikei Grade II and III vertebra exhibited pullout
strength similar to levels found in non-augmented
vertebrae with low-normal BMD and non-
augmented Grade I vertebra, respectively [10].

Frankel also studied the effect of the volume
of cement. Two groups were investigated, a low-
cement group (less than 2.8 ml/pedicle) and a
high-cement group (greater than 5.5 ml/pedicle).
He found that cement injection less than 2.8 ml/
pedicle is as effective as one that is greater than
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Fig. 16.3 Perforated screws

Fig. 16.4 Fenestrated tap

5.5 ml/pedicle [28]. Therefore, they recommend
using a lower volume of cement to reduce the
likelihood of cement toxicity.

Frankel also proposed a new mechanism of
introducing the cement to reduce the risk of pos-
terior migration of cement along the injection
track toward the neural elements. To overcome
the availability of fenestrated screws, he designed
a fenestrated tap that is commercially available
(Pedestal, Abbot Spine). They first cannulated
the pedicle with a Jamshidi needle then intro-
duced a K-wire and removed the targeting nee-
dle. The bone tap was placed over the K-wire and
threaded into the anterior third of the vertebral
body. The tap was then flushed with 3-5 ml of
saline, and cement was then injected through the
tap under lateral fluoroscopy. The tap was left in
place for approximately 1 min to allow partial
consolidation of the cement then removed, and
an appropriate screw was placed over the K-wire
(Fig. 16.4).

In a clinical series, Frankel employed his
method of cement augmentation in 23 consecu-
tive patients who all had bone softening
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secondary to osteoporosis and/or metastatic
spinal tumor involvement [29]. Through the
placement of 158 PMMA-augmented screws,
asymptomatic anterior cement extravasation
was observed in 39 % of patients which is con-
sistent with what the literature reports [30-35].
They did not observe any posterior migration
of cement toward the neural elements that is
associated with radiculopathy that pull out
strength increased by nearly 70 % when the
screw was augmented with CBC [20].
Augmentation also increased stiffness by 50 %
and increased the energy absorbed by cyclic
loading by more than 70 % [20] Renner et al.
[36] evaluated calcium phosphate cement aug-
mentation of pedicle screws as a function and/
or myelopathy. They reported one asymptom-
atic PMMA pulmonary embolism and one
superficial wound infection. They also reported
having no construct failures in their cement-
augmented cases.

PMMA is not biodegradable and persists
within the trabecular bone and is likely to influ-
ence bone remodeling by affecting metabolism
and changing the environment. The monomer
itself is toxic and can cause a large immunologic
response and can cause giant cell reaction [37].
These undesirable properties have lead to the
investigation of biocompatible bone cements for
screw augmentation.

Lotz et al. [20] studied an injectable bio-
compatible carbonated apatite cancellous bone
cement (CBC) that is practically non-exother-
mic (Norian, SRS, Skeletal Repair System,
Norian Corporation Cupertino, CA). They found
in vivo of injection timing and method. Using
calcium phosphate cement (CaP) BoneSource
(Howmedica Osteonics, Rutherford, NJ), they
augmented pedicle screws and compared them
to non-augmented screws and screws aug-
mented with PMMA. BoneSource is biocompat-
ible, osteoconductive, and resorbable and has a
high 24-h wet compressive strength. PMMA
was injected such that only the distal screw was
augmented. CaP was injected in two different
fashions. One fashion involved only the tip of
the screw as in the PMMA group. The second
group involved injection of CaP distally in the

vertebral body as well as along the pedicle com-
pletely encasing the screw. Comparison of CaP
injection by both methods to PMMA showed
that PMMA produced significantly higher pull-
out strength in both revision and augmentation
cases [36].

Yazu et al. [38] evaluated augmentation with
calcium phosphate via a fenestrated screw. Their
technique lends some important technical consid-
erations to the procedure of augmentation. Using
a fenestrated screw, they first injected contrast to
see if there was any extravasation into the epi-
dural venous plexus prior to injecting cement.
After augmented with CPC cement, they found
pullout strength to be increased by nearly
250 % [38]. They concluded that the pullout
strength was similar to PMMA even though the
compressive strength was not [38]. Although
they demonstrated increased strength of the
bone-screw interface, in vivo studies need to be
conducted to determine the long-term biocom-
patibility, rate of resorption, as well as the long-
term biomechanical behavior of the cement. In
addition, calcium phosphate cement has rela-
tively low fracture strength, is brittle, and has
high susceptibility to fatigue failure [39].

Ignatius et al. [40] designed an injectable biore-
sorbable polymer based on alkylene bis(dilactoyl)
methycrylate that has demonstrated appropri-
ate degradation characteristics. Augmentation
with the new polymer increased pullout force
by 88 % in bovine vertebra and 118 % in human
vertebrae [40]. In their testing, they found the
mechanical efficacy comparable to PMMA, but
the biodegradable properties potentially allow
osteosynthesis in osteoporotic patients. However,
ongoing studies to investigate in vitro and in vivo
biocompatibility are needed.

Technically, the best way to cement augment-
ing a screw is to first place the screw and con-
firms the position fluoroscopically prior to
augmenting. Using a fenestrated cannulated
screw, this lends itself to an MIS application and
is the most logical way augment screws. This
also allows multiple levels to be addressed simul-
taneously and maximizes augmentation in regard
to cement working time. McKoy and An [41]
demonstrated that a cannulated fenestrated screw
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had a 278 % greater pullout strength than a solid
screw after augmentation.

The use of PMMA is not without risk.
Systemic complications of PMMA have been
extensively documented in the literature and
range from pulmonary embolism [42], hypoxia
[43], hypotension [44], myocardial infarction
[45, 46], and sudden death [47, 48]. Although
its in vivo properties of strengthening the bone-
screw interface are not in question and it has
been used as a salvage procedure for years,
Frankel has demonstrated that through meticu-
lous application, it can be safely used in a frail
patient population.

16.5 Conclusion

PMMA is regarded as the best method to enhance
screw strength significantly in osteoporotic bone
[8-10, 23, 29, 49]. PMMA augmentation has
been shown to provide higher strength than all
alternative techniques [9, 23, 28]. Cementing
enhances the fixation of the screw within the
vertebral body transferring the load from the
pedicle to the body. The application of cement-
augmented screws can enhance the strength of
anterior implants [50]. Screw supplementation
with PMMA is indicated in osteoporotic patients
(T-score of —2.5 by DEXA or BMD of 0.80 g/
cm?) requiring instrumentation for instability
or degenerative scoliosis. The application of
PMMA allows instrumentation to be applied in
this complex patient population. It also allows a
shorter fusion segment compared to the one with-
out augmentation.

The use of calcium phosphate and hydroxy-
apatite bone cement is fascinating concepts.
However, clinically, it has not been adequately
tested and currently is not FDA approved for
application in the spine.

Regarding the method of cement delivery, the
ideal system is a cannulated fenestrated screw
with cortical thread pitch. However, currently
this is only available to our European colleagues.
As we eagerly await its US release, we will
describe below our current technique for cement
augmentation.
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16.6 Technique

When utilizing cement, an additional time con-
straint of the high viscosity cement working time
is added for the surgeon. For most cements, the
high viscosity working time is around 8—10 min
at 68 F/20 C. In order to place instrumentation
within the time constraints imposed by the vary-
ing cements, efficient work room flow is impera-
tive. Every aspect of the case must be considered
and rehearsed with the OR staff prior to mixing
the cement.

The first step is planning what length and
diameter screw is appropriate for the levels to
be fixated. A general sense of pedicle diameter
and size of the vertebral body can be gained from
preoperative CT scans with sagittal and coronal
reconstruction which are obtained in all of our
preoperative patients (Fig. 16.5). Using this as
a guide, the surgical technologist can begin to
load up appropriate-sized screws prior to the
placement of cement. Adjustments can be made
later after the pedicles are cannulated based on
intraoperative imaging. Preoperative images are
clearly visible in the OR at all times, and preoper-
ative measurements are recorded by an assistant
for easy access at the time of screw placement.

Fig. 16.5 Preoperative axial view of L3 (The preopera-
tive measurements have been made in a standard iSite
Radiology Suite. The pedicle diameter and the depth of
the vertebral body are recorded, and an appropriate-sized
screw is planned based on these measurements. Also note
the approximately 15° of rotation. This can be accounted
for perioperatively by “airplaning” the bed or rolling the
arc of the image intensifier)



16 Minimally Invasive Cement-Augmented Pedicle Screw Fixation

143

Fig. 16.6 Biplanar
fluoroscopy (Intraoperative
view of biplanar fluoroscopy
set up. Utilization of biplanar
fluoroscopy allows adequate
visualization of cement
during injection to avoid
extravasation and saves
working time during
multilevel procedures)

Prior to the prep, we introduce biplanar fluo-
roscopy and visualize the appropriate levels
under A/P and lateral fluoroscopy (Fig. 16.6). As
the rotation and cranial/caudal orientation can
vary tremendously in patients with significant
deformity, making note of the appropriate cranial
caudal orientation and arc of the A/P image inten-
sifier for quick reference will help ensure the
appropriate views are found quickly during the
placement of instrumentation. Osteoporotic bone
is often difficult to visualize on C-arm fluoros-
copy, so the addition of an experienced radiology
technician is invaluable in these cases.

After the patient is prepped and draped, the
two C-arm image intensifiers are introduced ster-
ilely into the field, and the appropriate images are
obtained. Starting points are marked on the skin,
and we plan our stab incisions such that they are
completely aligned for cosmetic reasons postop-
eratively. The skin is infiltrated with 0.25 %
Marcaine with epinephrine 1:200,000 prior to
skin incision. The skin is scored with a 15 blade
then opened with monopolar cautery. The fascia
will be cut later prior to dilating. This decreases
the intraoperative oozing in multilevel cases.
Under A/P fluoroscopy, a Jamshidi needle is
advanced 20 mm into the pedicle. Under lateral
fluoroscopy, the needle is then advanced into the
vertebral body. It is imperative not to violate the

anterior wall of the vertebral body or the pedicle
walls to reduce the chance of cement migration.
At this point, the surgeon had the option to place
all the Jamshidi needs or focus on several seg-
ments initially and “stage” the placement of the
instrumentation. We found that within the work-
ing time of cement, four cement-augmented
screws can be placed comfortably during the
8—10-min working time of the cement (Fig. 16.7).

The K-wires are then placed. In severely
osteoporotic patients, we have modified our tech-
nique and have begun to use a Y-wire instead of
standard Kirschner wire (Fig. 16.8). The Y-wires
forked tip allows us to proceed at pace without
inadvertently placing the wire through the ante-
rior aspect of the vertebral body. Once all the
K-wires or Y-wires are placed, the fascia is cut
with a ten blade, and the dilators are placed
through the fascia and docked onto bone. Final
changes to screw length are made prior to pro-
ceeding, and the appropriate instrumentation is
prepared and is made readily accessible. At this
point, the surgical technologist can begin prepar-
ing the cement (Fig. 16.9). Once the levels have
been tapped, the Jamshidi needle is reintroduced
and the wire removed and placed aside.

At this point, work flow is crucial. The
appropriate-sized screws are set aside and
ready for insertion. A/P and lateral images are



144

B.Hood and S. Vanni

Fig. 16.7 Placement of
Jamshidi needles (In this
procedure, the first four
pedicles have been cannu-
lated under biplanar
fluoroscopy. At this point, we
remove the Jamshidi needles
and place our K-wires)

Fig.16.8 Y-wire (The forked
end of the Y-wire is extremely
helpful in osteoporotic
patients to prevent the wire
from advancing inadvertently
beyond the vertebral body)

verified, and the cement injection system is
connected to the Jamshidi (Fig. 16.10). Cement
is slowly injected into the vertebral body peri-
odically checking the lateral image. Once the
“blush” of cement is seen, we allow additional
cement to fill without actively pumping it into
the vertebral body (Fig. 16.11). The pressure
injector is then disconnected, and the cannula is

reintroduced into the Jamshidi needle plunging
the remaining cement into the vertebral body
(Fig. 16.12). This is a very important step in
that it can introduce up to an additional 1 cc
of cement depending on the diameter and the
length of the Jamshidi needle being used. It
also frees the cannula to allow the K-wire to
be reintroduced smoothly (Fig. 16.13). Once
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Fig. 16.9 Preparing the
cement (The cement is being
mixed. Mixing time is around
40-60 s, total prep time is
around 3-5 min to prepare the
assembly. Seen at the
forefront is the pressure
injector)
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Fig. 16.10 Injecting cement (The pressure injecting system is connected and the pump twisted. The length of tubing
allows the operator to stand an additional 2 ft from the image intensifiers to decrease radiation exposure)

the K-wire is reinserted, the screw is then
placed over the wire in the standard fashion
(Fig. 16.14). It is imperative to ensure that the
height of the screw head is in alignment with
the rest of the construct. Once the cement hard-
ens, there is no way to adjust the head for rod
placement (Table 16.6).

We began our cement augmentation with open
procedures and have since modified it for MIS

delivery of cement and placement of screws. We
eagerly await the introduction of cannulated
fenestrated screws in North America, as this will
greatly simplify our work flow. However, the
basic concepts and tenants remain very similar. It
is imperative to have exceptional work flow, as
cement will not wait for errors in loading equip-
ment or having equipment available in a timely
fashion.
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Below are CT images postoperatively from a
cement-augmented correction of deformity. The
patient was previously treated with a combina-
tion of open and MIS kyphoplasty for thoracic
compression fractures and developed a progres-
sive deformity. We chose to perform open surgery
as facet excision allowed additional correction of
deformity (Figs. 16.15 and 16.16).

Cannulated fenestrated pedicle screws — the
future of cement-augmented minimally invasive
procedures (Fig. 16.17)

Fig. 16.11 Cement injection under lateral fluoroscopy
(We inject cement until we begin to see the blush. At this
point, we slow the injection and allow some “passive”
filling)

Fig. 16.12 Plunging the
cannula (The pressure
injector is disconnected, and
the cannula is reinserted
plunging the remaining
cement in the cannula into the
vertebral body. Depending on
the diameter of the cannula
selected, this can be up to an
additional 1 cc of cement)

16.6.1 Technique

Once again, successful placement of cement-
augmented screws required meticulous plan-
ning from measurements made on preoperative
imaging, rehearsing steps with the OR staff to
maximize work flow and obtaining adequate
visualization in two planes.

The first step once again involves preparing the
spine and cannulating the pedicles with Jamshidi
needles, placing guide wires and dilating the

Fig. 16.13 Reintroducing the K-wire (The two levels
above have been injected and instrumented. We were able
to place four screws comfortably within the 8—10-min
high viscosity working window of our cement)
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Fig. 16.14 A/P image post-instrumentation placement
(Good filling of the vertebral bodies without any extrava-
sation after placement of instrumentation)

Table 16.6 Technique pearls and pitfalls for inserting
cement-augmented screws

Fig. 16.15 Preoperative CT (Status post T11, TI2

Pearls

8-10-min working time, ensure
that all instrumentation is
appropriately sized, loaded
correctly, and easily accessible
prior to injecting cement

Plunging the cannula prior to
reinsertion of K-wire allows
additional cement delivery and
easy passage of K-wire

Biplanar fluoroscopy allows
assessment of cement and
instrumentation in two planes
simultaneously and saves
critical time while working

kyphoplast
Pitfalls yphoplasty)

Overly aggressive
pressure injection of
cement. Remember,
up to 1 cc cement
remains in the
cannula

Not properly aligning
screw head heights.
Once the cement sets,
there is no way to
adjust head height
Do not breach the
anterior wall of the
vertebral body or the
pedicles during
cannulation

with cement

fascia. The next step involves placement of the
screws after preparing the pedicle with awls and
taps (Fig. 16.18). Fenestrated screws should not
be placed bicortically. It is also very important
not to breach the pedicle wall or the anterior cor-
tex of the vertebral body.

Alignment guides are then placed over the
screw heads, and the cement is prepared accord-
ing to the manufacturer’s instructions. When
augmenting multiple levels, attention must
be paid not to exceed the working time of the
cement prior to the completion of cement deliv-
ery through the screw. When the working time

Fig. 16.16 Post op (Cement-augmented pedicle fixation
three levels above and two levels below)
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+ The V' PER Cortical Fix Fenestrated Screw is a fullv cannulated
polyasial screw with 6 fenestrations at the distal end of
the screw.

+ The cannulation and fenestrations allow for the injection of bone
cement through the screw,

Cannulation
& 1.75 mm
diameter

Fig. 16.17 Cannulated fenestrated pedicle screws

is close to completion, new cement should be
prepared and the cannula changed for additional
levels (Fig. 16.19). The cement cannula is con-
nected to the cannula, and the cannula then
placed into the alignment guide. The cement is
then advanced under lateral fluoroscopic imag-
ing. Controlled delivery is essential, and overly
aggressive injection may result in extravasa-
tion and complications associated with cement
extravasation. If extravasation is detected,
immediately stop the injection. If desired, addi-
tional cement in the cannula can be passed
into the screw using the plunger. The cannula
is then removed, and subsequent levels can be

g \:
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+ Ead erthread start compared to standard EXPEDIUM and
VIPER screws.

+ Cortical thread form designed to engage the pedicle wall.

+ Ava lable in screw diam eters:
5,67, 8 9and 10 mm

+ Awalable in screw lengths:
30-30 mm {in 5 mm increments)
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+ 6ferestrations for screw lengths 35 mm and lcnger

+ 3 ferestrations for 30 mm screw length

augmented. Once the cement has been injected
into all the desired levels, the alignment guides
are removed, and the rod can be passed.

16.6.2 Case Example Number 2

A 70-year-old female with stage IV non-small
cell adenocarcinoma of the lung was noted to
have a lesion involving the L1 vertebral body
and was treated appropriately with fractionated
radiotherapy. On follow-up imaging, she was
noted to have progression of the lesion with
compression of the conus medullaris and was
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+ Check that the alignment device is clear of awy cement
fror prior use.

+ Inset the MIS alignment device into the VIPER extension and
thread it into the screw head. This will align the screw shank
to the screw head.

s+ Corrirm that the alignment device is fully seated by checking
thatthe alignment device handle and VIPER Screw exdension
arein close pmximity (See detail).

Fig. 16.18 Placement of fenestrated screws

incapacitated by pain (Figs. 16.20, 16.21 and
16.22). She was also noted to have postradiation
changes as well as preexisting osteoporosis
(Figs. 16.23 and 16.24). We elected to perform a
minimally invasive decompression and instru-
mented fusion, and based on our preoperative
assessment of bone quality, planning screw
cement augmentation allowed us to perform a
shorter construct saving operative time and
morbidity.

The first stage was decompression of the
neural elements accomplished via right-sided
transthoracic retroperitoneal corpectomy using
the Nuvasive Max Access Retractor system
(Nuvasive, San Diego, California). After the

+ Pepeat this step for each screw intended forcement augmentation.

decompression, reconstruction was accomplished
with an expandable cage packed with autologous
rib harvested during the approach.

The patient was then turned to a four post-
Jackson table, and biplanar fluoroscopy was
brought into the field. Under biplanar fluoros-
copy, the pedicles of T12-L2 were targeted and
cannulated with Jamshidi needles (Fig. 16.25).
Cement was prepared and connected to the
Jamshidi needles. We injected the cement under
A/P and lateral fluoroscopy until a cement blush
was visualized (Fig. 16.26). At this point, we
back off half of a turn on the injector, disconnect
the apparatus, and, using the inner stylet, plunge
the remaining cement into the vertebral body.
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Fig. 16.19 Injection of cement STEP da: CEMENT PREPARATION

+ Once the Fenestrated Screws am in place and the alignment
dearkass el Lo, poeepione U Liaimennl st iy b Ve

manufacturer's published instructions,

NOTE B foutd o e o
peowided in Jei ol il
should be followed corefully.

+ Whe g multipie screws/levels with 1, atiention

must be paid not to exceed the working time of the cement prior
fothe completion of cement delivery through the screw. Vhen
the cament working time is close 1o complation, a new cement,

! system package should be used for
any emain ing levakiscmws.

STEP 4b: CONNECTION OF CANNULA
TO THE CEMENT RESERVOIR

+ Thread the CONFIDENCE SPINAL CEMENT SYSTEM msenoir onto
the appropriate cannula (Open or MIS).

Yusig tha o
Vertabeplastic Radiopague Rasinous Materal , he
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Fig. 16.20 Pre-op sagittal T1 postcontrast (Metastatic
NSCC previously irradiated)

Fig. 16.21 Pre-op T1 noncontrast (Metastatic NSCC
previously irradiated)

Fig. 16.24 Pre-op axial CT through L1
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Fig. 16.25 Cannulating the
pedicles (After the pedicles
are cannulated under biplanar
fluoroscopy, the cement is
prepared. The pedicles and
vertebral bodies are not

tapped)

Fig. 16.26 Cement
injection

A Y-wire is then introduced and the Jamshidi
removed. The pedicle and vertebral body are not
tapped. An appropriate screw is then introduced
over the wire.

After all the screws are placed, rods are sub-
fascially passed and secured into the polyaxial
screw heads (Fig. 16.27). The construct is final

tightened, and the wounds are irrigated and
closed in layers (Fig. 16.28).

Postoperative CT scan with sagittal reconstruc-
tion (Fig. 16.29), axial image of upper screws
(Fig. 16.30), axial image of lower screws (Fig. 16.31)

Photograph of lateral incision at 2-week
follow-up visit (Fig. 16.32)
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Fig. 16.27 Passing the rods
(The rods are subfascially
passed and set screws are
placed)

Fig. 16.28 Final intraoperative image Fig. 16.30 Postoperative axial image of upper screws
(Despite our meticulous technique of cement injection,
note the small amount of extravasated cement)

Fig. 16.29 Postoperative sagittal reconstructed CT scan
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Fig. 16.31 Postoperative axial CT scan of lower screws
(Again, note the small amount of extravasated cement.
The patient was completely asymptomatic from cement
extravasation. No extravasation was noted during intra-
operative imaging with biplanar fluoroscopy)

Fig.
follow-up visit

16.32 Photograph of lateral incision at 2-week
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Interbody Cage Options

Asdrubal Falavigna

Interbody fusion techniques have been developed
to preserve the load-bearing capacity of the spine,
reestablish disc space, restore sagittal plane
alignment, allow neural decompression, and
facilitate compressive loading onto bone [50, 51,
53, 68]. The interbody space is an ideal location
for fusion due to the broad and well-vascularized
corticocancellous surface on which bone graft is
placed under compression during healing [22].

Interbody cage placement can be performed in
minimally invasive spine surgery since basic sur-
gical steps including disc removal, adequate
manipulation of the vertebral end plate, bone
placement in the disc space, and subsequent
proper placement of the interbody device were
not influenced by a small operation window [21,
27, 56, 60, 78]. However, the casual placement of
bone, dowels, struts, or cages into a disc space
does not ensure fusion. Fusion must obey the
basic principles of osteosynthesis. Therefore,
meticulous preparation of the disc space and the
careful selection of the interbody cages are essen-
tial for successful fusion.

The posterior lumbar approach for interbody
fusion (PLIF) was introduced by Cloward to treat
painful intervertebral discs damaged by degener-
ation [16, 17]. Since then, less invasive techniques
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have been developed to minimize approach-
related morbidities of PLIF, such as extensive
muscle dissection that produces significant pain
and subsequent extended hospital stays as well as
inflated costs. The development of newer inter-
body devices allowed using them in minimally
invasive surgery (MIS) such as minimally inva-
sive transforaminal lumbar interbody fusion
(TLIF) [32] (Fig. 17.1).

Interbody cages available on the market are
made of various materials and in different shapes.
The design of the interbody cage is tailored to
each patient’s needs and depends on the surgical
variables including type of approach, open or
MIS; type of access, such as PLIF or TLIF; level
of planned surgery; presence of scar tissue;
pathology; and nerve root anatomy.

17.1  Material Options

Structural autograft or allograft bone has been
used for quite some time, with less frequency since
the increased use of synthetic cages [12, 23, 33].
Regardless of additional posterior fixation, tricorti-
cal iliac crest allografts without mechanical sup-
port in anterior or posterior lumbar interbody
fusion tend to collapse, become displaced, or be
extruded over time [20, 47, 55, 65]. This occurs
because fusion is not instantaneous, so interbody
constructs must be able to resist the load for some
time. Pedicle screw stabilization usually alleviates
this problem (Fig. 17.2). The properties of the
material used to fashion interbody constructs must
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Fig.17.1 The cage was placed using a TLIF technique in
the intervertebral space. The intervertebral disc (asterisk)
and the nerve root (arrow) were dissected (a), the nerve
root was retracted medially (b and c¢), and the disc

be balanced to fulfill mechanical, biological, and
radiological requirements such as providing struc-
tural support, resisting compressive loads, exhibit-
ing osteoconductive-inductive proprieties to allow
ingrowth of vital host bone, and being radiolucent
[7, 25, 53, 60].

A variety of materials are available for use as
posterior interbody cages, the most common
being metals, polymers with or without carbon
fiber reinforcement, and biodegradable materi-
als (Fig. 17.3). The surgeon must decide on the
best material, device configuration, and size to
optimize endplate realignment, stability, and
ultimately fusion. While the cages must be rigid
to support the load, they cannot be too rigid
because the load may be transferred to the corti-
cal vertebral body and consequently break it. In
addition, the difference in the modulus of elas-
ticity between the cage material and the actual
vertebral body leads to stress shielding and
therefore delays fusion and causes pseudarthro-
sis [74]. According to Wolft’s law, bone grows
in response to stress to better accommodate that

herniation (double arrow) was removed (d). The interver-
tebral space was prepared by removing the cartilaginous
plate, and the disc (e) and the cage were placed (f)

stress. Therefore, bone grafts must experience
stress to promote fusion. Carbon fiber cages are
closest to the modulus of elasticity of the verte-
bral bone, but some complications related to the
carbon fiber debris have been reported [54].
Titanium implants offer a radio-opaque alterna-
tive to carbon fiber materials and provide great
biomechanical strength; however, their modulus
of elasticity is much greater than the cortical
vertebral body so using them poses the greatest
chances of subsidence [43, 58]. Polyether-ether-
ketone (PEEK) cages are expected to result in
lower subsidence rates than metal cages because
PEEK has a modulus of elasticity similar to
bone [77].

17.1.1 Metallic Devices

The most common metallic interbody devices are
titanium cages [23, 33, 34]. Titanium interbody
devices have become available in nearly every
configuration, shape (circular, oval, rectangular,
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Fig. 17.2 Despite cage compression before the final same side as observed in lateral (a) and anteroposterior
screw is tightened in this case, the superior L5 right screw  (b) radiographs and lateral (¢) and horizontal (d) com-
(asterisk) is loosened, and cage retropulsion occurs on the  puter tomography views of the lumbar spine

ﬁ
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Fig.17.3 A variety of materials are available for use as posterior interbody cages such as bone (a), titanium (b), and
polymer (c)
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Fig.17.4 Lateral radiograph of the lumbar spine (a) and
a computed tomography (b) show a cylindrical threaded
titanium cage placed in the disc space of L5/SI.
A polyether-ether-ketone rectangular cage (c¢) was placed
in the intervertebral space L5/S as shown in the lateral

octagonal, and boomerang shapes), and size
(Figs. 17.3, 17.4, and 17.5). These cages were
designed to be used for TLIFs and PLIFs, either
through open procedures or minimally invasive
applications through tubes. Common design
characteristics include bullet-shaped tips, lor-
dotic contouring, hollow portions for insertion of
bone graft or biological substitutes, and capacity
to support compressive strengths.

Kok et al. [40] published their experience with a
memory metal minimal access cage that is a horse-
shoe-shaped implant constructed from the memory
metal nitinol and has the same modulus of elastic-
ity as the vertebral body [59]. Biomechanical test-
ing revealed an adequate subsidence resistance,
comparable to or even better than the Harms cage
[59]. The device combines axial support with
a large contact area of the graft facilitating bony
ingrowth and is easy to implant with minimal
access due to its high deformability [40]. It resulted
in 100 % solid fusions in 2 years and proved to be
safe, although two patients required revision sur-

gery [40].

radiograph. The rectangular cage (AVS PL, Stryker) (d)
and the Concord-type bullet-shaped cage, DePuy Synthes
(e), have teeth on the superior and inferior surfaces to pro-
vide immediate stability and resistance to migration (e)

17.1.2 Polymer Devices

Cages can be made from polymers, typically
PEEK, because it is a biocompatible thermoplas-
tic solution for in vivo applications and particu-
larly suitable as an implant material due to its
resistance to chemicals, heat, steam, radiation,
and wear. This polymer combines superior
strength, stiffness, and elastic modulus. Bone
graft maturation and fusion within these devices
can be monitored radiographically [42, 58]
(Figs. 17.3, 17.4, and 17.6).

PEEK is a hard radiolucent plastic that can be
non-reinforced or carbon fiber reinforced. PEEK
reinforced with carbon fiber has greater com-
pression strength while allowing excellent post-
operative imaging. Most manufacturers use
tantalum radio marker beads placed in the cor-
ners and at the ends of the PEEK cages to assist
in locating their anatomic position and allow the
surgeon to verify if the implant meets the verte-
bral body end plate and determines its depth
(Figs. 17.2, 17.4, and 17.5). One example is the
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Fig.17.5 Anteroposterior (a) and lateral view (b) radio-  L3-L4 adjacent degenerative disc disease and had a PLIF
graphs of a female patient with surgery at L4/L5 and L5/  approach using a rectangular cage combined with pedicle
S1 using stand-alone titanium circular cages. Six years  screw system

after surgery she developed a symptomatic and refractory

Fig. 17.6 Radiological diagnosis of bone fusion 2 years after L5-S1 surgery using a radiolucent plastic polyether-
ether-ketone cages into the intervertebral space in anteroposterior (a) and lateral (b) view
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PEEK-OPTIMA™ polymer which is reinforced
with 30 % of carbon fiber and has an elasticity
modulus of 3.6Gpa, which is very close to that
of cortical bone. This material can provide load
transfer between the cage and the adjacent ver-
tebral bodies, thus promoting bony fusion,
reducing the stress shielding on the cortical ver-
tebral body, and consequently reducing subsid-
ence [75].

17.1.3 Biodegradable

Optimizing degradable spine interbody fusion
cages to meet the initial and intermediate
load bearing while at the same time providing
directed delivery of biofactor like human bone
morphogenetic protein enables superior bone
fusion. Recent advances in the field of spinal
implants have led to the production of the bio-
degradable interbody spacer. The most com-
monly used implant is made of a 70/30 mixture
of poly (L-lactide-co-d,L-lactide) (PLDLA)
[18, 48, 71]. In vivo, these lactides are metabo-
lized slowly to carbon dioxide and water over
a 12-18-month period leaving behind newly
formed bone [18, 48, 71].

The radiolucent property of PLDLA cages
affords optimal postoperative assessment of bony
fusion on plain radiographs, and there are no par-
ticulate debris and retained foreign body
responses after they have been metabolized.
Because of their slow rate of degradation, the
weight-bearing load transmitted through the
implant is progressively transferred to the newly
forming bone, avoiding graft migration, decreas-
ing stress shielding, and increasing the rate of
arthrodesis [18, 48, 71].

Some problems, however, such as time-
dependent failure have been reported regarding
PLDLA cages. When statically loaded at 75 %
and 25 % of their strength, the implants failed at
5 min and 3 months, respectively [63]. Moreover,
diminished implant strength occurs at increased
humidity and ambient temperature at physiologi-
cal values [63]. In these situations, PLDLA
behaves as a polymer and “stimulates dynamic
rearrangement of molecular segments, resulting

A. Falavigna

in a plastic flow” that can lead to graft failure
after rotational and torsional forces along with
the compressive forces [63, 64].

Smith et al. [64] conducted a prospective
cohort study to compare fusion and compli-
cation rates in patients undergoing TLIF with
carbon fiber cages versus biodegradable cages
made from 70/30 PLDLA. The authors observed
a statistically significant increased incidence
of nonunion (18.2 %) and postsurgical cage
migration (18.2 %) in patients undergoing TLIF
with biodegradable cages versus carbon fiber
implants (0 %).

New experimental bioabsorbable devices are
currently being studied for use as spinal implants.
The bioabsorbable technology continues to evolve,
and its application in spine surgery will continue
to expand combined with a better understand-
ing of implant stiffness and optimization of the
mechanical characteristics of implant materials.

17.2 Design Options

Immediate three-dimensional stability depends
on the cage design. Most investigators agree that
interbody cages provide good stability in flexion
and lateral bending but little or no stability in
extension and axial rotation [49, 52, 57, 72, 73].
The loss of stability in extension and axial rota-
tion may be related to the insufficient distraction
of the anterior annulus and facet joint damage,
respectively.

The design of the interbody device needs to
conform to the anatomic pathway in which the
device is placed as well as the overall anatomy of
the end plate to provide optimal structural integ-
rity. Additionally, the cages must have a maxi-
mized open design allowing bone graft placement
and fusion.

17.2.1 Shapes: Circular Versus
Rectangular

The immediate stability of a rectangular porous
titanium cage (contact cage), a rectangular car-
bon fiber cage (Brantigan cage), and a cylindrical
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Fig.17.7 Concord-type bullet-shaped cage, DePuy Synthes (a), AVS TL boomerang cage, Stryker (b)

threaded titanium cage (Ray TFC) was evaluated
in a one-level cadaver spine inserted from a PLIF
followed by titanium transpedicular fixation [49].
Before insertion, the medial portion of the articu-
lar facets was removed, and the cages were filled
with autogenous bone. No significant differences
were found in the three-dimensional stabilization
provided by the different cage designs when
combined with posterior screw fixation; how-
ever, the cylindrical cage provided greater stabil-
ity against axial rotation related to the screw
threads engaging the end plate than the rectangu-
lar cages [49]. Wang et al. [76] found similar
results using a posterior approach in multiple
lumbar levels in the cadaveric spine.

The rectangular implants can be manufac-
tured with a smooth surface or with teeth on the
superior and inferior surfaces of the cage
(Figs. 17.3 and 17.4). The rectangular cage
design with endplate pyramidal teeth has the
advantage of providing immediate stability and
resistance to migration in any direction similar to
the threaded cylindrical cage [49, 57, 61, 73].
This type of cage usually has a convex surface
for anatomic fit and is available in several foot-
prints and heights.

The problem with most cages is the small con-
tact surface of the bone graft leading to a high
rate of pseudarthrosis. A rectangular cage usually
has a larger axial central cavity than a cylindrical
cage allowing adequate space for packing large
amounts of cancellous bone graft inside the cage
and exposing it to a greater graft surface area to
facilitate good bony ingrowth (Fig. 17.7).

17.2.2 Size of Cages: Just Fit into
Versus Distraction of the
Intervertebral Space

The interbody implant sets need to be of differ-
ent heights in order to choose specifically in
which case the size is large enough to tension the
annulus. This is essential for initial stability in
extension [26]. When it is necessary to place an
interbody cage with a diameter of more than
15 mm using the PLIF procedure, it is impossi-
ble to spare the facet joints at any level above
L5-S1, because the mean interpeduncular dis-
tance is 17 mm at L5-S1, 14.5 mm at L4-L5,
13.5 mm at L3-L4, 12.7 mm at L2-L3, and
12.5 mm at L1-L2 [1, 2, 11]. The lumbar articu-
lar facets support 18 % of the vertical load and
provide rotational stability. Instability is related
to the amount of facet removal, which is directly
proportional to and dictated by the size of cage.
The size for cylindrical cages is their diameter
and for rectangular in situ rotating cages, the
cage height [4, 24, 30, 37].

17.2.3 Number of Cages: One
Versus Two

Usually the TLIF implants are parallelipipedic
semilunar or straight in design, and only one is
implanted unless the surgeons have a preference
for bilateral TLIF access. Those used for PLIF
are cubic or cylindrical in shape and are placed in
pairs (Figs. 17.3 and 17.5).
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Some of the efficacy expected of any type of
cage actually depends on the access used, before
the cage has been chosen or placed in the inter-
body space. This explains why there are no sig-
nificant differences in construct stiffness and
failure loads between a unilaterally inserted cage
versus bilaterally inserted cages, and that cage
shape and positioning do not significantly affect
the in vitro biomechanical properties of the inter-
body cage across the vertebral end plate if bone
mineral density is within normal limits [36, 37,
44, 45, 49]. Furthermore, the biomechanical test-
ing performed shows more favorable stiffness
using a single, unilaterally fixated, obliquely ori-
ented interbody device than the bilateral con-
struct placed by a standard PLIF approach [79].

The intensity of load bearing at the interbody
devices depends on supplementation with poste-
rior pedicle screws and the integrity of the facet
joints, ligaments, and muscles. Medial facetec-
tomy during PLIF access usually damages the
facet joints on both sides partially or completely
and leads to greater instability in rotation, increas-
ing the load bearing to the interbody device. This
means that before a stabilizing procedure, there
was a highly destabilizing removal of the facet
joints [6]. Usually there is less instability in TLIF
cases because the interbody access is unilateral,
and it can be performed lateral to the foramen, pre-
serving at least the facet on one side and a large
part on the other side. As a result, despite the addi-
tion of pedicle screw fixation and a greater area for
bone fusion, there are still similar or lower fusion
rates when comparing PLIF with TLIF [6, 26, 49].

17.2.4 TLIF Cages Types: Single
(Bullet) Versus Dual Type
(Boomerang)

There are two types of devices for TLIF implants:
single or dual type (Fig. 17.7). Single devices are
usually straight and designed with a bullet-shaped
nose to facilitate insertion and to be self-distracting.
These types of cage allow extremely straight MIS
exposure and implantation. The facet joints can be
preserved, and there is minimal destruction of the
posterior ligaments and bony end plates because no
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preliminary trimming, shaving, and threading of
the end plates are required. In addition, the convex
design of the superior and inferior surfaces of the
cages and the presence of self-retaining teeth to grip
the end plates make cage subsidence fairly unlikely.
The dual-type devices come in the form of a kidney
bean or boomerang and allow filling the anterior
and middle aspects of the disc, creating greater lor-
dosis when using the wedge cages. The disadvan-
tage is the need to have a larger work window to
insert the device into the intervertebral space [23].

17.2.5 Lordotic Versus Non-lordotic
Cages

One of the goals of this surgery is to maintain or
obtain lumbar lordosis. This can be achieved
when interbody devices with some type of lor-
dotic contour are placed anteriorly and posterior
compression forces are applied at the pedicle
screws fixation [6, 10, 39] (Fig. 17.8). In addi-
tion, the wedged cages are able to avoid cage
retropulsion compared with nonwedged cages
[3, 38].

Previous studies reported that parallel-sided
cages used as stand-alone supports cause loss of
lumbar lordosis [6, 9, 29, 39]. Takahashi et al.
[69] compared the sagittal alignment of the lum-
bar spine after one-segment PLIF using the tita-
nium alloy horizontal cylinder or open box-type
cage with a 3° lordotic angle. There was no sig-
nificant difference between the two groups in
terms of changes in lumbar lordosis. The surgical
procedure and the insufficient 3° cage lordotic
angle are possible explanations because the lum-
bar intervertebral body angles increase with
descending lumbar levels. The angles of L4 to L5
and LS to S1 are normally >10° [29, 67, 69].

17.2.6 Cage Insertion Methods:
Impaction Versus Self-
Tapping Versus Rotation
Versus Expandable

Impaction cages are an important category
among interbody cages. These cages, having a
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lumbar lordosis: non-lordotic
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Fig.17.9 The cage was impacted beyond the anterior border of the vertebrae (a), repositioned afterwards (b) and kept

in position by screw compression and tightened

parallelipipedic shape, are inserted between the
vertebrae by impaction. The downside of these
cages is that they are difficult to insert into the
intervertebral space either through PLIF or TLIF
approaches, especially when pyramidal teeth are
present (Fig. 17.9).

Costa et al. [19] reported a self-positioning,
self-threading stand-alone titanium circular bul-
let cage. The cage was designed to be inserted by
PLIF through MIS techniques. It has a blunt and
tapered head allowing it to be used as a spreader
and a small core facilitating self-positioning.

The cage has an internal cavity and apertures in
the superior and inferior surfaces, which permit
packing autologous bone and facilitating bone
fusion, respectively. The use of these cages as a
stand-alone device was recommended only for
discs that do not exceed 10 mm in height. In cases
where the disc exceeds 10 mm in height, there is
a need for pedicle screw fixation due to the facet
joint resection in order to create a space to insert
the cage. The choice of threaded circular fusion
cages to restore disc height instead of rectangular
cages means it is necessary to have a 50 % larger
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Fig. 17.10 Subsidence of the L4-L5 cages into the superior and inferior vertebrae end plate on the lateral (a) and

anteroposterior (b) radiological view

diameter of the threaded fusion cage and, there-
fore, more extensive facetectomy [73]. Likewise,
the amount of facetectomy used in the cages
which were rotated inside the intervertebral space
depended on cage height [73].

Expandable cages may enable easy inser-
tion, a controlled restoration of disc height,
and may require a less posterior bony removal
and nerve root retraction to insert the cage [26].
Bhatia et al. [6] placed a bilateral expandable
cage using a standard PLIF technique on the
L4-LS5 specimen after a 50 % medial facetec-
tomy. Testing was done on the cage-alone con-
dition and after pedicle screw fixation.
Insertion of the expandable cage with reten-
sioning of the annulus increased stability in all
directions but less than the intact levels. Using
the expandable cage as a stand-alone device
decreased lordosis because of the geometric
shape of the cage, which can be reversed after
posterior pedicle fixation and posterior
compression [6, 39].

17.3 Consequences of the
Material Types: Subsidence

Cage subsidence is usually defined as a superior
or inferior migration into the vertebral end
plate>2 mm [5, 13, 14, 31, 41] (Fig. 17.10).
Cage subsidence after lumbar interbody fusion
has been reported in a wide range of situations,
leading to a significant loss of disc space height,
foraminal narrowing, and the potential for nerve
root compression even using pedicle screw stabi-
lization [7, 43, 58, 65].

Cage materials are expected to affect the
incidence of subsidence caused by the difference
between the modulus of elasticity of the device
and the bone [77]. The rate of PEEK cages sub-
sidence of >2 mm is considerably lower than that
reported for metal cages and other interbody
fusion techniques [13, 46, 70].

Besides the cage properties, the other risk
factors associated with interbody fusion cage sub-
sidence are lower bone mineral density, covering
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less than 30 % of the endplate area, applied exces-
sive compressive load, endplate fracture during
manipulation, and stand-alone interbody device
[5,15,35] (Figs. 17.2 and 17.5). The idea of stand-
alone interbody fusion devices was used after
PLIF, but despite the surgical and technical evolu-
tion, the use of these devices as stand-alone cages
is still viewed with skepticism [8, 11, 17, 58, 62].

The periphery of the vertebra end plate is the
strongest bone whereas the most central portion
of the bony end plates can be quite weak, espe-
cially in older patients with some degree of
osteoporosis. Thus, resting an interbody device
on the peripheral endplate bone is advantageous
for maintaining disc height and sagittal alignment
and avoiding subsidence. For this reason, there
are some cages with a larger medial lateral width
to ensure that the cage sits on the cortical bone at
the edge of the vertebral body and to prevent
implant sinkage.

To limit the risk of cage subsidence, a “sand-
wich” design was developed for cages. This
design consists of an inner polymeric, stiff core
covered with two layers made in a softer material
in the areas in contact with the end plates. The
soft layers are expected to create a more uniform
pressure distribution at the cage-endplate inter-
face and adapt to the geometric irregularities of
the bony end plate after the surgical preparation,
thus maximizing the contact area and reducing
the risk of subsidence [28].

17.4 Ideal Interbody Cage

When ideal interbody cage designs are consid-
ered, some characteristics must be present, such
as (1) placing it in a small window preserving the
muscle, facet, and ligaments, best if percutane-
ously; (2) with a variable bone-like elastic modu-
lus; (3) introducing it into the interbody space
without need for impaction and thereafter rotat-
ing or expanding it inside the interbody space to
reproduce an angle between the two vertebrae;
(4) with a lordotic angle capable of maintaining
or achieving lumbar lordosis; (5) allowing space
for bone grafts outside the cages; (6) with an
open design cage having a central cavity that
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allows space for packing large amounts of can-
cellous bone graft; and (7) with a convex design
and some points to be fixed into the vertebra to
avoid subsidence.
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Yi Lu, Michelle M. Falcone, Michael Y. Wang,

and Steven Wu

18.1 Introduction

Adult spinal deformity (ASD) refers to an abnor-
mal spinal curvature in the coronal, axial, and
sagittal plane in adult patients. Most ASDs are de
novo degenerative deformities that are caused by
asymmetric disc and facet degeneration or osteo-
porotic spine insufficiency fracture [20]. Recent
publications have indicated that the prevalence of
any radiographic evidence of ASD can be as high
as 60 % in adults older than 60 years of age
[19, 24] and symptomatic scoliosis is seen in
6-30 % of the elderly population. Patients with
ASD most commonly seek treatment due to pain
and disability from the deformity and its associ-
ated disc degeneration, spinal stenosis, nerve
roots compression, lateral listhesis, spondylolis-
thesis, and the overall loss of spinopelvic balance.
Most symptomatic ASD patients are initially
treated with conservative measures such as physi-
cal therapy, nonsteroidal anti-inflammatory
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medication, and narcotic analgesics. When con-
servative treatment fails, operative procedures
aiming to decompress lumbar nerve roots and the
thecal sac stabilize unstable motion segments,
reestablish global spinal balance in all planes, and
prevent deformity progression are indicated.

ASD Surgery can be very rewarding for
patients, yielding significant improvements in
back and leg pain. This has been proven in previ-
ous studies utilizing objective quality-of-life
(QOL) measures like the Scoliosis Research
Society 22 questionnaire (SRS-22) and Oswestry
Disability Index (ODI) [5, 32, 33]. Nevertheless,
adult deformity surgeries are highly complex and
require prolonged anesthesia, a long recovery
period, and extended hospital stay. Traditional
open deformity surgeries are associated with high
rate of serious complications, and it has been
reported that open deformity surgeries have major
complication rates as high as 40 %. In a series of
361 patients who underwent open deformity sur-
gery, Pateder and colleagues reported that the
30-day mortality rate was 2.4 % [23]. In 2011,
Smith et al. analyzed data from the Spinal
Deformity Study Group and reported that 26.2 %
of their 206 patients suffered a minor complication
and 15.5 % suffered a major complication [31].
Staged procedures or combined anterior-posterior
approaches have also been found to be associated
with higher complication rates [26]. Interestingly,
despite the fact that elderly patients were found to
have higher perioperative complication rates as
high as 71 %, they had the greatest improvement
in pain and disability with surgery [34].
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One of the major goals of deformity sur-
gery is to restore the coronal and sagittal bal-
ance of the spine. Traditionally, deformity
surgery has been focused on correcting coronal
imbalance. However, global sagittal balance has
more recently been found to be more relevant
in patient’s symptom and surgical outcome.
Glassman et al. reviewed a prospective adult spi-
nal deformity case series with correlated radio-
graphic measures and found that sagittal balance
was the most reliable predictor of clinical symp-
toms [11]. Patients with positive sagittal bal-
ance and inadequate lumbar lordosis have worse
physical and social function and pain. In these
patients, restoration of global sagittal alignment
is necessary for significant symptom improve-
ment and pseudoarthrosis avoidance [4, 25].

In traditional open deformity surgery, a variety
of techniques have been used to enhance lumbar
lordosis and restore sagittal balance. Multilevel
anterior lumbar interbody fusion (ALIF) has
been demonstrated to be an effective method to
achieve normal lumbar alignment [9, 15, 36].
Placement of an anterior graft allows distraction
of the anterior disc space, increases disc space
height, and improves lumbar lordosis. The large
graft size used with an anterior approach also
enhances construct stability. The drawback of
using ALIF for lumbar alignment is the need for
a two-stage surgery, which subjects patients to
increased anesthesia time, higher complication
rates, and additional approaches.

Rigid sagittal imbalance corrections are most
often achieved with pedicle subtraction osteot-
omy (PSO) in adult deformity surgery [13, 18,
21, 27]. However, PSO is frequently associated
with high volume of blood loss and high surgical
morbidity and complications [6]. The amount of
bony and soft tissue resection required in pedicle
subtraction osteotomy also limits its use in mini-
mally invasive surgery (MIS) [39].

The recently developed MIS lateral trans-
psoas interbody technique has been adopted
with much enthusiasm in less invasive defor-
mity surgery. This technique has been shown
to be excellent in treating local degenerative
arthritis, restoring foraminal height, achieving
indirect neural decompression, and correcting
coronal deformity [22, 29]. However, the lat-
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eral transpsoas approach has been shown to be
less effective in treating sagittal imbalance and
restoring lumbar lordosis. In a recently reported
series of 35 patients by Acosta et al., the lateral
transpsoas approach allowed a coronal Cobb
angle correction from 21.4° preoperatively to
9.7° postoperatively, a statistically significant
improvement. However, lumbar lordosis only
changed from 42.1° to 46.2°, despite improve-
ment in interbody height. Overall, the global
sagittal alignment was unchanged [1]. These
results are similar to the 5° improvement in
global lordosis noted by Karikari et al [17].
Modification of the technique by adding the
resection of the anterior longitudinal ligament
(ALL) has been proposed to enhance sagittal
correction allowed with the lateral approach [2,
7, 8, 37]. However, resecting the ALL blindly
has the inherent risk of seriously injuring the
great vessels. Furthermore, in adult degenera-
tive patient hypertrophied facet joints and stiff
posterior elements limited the amount of sag-
ittal correction that can be achieved with the
release of anterior elements. More importantly,
the majority of physiological lumbar lordosis is
found at the L5-S1 and L4-L5 levels, which are
problematic to access or with the direct lateral
approach.

18.2 Use of Open Multilevel TLIF
for Coronal and Sagittal
Deformity Correction

Jagannathan et al. published a report in 2009
demonstrating the efficacy of using multilevel
TLIF to restore lumbar sagittal alignment [16].
In this retrospective study, 80 patients who had
received short-segment (1, 2, or 3 level) trans-
foraminal lumbar interbody fusion (TLIF) pro-
cedures for lumbar degenerative disorders were
studied. Bilateral facetectomies with interspi-
nous distraction were used so that a large-size
boomerang-shaped graft could be placed at the
anterior part of the disc space. After insertion of
the interbody graft and placement of the pedicle
screws, the construct was compressed. At follow-
up, radiographic studies demonstrated effective
increase of focal lordosis at each of the surgical
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levels performed. L5-S1 and L4-L5 TLIFs were
most effective in restoring segmental lumbar lor-
dosis. An average of 22.2° of segmental lordosis
improvement was achieved with a L5-S1 TLIF,
and L4-5 TLIF was associated with an aver-
age of 11.3° improvement. Multilevel TLIF was
more effective in correcting overall lumbar lor-
dosis than single-level surgery (27.3° +/— 3.4° vs.
17.4° +/4.4°). For the majority of patients with
a preoperative sagittal imbalance of less than
10 cm, short-segment TLIF procedures were able
to improve sagittal alignment. However, only
30 % of the patients with a sagittal imbalance of
more than 10 cm achieved acceptable restoration,
indicating the need for a more extensive surgery
such as osteotomy procedures with long-segment
fusion. Yson et al. also published a similar series
using multilevel TLIF with bilateral facet resec-
tion for segmental lumbar sagittal correction.
Similar methods of bilateral facet resection and
the use of an interbody spacer placed as ante-
rior as possible were applied demonstrating that
significant lordosis restoration can be achieved
using multilevel TLIF [40].

The position and the geometry of the cage sig-
nificantly influence the effect of the sagittal cor-
rection after TLIF [10, 12]. In the past several
publications had described the TLIF as a proce-
dure that could reduce lumbar lordosis [9, 15].
This was likely due to the specific surgical tech-
niques used. In both series by Jagannathan and
Yson, the use of large anteriorly placed spacers
helped restore of the lumbar lordosis, similar to
the cantilever TLIF procedure described by
Anand et al [3]. More importantly, the bilateral
facetectomies, the radical discectomy to allow
sufficient segmental mobilization, and final com-
pression of the pedicle screws allowed significant
restoration of lumbar lordosis.

Heary and Karimi described using unilateral
placed TLIF cage for coronal balance correction
[14]. In their series of four patients, TLIF cages
were placed unilaterally on the concave side, and
bilateral facetectomies were used to release
the rigid curve. The selective applications of the
increased compressive forces were used on
the convex side of the construct. Mean correction
of the coronal curve of 17.9° was achieved in the
small series.
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18.3 The Use of MIS Multilevel
MIS TLIF in Adult Deformity
Surgery

MIS TLIF has been widely used over the past
decade to address degenerative lumbar disc dis-
ease, spondylolisthesis, and recurrent lumbar
disc herniations [28]. Since open multilevel TLIF
has been shown to correct sagittal imbalance effi-
ciently, it stands to reason that multilevel MIS
TLIF could be a promising approach for MIS
deformity surgery, without subjecting patients to
multiple stage surgeries since the whole surgery
is performed with the patient in prone position.
Wang published his experience using multilevel
MIS TLIF with expandable cages in a series of 25
adult spinal deformity patients [38]. This case
series utilized expandable interbody cages to
restore anterior column height combined with
percutaneous pedicle screw fixation. An average
of 3.2 interbody levels were treated in these
patients. The mean preoperative Cobb angle was
29.2°, improving to 9.0° postoperatively; the
mean preoperative global lumbar lordosis was
27.8°, improving to 42.6° postoperatively; and
the mean preoperative SVA improved from
7.4 cm to 4.3 cm postoperatively. Clinically, at
1-year follow-up, the NPS for leg pain improved
from 5.1 to 1.8 after surgery, and the NPS for
back pain improved from 7.6 to 3.4. The ODI
score improved from 44.9 to 24.1 after surgery.

18.4 Surgical Technique

1. Positioning: The surgery is performed after
induction of general anesthesia with the
patient lying prone. Positioning on the
Jackson table is critical to allow the belly to
hang and to increase lordosis, as it has been
shown that the use of Jackson table enhances
postoperative lumbar lordosis [35].

2. Skin Incision: For long-segment minimally
invasive deformity surgery, it is more cos-
metically pleasing to use a single midline
incision. The principle of minimally invasive
surgery is not the size of the skin incision but
the minimal disruption of normal soft tissues
and bony structures to achieve the desired
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Fig. 18.1 Single midline
incision and the development
of the subskin fascia plane

Fig. 18.2 The amount of
tissue dissection for
mini-open deformity surgery

outcome. A single midline incision with 4. Access Corridor: At this time, traditional

preservation of the fascia plane is minimally
disruptive and cosmetically pleasing with
better wound healing than multiple bilateral
stab incisions. Furthermore, many patients
already have had a previous surgery with a
midline lumbar scar.

. Development of the Suprafascial Plane: After
making the skin incision with meticulous
hemostasis, a plane is developed above the
superficial fascia so that percutaneous screws
can be placed and the TLIF corridor can be
accessed with minimal disruption of the soft
tissue envelope (Fig. 18.1).

MIS TLIF with fixed or expandable tubes
can be used for performing the TLIF proce-
dures. We often elect to perform multilevel
TLIF in a mini-open fashion by performing
subperiosteal dissection only on the side of the
interbody access. Only one side of the spine
is accessed to allow for facetectomies and
interbody cage placement. With the preserva-
tion of muscle attachments to the spine on the
contralateral side, patients generally have a
much faster recovery time and less postopera-
tive pain than traditional bilateral open proce-
dures (Fig. 18.2). The unilateral subperiosteal
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dissection is taken to the lateral facet joints,
and a retractor is used to maintain the opening.
. Side of Approach: The side of approach for
multilevel TLIF in minimally invasive defor-
mity surgery is very important since most
ASD patients also have a coronal deformity
that needs to be corrected simultaneously. The
choice of which side to approach depends on
the type of deformity, clinical symptoms, and
the goals of the surgery. We have learned that
it is more effective to access the spine from
the concavity of the fractional curve (which
is the convexity side of the major curve typi-
cally at the midlumbar spine) to correct cor-
onal imbalance (Fig. 18.3). A lumbosacral
fractional curve creates an uneven foundation
for the entire spine, and a small lumbosacral
fractional curve can lead to a significant coro-
nal imbalance, if not compensated. By placing
the interbody spacers at the lumbosacral junc-
tion ipsilateral to the side of access in the disc
space, it elevates the concave side and cor-
rects the fractional curve. When approaching
from the concave side of the fractional curve,
surgeons face the convexity of the midlumbar

Convexity of the
mid-lumber major
curve

Concavity of the
lumbosacral
fractional

curve

Fig. 18.3 Concavity of the lumbosacral fractional curve
is on the same side of the convexity of the mid-lumbar
major curve

major curve. Since the spine is rotated toward
the convexity of the curve, it is easier for cages
to be placed across the midline to the contra-
lateral side (which is the concave side of the
major curve) further straightening up the
curved lumbar spine.

. Facetectomy: Following the exposure and

confirmation of spinal levels, partial or com-
plete facetectomies are performed at the
level of interest. The inferior facet is gener-
ally resected using an osteotome and used
as autograft fusion material. The superior
facet of the inferior level is drilled to allow
enough opening for the ipsilateral interbody
graft placement, up to the superior edge of the
pedicle. While placing the ipsilateral cage at
the concave side, the required exposure of the
disc space could be smaller than that of rou-
tine TLIF, especially if an expandable cage
is used. When approaching the major curves
from the convex side, since the axial rotation
can be as great as 35° and the preferential
cage insertion is toward the contralateral side
of the disc space, it is frequently advanta-
geous to approach the disc space lateral to the

Fig. 18.4 Anatomy of Kambin’s triangle
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facet joint in Kambin’s triangle (Fig. 18.4).
In this circumstance, a true transforaminal
interbody graft placement can be performed
with little need for facet resection. However,
a facetectomy is still beneficial as it increases
the flexibility of the rigid spine and allows
for the compression on the convexity of the
lumbar major curve, using the contralateral
interbody graft as a fulcum to correct coronal
imbalance.

A midline laminectomy is typically not
performed. When central, lateral recess, or
foraminal decompression is needed (which is
frequently a necessity in ASD patients, depend-
ing on patient’s symptoms), an ipsi-contra
lumbar decompression can be carried out to
decompress the central canal, lateral recess on
both sides, and the neural foramen on both sides.
. Discectomy: At this time, a microscope is usu-
ally brought into the field for better visualiza-
tion of the critical structures. Bone and soft
tissue are removed to expose the disc space
just rostral to the pedicle and up to the lateral
border of the ligamentum flavum. The surgeon
must be extra vigilant about the locations of
the exiting and traversing nerve roots. The
surrounding veins are secured using bipolar
cautery. An incision is then made through the
annulus, and insert-and-rotate shaver dilators
are used to remove the intervertebral disc with
great care taken to preserve the cortical verte-
bral endplates. This is particularly important
in the setting of osteoporosis. The preparation
of the interbody space for bony fusion is also
contingent on adequate removal of the carti-
laginous disc endplate. In addition, the medial
angulation of the approach is critical and
will differ by level. In surgeries in which the
approach is on the side of the concavity (sim-
ple curves without a fractional component),
disc removal will be predominantly ipsilateral
to distract the interspace that has been closed
down. In surgeries in which the approach is on
the side of the convexity of the major curve
(i.e., when approaching from the concavity of
the fractional curve), a steep approach is taken
so that the contralateral disc is assessed and
removed to restore interspace height on the
collapsed portion of the major curve.

8. Graft Insertion and Interbody Fusion: Once

complete disc removal has been achieved,
fusion adjuvants are placed into the disc
space as far anterior in the disc space as pos-
sible. Generally, hBMP-2 (InFuse, Medtronic
Sofamor Danek) at a dose up to 1.05 mg/
level is used to promote fusion across the
disc space. It is particularly useful in MIS
deformity surgery since less bony surface is
exposed to allow for posterolateral fusion; as
a result, successful interbody fusion is key to
the success of the procedure. It is important
to keep the BMP anteriorly in the disc space
to reduce the risk of heterotopic bone growth
near the neural elements. After the BMP, the
autograft bone harvested from the facetec-
tomy is packed into the disc space.

The surgeon’s interbody spacer of choice
can then be inserted into the disc space, with
special attention paid to place the spacer in
the desired location. An expandable cage is
particularly useful to minimize the amount of
tissue dissection required and to distract the
disc space on the side of the graft placement.
We have been using a 25-mm OptiMesh cage
(Spineology) for this purpose. OptiMesh is
a three-dimensional deployable mesh pouch
that is filled with allograft granular matrix
(Fig. 18.5) [41]. The device is delivered
through a 7-mm diameter portal; therefore,
only a very small opening in the annulus is
needed to access the disc space and place the
graft material (Fig. 18.6) [30]. The OptiMesh is
then inflated with the granular allograft matrix
within the disc space, restoring intervertebral
height (Figs. 18.7 and 18.8). It should be noted

Fig. 18.5 OptiMesh Deployable Grafting System
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Fig. 18.6 Placement of the OptiMesh delivery portal
into the L5-S1 disc space

Fig. 18.7 Deliver the OptiMesh pouch into the L5-S1
disc space

that the FDA also considers this an off-label
use. Because the expandable cage does not
need strong impact for insertion, it is likely to
be placed in the desired spot within the disc
space, allowing more distraction for deformity
correction upon cage expansion.

9. Percutaneous Pedicle Screws: Percutaneous
screws are then placed in a standard fashion.
We use an AP-based fluoroscopic technique for
placing the percutaneous pedicle screws as it

Fig. 18.8 13-4, L4-5, and L5-S1 three-level TLIFs are
performed with OptiMesh

allows for compensation of any axial rotation
or other spinal deformity. Using this method,
the Jamshidi needle is initially docked at the
junction of the transverse process and lateral
facet joint. Due to the axial rotation of the
ASD patient’s spine, a straight AP fluoroscopic
image needs to be obtained at each level. The
needle is then advanced 2 cm into the bone
without passing the medial wall of the pedicle
on AP imaging (Fig. 18.9). Each needle is then
exchanged for a K wire. An insulating sheath
protects the soft tissues, while an awl and tap
create the path for subsequent pedicle screw
(Viper 3-D, DePuy Spine) placement under lat-
eral fluoroscope (Fig. 18.10).

10. Rod Insertion: Rods are then placed subfas-

11.

cially by passing through the screw exten-
sions. For details about rod contouring,
passage, and connection, please see the cor-
responding chapter (Chap. 13) in this book.
Persuasion of the screw heads to an ideally
bent rod further enhances lordosis and defor-
mity correction. Compression of the screw
heads on the curve convexity (open side) also
allows for lordosis enhancement and scolio-
sis correction.

Closure: The fascia and skin are then
closed in standard fashion with a suction
drain. Tacking of the skin that was elevated
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Fig. 18.9 Percutaneous screw placement

Fig. 18.10 Percutaneous
pedicle screws are exchanged
over K-wire and inserted
under lateral fluoroscope

suprafascially is important to prevent the
accumulation of a subcutaneous seroma after
surgery.

18.5 Future Advances

The essential steps of MIS TLIF may in the future
be made less invasive and more effective with
improvements in technology. The step requir-
ing the most exposure currently is the facetec-
tomy. Less invasive approaches for this are being

innovated with the use of a Gigli saw technique
for complete removal of the posterior elements
(Baxano, San Jose, California). Efficient complete
facetectomies may pave the way for an MIS Smith-
Petersen osteotomy (SPO) technique (Fig. 18.11).
Multilevel MIS TLIF is an easily adopted
method for spinal deformity correction. The use of
expandable cages and percutaneous screws renders
this a less invasive approach than the traditional
open TLIF technique. For coronal curves under 30°
with minimal to moderate sagittal imbalance, this
is an efficient technique with minimal morbidity.
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Fig. 18.11 (a) Use of the Baxano device to remove facet  cut the facet joints. (d) Artists depiction of the removal of
bone in a cadaver. (b) Lateral X-ray imaging showing the  facets using the reciprocating saw blades. (e) View after
saw removing the facet joints between the pedicle screws.  the joints have been removed to allow for deformity
(c) External view of the reciprocating saw handles used to  correction
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Paul E. Kaloostian and Daniel M. Sciubba

19.1 Introduction

Correction of kyphotic deformity of the spine is
quite complex, especially in the thoracic spine.
A variety of techniques exist for correction of tho-
racic kyphotic deformity; however, the contro-
versy continues regarding the most efficacious
approaches toward improving adequate sagittal
balance, obtaining successful fusion of the con-
struct, and providing an adequate scaffold anteri-
orly to tolerate the forces placed upon the anterior
spine. Additionally, these goals must be accom-
plished while minimizing patient neurological
morbidity. The use of an expandable thoracic cage
to reconstruct the anterior and middle columns has
proven to be a successful method of correcting
thoracic kyphotic deformity, especially since 80 %
of the axial vector load placed upon the spine is
specifically along these particular columns [1].

19.2 Kyphotic Deformity
of the Thoracic Spine

There are many different causes of kyphotic
deformity in the thoracic spine including trau-
matic fractures, infection, tumor (both primary
and metastatic), inflammatory diseases, and
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degenerative disease of the spine [2]. Symptoms
of progressively worsening thoracic kypho-
sis include focal intractable thoracic back pain,
thoracic radiculopathy due to foraminal stenosis,
and myelopathy from narrowing of the spinal
canal [3-5]. Neurological findings may include
worsening weakness and numbness of lower
extremities, hyperreflexia, and bowel/bladder
dysfunction [5, 6]. Diagnostic modalities include
plain radiographs of the thoracic spine, computer-
ized tomography, and magnetic resonance imag-
ing to determine the degree of kyphosis, bony
destruction, extent of infection or tumor growth,
as well as spinal cord or nerve root impingement
[2, 5] (Figs. 19.1 and 19.2).

19.3 Conservative Management
and Treatment of Thoracic
Kyphotic Deformity

Patients without significant vertebral body col-
lapse who are asymptomatic or with minimal pain
can be managed conservatively. Conservative
management generally involves supervised
physical and occupational therapy, bracing with
thoracolumbar orthoses for comfort, and anti-
inflammatory or narcotic medications that are
supervised by a pain management specialist.
Additionally, close follow-up of these patients is
indicated with upright x-rays assessing progres-
sion of thoracic kyphotic deformity that may
necessitate movement away from conservative
management and toward a surgical path [7, 8].
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Fig. 19.1 Sagittal T1 MRI thoracic spine with contrast
demonstrating severe kyphotic deformity at T6/7 due to
infection. The kyphosis, along with epidural enhancing
tissue, is encroaching upon the spinal cord

Indications and Goals
for Surgical Correction
of Thoracic Kyphotic
Deformity

194

Indications for surgical correction of spinal
deformity include instability, deformity, intracta-
ble pain, and current or impending neurological
compromise [3].

19.5 Surgical Approaches
to Treating Thoracic Kyphotic
Deformity

A variety of surgical approaches have been stud-
ied for correction of thoracic kyphotic defor-
mity with placement of expandable cages. These
include open approaches as well as the more
recent minimally invasive techniques utilizing
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Fig. 19.2 CT scan of the thoracic spine postoperatively
demonstrating reconstruction of anterior and middle column
via an expandable thoracic cage from a lateral position with
elimination of thoracic kyphotic deformity. Second stage of
surgery involved posterior instrumentation and fusion

percutaneous instrumentation and endoscopic
assistance. The goals of kyphotic deformity
correction center around altering the main vec-
tor of forces drawing the thoracic spine into the
kyphotic position. This is mainly done via recon-
structing the anterior and middle columns from a
variety of different approaches through the use of
expandable thoracic cages.

19.5.1 Posterior

19.5.1.1 Laminectomy/Posterolateral
Instrumentation/Osteotomy/
Fusion
Posterior techniques for ventral thoracic and
thoracolumbar pathology have evolved over the
years. Laminectomy with Smith-Petersen oste-
otomies, along with pedicle subtraction oste-
otomies, has been shown to improve lordosis
approximately 6-10° and 15-20°, respectively,
via shortening of the posterior elements [9].
However, these techniques are associated with
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decreased vertebral height and buckling of the
posterior spinal ligaments and dura with the
possibility of associated cord compression [10].
Additionally, these techniques are associated
with significant blood loss and pulmonary com-
plications [11, 12].

The use of long-segment Harrington rod
instrumentation may be used to restore thoracic
curvature. However, this technique is fraught
with morbidity and complications due to the
long-segment fusion, possibility of instrumen-
tation failure requiring reoperation, inability to
restore the rotational deformity, and possibility of
further worsening the preexisting kyphosis upon
failure [13]. Additionally, purely posterior ped-
icle screw instrumentation with fusion may not
be able to withstand the physiologic stress from
an anterior vector, resulting in hardware failure
and progression of the underlying kyphosis [3,
14]. McLain et al. noted progressively worsen-
ing deformity during the first 6 months postop-
eratively after stand-alone posterior kyphotic
reduction maneuvers [14]. Multiple studies have
demonstrated a failure rate of 20-50 % with
solely posterior pedicular fixation and fusion in
patients without anterior support [15-17].

19.5.1.2 Laminectomy/

Costotransversectomy

with Expandable Cage

and Posterolateral

Instrumentation/Fusion
Laminectomy with costotransversectomy is a
technique that has allowed surgeons to access
ventral pathology in the thoracic spine. A unilat-
eral approach with laminectomy and removal of
the transverse process and portion of the rib head
and proximal rib has allowed access down the
pedicle and into the affected vertebral body[s] [3].
This allows placement of a thoracic cage anteri-
orly via a posterior approach between the exiting
nerve roots (usually sacrificed in the thoracic
spine allowing ample room) to reconstruct the
anterior and middle column. Reconstruction of
the anterior and middle columns from this
approach is typically reinforced by a short-
segment pedicle screw instrumentation and pos-
terolateral fusion [18].
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Sciubba et al. describe a novel technique of
a purely posterior approach with circumfer-
ential costotransversectomy and corpectomy
toward treating anterior thoracic pathology [3].
They described performing standard bilateral
costotransversectomies with transpedicular cor-
pectomy and placement of expandable thoracic
cage. They documented seven cases of circum-
ferential costotransversectomies with placement
of expandable thoracic cage and noted a kypho-
sis improvement of 53 % [3]. They calculated
a mean kyphotic angle preoperatively of 28.6°
and postoperatively of 12.1° [3]. This effect is
in accordance with the so-called boundary effect
allowing for a greater surface area of anterior
axial loading [19].

Snell et al. have also described a similar
approach in 15 patients toward treating thoracic
kyphotic deformity [20]. They utilized both
expandable and non-expandable thoracic cages
for reconstruction and noted adequate neuro-
logical stabilization and kyphosis reduction in
their cohort with two patients improving at least
one Frankel grade [20]. The use of expandable
cages allows for appropriate distraction of the
thoracic spine and provides an adequate surface
area along the superior and inferior end plates
to facilitate solid fusion [3]. The use of expand-
able cages, as opposed to fibular and iliac grafts,
decreases complications such as end plate pen-
etration due to the large footprint of the expand-
able cages [12].

Abumi et al. and Oda et al. described the pre-
cise benefit of expandable cages as compared
to non-expandable cages during spinal recon-
struction [21, 22]. They noted the former have a
greater in-line distraction capability of the spinal
ligaments, which may improve fusion rates [21].
Additionally, the ability to manually distract
while noting expansion both visually and radio-
graphically of vertebral height is quite user-
friendly in assuring restoration of lordosis and
minimizing kyphotic tendency around the normal
internal axis of rotation of the thoracic and tho-
racolumbar spine [3]. Finally, non-expandable
cages require one additional step of posterior
compression of instrumentation, whereas use of
expandable cages may avoid this process [23].
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In fact, Knop et al. studied 12 cadaveric spines
and biomechanically found more stabilization
using an expandable cage compared to the non-
expandable cage and noted a decreased need
for posterior compression when the expandable
cage was used [23]. An additional prospective
study using expandable cages by Lange et al.
showed successful stabilization of anterior col-
umn with no failures in 126 patients with infec-
tion, tumor, and traumatic pathology [24]. This
led to the development of a larger-size forceps
spreader to increase the height of this expand-
able cage one more level [24]. Keshavarzi et al.
retrospectively studied 35 patients from two
large centers with thoracic kyphotic deformity
due to infection, trauma, and tumor who under-
went corpectomy and placement of expandable
thoracic cages. They noted early postoperative
correction in kyphosis in all, restoration of sag-
ittal alignment at 12 months, and reduction in
visual analog pain scale over the 31-month fol-
low-up period [25].

Overall, this technique avoids the morbidity of
a large thoracoabdominal and/or transthoracic
exposure while completely decompressing neural
structures, stabilizing the anterior and middle
columns, and restoring adequate sagittal balance.
The autograft obtained from the initial decom-
pression can be utilized within the cage itself,
allowing for successful fusion via osteoconduc-
tive and osteoinductive properties of stem cells.
Lastly, supplementing posterior instrumentation
with an anterior expandable cage allows for mini-
mizing hardware failure and potentially decreas-
ing the rate of pseudoarthrosis [26].

19.5.2 Anterolateral

Anterior and anterolateral techniques for thora-
columbar kyphotic treatment include the
transthoracic-transpleural thoracotomy, thora-
coscopy using endoscopic approaches, and a
more standard thoracoabdominal/retropleural
approach [5]. These techniques have all been
well described and utilized in treating this pathol-
ogy. Compared to the posterior techniques
described above, many claimed that patients with

P.E. Kaloostian and D.M. Sciubba

respiratory dysfunction and significant comor-
bidities often are not candidates for this anterior-
anterolateral approach in accessing the anterior
thoracic spine [3, 5]. Complications noted via
these approaches include persistent pleural effu-
sions, hemothorax, chylothorax, and dural-
pleural fistulae [27, 28]. Additionally, these
procedures typically will obviate the need for a
second stage surgery for posterior pedicle instru-
mentation and fusion at some point, which
increases operative time for the patient as well as
morbidity and blood loss [5].

Ventrolateral transthoracic minimally invasive
techniques, including the mini-open and endo-
scopic approaches, have become more popular
given the morbidity documented with conven-
tional open transthoracic and thoracoabdomi-
nal approaches to the thoracic spine [29, 30].
Scheuffler et al. retrospectively studied 38
patients with thoracic and thoracolumbar spon-
dylosis, trauma, or metastasis who underwent
minimally invasive vertebral body replacement
with cages using an anterolateral retropleural
(ALRA) or a combined lateral extrapleural/extra-
peritoneal thoracolumbar approach (CLETA).
They noted successful completion of each sur-
gery without conversion to conventional open
approach, 19.3° of average kyphotic correction,
and results that are similar to those of standard
open and endoscopic techniques [2, 31, 32]. The
authors noted the reduction of sagittal deformity
exclusively by anterior distraction using expand-
able cages with no subsidence or loss of correc-
tion over an 18-month follow-up period [2]. In
three severely osteopenic patients in this series,
cement augmentation was done at the adjacent
vertebrae [2]. In a select group of patients with
preexistent pulmonary disease, the ALRA and
CLETA minimally invasive approaches have
been shown in small studies to reduce the peri-
operative risks commonly encountered with the
conventional endoscopic and anterolateral trans-
thoracic approaches [2]. Additionally, dimin-
ished operative time, decreased intraoperative
blood loss, absence of post-thoracotomy pain,
and successful sagittal/coronal deformity correc-
tion are all favorable factors with these minimally
invasive approaches [33].
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Conclusion

As detailed in this chapter, the treatment of
thoracic kyphotic deformity is quite diverse.
Treatment options include conservative man-
agement for asymptomatic or minimally symp-
tomatic patients and surgical management for
patients with worsening kyphotic deformity,
intractable pain, radiculopathy, and myelopa-
thy. Surgical techniques include posterior
costotransversectomy (unilateral or circum-
ferential) with corpectomy and posterolateral
instrumentation and fusion, open lateral tho-
racoabdominal or anterolateral transthoracic
corpectomy with cage placement and lateral
plating, and minimally invasive anterolateral
retropleural or combined extraperitoneal tho-
racoabdominal approaches. In all cases, goals
of surgery should be clearly documented and
include decompression of neural structures,
treatment of spinal instability, pain control, and
correction of spinal deformity [5]. Through
the approaches mentioned above and utiliza-
tion of expandable thoracic cages, these goals
may be accomplished. Despite the various pros
and cons presented above, a randomized con-
trolled and blinded study comparing the use of
expandable and non-expandable cages along
with a study comparing the utility of the vari-
ous approaches described has yet to be done.
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Expandable Cages for Lumbar
Spinal Deformity

Michael Y. Wang

20.1 Introduction

Interbody fusion has particular advantages in
the setting of adult spinal deformity (ASD).
Compared to an intertransverse posterolateral
fusion, interbody fusion (1) has a more robust
fusion rate due to the improved local vascular-
ity and load sharing present at the endplates, (2)
permits anterior release and height restoration
for correction of the deformity in the coronal and
sagittal planes, (3) allows for bilateral indirect
decompression of the neural foramina by restor-
ing interbody height, and (4) in select cases can
assist in vertebral de-rotation in the axial plane.
These advantages with interbody fusion have led
to a plethora of techniques for approaching the
disc space, preparing the graft recipient site, and
interbody spacer placement.

However, the various surgical techniques
that have been developed for interbody fusion
all increase the complexity of a spinal opera-
tion. A typical posterolateral fusion involves
preparation of the pars interarticularis, facets,
and transverse processes by exposing the bony
surfaces, decorticating them, and placement of
onlay grafting materials. These sites are typi-
cally already well exposed during an open spinal
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deformity operation. Performing an additional
interbody fusion necessitates additional steps,
including accessing the disc space, removal of
the disc and cartilaginous endplate, preparation
of the bony endplate for fusion, and placement
of both graft materials and a spacer to maintain
or restore interbody height. These steps require
additional operative time, engender more blood
loss, and expose critical neurovascular structures
to mechanical injury.

Thus, most traditional spinal deformity sur-
geons will selectively include an interbody fusion
only at the most critical segments. For example,
the lumbosacral junction, which is at higher risk
of nonunion, will often be supplemented with an
interbody fusion to stress shield the sacral screws.
Similarly, selective release and interbody fusion
at the apex of a curve may result in more com-
plete deformity correction. Only with the advent
of MIS deformity surgery has the concept of mul-
tilevel lumbar interbody fusion (i.e., relying pri-
marily upon interbody fusion at all or most-treated
levels) for spinal deformity reemerged.

20.2 Approaches to the
Intervertebral Disc

Numerous approaches are available for approach-
ing an interbody fusion with relative merits and
drawbacks:

Anterior — Anterior lumbar interbody fusion
(ALIF) is a well-proven technique which typi-
cally involves a mini-open retroperitoneal route
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of access (see Chap. 34). Endoscopic methods
have been utilized (primarily transperitoneal) but
were largely abandoned due to high rates of com-
plications and sympathectomy effects. ALIF has
the advantages of providing complete release of
the anterior longitudinal ligament (ALL) to
increase segmental lordosis, exposing the maxi-
mal endplate area in preparation for fusion, and
permits the placement of a graft with the largest
footprint possible. Disadvantages include the
risks of approach-related complications such as
vascular or hollow viscus injury, postoperative
ileus, need for an approach surgeon, limitations
in approaching the mid-lumbar spine (from retro-
peritoneal vessels), and limitations from scarring
due to previous retroperitoneal surgery. ALIF is
thus ideal for achieving segmental lordosis and
fusing the lumbosacral junction (L4-S1) as an
adjunct to a posterior operation (Fig. 20.1).
Lateral — Open lateral approaches have been
used for decades to access the mid-lumbar spine.
Originally used for the treatment of Pott’s disease,
this method later found utility for managing thora-
columbar fractures and releasing the mid-lumbar
spine for ASD pathologies. This method has the
morbidities associated with the ALIF approach
and originally also required an extensive disruption

Fig. 20.1 Preferential access routes to the interbody
space at varying spinal segments

of the soft tissues via the thoracoabdominal
approach. Its use has been largely supplanted by
less invasive methods such as the extreme lateral
interbody fusion (XLIF) and direct lateral inter-
body fusion (DLIF). These approaches are dis-
cussed extensively in Chaps. 24, 25, 26, 27, 28,
29, 30, 31, and 32. Expandable cages also have
potential applications in this arena.

Oblique — A new method approaching the
spine from an intermediary approach has also
been developed (Fig. 20.2). Limited data are
available on the safety and efficacy of this
approach, particularly for treating spinal defor-
mities, but the oblique lateral interbody fusion
(OLIF) has the advantages of accessing the spine
posterolaterally without any bone removal. More
data is needed on the safety and efficacy of this
method for treating spinal deformities.

Trans-sacral — Approaching the lumbosacral
junction via a low incision through the presacral
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Fig.20.2 Oblique lateral interbody fusion. (a) Access is
through Kambin’s triangle, and (b) a cannulated and bul-
leted cage is inserted through the inferior neuroforamen
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fat pad has also been popular (see Chap. 35). This
method, which allows an interbody fusion at L5—
S1 and occasionally L4-5, has the advantage of
allowing for an anterior interbody spacer to be
placed at the lumbosacral junction with the
patient in the prone position. This accomplishes
the goal of stress shielding the sacral screws
while not excessively prolonging the operation
with a second position surgical approach.

Posterior — Because the above approaches are
covered in other chapters in this textbook, this
discussion on expandable cages will focus on the
use of these devices in minimally invasive poste-
rior surgeries.

20.3 Problems with Traditional
Posterior Interbody Cages

Posterior lumbar interbody fusion (PLIF) has
been a widely utilized technique since its intro-
duction by Ralph Cloward a half century ago [2].
This method is robust as it completely treats a
spinal segment with decompression, fixation, and
fusion. It is effective as a treatment for segmental
correction of spinal deformities [5].

While powerful as a technique, rates of new
neural symptoms can be seen in as many as 7 %
of patients undergoing PLIF. Much of this has
been attributed to the neural retraction needed
for cage placement. Thus, the technique of trans-
foraminal lumbar interbody fusion (TLIF) was
innovated by Harms. This method approaches
the disc space more l