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Muscle force and movement variability before and after
total knee arthroplasty: A review
Jessica W Smith, Jesse C Christensen, Robin L Marcus, Paul C LaStayo
long-term outcomes. The purpose of this article is to
review the potential role of muscle force output and
movement variability in TKA recipients. The narrative
review relies on existing literature in elderly healthy and
impaired individuals, as well as in those with OA before
and following TKA. The variables that may predict longterm functional abilities and deficits are discussed in
the context of existing literature in healthy older adults
and older adults with OA and following TKA, as well as
the role future research in this field may play in providing evidence-based data for improved rehabilitation
targets.
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Core tip: Muscle force output and movement variability
are important aspects of identifying individuals with
mobility deficits, central nervous system impairments,
as well as future risk of falling. These correlations have
primarily been investigated in elderly healthy and impaired adults, as well as in adults with osteoarthritis
(OA), but the question of whether the same correlations also apply to those who have undergone a surgical intervention such as total knee arthroplasty (TKA)
are still being investigated. The variables that may
predict long-term functional abilities and deficits are
discussed in the context of existing literature in healthy
older adults and older adults with OA and following
TKA.

Abstract
Variability in muscle force output and movement variability are important aspects of identifying individuals
with mobility deficits, central nervous system impairments, and future risk of falling. This has been investigated in elderly healthy and impaired adults, as well as
in adults with osteoarthritis (OA), but the question of
whether the same correlations also apply to those who
have undergone a surgical intervention such as total
knee arthroplasty (TKA) is still being investigated. While
there is a growing body of literature identifying potential rehabilitation targets for individuals who have undergone TKA, it is important to first understand the underlying post-operative impairments to more efficiently
target functional deficits that may lead to improved
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to a given submaximal force target while performing a
specific task. This concept applies not only to measures
of muscle function, such as during isolated tasks that aim
to evaluate fluctuations of motor output, but to functional tasks such as gait and stair stepping that aim to
evaluate fluctuations of temporal, spatial, and kinematic
outcomes. For instance, variability during level walking is
a measure of the fluctuation in gait characteristics from
one step or stride to the next, while variability in negotiating stairs can be witnessed when stepping from one
step to the next. These concepts of variability are applicable to both muscle and physical function, as there are
studies that have investigated measures of purely muscle
force output variability, and others that have investigated
movement variability. The one common theme, however,
is that both types of investigations have aimed to identify links between the respective measures of variability
and the ability to perform functional tasks efficiently[8-11].
Heretofore, the implications of greater or reduced variability relative to healthy controls, in older adults with
OA before and after TKA, have not been previously reviewed.
The initial review of the literature for this narrative review involved a general internet search, as well as
a search of PubMed (http://www.ncbi.nlm.nih.gov/
pubmed/) using several search terms. The initial search
was performed to identify the breadth of information
regarding variability of motor output, as well as during
various movement tasks. Following this review, a more
focused search strategy was used that included several
keywords (e.g., motor output, gait variability, muscle
function, muscle force steadiness, arthrogenic muscle
inhibition, stair stepping, TKA, and OA), which were
applied to the CINAHL and MEDLINE databases. No
specific filtering strategy was used for the types of article,
although limits were used to include research in humans
only, the English language, as well as dates between 1990
and 2013. Of the articles returned, related articles were
also reviewed for relevancy, resulting in a review of articles published prior to 1990.

INTRODUCTION
Knee osteoarthritis (OA) is the most common type of
arthritis, affecting over 37% of Americans 60 years and
older[1]. Of these, approximately 12% have symptoms[1]
that frequently include pain and loss of motion, resulting
in restricted activity, decreased neuromuscular control,
impaired proprioceptive acuity, and loss of independence
during activities of daily living[2,3]. When symptoms become severe as in late stages of OA, many individuals
seek additional treatment interventions that often include
the total knee arthroplasty (TKA) surgical procedure.
Not surprisingly, the increasing prevalence of knee OA
coincides with a growing demand for TKA procedures,
with an expected 6-fold increase in surgeries by the year
2030[4]. In light of this heightened demand, the need for
evidence-based rehabilitation protocols that maximize
long-term physical and muscle function is critically important.
TKA is often effective for pain relief, but the outcomes of this surgical procedure do not often achieve
similar, long-term improvements in both physical and
muscle function[5-7]. To counteract these deficits, it is important to better understand how TKA may influence
various physical and muscle performance parameters
that predispose an individual to impaired function postoperatively. Muscle atrophy, muscle weakness, and neuromuscular activation deficits are all factors associated with
functional impairments in adults with OA and there is a
growing body of evidence suggesting that impairments
in theses areas lead to variability in muscle force output
and movement patterns both pre- and post-operatively.
The implications of muscle force output and movement
variability in the ability to perform functional tasks is
underappreciated in the literature, but could hold value
in understanding the ramifications of functional impairments, as well as developing focused rehabilitation protocols that improve long-term functional outcomes in the
OA and TKA patient populations.
The purpose of this narrative review is to expose and
summarize the current evidence related to variability in
muscle force output and movement patterns that occur
in older individuals with knee OA before and after TKA.
The implications of variable muscle force output and
movement during common mobility tasks will be highlighted. Further, the concept that variability may have advantages and disadvantages in individuals with knee OA
and following TKA will be explored.
For the purposes of this review, variability is described in two contexts: (1) as the variability an individual
displays in muscle force output measured by the amplitude of force fluctuations; and (2) as the intra-subject
variability during mobility tasks such as level walking. The
former includes tasks involving an isolated muscle group,
such as the quadriceps, and the latter includes synergistic
activities that involve coordinated involvement of several muscle groups such as required during level walking
and stair stepping. More specifically, variability in muscle
force output is measured as the force fluctuations relative
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MUSCLE FORCE OUTPUT VARIABILITY
Diminished quadriceps strength in knee OA and following TKA is coupled to the ability to perform functional
tasks that require adequate muscle strength and motor
control to perform accurately and within a specified
trajectory[12-14]. Neuromuscular activation deficits accompanied by declines in proprioception[15] and kinesthetic
awareness are common manifestations of knee OA, and
contribute to these strength deficits, as well as slower
movement patterns[16-18] and reduced force steadiness[19-21]
before and after TKA[7,14,18]. These adaptations result in
diminished ability to exert a steady force output during
submaximal efforts, such as those that are required during activities of daily living, as well as greater variability
in movement patterns[14,20,22]. The importance of understanding how these impairments are altered following
TKA is relevant to identifying variables that may be ben-
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eficial targets of post-operative rehabilitation.

that contribute to AMI that rely specifically on afferent
discharge from these structures. Although TKA has been
shown to reverse some of the pre-operative impairments
by improving proprioception and joint stability, similar
improvements in muscle and mobility deficits following
TKA persist. The significance of these neuromuscular
changes in individuals that undergo TKA is not well understood. That is, the factors that influence the extent to
which these changes affect muscle force output variability
and movement variability following TKA have not been
thoroughly investigated[34].

Arthrogenic muscle inhibition
A significant component of impaired muscle function
is the presence of arthrogenic muscle inhibition (AMI),
or the inability to fully activate the quadriceps muscle[23].
Quadriceps AMI is associated with changes in the discharge of afferent, articular sensory receptors resulting
from swelling, inflammation, joint laxity, and damage to
knee joint afferents, all of which are common symptoms
of OA[24]. Swelling, in particular, has been shown to independently alter joint afferent discharge by increasing
the firing frequency and recruitment of group Ⅱ afferents[25-27]. Not surprisingly, in the presence of swelling,
the greatest muscle inhibition occurs at the extremes of
motion, where intra-articular pressure and afferent discharge are the highest[28-34]. In turn, these changes in neuromuscular control are implicated in the ability to control
motor output.
Inflammatory responses and joint laxity also contribute to quadriceps AMI by increasing joint afferent
discharge; inflammation via sensitization of free nerve
endings innervated by group Ⅲ and Ⅳ afferents[35-37],
and joint laxity via increases in the activation of mechanoreceptors and nociceptors[24,38]. While nociceptive influences have some correlation to AMI, the relationship
between AMI and pain is inconsistent[24] in patients with
OA[39] as well as following TKA[40,41]. Indeed, research
suggests that while the presence of pain may accompany
AMI, inhibition occurs in the absence of pain as well[24,34].
Although this research has been useful in clarifying the
role of nociceptive influences on AMI, the overall effects
on muscle force output variability, as well as movement
variability during specific functional tasks have not been
identified.
In addition to the increases to joint afferent discharge discussed thus far, as described by Rice et al[24]
these disruptions may be accompanied by simultaneous
decreases in afferent output due to damage to articular
receptors[38,42-44] and subsequent effects on reflex pathways within the spinal cord. The potential contributors to
these reflex pathway adaptations include group Ⅰ nonreciprocal (Ib) inhibitors[45], interneurons associated with
the flexion reflex[46-48], and dysfunction of the gamma
(γ)-loop[24], with the overall effect being inhibition of the
quadriceps α-motoneuron pool[38,43,44,49]. Research suggests that all of these pathways contribute to AMI, with
the relative contributions dependent on factors such as
the extent and location of joint damage, swelling, inflammation, and laxity[24,34].
In individuals with OA, the different neural mechanisms described above involve a series of complex innervation strategies that contribute to quadriceps AMI, motor output variability, and associated force control. Total
knee arthroplasty, by nature, results in disruption of the
joint capsule and ligamentous structures [either anterior
cruciate ligament (ACL) or ACL and posterior cruciate
ligament (PCL)], as well as alterations to joint motion and
as a result, would be expected to influence mechanisms
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Muscle force steadiness
Lower extremity muscle force steadiness (MFS) has been
identified as a potential marker of impairment during
functional tasks such as walking endurance, chair rising
and stair climbing[13]. Moreover, correlations between
concentric and eccentric quadriceps force steadiness and
aging, as well as between eccentric steadiness and falling
in elderly adults have been reported[50]. Although these
studies were not performed in subjects with OA, they
provide a basis for understanding the relationship between force steadiness and functional abilities, and subsequently, insight into how they may be altered by deficits
common in OA. A summary of research that has focused
specifically on lower extremity motor output variability,
also reported as force steadiness, in elderly adults, and in
OA before and after TKA is included in Table 1.
In elderly adults, the ability to control lower extremity submaximal muscle forces has been shown to be an
independent risk factor for increased risk of falling[13,50].
Carville et al[50] compared force steadiness between young
and older adults and found that the younger, non-fallers
were steadier than older fallers, with eccentric contractions showing the strongest correlation with falling. This
finding was consistent with another study that showed
that the CV of force steadiness for both isometric and
anisometric (i.e., concentric and eccentric) force output
was greater in older adults compared to young adults[58].
Hortobágyi et al[52], however, showed increased muscle
force variability in older adults during concentric and
eccentric contractions, but not in isometric contractions. Furthermore, Tracy et al[22] showed a reduction in
MFS during isometric, but not concentric and eccentric
contractions in healthy older adults compared to young
adults. The differences in these findings may be due to
inconsistencies in the speed of contraction, as well as in
the proportion of the target force relative to the subjects’
MVIC. While these discrepancies may appear relatively
minor, it is evident that they can have large consequences
on the efficiency and control of motor output[13,53]. As
an example, Seynnes et al[13] reported isometric steadiness was an independent predictor of chair-rise time and
stair-climbing power, while Manini et al[53] demonstrated
no correlation between isometric force steadiness and
functional tasks including chair-rise time or time to ascend and descend stairs in older adults. The differences
in these studies persist regardless of the fact that both
employed an isometric force-matching task at 50% of
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Variables assessed

Significant findings

72

Tracy et al[55], 2004

Tracy et al[22], 2002

n = 19
1. Isokinetic submaximal force control was equally diminished in both
(Healthy older adults;
young and older adults compared to isometric force control
Mean age = 71.8 yr)
2. As the force level increased, force variability decreased for both young
n = 20
and older adults
(Healthy young adults;
Mean age = 25.8 yr)
n = 10
To compare the steadiness and EMG
Muscle strength;
1. Steadiness of old adults was reduced compared with young adults
(Healthy young adults;
activity of young and old adults while
EMG of quadriceps muscles during experimental
during isometric, but not during concentric and eccentric contractions
Mean age = 22 yr)
they were performing submaximal
tasks; and
2. Decline in steadiness was not associated with differences in EMG
n = 10
isometric and anisometric contractions Isometric, concentric, and eccentric force steadiness for
magnitude
(Healthy older adults;
with the knee extensor muscles
10-12 s at 2%, 5%, 10%, and 50% of MVC
Mean age = 72 yr)
n = 26
To determine the effect of strength and
Muscle strength (MVC);
1. Force fluctuations during submaximal isometric contractions did not
(Healthy, older adults; steadiness training with heavy loads by Force fluctuations during isometric contractions at 2%,
change with training
Mean age = 77.7 yr)
old adults on the fluctuations in force and
5%, 10%, and 50% of MVC;
2. Force fluctuations during submaximal anisometric contractions with a
position during voluntary contractions
Force fluctuations during concentric and eccentric
50% load declined for both heavy and light training groups
with the quadriceps femoris muscles
contractions at 5%, 10%, and 50% of MVC;
EMG activity of the quadriceps muscles during

1. Older subjects had significantly more force variability (i.e., were less
steady) during eccentric and concentric, but not isometric contractions
2. Force variability and accuracy were correlated with each other, but not
with maximal strength
3. Training significantly improved force accuracy and variability during
eccentric and concentric contractions
Isometric quadriceps force steadiness was not a predictor of functional
performance in older subjects

Schiffman et al[54], 2001

To determine how knee extensor
Isometric knee extensor steadiness at 50%MVC;
steadiness during an isometric task is
Chair rise time
related to performing four everyday
Time to ascend and descend stairs; and
tasks that included chair rising, walking
Walking velocity
at a fast pace, and stair ascending and
descending
To investigate the effects of motion on Isokinetic force variability at two different force levels;
submaximal force control abilities in the
20% of MVC and 60% of MVC
knee extensors

Muscle strength
Quadriceps force accuracy and steadiness during
isometric, concentric and eccentric contractions
performed at 25 N target force

n = 50
(Healthy, older adults;
Mean age = 76.2 yr)

To compare the effects of low- and highintensity strength training o maximal and
explosive strength and on the accuracy
and steadiness of submaximal quadriceps
force in elderly humans

To investigate isometric and anisometric
Muscle strength;
1. Non-significant trend for younger subjects to be most steady and fallers
quadriceps contractions in healthy you CV of isometric force steadiness at 10%, 25%, and 50%
least study
and older adults
of MVC; and
2. Isometric force steadiness was unaffected by the level of force output.
SD of acceleration of anisometric steadiness during
3. Fallers were less steady than both young and non-fallers
concentric and eccentric contractions against two
4. Older adults were less steady during eccentric contractions than the
external loads of 1 and 5 kg
younger adults and fallers were the least steady
To examine the ability to control kneeMuscle strength;
1. CV of force steadiness for all contractions was greater in older subjects
extension force during discrete isometric, Isometric force steadiness at 90 degrees of knee flexion;
than younger subjects
concentric, and eccentric contractions
and
2. Muscle strength was similar for all three types of contractions
Concentric and eccentric force steadiness at 25 deg/s
Young subjects were stronger than older subjects

Purpose/hypothesis

Manini et al[53], 2005

Older adults with native, non-arthritic knees
Carville et al[50], 2007
n = 44
(Young adults;
Age range = 18-4 yr)
n = 78
(Older adults;
Age range > 70 yr)
Christou et al[51], 2002
n = 24
(Young, active adults;
Mean age = 25.3 yr)
n = 24
(Older active adults;
Mean age = 73.3 yr)
Hortobágyi et al[52], 2001
n = 27 (Older adults;
Mean age = 72 yr)
n = 10 (Young adults;
Mean age = 21 yr)

Study

Table 1 Summary of the literature addressing muscle force output variability in older adults and those with osteoarthritis before and after total knee arthroplasty
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73

To compare muscle force steadiness of
submaximal quadriceps force output in
individuals with knee OA before and
after TKA, and to a group of age-matched
controls with native knees

Muscle strength;
Quadriceps muscle force steadiness (MFS) during
anisometric eccentric and concentric contractions at
50% MVIC

1. Knee OA subjects needed 67% more time to complete functional tasks,
produced 82% more proprioception errors, and 89% more errors in
accurately matching target forces
2. Knee OA subjects had 155% more force variability, with eccentric
contractions being particularly unsteady

1. Pre-operatively, quadriceps force steadiness for both concentric and
eccentric contractions was significantly higher in the OA group relative to
controls; and
2. Post-operatively quadriceps force steadiness for both concentric and
eccentric contractions was significantly lower in the OA group relative to
controls
Muscle strength was significantly lower in the TKA group both pre- and
post-operatively compared to controls

MVIC. These discrepant findings underscore the need for further research to identify the associations between the ability to control submaximal muscle forces and specific
functional tasks in order to identify specific rehabilitation targets.
To shed more light on potential relationships between force steadiness and functional performance, Hortobágyi et al[56] investigated lower extremity steadiness during submaximal isometric and anisometric contractions and showed that knee OA was associated with 155% more force variability and 67% more time to complete functional tasks
than a group of age- and sex-matched controls without OA. In contrast, Sørensen et al[57] identified no relationship between quadriceps force steadiness and peak knee adduction moment during level walking in subjects with knee OA, suggesting that submaximal isometric MFS and knee joint loads during walking represent two distinctive pathways
with independent influences on knee OA pathogenesis. These studies lend support for potential relationships between the ability to control submaximal muscle forces and
functional tasks in individuals with OA, but the specific correlations remain to be clarified. Consequently, it must also be considered that MFS may represent a distinctive pathway that does not have broader applicability to functional tasks.
Thus far, MFS in both older adults and those with knee OA have been discussed and while the methodologies, level of force exerted, and type of contractions vary between
studies, there appears to be an overall trend that some aspect of force steadiness is worse in both elderly individuals and those with OA compared to healthy young and agematched controls. In this regard, Enoka et al[12] described mechanisms that may contribute to the amplitude of force fluctuations between young and old adults as being primar-

CV: Coefficient of variation; MVC: Maximal voluntary contraction; OA: Osteoarthritis; TKA: Total knee arthroplasty; EMG: Electromyographic signal.

Older adults following total knee arthroplasty
Smith et al[14] ,2013
n = 13
(Older adults with TKA;
Mean age = 62.7 yr)
n = 11
(Controls;
Mean age = 62.2 yr)

Quadriceps force accuracy and steadiness during
a force target-tracking task during anisometric
contractions.
Muscle strength was measured during eccentric,
isometric, and concentric contractions

1. Isometric steadiness independently predicts chair-rise time and stairclimbing power
2. None of the accuracy measures were significantly associated with any of
the functional performance tests
Walking endurance was related to muscle strength, but not steadiness

To investigate the relationship between Submaximal isometric quadriceps force steadiness Quadriceps force steadiness does not predict peak knee adduction moment
quadriceps force steadiness and knee during a force target-tracking task.
adduction moment during walking in Peak knee adduction moment during ambulation
patients with knee OA

To characterize the distribution of error
in knee joint proprioception, quadriceps
force accuracy and steadiness and muscle
strength in patients with knee OA

n = 19
To assess the relationship between
(Healthy older women; knee-extensor force-control capacity, as
Mean age = 77.9 yr)
measured by isometric force steadiness
and accuracy, and functional limitations
in healthy older adults

Older adults with osteoarthritic knees
Hortobágyi et al[56],
n = 20
2004
(Older adults with OA;
Mean age = 57.5 yr)
n = 20
(Controls;
Mean age = 56.8 yr)
Sørensen et al[57], 2011 n = 41
(Older adults with OA;
Mean age = 62 yr)

Seynnes et al[13], 2005

experimental tasks; and
Physical function tasks including gait speed, chair rise,
and stair ascent and descent
Isometric quadriceps force steadiness at 50% of MVC;
MVC
Rate of torque development;
EMG activity; and
Functional performance measures including walking
endurance, chair rising, and stair climbing
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ily dependent on the behavior of motor units; namely,
the motor unit force and discharge rate variability.
Total knee arthroplasty, by nature, involves the removal of damaged structures and has been reported to
positively affect proprioceptive feedback in individuals
with OA[14,59,60]. Additionally, evidence suggests that following TKA, - which type of prosthesis - PCL retaining
or PCL sacrificing? How long after surgery? what was
the rehabilitation program after surgery regarding physio?
there is a significant improvement in MFS to a level that
exceeds a group of healthy, age-matched controls without
OA[14]. In this study, subjects were examined within one
month prior to surgery and at 6-mo post-operatively and
were not stratified by ligament retention status or type
and extent of post-operative rehabilitation. The authors
of this study showed that while quadriceps force steadiness was significantly worse before TKA compared to an
age-matched, symptom-free group of controls, following TKA, steadiness improved to a level that exceeded
healthy controls[14]. These results raise an important question about motor output variability, i.e., is there a level of
steadiness that is too low and corresponds to impaired,
rather than improved movement ability, and that may
have implications for functional tasks? Certainly, a better
understanding of how these changes in force control and
steadiness following TKA correlate with other functional
performance parameters could direct the development
of future intervention strategies and improve long-term
TKA outcomes.

these functional parameters. These inconsistencies only
serve to propagate the lack of consistent and effective rehabilitation protocols for both individuals with knee OA
as well as following TKA.
Muscle function and proprioceptive deficits associated with knee OA have been suggested to contribute
to altered, spatio-temporal, kinematic, and kinetic gait
patterns compared to individuals without OA[61,71-75]. The
resulting gait pattern is characterized by slower gait speed
and cadence, reduced stride length, and altered movement patterns that are particularly evident during the
loading phase of the gait cycle[61,73,75]. However, since OA
represents an increased level of pathology with associated neuromuscular changes beyond those that may be
associated with aging alone, it is important to first clarify
the changes in movement variability that may occur in
older adults without OA.
Researchers have investigated several measures of
gait variability in older adults to identify meaningful
changes that may be associated with disability or impairment, which included the standard deviations (SD) of
step width, stance time, swing time, and step length[61,63].
The results showed that increased STV is a predictor
of central nervous system impairments[61] and mobility
disability in elderly community-dwelling adults[62,64]. In a
similar study, variability of gait was assessed in 100 frail
community-dwelling adults by using velocity and cadence,
as well as the CV of stride time, step width, double support time, and stride length as the predictor variables.
The authors found that regulation of gait was impaired
in older adults and that frailty was associated with higher
variability of all gait parameters[76]. Callisaya et al[66] also
investigated gait variability in older adults, but with the
purpose of correlating gait measures with risk of falling.
The authors assessed the relationship between the SD of
velocity, cadence, step length, step width, step time, and
double support phase with incident fall risk and found
non-linear associations between velocity, cadence, and
step time variability with multiple falls, although, none of
the variables predicted risk of single falls[66].
The breadth of literature regarding gait variability in
older adults is largely consistent across studies; i.e., greater
variability equates to greater impairment, and based on
the known deficits that accompany OA, these findings
would be expected to be consistent in individuals with
OA. In fact, gait variability has been correlated with severity of OA[9,71]_ENREF_75, as well as risk of future
falls and gait instability before and after TKA[11,69,72,77]. As
an example, Lewek et al[10] investigated 15 subjects with
unilateral OA and 15 age and gender-matched controls
to quantify frontal plane, knee motion variability, which
was assessed by the phase angle (knee angle vs angular
velocity) during early stance phase of level walking. The
authors found that despite altered involved side knee
kinematics and kinetics, there were no differences between frontal plane variability between the two groups. In
fact, the variability in the involved limb was significantly
lower than the variability of the uninvolved knee’s mo-

MOVEMENT VARIABILITY
Similar to MFS, greater movement variability in elderly
individuals as well as in those suffering from OA, is
generally considered representative of a pathological
or impaired state and has been associated with reduced
function and future risk of mobility deficits[61,62]. For
example, Brach et al[62] used stance time variability (STV)
during level walking to identify an optimal level of gait
variability, above which was an indicator of prevalent
mobility disability. And although these findings are wellcorrelated in the literature, the implications of reduced
variability relative to healthy, age-matched controls have
received little attention. The next section aims to explore
the implications of both increased and decreased movement variability in those with OA before and after TKA.
To assist in this review, Table 2 presents an overview of
the current literature regarding movement variability during level walking in these patient populations.
Level walking variability
Gait is a multifaceted and complex task that requires coordinated movement between both central and peripheral
neuromuscular control mechanisms. And while variability
during gait has been shown to be associated with incident
fall risk in elderly adults[66], and predict mobility deficits
in different populations[62,66]_ENREF_62 , there are conflicting reports on which variables are associated with
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n = 558
(Older adults; Mean age = 79.4 yr)

n = 379
(Older adults; Mean age = 79 yr)

Brach et al[61], 2008

Brach et al[64], 2007

1. Determine the magnitude of STV that
discriminates individuals who currently have
mobility disability.
Determine the magnitude of STV that predicts a
new onset of mobility disability at 1 yr
1. To estimate clinically meaningful change in
gait variability over time.
Greater gait variability is a predictor of future
falls and mobility disability
1. CNS impairments will affect motor control and
be manifested as increased stance time and step
length variability.
Sensory impairments would affect balance and
manifest as increased step width variability
To determine if gait variability adds to the
prediction of incident mobility disability
independent of gait speed

Purpose/hypothesis

Gait speed, Step length, Stance time,
STV

Gait Variability:
Step width, Stance time, Step length,
Strength Measures:
Grip strength, Repeated chair stands

Gait Variability:
Step width, Stance time, Swing time,
Step length

Gait Variability:
Stance time variability
Self-reported walking disability

Variables assessed

CNS impairments affected stance time variability especially in slow
walkers, while sensory impairments affected step width variability in fast
walkers

Preliminary criteria for meaningful change are 0.01 s for stance time and
swing time variability, and 0.25 cm for step length variability

1. Values of STV may be useful in recognizing mobility disability and
future disability
2. Recommend using 0.034 s as the cutoff

Significant findings

1. After adjusting for gait speed and other comorbidities, only stance time
variability remained an important indicator of disability
2. STV of 0.01 s was associated with a 13% higher incidence of mobility
disability
Brach et al[65], 2005
n = 503
To examine the linear and nonlinear associations CV of step width, CV of step length, 1. Step width variability had the highest correlation with fall history, which
(Older adults; Mean age = 79 yr)
between gait variability and fall history in older CV of step time, CV of stance time,
only existed in subjects that walked > 1.0 m/s
persons and to examine the influence of gait
Gait speed, Fall history
2. Step length, stance time, and step time variability were not associated
speed
with fall history
Callisaya et al[66], 2011
n = 411
To investigate the associates of gait and gait
Gait Variability:
Associations with multiple falls were present for gait speed, cadence and
[Older adults; Mean age = 72.6 yr (lost
variability measures with incident fall risk
Step length, Step width, DSP, Gait
step time variability
to follow-up); 71.2 yr (no falls); 72.3 yr
speed, Cadence, Step time
(single fall); 73.9 yr (multiple falls)]
Maki et al[67], 1997
n = 75
To determine whether specific gait measures can
Gait Variability:
1. Stride-to-stride variability in gait is a predictor of falling
(Older adults; Mean age = 82 yr)
predict the likelihood of experiencing future falls
Stride length, Stride width, Stride
2. Wider stride does not increase stability but does predict an increased
or whether they are more likely to be indicative
period, Double-support, Stride
likelihood of experiencing falls
of adaptations associated with pre-existing fear of
velocity
falling
Older adults with osteoarthritic knees
Lewek et al[10], 2006
n = 15
Quantify the variability of knee motion in
Joint kinematics and kinetics, Knee
Patients with medial knee OA displayed altered kinematics and kinetics
(Older adults with OA; Mean age =
patients with medial knee OA
motion variability, Knee joint laxity,
48.7 yr);
Co-contraction index
n = 15
(Controls; Mean age = 48.4 yr)
Kiss et al[68], 2011
n = 90
To clarify how the variability of gait parameters
Gait variability:
1. Variability of gait associated with knee OA is gender-dependent
(Older adults with moderate or
is influenced by the severity of knee OA
Stride length, Stride width, Speed,
2. Severity of OA affects step length, duration of support and cadence
severe OA; Mean age = 68.9 yr)
Cadence, Duration of double-support,
n = 20
Duration of support
(Controls; Mean age = 70.7 yr)

n = 241
(Older adults; Mean age = 80.3 yr)

Brach et al[63], 2010

Older adults with native, non-arthritic knees
Brach et al[62], 2012
n = 552
(Older adults; Mean age = 79.4 yr)

Study

Table 2 Summary of the literature addressing gait variability in older adults and those with osteoarthritis before and after total knee arthroplasty
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1. Variability of sagittal plane knee movements (measured in deg/s)
increased with speed;
2. Pre-operatively, the patients’ affected and unaffected legs were less
variable than those of the young controls and the affected leg was less
variable than the healthy peers
3. Post-operatively, variability in the knee OA group was further decreased
to a level significantly below both control groups

After TKA, knee motion variability decreased and was related to a
reduction of fall risk. Stability control was also improved after surgery

1. Type of surgical technique influences gait variability and stability
2. Differences in the variability of angular parameters predict gait
instability and increased risk of falling after TKA

76

Based on the current evidence, both motor output and movement variability appear to be underappreciated outcome measures that could be linked to physical function both
pre- and post-operatively. The evidence in elderly individuals, as well as in those with OA trends toward greater variability equating to greater mobility impairments. However,
the alternative question of whether reduced variability, i.e., variability that is less than a healthy, age-matched cohort, also indicates pathology remains unanswered. While data
are present that suggest a trend toward reduced motor output and gait variability following TKA, this has not been correlated with functional outcomes, and in fact, some data
suggest that reduced variability is associated with a reduced fall risk. Yet, this correlation is only present in older adults with and without OA prior to surgery; the relationship
following TKA has not been established.
The question of reduced variability is an interesting one, in that it appears there may be a natural frequency for which individuals move, which serves a specific strategy to
optimize balance and proprioception, and reduce the risk of falling. This strategy is likely affected by a variety of factors that may include age, sex, strength, activity level, and
degree of pathology.

DISCUSSION

tion. Fallah-Yakhdani et al[11] also showed reduced variability during level walking in a study of individuals with OA before and after TKA. In this study, measurements of the
variability in knee angular velocity in the sagittal plane before and at 1 year following TKA were performed. The results showed a positive correlation between reduced strideto-stride variability and reduced risk of falling, and pre-operatively, OA subjects had reduced variability, which was even more pronounced post-operatively, compared to the
healthy controls. The pre-operative findings, which appear contrary to expectations, were hypothesized as being the results of a strategy to avoid falling, as opposed to a sign of
pathology. The authors, however, did not have a definitive explanation for the continued decline in variability post-operatively. Even so, these results were supported by findings
by Kiss et al[69], who found that in individuals with unilateral OA, variability of articular motion decreased post-operatively compared to healthy controls, and similarly, Smith et
al (unpublished data from the author’s lab) showed that gait variability, as assessed by the CV of STV, declined in subjects with OA from the pre- to 6 mo post-operative time
points and was significantly lower than a group of healthy controls at the 6 mo post-operatively. Although it is recognized that the specific measures of variability were different
between these studies, the relevance of the findings are not diminished in that there appears to be a consistent pattern of decreased movement variability post-TKA relative to
pre-operative values and healthy controls.

CV: Coefficient of variation; OA: Osteoarthritis; TKA: Total knee arthroplasty; STV: Stance time variability; CNS: Central nervous system.

To evaluate the influence of different Gait Variability:
surgical techniques on gait variability Stride length, Stride width, Speed,
and stability
Cadence, Duration of doublesupport, Duration of support
To evaluate treadmill walking at
Knee motion variability as measured
various speeds in OA patients preby the angular velocity of sagittal
and post-TKA, to assess dynamic
knee movements;
stability and variability of sagittal
Walking speed; and
knee movements
Variability of knee movements
Fallah-Yakhdani et al[70], n = 14
To identify the determinant of coGait speed at seven different speeds
2012
(Older adults with TKA; Mean age = 62.3 yr) contractions during gait in patients
(0.6-5.4 km/h)
n = 12
with knee OA before and 1 year after EMG activity
(Healthy, older adults; Mean age = 62.0 yr) TKA
Variability of angular velocity of
n = 15
sagittal knee movements over the
(Healthy, young adults; Mean age = 22.9 yr)
first 30 strides at each speed

Older adults following total knee arthroplasty
Kiss et al[69], 2012
n = 45
(Older adults with TKA; Median age = 68.3 yr)
n = 21
(Controls; Median age = 76 yr)
Fallah-Yakhdani et al[11], n = 16
2010
(Older adults with TKA; Mean age = 62.3 yr)
n = 12
(Healthy, older adults; Mean age = 62.0 yr)
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duced variability in a TKA population may imply impairment, similar to those with greater variability. Additional
research investigating this link may provide an important
rehabilitation target, or direct development of different
implant designs.

When considering the ability to respond to sudden
balance perturbations, such as those that may occur when
walking down stairs, it is theorized that a greater flexibility and available range of motion may be beneficial,
thus suggesting that variability that is less than a group
of healthy, age-matched controls, may equate to some
level of pathology as well. Another potential explanation
for the reduced variability following TKA is the influence of co-contraction of antagonist muscles during
movement[10]. Evidence suggests that in individuals with
medial knee OA, co-contraction is used as a stabilization
strategy during gait to reduce joint excursions. However,
this level of co-contraction does not persist following
surgery; Fallah-Yakhdani et al[70] showed that following
TKA, co-contraction is similar to that of healthy controls. Although, additional analysis revealed a negative
regression between the affected side variability and unaffected side co-contraction time, leading the authors to
surmise that at least some relationship exists between
increased co-contraction and decreased variability. Thus,
while it makes sense that this strategy may persist postoperatively, the correlation is notably weak and suggests
the influence of other potential mechanisms to control
motion and improve balance, when the quadriceps have
not yet achieved a level of strength that is commensurate
with age-matched controls.
When considering knee implant design, the obvious rigidity of the joint compared to a natural joint may
impair the ability to respond to rapid perturbations and
hence, may reduce movement variability, although, this
cannot be elucidated from the available data. Nonetheless, the development of knee implant designs that
incorporate greater range of motion in all planes lends
support for this theory and may provide a way to test this
hypothesis in the future.
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Core tip: In this paper review we describe benefits and
disadvantages of the established methods of cartilage
regeneration that seem to have a better long-term effectiveness. We illustrated the anatomical aspect of the
knee joint cartilage, the current state of cartilage tissue
engineering through mesenchymal stem cells and biomaterials and in conclusion we provided a short overview on the rehabilitation after articular cartilage repair
procedures.

Abstract

Musumeci G, Castrogiovanni P, Leonardi R, Trovato FM, Szychlinska MA, Di Giunta A, Loreto C, Castorina S. New perspectives for articular cartilage repair treatment through tissue
engineering: A contemporary review. World J Orthop 2014; 5(2):
80-88 Available from: URL: http://www.wjgnet.com/2218-5836/
full/v5/i2/80.htm DOI: http://dx.doi.org/10.5312/wjo.v5.i2.80

In this paper review we describe benefits and disadvantages of the established methods of cartilage regeneration that seem to have a better long-term effectiveness.
We illustrated the anatomical aspect of the knee joint
cartilage, the current state of cartilage tissue engineering, through mesenchymal stem cells and biomaterials,
and in conclusion we provide a short overview on the
rehabilitation after articular cartilage repair procedures.
Adult articular cartilage has low capacity to repair itself,
and thus even minor injuries may lead to progressive
damage and osteoarthritic joint degeneration, result-
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INTRODUCTION
The knee is one of the largest and most complex joints in
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Figure 1 Macroscopic signs of osteoarthritis knee hyaline cartilage.
A: Healthy cartilage; B: Osteoarthritis
cartilage.
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our body. It plays an essential role in movement related to
carrying the body weight in horizontal (running and walking) and vertical (jumping) directions[1]. The knee joint
consists of two articulations, one between the femur and
tibia, and one between the femur and patella[1]. The knee
is a mobile angular ginglymus or troclear, which permits
flexion and extension as well as a slight medial and lateral
rotation[2]. The joint is bathed in synovial fluid, which is
contained inside the synovial membrane called the joint
capsule. Ligaments join the knee bones and tendons connect the knee bones to the leg muscles, providing stability
to the knee. Since in humans the knee supports nearly
the whole weight of the body, it is vulnerable to both
acute injury and chronic development of osteoarthritis.
Two C-shaped pieces of cartilage called the medial and
lateral menisci lie between the articular surfaces of the
femur and tibia[3-5]. The menisci are shock absorbers of
the load and make concordant the articular surfaces between the femoral condyles and the tibial plateau[3-5]. During flexion the menisci slide forward, during extension
slide back[2]. The menisci are divided into outer rim, inner
rim and core[3-5]. The inner rim is the most delicate part,
because it is not vascularized. The lateral meniscus has
the form of an almost complete circle and adheres to the
two cruciates[3-5]. The medial meniscus has the form of a
half moon and is more extensive than lateral, with its extremities adhering to anterior and posterior intercondylar
areas. Between the two menisci, the medial meniscus is
more subject to trauma, because it is less mobile than the
lateral for the presence of the semimembranosus tendon,
but also because usually we tend to have a slight valgus
during gait[3-5]. Numerous bursae, or fluid-filled sacs, are
located between the bones and tendons. This anatomical structure helps to reduce the friction between the
bones during movement, for helping the knee to move
smoothly. The joint capsule of the knee is strengthened
by different ligaments, important for the stability of the
joint, they are: the patellar ligament or patellar tendon,
the lateral and medial retinaculum of the patella, the
medial and lateral alar ligaments, the medial and lateral
collateral ligaments (preventing the femur from sliding
side to side), the popliteal ligaments and the anterior and
posterior cruciate ligaments.
Articular cartilage is a form of hyaline cartilage that
covers the articulating surfaces of long bones and sesa-
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100 mm

Figure 2 Microscopic signs. A: Microscopic signs of healthy knee hyaline
cartilage. The histological (HE staining) analysis of cartilage from normal donor,
showed a preserved morphological structure with no sign of cartilage degradation. Moreover, the surface of healthy hyaline cartilage appears white, shiny,
elastic and firm. Magnification x 20; Scale bars: 100 µm; B: Microscopic signs
of osteoarthritis (OA) knee hyaline cartilage. The histological (HE staining)
analysis of cartilage from OA donor. The donor demonstrated joint swelling
and oedema, horizontal cleavage tears or flaps, the surface becomes dull and
irregular and had minimal healing capacity. Magnification x 20; Scale bars: 100
µm. Moderate OA cartilage (black arrow), the structural alterations included a
reduction of cartilage thickness of the superficial and the middle zones. The
structure of the collagen network is damaged, which leads to reduced thickness
of the cartilage. The chondrocytes are unable to maintain their repair activity
with subsequent loss of the cartilage tissue. Severe OA cartilage (blue arrow),
demonstrated deep surface clefts, disappearance of cells from the tangential
zone, cloning, and a lack of cells in the intermediate and radial zone, which are
not arranged in columns. The tidemark is no longer intact and the subchondral
bone shows fibrillation.

moid bones within synovial joints[6,7], and in the growth
plate of the metaphysis, the zone between diaphysis and
epiphysis[8,9]. Cartilage is a porous, viscoelastic composite
that relies on a complex interaction and organization of
its constituents to provide the resilient load-bearing, energy-dissipating lubrication and frictional properties[6,7]. The
impressive load-bearing capacity of this tissue reflects in
part the intrinsic matrix toughness and turgidity, as the
ability of the tissue to swell is opposed by the internal
structure. The degradation, loss, or breakdown of this
unique relationship between the collagenous matrix and
heavily hydrated charge-carrying proteoglycans caused
by trauma or chronic and progressive degenerative joint
disease (e.g., osteoarthritis or rheumatoid arthritis) has
great functional, biomechanical, clinical, and social implications[10]. Knee osteoarthritis (Figures 1, 2) is the most
common type of osteoarthritis[10]. Early diagnosis and
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Figure 3 Graphic representation of the cartilage tissue engineering. MSC: Mesenchymal stem cell.

treatment may help to manage its symptoms. Deterioration of articular cartilage is the main problem associated
with knee osteoarthritis. The condition can be caused
by: previous knee injury like fractures, ligament tears and
meniscal injury or repetitive strain on the knee which can
affect alignment, obesity, and genetics which make some
people more likely to develop knee osteoarthritis[11]. Medical history, physical examination, and x-rays are used to
diagnose knee osteoarthritis. The evidence of joint space
narrowing on X-rays is crucial for the diagnosis and rules
out other causes of knee pain[12]. If more detailed imaging is needed, an MRI may be ordered[12]. Arthroscopic
knee surgery is another way to view the condition of the
knee[12]. Knee osteoarthritis typically develops gradually
over a period of years. The primary symptoms include:
pain (mild, moderate, or severe), stiffness, limited range
of motion in the knee, localized swelling. Knee osteoarthritis pain is usually worse following activity, especially
overuse of the affected knee[10-13]. Stiffness can worsen
after sitting for prolonged periods of time. As knee osteoarthritis progresses, symptoms generally become more
severe. Then pain can become continuous rather than
only when weight-bearing. The consequence in many
cases is an inability to work and often the substitution of
the diseased joint with an artificial implant becomes inevitable[6,7]. Joint replacement also called knee arthroplasty
has had a major impact on the management of OA. After injury, articular cartilage is unable to naturally restore
itself back to a functional tissue, and, because of this, a
widely studied alternative to avoid the knee replacement
surgery for osteoarthritis is tissue engineering[11-13].
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Tissue engineering
Tissue engineering (Figure 3), is the use of a combination of cells, biochemical and physio-chemical factors,
engineering and biomaterials to improve or replace
biological functions[14-16]. While it was once categorized
as a sub-field of biomaterials, having grown in scope
and importance it can be considered as a field in its
own right. While most definitions of tissue engineering cover a broad range of applications, in practice the
term is closely associated with applications that repair or
replace portions of or whole tissues (i.e., bone, cartilage,
blood vessels, skin, muscle, nerve etc.)[14-16]. Often, the tissues involved require certain mechanical and structural
properties for proper functioning. The term regenerative
medicine is often used synonymously with tissue engineering, although those involved in regenerative medicine
place more emphasis on the use of stem cells to produce tissues[14-16]. Tissue engineering of natural cartilage
tissue has become an attractive new area of research.
For this reason, we discuss briefly the most widely used
techniques in the treatment of cartilage lesions to solve
the problem of the management of cartilage defects. In
recent years, surgeons and researchers have been working
hard to elaborate surgical cartilage repair interventions
for patients who suffer from articular cartilage damage. They provide pain relief, helping patients to return
to their original lifestyle (regaining mobility, going back
to work and even practicing sports again), while at the
same time slowing down the progression of damage or
considerably delaying joint replacement. Though these
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Figure 4 Mesenchymal stem cells development. A: First day of culture; B: Third day of culture; C: One week of culture. Magnification x 40; Scale bars: 50 µm.

a problem[6,7]. The limited supply of cartilage, as a source
of chondrocytes, requires a phase of expansion in monolayer culture. Chondrocyte differentiation and the maintenance of function require both transient and long-lasting
control through humoral factors, particularly under stress,
repair and regeneration in vivo or in vitro. To date, humoral
factors from all major classes of molecules are known
to contribute: ions (calcium), steroids (estrogens), terpenoids (retinoic acid), peptides (PTHRP, PTH, insulin,
FGFs) and complex proteins (IGF-1, BMPs)[17]. BMP-4,
a stimulator of chondrogenesis, both in vitro and in vivo,
is a potential therapeutic agent for cartilage regeneration.
BMP-4 delivery can improve the healing process of an
articular cartilage defect by stimulating the synthesis of
the cartilage matrix constituents: type Ⅱ collagen and
aggrecan. BMP-4 has also been shown to suppress chondrogenic hypertrophy and maintain regenerated cartilage.
Use of an appropriate carrier for BMP-4 is crucial for
successful reconstruction of cartilage defects[18].
Chondrocyte expansion is complicated by the fact
that monolayer-cultured chondrocytes de-differentiate,
lose their characteristic phenotype and synthesize type
Ⅰ (typical of fibrocartilage) rather than type Ⅱ collagen (typical of hyaline cartilage)[8]. Osteochondral plug
transplantation, or ostechondral autograft transfer system
(OATS), usually applied for mid-sized defects[19], immediately recovers the joint surface. Small sized articular
lesions are commonly addressed arthroscopically by penetration of the underlying subchondral bone[20-22] to promote a fibrous scar within the defect by invasion of adult
mesenchymal stem cells. However, the reparative tissue
does not withstand repetitive mechanical forces because
of its poor quality, consisting mainly of collagen type Ⅰ,
and clinical outcome deteriorates over time[23,24]. This has
led to investigation into the use of mesenchymal stem
cells (MSCs). MSCs (Figure 4) can be relatively easily harvested and the procedures using them are less invasive or
destructive than articular cartilage harvesting procedures.
The inherent ability of MSCs to self-renew opens the
possibility that cell expansion may be achievable post-implantation[25]. The differentiation of MSCs into different
cell types, in this case to produce cartilage tissue, is reliant on the local microenvironment, and growth factors,
extracellular matrix and mechanical forces[25,26]. MSCs are
easily available from bone marrow, synovial membrane,

solutions do not perfectly restore cartilage, some of the
latest technologies start to bring very promising results in
repairing cartilage from traumatic injury or chondropathies. Although initially considered a tissue with a simple
structure, reproducing the finely balanced structural interactions has proven to be difficult. Tissue engineering
is able to create live tissue to replace, repair or strengthen
harmed tissue. It is based on cell and genetic therapy and
offers some of the most promising strategies of tissue
repair, including articular cartilage repair. Although it has
concentrated on finding therapies for focal lesions, it has
now developed sufficiently to begin considering the challenge of finding novel solutions for the extensive joint
damage seen in osteoarthritis.
At the present time, a variety of clinical methods is
available for repairing a chondral defect: marrow stimulation, autologous chondrocyte implantation (ACI), and
most recently, next-generation ACI involving scaffolds or
cell-seeded scaffolds, microfracture, osteoarticular transfer system (OATS) or mosaicplasty, penetration of the
subchondral bone, osteochondral plug transplantation
and matrix-induced autologous chondrocyte implantation (MACI)[6,7]. The cartilage repair procedure seeks to
restore the surface of an articular joint’s hyaline cartilage
and to replace the defect with an optimal repair tissue,
mechanically stable, in order to prevent further degeneration. Today almost none of the mentioned procedures
prove capable of generating hyaline cartilage and the
clinical outcome needs to be further improved. ACI
procedures take place in three stages. First, chondrocytes
are extracted arthroscopically from the patient’s healthy
articular cartilage that is located in a nonload-bearing area
of either the intercondylar notch or the superior ridge of
the femoral condyles. Then these extracted cells are transferred to an “in vitro” environment in specialized laboratories where they grow and replicate, for approximately
four to six weeks, until their population has increased to a
sufficient amount. Finally, the patient undergoes a second
surgery where the “in vitro” chondrocytes are applied to
the damaged area. In this procedure, chondrocytes are
injected and applied to the damaged area in combination with either a membrane or a matrix structure. These
transplanted cells grow in their new environment, forming new articular cartilage[6,7]. Increasing the source of
cells for artificial repair of cartilage defects is becoming
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Table 1 Natural and synthetic materials
Natural and synthetic materials
Natural

Materials

Advantages

Natural Silk, collagen, gelatin, fibrinogen,
hyaluronic acid, alginate

Biodegradable
Easily available
Bioactive, interact with cells
Facilitate restoration of structure of damaged tissues
Inert
Long shelf-life
Easily tailored for desired porosity and degradation time
Predictable and reproducible mechanical and physical properties

Synthetic

PEG, PGA, PMMA, PLGA

PGA: Polyglycolic acid; PLGA: Poly (lactic-co-glycolic acid); PEG: Polyethylene glycol; PMMA: Polymethyl methacrylate.

adipose tissue[27,28], etc., so then, we can get a variable
number of cells from a different tissue[29,30]. MSCs show a
high proliferation and differentiation potential, although
coming from different tissue, and have an uneven chondrogenic differentiation capacity probably related to the
special cytokines, growth factor and induction molecules
composition of the medium[31,32].
Marrow stimulating techniques attempt to solve articular cartilage damage through an arthroscopic procedure.
Firstly, damaged cartilage is drilled or punched until the
underlying bone is exposed. By doing this, the subchondral bone is perforated to generate a blood clot within
the defect. Studies have shown that marrow stimulation
techniques often have insufficiently filled the chondral
defect and the repair material is often fibrocartilage (which
is not as good mechanically as hyaline cartilage)[6,7,33]. The
blood clot takes about 8 wk to become fibrous tissue and
it takes 4 mo to become fibrocartilage. This has implications for the rehabilitation[2]. Further on, it is common
that only 1 or 2 years after the surgery symptoms start
to return as the fibrocartilage wears away, forcing the patient to reengage in articular cartilage repair. This is not
always the case and microfracture surgery is therefore
considered to be an intermediate step. An evolution of
the microfracture technique is the implantation of a collagen membrane onto the site of the microfracture to
protect and stabilize the blood clot and to enhance the
chondrogenic differentiation of the MSCs[6,7]. One of the
cons of chondrocyte transplantation is the dedifferentiation process that these cells suffer when they are treated
in vitro and the limited ability to redifferentiate them[34].
On the contrary, MSCs are very stable and they do not
suffer this dedifferentiation process and have a high
differentiation capacity[35]. Beside the characteristics of
MSCs expounded above, these cells have self-renewal potential as well as multilineage differentiation potential[36,37],
including chondrogenesis[25]. A defined medium for in
vitro chondrogenesis of MSCs was first reported by Johnstone et al[25] in 1998, who used micromass culture with
TGF-β and dexamethasone. To date, the micromass culture is widely used to evaluate chondrogenic potential of
MSCs “in vitro”. However, this “in vitro” chondrogenesis
does not imitate cartilage formation during development.
During micromass culture, MSCs increase expressions
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of both collagen type Ⅱ (chondrocytes marker) and Ⅹ
(hypertrophic chondrocytes marker)[25]. Other cytokines
such as insulin like growth factor (IGF), bone morphogenetic protein (BMPs) and parathyroid hormone related
peptide (PTHrP) had been tried for better differentiation
of the cells, but it is still difficult to obtain “in vitro” MSCbased cartilage formation comparative to native cartilage
tissue[25]. Those molecules may reach chondrocytes via
free diffusion or may be bound to collagens or proteoglycans on extracellular matrix superstructures, becoming
available after metabolic processing of collagens and/or
proteoglycans. Depending on their position in the metabolic cascade controlling chondrocyte development and
homeostasis, they may be used in tissue engineering and
regenerative approaches towards cartilage repair by direct
application, carrier-mediated release or genetic delivery[17].

Biomaterials
Recently a huge expansion in biomaterial technologies,
scaffolds, cell sources, and molecular and genetic manipulations took place to create functional tissue replacements
to treat cartilage injuries or osteoarthritis[38-40]. A new
generation of materials is being developed and it is influenced by the knowledge of the anatomical and structural
complexity of articular cartilage. The increasing capacity
to design and synthesize materials with molecular resolution that ranges across organizational levels is generating
great excitement in the biomaterials community[25]. The
combination of technological advances and an increased
knowledge in the fields of molecular and cell biology are
generating new biomaterial scaffolds with many desired
properties[25]. In addition to being biocompatible and
accommodating cell adhesion, proliferation, and matrix
synthesis, an ideal biomaterial scaffold for cartilage regeneration can now be bioactive, biomimetic, biodegradable and bioresponsive, providing signaling with spatiotemporal control and response that is selective to defined
stimuli. Scaffolds analogous to the natural three-dimensional extracellular matrix may provide important microenvironmental clues to cells. A wide array of materials
has been used in various “in vitro” and “in vivo” studies
for articular cartilage engineering (Tables 1-3). Scaffolds
that are most often studied in cartilage tissue engineering
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Table 2 Overview of advantages and disadvantages of various scaffolds
Scaffold

Advantages

Disadvantages

Porous scaffolds

High porosity
Interconnected structure
Simple and easy to manufacture

Fibrous scaffolds

Fiber meshes and fiber bonding are simple techniques
Large surface area-volume ratio
High inter-fiber distances for nutrition and gas exchange

Use of highly toxic solvent
Low pore interconnectivity
Difficulty in homogenous cell seeding post scaffold fabrication
Highly porous scaffolds can have weak mechanical properties
Lack of control over scaffold thickness
Fiber meshes lack mechanical integrity
Fiber bonding lacks control over porosity and pore size
Small pore sizes produced during fabrication processes such as
electrospinning limit cell infiltration and 3-D cellular integration
with host tissue after implantation

Hydrogels

Can form stable and highly ordered scaffolds using self assembly
Tissue like flexibility
Viscoelasticity

Custom scaffolds
(Computeraided design
technique)

Microspheres

Native/
Extracellular
matrix scaffolds

Intestinal flow and diffusive transport
Controlled matrix architecture: size, shape, interconnectivity,
branching, geometry and orientation
Can control pore and pore size
Controlled mechanical properties and degradation kinetics
Reproducible architecture and compositional variations
Used as cell carriers, when fabricated using biodegradable and
non-toxic materials
Large surface area for cell attachment and growth
Applicable for 3-D cell culture in a stirred suspension bioreactor
Simulates the cell's natural microenvironment in terms of
composition, bioactive signal and mechanical properties

Higher cost
Non-adherent and usually need to be secured by a secondary
dressing, for in-vivo testing
Natural polymer hydrogels like collagen gelatin, alginate and
agarose may evoke inflammatory responses
Low resolution of current systems
Selective polymeric materials can only be used

Difficult to remove once injected or implanted
Unknown toxicity associated with microsphere/beads
Difficult to control degree of decellularization and retain all ECM
Non-uniform distribution of cells
Immunogenicity upon incomplete decellularization

Table 3 Overview of advantages and disadvantages of various scaffolds
Cells
Chondrocyctes
Rabbit marrow
mesenchymal stem cells
Chondrocytes
Human adipose derived
stem cells
Human mesenchmal stem
cells
Human chondrocytes

Material

Results

Poly(epsilon-caprolactone)-block-poly(Llactide)
Oligo(poly(ethylene glycol) fumarate) with
encapsulated cells and gelatin microparticles
loaded with TGF-β1
Gelatin microparticle aggregates, +/- TGF-β1

Applicable for cartilage tissue engineering

Genipin-crosslinked cartilage derived matrix

Bone marrow stem cells

Poly(epsilon-caprolactone)
Blend of poly (lactic-co-glycolic acid) and
polyvinyl alcohol
Polyglycolic acid, poly (lactic acid)

Maintained viability of cells for 14 d
Differentiation of cells into chondrocyte-like cells
Supported viability and function of chondrocytes
Applications in cartilage-engineering
Using genipin resulted in contraction free biomaterial.
Chondrogenesis
Cell colonization, proliferation and osteogenic differentiation were
related to the micro-architecture of the pore structure
Supported cell adhesion and growth
After implantation, there was better bone in-growth and bone formation
inside the scaffold.
Cell infiltrated the scaffold
Good cellular compatibility
Applicable to repair craniomaxillofacial bone defects

TGF: Transforming growth factor.

include hydrogels made from poly(ethylene glycol) diacrylate (PEGDA)[7,11-13,41,42], collagen[43], fibrin[44,45], agarose,
and synthetic peptides[46,47]; sponge-like scaffolds manufactured from materials such as collagen, polyglycolic
acid, polylactic acid[48], and polyurethane[49]; materials
with a naturally-occurring porous structure, such as coral,
devitalized articular cartilage[50], and hyaluronan based
scaffolds[51]. The three-dimensional scaffold provides the
structural support for cell contact and matrix deposition
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prevents dedifferentiation of autologous chondrocytes
even after long periods and promotes the expression of
chondrocyte-specific markers[52]. Advantages of this procedure are a more uniform cell distribution, avoidance
of periosteal harvest and implantation, and increased
technical ease without the need for suturing to adjacent
articular cartilage. These scaffold-less platforms develop
a robust ECM framework of their own and permit longterm maintenance of phenotype, at least in long-term in
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vitro culture, and can improve biophysical properties by
mechanical loading. Scaffold-free constructs using alginate as an intermediate step have also been produced[53]
and subjected to mechanical loading[54]. The challenge
with such scaffold-free systems is producing them in a
cost-effective and timely manner for clinical use, especially with autologous cells. This is also true for scaffoldbased systems, but they have biomechanical properties
that are immediately functional “in vivo”, showing the
ability to direct growth; further they can be designed to
deliver relevant bioactive factors[25].

physical therapist to gradually restore knee joint function
and strength so that the athlete may be able to return to
competitive play[56]. In this paper review we also take the
opportunity to remind readers of the importance of a
healthy lifestyle, including physical activity (mild exercise)
and balanced diet such as Mediterranean Diet, in the
medical therapy to prevent OA disease, in order to preserve the articular cartilage and then the entire joint[59].

Conclusion
In conclusion, the treatment of articular cartilage defects
can be approached by different procedures in relation to
cartilage lesions. Further “in vivo” and “in vitro” studies
must be carried out in order to confirm their successful
clinical outcomes.

REHABILITATION
Mechanical stimuli are of crucial importance for the
development and maintenance of articular cartilage[55].
Rehabilitation, following any articular cartilage repair procedure is crucial for the success of any articular cartilage
resurfacing technique[2]. The rehabilitation is often long
as it takes a long time for the cartilage cells to adapt and
mature into repair tissue. Cartilage is a slow adapting substance, indeed where a muscle takes approximately 35 wk
to fully adapt, cartilage only undergoes 75% adaptation in
2 years. If the rehabilitation period is too short, the cartilage repair might be put under too much stress, causing
the repair to fail[2]. Over the years a variety of cartilage
restorative procedures have been developed for athletes
to address focal, full-thickness cartilaginous defects in the
knee joint[56]. In most rehabilitation protocols, continuous
passive motion or range of motion exercises are performed within the first day after injury or surgery. Ice, compression, elevation, weight-bearing activities, and electrical
stimulation are also started immediately, and the intensity
and repetition of these exercises increases as the rehabilitation program progresses. In addition, exercises to address the complimentary musculoskeletal system are also
introduced, especially if distinct asymmetries are noted[57].
The type of mobilization exercises used depends on the
injury. Experimental and clinical studies demonstrate that
early, controlled mobilization is superior to immobilization for primary treatment of acute musculoskeletal softtissue injuries and postoperative management[58]. Early
mobilization helped return the patients more quickly to
physical activity, reduce persistent swelling, restore stability, restore range of motion, and improve patient satisfaction with the rehabilitation outcome[58]. Postoperative
rehabilitation programs following articular cartilage repair
procedures will vary greatly among patients and need to
be individualized, based on the nature of the lesion, the
unique characteristics of the patient, and the type and
detail of each surgical procedure[59]. These programs are
based on knowledge of the basic science, anatomy, and
biomechanics of articular cartilage as well as the biological course of healing following surgery[59]. The goal is to
restore full function in each patient as quickly as possible
by facilitating a healing response without overloading the
healing articular cartilage[2]. A patient, lesion, and sportsspecific approach is required on the part of the trainer or
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one must recognize that the randomized controlled trial is
not always the optimal study design for a given research
question. Rather, prospective observational cohort studies may be more appropriate in certain circumstances,
and would provide superior generalizability. Despite the
challenges involved with EBM, it is the future of medicine.
These issues surrounding EBM are important for spinal
surgeons, as well as health policy makers and editorial
boards, to have familiarity.

Mark E Oppenlander, Christopher M Maulucci, George M
Ghobrial, James S Harrop, Department of Neurological Surgery, Thomas Jefferson University Hospital, Philadelphia, PA
19107, United States
Mark E Oppenlander, Division of Neurological Surgery, Barrow
Neurological Institute, St. Joseph Hospital and Medical Center,
Phoenix, AZ 85003, United States
Author contributions: Oppenlander ME designed the research,
contributed to data review, drafted the paper; Maulucci CM and
Ghobrial GM contributed to data review and drafting of paper;
Harrop JS was the consultant supervisor, contributed to review
and approval of paper.
Correspondence to: James S Harrop, MD, Professor of Neurological Surgery, Department of Neurological Surgery, Thomas
Jefferson University, 909 Walnut Street Second Floor, Philadelphia, PA 19107, United States. james.harrop@jefferson.edu
Telephone: +1-215-9557959 Fax: +1-215-5037007
Received: September 29, 2013 Revised: December 19, 2013
Accepted: January 13, 2014
Published online: April 18, 2014

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Evidence-based medicine; Spinal surgery;
Trial design; Research; Methodology
Core tip: This paper highlights the intricacies of spinal
research. The difficulties of conducting high quality
research in spinal surgery are discussed, but the tools
for success are outlined. Specifically, the tenets of
implementing evidence-based research are provided,
along with a discussion of validated outcome measures
which will increase the quality of a given study design.
Importantly, the randomized controlled trial should not
always be considered the best study design for a given
research question, and observational cohort studies
may be more appropriate in certain circumstances. Ultimately, spinal surgeons are responsible for evidencebased research to justify treatment paradigms.

Abstract
Evidence-based medicine (EBM) is a common concept
among medical practitioners, yet unique challenges
arise when EBM is applied to spinal surgery. Due to the
relative rarity of certain spinal disorders, and a lack of
management equipoise, randomized controlled trials may
be difficult to execute. Despite this, responsibility rests
with spinal surgeons to design high quality studies in order to justify certain treatment modalities. The authors
therefore review the tenets of implementing evidencebased research, through the lens of spinal disorders. The
process of EBM begins with asking the correct question.
An appropriate study is then designed based on the research question. Understanding study designs allows the
spinal surgeon to assess the level of evidence provided.
Validated outcome measurements allow clinicians to communicate the success of treatment strategies, and will
increase the quality of a given study design. Importantly,
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that current medical research, along with individual clinician judgment, can optimally guide clinical decision
making to result in the best possible patient outcomes[1,2].
While EBM requires the use of best available evidence,
multiple challenges may arise in its practical application to spinal surgery. For instance, rare disorders result
in small patient numbers and subsequent lower quality
data. At the other extreme, randomized controlled trials
(RCTs) attempt to generate high quality evidence, yet are
hindered by expense and difficulties in study recruitment
and conduct.
Despite the challenges involved with EBM, it is the
future of medicine[3,4]. If spine surgeons do not want
poor-quality studies to dictate and limit their clinical decisions, then responsibility rests with this group of practitioners to design high quality studies to justify certain
treatment modalities.
This review therefore highlights the tenets of implementing evidence-based research, through the lens of
spinal disorders. Techniques of conducting and evaluating EBM are first discussed, followed by a review of
pertinent outcome measures in spinal surgery. It is the
authors’ goal that these basic tools will provide a basis of
EBM for the practicing spinal surgeon.

patients with a known pathology given similar treatment,
and allows assessment of a clinical course based on that
treatment. Case series are often retrospective but may be
prospective. They are often confounded by selection bias,
limiting elucidations of causal relationships. Case series
may be improved, however, with well-defined selection
criteria and the use of validated outcome measures. For
rare spinal disorders, a case series may be the best available evidence.
A case-control study design is a type of observational
study, wherein two patient groups with differing outcomes are identified and compared for a supposed causal
attribute. They are retrospective in nature and relatively
inexpensive. Because of their retrospective nature, however, there is difficulty in obtaining reliable information
about a patient’s exposure over time. This effectively hinders the ability to make claims of causation.
A cohort study is also observational in nature. It follows a group of patients without a disease in order to determine risks of contracting that condition, or compares
two treatment options. A cohort study may be retrospective or prospective in nature. It is beneficial for identifying the natural history of a disease, the risk factors of a
disease, or the impact of an intervention. Cohort studies
are more expensive and time consuming than a casecontrol design or a case series, with strict inclusion and
exclusion criteria. Prospective cohort studies in particular
are considered to yield the most reliable results in observational studies.
A RCT is considered the gold standard for a clinical
trial. It is often used to test the effectiveness of a medical
or surgical intervention within a well-defined patient population. The intervention is provided to the patient based
on a process of randomization, in a blinded or unblinded
manner. The RCT offers reliable evidence because it reduces bias and spurious causality. Nonetheless, RCTs are
prone to high cost, administrative difficulties, and limited
recruitment.
Spine surgeons in particular may struggle with obtaining a high quality RCT because of high crossover rates
and low patient recruitment. In addition, it is relatively
difficult for surgeons to design a study that randomizes patients to interventions that are typically used in
sequence[3]. For example, a RCT may be designed to
compare operative vs non-operative treatment of neck
pain. Most surgeons, however, consider failure of nonoperative measures as an indication for surgery. Therefore, a patient in this study would need to accept being
randomized to a non-operative treatment modality that
s/he has already failed. If the concept of equipoise is
used in an attempt to circumvent this problem, then surgeons may be relegated to operating on patients without
clear operative indications. In this example, a supposed
state of equipoise could lead to a surgeon operating on
a patient with neck pain who has not failed conservative
measures, further confounding results and perhaps leading to poorer surgical outcomes.
Because practical and ethical reasons may prevent the
initiation of a RCT, strong observational alternatives are

TECHNIQUES OF EBM
Asking the correct question
Before a study is designed, a research question must be
asked. The importance of the research question lies in
the fact that it dictates a study’s design. Often, the RCT
is considered the gold standard of evidence-based medicine, yet the research question may exclude the RCT from
feasibility or utility. For example, a question of superiority in treatment protocols, where each treatment has equipoise for the surgeon and patient, is suitable for a RCT.
However, a question may best be answered with a prospective cohort design if there are subjective treatment
preferences among surgeons, the presence of significant
selection biases, or poor generalizability[3,5].
A well-designed and focused research question will
not only dictate the study design, but will also aid in literature searches. Instead of turning up hundreds to thousands of citations, a well-defined question will limit the
pertinent literature to a manageable number that allows a
focused interpretation.
In addition, the research question will permeate
through a central theme of the research manuscript. The
question should be stated in the introduction of a manuscript, and contain the intervention of study and cohort
of interest. Returning to the research question throughout the manuscript will allow reporting of more concise
results and a more pertinent discussion.
Designing the study
Once a research question is proposed and a formal review of the literature is performed, the study design is
implemented. Table 1 highlights the advantages and disadvantages of various study designs. A case series tracks
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Table 1 Types of study design
Design type

Advantages

Disadvantages

Case series

Suitable for rare diseases or new treatments

No comparison group
Retrospective nature
Presence of confounding
Retrospective nature
Presence of confounding

Case control

Small sample size
Short duration
Evaluates risk factors
Compares two treatments
May be prospective
Prospective in nature
Reduce confounding and bias

Cohort studies

Randomized controlled trials

Systematic review

Provides summation of available literature

Limited generalizability
Potential for low recruitment and high crossover
High cost and administrative oversight
Dependent on quality of individual studies

Adapted from Fisher et al[5].

Table 2 Levels of evidence
Evidence level
Ⅰ
Ⅱ

Ⅲ

Ⅳ
Ⅴ

Therapeutic studies: Evaluating results of treatment

Prognostic studies: Evaluating outcome of disease

RCT
Systematic review of level 1 RCTs
Prospective cohort study
Poor quality RCT (e.g., < 80% follow-up)
Systematic review of level Ⅲ studies
Case control study
Retrospective cohort study
Systematic review of level Ⅲ studies
Case series
Expert opinion

Prospective study (> 80% follow-up)
Systematic review of level Ⅰ studies
Retrospective study
Systematic review of level Ⅱ studies

Case series
Expert opinion

Adapted from Wright et al[8]. RCT: Randomized controlled trial.

needed in spinal research[2]. This notion would circumvent the impossibility of randomizing every component
of intervention.
Systematic, evidence-based literature reviews provide
a summation of the available literature on a topic. This
type of study is valuable as a synopsis of previouslyreported data, aiding understanding of outcomes, safety,
risk factors, and impact of spinal surgery intervention[6].
Systemic reviews should be transparent, so that data is
presented in an unbiased manner, thus allowing the surgeon to make independent conclusions based on the data.
A quantitative synthesis of high quality data is termed a
meta-analysis, which may be useful when pooling studies
which are individually under-powered to find conclusive
results[7].

Although a majority of studies in spinal surgery are
of levels Ⅲ and Ⅳ, a select number of studies are of
higher level evidence[9,10]. Certainly the level of evidence,
however, is not the final answer in evaluating the literature. The lack of RCTs in spinal surgery research reflects
the complexities and limitations of this study design. In
addition, the current system of analyzing levels of evidence ignores whether the study asked the correct question or examined the relevant patient population[3].

OUTCOME MEASUREMENTS IN SPINE
RESEARCH
The use of standardized outcome measurements is important for conducting evidence-based research. The
quantification of patient symptoms, ability to perform
activities of daily living, and overall health status is necessary to track patient progress as well as to conduct clinical
studies. Outcome measurement tools allow clinicians to
communicate, in a standardized manner, the success of
treatment strategies. However, there is no standardized
set of clinical outcome measures for all spine patients[11].
Outcome measurements for those with cervical pathology differ from those with lumbar pathology, for example.
The questionnaires given to the patient must be carefully
selected so as to elicit the most pertinent information in

Assessing the level of evidence
Based on study design, the level of evidence for an intervention can be assessed (Table 2)[8]. RCTs are categorized
as level Ⅰ or Ⅱ. Cohort studies are level Ⅱ or Ⅲ. Casecontrol studies are level Ⅲ, and case series are level Ⅳ.
Expert opinion is considered level Ⅴ. The level of evidence correlates with certainty of risks and benefits of a
given intervention, so that higher levels of evidence (and
thus higher quality studies) provide more certainty in
their conclusions, and therefore stronger recommendations for treatment.
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Table 3 Outcome tools in spinal surgery
Topic
Pain
Disability
Myelopathy
Quality of life

Tool

Notes

VAS
ODI, NDI

May be used for generalized or localized pain
Evaluates multiple life experiences
The NDI is an adaptation of ODI for patients with neck disability
Evaluates motor function, sensation, and bladder function
SRS-22 developed for patients with spinal deformity

JOA, mJOA
SRS-22, EQ-5D-5L, SF-36

VAS: Visual analog scale; NDI: Neck disability index; ODI: Oswestry disability index; JOA: Japanese Orthopaedic Association;
mJOA: Modified JOA; SRS-22: Scoliosis Research Society-22; SF-36: Short Form-36.

has been developed[16,17]; the questionnaire has replaced
the word “chopsticks” with “knife and fork”. The mJOA
is therefore more often used in the United States compared to the JOA. In addition, the mJOA involves a
highest score of 18, rather than the JOA’s high score of
17[15,17].
Those with spinal deformities, in particular idiopathic
scoliosis, have a slightly different set of concerns and
health issues than those with degenerative conditions.
These patients are typically adolescents or young adults.
The Scoliosis Research Society-22 (SRS-22) questionnaire targets 5 domains: physical function, pain, self image, mental health, and satisfaction with management of
scoliosis[18]. Each of the 22 questions contains 5 answers
with point values from 1 to 5, with 5 being the best. The
mean scores from each of the 5 categories are averaged
to produce a single value. Studies indicate that significant
point differences for the SRS-22 are: pain 0.6, function
0.8, self image 0.5, mental health 0.4, average sum score
0.5, and raw sum score 6.8.
The EQ-5D-5L is a questionnaire that investigates
patient quality of life[19]. It consists of 2 forms. The first
assesses 5 dimensions: mobility, self-care, usual activities,
pain/discomfort, and anxiety/depression. Each dimension is associated with 5 statements; the patient selects
the statement that most correlates with their condition.
No point values are assigned to each statement. The second form consists of a 20 cm vertical line with endpoints
labeled “the best health you can imagine” and “the worst
health you can imagine.” Patients are asked to indicate
where on the line they believe their present state of
health to be. Given that no numerical score is calculated
from the 5 questions, the data can be presented in a variety of formats.
Similar to the EQ-5D-5L is the Short Form-36
(SF-36)[20,21]. This is a heath survey analyzing 2 general
domains: physical health and mental health. There are 36
questions and 5 possible responses per question. Physical health is divided into physical functioning, physical
role functioning, bodily pain, and general health. Mental
health is divided into vitality, social functioning, emotional role functioning, and mental condition. The SF-36
consists of eight scaled scores, which are the weighted
sums of the questions in each section. Each scale is directly transformed into a 0-100 scale on the assumption
that each question carries equal weight.

the most efficient manner. It is important to recognize
that providing an excessive number of questionnaires will
decrease patient compliance. The aim of this section is
to highlight the outcome measurement tools commonly
used in spinal surgery research (Table 3).
The oswestry disability index (ODI) is the most
common questionnaire utilized to evaluate the physical
symptoms of patients with low back pain, with an emphasis on quality of life[12]. This questionnaire evaluates
ten categories: pain, personal care, lifting, walking, sitting,
standing, sleeping, sex life, social life, and traveling. There
are six answers available per question with point values
of zero to five; the maximum score is fifty. A quantification of patient disability may be calculated by dividing
the point total by fifty then multiplying by one hundred
percent. Those with 0%-20% disability are considered
minimally disabled. A score of 21%-40% is moderate disability, 41%-60% is severe, 61%-80% is crippled. Those
with scores of 81%-100% are bed bound. A change of 4
points is the minimum difference that can be considered
clinically significant. A 15 point change, though, is what
is considered significant for patients undergoing spinal
fusion.
The neck disability index (NDI) represents a modification of the ODI for patients with cervical spine pain[13].
The questions elicit information about activities such
as concentration and reading which can be affected by
cervical pain. Soft tissue injury can also lead to headache,
which is also evaluated by the NDI. The scoring system
is the same as that of the ODI.
The visual analog scale is a measurement instrument
which quantifies patient subjective pain[14]. It consists of
a 10 centimeter line with one end representing no pain
and the other end the worst pain possible. The patient
indicates where on the line his or her pain is in relation to
these two extremes. This outcome measure can be used
to quantify generalized pain or any specific type of pain
(back, leg, etc.).
Patients with cervical myelopathy may suffer from a
constellation of disabling symptoms, but pain may be a
relatively minor issue. The Japanese Orthopaedic Association (JOA) scale is an objective assessment of upper and
lower extremity motor function, sensation, and bladder
function[15]. The highest possible score is 17. The JOA is
specific for patients who utilize chopsticks to feed themselves. For those who do not, the modified JOA (mJOA)
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Ultimately, an outcome assessment tool must be reliable, reproducible, specific to the outcome of interest,
yet brief enough to promote compliance. For these purposes, an array of well-validated standardized questionnaires is available.

8
9

CONCLUSION
Evidence-based research in spinal surgery has received
a growing amount of attention, not only from surgeons
and scientists, but from government regulators and the
lay press. With continued pressure to produce high quality evidence for the success of spinal interventions, one
must recognize that the RCT is not always the optimal
study design for a given research question. Rather, prospective observational cohort studies may be more appropriate in certain circumstances, and would provide
superior generalizability. In addition, case series and casecontrol study designs have their own utility, particularly
in studying rare diseases and new treatment options. The
use of validated outcome measurements will increase the
quality of a given study design. Finally, evaluating spinal
research with levels of evidence, Ⅰ-Ⅴ, allows for an objective measurement of study quality, yet this system does
not account for whether the correct question was asked
or if the correct patient population was studied. These issues surrounding EBM are important for spinal surgeons,
as well as health policy makers and editorial boards, to
have familiarity.
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Core tip: This paper reviews the techniques used for
modern posterior screw fixation of the pediatric cervical
spine. The preoperative considerations, necessary studies, and surgical techniques are reviewed in order to
educate the reader on the use of modern screw fixation
in the pediatric cervical spine. Upper cervical fixation
techniques as well as lateral mass screw fixation in the
subaxial spine are discussed.

Abstract
Treatment of children with cervical spine disorders requiring fusion is a challenging endeavor for a variety
of reasons. The size of the patients, the corresponding
abnormal bony anatomy, the inherent ligamentous laxity of children, and the relative rarity of the disorders
all play a part in difficulty of treatment. The benefits of
modern posterior cervical instrumentation in children,
defined as rigid screw–rod systems, have been shown
to be many including: improved arthrodesis rates,
diminished times in halo-vest immobilization, and improved reduction of deformities. The anatomy of children and the corresponding pathology seen frequently
is at the upper cervical spine and craniocervical junction
given the relatively large head size of children and the
horizontal facets at these regions predisposing them to
instability or deformity. Posterior screw fixation, while
challenging, allows for a rigid base to allow for fusion
in these upper cervical areas which are predisposed
to pseudarthrosis with non-rigid fixation. A thorough
understanding of the anatomy of the cervical spine,
the morphology of the cervical spine, and the available
screw options is paramount for placing posterior cervical screws in children. The purpose of this review is to
discuss both the anatomical and clinical descriptions re-
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PREOPERATIVE CONSIDERATIONS
The standard preoperative work-up of any child undergoing surgical treatment for a cervical spine problem will
include plain radiographs, magnetic resonance imaging,
and computed tomography scanning. Plain radiographs
include anterior-posterior and lateral views, as well as
flexion-extension lateral views of the cervical spine. The
use of magnetic resonance imaging (MRI) is important
as it gives detail oriented information regarding the spinal cord, neuroforamen, and position of the vertebral
artery. Areas of compression are readily visualized as well
as cord signal changes which are important to have as a
baseline in patients with instability or neurologic findings
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Figure 1 Magnetic resonance imaging showing severe cord compression
at the craniocervical junction in a 6 year-old child with instability and myelopathy due to previous failed fusion for atlanto-axial instability.

Figure 2 Clinical photo of a 10 year-old child in prone positioning with
halo ring and anterior portion of vest attached. Note the alignment of the
head and absence of pressure on the eyes or face.

(Figure 1).
Computed tomography (CT) scanning with fine cut
images is important as it gives concrete information regarding the bony anatomy as well as the course of the
vertebral artery. Three-dimensional reconstructions are
of paramount importance in cases of upper cervical
instrumentation as it gives the surgeon a complete understanding of the course of the vertebral artery which
is mandatory with upper cervical screw placement. The
standard use of CT angiography or MR angiography is
not needed unless either significant congenital bony malformations are present or high grade instability is present
with concern regarding the course of the vertebral artery.
We have also found in some cases of tumor encasement
that angiography is helpful to define the exact location of
the vertebral artery as well as the patency of the vertebral
artery.

fusions done in misalignment. Finally, if the patient is going to stay in a vest then at the end of the operation the
posterior vest can be added and the patient safely turned
and then extubated.
The use of neurologic monitoring is required for all
pediatric patients undergoing cervical instrumentation
and fusion. The standard for all patients is motor-evoked
monitoring, sensory monitoring, as well as EMG monitoring of the upper limb. Anesthetic agents should be
used which don’t interfere with the ability to obtain stable
and reliable monitoring.

C1 LATERAL MASS FIXATION
Fixation at C1 in the past has traditionally been with sublaminar wiring underneath the arch of the atlas, which is
inherently not dangerous or technically difficult given the
space available for the cord at this level. However, wiring
or cable grafting is problematic both biomechanically and
from a pathologic standpoint. C1 wiring is inherently not
stable in rotation which is problematic given the articulation of C1 with both the occiput and C2 allows for the
majority of cervical rotation. From a clinical standpoint,
the posterior ring of C1 frequently requires removal in
cases where decompression is required and then wiring is
not an option. These factors have led to the anatomical
studies of the lateral mass of C1 to determine if screw
fixation is feasible, and if so then what are the anatomical
constraints[1-3].
The lateral mass of C1 is a quadrilateral structure of
bone lying anterolateral to the spinal cord and in close relationship to the vertebral artery, which lies in the anterolateral confines of the lateral mass. The surgical exposure
of the lateral mass entry point is challenging for a variety
of reasons. The entry point of the lateral mass screws requires following the posterior arch of C1 surgically down
to the entry point into the lateral mass (Figure 3A). This
can be done by electrocautery dissection staying on the
inferior aspect of the posterior arch of C1 as the vertebral artery lies on the superior aspect of the ring of C1
as it exits from the skull base. Classically the teaching had

ANESTHESIA AND POSITIONING
CONSIDERATIONS
Depending on the reason that cervical surgery is performed fiberoptic techniques may be required for intubation or nasal intubation may be required. Frequently instability is present requiring immobilization during airway
placement and having an anesthesiologist present who is
experienced in difficult airways is paramount to patient
safety. The use of a halo-vest for positioning or Gardnerwells tongs for positioning is of great importance to
secure the cranium and allow for adequate fluoroscopic
visualization. In the majority of patients I place the halo
crown and attach it to a vest and then turn the patient to
prone positioning. The posterior aspect of the vest can
then be removed for the operation (Figure 2). This is important for a variety of reasons, the first being complete
immobilization of the head and neck during positioning
and turning which is the safest way to turn when a patient
is completely relaxed under anesthesia. Second, placing
the patient in a halo crown and vest also allows me to
afford reduction of deformities and to place the skull in
the appropriate position in order to avoid craniocervical
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A

B

Figure 3 C1 lateral mass fixation. A: Axial computed tomography (CT) cut through the atlas. Note the lateral masses and the relationship of the C1 arch meeting the
lateral masses which are landmarks for correct starting points for lateral mass screws; B: Sagittal cut of a CT scan in a 14 year-old patient who has underwent C1-C2
arthrodesis with C1-C2 screw rod construct for an odontoid non-union. Note the starting position of the C1 lateral mass screw inferior to the bony arch of C1. The outline of the vertebral artery can be seen on the superior aspect of the C1 arch.

been the vertebral artery is at risk 1.5 cm from the midline, this has never been validated in children and is not a
reliable rule in pathologic cases. Nevertheless, the current
recommendation would be to be aware of the position
of the vertebral artery laterally on the superior aspect of
C1 and if need be a preoperative CT angiography study
is helpful, especially with congenital deformities. The ring
of C1 gradually turns away and into the lateral mass of
C1 and this region needs to be dissected out with meticulous attention to the venous plexus, which is diffuse and
engulfs this region. Aggressive bipolar cautery of these
venous bleeders prophylactically will make exposure of
the entry point easier. The C2 nerve root also is encountered running below the arch of C1 and needs to be identified to find the lateral mass starting point. Variation exists in opinion regarding the need sacrifice the root of C2
for better exposure[4]. I have found this not to be required
for adequate exposure or for safe screw placement.
The ideal starting point of C1 screws can be found by
studying the preoperative CT scan of the patient, however in all cases the screw starting point remains underneath
the arch of C1, although occasionally the undersurface
of the arch where it meets the bony lateral mass needs to
be burred away (Figure 3B). The starting point is usually
in line where the arch meets the lateral mass, it is never
lateral to the arch and the medial border is easily identified with a freer. The spinal cord is not at risk with this
screw given the entry point is anterolateral and usually
lies at the anterior-posterior midpoint of the cord.
The C1 lateral mass usually allows for screw placement even in the youngest of pediatric patients. In a
recent series of patients as young as two years of age,
CT evaluation revealed that the mean length available for
the lateral mass screw was greater than 15 mm and the
mean medial-lateral dimensions were greater than 7 mm
which would allow for safe placement in all patients of
a 3.5 mm screw[2]. The screw trajectory was evaluated in
another series of pediatric patients with CT scans and
confirmed from an optimal starting point the ideal screw
trajectory would be medially angled 16 degrees and could
be placed to a depth of 20 mm[1]. In that study, the place-
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ment of screws was deemed feasible in 151/152 lateral
masses.
Clinically, the anatomic feasibility found in CT studies
has been shown to be a reliable indicator of anatomy in
children. Two recent series looking specifically at screw
placement into C1 in pediatric patients documented successful screw placement with no intraoperative complications and uneventful fusion for a variety of pediatric
pathologic conditions[5,6].

C2 SCREW FIXATION
The axis plays a significant role in the management of
cervical spine problems in children requiring instrumentation and fusion. It can be either the base of a craniocervical fusion; it may be coupled with the atlas in cases
of atlanto-axial instability, or may be the top of a midlevel fusion. Many screw options exists for the axis and
are preferable to subaxial cabling as the space available
for the cord is much less at the axis rendering sub laminar
placement of wires dangerous and the inherent biomechanical weakness of cabling. Screw fixation into the axis
may be divvied into three separate screw types: pedicle,
pars, and intralaminar. The placement of which screw is
dependent on a variety of factors which may be seen on
the preoperative CT scanning, notably the width of the
bony channels and the position of the vertebral artery[7].
The C2 spinouts process is used as a landmark in the
upper cervical spine and can be used as the entry point
for intralaminar screws. Intralaminar screws at C2 have
been shown to be effective for rigidity of constructs in
biomechanical studies[8]. The entry point for C2 laminar
screws is on the contralateral side of the spinous process
and needs to be placed either caudal or rostral in the spinous process so that crossing screws can be placed (Figure
4A). The dorsal aspect of the lamina is exposed the same
for all cervical fusions involving the axis. A starting point
on the contralateral side of the spinous process is made
using a burr and then the lamina is annulated using an
awl. Looking at the dorsal lamina easily sees the rostralcaudal orientation. The avoidance of penetrating the
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A

B

C

Figure 4 C2 screw fixation. A: Axial cut computed tomography (CT) scan of intralaminar screw placement at C2. The starting point on the spinous process can
be seen as well as the space available for screws; B: Sagittal cut CT of a patient who underwent instrumentation with C2 pars screws. Note the relationship of the
vertebral artery in this patient and the need for shorter screw placement; C: Axial CT demonstrating the medial orientation of a C2 pedicle screw with the spinal canal
medial and the vertebral artery anterior and lateral..

ventral lamina and spinal canal can be done by placing
a freer via blunt dissection under the ventral lamina as a
landmark to avoid misguided trajectory. Screw length can
be estimated by the preoperative studies of the presumed
screw tract.
CT analysis of the upper cervical vertebra has shown
that the lamina is able to accept 3.5 mm screws in most
patients. A recent tomographic study of children revealed
screw lengths measured on CT to be around a mean of
20 mm with the majority of lamina having a bony channel able to withstand screw placement[2]. Clinically, the
placement of laminar screws has been shown to be safe
and efficacious and the decision regarding intralaminar
screw placement can be determined with preoperative
CT in all patients[7,9,10]. The complication of canal breach
has not been reported in multiple clinical studies regarding screw placement in children[5,7].
There is variability in the terminology of C2 screws
placed in the pars/isthmus/pedicle. Two separate screw
paths exist which have been described, each with different starting points and risks associated with their trajectory. The pars and pedicle are intertwined in a shared
mass of bone in the atlas, which needs to be directly
visualized during surgical dissection. During dissection as
the lamina is followed down laterally the isthmus of C2
can then be followed going superiorly and medially. The
dissection of the isthmus is paramount for defining safe
screw trajectory as the dorsal and medial part of the isthmus is readily dissected aiding in direct visualization in
screw path. The dissection of the isthmus must be done
with bipolar cautery to avoid bleeding from the venous
plexus, which engulfs the C1-C2 posterior bony complex. The medial aspect of isthmus once dissected can be
used to guide screw trajectory and avoid unwanted canal
penetration, placing a freer on the medial side will help
directly visualize the screw path. Placement of C2 screws
can be done with the determination of a pedicle screw or
a pars screw. Pars screws are done with a starting point
more caudal and just above the C2-C3 facet in the midline. The medial-lateral determination is done by using

WJO|www.wjgnet.com

the medial dissected out isthmus as the landmark and the
lateral trajectory is done under fluoroscopic guidance using the dorsal isthmus as a landmark as well. The length
if the pars screw is directly determined by the course of
the vertebral artery as well as by the C1-C2 articulation
(Figure 4B). C2 pedicle screws share the same isthmus of
bone but the starting point is more superior and lateral
than the pars screws. The screw trajectory is more medially directed and headed into the C2 body, placing the canal at risk unless dissection has identified the medial pars
(Figure 4C).
The morphometric studies regarding C2 screws are
not entirely clear regarding the variation of pedicle versus
pars, but can be interpreted regarding the shared isthmus
of bone necessary for screw placement. In a morphometric study of children less than six years of age the mean
width of the pedicle measured on CT scan was greater
than 3.5 mm and the mean pedicle length was greater
than 17 mm[2].
Multiple clinical studies exit regarding the use of
pars/pedicle screws in children. While not entirely clear
of the separation of pars/pedicle screws it is clear that
screws can be place in the vast majority of patients
without injury to the vertebral artery or malposition of
screws[5-7]. These clinical studies show that rigid screw
fixation either through pars/pedicle or intralaminar
screws are possible in almost all patients and serves as an
excellent and reliable fixation point in pediatric deformity
surgery.

C1-C2 TRANSARTICULAR SCREWS
Placement of C1-C2 transarticular screws remains a powerful yet challenging technique of fixation. Classically,
these screws are placed for C1-C2 instability but may be
placed as a base for craniocervical constructs. The challenges of screw placement make dissection of the C2
isthmus as well as C1-C2 joint mandatory for safe screw
placement.
The placement of transarticular screws demands a
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B

Figure 5 C1-C2 transarticular screws. A: Sagittal computed tomography (CT) of a fully contained and well placed transarticular screw in a 10 year-old male with
Down’s syndrome and os odontoideum; B: Sagittal CT cut demonstrating the placement of a structural iliac crest graft cable grafted in between C1 and C2 which
supplemented transarticular screws in an 8 year-old patient with C1-C2 instability.

above for pars screws. The C1-C2 joint must also be in
a reduced position and accessible by direct fell via a freer
elevator. We have used a cannulated screw system at our
institution and once the guide wire is placed thru C2 into
the joint we have made it a step of the procedure then to
adequately feel with a freer the guide wire in a good position as well as using confirmatory biplanar fluoroscopy.
There is minimal room for error using transarticular
screws so guide wire placement in a correct position and
must be done by C2 pars visualization, palpation of the
guide wire in the C1-C2 joint, and confirmation of correct guide wire placement on AP and lateral fluoroscopy.
Once adequate guide wire placement has been done then
screws can be placed after measuring, drilling, and tapping (Figure 5A).
Placement of a unilateral C1-C2 transarticular screw
is occasionally needed if the anatomy of the vertebral
artery on both sides is not symmetrical. Biomechanically
his has been shown to be reasonable fixation[13]. We have
made it a habit to placed autogenous structural iliac crest
graft between C1 and C2 in cases where the ring of C1
is present in order to augment the posterolateral gutter
fusion. Typically we have place a horseshoe shaped graft
and secured it via cables placed underneath the ring of
C1 and through the spinouts process of C2 (Figure 5B).
Clinically, transarticular screws have been safely used
in children who have safe anatomy on preoperative CT
scans. Brockmeyer reviewed his series of patients treated
with transarticular screws and found safe screw placement in children younger than age four[13,14].

Figure 6 Sagittal computed tomography cut of a 5 year-old patient who
underwent lateral mass screw fixation after tumor reconstruction.

complete understanding of the course of the vertebral
artery both in its relationship to the axis and in its relationship to C1. The course of the vertebral artery is
anomalous in up to 25% of patients in clinical studies
where screw placement would be beneficial[11]. The most
common problematic course in relationship to C2 is either a medially deviated course where the ideal trajectory
of the screw from the isthmus of C2 into the C1 lateral
mass does not exist or in a sagittal plane abnormality
where the vertebral artery is high riding and lead to a
small isthmus negating any potential screw placement[7].
The position of the vertebral artery in relationship to the
C1 lateral mass is also of paramount importance screw
placement must end up in the lateral mass after crossing
the joint.
Morphometric studies of upper cervical anatomy
suggest that a minority of patients less than six have
anatomy suitable for transarticular screws given either
the size of the C2 isthmus or the course of the vertebral
artery[2]. Clinical studies have shown that even in younger
patients screws may be safely placed if the preoperative
imaging suggests anatomy, which allows for safe screw
placement[12,13].
Adequate visualization of the C2 isthmus is paramount to safe screw placement and is done as described
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SUBAXIAL LATERAL MASS SCREWS
The use of lateral mass screws has been studied in children and shown to be safe and efficacious if the preoperative template on CT scanning is favorable[15,16]. The
lateral mass is a quadrangular structure of bone, which
has a medial border of the spinal canal and an anterior
border the vertebral artery. Multiple techniques exist for
placement of screws in the lateral mass with variation
in the starting point and variation in both the laterally
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directed and the cranially directed angle. I have used the
modified technique of dividing the lateral mass into a
box with the facet above and below being the cranial and
caudal borders, the lateral edge of bone being the lateral
border and the medial border being where the lamina
meets the facet. The starting point for screw placement
is 1 mm inferior and 1mm medial to the center of this
box. The angulation is approximately 15 degrees laterally
and the cranial angulation is dictated by the lateral fluoroscopic views. Fluoroscopy is necessary in children given
the small size of the lateral mass does not allow for false
drill passage given this will not allow for redirection.
At our institution we have studies the use in lateral
mass screws for a variety of pathologic conditions in children. Post-operative computed tomography scanning has
shown complete screw containment in all cases and there
have been no vertebral artery injuries or post-operative
nerve deficits[15,16]. Standard screw diameter is 3.5 mm and
we have found it useful to have screws as low as 8 mm
in length to avoid anterior penetration into the vertebral
artery by a long screw. We have placed subaxial screws in
children as young as four years of age, although the indications for this age group are rare given most pathologic
conditions in younger children involve the craniocervical junction and the upper cervical spine (Figure 6). We
have not used cervical pedicle screws in pediatric patients
given the cadaveric anatomical studies showing the size
of the pedicle is not adequate for screw placement in the
majority of patients[17].
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CONCLUSION
Surgeons taking care of children with cervical spine abnormalities will encounter a wide variety of pathologic
conditions requiring fusion. Stability of the spine, reduction of deformities, protection of the spinal cord, and
enhanced fusion all are aided by stability obtained with
modern instrumentation using screw-rod constructs.
These constructs have been shown to be both feasible in
morphometric studies as well as safe in clinical studies.
Placement of screws demands a complete understanding of the preoperative anatomy which can be done by
adequate preoperative studies. Finally, given the small nature of the patients meticulous surgical dissection is paramount to safe screw placement. The modern techniques
will lead to an improved rate of arthrodesis while minimizing any time needed in external immobilization which
ultimately leads to better patient/family satisfaction.
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treatment options for POVL and the diagnosis is often
irreversible, so efforts must focus on prevention and
risk factor modification. The role of crystalloids versus
colloids and the use of α-2 agonists to decrease intraocular pressure during prone spine surgery will also be
discussed as a potential preventative strategy.
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Abstract

Core tip: Perioperative visual loss (POVL) is an uncommon, but devastating complication that remains primarily associated with spine and cardiac surgery. The
incidence and mechanisms of visual loss after surgery
remain difficult to determine. Ischemic optic neuropathy accounts for the vast majority of these cases, with
retinal ischemia, cortical blindness, and posterior reversible encephalopathy observed with low incidence.
Recently identified risk factors include obesity, male
sex, Wilson frame use, longer anesthetic duration,
greater estimated blood loss, and decreased percent
colloid administration. POVL is often permanent and
untreatable, so prevention is key to limiting its impact.

Perioperative visual loss (POVL) is an uncommon, but
devastating complication that remains primarily associated with spine and cardiac surgery. The incidence and
mechanisms of visual loss after surgery remain difficult
to determine. According to the American Society of
Anesthesiologists Postoperative Visual Loss Registry,
the most common causes of POVL in spine procedures
are the two different forms of ischemic optic neuropathy: anterior ischemic optic neuropathy and posterior
ischemic optic neuropathy, accounting for 89% of the
cases. Retinal ischemia, cortical blindness, and posterior reversible encephalopathy are also observed,
but in a small minority of cases. A recent multicenter
case control study has identified risk factors associated
with ischemic optic neuropathy for patients undergoing prone spinal fusion surgery. These include obesity,
male sex, Wilson frame use, longer anesthetic duration,
greater estimated blood loss, and decreased percent
colloid administration. These risk factors are thought to
contribute to the elevation of venous pressure and interstitial edema, resulting in damage to the optic nerve
by compression of the vessels that feed the optic nerve,
venous infarction or direct mechanical compression.
This review will expand on these findings as well as
the recently updated American Society of Anesthesiologists practice advisory on POVL. There are no effective
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INTRODUCTION
Perioperative visual loss (POVL) associated with spine
surgery is a rare and disastrous complication that is
generally irreversible and without definitive etiology.
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two different forms of ischemic optic neuropathy (ION):
AION and PION, accounting for 89% of the cases[9].
PION was diagnosed in 60% of these cases[9]. In this database, CRAO only accounted for 11% of the cases.
According to the most recent NIS review, gender
plays an important role with men displaying a higher risk
of POVL after spinal fusion relative to women (OR =
1.75), which is consistent with the ASA POVL Registry[9],
previous case series[10], and a recent multicenter casecontrol study[11]. Age appears to be a factor as well with
those aged 50-64 years displaying an increased risk (OR
= 1.75). Also notable and unexplained was the finding
that children < 18 years old had the highest overall risk
for POVL (OR = 6.91), which was primarily attributed
to cortical blindness rather than AION/PION and may
represent a different etiology[5].

Col. Br.
PCA
D
Pia

A

ON
PR
LC
SAS
PCA
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Figure 1 Schematic representation of blood supply of the optic nerve.
Reproduced from Hayreh et al[20]. A: Arachnoid; C: Choroid; CRA: Central
retinal artery; Col. Br.: Collateral branches; CRV: Central retinal vein; D: Dura;
LC: Lamina cribrosa; ON: Optic nerve; P: Pia; PCA: Posterior ciliary artery; PR:
Prelaminar region; R: Retina, S: Sclera; SAS: Subarachnoid space.

ANATOMY

First described by Hollenhorst et al[1] in 1954, there have
been numerous reports since establishing a clear link
between spine surgery in the prone position and vision
loss. Unfortunately, however, the research on this topic is
limited due to its rare occurrence and consists largely of
individual case reports and series[2-5]. This article reviews
the different types of postoperative visual loss complications after spine surgery. The theoretical pathogenesis,
risk factors, and prevention strategies including the use
of colloids versus crystalloids and α-agonists to decrease
intraocular pressure (IOP) are also discussed.

Blood supply to the optic nerve
In order to understand POVL, especially ION, it is
important to have a basic understanding of the blood
supply to the optic nerve (Figure 1). For an exhaustive
review, please see Hayreh, 2001[12]. The ophthalmic artery,
originating from the internal carotid artery, and its various branches is the principal blood supply to the retina,
globe, and optic nerve. The central retinal artery, a branch
of the ophthalmic artery, supplies the inner retina.
The anterior portion of the optic nerve (optic nerve
head) has a rich arterial supply principally from the
posterior ciliary artery (PCA) circulation, except for the
surface nerve fiber layer, which is supplied by the retinal
circulation. The blood supply in the optic nerve head has
a sectorial distribution, which may explain the segmental
vision loss seen in ischemic disorders[13].
The posterior portion of the optic nerve is supplied
by the pial vascular plexus, which is supplied by multiple
pial branches originating from the peripapillary choroid,
circle of Haller and Zinn, central retinal artery, ophthalmic artery, and other orbital arteries[13].
In contrast to the densely supplied anterior and posterior portions of the nerve, the central portion within
the optic canal is supplied only by the pial vascular plexus
derived from arterial extensions of the anterior and posterior blood supplies and intraneural branches of the
central retinal artery. This comparatively sparse vascular
supply to the mid portion of the optic nerve renders it
more susceptible to ischemia and it is this portion of the
nerve that is though to be related to PION[14]. However,
it is important to note that there is significant interindividual variability in the complex blood supply to the optic
nerve, especially in terms of the location and pattern of
watershed zones[12].
Venous drainage occurs mostly via the central retinal
vein that is drained by the internal jugular vein. In the
pre-laminar region of the eye, there are retinociliary collaterals to the peripapillary choroidal veins and drainage
through these collaterals can become significant in case

EPIDEMIOLOGY
Vision loss occurring with spine surgery may result from:
anterior ischemic optic neuropathy (AION) or posterior
ischemic optic neuropathy (PION); central retinal artery
occlusion (CRAO); cortical blindness; and posterior
reversible encephalopathy (PRES). Two large retrospective studies determined that the incidence of POVL is
approximately 1/60000 to 1/125000 of all general anesthetics[6,7]. However, the risk of POVL is believed to be
significantly greater following cardiac and spine surgeries.
A recent review by Shen and colleagues of 5.6 million
patients from the National Inpatient Sample (NIS) found
that the incidence of POVL to be 3.09/10000 (0.03%)
after spinal fusion and 8.64/10000 (0.09%) after cardiac
surgery[5]. Other large-scale series suggest that the rate
of POVL may be even higher after spine surgery, with
incidence rates ranging from 0.094%[4] to 0.2%[8]. Visual
loss was more common after spinal fusion for scoliosis
and posterior lumbar fusion than anterior lumbar fusion
or cervical fusion[4]. It was also noted to be significantly
increased in hip and femur operations (1.86/10000, or
0.19%)[5]. These procedures share several features including large blood loss, hemodynamic perturbations, high
embolic loads, and significant inflammation.
According to the American Society of Anesthesiologists (ASA) Postoperative Visual Loss Registry, the most
common causes of POVL in spine procedures are the
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especially CABG, and generally presents immediately
upon awakening from surgery. On rare occasion, AION
may occur abruptly after a “delay” or period of normal
vision lasting hours to days[24].
Posterior ischemic optic neuropathy
Posterior ION results from infarction of the optic nerve
posterior to the lamina cribrosa and also manifests as
sudden onset painless visual loss and visual field deficiencies. In contrast to AION, the fundoscopic examination
initially reveals a completely normal appearing fundus,
with optic nerve pallor and atrophy occurring only after
approximately 4-6 wk[24]. It tends to cause significant
bilateral visual loss or complete blindness and is usually
discovered on waking from the surgical procedure[13]. In
the ASA Registry of spine-related ION, 46% of the patients reported had no light perception[9], which is usually
permanent. Like AION, PION may also be classified as
either arteritic or nonarteritic. The arteritic form is attributable to temporal arteritis and the nonarteritic form is
seen most commonly following spine surgery.
A host of hemodynamic derangements could contribute to the development of postoperative PION including: hypotension, anemia, increased venous pressure,
prone positioning during surgery, increased cerebrospinal
fluid, and direct ocular compression[25]. Anemia and hypotension are almost always observed in patients that
develop postoperative PION[26]. The pial vessels that
supply the posterior optic nerve lack an autoregulatory
mechanism, rendering them susceptible to ischemia during periods of hypotension and when the blood oxygen
carrying capacity is decreased[27]. However, studies comparing patients with POVL after spine surgery with those
of controls demonstrated no difference in perioperative
hematocrit and blood pressure, suggesting a multifactorial cause[10,28].
The prone position, a key element to spine surgery,
is also the setting in which the majority of postoperative
PION is observed. Prone positioning, especially when in
the Trendelenburg position, leads to increased orbital venous pressure through an increase in abdominal venous
pressure, thus increasing resistance to local blood flow[29].
Direct orbital pressure, often seen with face pillows/
cushions or other positioning devices, has also been implicated in the pathogenesis of PION. However, with the
resultant decreased perfusion pressure to the optic nerve
head and central retinal artery, AION or CRAO would
be more likely observed[26]. Avoidance of the prone position and direct ocular pressure is insufficient, however, to
prevent postoperative PION, as cases have been documented following surgery in the supine position and with
the use of head pins[3,9,30].

Figure 2 Fundoscopic exam of acute anterior ischemic optic neuropathy
demonstrating blurring of the optic disk margin from edema.

of central retinal vein thrombosis[14].

VISION LOSS AFTER SPINE SURGERY
Ischemic optic neuropathy
Postoperative ION is a devastating complication that can
occur after a variety of surgical procedures, most often
following cardiothoracic surgery[15], instrumented spinal
fusion[16,17], and head and neck surgery[18]. ION can be
categorized as either anterior or posterior, depending
on whether the insult occurs in the anterior or posterior
portion of the optic nerve. The type of ION observed
varies depending on the type of surgery performed, with
AION occurring most frequently after cardiac surgery
and PION occurring most frequently after spine surgery
in the prone position or radical neck dissection[9].
Anterior ischemic optic neuropathy
AION is likely caused by occlusion or hypoperfusion of
the anterior optic nerve head by the PCAs and typically
presents with sudden onset painless vision loss and a visual field defect. It is distinguished on fundoscopy by diffuse
or segmental disc edema with ensuing atrophy and sometimes splinter hemorrhages around the optic disc (Figure
2)[19,20]. AION can be further classified as either arteritic
or nonarteritic. Arteritic AION is rarely found perioperatively. It is caused by temporal arteritis and often presents
in the elderly with an elevated erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP), markers that are
entirely non-specific in the postoperative period[21].
Nonarteritic AION occurs both spontaneously in the
community and in the perioperative setting, often in patients with pre-existing vascular disease[22]. Additional risk
factors include diabetes mellitus, arterial hypotension, arterial hypertension, blood loss, prone positioning during
surgery, prolonged surgery, atherosclerosis, sleep apnea,
and migraine[13]; however, it can occur in patients that are
otherwise healthy. The pathology is likely a combination
of these factors, perhaps together with abnormal autoregulation and other patient specific characteristics that
predispose to ischemic injury[23]. Perioperative nonarteritic AION is most often associated with cardiac surgery,

WJO|www.wjgnet.com

Risk factors associated with ischemic optic neuropathy
and spine surgery
Recently in 2012, the Postoperative Visual Loss Study
Group published a multicenter case-control study that
explored the risk factors for ION after spinal fusion sur-
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gery in the prone position[11]. Prior studies of ION after
spine surgery were limited by small numbers without
appropriately matched controls or by lack of associated
intraoperative data (estimated blood loss, fluids administered, type of surgical frame, case duration, etc.)[4,5,10]. This
study comparing 80 cases from the ASA Postoperative
Visual Loss Registry to 315 controls from 17 institutions
throughout the United States addressed these shortcomings. Obesity, male sex, Wilson frame use, longer
anesthetic duration, greater estimated blood loss, and decreased percent colloid administration were significantly
and independently associated with ION after spinal fusion surgery[11].

creased oxygen carrying capacity and blood flow to optic
nerve such as from hypovolemia, anemia, large blood
loss, and peripheral vascular disease, have also been suggested etiologic factors for CRAO. The use of horseshoeshaped headrest has been associated with this complication. Hollenhurst et al[1] described CRAO in eight patients
after prone spine surgery on horseshoe headrest. In fact
CRAO in spine surgery was subsequently referred to as
“headrest syndrome[22]”. Increased risk is also observed in
patients with altered facial anatomy, osteogenesis imperfecta, and exophthalmos, all of which can increase effects
of external compression[36].
CRAO is often unilateral in presentation with severe
visual loss in the affected eye. Patients are found to have
a cherry-red spot on the macula, a white ground-glass appearance of the retina, attenuated arterioles, and an afferent pupillary defect[37]. Visual loss from CRAO is almost
always irreversible and there are no established effective
treatment options.

Theoretical mechanisms for ischemic optic neuropathy
after prone spine surgery
The most popular pathophysiologic explanations used today for ischemic optic neuropathy during prone position
are the elevation of venous pressure and development
of interstitial edema[11]. Theoretically, these two processes
can cause damage to the optic nerve by compression
of the vessels that feed the optic nerve, venous infarction or direct mechanical compression. A rise in central
venous pressure can occur in obese patients when their
abdomen is compressed during prone position. Venous
pressure can also elevate when the head position is lower
than the heart, a given when patients are placed in the
Wilson frame. Lower oncotic pressure leading to a growing interstitial edema can occur when there is significant
inflammation and capillary leak such as in situations of
major blood loss and/or prolonged cases. The same can
occur when less colloid is used overall. Thus far, these
explanations are simply theories that require further investigation. Why the male sex appears to be a risk factor
for ischemic optic neuropathy during prone position is
still a puzzle, but it has been suggested that estrogen may
serve a protective role[31].

Cortical blindness
Cortical blindness is the result of decreased perfusion to
the occipital cortex by the posterior cerebral artery. The
cause is either hypoperfusion or embolic phenomenon.
Patients with cortical blindness have normal light reflex
and fundoscopic examination as the optic tracts and radiations are unaffected. When one side is affected, the
patient presents with contralateral homonymous hemianopsia. If both sides suffer ischemic insult, the patient
may have peripheral vision loss or complete blindness.
Cortical blindness may improve initially after the infarct,
but total recovery is rare.
PRES
PRES is a neurologic syndrome that presents as a combination of seizures, visual changes, vomiting, headache,
and decreased level of consciousness. It is associated
with acute medical illnesses such hypertensive episodes,
autoimmune disease, malignancy, chemotherapy, immunosuppressant therapy, infection, renal disease, vasculitis,
eclampsia, and preeclampsia[38]. Although more closely
identified with obstetric patients, PRES has also been
reported after lumbar fusion [39], hysterectomy [40] and
video-assisted-thoracoscopic wedge resection[41]. PRES
has characteristic MRI findings. There are two leading
theoretical explanation for PRES. One is acute increase
in blood pressure above the brain’s autoregulatory limit
thereby causing brain edema. The other pathophysiologic
explanation is cytotoxic drugs or diseases causing endothelial injury and edema formation. Management is appropriate use of anti-seizure and anti-hypertensive agents
and treatment of causative factor(s). Unlike ION and
CRAO, PRES has a favorable recovery pattern.

Retinal ischemia: Branch and central retinal artery
occlusion
Central retinal artery occlusion (CRAO) decreases blood
supply to the entire retina, whereas occlusion of a retinal
branch (BRAO) affects only a portion of the retina. Both
are ophthalmic emergencies and analogous to an acute
stroke of the eye. Retinal ischemia has been documented
in both adults and children following ocular trauma[32],
and also embolic[33] and vasospastic episodes[34].
With respect to spine surgery, these conditions are
mostly commonly seen during the perioperative period
from improper patient positioning and external compression on the eye[35]. Of the 93 cases submitted to the ASA
Visual Loss Registry, there were 10 cases of CRAO[9], representing a much smaller percentage than ION. Perioperative trauma was noted in 70% of the cases, as evidenced
by corneal abrasion, ipsilateral decreased supraorbital sensation, ophthalmoplegia, ptosis, or unilateral erythema[9].
Theoretical mechanisms that have been used to explain CRAO include thromboembolism, direct pressure
to the globe, and increased intraocular pressure. De-
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TREATMENT AND PREVENTION OF POVL
When a patient reports any visual symptoms following
surgery, an urgent ophthalmologic consultation should
be obtained to determine its cause. If an apparent ocular
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Table 1 American Society of Anesthesiologists perioperative visual loss practice advisory consensus conclusions
There is a subset of patients who undergo spine procedures while they are positioned prone and receiving general anesthesia that has an increased risk
for the development of POVL. This “high-risk” subset includes patients who are anticipated preoperatively to undergo procedures that are prolonged,
have substantial blood loss, or both
Consider continuous blood pressure and central venous pressure monitoring in high-risk patients
Consider informing high-risk patients that there is a small, unpredictable risk of POVL
The use of deliberate hypotensive techniques during spine surgery has not been shown to be associated with the development of POVL
Colloids should be used along with crystalloids to maintain intravascular volume in patients who have substantial blood loss
At this time, there is no apparent transfusion threshold that would eliminate the risk of POVL related to anemia
High-risk patients should be positioned so that their heads are level with or higher than the heart, when possible. In addition, their heads should be
maintained in a neutral forward position (without significant neck flexion, extension, lateral flexion, or rotation) when possible
Consideration should be given to the use of staged spine procedures in high-risk patients
POVL: Perioperative visual loss.

injury or central retinal artery occlusion is not obvious,
neuroimaging should be obtained, preferably MRI with
gadolinium to assess for intracranial pathologies, including occipital stroke or pituitary apoplexy[42]. If imaging
is negative, the most likely etiology is ION. Treatment
has often involved high dose steroids, mannitol or other
agents to decrease intraocular pressure, and anti-platelet
agents; however, none of these approaches have been
shown to be effective[13,24,43].
Our group recently examined the effect of crystalloid
versus colloid and the use of the α-agonist Brimonidine
on IOP during prone spine surgery[44]. Of note, the mean
rate of IOP rise in the prone position and mean IOP at
the end of surgery was significantly greater in patients
receiving crystalloid than those receiving colloid. Topical
Brimonidine also led to a significant reduction in IOP,
both intraoperative and postoperative. Ocular perfusion
pressure, however, did not vary significantly between the
groups as hypotension was aggressively treated, suggesting that maintenance of blood pressure may be a more
important factor in determining perfusion pressure. Much
larger studies are needed to determine whether maintaining appropriate ocular perfusion pressure reduces the risk
of POVL after spine surgery.
Given the poor prognosis and lack of validated treatment options, it is essential to take prophylactic measures
during surgery to prevent the development of POVL.
The ASA Task Force on Perioperative Blindness, consisting of anesthesiologists, neuro-ophthalmologists, and
spine surgeons was formed in 2005 to evaluate the literature and develop a practice advisory to help deal with
this issue. In 2006, a “practice advisory” was published
and the consensus conclusions are listed in Table 1[42].
Other guidelines found in this advisory as well as the
update published in 2012[43], suggest periodically checking hemoglobin and hematocrit values, and avoidance of
direct pressure on the globe to avoid CRAO injuries. A
variety of commercially available devices are available to
help limit mechanical ocular compression during prone
surgery, but these still require vigilance on the part of the
surgeon and anesthesiologist as patient movement and
shifting of the device may occur. If POVL is suspected,
additional efforts directed towards optimizing hemoglo-
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bin/hematocrit values, hemodynamic status, and systemic
oxygenation may be appropriate[43].

PERIOPERATIVE VISUAL LOSS IN OTHER
SURGERIES
Perioperative visual loss has also been associated with robotic and laparoscopic surgeries. Cases of visual impairment have been reported to occur in minimally invasive
proctocolectomy, laparoscopic nephrectomy and robotic
prostatectomy[45-48]. During robotic prostatectomy, increased intraocular pressure occurs due to prolonged
duration in steep Trendelenburg position combined with
CO2 insufflation of the abdomen. The central venous
pressure within the thorax increases with Trendelenburg
position, which may reduce drainage of blood flow from
the head, thereby leading to elevation in IOP. During
CO2 insufflation, the increase in intra-abdominal pressure will further augment the increase in intrathoracic
pressure. Furthermore, insufflation of CO2 increases the
carbon dioxide in the blood, which can lead to cerebral
vasodilatation and increased cerebral blood volume. The
end result is elevation in venous pressure. It is unknown
whether the same risk factors for POVL in spine surgery
can be applied to laparoscopic and robotic surgeries, but
it appears venous congestion and interstitial edema are
commonalities among these surgeries. As robotic surgeries gain popularity, studies to find population at risk
are underway. Conservative management, however, with
attempts to decrease venous congestion and interstitial
edema would seem appropriate.

CONCLUSION
In summary, POVL in spine surgery is extremely rare,
but it remains a dreaded complication despite significant
efforts to identify risk factors and a pathophysiological
mechanism. Potential causes of POVL after spine surgery include anterior ischemic optic neuropathy, posterior
ischemic optic neuropathy, cortical blindness, retinal ischemia, and posterior reversible encephalopathy syndrome.
The vast majority of cases are related to ischemic optic
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neuropathy. Many reports have attempted to link hypotension, anemia, and blood loss to the development of
this disease; however, no single mechanism can entirely
explain the varied circumstances in which it occurs. This
suggests a multifactorial etiology and perhaps individual
susceptibility related to varied optic nerve blood supply
and anatomy.
In the largest and most comprehensive study to date,
the Postoperative Visual Loss Group, using data from
the ASA Post Operative Visual Loss Registry, identified
obesity, male sex, Wilson frame use, longer anesthetic
duration, greater estimated blood loss, and decreased percent colloid administration as significant independent risk
factors for the development of ION. These risk factors,
with the possible exception of male sex, are thought to
promote a rise in venous pressure and interstitial edema
limiting optic nerve perfusion. Further studies will hopefully elucidate whether the use of colloid and/or topical
a-agonists to limit the rise in IOP during complex prone
spine surgeries is important in maintaining ocular perfusion and reducing the incidence of POVL.
Given the complete lack of effective treatment modalities, prevention is crucial for limiting the incidence
and destruction of POVL. Practitioners are encouraged
to follow the ASA guidelines listed in Table 1, especially
for patients identified as high risk undergoing procedures
that are known to result in visual loss.
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Impact of rheumatoid arthritis on sexual function
Antonio G Tristano
ity of life in patients with rheumatoid arthritis (RA) that
is not routinely addressed by physicians or health professionals. Sexual functioning is also not part of questionnaires frequently used to assess physical function or
quality of life. It is therefore important that physicians
or any other health professionals in charge of handling
these kinds of patients raise the subject of sexuality
and discuss it with them. On the other hand, there
are not enough studies comparing sexual functioning
between RA patients and healthy controls and the impact of the treatments usually used in RA in improving
sexual function. Because of the impact of this chronic
inflammatory disease on sexual function and because
there are not enough overviews about the impact of
rheumatoid arthritis on sexual function, this systematic
review is intended to cover this important but underestimated problem.
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Abstract
Sexuality is a complex aspect of the human being’s life
and is more than just the sexual act. Normal sexual
functioning consists of sexual activity with transition
through the phases from arousal to relaxation with no
problems, and with a feeling of pleasure, fulfillment
and satisfaction. Rheumatic diseases may affect all aspects of life including sexual functioning. The reasons
for disturbing sexual functioning are multifactorial and
comprise disease-related factors as well as therapy.
Rheumatoid arthritis (RA) is a chronic inflammatory
autoimmune disease characterized by progressive joint
destruction resulting from chronic synovial inflammation. It leads to various degrees of disability, and ultimately has a profound impact on the social, economic,
psychological, and sexual aspects of the patient’s life.
This is a systemic review about the impact of RA on
sexual functioning.

Tristano AG. Impact of rheumatoid arthritis on sexual function.
World J Orthop 2014; 5(2): 107-111 Available from: URL:
http://www.wjgnet.com/2218-5836/full/v5/i2/107.htm DOI:
http://dx.doi.org/10.5312/wjo.v5.i2.107

INTRODUCTION
RA may affect all aspects of life including sexual functioning. These factors include: pain, fatigue, stiffness,
functional impairment, depression, anxiety, negative body
image, reduced libido, hormonal imbalance, and drug
treatment[1].
The percentage of arthritic patients who experience
sexual problems ranged in various studies from 31% to
76%[2-5]. The reasons for disturbing sexual functioning are
multifactorial and comprise disease-related factors as well
as therapy. It can occur before, during and after sexual
activities, and can affect sexual health in different perspectives. Normal sexual functioning consists of sexual activity with transition through the phases from arousal to relaxation with no problems, and with a feeling of pleasure,

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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fulfillment and satisfaction[6,7]. Sexuality and its expression
are important for healthy and ill individuals and therefore
a crucial part of an individual’s self-identity[8].
There are not enough studies comparing sexual functioning between rheumatoid arthritis (RA) patients and
healthy controls. However, there is a tendency to find
more sexual functioning problems in patients with RA.
These patients could experience sexual disability and diminish sexual drive, with pain and depression being the
most common symptoms.

had had previous sexual experience was 83.3%; 58.3% of
these had disease-related sexual problems. Hill et al[3] studied 58 adults an average of 14.5 years after the diagnosis
of juvenile RA. They found that two thirds had mild to
moderate disease, good sexual adjustment and “normal”
educational achievement, employment history and lifestyle. One third had severe disease, often with progressive
disability; this did not prevent sexual activity but caused
some limitations.
A possible explanation of these differences between
young and adult patients could be by the fact that JIA
manifests in childhood before the establishment of
definite links, relationships, and complete growth. Thus,
these children are able and have the opportunity and
possibility to learn and build up new strategies and developmental mechanisms, such as alternative movements,
gestures, and sexual positions, indicating better adaptive
skills related to their new reality and life aspects, including
sexual functioning[19].
In contrast with this theory, Foster et al[21] evaluated
quality of life (QOL) in adults with JIA, and they found
that the SF-36 scores for bodily pain, general health,
physical functioning, vitality, emotion, and social isolation
were significantly worse in patients compared with controls, and this trend increased with increasing age of the
patients and disease duration. Another important question is whether or not there is any difference between
patients with early RA compared with RA patients with
long-standing disease. Karlsson et al[22], found that patients with early RA were less satisfied with life as a whole
at disease onset compared to patients with long standing
disease. Patients with early RA also reported low levels of
satisfaction with self-care activities, work and sexual life.
Women reported that they were more satisfied than men.
Notably, women report themselves as less satisfied with
sexual life after two years of disease duration. Women
with long-standing disease report even lower levels of
satisfaction. No correlation was found between disease
activity variables and satisfaction with life as a whole.
There were, however, positive correlations between disease activity and both satisfaction with partnership and
with family life after two years. In patients with early RA
compared with those who have chronic RA, the early
intervention in addition to the modern early pharmacological treatment practiced today will hopefully lead to a
higher degree of life satisfaction.
On the other hand, it is recognized that androgenic
status could be related to sexual function. However, hypogonadism or testicular dysfunctions do not necessarily
reduce sexual activity. In a study by Gordon et al[4], it was
shown that RA can cause hypogonadism with sexual dysfunction such as impotence and decreased libido.

SEXUAL FUNCTION IN RA PATIENTS
Sexual functioning is a neglected area of quality of life in
patients with RA that is not routinely addressed by physicians or health professionals. Sexual functioning is also
not a part of questionnaires frequently used to assess
physical function or quality of life. In a recent survey of
ten rheumatologists, only 12% of patients seen in their
practice were screened for sexual activity. The reasons
given by rheumatologists were time constraints, discomfort with the subject, and ambivalence whether such a
screening is in their domain or not[9].
The sexual problems in RA could be attributed to
physical and psychological variables. Physical variables include difficulties in performing sexual intercourse (sexual
disability), while psychological variables include depression, altered body image, worries about partner interest,
and diminished sexual drive reflected in both diminished
desire and satisfaction[2,10-14]. Difficulty in assuming certain positions when hip or knee movements are limited,
dyspareunia due to vaginal dryness in secondary Sjogren’
s syndrome, and joint pain and fatigue during intercourse
are the principal manifestations of sexual disability; the
latter is experienced by 50%-61% of RA patients[11,15,16].
The majority of patients with RA are female, and
there are differences in sexual health between women
and men with RA[17]. It has been shown that women with
RA have fewer sexual fantasies and masturbate less than
controls, and during intercourse, pain is the dominant
problem, as well as limited joint mobility, but there are no
differences in satisfaction[15,18].
On the other hand, in a study of male adolescents and
adults with juvenile idiopathic arthritis (JIA) masturbation
and intercourse were practiced equally between patients
and controls, although joint pain during intercourse was
significantly more frequent among patients. Moreover,
although some patients experienced joint pain associated
with greater functional disability as indicated by higher
HAQ scores, overall sexual pleasure and satisfaction were
preserved[19]. In contrast, van Berlo et al[18] found that
adult males with RA felt less sexual desire than controls
(healthy volunteers); however, patients do not differ from
controls regarding sexual satisfaction.
Packham et al[20], in a study of 246 adult patients
with long-standing JIA, found that 50% of them felt a
detrimental effect on body image but only 28.2% of the
patients experienced problems with their relationships.
The percentage of patients who were sexually active or
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tients are: difficulties in performing sexual intercourse
(sexual disability); and diminished sexual drive, reflected
in both diminished desire and satisfaction.
Hill et al[23] found that 56% of RA patients reported
that arthritis placed limitations on sexual intercourse
mainly due to fatigue and pain. It has been shown that
when the hip joint is severely affected, total hip replacement improves sexual disability to pre-disease levels in
50% of sexually active patients with RA[24]. On the other
hand, diminished sexual drive is manifested by a decrease
in desire in 50%-60% of RA patients, reduced frequency
of intercourse in up to 73% of patients, increase in aversion to sexual interactions, and diminished sexual satisfaction over time compared to pre-disease levels[11,15,16].
Elst et al[25] showed that 50% of patients with RA lost
sexual interest during the course of their disease and 60%
were dissatisfied with quality of their sex life. However,
Ostensen et al[26], in a study of patients with history of juvenile chronic arthritis (JCA), showed that in the younger
age group and patients with inactive or less active disease,
sexual activity and frequency of intercourse was not different from healthy, age-matched controls. Furthermore,
female patients who shared characteristics of marital
status with their healthy counterparts showed a similar attitude to sexual activity.
Other studies attributed sexual problems in RA to
psychological variables such as depression, altered body
image, and worries about partner interest[2,10-14].
Moreover, it has been found that in healthy females,
anxiety is associated with reduced frequency of intercourse, whereas depression is an important factor in both
loss of libido and loss of sexual satisfaction[13,14].
Kraaimaat et al[5] found that physical disability, pain,
and depression all contribute to the intrusiveness of RA
on sexuality. Gutweniger et al[27] found that morning stiffness in female RA patients plays an important role in
their feelings of being a handicap. Female RA patients
with a high degree of morning stiffness also had significantly more worries about body image and experienced
more sexual dissatisfaction than females with lower degrees of morning stiffness.
Recently, Abdel-Nasser et al[28] studied 52 female patients with RA. They found that 32 patients had difficulties in sexual performance including 9 patients who were
totally unable to engage in sexual intercourse because of
arthritis. More than 60% of female RA patients experienced variable degrees of sexual disability and diminished
sexual desire and satisfaction. Difficulties in sexual performance were related more to disability and hip involvement, while diminished desire and satisfaction were influenced more by perceived pain, age and depression. They
also found that 27% of their patients had genital tract
abnormalities that could influence sexual performance.
However, these abnormalities can be easily controlled by
prompt gynecological referral.
In another recent study, van Berlo et al[18] found that
male patients felt less sexual desire, and female patients
masturbated and fantasized less than controls. Differ-
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ences in satisfaction were not found. Male and female
patients did not experience more sexual problems than
controls. Up to 41% of the men, and up to 51% of the
women have troubles with several joints during sexual
activities. Medications influencing ejaculation in men correlated with distress with orgasm.
Finally, El Miedany et al[29] showed that among 231
rheumatoid arthritis patients included, 49/91 (53.8%)
men and 64/140 (45.7%) women reported sexual dysfunction. Erectile dysfunction in men, and problems with
orgasm, arousal, and satisfaction in women, were the
most prevalent manifestations.

IMPACT OF RA IN COUPLE’S
RELATIONSHIP
Majerovitz et al[30], when the relationship between functional disability and sexual satisfaction for both rheumatic
disease patients and their spouses was examined and their
levels of sexual satisfaction to those of healthy comparison couples were compared, found that rheumatic
disease and comparison couples did not differ in sexual
dissatisfaction. However, greater functional disability was
related to greater sexual dissatisfaction for patients and
spouses.
Bermas et al[31], in a cross-sectional survey of 79 persons with RA and 78 spouses, correlated their marital
satisfaction. They found that patients and spouses were
generally satisfied with their marriages. Moreover, it was
showed that lower marital satisfaction in patients was associated with higher education level, patient’s greater use
of escape into fantasy, patient’s greater use of finding
blame, and spouse’s higher use of escape into fantasy.
Spouses less satisfied with their marriages were more likely to use passive acceptance and less likely to find blame.
Female spouses were less likely to be satisfied in their
marriages than male spouses. They concluded that certain
passive coping styles, more highly educated patients and
female spouses are associated with lower marital satisfaction in persons with RA and their spouses.
Kraaimaat et al[5] studied whether physical disability,
pain, depressive mood, and criticism by the spouse are
differentially related to intrusiveness of RA on sexuality in male and female patients. They found that physical
disability, pain, and, to a lesser extent, depression were
found to contribute to intrusiveness of RA on sexuality.
However, female patients, compared with male patients,
appeared to have lower levels of mobility and self-care.
They suggested that differences in sexual motivation between men and women might have been influential in the
absence of gender differences in intrusiveness.

TREATMENT RECOMMENDATIONS
One of the most important issues about the treatment of
sexual dysfunction associated to RA is the fact that neither
the sexual functioning is routinely addressed by physicians
or health professionals, nor is it part of frequently used
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Table 1 Factors associated to sexual dysfunction in rheumatoid
arthritis and recommendations for specific symptoms
Sexual dysfunction

Factors implicated

Sexual disability

Limited mobility
Pain, fatigue

Dyspareunia
Diminished desire
Diminished satisfaction
Impotence

6

Recommendations

Change position
Analgesic, heat, and
muscle
Morning stiffness
Relaxation before activity
surgery
Vaginal dryness
Vaginal lubrication,
estrogen cream
Anxiety, depression Counseling,
antidepressive
Altered body image Drugs1
Hormonal imbalance Sidenafil, sex therapy

7
8
9

10
11

Could decrease libido (Modified from Ref[33]).

1

questionnaires to assess physical function or quality of life.
For example, in Europe, United Kingdom health professionals should monitor the sexual activity of RA patients;
however, a recent study showed that 66% of RA patients
were never asked about the impact of RA on their sexual
lives[23]. The common problem is communication, so an
open communication including inquiry about sexuality
in routine care is the first step to improve the situation.
To allow the patients to present problems and concerns
without embarrassment is also important. After an open
communication is achieved, the treatment will depend on
the specific patient’s symptoms (Table 1). However, there
are some general recommendations including: discussion of the problems with the partner, principally about
the partner’s fear in causing pain or distress during sexual
intercourse; exploring different positions; using analgesic
drugs, heat, and muscle relaxants before sexual activity in
order to decrease pain; exploring alternative methods of
sexual expression; and physiotherapy[32-34].

12

13

14
15
16

17
18

CONCLUSION
Sexual function in patients with rheumatoid arthritis
has not been well studied. There are not enough studies
comparing sexual functioning between RA patients and
healthy controls and the impact of treatments usually
used in RA in improving sexual function.
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Techniques and accuracy of thoracolumbar pedicle screw
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thoracolumbar spine should theoretically be cannulated
with ease via a free-hand technique, given appropriate
training and experience. Despite these global recommendations, appropriate techniques must be chosen at
the surgeon’s discretion. Such determinations should
be based on the surgeon’s experience and the specific
pathology that will be treated.
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Core tip: Pedicle screws are currently placed in the
thoracolumbar spine via three main techniques: freehand, fluoroscopy guidance, and stereotactic navigation. Various studies have reported success with each
of these techniques. However, it is clear that there is
some difficulty in comparing such studies due to differing definitions of accuracy and methods of evaluation.
Regardless, it is evident that image-assisted techniques
provide some benefit when cannulating mid-thoracic
vertebral levels and vertebrae that have altered morphology due to deformation from complex pathologies.
However, a surgeon’s ultimate decision must be based
on individual experience and comfort with a given technique.

Abstract
Pedicle screw instrumentation has been used to stabilize the thoracolumbar spine for several decades. Although pedicle screws were originally placed via a freehand technique, there has been a movement in favor
of pedicle screw placement with the aid of imaging.
Such assistive techniques include fluoroscopy guidance
and stereotactic navigation. Imaging has the benefit of
increased visualization of a pedicle’s trajectory, but can
result in increased morbidity associated with radiation
exposure, increased time expenditure, and possible
workflow interruption. Many institutions have reported
high accuracies with each of these three core techniques. However, due to differing definitions of accuracy and varying radiographic analyses, it is extremely
difficult to compare studies side-by-side to determine
which techniques are superior. From the literature, it
can be concluded that pedicles of vertebrae within the
mid-thoracic spine and vertebrae that have altered
morphology due to scoliosis or other deformities are
the most difficult to cannulate. Thus, spine surgeons
would benefit the most from using assistive technologies in these circumstances. All other pedicles in the
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INTRODUCTION
Since it was first described by Boucher[1] in the 1950s,
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error of 5° off the pedicular axis, due to anatomically
small pedicle diameters[17]. Apart from complexity associated with normal anatomy, pedicles can be difficult to instrument due to presenting pathologies. In patients with
significant scoliosis, rotation and asymmetric compression of vertebrae can significantly alter pedicle anatomy
and complicate pedicle screw placement[20]. Surgeons
must be cognizant of such asymmetries intraoperatively
as there is little margin for error in optimal screw placement in the thoracic spine. In reality, there are three
general technique classes currently used by surgeons for
placement of pedicle screws. Techniques can be classified
as either free-hand (i.e., without the aid of any imaging)
or assisted with either fluoroscopy or stereotactic navigation technology. Free-hand technique relies on appreciation of normal and abnormal spinal anatomy, as the
surgeon is entirely reliant on pre-operative imaging and
intra-operative anatomical landmarks. Assistive fluoroscopy and navigation are helpful in that they guide pedicle
screw placement more or less in real time, but are limited
by time costs and in the case of fluoroscopy, significant
radiation exposure.
Assistive techniques were designed to decrease the
breach rate and improve pedicle screw placement accuracy. However, it is unclear whether assistive technologies
actually decrease cortical breach and improve outcomes
when compared to free-hand techniques. There have
been many studies both illustrating institutional practices
and pedicle screw placement accuracy, but due to differing definitions of breach and the lack of explicit control
groups, many of these studies are difficult to interpret.
In this review, we first define different methods of assessing cortical breach of pedicle screws and summarize
the literature to date concerning pedicle screw placement
accuracy by these various techniques. From this analysis,
we hope to make conclusions regarding the necessity of
assistive technology when placing pedicle screws in the
thoracolumbar spine.

Figure 1 Axial computed tomography image depicting lateral breach of a
pedicle screw intended for the L4 vertebrae.

used more extensively by Roy-Camille et al[2] later in the
1960s and 1970s, and then downclassified from an FDA
Class Ⅲ to Class Ⅱ device in 1998, pedicle screw instrumentation has been steadily gaining popularity. This
technology is now almost exclusively used when securing
fusion constructs in the thoracolumbar spine, due to the
purported improved fusion rates and rigidity afforded
by these constructs[3-9]. Furthermore, studies have found
that pedicle screws are biomechanically advantageous
when compared to predecessors, including previous rod
and hook systems[10-12]. Furthermore, pedicle screws are
generally considered to be safer than other constructs, including sublaminar wiring, which often necessitate placement of instrumentation within the spinal canal with
resultant neurological risk[13].
Initially, pedicle screws were used more frequently
in the lumbar spine, where pedicles are thicker and thus
easier to cannulate and generally have trajectories that
do not skirt important neural or vascular structures. In
particular, these lower spinal levels are less susceptible
to serious neural damage from medially directed screws,
as components of the cauda equina are much less prone
to damage[14]. However, the inherent biomechanical advantages of pedicle screws led to their adoption in the
thoracic spine. In the thoracic spine, there is admittedly
a much lower margin of error, as errant screws are capable of injuring the spinal cord and other structures
intimately related to the vertebrae, including the thoracic
pleura, esophagus and intercostal and segmental vessels.
Other structures within the thoracic cavity at risk include
the thoracic duct, azygous vein, inferior vena cava, and
aorta[15].
Placement of thoracic pedicle screws can be even
more challenging as the thoracic vertebrae tend to be
more anatomically varied than lumbar vertebrae when
considering pedicle angles and attachment to the vertebral body[16]. This is particularly observed at the middle
thoracic levels (T3-T9), which have the narrowest pedicles and have decreased space between the medial border
of the pedicle and spinal cord[17-19]. Studies have estimated
that screws placed in this region have a 1 mm translational margin of error and a maximal permissible rotational
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BREACH CLASSIFICATION
As mentioned previously, incorrect placement of pedicle
screws (Figure 1) is a potential source of great patient
morbidity. As such, there has been a large volume of data
concerning how best to interpret pedicle screw cortical
breaches. Several metrics have been applied to characterize cortical breach. These metrics vary slightly when
applied in studies from different institutions, which adds
an extra level of difficulty when comparing study results.
However, they often all require the use of postoperative
CT scans, which are generally accepted as being the most
beneficial imaging study when judging pedicle screw accuracy[21-25].
In essence, variations of two grading scales are currently used to describe pedicle screw placement. In the
first, which is often referred to as the Gertzbein scale,
cortical breaches are described by the extent of extracortical screw violation. In this system, Grade 0 screws are
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Table 1 Gertzbein classification

[5]

Table 2 Heary classification

Grade

Breach distance

Grade

0
1
2
3

0 mm (no breach)
< 2 mm
2-4 mm
> 4 mm

1
2
3
4
5

those that are fully contained within a pedicle with no evidence of cortical breach, while higher grades are assigned
in breach distances of multiples of 2 mm, where distance
is measured from the medial border of the pedicle (Table
1)[5]. This scale was first applied when assessing screws
placed from T8 to S1. During this initial application, the
scale was intended to only assess the degree of spinal canal encroachment, as lateral screws were excluded from
graded classification. A later study by Youkilis et al[14]
slightly altered this classification to specify three different
grades: Grade 1 screws did not show evidence of pedicle
breach, Grade 2 screws breached 2 mm or less, and Grade
3 screws were those that breached more than 2 mm. However, recent studies have expanded on the original Gertzbein scale by applying it in every direction of possible cortical breach. One more recent study pioneered the use of
this graded classification in each of six possible directions
of cortical breach: anterior, lateral, medial, inferomedial,
inferolateral, and superior. As such, each screw was given
six different grades ranging from 0-3[25].
In practice, multiple studies have used variations of
the Gertzbein classification and initial assertions from his
pioneering study have been used to define pedicle screw
accuracy. Gertzbein and Robbins noted that at the levels
investigated by the authors, cortical breaches of greater
than 4 mm were associated with neurologic deficits, leading them to conclude that this 4 mm range may constitute a “safe zone” for screws placed from T10 to L4[5].
Other studies have similarly termed breaches ranging
from 2 mm medially and 4 mm laterally as a “safe zone”[26].
However, these safe zone definitions reflect opinions that
have not necessarily been substantiated by specific data
or facts.
A study conducted by Heary et al[22] noted that such
grading of inaccurate screw placement may not be representative of clinical repercussions of cortical breaches. In
particular, the thoracic spine is characterized by pediclerib complexes, where laterally penetrating pedicle screws
can often be contained within the posterior rib. In fact,
the study’s authors considered lateral breach at midthoracic and lower thoracic regions to be sometimes
optimal, as additional bony rib purchase could theoretically increase pullout strength. As such, at these levels,
they advocated for the use of larger screws at these levels
with the intention of lateral pedicle breach. At T1 or
T2, where nerve root injury was a greater concern due
to their role in upper extremity function, smaller screws
were purposefully used to more easily keep screws within
the pedicles. The Heary classification is summarized in
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[22]

Breach
None
Lateral, but screw tip is within VB
Anterior or lateral breach of screw tip
Medial or inferior breach
Breach that requires immediate revision (due to proximity to sensitive structures)

Table 2. In essence, this classification scheme serves to
stress that some screws require immediate removal due
to proximity to critical structures (Grade 5), while other
screws that breach laterally but are still contained within the
rib may be acceptable (Grade 2). Additionally, this scheme
was novel in that it was the first classification that graded
anterior breaches, i.e., those through the vertebral body
(Grade 3). This scale is limited in that it doesn’t consider
the metric extent of breach in any direction, although this
is somewhat rectified by the Grade 5 classification, which
is ultimately most clinically relevant[22].
Other classification schemes include methods that
grade screws as either “in” or “out” by using a cortical
breach threshold defined by the amount of the screw’s
diameter that exists outside of the pedicle. The most notable example of this technique was illustrated in a study
that defined breached screws as those where 25% of the
screw diameter was located outside of the pedicle. In
this study, it was theorized that CT-related metal artifact,
which was estimated to distort perceived screw location
by 25% of the diameter of the screw, could skew perception of cortical breach[27]. Importantly, this particular
breach classification appropriately adjusts for screws that
increase in size at lower vertebral levels. However, this
classification is not often used due to the frequent usage
of the Gertzbein classification scheme.

PEDICLE SCREW PLACEMENT
TECHNIQUES
In the following section, we briefly review each of the
three major classes of techniques: free-hand, fluoroscopyguided, and stereotactic navigation. In these sections, we
describe each technique and discuss some of the salient
pros and cons associated with each technique. Furthermore, studies reporting isolated use of each technique are
provided in a tabular format to demonstrate institutional
success with a given technique and associated concerns.
Comparison studies are also provided when available. For
each study, accuracies and revision rates are listed. Some
studies reported multiple accuracy measurements. For
these studies, accuracies that were defined by the lowest
margin of error were tabulated.

FREE-HAND TECHNIQUE
Free-hand pedicle screw placement relies on an intricate

114

April 18, 2014|Volume 5|Issue 2|

Puvanesarajah V et al . Thoracolumbar pedicle screw accuracy

A

Sup. articular
facet and plane

B

Visual bisection of "a"
Bony "ledge" of
transverse process
Transverse
process

1
Point of entry with
air drill or awl

Mamillary
process

Accessory
process

2 Pedicle
finder
Pars interarticularis
Bony confluence

Mamillary
process

a. Superior articular facet
b. Transverse process
c. Pars interarticularis

From posterior aspect:
Entry point is near center
of Bony confluence
triangulated by the
proximal widths of a,b,con or near bony "ledge"

Accessory
process
Superior
endplate

Superior endplate
Pedicle
Tapping screw
(Diameter-0.5
mm smaller)

Pedicle
screw
Transverse process

T4 nerve root

3

Superior articular
facet and plane

Mamillary
process

Transverse process

4
Pedicle
screw

Entry
point

Spinous
process

Spinous
process

Pedicle entry points for L5 vertebrae

Pedicle entry points for T4 vertebrae

Figure 2 Artist depiction of the entry site used in the T4 (A) and L5 (B) vertebrae. Image has been reproduced from manuscript published by Parker et al[27].

appreciation of the relationship of various anatomical landmarks at each level of the thoracolumbar spine.
Analogous entry sites guided by differential anatomy are
utilized for both the thoracic and lumbar spine. These
anatomical sites are specified in such a way that allows
direct trajectory along the pedicle axis, providing maximal
screw stability. Before targeting an initial entry site, an
intraoperative localizing radiograph is often performed to
assess spinal alignment.
In the thoracic spine, the lower border of the superior articular facet, the medial border of the transverse
process, and the pars interarticularis form a triangle, the
center of which should be targeted for initial entry (Figure
2A)[27]. This has been variably reported as “the base of
the superior articular process at the junction of the lateral
one-third and medial two-thirds[28].” Within the thoracic
spine, entry sites tend to be more medial and cephalad
when progressing from T12 to T7. Above T7, entry sites
tend to be more lateral and caudad[29]. In the thoracic
spine, the “in-out-in” technique, where screws are intentionally placed more laterally to decrease the risk of medial breach and potentially increase bony rib purchase, is
often also utilized. The “in-out-in” technique can also be
used in situations where patients have congenitally small
thoracic pedicles
In the lumbar spine, the entry site is located at the intersection of the bony confluences of the pars interarticularis, the transverse process, and the mammillary process
of the vertebrae that will be instrumented (Figure 2B)[27].
In patients with degenerative joint disease that precludes
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adequate pedicle screw stability at this location, an appropriate entry site would be one that is further medial, at
the inferior border of the superior articular process[27].
After using a drill or awl to create a hole at the thoracic pedicle entry site, a trajectory that parallels the superior
endplate is often used due to biomechanical superiority
over more anatomical trajectories[30]. A curved gear shaft
pedicle probe should first be directed laterally to avoid
medial breach for approximately 15-20 mm. This distance
represents a distance just past the widest portion of the
spinal canal. At this point, the risk of medial breach is decreased significantly and the probe or drill can be directed
more medially to prevent lateral breach. After assessing
the integrity of the tract with a feeler, it is optional to first
use a “tap” to determine if the screw tract is correct and
appropriately directed, before using the final, larger screw.
There have been several studies that have investigated
the accuracy of free-hand techniques for pedicle screw
placement. Selected studies from the last ten years that
reported case series where screw placement was only performed via the free-hand method are reported in Table
3. In these studies, accuracy rates ranged from 71.9% to
98.3%[5,9,23,26,27,31-33]. Of note, the lowest accuracies were
associated with the mid-thoracic spine. In particular,
Parker et al[27] found that screws inserted into T4 and T6
were most likely to breach, while Modi et al[26] found that
screws inserted into the pedicles of T5-T8 had a greater
incidence of breaches, particularly those that breached
beyond a 6-mm wide safe zone. Furthermore, as expected, free-hand techniques have been noted to have a
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Table 3 Summary of studies that have evaluated free-hand pedicle screw placement
Most common pathology Screw location Number of patients Number of screws Accuracy (%) Revision rate (%)
Gertzbein et al[5], 1990
Liljenqvist et al[9], 1997
Kim et al[23], 2004
Karapinar et al[31], 2007
Schizas et al[32], 2007
Kotil et al[33], 200
Modi et al[26], 2009
Parker et al[27], 2011

Trauma
Scoliosis
Scoliosis
Trauma
Trauma
Trauma
Scoliosis
Degenerative/Deformity

T8-S1
T4-T12
T1-T12
T10-L3
T1-T6
T1-L5
T1-T12
T1-S1

40
32
Unclear
98
13
Unclear
43
964

167
120
577
640
60
368
854
6816

71.9
75.0
93.8
94.2
88.3
93.5
93.0
98.3

N/A
N/A
0
0
0
1.5
N/A
0.8

N/A: Not applicable.

movement of the equipment into the surgeon’s working
field, disrupting the workflow and thus increasing operating time. Apart from trivial decreases in efficiency,
increased operating times are associated with very real
clinical consequences for patients. Increased operating
times have been associated with increased incidences of
surgical site infection[36].
The radiation risk associated with fluoroscopy during pedicle screw placement has been well-studied in
the literature. This risk exists for both the patient and
the surgeon, the latter of whom arguably has a greater
chance for later development of adverse side effects.
Three studies have used anthropomorphic phantoms to
approximate radiation exposure in patients treated with
pedicle screws guided via intraoperative fluoroscopy[37-39].
In the most recent study, the study’s authors first acquired
radiation exposure data (including total duration of radiation exposure, parameters associated both AP and lateral
images, and the cumulative dose-area product) from 20
patients undergoing procedures requiring pedicle screw
instrumentation. Using this data, the authors subsequently treated anthropomorphic phantoms with embedded dosimeters with radiation beams to represent clinical
operative exposure. From this experimentation, they were
able to approximate the radiation dosage experienced by
various organ systems. The study found that on average
4.8 pedicle screws were placed, with the average pedicle
screw placement requiring 1.2 and 2.1 min of AP and
lateral radiation exposure. When the applicable dose was
applied to the anthropomorphic phantom, radiation doses were centered over L4, which the study found to be
the most common location of screw placement. This resulted in a mean dose of 1.5 mSv[37], which is comparable
to radiation doses postulated by other studies that have
noted mean effective doses of 6.8 mSv[38] and 1.0 mSv[39],
which as expected are somewhat dependent on the number of pedicle screws used and the time it takes to seat a
pedicle screw, the latter of which can be directly attributable to surgeon experience. Perisinakis et al[37] estimated
that the adjusted risk of fatal cancer in patients receiving
an average of 4.8 pedicle screws at the L4 level was about
110 per million, which when compared to a spontaneous
cancer risk of 200000 per million is fairly insignificant.
This data suggests that radiation exposure during fluoroscopy is not a relevant consideration when evaluating

significant learning curve. In one particular study, accuracy rates were observed to increase when comparing the
accuracy rate of the entire study (71.9%) to that of only
the last 25% of placed screws (84.0%)[5].
The greatest benefit from usage of a free-hand technique lies in decreased radiation exposure and decreased
procedure time. Both increased radiation exposure and
operative time will be discussed at length in later sections
that review both fluoroscopy and navigation techniques.

FLUOROSCOPY-GUIDED
Free-hand pedicle screw placement is essentially a blind
technique that relies on correct identification of anatomical landmarks, surgeon experience, and reproducible
technique to ensure adequate screw placement. As such,
early on, the learning curve associated with usage of this
technique became apparent, leading to increased surgeonusage of image-assisted techniques. One such assistive
technology is intraoperative fluoroscopy. Intraoperative
fluoroscopy relies on serial X-rays to allow surgeons
to view a screw’s trajectory in real time. Fluoroscopy is
used so often during pedicle screw placement that it has
been referred to as the “conventional” method, perhaps
reflecting its almost expected usage when attempting to
employ free-hand techniques[34,35].
Fluoroscopy often utilizes a C-arm to take AP and
lateral images parallel to the superior endplate. After an
entry site hole is created using anatomic landmarks as described above, it is subsequently marked and the C-arm is
utilized in either a lateral plane, anterior-posterior plane,
or a combination of both at the level to be instrumented.
Subsequent serial images guide surgeon screw placement.
Fluoroscopy has a much lower associated learning curve when compared to free-hand pedicle screw
placement. In theory, the breach rate should be lower as
fluoroscopy can give surgeons a chance to correct errors
while the surgical field is still open. However, this added
safety mechanism comes at a cost. The use of intraoperative fluoroscopy is associated with increased operating
times and increased radiation exposure. Increased operating times are mostly due to the time it takes to request
a technician and subsequently set-up a C-arm, including
sterile draping and positioning of the device at the correct location. Additionally, each use of the C-arm requires
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Table 4 Summary of studies evaluating fluoroscopy-aided pedicle screw placement
Most common pathology Screw location Number of patients Number of screws Accuracy (%) Revision rate (%)
Halm et al[44], 2000
Belmont et al[7], 2001
Carbone et al[45], 2003
Kuntz et al[46], 2004
Vougioukas et al[47], 2005
Amato et al[48], 2010

Scoliosis
Scoliosis
Trauma
Trauma
Degenerative
Degenerative

T10-L4
T1-T12
T1-T12
T1-T12
T1-T12
L1-S1

12
40
22
28
41
102

104
279
126
199
328
424

81.7
57.0
86.5
27.6
78.0
92.2

8.3
5.0
N/A
N/A
0.0
8.8

N/A: Not applicable.

the merits of this assistive modality during pedicle screw
placement. However, it must be noted that these cancer
risks are heightened in pediatric populations and patients
who have much larger numbers of pedicle screws placed.
As such, patients with adolescent idiopathic scoliosis and
other significant deformities should be considered at increased risk, although likely still significantly less risk than
that incurred from daily living[37].
Although patient radiation exposure is a significant
consideration, it is arguable that cumulative surgeon
radiation exposure from years of instrumentation procedures is a much more pressing concern. In one study that
placed a dosimeter both inside and outside of the thyroid
shield to approximate whole-body and thyroid radiation
doses, respectively, it was determined that within ten
years, a thirty-year old surgeon would supersede the maximum allowable whole body radiation dosage[40]. However,
this study did not take into account the dose reduction
that occurs through wearing a lead apron, which is estimated to be around 94%[41]. The study further found that
thyroid doses were significantly lower than the threshold
suggested by the same organization. Hands, on the other
hand, are subjected to radiation doses without any real
lead protection and undoubtedly receive a significant radiation dose[42].
In recognition of this potential safety issue, studies
have postulated that minimizing fluoroscopic time and
moving away from beam sources may be indicated to
decrease surgeon radiation exposure[43]. Hand doses can
be reduced with lead impregnated gloves, which reduce
radiation exposure by 33%[42]. Though most studies have
focused on surgeon radiation exposure, it is also important to note that other individuals on a surgical team are
at similar risk for heightened radiation doses[43].
Studies have generally shown that accuracy rates of
screws placed with this technique have ranged from as
low as 27.6% to above 90%. These results are summarized in Table 4, which lists a series of publications that
reported institutional experience with only fluoroscopic
guided pedicle screw technique[7,44-48]. The accuracy range
observed here is extended by a study by Kuntz et al[46],
which reported absence of cortical breach in only 27.6%
of studied screws. This rate is substantially lower than
that reported in other studies that used intraoperative
fluoroscopy to guide thoracic screws, owing to the fact
that a majority of the screws included in this study were
placed in the mid-thoracic region (T3-T9), a region with
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proven screw placement difficulty, and that many of the
screws were purposefully chosen such that their diameters were larger than corresponding pedicle widths (for
purported increased pullout strength).
Interestingly enough, the combination of narrow
pedicles and difficult pedicle trajectories in the midthoracic spine again resulted in the greatest number of
misplaced pedicle screws. The same Kuntz study noted
that “high-risk medial wall perforation” was observed
much more frequently when trying to place screws into
the pedicles of T3-T9[46].
In addition to its use with open techniques, fluoroscopy is often also used with percutaneous pedicle screw
placement. Percutaneous screws placed under fluoroscopic guidance have been shown to be as least as accurate as screws placed with open techniques, if not more
accurate[49-52].

IMAGE-GUIDED OR STEREOTACTIC
PEDICLE SCREW PLACEMENT
Stereotactic neurosurgical techniques were first applied
during cranial procedures before being applied in the spinal axis, an inherently complex structure due to numerous degrees of freedom. Stereotactic guidance requires
initial image registration for eventual computer model
generation. This computer-generated structure must then
be matched to the actual operating room volume space
by way of fiducial markers placed on prominent bony
landmarks, a spinal reference marker, and subsequent
matching of these points to analogous points on the generated image. This process was originally accomplished
with a pre-operative CT and then surgeon matching of
points on the computer-generated image to anatomical
points on the patient[53]. From the reference marker, “virtual” fiducial markers, and strategically placed cameras
in the operating room, a surgeon’s instruments can be
triangulated and displayed relative to a 3D reconstruction
displayed on a screen within the operating room. This allows the surgeon to plan screw entry site and adjust the
trajectory of screws in real-time.
However, with increased use of fluoroscopy and
more recently intraoperative CT scans, both the reference marker and fiducials are now often placed on bony
landmarks prior to image acquisition within the operating room. This prevents any inaccuracy that might result
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techniques, which often rely on CT-based image registration, still result in increased radiation exposure to
the patient. Recent technological developments, such as
helical CT, can potentially limit this radiation risk to the
patient[57].
Studies evaluating the individual use of image-guided
techniques have reported accuracy rates ranging from
91.5%-97.7% (Table 5)[14,53-55,58-62]. These rates are subjectively much higher on average than the rates observed for
both free-hand and fluoroscopy-guided screw placement.
Again, perforation rates were higher in the mid-thoracic
spine[14].
Navigation techniques have also benefited from direct
comparisons with other techniques in both retrospective and prospective institutional studies with multiple
treatment groups (Table 6)[34,35,56,63-66]. These studies have
almost unilaterally shown that image-guided techniques
have improved accuracy when compared to fluoroscopybased[34,35,56,64-66] and free-hand techniques[63]. Of interest, one study by Waschke et al[66] directly calculated the
improvements in accuracy that were observed with CTnavigated pedicle screw placement in both the thoracic
and lumbar spine. In the lumbar spine, accuracy improvements were marginal, with a reported accuracy of 96.4%
with CT-navigation, as compared to 93.9% with fluoroscopy. However, in the thoracic spine, CT-navigation was
associated with a breach rate of 4.5%, while fluoroscopy
resulted in breached screws 21.0% of the time, suggesting that image-guided techniques have much higher benefit when applied in the thoracic spine. CT-navigation may
similarly be advantageous over fluoroscopy in the context
of minimally invasive screws[67].

from re-positioning of the patient that undoubtedly occurs between pre-operative CT scans and transition to the
operating table[54]. Fluoroscopy, as it was first pioneered,
only captures images in the lateral and AP planes. As
such, appreciation of pedicular structure is typically limited to only two planes. The development of intraoperative 3D imaging techniques has given surgeons the ability
to navigate in a truly three-dimensional fashion, without
the inaccuracy of images generated by preoperative scans.
Recently, intraoperative CT scanners and O-arms have
been used more frequently for pedicle screw navigation
purposes.
In its infancy, navigated pedicle screw placement was
limited by poor image registration due to re-positioning
after pre-operative CTs and computing power. However,
currently, these limitations are relatively non-existent with
the development of sophisticated intraoperative CT and
O-arm technology. Regardless, there are still some clear
limitations associated with the technique. For example,
image-guided techniques have been associated with decreasing accuracy with increasing distance from the spinal
reference marker[54-55]. Furthermore, it is reasonable to
believe that the process of tapping vertebrae and placing
screws can cause motion of vertebral segments relative to
one another and can also result in advertant movement
of the reference arc. To circumvent any errors caused by
such motion, more frequent auto registration verification
steps must be taken, which can add time to procedures.
Scheufler et al[55] further noted that certain inaccuracies
pertaining to CT image registration exist with respiration,
which moves the entire vertebral column. This was most
notable at the mid-thoracic levels. Theoretically, ventilation could be halted during image acquisition, although
this carries its own risks.
One of the more prominent criticisms of imageguided techniques centers on associated workflow interruption and additional time costs when compared to
free-hand techniques. Much time is spent on vertebral
registration and assessing image quality, which can vary
from patient to patient. However, some studies have noted that surgical navigation systems used by well-trained
operating room staff can decrease surgical time when
compared to usage of intraoperative fluoroscopy[56]. Another possible criticism is the exorbitant cost associated
with purchase and installation of an image-guided surgical suite.
As mentioned earlier, fluoroscopy-guided pedicle
screw placement has been associated with increased radiation exposure to both the operating room staff and
the patient. Since image registration occurs fairly infrequently, as compared to fluoroscopy shots, there is very
little radiation exposure to operating room staff and the
surgeon. In particular, there is theoretically much less radiation exposure to the surgeon’s hands, which are probably the most exposed area during fluoroscopic-guided
techniques. During image registration via intraoperative
imaging, both the surgeon and operating staff can move
safely away from the radiation source. However, these
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DISCUSSION
Regardless of technique, pedicle screw-based instrumentation remains one of the strongest posterior fixation
techniques for the thoracolumbar spine. In essence, it is
only limited by the risk of patient morbidity due to errant
screw placement. As such, techniques such as fluoroscopy and stereotactic screw placement have come in vogue
to improve on free-hand technique. In combination, all
three techniques have resulted in impressive pedicle screw
accuracies. A recent meta-analysis investigating studies
published between 1990 and 2009 demonstrated that
89.2% of 7533 pedicle screws were placed accurately[68].
For the most part, pedicle screw placement technique
as it is practiced today anecdotally appears to be based
more or less on institutional practices and surgeon preference. Understandably, there has been a recent push
across the field for usage of more guided techniques, to
instill confidence and assure the best patient outcome.
In keeping with this message, published data has generally reported improved pedicle screw accuracy with such
techniques. However, it must be noted that accuracy data
from studies must be interpreted. As mentioned before,
studies invariably have different metrics for assessing
screw accuracy and thus may present improved institu-
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Table 5 Summary of studies evaluating navigation-aided pedicle screw placement
Most common pathology
Idler et al[53], 1996
Youkilis et al[14], 2000
Bledsoe et al[58], 2009
Nottmeier et al[59], 2009
Oertel et al[60], 2011
Scheufler et al[55], 2011
Dinesh et al[54], 2012
Lee et al[61], 2013
Ling et al[62], 2013

Screw location Number of patients Number of screws Accuracy (%) Revision rate (%)

Postlaminectomy instability and
spinal stenosis
Assorted
Cervical deformity
Unclear
Degenerative Disease
Idiopathic and Degenerative
Deformity
Metastasis

L1-S1

30

139

95.7

N/A

T1-T12
T1-T3
T1-S1
T8-S1
T2-S1

52
34
184
50
46
43

91.5
93.3
92.5
96.8
T-96.5
LS-94.4
97.3

N/A
0
N/A
0
4.3

T1-T12

224
150
951
278
Ta-243
LSb-542
261

Degenerative Spondylolisthesis
Degenerative Disease

T1-S1
T5-S1

178
92

932
467

96.8
95.3

1.5 (intraop)
1.2 (postop)
1.4
1.3 (intraop)

T: Thoracic spine; LS: Lumbosacral spine; N/A: Not applicable.

Table 6 Studies comparing navigation methods to either free-hand or fluoroscopic methods
Most common pathology

Screw
location

Method

Amiot et
Degenerative
T2-S1
CTal[34], 2000
disease
navigation
Laine et al[63],
Spinal
T8-S1
CT2000
stenosis
navigation
Rajasekaran
Deformity
T1-T12 Fluoroscopyet al[56], 2006
navigation
Merloz et
Trauma and
T8-L5 Fluoroscopyal[35], 2007
degenerative disease
navigation
Tormenti et
Deformity
T1-S1
CTal[64], 2010
navigation
Shin et al[65], Degenerative disease T9-S1
O-arm
2013
navigation
Waschke et
Trauma and
T1-S1
CTal[66], 2013
degenerative disease
navigation

Patients Screws Revision Accuracy Method Patients Screws Revision Accuracy Study
(n )
(n ) rate (%)
(%)
(n )
(n ) rate (%)
(%)
design
50

294

41

219

0

95

17

4
(intraop)
242
N/A

26

140

N/A

95

12

164

0

98.8

20

124

505

5
(intraop)
2422
1.2

95.4
98

91.9
L-96.4
T-95.5

Fluoroscopy
Freehand
Fluoroscopy
Fluoroscopy
Fluoroscopy
Fluoroscopy
Fluoroscopy

100

544

2

85.0

R, P

50

277

86.8

P

16

236

0
(intraop)
N/A

77.0

P

26

138

N/A

87.0

R

14

211

7.1

94.8

R

20

138

87.7

P

501

2002

5
(postop)
4.4

L-93.9
T-79.0

R

R: Retrospective; P: Prospective; N/A: Not applicable.

tional accuracies with certain techniques solely due to
differing interpretations of misplacement or breach. A
clear example of this is the usage of accuracy to variably
represent everything from placement of the entire screw
within the pedicle to placement of the screw within a
six millimeter wide “safe zone” (four mm laterally and
two mm medially)[26]. The concept of a “safe zone” has
been based on previous assertions by Gertzbein et al[5]
that there is a total of 4 mm of allowable medial pedicle
screw encroachment within the lower thoracic spine and
lumbar spine consisting of 2 mm of epidural space and
2 mm of subarachnoid space. In the thoracic spine, this
“safe zone” has been generally decreased to 2 mm to
reflect both reduced margin of error[17] and to adjust for
cortical expansion and benign pedicle fracture[7]. Regardless of previous literature examinations of this notion of
a “safe zone”, it is important to point out that the “safe
zone” is fairly arbitrary and warrants discussion of the
true necessity of its existence as a conceptual entity. A
more realistic measure would be revision rates or patient
morbidity, which are direct clinical entities that are not re-
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flected in reported accuracy rates. Both morbidity and revision rates are much lower than reported accuracy rates,
suggesting that perhaps ever increasing accuracy rates
might be associated with diminishing returns in terms of
patient outcomes. One last consideration that provides
added difficulty in comparing and interpreting reported
accuracies is that accuracy rates have a large dependence
on the relative proportions of various instrumented
levels. A preponderance of lumbar screws, for example,
invariably inflates accuracy as these vertebrae tend to
have much larger pedicles that are easier to instrument
when compared to those in thoracic vertebrae. Due to
these reasons, systematic reviews are not completely effective at painting a complete picture when comparing
pedicle screw placement, although several have been published[69,70].
As alluded to earlier, the study of pedicle screw placement techniques and their relative accuracies is important
in terms of revision of faulty screws. In the literature,
screw revision rates are low and generally occur less than
once out of every forty pedicle screws placed[55,64,71-73].
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assess pedicle screw placement before full closure of the
patient, albeit at increased radiation risk to the patient.
Usage of image-guided techniques has clear benefits
due to improved pedicle visualization. However, it may
not be needed and might ultimately result in an added
hindrance that can be avoided with free-hand pedicle
screw placement without endangering the patient. The
benefits and disadvantages of each technique must be appropriately weighed on a patient-by-patient basis in order
to establish the best possible treatment strategy that both
limits morbidity and ensures positive patient outcomes.
Ultimately, it is the surgeon’s experience with a particular
screw technique that determines his or her ability to accurately place pedicle screws.

However, screw revision can be difficult and time-consuming, as the faulty screw track often hinders effective
screw repositioning[61]. When considering screw revision
time and possible decreases in biomechanical stability, it
is reasonable to use image-guided techniques when there
is a high chance of failure.
Considering this information, we have fairly specific
recommendations concerning pedicle screw placement
and choice of technique. It is the authors’ opinion that
free-hand pedicle screw placement still has a definite
role in modern day posterior instrumentation. It is difficult to argue against this technique when used in either
the lumbar spine and/or in patients with no significant
deformity. Anecdotally, these patients would derive less
benefit from image-based techniques that require more
radiation exposure and operating room time. Placement of lumbar screws have a much larger margin of
error when compared to thoracic screws, due to pedicle
size and the transition of the spinal cord into the cauda
equina[17]. However the free-hand technique has demonstrated reasonable results with regards to accuracy in thoracic pedicle screw placement in the hands of surgeons
well versed with the free-hand technique. It is particularly
important to mention that accuracy with the free-hand
technique increases with experience[5], as noted earlier,
although a recent study demonstrated a 15% breach rate
of thoracic pedicle screws when placed by neurosurgery
residents, a rate that is comparable to reported accuracies
and suggests that less experienced surgeons may be able
to place pedicle screws with high accuracy[74]. Regardless,
the free-hand technique may be limited in patients with
complicated pathology that can make it difficult to accurately place screws.
In patients with significant deformity or a requirement of mid-thoracic instrumentation, image-guided
techniques are recommended. In the literature, high accuracies have in fact been demonstrated in patients with
severe scoliosis when using the free-hand technique.
However, this can be extremely challenging as even with
the aid of pre-operative imaging as curve correction can
alter the expected trajectory of non-anatomic pedicles.
Thoracic screws similarly pose challenges due to inherent
anatomical characteristics. This is particularly evident in
the mid-thoracic spine, which is characterized by narrow
pedicles[17-19]. As expected, this region is characterized by
the lowest accuracy rates[14,26,27,46]. This has real clinical
consequences, as the mid-thoracic region is also associated with a smaller “safe zone” in terms of injury to
sensitive structures. Usage of pedicle screws at the T4-T9
vertebral levels has an increased risk of injury to both the
cord and the aorta[75].
Regardless of technique, there are a number of
methods by which pedicle screw placement accuracy
can be improved. Such methods include saline irrigation of drilled pedicles to detect breaches[76], endoscopic
visualization[77], and electromyographic monitoring[78].
Additionally, with the advent of O-arm and intraoperative CT technology, surgeons can now radiographically
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CONCLUSION
There are many published studies evaluating the use of
free-hand technique, fluoroscopy-guidance, and stereotactic navigation in placing thoracolumbar pedicle screws.
Between studies, assessment of screw accuracy varies
significantly, which adds difficulty when interpreting and
comparing them. When considering time expense and
radiation exposure, it is our recommendation to utilize
free-hand techniques when instrumenting regions outside
of the mid-thoracic spine in pathologies without significant deformity. Screws placed in the mid-thoracic spine
and/or in spines with significant deformity should be
guided stereotactically to ensure accuracy. However, these
are general recommendations and ultimately appropriate
screw placement techniques should be determined on a
case-by-case basis, taking into account a surgeon’s experience.
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Core tip: In patients with neuromuscular disease, the
likelihood and severity of the scoliosis increase with the
degree of neuromuscular involvement. There is little
doubt that segmental instrumentation techniques have
revolutionized the care of patients with neuromuscular
scoliosis by providing lasting correction and significant
relief of pain and by restoring quality of life and sitting
position. The state of knowledge regarding neuromuscular scoliosis is a dynamic process, and a current
literature review is mandatory. The somewhat large
bibliography for this subject reflects the many opinions
and findings currently available.

Abstract
Neuromuscular disorders are a group of diseases affecting the neuro-musculo-skeletal system. Children
with neuromuscular disorders frequently develop
progressive spinal deformities with cardio-respiratory
compromise in the most severe cases. The incidence of
neuromuscular scoliosis is variable, inversely correlated
with ambulatory abilities and with a reported risk ranging from 80% to 100% in non-ambulatory patients. As
surgical and peri-operative techniques have improved,
more severely affected children with complex neuromuscular deformities and considerable co-morbidities
are now believed to be candidates for extensive surgery for spinal deformity. This article aimed to provide
a comprehensive review of how neuromuscular spinal
deformities can affect normal spine balance and how
these deformities can be treated with segmental instrumentation and sub-laminar devices. Older concepts
have been integrated with newer scientific data to provide the reader with a basis for better understanding of
how treatment of neuromuscular scoliosis has evolved
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INTRODUCTION
Scoliosis is a three-dimensional deformity of the spine
with lateral, antero-posterior and rotational components.
In most cases, the disease is idiopathic. Non-idiopathic
cases are often secondary to neuromuscular diseases affecting the neuro-musculo-skeletal system.
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with neuromuscular scoliosis and must be managed (preand post-operatively) by a multidisciplinary team of care
providers. A multidisciplinary approach is the key to a
successful outcome. Comorbidities often make corrective
operations high-risk procedures. Orthopedic surgeons
experienced in undertaking major spine reconstruction,
anesthesiologists, pulmonologists, cardiologists, nutritionists and pediatricians must work together to evaluate and
handle these complex surgical patients to obtain the best
possible outcomes[1,3,7-9].
Furthermore, the post-operative complication rate
is much higher (approximately 30%) in patients with
neuromuscular deformities, compared to patients with
idiopathic scoliosis. Therefore, the risk-to-benefit ratio is
an important parameter that must be considered before
surgery as the results can be gratifying if patients are
properly selected[2,6,10].
Luque rods, or variations on the Luque technique,
often remain the preferred instrumentation for neuromuscular curves. The success of treatment depends on
the maintenance of a balanced spine on the coronal and
sagittal planes over a level pelvis[11-13].
This article aims to provide a comprehensive review of
how neuromuscular spinal deformities can affect normal
spine balance and how such deformities can be treated with
segmental instrumentation and sub-laminar devices.
Older concepts have been integrated with newer scientific data to provide the reader with a basis for better
understanding of how treatment of neuromuscular scoliosis has evolved over the past few decades. Recent advances, as well as challenges that remain to be overcome,
are outlined in the surgical treatment of neuromuscular
curves with sub-laminar devices and in the management
of post-operative infections.

Table 1 Incidence
Diagnosis

Incidence of scoliosis

25% (GMFCS Ⅰ and Ⅱ) to 100%
(GMFCS Ⅳ and Ⅴ)
Charcot-Marie-Tooth disease
30%
Myelodysplasia
60% (lumbar level) to 100% (thoracic level)
Spinal muscular atrophy
70%
Friedreich ataxia
80%
Duchenne muscular dystrophy
90%1
Paralysis from spinal cord injury
100%
Cerebral palsy

The incidence of neuromuscular scoliosis is variable. Among patients
with neuromuscular disorders, the probability of developing scoliosis is
inversely correlated with ambulatory ability, with a reported risk ranging
from 80% to 100% in non-ambulatory patients. 1Corticoids have lowered
this percentage[47].

Children with neuromuscular disorders frequently
develop progressive spinal deformities, with cardiorespiratory compromise in the most severe cases. Among
patients with neuromuscular disorders, the probability of
developing scoliosis is inversely correlated with ambulatory ability, with a reported risk ranging from 80% to
100% in non-ambulatory patients (Table 1). Patients with
neuromuscular disorders have many similarities in curve
patterns, despite different etiologies of the main disease;
therefore similar strategies are implemented for treatment.
Neuromuscular scoliosis is characterized by a long
collapsing spine, pelvic obliquity and changes in sagittal
plane alignment that can affect sitting balance and cardiorespiratory function. Long C-shaped thoraco-lumbar and
lumbar curves are very often diagnosed in patients with
underlying neuromuscular pathologies. Associated negative predictors include osteopenia and concomitant congenital malformations, which are responsible for rapid
progression (collapsing spine)[1-3].
Patients with neuromuscular disorders tend to develop scoliosis at younger ages than patients with idiopathic
scoliosis, and a large proportion of neuromuscular curves
are progressive and often non-responsive to orthotic
management. Unlike idiopathic scoliosis, neuromuscular
spine deformities can progress beyond skeletal maturity,
particularly in wheelchair-bound patients[1,3-6].
Surgical treatment is more complex in neuromuscular
scoliosis than in idiopathic scoliosis. Complex reconstruction can be necessary to obtain satisfactory results.
However, a bone stock of poor quality, longer fusions,
the frequent need for fusion to the pelvis and increased
bleeding can significantly affect operative time and make
such surgery difficult.
As surgical and peri-operative techniques have improved, more severely affected children with complex
neuromuscular deformities and considerable co-morbidities are now believed to be candidates for extensive surgery for spinal deformity[1,4-6].
Pulmonary, neurologic, genitourinary, nutritional and
gastroenterological comorbidities are common in patients
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HISTORY AND PRINCIPLES OF SURGICAL
TREATMENT
Surgical management of scoliotic curves in patients with
neuromuscular conditions has evolved over the past five
decades. Segmental fixation, sub-laminar wires, L-rods,
unit-rods and sub-laminar bands have been progressively
developed for the treatment of neuromuscular curves and
they now form part of the armamentarium of the spinal
surgeon in addressing such deformities. The surgical treatment must be adapted to the severity of the deformity
and the neuromuscular disease. The treating surgeon
should not be a prisoner of a single strategy; rather, the
strategy should depend on the health of the patient (Table
2).
Segmental fixation (early 1960s)
The concept of segmental fixation was pioneered in 1963
by Resina and Alves from Portugal, by fixation with segmental wiring for the treatment of scoliotic curves[11].
Stainless steel wires are passed through a hole at the
base of the spinous processes (one wire per vertebra) and
are twisted around to two straight rods placed on either
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Table 2 Surgical risk
Surgical risk
Average
Increased
High

Walking abilities

Weight

Cardiac Function

Respiratory function (VC)

Sleep

Comorbidities

Ambulatory
Ambulates with aid
Non ambulatory

> 40 kg
20-40 kg
< 20 kg or
obese

Normal
Reduced
Significantly impaired

Normal
Reduced, but > 50%
< 50%

Normal
Hypersomnia
Nocturnal hypercapnic Hypoventilation,
Obstructive sleep apnea

No
Yes

In addition to neuromuscular pathology, factors such as walking abilities, nutritional status, cardiopulmonary function and the presence of other comorbidities, must be considered prior to surgery to minimize surgical risk. Morbidity is higher in non-ambulatory patients, with reduced weight and impaired
cardiopulmonary function.

Table 3 Decade 1980-1989
Decade-Year of publication
1980-1989
1982
1986
1988

Authors

Patients Neuromuscular condition
(n )

Instrumentation

Complications (number of
patients)

Allen et al[13]
Sponseller et al[14]
Gersoff et al[16]

10
34
33

Cerebral palsy
Cerebral palsy
Cerebral palsy

L-rod
Interspinous process instrumentation
L-rod

1989

Broom et al[18]

74

Various

L-rod

1989

Boachie-Adjei et al[17]

46

Various

L-rod

5 deep wound infections
Complications rate: 15%
1 death;
3 deep wound infections;
2 pressure sores;
6 sets of broken rods;
1 distal rotation and
migration of the rod
Complications rate: 18%
3 cases of pseudarthrosis;
3 deaths
Complications rate: 13%

Most significant works published between 1980 and 1989.

side of the spine.
This technique allows for translation of the spine and
correction of the deformity (mostly on the frontal plane)
using an even distribution of corrective forces.

wire should be temporarily bent over the lamina.
Segmental instrumentation with sub-laminar wires
results in even distribution of corrective forces with two
lateral fixation points on each segment, which provide
good rotatory control. The rods apply pressure on the
spine to correct the deformity[12-16].
The L-rods and wire constructs aim at translation and
coronal and sagittal balancing, rather than derotation,
as their principle, so the extent of derotation is not the
purpose that is intended to be achieved with this technique. Because there are multiple points of fixation with
the Luque technique, the patient does not have to wear a
brace after surgery. Therefore, segmental instrumentation
with sub-laminar wires has been widely adopted in the
treatment of neuromuscular curves because it provides
rigid fixation and allows for early mobilization without
external support[12,16-18].
Overall, the technique has proved to be safe and relatively easy to perform with a relatively low complications
rate, providing rigid fixation and predictable correction
with minimal post-operative external support required,
and it is applicable for a wide variety of spinal deformities, offers a high rate of fusion with a low incidence of
failure of the instrumentation and provides sagittal plane
correction comparable to more recent implants.

Sub-laminar wires and L-rods (late 1970s)
Eduardo Luque from Mexico popularized sub-laminar
wires to attach to L-shaped rods during the late 1970s
(Table 3)[12].
In Luque’s system, two L-shaped rods are placed on
either side of the spine, and they are wired to each of the
vertebrae. The L-rods are contoured or bent to conform
to the curve and to provide proper sagittal alignment.
The wires are threaded through the spinal canal at each
vertebral level and are then twisted around the rods on
each side of the spine. The wires are usually doubled (to
reduce the risk of fracturing the lamina), with one end
joined by a bead and the other by a loop. The beaded end
is contoured by creating a small bend at the tip that will
emerge on the cephalad side of the lamina. A flatter contour minimizes intrusion into the canal. However, it is important to bear in mind that once metal wires are passed
under the lamina, great care must be taken to ensure that
none of the operating team inadvertently pushes one of
the wires into the canal. To minimize this danger, each
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Table 4 Decade 1990-1999
Decade-Year Authors
of publication

Patients
(n )

Neuromuscular Instrumentation
condition

Complications
(number of patients)

1990-1999
1991

68

Various

Luque-Galveston
instrumentation

1992
1992

Hopf et al[35]
44
Neustadt et al[36] 18

14 hardware problems;
7 cases of pseudarthrosis;
3 neurologic deficits
Complications rate: 35%

Various
Various

CDI of the pelvis

1992

Onimus et al[37] 32

Cerebral palsy

1 hardware failure;
1 deep wound infection
Complications rate: 11%
3 deaths;
10 other

Gau et al[34]

Complications rate: 41%
1996

Sussman et
al[38]

25

Cerebral palsy

1997

Frischhut et
al[39]

41

Various

1997

Marchesi et
al[40]

25

L-rod

Outcome/Conclusions

Posterior spinal fusion with CDI of the pelvis
is an effective treatment for patients with
neuromuscular scoliosis.
Pain disappeared in 2/3 of cases;
sitting position was acquired in all the cases
at follow-up;
motor possibilities improved in 25% of
cases;
associated medical pathologies were
reduced in 67% of cases.
Posterior fusion and instrumentation from
the upper thoracic spine to L5 without
anterior fusion provides adequate
correction and control of spinal deformity
for many patients with cerebral palsy

29 L-rod, Luque3 deep wound infections
Galveston, CDI and
Complications rate: 7%
ISOLA; 12 Harrington
instrumentation
Duchenne mus- L-rod with sacral screws
In every patient, a good sitting balance
cular dystrophy
could be restored after surgery

Most significant works published between 1990 and 1999. CDI: Cotrel-Dubousset instrumentation.

Unit-rod for segmental spinal fixation (late 1980s)
The unit-rod (U-rod) technique was developed in the late
1980s by Bell, Moseley and Koreska from Canada[19].
This technique uses a U-shaped, double, prebent rod,
and it is a modification of Luque’s segmental instrumentation technique, which, in contrast, must link together
two single L-shaped rods[20-22].
The distal portion of the U-rod is inserted into both
iliac wings, while the middle and proximal portions are
wired to sub-laminar wires threaded through the spinal canal at each vertebral level, from the upper thoracic (T1-T2)
to the lower lumbar (L4-L5) spine. Sub-laminar wires are
progressively twisted around the U-rod from caudal to
cephalad to provide gradual deformity correction.
U-rod instrumentation has become a common, standard technique and the primary instrumentation system
for the treatment of pediatric patients with neuromuscular spine deformities and pelvic obliquity (Tables 4 and 5).
The technique is simple to apply, it is less expensive than
most other systems, and it can achieve good deformity
correction and a low reoperation rate[19].

are made of steel or titanium alloy, the bands with this
technique are made of acrylic or polyester material. The
bands are supple and, once inserted, cannot be inadvertently pushed into the canal.
The sub-laminar system is composed of a connector,
a band-locking set screw, a polyester or acrylic band and,
depending on the manufacturer, a rod-locking set screw.
Compared to Luque’s metal wires, the technique described by Mazda et al[23] allows the surgeon to perform progressive tensioning and deformity correction because of the
simplicity of the implant and the tensioning of the strips[24].
Sub-laminar bands have the same stress resistance as
steel or titanium alloy sub-laminar wires. Moreover, the increased contact area between the bands and bone improves
corrective forces and reduces laminar fracture risk[24].
Today, band-only and hybrid constructs, with lumbar
transpedicular screws, thoracic sub-laminar bands and
pedicle-transverse hooks at the upper end of the curve,
have become widely used and have been shown to provide good correction of spinal deformities, as well as reduced operating time, radiation exposure, and blood loss,
compared to all-screw constructs.

Sub-laminar band technique (late 2000s)
The sub-laminar band devices and technique were first described in 2009 by Mazda et al[23] from France. The technique
is also known as the universal clamp technique (Table 5).
The technique of placing sub-laminar bands is similar
to Luque’s wire technique. However, while Luque’s wires
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SURGICAL TECHNIQUE OF SUBLAMINAR BANDS PLACEMENT
Basic principles
Patients can be treated either with band-only or hybrid
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Table 5 Decade 2000-2011
Decade-Year Authors
of publication

Patients
(n )

2000-2011
2000

Yazici et al[25]

47

2009

Modi et al[20]

52

Cerebral palsy U-rod and pedicle
screws

2010

Nectoux et al[21] 28

Cerebral palsy Luque-Galveston,
U-rod

2010

Modi et al[22]

2011

La Rosa et al[24] 84

27

Neuromuscular
condition

Instrumentation

Complications (number of patients)

Outcome/Complications

Various

ISOLA-Galveston

2 deep wound infections;
2 hardware removals;
4 cases of pseudarthrosis;
1 pseudarthrosis repair
Complications rate: 19%
2 deaths;
1 neurologic deficit;
17 respiratory complications (atelectasia,
pneumonia, hemothorax)
Complications rate: 38%
1 case of blindness;
1 death;
16 respiratory complications
(atelectasia, pneumonia,
pneumothorax)
Complications rate: 64%
1 death;
4 respiratory failure;
2 neurological deficits;
1 ileus;
2 cases of atelectasia;
3 UTIs;
7 cases of coccydynia;
1 rod dislodgement
Complications rate: 77%
5 respiratory complications
Complications rate: 6%

ISOLA-Galveston instrumentation
is as safe and effective as other types
of instrumentation

Spinal
muscular
atrophy and
Duchenne
muscular
dystrophy

U-rod and pedicle
screws

Cerebral palsy Universal clamps,
hooks and L-rod

U-rod with pedicle screws provides
good frontal and sagittal plane
correction, as well as pelvic obliquity
improvement (56% correction)

Although flaccid neuromuscular
scoliosis can be corrected well with
U-rod and posterior-only pedicle
screws, there is a high rate of
associated complications

Most significant works published between 2000 and 2011.

instrumentation.
Band-only instrumentation (Figure 1) is a construct
characterized by two bilateral claws at the upper instrumented vertebra (one per side) and sub-laminar bands as
thoracic and lumbar anchorages. Band-only instrumentation should be preferred in non-ambulatory patients.
The hybrid construct (Figure 2) consists of two bilateral claws at the upper instrumented vertebra (one per
side), multiple transpedicular screws as distal anchorages
and sub-laminar bands between the upper claws and distal screws. Hybrid instrumentation can be used in both
ambulatory and non-ambulatory patients.
In cases of severe pelvic obliquity, iliac screws can be
added to both constructs. Moreover, Ponte’s posterior osteotomies can be performed at and around the apex for
rigid curves (less than 30% reduction on bending films).

Auto-stable claws consist of a main pedicular hook
and a counter-hook, which can be placed under the
lamina or above the transverse process of the upper instrumented vertebra (thoracic region). Upper claws and
lumbar screws should be placed before band insertion.
Sub-laminar band insertion
Sub-laminar fixation is performed with the LigaPASS®
system (MEDICREA, Neyron, France), which consists
of a titanium alloy connector, a rod-locking set screw, a
polyester band and a band-locking set screw.
A portion of the ligamentum flavum must be removed from each intervertebral space. Once the canal is
opened, the bands can be placed from caudal to cephalad.
Each band ends with malleable Ti leads. The malleable Ti end is contoured by creating a small bend at the
tip that will emerge on the cephalad side of the lamina.
Contouring the malleable Ti leads helps to slide the band
under the lamina from caudal to cephalad, with a very
low risk of damaging the thecal sac.
If two bands must be slid under the same lamina, the
second band placement can be facilitated using the first
band as a guide. The second band should be inserted between the first band and the lamina. By doing so, the thecal sac is protected throughout the whole insertion maneuver of the second band. Moreover, insertion is easier

Screws and claws
Instrumentation is performed with the PASS® LP side
connection segmental system (MEDICREA, Neyron,
France), using 5.5 mm titanium (Ti) or cobalt-chrome
(Co-Cr) rods, pedicle screws, auto-stable claws, crosslinks and various rod-anchorage connectors locked by
nuts.
Transpedicular screws can be inserted with the freehand technique, and they are mostly placed at the lumbar
level.
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A

B

C

D

A

B

D

E

C

Figure 1 A 16-year-old girls with cerebral palsy (GMFCS IV). This nonambulatory patient was operated on with band-only instrumentation. A: Preoperative supine anteroposterior X-rays; B: Pre-operative supine left bending
X-rays (reducibility of 13%). C: Post-operative supine anteroposterior X-rays; D:
Post-operative supine lateral X-rays.

Figure 2 A 15-year-old boy with a genetic syndrome. This ambulatory
patient was operated on with a hybrid construct. A: Pre-operative standing anteroposterior x-rays; B: Pre-operative supine left bending X-rays (reducibility of
24%); C: Post-operative seated anteroposterior X-rays; D: Pre-operative standing lateral X-rays; E: Post-operative seated lateral X-rays.

as the first band can be glided from caudal to cephalad,
thus bringing the second band into its movement.
The polyester band can be simply passed under the
lamina or inserted in a figure-8 belt (under the lamina
and around the transverse process). In any case, attention
should be paid to ensuring that the band is not twisted
during the passing maneuver.

self-stable band tensioning.
The reduction is performed sequentially by progressively tensioning all the bands with the tension pulleys.
This process gradually translates the spine toward the
rods and reduces the deformity by sharing forces among
all the implants. The tension applied to each band can be
assessed by observing the strain gauge on the pulley.
Maximum reduction is achieved when the band connector is seated on the vertebra. Once the desired reduction is achieved, the band is locked within the connector
by tightening the band-locking set screw. At this point,
the remaining screws and upper claws can also be locked.

Reduction maneuver
Once band placement is completed, all the connectors
can be slid on the previously contoured rod. Subsequently, the two extremities of each band are introduced into
the opening situated below the band-locking set screw,
ensuring that each end of the band is paired correctly
and inserted through the corresponding connector.
The rods are then placed and properly oriented on
both the sagittal and coronal planes without any attempt
to reduce the deformity. In hybrid constructs, rods can
be locked to the lowest lumbar transpedicular screws and
pelvic screws. If band-only constructs are used, the rods
are locked to pelvic screws. Locking of the rods stabilizes
the construct and avoids undesired rotation during band
tensioning. The rods should not be locked to the upper
claws to allow for rod movements during band tensioning and subsequent deformity correction.
The LigaPASS connectors must be locked perpendicularly to the rod on the coronal plane by setting the rodlocking set screw. This procedure prevents the connector
from rotating around the rod and creates a platform for
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WHEN TO OPERATE ON A PATIENT
WITH NEUROMUSCULAR SCOLIOSIS
Indications for and goals of surgical treatment
In neuromuscular scoliosis, bracing is usually not effective, and surgery becomes the primary treatment option[8].
The type of spinal stabilization is influenced by the
age of the patient, the severity of the deformity, the ambulatory status, and the underlying neuromuscular condition.
Posterior instrumentation for neuromuscular deformity treatment should be segmental and low-profile,
with sound pelvic purchase if needed[5,11,18,25]. In all cases,
fitness for surgery and psychological status should be assessed prior to surgery, as the results can be gratifying if
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Hip dislocation, pelvic obliquity and the extent of
instrumented fusion
A large number of patients with neuromuscular scoliosis
have involvement of the sacrum and subsequent pelvic
obliquity. However, patients with neuromuscular scoliosis
can develop pelvic obliquity from other sources, such as
hip joint and other lower extremity contractures, which
will eventually affect the lumbar spine. Furthermore, deformity progression can interfere with trunk stability[32,33].
It is important to assess hip motion and contracture
carefully in any patient with neuromuscular spinal deformity. Hip contracture and dislocation can secondarily
deform the spine dynamically when the patient attempts
to accommodate the hip deformity while sitting.
In cases of unilateral dislocation, pelvic obliquity
increases spine deformities and can cause ischiatic pressure sores and loss of sitting position. In such situations,
hip surgery is recommended. The choice of surgical
procedure depends on the morphology of the femoral
head and the presence of necrosis and degenerative
cartilage changes. The current recommendations are to
reconstruct the hip whenever it is possible. Otherwise,
a total hip prosthesis or a femoral head resection can be
considered. For patients who present with scoliosis and
hip dislocation, hip surgery is usually performed before
spinal fusion unless pelvic obliquity is caused by the
spine deformity. The goal of orthopedic surgery in nonambulatory patients is to achieve a sitting position with a
level pelvis and an upright trunk position[19,22,24,32].
Instrumentation and fusion should be extended to
the pelvis in non-ambulatory patients with pelvic obliquity. In contrast, instrumented fusion can stop at L5 or
above when the patient is still ambulatory and shows
minimal or no signs of pelvic obliquity. Small amounts
of pelvic obliquity (less than 10° to 15°) are compatible
with comfortable sitting. in contrast, larger fixed obliquities are not compatible with comfortable sitting and must
be corrected surgically or, if not fixed, with wheelchair
modifications[34-36].

patients are properly selected.
Surgical treatment is indicated in large curves (> 50°)
and in curves progressing beyond skeletal maturity. However, puberty can begin earlier or, more frequently, later
in patients with neuromuscular disease (than the puberty
of children with idiopathic curves)[1]. Depending on the
neuromuscular disease, the rate of progression of the
scoliotic deformity during pubertal growth spurt can increase by 2° to 4° per month, especially in patients who
are wheelchair-bound. Scoliosis continues to progress beyond skeletal maturity at a rate of approximately 1° to 4°
per year if the curvature is greater than 50° at the end of
growth, compared to approximately 0.5° to 1° per year
for curves of less than 50°[1,8,26].
In addition, neuromuscular curves are responsible
overall for a greater decrease in lung volumes compared
to idiopathic curves, which, in contrast, are characterized
by normal muscle function[27-29].
Sleep-disordered breathing, with or without nocturnal
hypercapnic hypoventilation, is a common complication
of respiratory muscle weakness in children and adolescents with neuromuscular disorders (Table 2). Nocturnal hypercapnic hypoventilation is a sign of respiratory
muscle fatigue and a poor prognosis. It is recommended
to perform a polysomnographic evaluation, searching for
sleep-disordered breathing in patients with neuromuscular compromise and spinal deformities. Children with
neuromuscular scoliosis are at risk for sleep-disordered
breathing when the inspiratory vital capacity is less than
60% during daytime hours. Moreover, they are at risk for
hypercapnic hypoventilation during the nighttime if their
inspiratory vital capacity is less than 40%, and PaCO2 is
greater than 40 mmHg[30].
Overall, the indications for surgery are: (1) A significant curve resulting in functional disturbance and/or
cardio-respiratory compromise; (2) A progressive spinal
deformity not controllable with orthosis; (3) A small
curve with inevitable progression; and (4) Painful deformities.
The goals of surgical treatment are: (1) To prevent
curve progression; (2) To maintain the spine balanced on
the coronal and sagittal planes, with a level and upright
trunk position; (3) To provide a balanced and comfortable sitting position to reduce repositioning; (4) To
reduce pain; (5) To reduce the discomfort caused by the
impingement of the ribs against the iliac crest on the
concave side of the curve; (6) To maximize patients’
health and function; and (7) To maintain walking ability
in ambulatory patients.
Although spinal surgery can restore proper spinal
alignment, it has some potential disadvantages. In particular, spinal fusion and instrumentation can adversely
affect those patients with neuromuscular disorders who
have developed functional compensation techniques
requiring a short and mobile trunk. Moreover, surgery
stops any further growth over the fused segments, and it
can accentuate hip deformity[1,2,6,31].
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COMPLICATIONS OF SURGERY
Surgical treatment of neuromuscular spine deformities
is more complex than the treatment of idiopathic scoliosis[37-40]. Complex reconstruction can be necessary to
obtain satisfactory outcomes. However, the post-surgical
complication rate is higher in neuromuscular scoliosis
patients, compared to patients with idiopathic scoliosis.
The Scoliosis Research Society Morbidity and Mortality
Committee reported an infection rate of 5.5% for neuromuscular cases compared to 1.4% in idiopathic patients
and a new neurological deficit rate of 1.03% vs 0.73%, respectively[41,42]. These rates are often due to the presence
of multiple comorbidities. Chronic cardiovascular disease
as a consequence of a severe scoliotic deformity can lead
to complications such as hypoxemia, hypercapnia, cor
pulmonale, and pulmonary hypertension. A preoperative
forced vital capacity less than 30% is strongly predictive
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Application of the VAC system
The VAC system consists of a polyurethane ether foam
sponge with open pores, 400 µm to 600 µm in size, a
connecting tube and a plastic sealant. After thorough lavage and removal of all macroscopic contamination, devitalized tissue and loose bone grafts, the VAC sponge is
cut and fitted into the wound. The plastic sealant is used
to cover the sponge and is applied several centimeters beyond the margins of the wound to create an airtight seal.
A cruciate incision is made in the plastic sealant covering the sponge, through which a suction tube is inserted
and fixed. The tubing is connected to a negative pressure
device. The sponge is compressed at sub-atmospheric
pressure (-125 mmHg), continuously or intermittently.
“Controlled negative pressure” is used to evacuate edema
from the wound, increase blood flow, decrease bacterial
load and increase the formation of granulation tissue.
The system also assists the debridement of necrotic tissue and acts as a sterile barrier[33,43].
Intra-operative debridement should involve thorough
lavage and removal of all macroscopic contamination, devitalized tissue and loose bone grafts. No attempt should
be made to remove grafts that are partially or fully fused.
Intra-operative specimens for bacteriological culture must
be obtained before application of the VAC system[33,43].
Canavese et al[43] treated 14 patients with early postoperative infections in which removal of the implant was
undesirable because fusion had not been achieved. These
authors had no patients who required removal of hardware and no loss of correction at an average of 44 mo of
follow-up.

of pulmonary complications, and a significant association
between restrictive lung disease and increased pulmonary
complications has been reported[16-18,22,39].
The nutritional status of patients with neuromuscular
disorders is extremely important, as nutritional depletion has been associated with increased complication
rates[7,34,36,37].
Complications can be divided into early and late. Early complications are those diagnosed immediately after or
within 4 to 6 wk from the index surgery. In contrast, late
complications are diagnosed more than 6 wk after the
index surgery.
Early post-operative complications include infections, cardio-respiratory, neurologic and nutritional issues,
prolonged ileus, constipation, fluid overload, skin breakdown, bleeding and death. Late post-operative complications include chronic infections, non-union, coccigodinia,
crankshaft phenomena, implant-related issues, loss of
correction and inadequate correction[20,21,25,36,37].

MANAGEMENT OF EARLY SPINE
INFECTIONS IN PATIENTS WITH
NEUROMUSCULAR SCOLIOSIS
Deep infections after instrumented fusion for the management of scoliosis are uncommon. However, when
they do occur, they can result in considerable morbidity,
costs and compromise of correction. As surgical and
peri-operative techniques have improved, more severely
affected children with complex neuromuscular deformities and considerable co-morbidities are now believed to
be candidates for extensive surgery for spinal deformity.
In the literature, the rate of spinal infections has been reported to increase with the complexity of the procedure,
ranging between 1.9% and 20.0%[5,7,21,33,43].
In acute deep spinal infection, the goals are to eradicate the infection by proper debridement of infected
and devitalized tissues and to maintain the hardware to
avoid losing correction. Most common organisms are
Staphylococcus aureus and Enterococcus spp. However, rises
in methicillin-resistant S. aureus (MRSA) and S. aureus has
been observed.
Various treatment protocols for debridement, softtissue management and antibiotic therapy have been
recommended with mixed results. The use of the wound
vacuum-assisted closure (VAC) system (KCI Inc., San
Antonio, Texas, USA) has gained increasing popularity in
the management of acute, sub-acute and chronic wounds.
Vacuum-assisted closure is a relatively new technique for
promoting the healing of infected wounds that are resistant to treatment by established methods[33,43].
The controlled application of sub-atmospheric pressure facilitates the formation of granulation tissue, assists
debridement of necrotic tissue and acts as a sterile barrier. Increasing use of the VAC system for complex softtissue injuries has generally resulted in accelerated wound
healing, compared with traditional methods.
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DISCUSSION/CONCLUSION
In patients with neuromuscular disease, the likelihood
and severity of scoliosis increase with the degree of
neuromuscular involvement. There is little doubt that
segmental instrumentation techniques have revolutionized the care of patients with neuromuscular scoliosis by
providing lasting correction, significant relief of pain,
and restoration of quality of life and sitting positions.
Moreover, continuous evolution in segmental instrumentation has increased the percentage of successful surgical
corrections.
However, it must be stressed that although neuromuscular scoliosis can be well corrected with different
constructs (hooks, screws, sub-laminar bands, U-rods,
L-rods), there is a high rate of associated complications[5,33,44,45]. The complication rates have increased with
time, and an increasing number of complications have
been reported in the recent literature. This can be explained by the improvement in complication recording
but also that more severe patients are now operated. The
evidence of such complications should never be underestimated by the treating surgeon, and the rate of such
complications is particularly high in patients with flaccid
neuromuscular scoliosis, i.e., spinal muscular atrophy and
Duchenne muscular dystrophy[22].

131

April 18, 2014|Volume 5|Issue 2|

Canavese F et al . Surgical treatment of neuromuscular scoliosis

The literature regarding the surgical management of
spinal deformities in neuromuscular disorders has suggested that bilateral instrumentation and fusion to either
L5 or the sacrum are the most effective, and multiple fixation points, such as sub-laminar wires or bands, are preferred[23,24,36,38,45]. In our opinion, instrumentation of the
pelvis is indicated in non-ambulatory patients with pelvic
obliquity. Fixation of the pelvis can be obtained with iliac
screws, while hybrid instrumentation (screws, hooks, sublaminar bands) or band-only instrumentation can be used
for deformity correction. Fusion to the sacrum should be
avoided in patients with residual walking ability.
In contrast, ambulatory patients should be fused to
L5 at most with hybrid constructs (screws as distal anchorages, hooks and sub-laminar bands as proximal anchorages).
Restoring the sagittal balance of the spine is one
of the most challenging goals in scoliosis surgery. Sublaminar bands have been demonstrated to provide good
deformity correction on both the coronal and sagittal
planes[46]. Moreover, the operative time, bleeding and radiation exposure are reduced, with a low rate of early or
late surgical complications.
The state of knowledge regarding neuromuscular scoliosis is a dynamic process, so a current literature review
was mandatory. The somewhat large bibliography for this
subject reflects the many opinions and findings presented
here[1,10,43,46,47].
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Pathophysiology, diagnosis and treatment of intermittent
claudication in patients with lumbar canal stenosis
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in the area of Wallerian degeneration. Prostaglandin E1
(PGE1) is a potent vasodilator as well as an inhibitor of
platelet aggregation and has therefore attracted interest
as a therapeutic drug for lumbar canal stenosis. However, investigations in the clinical setting have shown
that PGE1 is effective in some patients but not in others,
although the reason for this is unclear.
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Core tip: The radicular symptoms associated with degenerative disease of the lumbar spine are reported to be
attributable to a combination of mechanical nerve root
compression and resultant circulatory disturbance. Disturbance of blood flow in the cauda equina and nerve roots
is reported to play an important role in the mechanism
of intermittent claudication in patients with lumbar canal
stenosis. Prostaglandin E1 (PGE1) is a potent vasodilator
as well as an inhibitor of platelet aggregation and has
therefore attracted interest as a therapeutic drug for lumbar canal stenosis with intermittent claudication. However, investigations in the clinical setting have shown that
lipo-PGE1 is effective in some patients but not in others,
although the reason for this is unclear.

Abstract
Spinal nerve roots have a peculiar structure, different
from the arrangements in the peripheral nerve. The
nerve roots are devoid of lymphatic vessels but are immersed in the cerebrospinal fluid (CSF) within the subarachnoid space. The blood supply of nerve roots depends on the blood flow from both peripheral direction
(ascending) and the spinal cord direction (descending).
There is no hypovascular region in the nerve root, although there exists a so-called water-shed of the bloodstream in the radicular artery itself. Increased mechanical compression promotes the disturbance of CSF flow,
circulatory disturbance starting from the venous congestion and intraradicular edema formation resulting from
the breakdown of the blood-nerve barrier. Although
this edema may diffuse into CSF when the subarachnoid space is preserved, the endoneurial fluid pressure
may increase when the area is closed by increased
compression. On the other hand, the nerve root tissue
has already degenerated under the compression and
the numerous macrophages releasing various chemical
mediators, aggravating radicular symptoms that appear
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INTRODUCTION
Lumbar canal stenosis (LCS) is increasingly a common
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Table 1 International classification of lumbar canal stenosis
Hernia

Congenital/developmental
Acquired
Degenerative (spondylosis)
Central
peripheral
Degenerative spondylolisthesis
Combined
Congenital/developmental + Degenerative
Congenital/developmental + Hernia
Degenerative IIernia
Congenital/developmental + Degenerative + Hernia
Spondylolisthetic/spondylolytic
Iatrogenic
Post-tranmatic
Miscellaneous

b)-ii)

b)-i)

Congenital
development

a, c, d, e, f

Spinal stenosis

: Symptomatic
Acquired

Figure 1 Schematic drawing illustrating the international classification of
lumbar canal stenosis.

lateral stenosis (nerve root canal and intervertebral foramen stenosis), and also covers acquired stenosis due to
various degenerative diseases as well as congenital and
developmental stenosis. Here, the international classification (Table 1) is interpreted and the problems with it are
clarified. The word ‘stenosis’ implies narrowing of a hollow tubular structure. On this basis, LCS may be defined
as any type of narrowing of the spinal canal, nerve root
canals (or tunnels) or intervertebral foramina. It may be
local, segmental or generalized. It may be caused by bone
or by soft tissue and the narrowing may involve the bony
canal alone or the dural sac or both. Herniations of the
nucleus pulposus have in the past been considered as
a distinct and separate entity. They are included in this
classification when they occur together with other types
of stenosis, which is frequently the case. Space occupying lesions due to the products of inflammation or neoplasm are in the strictest sense types of “stenosis” but
are excluded. According to this definition, the symptoms
caused by LCS are non-specific and very varied.
Figure 1 is designed to make this classification easier
to understand. Among the acquired types of stenosis,
spondylosis and degenerative spondylolisthesis are classified as degenerative stenosis accompanied with LCS
(a, c, d, e, f in Figure 1). The condition is classified as
combined stenosis (b-i) if congenital or developmental
factors are also present. Disc herniation is not covered by
the concept of spinal stenosis when it exists alone. However, it is classified as spinal stenosis (combined stenosis)
when congenital or developmental (b-iii, iv) or degenerative (b-iii, iv) factors are also present. The success of
surgical treatment for disc herniation is dependent on the
presence of factors causing spinal stenosis. However, it is
not always easy to determine whether there are such factors in patients with herniation and whether the stenosis
is developmental or acquired. As a result, herniation accompanied by spinal canal or nerve root canal stenosis
(b-ii, iii, iv) is often treated after misdiagnosis as simple
herniation. On the other hand, patients with central or
lateral stenosis who are treated under the diagnosis of
spinal stenosis due to spondylosis or degenerative spondylolisthesis may also sometimes have combined devel-

Reproduced with permission from Arnoldi et al[12].

disease in the elderly. The number of patients with LCS
complaining of low back pain, lower extremity pain and/
or numbness, and neurogenic intermittent claudication
(NIC) has increased yearly[1,2]. Compression of the cauda
equina and nerve roots by LCS is a major clinical problem associated with NIC[3-5]. The development of NIC in
LCS has been reported to involve circulatory disturbance
due to circumferential compression of cauda equina by
the surrounding tissues. When lumbar lordosis increases
in the standing position, the severity of stenosis increases
and the cauda equina are constricted more strongly,
while the constriction decreases in the sitting position or
when the trunk is flexed. As a result, NIC is often noted
as a characteristic feature. The main symptoms of NIC
include deep muscular pain, weakness and loss of sensation in the lower limbs. Such symptoms do not develop
immediately after the start of walking, but eventually become severe enough to disturb walking. The patient can
only walk from 40-50 m to 400-500 m without resting
and the symptoms resolve after resting for several to 10
min. Thus, it is generally agreed that the primary cause of
NIC is chronic compression of the cauda equina. In this
article, we have reviewed the pathophysiology, diagnosis,
and treatment of LCS associated with NIC.

DEFINITION AND CLASSIFICATION OF
LCS
In 1910, Sumida gave the first description of LCS due to
fetal chondrodystrophy[6]. Sarpyener reported such stenosis due to congenital partial skeletal dysplasia in 1945[7].
Thus, both of them reported congenital conditions. The
concept of LCS has been known widely since Verbiest
reported on idiopathic developmental stenosis in French
in 1949[8], in Dutch in 1950[9], and in English in 1954[10]
and 1955[11]. In 1976, Arnoldi et al[12] proposed the international definition and classification of lumbar spinal
canal stenosis that is still used widely. However, confusion has arisen with regard to interpretation, because it
covers both central stenosis (spinal canal stenosis) and
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Figure 2 Circulatory dynamics of the radicular artery for the lumbar nerve root in a dog. A: After 3 mL of India ink was injected quickly through a catheter fixed
in the aortic arch, seriograhy was performed using a motor-driven camera and repeating flash to observe the flow of India ink into vessels supplying the nerve root.
After injection of India ink, at first the proximal radicular arteries (PRA) running along each root filament filled with India ink in a downward direction (↓). Next, the distal
radicular arteries (DRA) filled with India ink in an upward direction (↑). A watershed region of blood flow was observed in a radicular vessel (blue arrow). At last, the
radicular vein (RV) filled with India ink in the downward direction (white arrows); B: A watershed region was noted in the radicular artery, and in this region the velocity
of both blood streams showed a decrease; C: A clear specimen of the nerve root from the same subject as shown in A. An abundant vascular network was noted in
the root near the watershed area of the radicular artery observed by seriography. AR: Anterior root. Reproduced with permission from Kobayashi et al[28].

opmental stenosis (b-i).

of the blood-stream in the radicular artery itself near the
root of the dural sleeve (Figure 2A, B). When the stream
of the ascending radicular artery was intercepted by
compression, however, the blood flow direction changed
quickly and the blood supply was compensated by the
descending radicular artery. Also abundant fine intrinsic
arteries form networks in every part of the nerve root,
including the area of so-called watershed of the radicular artery (Figure 2B). These observations indicate that
there is no relatively hypovascular region in the nerve
root, which is vulnerable in the course of degenerative
changes of the lumbosacral spine. Although there exists
a so-called watershed of the bloodstream in the radicular
artery itself, the site of which is, however, changeable
due to circumstances. Microangiograms showed an abundant vascular network with repeating T-shaped branching throughout the length of the nerve root (Figure 3).
This was also present near the watershed region in the
radicular artery, and there was no hypovascular region as
suggested by Parke et al[26]. Thus, the intraradicular vessels
controlled segmentally by radicular arteries have no fixed
direction of flow and there appears to be no particular
clinical significance in the watershed region of arteries
maintaining a high intravascular pressure. Regarding the
onset of compression-induced disturbance of nerve root
circulation as observed in disk herniation and spinal canal
stenosis, it is improbable that obstruction of the arterial
system, which has thick walls and a high pressure, precedes obstruction of the venous system[29,30].

BLOOD SUPPLY OF CAUDA EQUINA
NERVE ROOT
Anatomical studies of the vasculature of the nerve roots
have developed in association with studies on the vasculature of the spinal cord. In the 19th century, Adamkiewicz[13,14] and Kadyi[15,16] clarified the particularly important role of radicular arteries in the blood supply of the
spinal cord. After that, much work was devoted to the
vasculature of the spinal cord[17-24], but no research placed
emphasis on the supply to the nerve roots until the midtwentieth century. Corbin described anatomic details of
radicular arteries and classified them into three groups:
artères radiculo-grères, artères radiculo-piemeriennes, and
artères radiculo-medullares[25]. The first two arteries were
named as distal and proximal radicular arteries by Parke
et al[26] and were thought to be nutrient arteries of the
nerve roots. They described that each lumbosacral spinal
nerve root receives its intrinsic blood supply from both
distal and proximal radicular arteries, through which the
blood flows toward a mutual anastomosis in the proximal
one third of the root. They postulated that the region
of relative hypovascularity formed below the conus by
the combined areas of anastomoses in the cauda equina
may provide an anatomic rationale for the suspected neuroischemic manifestations concurrent with degenerative
changes in the lumbar spine. Crock et al[27] based on their
studies, hold a different view: that there is no area of
hypovascularity in the region of the middle third of the
cauda equina. Kobayashi et al[28] also examined the vasculature of the cauda equina nerve root in dogs with the
aid of high-speed serial photography after injecting India
ink in the Aorta. Consequently, the blood flow direction
of the extradural nerve root and descending in the cauda
equina nerve root, and there existed a so-called watershed
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EFFECT OF ARTERIAL ISCHEMIA AND
VENOUS CONGESTION ON NERVE ROOT
FUNCTION
Whether mechanical deformation or a circulatory disturbance plays the more prominent role in the pathogenesis
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Figure 3 Oblique cleared section of the lumbar nerve root in a dog. There
are many longitudinal (arrow head) and transverse (arrow) microvessels in the
nerve root. Intraradicular vessels are abundant throughout the nerve root, and
their flow is in various directions. Intraradicular vessels arising from the radicular artery as T-shaped branches rarely were affected by the direction of blood
flow in the nerve root, suggesting the presence of a mechanism that maintains
the blood supply to the intrinsic vessels.
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of NIC with LCS has been a subject of speculation for
5 decades. Blau and Logue postulated that NIC might
be evoked with ischemic neuritis of the cauda equina[31].
Evans advocated exercise-induced ischemia as the cause
of NIC, which is the characteristic syndrome of this
disease[32]. They supposed that reduced blood flow in the
spinal nerve roots has been demonstrated during exercise, and this might contribute to the pathogenesis of
NIC. Ehni et al[33] stressed the postural changes in the spinal canal on standing. He demonstrated a myelographic
block in the lordotic position, but flexion permitted the
contrast medium to pass. Yamada et al[34] reported the importance of intermittent constriction of the cauda equina
associated with postural change. They thought that the
ligamentous fulvum had a significant role in dynamic
narrowing of the canal. Kavanaugh et al[35] reported that
the increase of cerebrospinal fluid pressure below the
blocked area might obstruct venous return and be the
cause of anoxia of the cauda equina. Verbiest thought
that this theory deserved further consideration, because
he commonly found enlargement of the epidural venous
plexus during decompression of spinal canal stenosis[36].
Although pathophysiology of the cauda equina induced
by arterial ischemia or venous congestion has been an object of study for a long time, there is little agreement over
which is more essential for NIC, ischemia or congestion.
Ischemic nerve root injury is a ubiquitous insult that
can lead to a wide range of neuropathologic consequences, depending on the severity and duration of the
ischemic event. Ischemic injury to nerve roots predominantly causes demyelination, although prolonged ischemia can also interfere with axonal transport, leading to
axonal damage and Wallerian degeneration of the nerve
fiber[37-40]. Vascular damage and fibrosis are common findings within the spinal canal and intervertebral foramina,
and such vascular damage is significantly related to the
severity of degenerative disc disease. Disc protrusion may
lead to compression of epidural veins and dilation of
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Figure 4 Changes of intraradicular blood flow, partial oxygen pressure
and conduction velocity after Aorta (A) or inferior vena cava (B) clamp.
Immediately after Aorta clamping, blood pressure in the femoral artery dropped
to 26-40 mmHg and meantime, central venous pressure was slightly elevated.
When the vena cava was clamped, central venous pressure increased to about
4 times of the pressure before clamping and blood pressure in the femoral
artery was reduced by half. The blood flow in the seventh posterior nerve root
due to Aorta and vena cava clamping fall to 50% to 60% of the blood flow
before clamping in the ischemic model (aP < 0.05) and to about 20% in the
congestion model (aP < 0.05). The changes of partial oxygen pressure (PO2) in
the nerve root indicated a similar tendency to blood flow, 50% to 60% drop in
the ischemic model (aP < 0.05) and 20% to 40% drop in the congestion model.
Conduction velocity of the nerve root diminished by 40% to 50% in the ischemia
model (aP < 0.05) and 10% to 20% in the congestion model. After release of
clamping, both arterial and venous pressures quickly returned to the pressure
before clamping. The intraradicular blood flow in the congestion model was restored within 1 h. The intraradicular blood flow in the ischemic model, however,
did not recover and stayed at the reduced level (aP < 0.05). Intraradicular PO2
recovered completely in both models. The drop of conduction velocity returned
almost completely within one hour after release of clamping. Reproduced with
permission from Kobayashi et al[42].

non-compressed veins. Cooper et al[41] noted a significant
relationship between evidence of venous obstruction,
intraneural and perineurial fibrosis, and neural atrophy.
Fibrosis may further impede nutrient transfer to endoneurial fibers, as well as predisposing to nerve stretch injury.
Kobayashi et al[42,43] assessed the influence of arterial ischemia and venous congestion resulting from obstruction
of blood flow without nerve root compression on intraradicular blood flow and radicular function (Figure 4). As
a result, it was confirmed that nerve root ischemia had a
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Figure 5 Transverse sections of the nerve root seen under a fluorescence microscope. A: Ischemia model. Evans blue albumin (EBA) emits a bright red fluorescence in clear contrast to the green fluorescence of the nerve tissue. After intravenous injection of EBA, EBA was limited inside the blood vessels, and the bloodnerve barrier was maintained; B: Congestion model. EBA emits a bright red fluorescence, which leaked outside the blood vessels, and intraradicular edema was seen
under a fluorescent microscope. Reproduced with permission from Kobayashi et al[42].
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C

the systemic venous pressure. The same maneuver also
produces congestion of the epidural veins and increases
the epidural pressure[45]. But they did not describe the
changes in nerve root circulation.
The arachnoid membrane acts as a diffusion barrier
for the nerve root and the blood-nerve barrier is also created by the vascular endothelial cells of the endoneurial
microvessels. These nerve root barriers protect and maintain the nerve fibers in a constant environment. The capillary vessels of the nerve roots are lined by endothelial
cells that contain only a few pinocytotic vesicles and are
bound by tight junctions to form the blood-nerve barrier. Protein tracers that are injected intravenously do not
normally leak out of the vessels due to this barrier[29,46].
When arterial ischemia was induced, protein tracers remained in the blood vessels, indicating maintenance of
the integrity of the blood-nerve barrier (Figure 5A). On
the other hand, venous congestion disrupted the bloodnerve barrier and there was extravasation and edema in
the nerve roots (Figure 5B). Thus, the blood-nerve barrier that regulates vascular permeability in the nerve root
seems to be susceptible to congestion which raises the
intra vascular pressure rather than to ischemia which decreases the pressure.

L4/5 disc

R

D

L4/5 disc

R

Figure 6 Gadolinium-enhanced magnetic resonance imaging of the cauda
equina edema in lumbar canal stenosis. A 73-year-old man complained of
weakness and numbness of the lower extremities after walking about 300 m,
but no obvious sensory loss and muscle weakness was noted. Precontrast T1weighted (500/35) sagittal (A) and axial (C) conventional spin echo MR image
indicated a diagnosis of LCS at L4/5 disc level (arrows). T1-weighted (500/35)
sagittal (B) and axial (D) Magnetic resonance image acquired at L4/5 disc level
obtained after 0.1 mmol/kg intravenous Gd-DTPA administration showing the
generalized central canal stenosis as well as punctuate areas of intrathecal
enhancement (arrows) indicating a breakdown in the blood-nerve barrier. Reproduced with permission from Kobayashi et al[46].

more serious influence on blood flow, PO2, and conduction velocity than nerve root congestion. After 30 min of
nerve root ischemia, recovery occurred with reperfusion,
but longer ischemic periods will cause a permanent effect on radicular function due to oxygen deficiency. When
changes of the femoral arterial and central venous pressures were monitored after obstruction of blood flow,
both the arterial and venous pressures decreased after
aortic blockade and the arterial pressure increased slightly
after obstruction of the inferior vena cava. However, the
central venous pressure showed an approximately 4-fold
increase immediately after obstruction of the inferior vena
cava, and this sudden increase in venous pressure could
have a marked influence on the capillary pressure in the
nerve roots. Usubiaga et al[44] demonstrated that clamping
of the vena cava can be used experimentally to increase
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PATHOMECHANISM OF INTERMITTENT
CLAUDICATION
MR imaging is useful because it can noninvasively reveal
the severity of LCS. It is known that sites of nerve root
compression by spinal canal stenosis frequently show
gadolinium enhancement on MR images, suggesting
that there is breakdown of the blood-nerve barrier and
edema of the nerve root (Figure 6)[29,47-50]. In LCS associated with NIC, Kobayashi et al[46] and Jinkins et al[47-49] first
reported gadolinium enhancement of the cauda equina
above the level of stenosis. When the nerve roots in the
cauda equina are compressed in association with LCS,
the pressure is distributed in a circumferential manner
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Figure 7 Diagram that illustrates possible mechanical effects on cauda equine. A: Normal state; B: Lumbar canal stenosis. The pressure is applied to the cauda
equina with many nerve roots in a circumferential manner.

around the nerve root (Figure 7). Kobayashi et al[29] described that the blood-nerve barrier of the nerve root is
disrupted and intraradicular edema is produced by acute
compression with a microsurgical clip at more than 15
g of force for one hour or by chronic compression due
to wrapping the nerve root for at least one month with a
silastic tube slightly larger than the nerve root diameter[50].
They also demonstrated that the histological studies in
circumferential constriction model of cauda equina revealed congestion and dilation of the intraradicular veins
and Wallerian degeneration at site of constriction (Figure
8)[46]. These changes were considered to be attributed
to intraradicular edema and were thought to explain the
enhancement effect at the site of canal stenosis on gadolinium-enhanced MR images in LCS patients. These results suggest that NIC in LCS is caused by the following
mechanism. Stenosis of the lumbar canal is aggravated
by posterior flexion during walking, and circumferential
mechanical compression of the cauda equina occurs repeatedly and increases in severity (Figure 7). As a result,
the subarachnoid space is occluded, and congestion as
well as degeneration of nerve fibers occurs in the cauda
equina. Elevation of the capillary pressure induced by venous stasis is thought to cause intraradicular edema and
the inflammatory response produced by compression,
as well as mechanical damage to the blood-nerve barrier,
because venous blood flow is stopped by compression
at a very low pressure. An experiment performed by
Olmarker demonstrated that the capillaries and venules
of the nerve root could be occluded by mild compression of around 30-40 mmHg[30]. Takahashi et al[51] found
that the epidural pressure is only 15 to 18 mmHg during
lumbar flexion in LCS patients, but reaches 80 to 100
mmHg during lumbar extension. The epidural pressure
increases with walking and the patient then stops walking
because of leg pain and/or NIC. The pressure decreases
immediately after walking is stopped and leg pain then
subsides. There is a repeated pattern of increasing and
decreasing pressure during walking. Although, these
pressure changes are not great enough to disturb arterial blood flow, the epidural venous system may become
congested if the pressure is higher than 10 to 30 mmHg.
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Ikawa et al[52] demonstrated that ectopic firing was elicited
by venous stasis in a rat model of lumbar canal stenosis.
As a result, the subarachnoid space is occluded, and congestion as well as nerve fiber degeneration occurs in the
cauda equina. Efflux of excess fluid into the subarachnoid space becomes impaired by the breakdown of the
blood-nerve barrier, leading to an increase in endoneurial
pressure[53,54]. Although such a pressure rise is reversible, a
compartment syndrome may occur in the cauda equina at
the site of stenosis, blood flow[55,56] and axonal flow disturbance[38,39], provoking ectopic discharge or conduction
disturbance[57,58] that is essentially responsible for NIC in
nerve fibers which have been chronically damaged. Thus,
venous congestion may be an essential factor precipitating circulatory disturbance in compressed nerve roots
and inducing neurogenic intermittent claudication (Figure
9).

EFFECT OF PROSTAGLANDIN-E1
TO NORMAL NERVE ROOT AND
COMPRESSED NERVE ROOT
Prostaglandin E1 (PGE1), a potent vasodilator and platelet aggregation inhibitor, is well known as a useful drug
for peripheral arterial disease, such as Raynaud’s and
Burerger’s diseases[59], and diabetic neuropathy[60]. PGE1
has been reported to relax the contraction of vascular
smooth muscle cells[61] and increase blood flow in peripheral arteries[62], followed by improvement of endothelial
function[63]. Since PGE1 is rapidly inactivated in the lungs,
PGE1 must be administered into the obstructed artery or
a large amount of it has to be given intravenously. The
distribution of PGE1 in-vivo induces the systemic effects
of diarrhea, hypotension, fever and hepatic dysfunction.
PGE1 also causes irritation in blood vessels near the site
of injection. To avoid these problems, PGE1 was mixed
with microparticles 0.2 μm in diameter made of soybean
oil. Because PGE1 is incorporated into the lipid particles
in this preparation, it is less susceptible to inactivation in
the lung[64]. In addition, this preparation characteristically
becomes concentrated and acts selectively in lesions be-
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Figure 8 Circumferential compression of the dog cauda equine. The cauda equina was constricted outside the dura mater using a silicone tube (S), which caused
30% constriction of the diameter of the dura mater using a silicone tube at L6/7 disc level. After 3 wk constriction, clear enhancement was seen inside the cauda equina constricted by a silicon tube (S) as seen on gadolinium-enhanced magnetic resonance (MR) image [T1-weighted spin-echo (SE) image, 600/25 (TR/TE)] (A). No
enhancement of epidural root sleeves (ERS) was found on this image. In the cauda equina, where enhancement was found on MR imaging, Evans blue albumin emits
a bright red fluorescence which leaked outside the blood vessels, and intraradicular edema was seen under a fluorescent microscope (B). Light microscopy revealed
congestion and dilation of the radicular veins (C-E) inside the cauda equina, inflammatory cells infiltration, and Wallerian degeneration (E, asterisk) was observed in
the entrapped region. This situation was reflected as breakdown of blood–nerve barrier on fluorescent microscopy and high intensity on gadolinium- enhanced MR
imaging. BV: Blood vessel; CE: Cauda equina; ENS: Epidural root sleeves; NR: Nerve root; RS: Root sheath; S: Silicon tube; SS: Subarachnoid space.

terest as a therapeutic drug for LCS. However, investigations in the clinical setting have shown that lipo-PGE1 is
effective in some patients but not in others[66-75], although
the reason for this is unclear.
So far, some experimental studies of the effect
of lipo-PGE1 on blood flow in normal[68,70] and compressed[76-80] nerve roots have reported an increase in
flow, but none have examined the effect of lipo-PGE1 on
compressed sections with apparently Wallerian degeneration after nerve root compression. After investigating the
changes of nerve root blood flow caused by bolus intravenous injection of Lipo-PGE1, Toribatake et al[68] reported a 59% increase of blood flow at a dose of 0.1 μg/kg,
while Murakami et al[70] reported a 37.8% increase at a
dose of 0.15 μg/kg. These experimental studies of the
effect of lipo-PGE1 on blood flow in normal nerve roots
revealed an increase in flow, but did not examine the
effect of lipo-PGE1 on compressed nerve roots. Subsequently, the effect of PGE1 on intraradicular blood flow
was assessed in a rat cauda equina compression model,
and PGE1 was reported to increase blood flow. However,
the extent of compression applied to the nerve root and
its duration were both insufficient, and the response was
not compared with tissue changes of the nerve root after
compression[76-80]. Kobayashi et al[81] firstly demonstrated
that intravenous injection of lipo-PGE1 significantly

Lumbar canal stenosis (central stenosis)
Mechanical force
(circumferential compression)
Subarachnoid space is occluded
Circulatory disturbance
(venous congestion)

Injury of nerve fiber
(wallerian degeneration)

Breakdown of blood-nerve barrier
Intraradicular edema
Conduction disturbance
ectopic discharge

Increased of endoneurial pressure
(compartment syndrome)

Deep muscular pain, weakness and loss of sensation in the lower limbs

Neurogenic intermittent claudication

Figure 9 Pathogenesis of neurogenic intermittent claudication in lumbar
canal stenosis.

cause the lipid particles adhere to the endothelial cells of
injured blood vessels[65]. Lipid microspheres incorporating
prostaglandin E1 (lipo-PGE1) has therefore attracted in-
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Figure 10 Effect of prostaglandin E1 on normal (A-C) and compressed nerve root (D-F). The seventh lumbar nerve root was clamped with a clip for 3 wk using
dogs. After release of clipping, the intraradicular blood flow was measured before and after intravenous injection of lipo-prostaglandin E1 (PGE1) (D-F). As the control
group, animals were evaluated at 3 wk after laminectomy. The nerve root was only exposed and wasn’t clamped with a clip (A-C). In the control (A) group, the mean
blood pressure fell immediately after intravenous injection of lipo-PGE1 due to the peripheral vasodilation, but then gradually increased and recovered after 20 min.
The changes of blood pressure in the nerve root compression group were the same as those seen in the control group (D). Intravenous injection of lipo-PGE1 also resulted in marked increase of blood flow in the normal nerve roots (B), but caused minimal enhancement of blood flow at the sites of nerve root compression exhibiting
Wallerian degeneration (E). Histological examination revealed no degeneration of the nerve fibers in the control group (C). However, marked Wallerian degeneration
was seen in the nerve root compression group (D). The relative number of small diameter axons increased in the compression group at 3 wk after operation compared
with the control group (HE stain, original magnification X 50).

firmly established among the treatments available[66-75]. It
was reported that PGE1 was effective for 57%-87% of
patients with LCS accompanied by NIC (Table 2), but
was ineffective in many patients with severe neurological
deficits such as muscle weakness. Since it can be assumed
that the impaired intraradicular blood flow is improved
by the drug in patients whose NIC responds to administration of PGE1, this agent can be used for screening and
staging of the disease. Yone et al[82] have reported that
when lipo-PGE1 was injected intravenously in 11 LCS
patients during surgery, symptoms were alleviated in 6
patients with dilation of vessels running along the cauda
equina, but not in 5 patients with no change of their vessels. Dezawa et al[83] observed the movement of red blood

increased intraradicular blood flow in the normal nerve
root without compression, but the increase of blood flow
observed in the compressed region of the nerve root
exhibiting Wallerian degeneration was transient and not
sustained (Figures 10 and 11). It is therefore concluded
that lipo-PGE1 has less effect on severely damaged nerve
roots than it does on normal nerve roots.

EFFECT OF PGE1 ON PATIENTS WITH NIC
PGE1 has been used in the field of orthopedic surgery
for the treatment of cervical and lumbar diseases. The results of numerous studies have also suggested that PGE1
is likely to be useful for LCS, but its position has not been
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Blood flow of lumbar nerve root (%)

Figure 11 Changes in intraradicular blood flow after intravenous injection of lipo-prostaglandin E1. In normal (control)
nerve roots (n = 5), intraradicular blood flow fell immediately
after intravenous injection of lipo-Prostaglandin E1 (PGE1), but
gradually increased (aP < 0.05). After 30 min, the mean blood
flow was 49% higher than before lipo-PGE1 injection. However,
the changes of intraradicular blood flow in the nerve root compression group (n = 5) were not as marked as in the control
group, with the mean value after 30 min being only 5% higher
than pretreatment value. Reproduced with permission from Kobayashi et al[81].
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Figure 12 Magnetic resonance imaging of lumbar canal stenosis patients with neurogenic intermittent claudication. A: Cross-sectional area of dural sac (T1-w)
at the site of maximal canal stenosis; B: Magnetic resonance imaging of redundunt nerve root (T2-w).

Table 2 Effect of lipo-prostaglandin E1 on patients with neurogenic intermittent claudication in lumbar canal stenosis
Author

Year

Drag

Dose

Period

Effective rate to NIC

Takakura[66]
Miura et al[67]
Toribatake et al[68]
Kurihara et al[69]

1986
1992
1993
1996

PGE1
Lipo-PGE1
Lipo-PGE1
Limaprost

14-28 consecutive days
10 d
10 consecutive days
42 consecutive days

Murakami et al[70]

1997

Lipo-PGE1

Ono et al[71]

1997

Lipo-PGE1

Miura et al[72]
Uratuji et al[73]
Harrison et al[74]
Nakanishi et al[75]

1997
2003
2007
2008

PGE1
Limaprost
Limaprost
PGE1

40-60 mg/d
10 mg/d
10 mg/d
3 mg/d
15 mg/d
10 mg/d
5 mg/d
10 mg/d
20 mg/d
120 mg/d
15 mg/d
15 mg/d
60 mg/d

79.5% (39/49 cases)
57.1% (8/14 cases)
75.0% (12/16 cases)
27.3% (21/77 cases)
47.8% (33/69 cases)
77.5% (31/40 cases)
87.0% (40/46 cases)
71.1% (27/38 cases)
76.5% (26/34 cases)
33.0% (5/12 cases)
59.3% (54/91 cases)
50.7% (74/146 cases)
71.4% (45/63 cases)

10 consecutive days
14 consecutive days
14 consecutive days
42 consecutive days
42 consecutive days
14 consecutive days

Reproduced with permission from Kobayashi et al[81]. NIC: Neurogenic intermittent claudication; PGE1: Prostaglandin E1.

cells in blood vessels running along the cauda equina by
myelofiber scope in 8 LCS patients with NIC under local
anesthesia, and reported that blood flow increased in 3
patients, stopped in 1, became retrograde in 2, and was
unchanged in 2. In LCS patients, myelography and MRI
often reveal a redundant nerve root. Suzuki et al[84] pathologically investigated the cauda equina at autopsy and
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reported that the cause of nerve root redundancy was
Wallerian degeneration.
We treated LCS patients with PGE1 and compared
their response with the magnetic resonance (MR) imaging. The subjects were 50 LCS patients with NIC (walking
distance ≤ 300 m) and MR imaging evidence of central
canal stenosis. They comprised 38 men and 12 women
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aged 75-95 years (mean: 81 years). Each patient received
PGE1 intravenously at a dose of 10 μg/d for 14 d. After
completing treatment, the MRI findings of 25 patients
achieving relief from NIC (group Ⅰ) and 25 patients
without relief (group Ⅱ) were retrospectively compared.
In all patients, T1- and T2-weighted images were obtained.
On T1-weighted images, the transverse area of the dural
tube at the site of maximal canal stenosis was measured
using a digitizer. The presence or absence of redundant
nerve roots was also identified on T2-weighted images.
The transverse area of the dural tube at the site of
maximal canal stenosis on MR images was 50.8-88.6 mm2
(mean: 69.8 ± 15.2 mm2) in group Ⅰ and 35.8-59.8 mm2
(mean: 50.6 ± 10.3 mm2) in group Ⅱ (Figure 12A). Redundant nerve roots were observed in 14 (56%) of the 25
patients from group Ⅱ, being located proximal to the site
of maximal stenosis, but were not seen in group Ⅰ(Figure
12B). Intraradicular edema was observed in 21 (84%) of
the 25 patients from group Ⅱ, being located proximal
to the site of maximal stenosis, but was only seen in 2
(8%) patients from group Ⅰ(Figure 6). These results indicate that patients who have a transverse dural area ≤
60 mm2 and redundant nerve roots (suggesting Wallerian
degeneration) may achieve little relief of NIC with PGE1
therapy. From the findings of these clinical studies, it has
been postulated that the severity of nerve degeneration
is an important determinant of the response to PGE1. It
is considered that LCS patients who are unresponsive to
PGE1 have nerve root degeneration that progresses to
the irreversible stage, so that decompression by laminectomy or other methods cannot be expected to provide
immediate marked improvement of neurological deficits
such as sensory disorders and muscle weakness. In other
words, it seems that the outcome of decompression surgery may be predicted from the response to PGE1, but
further studies are required to confirm this possibility.
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Core tip: This paper is a review article examining available evidence on the anatomy, function and common
variation in the sesmoids of the great toe. There is discussion of the presentation, history, examination, investigations and subsequent management of the patient
with a painful sesamoid. We discuss the role of operative intervention. We recommend early use of magnetic
resonance imaging and discussion with a musculoskeletal radiologist to assist in diagnosis. Conservative
management should be the first line in most cases.
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Abstract
The painful sesamoid can be a chronic and disabling
problem and isolating the cause can be far from
straightforward. There are a number of forefoot pathologies that can present similarly to sesmoid pathologies
and likewise identifying the particular cause of sesamoid pain can be challenging. Modern imaging techniques can be helpful. This article reviews the anatomy,
development and morphological variability present in
the sesamoids of the great toe. We review evidence
on approach to history, diagnosis and investigation of
sesamoid pain. Differential diagnoses and management
strategies, including conservative and operative are
outlined. Our recommendations are that early consideration of magnetic resonance imaging and discussion
with a specialist musculoskeletal radiologist may help
to identify a cause of pain accurately and quickly. Conservative measures should be first line in most cases.
Where fracture and avascular necrosis can be ruled out,
injection under fluoroscopic guidance may help to avoid
operative intervention.

INTRODUCTION
Origins
The term sesamoid comes from the Arabic word, semsem, meaning sesame seed. Galen named these small
rounded bones in reference to their similarity to sesame
seeds[1]. The anatomic locations of some sesamoid bones
are constant but others are variable.
Anatomy
The two sesamoid bones of the big toe metatarsophalangeal joint are contained within the tendons of Flexor
Hallucis Brevis and forms portion of the plantar plate.
There are two sesamoids, tibial (medial) and fibular (lateral) sesamoids. The sesamoids articulate on their dorsal
surface with the plantar facets of metatarsal head[2]. A
crista or intersesamoid ridge separates the medial and
lateral metatarsal facets. The crista provides intrinsic stability to the complex. In severe cases of hallux valgus the
intersesamoid ridge atrophies and can be obliterated. The
sesamoids are connected to the plantar aspect of proximal phalanx through plantar plate[3] which is continuation
of the flexor hallucis brevis tendon[4]. The inferior sur-

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Figure 1 Diagrammatic representation of a cross section through the distal metatarsal and sesamoids.

Figure 2 X-ray to demonstrate a case of sesamoid coalition.

between the sesamoid fragments can also disrupt with
injury leading to symptoms and makes it difficult to distinguish whether some of these partite sesamoids are
actually ununited fractures[12]. A Bone scan or magnetic
resonance imaging (MRI) scan may help in differentiating
between the two[13]. Bipartite sesamoids can predispose to
hallux valgus deformity as twice higher incidence is noted
in patients with Hallux Valgus[14].

face of the sesamoid is covered by a thin layer of flexor
hallucis brevis tendon and superior surface is articular.
The sesamoids are suspended by a sling like mechanism;
sesamoid ligaments to the corresponding aspect of
metatarsal head (Figure 1). There is no direct connection
between sesamoids and flexor hallucis longus tendon that
runs between them. The abductor hallucis and adductor
hallucis tendons have fibrous insertions into the tibial
and fibular sesamoids respectively. The deep transverse
metatarsal ligament attaches to the fibular sesamoid[5].

Abnormalities of the sesamoids
Other variations with sesamoids include congenital absence (reported widely in literature)[15-17] and also changes
in shape. Hypertrophy can cause a projection on the plantar surface leading to hyperkeratotic lesion. Exostoses of
sesamoids have been reported and these can cause keratosis or ulcerations. Hypertrophied fibular sesamoid can
cause pain in the first intermetatarsal space due to local
irritation or nerve compression. Coalition of sesamoids
can also occur and give rise to symptoms (Figure 2)[18].

Function
The function of sesamoids is to distribute weight bearing
of first ray, increase mechanical advantage of the pull of
short flexor tendon and stabilize the first ray. The tibial
sesamoid normally assumes most of the weight bearing
forces transmitted to the head of the first metatarsal[6].
When a person is in standing position sesamoids are
proximal to the metatarsal heads. With dorsiflexion of
first ray they however move distally thereby protecting
the exposed plantar aspect of metatarsal head. When a
person rises on to the toes, sesamoids (especially tibial)
act as the main weight bearing focus for medial forefoot.
Tibial sesamoid is more prone for pathology due to increased loading on this by the first metatarsal head[7].

HISTORY AND EXAMINATION
Pain is typically during toe off phase of gait. Careful history taking should include examination of footwear used
in past and present, leisure activities to identify causation,
occupation and treatment taken so far. Occupational factors include running, ballet dancing and jumping from a
height[19-21]. The wearing of high heels and a high arched
foot type also has an aetiological association. Previous
injections to the area and smoking status should be asked
for. Patients tend to avoid weight bearing on the involved
sesamoid and load the lateral aspect of foot.
Findings include restricted and painful range of metatarsophalangeal joint motion, tenderness (Figure 3), and
diminished plantar flexion strength. With long standing
overloading, an intractable plantar keratotic lesion may
develop beneath the affected sesamoid. Any tendency
for hallux valgus, varus or clawing should be looked for.
Examination of sensory nerves is important to rule out
digital nerve compression[11].

Perfusion
Sesamoids have a tenuous blood supply and this is often
variable as well. Blood supply to sesamoids enters mostly
from proximal part and distal part has more tenuous
blood supply. This can lead to delayed or unsuccessful
healing following injury[8].
The bipartite sesamoid
Sesamoids ossify between the ages of 6 and 7. Ossification of sesamoids often occurs from multiple centres
and this is the reason for bipartite sesamoids. Bipartite
sesamoids are a normal anatomical variant. Studies quote
the incidence of bipartite sesamoids to be between 7
and 30[9-11]. Ninety percent involve tibial sesamoid and
80%-90% are bilateral[10]. Bipartite sesamoid has narrow
and distinct regular edges and also are usually larger than
single sesamoid. Some of these divided sesamoids do
undergo osseous union with time. The synchondrosis
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Radiographs
Routine AP and lateral radiographs provide limited infor-
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Figure 3 Photograph to show surface markings of the tibial (T) and fibular
(F) sesamoids.

X-ray plate

Figure 4 Photograph to show patient positioning to obtain a sesamoid
axial view.

mation. The tibial sesamoid can be better imaged with a
medial oblique view and the fibular sesamoid can be visualised better with a lateral oblique view. An axial sesamoid
view will provide a better profile of both sesamoids with
their metatarsal articulations (Figure 4)[22].

to the corresponding sesamoids and can be a source of
pain. Nerve compression at these sites can cause altered
sensation, pain and a positive Tinel’s sign. Surgical decompression may be indicated in the resistant case[5].

Isotope bone scan
Isotope bone scanning can demonstrate altered uptake
before radiographs show changes. It shows increased uptake prior to development of radiological changes such
as sclerosis, fragmentation. Bone scanning may be of
use in differentiation of the fractured sesamoid from the
congenital bipartite sesamoid[23].

Osteoarthritis
This may be associated with Hallux rigidus or localized
to the sesamoid metatarsal articulation. This can develop
secondary to trauma, chondromalacia or sesamoiditis. If
conservative treatment fails where disease is restricted to
one sesamoid resection of the involved sesamoid may
help. When both sesamoids are involved excision can lead
to clawing, hence MTP fusion is more appropriate[18].

MRI
Pathologies affecting the hallucal sesamoids may have
overlap of both history and examination. For this reason,
imaging is a useful tool that can differentiate causes of
sesamoid pain where a diagnosis may not otherwise be
easily made[20]. It can also distinguish between bipartite
sesamoids and fracture non-unions. This is currently the
investigation of choice for most sesamoid pathology[20,24].

Infection
Infection of sesamoids is uncommon. Direct trauma
with puncture wound or breakdown of skin in those
with peripheral neuropathy are the common mechanisms.
Should antibiotic therapy prove ineffective, excision of
the sesamoid can be considered. Care should be taken
when excising the sesamoids to preserve the surrounding
structures to prevent development of intrinsic minus deformity[11].

DIFFERENTIAL DIAGNOSIS
Intractable plantar keratosis
Intractable plantar keratosis may form under the heads
of the metatarsals. This can often be as a result of repeated abrasion or increased activity. It is important to
differentiate IPK from verruca. Radiographs may help to
identify causative osseous abnormality. This may include
deformity of an underlying sesamoid. Management may
involve activity modification, padding of pressure areas,
use of orthosis or shaving of the keratosis. For persistent
cases, condylectomy or osteotomy may be required[25].

Fracture of sesamoid
An acute fracture of unipartite sesamoid can be differentiated from a congenital bipartite sesamoid using
bone scan or MRI. Bipartite sesamoids can also fracture following trauma when the synchondrosis between
the two sesamoid fragments prevents healing. Rest in a
non-weight bearing cast for 6 to 8 wk is the first line of
treatment. Symptomatic non-union may be treated with
percutaneous screw fixation, open fixation or open bone
grafting (Figure 5)[27]. Surgical excision may be reserved
for revision surgery.

Bursitis
Bursitis may affect the intermetatarsal bursae or the adventitial bursae. magnetic resonance imaging may help to
diagnose the location of the affected bursa. Should conservative measures fail, bursectomy alone or in combination with sesamoidectomy or metatarsal osteotomy may
provide relief[26].

Subluxation/dislocation of sesamoids
As hallux valgus develops, first metatarsal drifts medially.
The sesamoids maintain their relationship to the second metatarsal due to tethering by transverse metatarsal
ligament and adductor hallucis tendon. There is often
erosion of the crisita and increased weight bearing by
the tibial sesamoid. Fibular sesamoid is spared as it is dis-

Nerve compression
Plantar medial and plantar lateral digital nerves travel near
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Figure 5 Symptomatic non-union
may be treated with percutaneous
screw fixation, open fixation or open
bone grafting. A: X-ray to show a
symptomatic non-union of a sesamoid
fracture; B: Magnetic resonance imaging scan demonstrating fracture of the
sesamoid; C: Post-operative X-ray following fixation of a non-union sesamoid
fracture.

C

placed into the first intermetatarsal space[28].

SURGERY
Sesamoid shaving
In the presence of an intractable plantar keratosis due to
prominence of a tibial sesamoid, shaving of the plantar
half of the sesamoid may provide relief without excision
of the complete sesamoid. This should only be attempted
in the presence of normal mobility at the first metatarsal[32].

Osteochondritis/avascular necrosis
Sesamoids have a tenuous circulation making them vulnerable to avascular necrosis. In cases of avascular necrosis trauma may be an aetiological factor. Radiographs
may show fragmentation with areas of increased bone
density. MRI is also helpful in diagnosis. Excision of the
sesamoid is reserved for cases where conservative management is ineffective[11].

Sesamoidectomy
Surgical excision of a sesamoid should be considered only
when other treatment modalities have failed. Only one
sesamoid may be excised, excision of both is likely to lead
to a cock-up deformity or a claw toes deformity[30]. The
sesamoid to be excised will dictate the surgical approach.
For tibial sesamoidectomy a medial approach is preferred
to avoid injury to plantar medial nerves. In one study,
ninety-percent of patients were able to return to normal
pre-morbid levels of activity following tibial sesamoidectomy[33]. A dorsolateral approach is preferred for fibular
sesamoidectomy as a plantar approach is likely to encounter the neurovascular bundle and flexor hallucis longus
tendon, making access difficult[11]. Painful plantar scar is a
difficult problem to resolve and should be avoided.

Sesamoiditis
Sesamoiditis is a diagnosis of exclusion once other causes
of sesamoid pain have been excluded. Sesamoiditis is a
painful condition affecting the sesamoids and can occur
with or without trauma. This may be due to cartilage abnormalities similar to chondromalacia of patellofemoral
joint[29] or inflammation of peritendinous structures. This
condition is typically seen in younger women. The tibial
sesamoid is more often involved. Radiographs are usually
normal and bone scan and MRI may help in diagnosis.
Conservative treatment involves decrease in activity. Low
heels reduce pressure on sesamoids. Offloading custom
made insoles are often helpful. Injections can be helpful
and when everything fails excision is treatment of choice.

Percutaneous screw fixation
In cases of fracture of the sesamoid unresponsive to
conservative management, percutaneous fixation of the
sesamoid may provide improvement of symptoms. In
one study of nine patients managed this way, all patients
had dramatic relief from pain at three months post-operatively[27].

MANAGEMENT
Conservative management
Initial attempts at management include a period of nonor reduced weight bearing, providing wide shoes with
a reduced heel height, orthotics or padding[30]. The toes
may be taped in plantar flexion or neutral to avoid excessive dorsi-flexion. Clinical evidence confirming resolution
of symptoms with simple, conservative measures is often
possible[31]. Non-steroidal anti-inflammatory drugs may
also help to provide relief.

CONCLUSION
A range of conditions can lead to sesamoid pain. Careful history examining occupation and hobbies alongside
a thorough examination and use of appropriate imaging
modalities are likely to identify aetiology. Our recommendations are that early consideration of MRI and discussion with a specialist musculoskeletal radiologist may help
to identify a cause of pain accurately and quickly. Conservative measures should in most cases be first line. Where
fracture and avascular necrosis can be ruled out, injection
under fluoroscopic guidance may help to avoid operative

Injection
Steroid and local anaesthetic injections can be both diagnostic and therapeutic. Injections are usually done under
radiological guidance to improve accuracy of needle
placement. Steroid injections should not be used in presence of a sesamoid fracture or avascular necrosis[3].
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intervention. Operative intervention used only in resistant cases operative morbidity should be considered and
explained to patients.
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Clinical results of linezolid in arthroplasty and trauma
related infections
James Joel, Simon Matthew Graham, Adam Peckham-Cooper, Nectarios Korres, Helen Tsouchnica,
Eleftherios Tsiridis
RESULTS: Infections were classified as post arthroplasty (n = 10), post trauma surgery (n = 8) or nontrauma related infections (n = 4). Twenty patients
(91%) underwent surgical intervention as part of their
treatment. The number of required surgical procedures
ranged from 1 to 6 (mean = 2.56). Mean total length
of stay per admission was 28.5 d (range 1-160 d). Furthermore, the mean duration of treatment with linezolid
of patients who had resolution of symptoms was 31 d
(range 10-84 d). All patients within this group were discharged on oral linezolid. Pathogens isolated included
methicillin resistant Staphylococcus aureus, coagulase
negative staphylococci, coliforms, enterococcus, Staphylococcus epidermidis, streptococcus viridans, Escherichia coli, group B streptococcus and pseudomonas.
An overall 77% of patients demonstrated resolution of
infections at follow-up, with mean C-reactive protein
reducing from 123 mg/L to 13.2 mg/L.
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CONCLUSION: This study demonstrates that the use
of linezolid offers excellent efficacy in orthopaedic related infections when used alongside appropriate surgical
management.

Abstract

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

AIM: To analyse the management of patients treated
with linezolid for orthopaedic infections.

Key words: Antibiotic resistance; Linezolid; Orthopaedic
infections; Osteomyelitis; Periprosthetic joint infection

METHODS: Twenty-two patients with orthopaedic related infections receiving a course of linezolid were reviewed retrospectively. Patients were classified into either
post trauma, post arthroplasty and non trauma related
infections. A diagnosis of infection was based on clinical
findings, positive microbiological specimens, and positive signs of infection on radiological imaging and raised
inflammatory markers. Pathogens isolated, inflammatory markers both at presentation and at final follow up,
length of linezolid treatment, adverse drug reactions,
concomitant anti-microbial therapy, length of hospital
stay and any surgical interventions were recorded.
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Core tip: Our study demonstrates that linezolid delivers
excellent oral bioavailability, with good penetration into
bone, joints and soft tissue. It exhibits action against
gram-positive organisms, including methicillin resistant
Staphylococcus aureus and vancomycin resistant enterococci, and it is ideally suited for the variety of infections encountered in orthopaedic practice. Used in conjunction with surgical management, excellent results
can be achieved in resolving infection.
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with linezolid in comparison to vancomycin. This potentially equates to a cost saving of up to £4800 per patient
requiring treatment for orthopaedic related infection.
There are, however, concerns surrounding the tolerability of the drug and particularly in regard to bone marrow suppression. This has been observed with prolonged
administration, and requires patients to be carefully
monitored whilst undergoing treatment[10].
Although the efficacy of linezolid has been well demonstrated in nosocomial pneumonia, bacteraemia, skin
and soft tissue infections there is limited data supporting
its use in complex orthopaedic infections. The aims of
this study were to identify patients treated with linezolid
for orthopaedic infection and evaluate its efficacy and
tolerability.

Joel J, Graham SM, Peckham-Cooper A, Korres N, Tsouchnica H,
Tsiridis E. Clinical results of linezolid in arthroplasty and trauma
related infections. World J Orthop 2014; 5(2): 151-157 Available
from: URL: http://www.wjgnet.com/2218-5836/full/v5/i2/151.
htm DOI: http://dx.doi.org/10.5312/wjo.v5.i2.151

INTRODUCTION
Infections encountered in trauma surgery and implant
related infection in arthroplasty, present a complex therapeutic challenge. Gram-positive organisms, particularly
staphylococci and streptococci, are responsible for the
majority of these infections encountered in orthopaedic
practice in the United Kingdom and United States[1,2].
These infections can be notoriously difficult to treat, often requiring lengthy courses of anti-microbial therapy
coupled with extensive surgical intervention.
The emergence of antibiotic resistant strains has led
to increasing challenges for current management of these
infections. In the United States, methicillin resistant Staphylococcus aureus (MRSA) now represents 60% of Staphylococcus aureus (S. aureus) nosocomial infections (CDC 2004)[3].
The incidence of MRSA bacteraemia increased from 2%
in 1989 to 34% in 1998 in the United Kingdom, but since
2006 there has been a general decline in the incidence
of MRSA in the United Kingdom[4,5]. Glycopeptide antibiotics, which include vancomycin and teicoplanin, are
generally used for treatment in these cases. Use of these
agents involves intravenous administration for protracted
periods of time usually via a central or a peripherally inserted central catheter (PICC). This factor and the lack of
suitable oral alternatives can equate to lengthy inpatient
admissions for the treatment of orthopaedic related infections. Additionally, there are increasing concerns over
the emergence of glycopeptide resistance in the Grampositive organisms responsible.
Linezolid is a synthetic antibiotic possessing a novel
mode of action, inhibiting bacterial protein synthesis via
inhibition of the 50S ribosomal subunit. This blocks the
formation of the initiation complex with mRNA and
tRNA thus inhibiting bacterial replication[6]. Oral administration results in 100% bioavailability and thus, oral and
parental administration of the drug are bioequivalent.
The drug has a favourable pharmacokinetic profile and
has been demonstrated to penetrate in high concentrations in osteo-articular tissues[7]. It also has excellent
activity against Gram positive bacteria with resistance to
beta lactams and glycopeptides[8].
The characteristics of linezolid make it potentially an
extremely appealing agent for the treatment of infections
encountered in orthopaedic practise. The possibility of
an effective oral treatment carries favourable cost saving
implications for health care systems. It is estimated that
use of outpatient linezolid for prolonged treatment in orthopaedic infection could be considerably less expensive
than inpatient glycopeptide therapy[9]. Studies support
reduction in patient stays of up to 8 d less when treated
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MATERIALS AND METHODS
This was a retrospective, non-randomised observational
study of patients with orthopaedic related infection treated with oral linezolid from April 2005 to June 2007 in a
University Hospital covering a population of 1.5 million.
Patients were selected from the hospital data base using clinical coding related to orthopaedic infections, which
included infected joint arthroplasty, infection related to
fracture fixation, septic arthritis soft tissue or spinal infection. ICD 10 codes used to identify relevant patients
included: infection or inflammatory reaction due to other
internal prosthetic orthopaedic device/implant graft
(T847); infection and or inflammatory reaction due to internal joint prosthesis (T845); infection and or inflammatory reaction due to internal fixation of any device (T846);
and the ICD 10 code specific for MRSA infection (B956).
In all patients treated with oral linezolid therapy, treatment
was initiated following a multi-disciplinary decision and
prescribed and monitored with the involvement of medical microbiologist advice. Fifteen patients were initially
started with parenteral vancomycin therapy prior to commencement of linezolid when patients were discharged
from hospital. The other cases were treated initially with a
variety of intravenous antibiotics (rifampicin, cefuroxime
and flucloxacillin) based on initial microbiology advice
prior to oral linezolid commencement on discharge.
Data regarding patients’ concurrent medical history
were collected. These included diabetes, nicotine use,
alcoholism, vascular disease, systemic inflammatory disease, immunosuppressive drugs and pulmonary disease.
Diagnosis of infection was based on a combination of
clinical findings, including positive microbiology cultures,
and radiographic, biochemical, and haematological signs
of infection. Clinical symptoms considered were pain, local warmth, erythema, discharge and tenderness. Objective radiological signs included evidence of osteomyelitis
or loosening of the prosthesis on plain X-ray. Laboratory
indicators included elevated C-reactive protein (CRP) >
10 mg/L, erythrocyte sedimentation rate (ESR) > 30 mm
per hour[11], leucocytosis/leucopenia, and neutrophilia/
neutropenia[11]. All patients were categorised as having
infection following arthroplasty surgery, post trauma
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surgery of non trauma bone and/or soft tissue infection.
Outcome data collected for review include pathogens isolated, the index procedure, number and nature of surgical
interventions required, length of linezolid treatment, use
of concomitant antibiotics and duration of treatment,
length of hospital stay, adverse reactions to linezolid use,
serial biochemical data when available and outcome at
follow-up.
Outcome of treatment was classified as successful if
no subjective and objective signs of infection were documented at follow up. Cases were considered as unsuccessful if there was evidence of clinical, biochemical or
radiological recurrence of infection.

absence of local and systemic signs and symptoms of
infection, alongside radiological and biochemical assessment. Resolution of infection occurred in 17 (77.27%)
of all patients at 3-57 mo, with a significant reduction in
CRP in all cases. Mean initial CRP was 123 mg/L (range
21-301), with a mean of 13.2 mg/L at resolution of
treatment (range < 5-54) (Table 1). The patients were followed up for a mean of 5 years after infection occurred.

DISCUSSION
Linezolid acts by binding to the 50s ribosomal subunit
inhibiting bacterial protein synthesis. It belongs to the
oxazolidinone family and demonstrates excellent action
against gram-positive bacteria[6]. Furthermore, linezolid
exhibits excellent penetration into bone and periarticular
structures making it suitable for use in orthopaedic related infection[12]. Our study clearly demonstrates good
results with the use of linezolid to treat orthopaedic related infections, with a resolution of infection in 77% of
all patients at 3-57 mo. Additional studies in the literature
support our finding, with resolution of infection in up to
90% of patients[10,13].
Infection following joint arthroplasty is a disastrous
complication with treatment notoriously difficult. The
development of a glycocalyx biofilm layer on implants
confers protection to pathogens and thus requires a twopronged treatment strategy of chemotherapy and surgery.
Studies have demonstrated 80%-100% resolution rates
in patients treated for infected hip and knee joint arthroplasty with linezolid[14,15]. Ten patients in this series who
had infections post arthroplasty insertion, 8 (80%) had
resolution of infection. Of the two treatment failures,
one individual (patient 21) did not tolerate the drug developing nausea and vomiting. This patient received longterm suppressive flucloxacillin as an alternative. The second treatment failure has ongoing symptoms (patient 16).
This patient underwent single stage revision for infection.
A two-stage procedure allows for the delivery of local
therapeutic levels of antibiotics to the surrounding bone
and soft tissues whilst systemic treatment is delivered.
This method is thought to represent the most efficacious
treatment for clearing infection and allowing for revision
of the implant, especially in the presence of resistant organisms[16,17].
Risk factors for infection in post trauma patients are
secondary to an inadequate initial debridement, presence
of prosthetic material in the wound, degree of devitalisation and contamination of soft tissues, and in chronic
situations the length of time infection is present. Furthermore patient risk factors resulting in immunosuppression are significant. Ideally all diseased bone should be
removed at the earliest opportunity and a radical debridement should be conducted. Following debridement revascularisation of adult bone takes 3-4 wk and this period
of time will adversely affect antibiotic activity[1]. 87.5% (7
out of 8) of patients in the post trauma infection group
had resolution of infection following treatment with

RESULTS
A total of 22 patients were identified (14 males, 8 females), with an age range of 20 to 86 years (mean age
60.4 years). Infections were classified as post arthroplasty
(n = 10), post trauma surgery (n = 8) or non-trauma related infections (n = 4). Non-trauma related infections
included infected pre-patella bursitis, 2 cases of L4-5 discitis, L4-5 osteomyelitis, and septic mono-arthritis. 50%
of patients were found to have risk factors for infection.
Pathogens identified included MRSA (n = 9), coagulase negative staphylococci (n = 8), coliforms (n = 3)
and enterococcus (n = 2). Six of the patients had multiorganism infection. In one case no organism was identified despite prolonged culturing of tissue samples and
treatment was thus started empirically after discussion
with microbiology.
Twenty patients (91%) underwent surgical intervention as part of their treatment. The number of required
surgical procedures ranged from 1 to 6 (mean = 2.56)
(Table 1). These procedures varied from washout and debridement, removal of metal work and revision surgery.
The mean number of hospital admissions within this
group was 1.5 (range 1-6). Mean total length of stay per
admission was 28.5 d (range 1-160 d). Mean duration of
treatment with linezolid of patients who had resolution
of symptoms was 31 d (range 10-84). All patients within
this group were discharged on oral linezolid. All previous
and concurrent antimicrobial treatment is described in
Table 1. Length of follow up for this group ranged from
3 to 57 mo (mean = 28).
Three patients suffered an adverse reaction to linezolid. One patient complained of nausea and vomiting
(patient 15), another of visual disturbances (patient 20)
and in one instance linezolid treatment was stopped due
to thrombocytopenia (patient 16). Two patients died
(patient 14, 16) as a sequala of sepsis. Infection resolved
in patient 20, but in patients 15, 19 and 21 treatment
failed to clear the infection and patients were re-admitted.
Their infection subsequently resolved but this was after
discontinuing linezolid. The reasons behind these failures
are not clear. This resulted in a readmission rate of 13%
(3/22).
Resolution of infection was diagnosed clinically by
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Table 1 Summary of patient management
Patient Age, Sex
number yr

Organism

Category

CRP (InitSurgical
Number of surg- Linezolid Concurrent Previous antibiotics Follow- Resol
ial/final) intervention ical procedures duration (d) antibiotics prior to linezolid up (mo) ution

1
2

43
47

M
F

MRSA
MRSA

Post Trauma
Non Trauma

301/< 5
148/9.8

Yes
Yes

2
2

14
28

Rifampicin
No

57
3

Yes
Yes

No
No

Vancomycin
Vancomycin
Clarithromycin
N
Vancomycin

3
4

43
80

M
F

Non Trauma
Arthroplasty

235/9.8
30/< 5

No
Yes

0
2

84
28

5

81

F

Arthroplasty

134/39

Yes

1

6

20

M

MRSA
Coag neg
staph
Coag Neg
staph
MRSA

14
33

Yes
Yes

42

Rifampicin

Vancomycin

25

Yes

Post Trauma

146/< 5

Yes

5

28

No

23

Yes

Yes

3

28

No

41

Yes

Arthroplasty 153/15.5

Yes

2

28

Rifampicin

Flucloxacillin
Vancomycin
Rifampicin
Vancomycin
Clindamycin
Vancomycin

7

52

F

Arthroplasty

133/54

8

79

M

9

73

F

10

45

M

11

48

M

12
13
14
15

43
63
47
64

M
F
M
F

16
17
18

83
73
68

F
M
M

19

77

M

20

86

M

Staph aureus
Pseudomonas
Staph
epidermidis
Coag Neg
staph
Coliforms
Coag Neg
staph
None
identified
Coag Neg
staph
Strep
viridians
Coliforms
Acro Xylo
MRSA
Staph aureus
MRSA
Staph aureus
E. coli
Enterococcus
Enterococcus
Coag neg staph
MRSA
Group B strep
MRSA
Coliforms
Gram negative
bacillus
MRSA

20

Yes

Arthroplasty

106/46

Yes

2

28

No

24

Yes

Post Trauma

129/< 5

Yes

2

28

No

Vancomycin
Rifampicin
Vancomycin

36

Yes

Arthroplasty

79/15

Yes

6

28

No

Vancomycin

41

Yes

Post Trauma
Post Trauma
Post Trauma
Non Trauma

72/< 5
Sep-63
124/12
155/5.5

Yes
Yes
Yes
No

1
1
4
0

28
70
42
8

No
No
No
No

None
Vancomycin
Vancomycin
Vancomycin

24
6
19
RIP

Yes
Yes
No
No

Arthroplasty
Arthroplasty
Post Trauma

21/18.6
68/< 5
91/< 5

Yes
Yes
Yes

1
1
1

21
28
28

No
No
No

Vancomycin
Vancomycin
Vancomycin

39
50
18

No
Yes
Yes

Arthroplasty

65/62

Yes

4

28

No

Vancomycin

47

No

Non Trauma

155/26

Yes

2

10

No

6

Yes

29/5

Yes

3

42

No

22

No

64/< 5

Yes

3

42

No

Vancomycin
Rifampicin
Vancomycin
Rifampicin
Vancomycin

21

79

M

22

35

M

45

Yes

Coag Neg
Arthroplasty
staph
Coag Neg staph Post Trauma

F: Female; M: male; MRSA: Methicillin resistant Staphylococcus aureus; CRP: C-reactive protein.

cessitates the use of debridement and implant removal[18].
Studies have demonstrated that debridement alone with
retention of prosthetic material in MRSA infection following total knee arthroplasty has a high failure rate[19].
Ninety one percent of patients in our cohort underwent
at least one surgical procedure alongside combined chemotherapy in an attempt to eradicate the infection. All of
these patients using the outlined strategy were successful. The use of combined surgical and chemotherapeutic
regimens as demonstrated in this study should be used in
combination for the highest chance of success.

linezolid. All patients within this group underwent surgical intervention as part of their management. The single
patient within this group (patient 14), who failed treatment, had initial resolution of symptoms but returned 9
months later with recurrence and thus was regarded as
a treatment failure. Surgical debridement in prosthetic
related orthopaedic infection is of paramount importance in trying to eradicate infection. The production
of the glycocalyx biofilm can act as a protective colony
for MRSA thus increasing difficulty in eradication where
orthopaedic implants may be in-situ[18]. This therefore ne-
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agent, particularly rifampicin or fusidic acid, may delay
the emergence of linezolid resistance in Staphylococcus aureus[33].
Adverse reactions to linezolid treatment are documented. Treatment has been associated with myelosuppression, with reports of anaemia, leucopenia and thrombocytopenia[15,34,35]. The side effects of treatment can be
detected by close monitoring of blood with myelosuppression being reversible on stopping treatment[34]. In this
series myelosuppression was observed in one case. The
patient developed multi-organ dysfunction syndrome related to sepsis.
Other notable side effects include peripheral neuropathy[36]. A single patient within this study group developed
a visual disturbance. Optic neuropathy secondary to linezolid has been described[14] and there are concerns that
linezolid induced peripheral neuropathy may be an irreversible event[34,36]. Furthermore, there are several documented case reports of serotonin toxicity when linezolid
is used with selective serotonin reuptake inhibitors[37]. The
symptoms of serotonin syndrome are alteration of mental state, autonomic dysfunction, and neuromuscular disorders. None of our patients developed such symptoms;
however it is important that surgeons and physicians
are aware of the nonspecific presentation of serotonin
symptoms and the treatment when using linezolid. Additionally, contraindications to commencing linezolid include patients taking any medicine which inhibits monoamine oxidases A or B (e.g., phenelzine, isocarboxazid) or
within two weeks of taking any such medicinal product.
Unless patients are monitored for potential increases in
blood pressure, linezolid should not be administered to
patients with uncontrolled hypertension, pheochromocytoma, thyrotoxicosis and/or patients taking any of the
following types of medications: directly and indirectly
acting sympathomimetic agents (e.g., pseudoephedrine),
vasopressive agents (e.g., epinephrine, norepinephrine),
dopaminergic agents (e.g., dopamine, dobutamine).
Our study has a number of limitations. The patient
group was highly heterogeneous and the numbers, as
with many other studies, were relatively small. The lack
of randomisation and a control further limits definitive
conclusions. However, it does lend weight to the growing
evidence of linezolid use in this group of patients with
joint, bone and implant related infection.
In conclusion, linezolid delivers excellent oral bioavailability, with good penetration into bone, joints
and soft tissue. It exhibits action against gram-positive
organisms, including MRSA and vancomycin resistant
enterococci, and it is ideally suited for the variety of infections encountered in orthopaedic practice. Used in
conjunction with surgical management, excellent results
can be achieved in resolving infection. It is generally well
tolerated but regular monitoring of blood parameters is
advisable. While haematological disturbance have been
documented, these are generally shown to be transient
and reversible in nature on cessation of treatment. Oral
administration facilitates earlier hospital discharge, with

The final group reviewed were the patients with nontrauma related infection. The use of linezolid in spinal
surgery is less well documented. A study evaluating antibiotic penetration in a rabbit spine model suggests that linezolid is inadequate for the treatment of spinal infection
limited to the intervertebral disc, but may be effective for
the treatment of infection extending into the muscle and
bone marrow, such as in vertebral osteomyelitis, iliopsoas
abscess, and postsurgical infection. Three cases (75%) in
this series were successfully treated with linezolid[20]. The
patient with treatment failure in this group (patient 15)
developed an L4/5 osteomyelitis with associated psoas
abscess and died related to a sequalea of sepsis.
Linezolid has 100% oral bioavailability[21]. Oral administration avoids the morbidity associated with intravenous access and line sepsis and the cost of insertion
and monitoring of these devices. This may aid in shortening patient stay, as traditionally these patients have required lengthy admissions for parenteral antibiotics. This
potentially has major cost implications for health care
systems. However, this must be offset by the need to undertake more outpatient follow-up appointments and the
fact regular blood tests need to be undertaken to monitor
for myelosuppresion. Welshman et al[22] demonstrated statistically significant reduction in length of in-patient stay
with MRSA soft tissue infection in patients treated with
linezolid as opposed to vancomycin. Further studies have
also demonstrated reduction of length of hospital stay in
patients with MRSA treated with linezolid[9,23].
Staphylococcus aureus is the single most common organism causing osteomyelitis secondary to trauma, surgery
or insertion of a joint[24]. Chronic infection is notoriously difficult to treat. The relatively high failure rate
of antibiotic treatment alone in bone infection is well
documented[25]. Use of linezolid, along with appropriate
surgical management, has been shown to be efficacious.
Vercillo et al[26] demonstrated no recurrence of infection at a minimum of 6 mo follow up in a group of 14
patients with implant related chronic osteomyelitis. Similarly, Rao et al[27] prospectively monitored 11 patients who
received linezolid for osteomyelitis for a mean 27 mo.
The entire group had remission demonstrated by clinical,
biochemical and radiographic markers[27]. The most common causative organisms encountered in this study were
predominantly gram-positive organisms, the most common being MRSA.
Only 3 of the patients in our study group were treated with an additional antibiotic as well as linezolid. In all
cases this was oral rifampicin. Resistance rates to linezolid
have been reported to be low[28]. Linezolid resistance occurred in < 1% of Staphylococcus aureus, coagulase-negative
staphylococci, and enterococci isolates from the US
between 2002 and 2009[29]. Resistance usually develops
after prolonged therapy with linezolid for serious infection although nosocomial acquisition of both resistant
enterococci has been reported, including cases in patients
with no prior treatment with linezolid[30-32]. It has been
proposed that a combination with a second antibacterial
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associated cost savings to health care systems. Prospective randomised controlled trials are required to further
ascertain the role of linezolid in the treatment of orthopaedic related infection.
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with good penetration into bone, joints and soft tissue. It exhibits action against
gram-positive organisms, including methicillin resistant Staphylococcus aureus
and vancomycin resistant enterococci, and it is ideally suited for the variety of
infections encountered in orthopaedic practice. Used in conjunction with surgical management, excellent results can be achieved in resolving orthopaedic
infections.

11

12

Terminology

Arthroplasty is the insertion of a prosthetic joint into a patient. Following arthroplasty surgery and bone related injuries, people can potentially develop infections which are very difficult to treat. This study demonstrates that by using the
antibiotic linezolid, these infections can be treated effectively. Since linezolid
can be given as an oral tablet this results in a patient potentially spending less
time in hospital being treated for these types of infections, which results in
health care savings and is more convenient for patients

13

Peer review

14

According to the authors “the aim of the present investigation was to identify
patients treated with linezolid for orthopaedic infection and evaluate efficacy
and tolerability”. The authors state that “the results of this study support the use
of linezolid, with a 77% resolution at 3-57 mo across all patient groups”. It was
concluded that the study demonstrates that use of linezolid offers excellent efficacy in orthopaedic related infections when used alongside appropriate surgical
management. This is an interesting and important case series.
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