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Neural control of human gait and posture
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Abstract Recent developments in neuroscience techniques such as brain imaging, functional
brain imaging, and non-invasive brain stimulation, have made it possible to directly study
able-bodied humans while engaged in various motor tasks. As a result of these technological
advances, the last couple of decades have experienced a significant increase in new findings in
the field of motor control and, more specifically, on the control of gait and posture. However,
there are still a lot of difficulties and limitations in studying human neural activities during dy-
namic movements, like walking. In this short review, recent advances in knowledge on human

gait and posture will be reviewed.
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Introduction

Since Sherington’s pioneer work on reflex studies, pri-
marily in animals, it has been believed that experimental
results obtained from human subjects provide only indi-
rect neuroscientific evidence, requiring validation in so-
called “reduced preparations” (i.e., animals with specific
operations). However, recent developments in neurosci-
ence techniques such as brain imaging, functional brain
imaging, and non-invasive brain stimulation, have made
it possible to directly study able-bodied humans while
engaged in various motor tasks. As a result of these tech-
nological advances, the last couple of decades have expe-
rienced a significant increase in new findings in the field
of motor control and, more specifically, on the control of
gait and posture. In this short review, recent advances in
knowledge on human gait and posture will be reviewed,
which will hopefully assist readers in deepening their
understanding of neural mechanisms underlying human
motor control.

Neural control of human bipedal walking

Human bipedal walking in an upright posture is in-
herently unstable from a physical point of view, unlike
physically stable quadrupedal locomotion. It may be eas-
ily claimed that, for many aspects, the neural mechanisms
underlying bipedal and quadrupedal locomotion are in-
herently different. At the same time, the extent to which
these two different locomotion styles share common
neural mechanisms has remained poorly understood. In
the following section, recent advances in knowledge on
the contribution of the higher nervous center and of spinal
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neural circuits, specifically the central pattern generator
(CPG) for human bipedal walking, are summarized and
discussed in the current perspective of neural sciences.

Contribution of the higher nervous centers. To what
extent is the central command from the higher nervous
centers needed to facilitate and maintain human bipedal
walk? This is a fundamental question regarding the neural
mechanisms controlling human walk. Needless to say, the
motor cortex is required to enable human walking, con-
sidering that pathophysiology of brain diseases - such as
stroke, Parkinson’s disease, and cerebral palsy - indicates
that a lesion of the motor cortex or other parts of the brain
can impair, to a great extent, the ability to walk indepen-
dently. However, the exact roles that different parts of the
brain play in, for example, the initiation, execution, and
maintenance of walking are still unknown. The answer
can certainly be deduced from animal studies; though,
again, we should keep in mind that the underlying neural
mechanisms of human bipedal walking should not neces-
sarily be the same as those of quadrupedal locomotion.

Fig. 1 is a schematic representation of the neural mech-
anisms underlying human bipedal walk, which is deduced
mostly from animal studies!. As to so-called locomotor
regions in the brain, so far a few different regions in the
diencephalon (SLR: subthalamic locomotor region), mes-
encephalon (MLR: mesencephalic locomotor region), and
cerebellum (CLR: cerebellar locomotor region) have been
identified. Again, it is unknown whether those locomotor
regions really exist in the human brain or not; however,
more or less similar regions are supposed to work for hu-
man bipedal walk as well. Actually, there is a study show-
ing similar supraspinal locomotor regions in the human
brain that are active during mental imagery of bipedal
walking? (Fig. 2).
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Fig. 1 A schematic representation of locomotor control
system. Adapted and revised from Mori (2005).

Fig. 2 Brain regions activated during mental imagery of stand-
ing, walking and running.
Cited from Jahn et al. (2008).

Evidence from transcranial magnetic stimulation. Since
the noninvasive brain stimulation technique, transcranial
magnetic stimulation (TMS), was developed in the late
19t century, quite a few researchers in the research area
of human motor control have utilized this technique,
mostly to evaluate corticospinal function or excitability
in various motor tasks. During human walking, TMS can
be applied if the TMS coil is adequately stabilized on
the subject’s head. Capéday et al. (1999) investigated the
modulation of corticospinal excitability (CSE) of the hu-

man ankle muscles during treadmill walking, and found
that CSE of the ankle flexor, tibialis anterior (TA), is not
tuned in a parallel fashion with that of the background
EMG activity?. They have shown that TMS induces a sig-
nificantly large motor-evoked potential in the inactive TA
during the stance phase of treadmill walking, suggesting
that a subliminal fringe of the corticospinal tract to the TA
motoneuron pool is enhanced in this phase. These obser-
vations imply that the rate of excitability in the cortico-
spinal tract innervating the TA motoneurons is facilitated
during walking compared with resting, although the EMG
activity is negligible.

More recently, by using brain imaging techniques, some
studies have located the brain regions that are activated
during human bipedal walking. Of those studies, the
technique that Hanakawa et al. (1999) used was unique
in the sense that it succeeded in figuring out several brain
regions activated and deactivated during normal and
Parkinsonian gait, respectively®. The brain imaging tech-
nique they utilized was a single photon emission tomog-
raphy (SPECT) scan, which is used to view how blood
flows through arteries and veins in the brain. The results
revealed that, during normal gait, both basal ganglia and
cortical motor areas were prominently activated, which
was concomitant with increased activation in the brain
stem and cerebellum. Of particular interest was a notable
decrease in activation in the supplementary motor area
(SMA) in patients with Parkinson’s disease, suggesting
that the motor system, including SMA, has some relation
to particular locomotor deficiencies in that particular neu-
rological condition.

Central pattern generator (CPG). Central pattern gen-
eration is defined as the generation of oscillatory flexor
and extensor ventral root outputs from the neural circuits
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of the spinal cord in the absence of oscillatory input
from the brain or from the periphery®. It has been well
established that, from phylogenetically old invertebrates
to mammals, central pattern generation is the common
feature of the central nervous system enabling rhythmic
movements or locomotion. In mammals, spinal cord neu-
ral circuitries, specifically, are known to have the ability
to generate a thythmic motor patiern. To what extent,
however, the mammalian spinal cord can generate loco-
motion independently from the supraspinal centers has
been a question that many researchers have worked on for
about the last two decades. Respective insights may have
significant relevance for the rehabilitation of individuals
with complete and incomplete spinal cord injuries (SCI).
Concerning the spinal cord of a cat, it was demonstrated,
mostly in the 1990s, that the adult spinal cord can execute
full weight-bearing stepping over a range of speeds, inde-
pendent of supraspinal input. In humans, however, con-
sensus is that sufficient muscular force cannot be gener-
ated by spinal neural circuits alone in order to bear body
weight during stepping. At the same time, Harkema et al.
(2000)reported that, “under optimal conditions of limb
loading, treadmill belt speed, and appropriate kinematics,
participants with clinically complete SCI could generate
3-10 consecutive steps without assistance on at least one
leg” after several months of body-weight support step-
ping (BWSS) training. This case reported by Harkema’s
research group seems to be quite a rare case. In complete
SCI individuals, EMG bursts of only low amplitude are
known to be elicited when lower limbs are assisted in
stepping by therapists or robots. Nevertheless, the find-
ing of the patterned EMG activities induced in paralyzed
human lower limb muscles was quite important, because
it was regarded as the motor output generated by the
interaction between spinal CPG and peripheral afferent
inputs, indirectly suggesting the existence of spinal CPG
in humans. Regarding human spinal CPG, several find-
ings have been revealed, and these mostly from observa-
tions of individuals with SCI. Dietz et al. (1999)? have
reported that the inter-muscular EMG pattern, induced in
the paralyzed lower limb muscles of cervical cord-injured
patients during BWSS on a treadmill, was closer to that
in healthy subjects than thoracic and lumbar cord-injured
patients. This observation suggests that neuronal circuits,
underlying locomotor “pattern generation” in humans,
are not restricted to any specific level(s) of the spinal
cord; but that an intricate neuronal network contributing
to bipedal locomotion extends from thoracolumbal to
cervical levels. Harkema et al. (1997)” demonstrated in
their early work that modulation of the EMG amplitude
from the ankle extensors during BWSS, both across steps
and within a step, was more closely associated with limb
peak load than muscle-tendon stretch or its velocity. They
concluded that the human spinal cord, given appropriate
sensory inputs, can modulate motor pool output that may
facilitate locomotion. The locomotor EMG pattern has
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been observed during specific gait with reciprocating long
leg orthosis (Fig. 3)». Modulation of the observed EMG
amplitude was reported to be correlated with peak load
and hip joint angular velocity as well, suggesting that af-
ferent inputs, associated with limb load and hip joint mo-
tion, play an essential role in locomotor pattern genera-
tion from the assumed spinal pattern generator.

Using magnetic stimulation, electrical or vibratory pe-
ripheral nerve stimulation, or combinations of these stim-
ulation modes, it has recently been demonstrated that the
‘intact” human spinal cord can induce stepping-like lower
limb movements in a “gravity neutral” condition®',
These reports strongly suggest that the intact human
spinal cord alone has the potential to generate stepping-
like alternative lower limb motion without continuous
descending inputs from the supraspinal nervous centers.

Reflex regulation during human bipedal walk. Follow-
ing the first report of Capaday and Stein (1986)'), am-
plitude modulation of the H-reflex, an electrical analog
of the stretch reflex during human walking, has been
extensively studied, providing evidence that the H-reflex
amplitude is modulated in a phase-dependent manner.
This phase-dependent modulation has been demonstrated
in other reflexes, such as cutaneous and stretch reflex
responses during human walking!?. The phase-dependent
nature of various reflex systems implies that the central
nervous system regulates reflex excitability in a way that
matches its functional requirements with respect to the
walking phase. In particular regard to the stretch reflex
response during human walking, Andersen and Sink-
jaer (1995)™ have developed a specific portable stretch
device to induce stretches of the ankle muscles when a
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Fig. 3 A: The experimental setup to record EMG activities in

lower limb muscles during the orthotic gait of a com-
plete paraplegic subject.
B: An example of locomotor-like EMG activities, hip
joint angle displacement and loading force profile under
the foot during the orthotic gait. Cited from Kojima et
al. (1999).
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subject is walking on a treadmill. Using this device, they
have demonstrated how stretch reflex EMG responses in
the soleus (SOL) or TA muscles are modulated at various
phases in the human walking cycle (for example see 14).
Among the many findings in their series of studies, one of
the noteworthy features of stretch reflex modulation was
that reflexes in both the SOL and TA are facilitated at the
stance phase, even though background TA activity is si-
lent during this phase. These observations lead to the hy-
pothesis that one of the roles of the stretch reflex function
in the ankle muscles during walking would be to stiffen
the ankle joint so that the joint becomes more stable. Such
a stabilization would be quite important in order o ensure
ankle joint support soon after the heel strike!®. Thus, on
the basis of these observations, it could be hypothesized
that, when the supporting leg just after the heel strike is
perturbed by removing the walkway or dropping the sup-
portive surface, significant and sizable responses occur
in both the ankle extensor and flexor muscles. To test this
hypothesis, the authors developed a new experimental
device that makes it possible to drop the supportive sur-
face while a subject is walking (Fig. 4)!9. The perturba-
tion used in this study more closely approximated the
natural disturbances occurring in everyday life than the
conventional electrical or mechanical stimuli previously

Fig. 4 The experimental setup to study EMG responses to a
sudden drop of support surface during walking. The
support surface of the movable platform in the middle
of the walkway drops 10 mm in the early stance phase
during walking. Cited from Nakazawa et al. (2004).

SOL
Stance Leg

1 %M
SMM
SMW—Mdh

Swing Leg

fngd,
u

JPFSM : Nakazawa K, et al.

used to elicit reflex responses during the human walking
cycle. The results showed that short-latency reflex EMG
responses, after the impact of the drop (50 ms), were con-
sistently observed in both the ankle flexor and extensor
muscles in the perturbed leg (Fig. 5). Of particular interest
was the distinct response that appeared in the TA muscle,
although this muscle showed little background EMG ac-
tivity during the stance phase. These results indicate that
the reflex activities in the ankle muscles responded when
the supportive surface was unexpectedly destabilized just
after the heel strike while walking. These reflex responses
were most probably mediated by the facilitated stretch
reflex pathways of the ankle muscles at the early stance
phase and were suggested to be relevant in securing sta-
bilization around the ankle joint during human bipedal
walking.

Neural control of human bipedal posture

Bipedal upright posture is one of the unique abilities
that only human beings inherently possess. As such, the
neural mechanisms of human upright posture can only be
understood by studying humans, and not animals. How-

~ever, it is assumed that basic neural mechanisms, for ex-
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ample generating postural tone in humans, are the same as
those in quadruped animals. Therefore, numerous animal
experiments have been conducted to reveal neural centers
that play an essential role in keeping postural tone or ini-
tiating locomotion. So far, in neurophysiological experi-
ments using cats, several nuclei in the brain stem, such as
the pedunculopentine tegmental nucleus, locus coeruleus,
and raphe nuclei have been found to be regions that di-
rectly increase or decrease postural tone!”. In humans,
there has been no direct evidence that the same regions in
the human brain stem are active while standing, while a
few brain-imaging studies have reported regions that are
activated during quiet standing'®. Novel technologies that
will potentially be developed in the not too distant future
may enable us to detect active regions in the human brain
while maintaining upright posture.

In the following section, we will discuss studies aimed
exploring the neural principle of human postural control
by using biomechanical analysis, but also explore recent

Fig. 5 Typical example of the normalized EMG
responses to the drop of support surface
during walking. The numbers indicate
the order of perturbed trials. Cited from
Nakazawa et al. (2004).
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studies focusing on the involvement of the higher ner-
vous center and modulation of local reflexes during quiet
standing.

Biomechanics of human quiet standing. Human quiet
standing is often approximated as a single-link inverted
pendulum that pivots at the ankle joint in the sagittal
plane (Fig. 6) (e.g., 19). Because the center of mass (CoM)
is usually maintained in front of the ankle joints during
quiet standing, gravity continuously acts on the pendulum
to produce a forward toppling torque. At the same time,
the ankle extensor muscles coupled to the pendulum by
the series elastic elements (SEE) pull the pendulum back-
ward to prevent it from falling. The dynamic equation of
the pendulum is as follows:

10 = mght—T, ()

where 7 is the moment of mertia of the body around the
ankle joint; @ the CoM angle relative to the earth vertical;
m the body mass (except the feet); g the gravitational ac-
celeration; / the distance between the ankle joint and the
CoM; and 7, the ankle extensor torque. £g. [ indicates
that disagreement between the gravitational toppling
torque and the ankle extensor torque is proportional to an-
gular acceleration of the pendulum.

Mechano-refiex hypothesis. The ankle extensor torque
needed to counteract gravitational toppling torque can
be evoked passively and actively'®. The passive torque
component arises from intrinsic mechanical properties
(i.e., stiffness and/or viscosity) of muscles, aponeurosis,
tendons, and other connective tissues, which act instanta-
neously. On the other hand, the active torque component
is generated via muscle contractile elements that are regu-
lated by newral commands.

Until the mid 1990s, it had been generally assumed, for
nearly a century, that the control of human upright stance
solely depended on low-level mechano-reflex mecha-
nisms. That is, when the body swayed forward, stretched
calf muscles passively generated the restoring force in a
spring-like manner. If passive stiffness could not provide
adequate force to counteract gravity on its own, neural re-
flexes provided additional force to restore the pendulum.

Fig. 6 Single-link inverted pendulum
model of quiet standing. 9 is
the CoM angle relative to earth
vertical; m, body mass (except
the feet); g, gravitational accel-
eration; &, distance between the
ankle joint and the CoM, and

T., ankle extensor torque.
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Stiffuness control hypothesis. Winter et al. (1998)2D
argued against the above-mentioned mechano-reflex hy-
pothesis and proposed a relatively simple control scheme
for maintaining upright stance (stiffness control hypoth-
esis). Their argument was based on the following find-
ings: (1) the visual system does not appear to contribute
to the control of upright stance; (2) the head and joint
motions during quiet standing are below physiological
thresholds of the vestibular and proprioceptive systems,
respectively; and (3) if mechano-reflex mechanisms were
present, inevitable neuromuscular transmission delays
(estimated at 150 to 200 ms) would create feedback in-
stability. The stiffness control hypothesis insists that the
passive mechanical stiffness of the active calf muscles per
se can provide enough force to restore the pendulum. In
their theory, the intervention of the central nervous sys-
tem is limited to set the appropriate tonus (elastic coeffi-
cient K) of the calf muscles. This can be possible as long
as the calf muscles are stiffer than the “load stiffness”
(mgh). In other words, for a given sway angle (A0), the
calf muscles should acquire more elastic energy by being
stretched (KAQ) than the potential energy the pendulum
loses (mghA@). Winter et al. (2001)* directly estimated
ankle stiffness from linear regression of the ankle torque
and sway angle during quiet standing; and revealed that
ankle stiffness was 8.8 % larger than load stiffness.

Active, non-spring like confrol hypothesis. After its
proposal, the stiffness control hypothesis quickly ran into
problems. Criticism was initially made by Morasso and
colleagues®, who pointed out that: (1) the method of esti-
mating ankle stiffness, proposed by Winter et al. (2001),
did not exclude the effect of active neural modulation;
and (2) physiological values of intrinsic ankle stiffness (the
word “intrinsic” means without neural modulation) were
too low to prevent a forward fall of the body. Recently,
two research groups investigated intrinsic ankle stiffness
during quiet standing using small ankle rotations and
revealed it to be 91 + 23%%9 and 64 =+ 8%V of load stiff-
ness. In addition, using a system identification technique,
Vette et al. (2010)* estimated intrinsic ankle stiffness as
83 = 7% of load stiffness during quiet standing. Loram
and Lakie (2002)% attributed the identified compliance
to the SEE (Achilles tendon and foot) rather than the ac-
tive calf muscles. When one measures the stiffness of a
series arrangement of springs with different constants,
the combined stiffness is smaller than the stiffness of the
most compliant spring. In the situation of human quiet
standing, because the compliant SEE limits the combined
stiffness of the series arrangement, any constant contrac-
tion of the muscle cannot provide sufficient stiffness:

VK o = UK

-muscle

otal

+ 1K gz - @

In order to raise the combined stiffness (K,,,) above
the load stiffness (mgh), the muscle contractile element
is predicted to behave like a “negative spring”. That is,
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when the body sways forward (and the muscle-tendon
complex of the calf muscles, as a whole, lengthens), the
muscle contractile element shortens (and vice versa when
the body sways backward). Loram et al. (2005)*® proved
the validity of this prediction by tracking tiny muscular
movements, occurring during unperturbed, quiet standing,
with a real-time ultrasound and automated image analysis
technique. Although the above-mentioned muscle move-
ments can be produced by reflex coupling of extrafusal
(EF) and intrafusal (IF) drive or the positive force feed-
back mechanism, in principle, Loram et al. (2005)* sug-
gested that higher-level anticipatory control involving
internal models is more plausible.

Involvement of the higher nervous centers in the con-
trol of human standing posture

It is technically difficult to detect specific brain regions
activated while standing. However, Ouchi et al. (1999)'®
succeeded in determining the regions activated, while hu-
man subjects were keeping an upright posture, by using
their mobile gantry PET (positron emission tomography)
system. They reported that, as compared with the supine
posture, the cerebellar anterior lobe and the right visual
cortex increased cerebral blood flow levels. Jahn et al.
(2008)? used functional magnetic resonance imaging
(fMRI) to detect brain regions activated during mental
imaging of standing. They reported that while imagining
standing, the thalamus, basal ganglia and cerebellar ver-
mis were activated.

There have been several studies investigating corti-
cal involvement in the control of human standing. The
excitability of the motor cortex can be investigated with
transcranial magnetic stimulation (TMS). The muscular
response (called the motor-evoked potential: MEP) to
TMS reflects the changes in the excitability of corticospi-
nal tract neurons (CTNs) and spinal motoneruons. In gen-
eral, MEPs from TMS are compared with the responses
obtained from the H-reflex or MEP from transcranial
electrical stimulation (TES) in isolating the involvement
of the motor cortex from the spinal and subcortical levels.
TES is the method to activate the axons of corticospinal
neurons directly. Using these techniques, cortical involve-
ment in human standing posture has been investigated by
some researchers. For example, Solopova et al. (2003)"
reported an increase in SOL and TA MEP amplitude with
TMS and no change in SOL H-reflex amplitude dur-
ing balancing on a movable platform when compared to
standing on a rigid floor. In more recent studies, Tokuno
et al. (2008)*® reported an increase in SOL and TA MEP
amplitude with TMS, but no changes or decrease in SOL
H-reflex amplitude or TES-evoked SOL and TA MEP
amplitude during quiet standing, when compared to sup-
ported standing. Furthermore, they also reported that SOL
H-reflex, SOL MEP with TMS, andSOL MEP with TES
were all greater during forward sway, when compared to
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backward sway. These results suggest that cortical control
of the ankle muscles becomes more prominent as human
standing posture becomes more unstable, while postural
sway is controlled at the spinal and/or subcortical levels.

Spinal reflex modulation during upright standing

The H-reflex test has been utilized as a major probe to
investigate sensorimotor integration on the spinal neuro-
nal circuits in humans while performing various motor
tasks. During quiet standing, the H-reflex amplitude of
the major anti-gravity muscle, soleus (SOL) is known to
be suppressed compared to that while sitting, lying prone
or standing with back support (e.g., 29). The decrease
in SOL H-reflex was also observed when postural tasks
become more challenging, such as when standing with
a reduced base support or on an unstable surface’?. It
is suggested that these inhibitions during standing may
help avoid excessive autogenic excitation of the SOL
motoneuron and ensure receiving central descending
commands. In addition, the decrease in H-reflex ampli-
tude during standing is thought to relate to segmental and
supraspinal mechanisms playing upon the SOL moton-
eruon. Not a few researchers suggest the involvement of
descending commands as the neural origin of presynaptic
inhibition. On the other hand, more recently, it has been
reported that reduced SOL H-reflex in a passive standing
posture is observed in patients with complete spinal cord
injuries, as well as in healthy young subjects, suggesting
that peripheral sensory inputs can also induce excitability
changes in the SOL H-reflex without the descending com-
mand?). Load-related sensory information from the lower
limb muscles and joints, and the sole of the foot, during
standing, likely contribute to the modulation of the SOL
H-reflex during standing. It has been reported that me-
chanical loading of the sole of the foot reduced the am-
plitude of the SOL H-reflex’?, whereas the SOL H-reflex
was enhanced under the reduced loading condition of the
ankle and knee joints.

Conclusion

In summary, recent advances in human gait and pos-
ture studies were summarized and discussed in this short
review. Although both upright gait and posture are the
most fundamental motor functions in humans, there are
still many aspects that remain unanswered, especially
with respect to the neural control mechanisms underlying
those functions. Since studies on the neural mechanisms
controlling human gait and posture are relevant to the
neurorehabilitation of individuals with motor deficiencies,
advances in this research field may potentially contribute
to the development of novel rehabilitative interventions
and assistive technologies.
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ABSTRACT

Objective To examine the magnitude of the adverse
impact of high-dose methylprednisolone treatment in
patients with acute cervical spinal cord injury (SCI).
Methods We examined the abstracted data from the
Japanese Diagnosis Procedure Combination database,
and included patients with 1CD-10 code S141 who were
admitted on an emergency basis between 1 July and

31 December in 2007-2009. The investigation evaluated
the patients’ sex, age, comorbidities, Japan Coma Scale,
hospital volume and the amount of methylprednisolone
administered. One-to-one propensity-score matching
between high-dose methylprednisolone group

(>5000 mg) and control group was performed to
compare the rates of in-hospital death and major
complications (sepsis; pneumonia; urinary tract infection;
gastrointestinal ulcer/bleeding; and pulmonary
embolismy).

Results We identified 3508 cervical SCI patients (2652
men and 856 women; mean age, 60.8+18.7 years)
including 824 (23.5%) patients who received high-dose
methylprednisolone. A propensity-matched analysis with
824 pairs of patients showed a significant increase

in the occurrence of gastrointestinal ulcer/bleeding
(68/812 vs 31/812; p<0.001) in the high-dose
methylprednisolone group. Overall, the high-dose
methylprednisolone group demonstrated a significantly
higher risk of complications (144/812 vs 96/812;0R,
1.66; 95% Cl 1.23 to 2.24; p=0.001) than the control
group. There was no significant difference in in-hospital
mortality between the high-dose methylprednisolone
group and the control group (p=0.884).

Conclusions Patients receiving high-dose
methylprednisolone had a significantly increased risk of
major complications, in particular, gastrointestinal
ulcer/bleeding. However, high-dose methylprednisolone
treatment was not associated with any increase in
mortality.

INTRODUCTION

Methylprednisolone is one of the most investigated
agents for its neuroprotective potential, and remains
the only drug used worldwide for acute spinal cord
injury (SCI). The beneficial effect of high-dose
methylprednisolone was initially reported in a series
of National Acute Spinal Cord Injury Studies
(NASCIS) in the 1990s." ? Specifically, NASCIS-2
compared 24 h of high-dose methylprednisolone
(given as a bolus of 30 mg/kg over 15 min followed
by a continuous infusion of 5.4 mg/kg/h) with

placebo in acute SCI patients.! Patients receiving
methylprednisolone within 8 h of injury were
reported to have greater neurologic improvement at
6 months. Results of NASCIS-3 further indicated
slightly more recovery following 48 h of treatment
than after 24 h.> Following publication of the
NASCIS trials, the regimen of these trials was
rapidly adopted worldwide; however, subsequent
debate over the efficacy and safety of high-dose
methylprednisolone treatment®™ has led to serious
differences of opinion in the medical community,
and considerable variations in current practice.®™

According to a recent Cochrane review,
NASCIS-2 showed a weak trend towards an
increase in complications, including wound infec-
tion (OR 2.11; 95% CI 0.81 to 5.49) and gastro-
intestinal haemorrhage (OR 1.48; 95% CI 0.48 to
4.56). The high-dose methylprednisolone group
showed slightly lower 180-day mortality than the
control group (7/162 vs 12/171; OR 0.62 95% CI -
0.25 to 1.53). On the other hand, NASCIS-3, com-
paring 24 h and 48 h methylprednisolone adminis-
tration, found a trend towards increased rates of
severe pneumonia (OR 2.25; 95% CI 0.71 to 7.15)
and sepsis (OR 4.00; 95% CI 0.45 to 35.38) in the
48 h treatment group. Mortality was not signifi-
cantly different between the two groups.

Although many studies following the NASCIS
trials reported a trend toward increased complica-
tions after high-dose methylprednisolone treat-
ment,*'™ the magnitude of its negative impact
remains unclear. The reported incidence of compli-
cations after high-dose methylprednisolone adminis-
tration varied greatly between studies, primarily
because of small sample sizes and bias in selection of
the study population. In addition, it is unknown
whether high-dose methylprednisolone negatively
affects the survival of SCI patients. Despite wide-
spread use of this treatment, information from high-
level evidence about the risks associated with high-
dose methylprednisolone administration is lacking.
We therefore conducted a retrospective observa-
tional study based on a propensity score-matched
analysis of data from a nationwide administrative
database to examine the risk of high-dose methyl-
prednisolone treatment after acute cervical SCI.

METHODS

Diagnosis Procedure Combination database

The Diagnosis Procedure Combination (DPC) is a
case-mix patient classification system which was
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launched in 2002 by the Ministry of Health, Labour and Welfare
of Japan, and was linked with a lump-sum payment system.'® All
82 university teaching hospitals are obliged to adopt this system,
but adoption by community hospitals is voluntary. The survey in
the participating hospitals is conducted between 1 July and 31
December each year by the DPC research group, in collaboration
with the Ministry of Health, Labour and Welfare. In 2009, the
number of participating hospitals was 818 and the number of
patients included was 2.57 million, which represented approxi-
mately 40% of all inpatient admissions to acute care hospitals in
Japan. The database includes administrative claims data and the
following data: unique identifiers of hospitals; patient age and
sex; diagnoses, comorbidities at admission and complications
after admission recorded with text data in the Japanese language
and the International Classification of Diseases, 10th Revision
(ICD-10) codes; consciousness level at admission measured with
the Japan Coma Scale (JCS; see Appendix); discharge status; and
drugs administered.'” In the DPC database, complications that
occur after admission are clearly differentiated from comorbid-
ities that already present at admission. To optimise the accuracy
of the recorded diagnoses, physicians in charge are obliged to
record the diagnoses with reference to medical charts. Because of
the anonymous nature of the data, informed consent was waived
when this study was approved by the institutional review board
at The University of Tokyo.

Patient selection and data

Using the DPC database, we identified patients who had an
emergency admission to the participating hospitals with a diag-
nosis of cervical SCI (ICD-10 code, $141) between July and
December, 2007-2009. Patients who were transferred from
other hospitals were excluded. Although we were unable to
confirm the presence of a neurological deficit in each patient,
miscoding is relatively unlikely because the DPC data are coded
by physicians and subjected to an audit. The list of drugs used
during hospitalisation was reviewed for each patient, and we
identified patients who started high-dose methylprednisolone
treatment for acute cervical SCI at admission and received a
total of >5000 mg methylprednisolone infusion. In Japan, many
elderly patients who sustain a cervical SCI are lean. For a 40 kg
person, the total dosage amounted to 6168 mg in the
NASCIS-2 protocol. Therefore, we set a cut-off value of
5000 mg. As a control group, we identified cervical SCI patients
who did not receive methylprednisolone, or those who received
less than 500 mg methylprednisolone during hospitalisation. We
selected this cut-off value according to the definition of ‘high-
dose’ adopted by Sauerland et al'® (>15 mg/kg (600 mg for a
40 kg person) or >1000 mg).

We assessed patient background, including age, sex, JCS score
and Charlson Comorbidity Index (CCI). JCS 0 indicates patients
with alert consciousness; JCS one-digit codes (1-3) indicate
patients who are drowsy but awake without any stimuli; JCS
two-digit codes (10-30) indicate patients with somnolence who
can be aroused with some stimuli; JCS three-digit codes (100~
300) indicate coma.’ The JCS and the Glasgow Coma Scale
assessments are well correlated. The CCI is a prognostic index
as a means for quantifying the prognosis of patients enrolled in
a large cohort, and is used widely to measure the case-mix with
administrative data. This index is based on a point scoring
system (from 0 to 40) for the presence of specific associated dis-
eases. Quan et al*® provided a validated chart showing how
each comorbidity corresponds to a set of ICD-10 codes.?
Based on Quan’s protocol, each ICD-10 code of comorbidity
was converted into a score, and was summed for each patient to

determine CCl. Hospital volume was defined as the annual
number of patients with cervical SCI at each hospital.

Clinical outcomes included in-hospital deaths and major com-
plications (sepsis (ICD-10 codes: A40, A41), respiratory compli-
cations (pneumonia {(J12-J18), postprocedural respiratory
disorders (J95) or respiratory failure (J96)), pulmonary embol-
ism (126), gastroduodenal ulcer/bleeding (K25, K26), urinary
tract infection (N10, N30, N390)).

Statistical analyses

We performed a one-to-one matching of patients in the high-
dose methylprednisolone group and the control group on the
basis of estimated propensity scores of each patient.*' The
propensity-score approach addresses selection bias that is inher-
ent in retrospective observational studies, where outcomes can
reflect a lack of comparability in treatment groups rather than
the effects of treatment. This approach tries to construct a ran-
domised experimental-like situation where treatment groups
being contrasted are comparable for observing prognostic
factors. Application of propensity-score matching involves esti-
mation of the propensity score followed by matching of patients
according to their estimated propensity score and comparison of
outcomes in matched patients. To estimate the propensity score,
we fitted a logistic regression model for the receipt of high-dose
methylprednisolone treatment as a function of patient demo-
graphic and hospital factors, including age, sex, JCS score, CCL,
receipt of cervical spinal surgery and hospital volume. The
C-statistic for evaluating the goodness-of-fit was calculated.
Each patient in the high-dose methylprednisolone group was
matched with a patient in the control group with the closest
estimated propensity on the logit scale within a specified range
(<0.6 of the pooled SD of estimated logits) to reduce differ-
ences between treatment groups by at least 909%.%'

Descriptive statistics of the patient population included pro-
portions to describe categorical variables and the median and
IQR values to describe continuous variables, The % test was
used to compare categorical data and the Wilcoxon rank sum
test to compare continuous variables. Fisher’s exact test was
used to compare in-hospital mortality and major complication
rates between the high-dose methylprednisolone group and the
control group. A logistic regression analysis for major
in-hospital complications was performed in the propensity
score-matched patients to analyse the adjusted effects of various
factors, while also adjusting for clustering of patients within
hospitals using a generalised estimating equation. The threshold
for significance was a p value<0.05. All statistical analyses were
conducted using IBM SPSS V19.0 (IBM SPSS, Armonk,
New York, USA).

RESULTS
We identified 3508 cervical SCI patients (2652 men and 856
women; mean=SD age, 60.8+18.7 years) who had an emer-
gency admission direct to the participating hospitals. Among
them, we identified 824 (23.4%) patients who received
>5000 mg methylprednisolone with initiation on the day of
admission (high-dose methylprednisolone group). We also identi-
fied 2101 patients treated without methylprednisolone, or with
<500 mg methylprednisolone during hospitalisation (the control
group). By one-to-one propensity-score matching, 812 pairs of
the high-dose methylprednisolone and control groups were
selected. The C-statistic for goodness-of-fit was 0.630 in the
propensity-score model, which suggested a moderately good fit.
Table 1 shows the patient demographics of the unmatched
and propensity-matched groups. In the unmatched groups,
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patients who were male, younger, or with higher CCI were
more likely to receive high-dose methylprednisolone treatment.
The high-dose methylprednisolone patients were admitted to
hospitals of significantly higher volume than the control group.
The high-dose methylprednisolone group was significantly more
likely to receive cervical spinal surgery. After propensity-score
matching, patient distributions were closely balanced between
the high-dose methylprednisolone and the control groups.

Table 2 shows the in-hospital mortality and major complica-
tion rates in the unmatched and propensity-matched groups.
Fisher’s exact test in the propensity-matched groups showed no
significant difference in in-hospital mortality between the high-
dose methylprednisolone and control groups (2.8% vs 3.0%,
p=0.884). There was a significant difference in gastrointestinal
ulcer/bleeding (8.4% vs 3.8%, p=0.001) between the groups.
The high-dose methylprednisolone group demonstrated a sig-
nificantly higher risk of overall major complications than the
control group (17.7% vs 11.8%, p=0.001). Table 3 shows the
results of logistic regression analysis for the occurrence of major
complications. After adjustment for the measured confounders,

the high-dose methylprednisolone group was significantly more
likely to have major complications than the control group (OR,
1.665 95% CI 1.23 to 2.24; p=0.001).

DISCUSSION

In this retrospective study using a national administrative data-
base, patients receiving high-dose methylprednisolone after
cervical SCI had a significantly higher risk of complications than
those without high-dose methylprednisolone treatment. A pro-
pensity score-matched analysis revealed an increased risk of
gastrointestinal ulcer/bleeding and overall major complications
in the high-dose methylprednisolone group. However, high-dose
methylprednisolone treatment was not associated with any
increase in mortality.

Strengths and weaknesses of the study

The major strength of this study is the large size of our study
sample. With a study population of 3508 patients with cervical
SCI, the current analysis is the largest to examine risks associated
with high-dose methylprednisolone administration. Use of the
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DPC database, which covers approximately 40% of all acute
hospitalisations in Japan, enabled us to conduct a nationwide
investigation. In addition, the propensity score-matched analysis
allowed us to evaluate the risks of high-dose methylprednisolone

. treatment while controlling for confounding variables, an assess-
ment that prior studies have been unable to make.

Certain characteristics of the study subjects warrant mention.
First, the mean age of the patients in this study was substantially
higher than in other SCI studies, which may be explained by the
rapid aging of our society. Currently, the geriatric population
(those 65 years of age or older) accounts for approximately
23% of the Japanese population. Second, the surgery rate
reported in this study was markedly lower compared with that
of North American or European countries. The low surgery rate
likely reflects differences in patient demographics and treatment
strategy. In Japan, approximately 70% of patients sustain a cer-
vical SCI without bone injury, such as fracture or dislocation
(mostly elderly patients), and conservative treatment is recom-
mended for these patients.

Our study has several limitations. First, as is common in
studies using administrative data, coded diagnoses and outcomes
are less well validated than prospective surveys. A degree of mis-
classification or under-reporting of outcome might have
occurred in this study. Second, the DPC database does not
provide important clinical data, such as severity of paralysis
(ie, Frankel classification) at admission, patient disability at dis-
charge, and cause of death. We could not confirm whether the
administration of methylprednisolone conformed to the
NASCIS protocol. Specifically, administrative databases such as
the DPC database and National Inpatient Sample provide only
limited information on the baseline neurological status, which is
one of the most important factors that affect morbidity after
SCL It is possible that the high-dose methylprednisolone group
included patients with more severe impairment than the control
group, which would have created a bias toward overestimating

the adverse effect of the high-dose methylprednisolone. Finally,
although propensity-score adjustment is currently recognised as
the best analytical approach for retrospective observational data,
unmeasured confounders might have caused a hidden selection
bias.

Comparison with other studies

Most published studies following the NASCIS trials indicated an
increased overall complication rate after high-dose methylpredni-
solone treatment.!’™° Regarding specific complications, pneu-
monia, '™ 1 infection,'! '? and gastrointestinal bleeding'® are
the most common complications reported in the literature, in
patients receiving high-dose methylprednisolone. However, avail-
able evidence on the adverse effects of high-dose methylpredni-
solone is mixed, with substantial variation in reported
incidences, and even conflicting results. There are several studies
reporting lower complication rates in high-dose methylpredniso-
lone groups.** ** Major drawbacks of these previous studies were
small sample size and lack of adjustment for confounding vari-
ables, which considerably limits the validity of their conclusion.

In the present study, we first analysed the possible adverse
impact of high-dose methylprednisolone treatment in SCI
patients using a large nationwide database. We then performed
propensity score-matched analysis to adjust for potential con-
founding factors. High-dose methylprednisolone was associated
with a significantly higher risk of complications (17.7% vs
11.8%, p=0.001) than control after adjustment for confounding
variables. Specifically, we found a significant increase in the
occurrence of gastrointestinal ulcer/bleeding (8.4% vs 3.8%,
p<0.001) in the high-dose methylprednisolone group.

In this study, we observed slightly lower in-hospital mortality
in patients receiving high-dose methylprednisolone (2.8% in the
methylprednisolone group vs 3.0% in the control group after
propensity-score matching). The impact of high-dose methyl-
prednisolone on patient survival remains unclear. The CRASH
trial,”* a randomised trial which examined the efficacy of high-
dose methylprednisolone in the treatment of head injury
patients, was prematurely terminated because of increased
2-week mortality in the high-dose methylprednisolone group
(21.1% vs 17.9%). However, it remains to be determined
whether these findings are generalisable to patients sustaining
acute SCI. In fact, reported mortalities in SCI patients in the lit-
erature have been slightly more favourable in those with high-
dose methylprednisolone treatment,’* ** * although sample
bias played a substantial role. Similarly, a meta-analysis'® of 51
randomised trials of high-dose methylprednisolone in elective
and trauma surgery found reduced mortality compared with
controls (1.7% vs 2.79%), although it was not statistically signifi-
cant. In our propensity score-matched analysis, no significant
difference in mortality was observed between the groups in
spite of a significant increase in complication rate in patients
receiving high-dose methylprednisolone, which may be partly
attributable to advances in intensive care and increased phys-
ician awareness of steroid-related complications.

Implications for future research

We believe that the findings of our study will provide a basis for
future research to re-examine the net benefit of high-dose
methylprednisolone treatment described in the NASCIS trials.
The main criticism of the NASCIS trials is two-fold: (1) there
was no significant difference in the primary comparison; a sig-
nificant but small benefit (ie, five points in motor score) was
found only after posthoc subgroup analysis; (2) there was a
trend toward an increase in adverse events, including
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pneumonia, infection and gastrointestinal bleeding in patients
receiving high-dose methylprednisolone. For the reasons stated
above, current guidelines classify this treatment only as a thera-
peutic ‘option’, leaving the decision to adopt or avoid this treat-
ment up to individual physicians. Despite the apparent need for
a randomised study of better design with sufficient power to
examine whether the beneficial effect of high-dose methylpred-
nisolone is reproducible, no such study has been conducted
mainly because of ethical and safety concerns. With a dearth of
effective alternative therapeutic options, we believe that a strong
case exists for a randomised placebo-controlled trial
re-examining the potential benefit of high-dose methylpredniso-
lone in patients sustaining SCI. The results of our study showed
that high-dose methylprednisolone treatment was not associated
with any increase in in-hospital mortality, despite a significant
increase in complications, a finding that further justifies future
randomised trials in carefully selected patient population. To
minimise the heterogeneity of the study population, future trials
should focus on patients with incomplete SCI, in whom a bene-
ficial effect was observed in the NASCIS trial. According to an
estimate by the International Campaign for Cures of Spinal
Cord Injury Paralysis,” it would require about 450 subjects
with incomplete motor cervical SCI in each arm of the study to
show a statistically significant difference of five Ameriean Spinal
Injury Association motor points between the experimental and
control groups. It would clearly require a multi-institution col-
laboration to carry out this project.

CONCLUSION

Despite controversies lingering for more than two decades since
the publication of the NASCIS trial, risks’and benefits of high-
dose methylprednisolone treatment remain unclear with limited
high-level evidence. In this study, we focused on safety concerns
of high-dose methylprednisolone treatment, and first clarified
the magnitude of its adverse impact by using a large nationwide
database. There was a significantly increased risk of major com-
plications, in particular, gastrointestinal ulcer/bleeding, with
high-dose methylprednisolone, but no increase in in-hospital
mortality. We believe that the findings of our study provides crit-
ical information on the risks associated with high-dose methyl-
prednisolone administration in patients with SCI, and thus, may
help physicians make a more informed decision on the use of
this highly controversial treatment.
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Appendix Japan Coma Scale for grading of impaired consciousness'®

Grade Consciousness level

1-digit code The patient is awake without any stimuli, and is:

1 Almost fully conscious

2 Unable to recognise time, place and person

3 Unable 1o recall name or date of birth

2-digit code The patient can be aroused (then reverts to previous state after cessation of stimulation):
10 Easily by being spoken to (or is responsive with purposeful movements, phrases, or words)*
20 With loud voice or shaking of shoulders (or is almost always responsive to very simple words like yes or no, or to movements)*
30 Only by repeated mechanical stimuli

3-digit code The patient cannot be aroused with any forceful mechanical stimuli, and:

100 Responds with movements to avoid the stimulus

200 Responds with slight movements including decerebrate and decorticate posture

300 Does not respond at all except for change of respiratory rhythm

‘R" and ‘I are added to the grade to indicate restlessness and incontinence of urine and faeces, respectively: for example; 100-R and 30-RI.
*Criteria in parentheses are used in patients who cannot open their eyes for any reason.

6 Chikuda H, et al. Emerg Med J 2013;0:1-6. doi:10.1136/emermed-2012-202058
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Optimal treatment for Spinal Cord Injury
associated with cervical canal Stenosis (OSCIS): a
study protocol for a randomized controlled trial
comparing early versus delayed surgery
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Abstract

Background: The optimal management of acute cervical spinal cord injury (SCI) associated with preexisting canal

stenosis remains to be established. The objective of this study is to examine whether early surgical decompression
(within 24 hours after admission) would result in greater improvement in motor function compared with delayed

surgery (later than two weeks) in cervical SCI patients presenting with canal stenosis, but without bony injury.

Methods/design: OSCIS is a randomized, controlled, parallel-group, assessor-blinded, multicenter trial. We will
recruit 100 cervical SCI patients who are admitted within 48 hours of injury (aged 20 to 79 years; without fractures
or dislocations; American Spinal Injury Association (ASIA) grade C; preexisting spinal canal stenosis). Patients will be
enrolled from 36 participating hospitals across Japan and randomly allocated in a 1:1 ratio to either early surgical
decompression (within 24 hours after admission) or delayed surgery following at least two weeks of conservative
treatment. The primary outcomes include: 1) the change from baseline to one year in the ASIA motor score; 2) the
total score of the Spinal Cord Independence Measure and 3) the proportion of patients who are able to walk
without human assistance. The secondary outcomes are: 1) the health-related quality of life as measured by the
Medical Outcomes Study Short Form 36 and the EuroQol 5 Dimension; 2) the Neuropathic Pain Symptom Inventory
and 3) the walking status as evaluated with the Walking Index for Spinal Cord Injury il. The analysis will be on an
intention-to-treat basis. The primary analysis will be a comparison of the primary and secondary outcomes one year
after the injury.

Discussion: The results of this study will provide evidence of the potential benefit of early surgical decompression
compared to the current ‘watch and wait’ strategy.

Trial registration: UMINO00006780; NCT01485458

Keywords: Spinal cord injury, Surgery, Timing, Canal stenosis, Ossification of the posterior longitudinal ligament,
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Background

Acute cervical spinal cord injury (SCI) is one of the most
devastating conditions, and can lead to paralysis, sensory
impairment and bowel, bladder and sexual dysfunction.
In addition, patients frequently suffer from intractable
pain caused by neural damage. Individuals with cervical
canal stenosis are known to develop cervical SCI even
after minor trauma. Cervical canal stenosis may be con-
genital, but often results from degenerative conditions,
such as spondylosis. The SCI patients with canal stenosis
are mostly elderly, and usually present with incomplete
SCI without bone injury, such as spinal fracture or dis-
location. This subgroup of patients has been steadily in-
creasing as the society ages and currently accounts for
over 60% of cervical SCls in Japan [1].

The clinical outcome of patients with incomplete SCI
has been considered to be favorable, since patients usu-
ally show spontaneous neurologic recovery to some ex-
tent. However, the neurological prognosis varies greatly
among patients; about half of ASIA C patients remain
non-ambulatory six months after the injury [2]. In par-
ticular, the clinical outcomes of elderly patients are often
suboptimal [3,4]. Therefore, a therapeutic option that
leads to a better clinical outcome is urgently needed.

Controversy exists with regard to the efficacy of surgi-
cal decompression in the treatment of cervical SCI with
preexisting canal stenosis [5,6]. The role of surgery re-
main unclear, especially in the absence of instability of
the cervical spine [7], thus resulting in a significant dif-
ference in practice between institutions. A common ap-
proach to treating these patients has been to rule out
acute instability and then observe the patients’ spontan-
eous neurological recovery until they achieve a neuro-
logical plateau, and only then consider the possibility of
surgical decompression, weeks after the initial injury [6].
Our previous retrospective multicenter study showed
that the time from injury to surgery was approximately
two weeks (median 13.5 days) [8].

The main drawback of this ‘watch and wait’ strategy is
that a potential therapeutic window in the acute phase
might be missed. The current concept of the pathophysi-
ology of SCI classifies the spinal damage into two stages:
primary injury and secondary injury [9]. The primary in-
jury results from the mechanical forces delivered to the
spinal cord at the time of the trauma. Secondary injury is
a cascade of pathophysiological events including edema,
ischemia, inflammation and apoptosis following the initial
impact, which develops within minutes to hours following
the trauma. There is a growing body of evidence from pre-
clinical or animal studies that early surgical decompres-
sion alleviates ‘secondary injury and thus results in
enhanced neurological and functional recovery [5].

Although numerous studies have been performed to
examine the potential benefit of early surgery, the results
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of these prior clinical studies were mixed, and failed to
provide robust support for the hypothesis that early sur-
gery leads to improved outcomes. One small randomized
trial of 42 patients showed no benefit to early (< 72
hours) decompression [10]. On the other hand, a meta-
analysis of case series showed that early (< 24 hours) de-
compression was associated with better outcomes com-
pared to both delayed (> 24 hours) and conservative
treatment [11]. The results of STASCIS, one of the lar-
gest prospective studies of 313 patients, were also in
favor of early surgery [12]. The authors of that study
reported that early surgery, within 24 hours after injury,
is associated with an improved neurological outcome,
defined as at least a two grade ASIA Impairment Scale
(AIS) improvement at the six-month follow-up examin-
ation. However, the difference in the chance of experien-
cing a one grade AIS improvement between early versus
late surgery was not statistically significant.

With such conflicting information in the literature and
a lack of high-quality evidence, it remains unclear
whether early surgical decompression would result in
better neurological and functional recovery. To address
this issue, we launched the OSCIS study (Optimal treat-
ment for Spinal Cord Injury associated with cervical
canal Stenosis), a randomized, controlled, multicenter
trial, in which we will compare the two strategies: early
surgery within 24 hours after admission and delayed sur-
gery following at least two weeks of conservative
treatment,

Methods/design

Trial design

The OSCIS study is a randomized, controlled, parallel-
group, assessor-blinded, multicenter study. Patients will
be randomly allocated to undergo either early surgery or
delayed surgery. The aim of this study is to test the hy-
pothesis that early surgery (within 24 hours after admis-
sion) will lead to greater improvements in the motor
function compared to delayed surgery (later than two
weeks after injury) in patients with acute cervical SCI as-
sociated with canal stenosis. The flowchart shown in
Figure 1 provides a visual description of the study.

Participants

Subjects will be recruited from 36 hospitals in Japan.
The list of the participating hospitals with approval from
local ethical boards is available as Additional file 1. We
will screen all patients with acute traumatic cervical
spinal cord injury (at C5 or below) who are admitted to
one of the institutions within 48 hours after the injury.
The diagnosis of cervical spinal cord injury will be made
on the patient’s history, including physical and neuro-
logical examinations, and the results of imaging studies,



