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v The authors of this prospective, single-case study evaluated the potentia for functional recovery from chronic spina
cord injury (SCI). The patient was motor complete with minimal and transient sensory perception in the left hemibody.
His condition was classified as C-2 American Spinal Injury Association (ASIA) Grade A and he had experienced no sub-
stantia recovery inthefirst 5 years after traumatic SCI. Clinical experience and evidence from the scientific literature sug-
gest that further recovery would not take place. When the study began in 1999, the patient was tetraplegic and unable to
breathe without assisted ventilation; his condition classification persisted as C-2 ASIA Grade A. Magnetic resonance imag-
ing revedled severe injury at the C-2 level that had |eft a central fluid-filled cyst surrounded by a narrow donutlike rim of
white matter. Five years after the injury a program known as “ activity-based recovery” was ingtituted. The hypothesiswas
that patterned neurd activity might stimulate the central nervous system to become more functional, as it does during
development. Over a 3-year period (5-8 years after injury), the patient’ s condition improved from ASIA Grade A to ASIA
Grade C, an improvement of two ASIA grades. Motor scoresimproved from 0/100 to 20/100, and sensory scores rose from
5-7/112 to 58-77/112. Using electromyography, the authors documented voluntary control over important muscle groups,
including the right hemidiaphragm (C3-5), extensor carpi radidis (C-6), and vastus mediais (L2—4). Reversa of osteo-
porosis and an increase in muscle mass was associated with this recovery. Moreover, spasticity decreased, the incidence
of medical complications fell dramatically, and the incidence of infections and use of antibiotic medications was reduced
by over 90%. These improvements occurred despite the fact that less than 25 mm? of tissue (approximately 25%) of the
outer cord (presumably white matter) had survived at the injury level.

The primary novelty of this report is the demonstration that substantial recovery of function (two ASIA grades) is pos-
siblein a patient with severe C-2 ASIA Grade A injury, long after theinitial SCI. Less severely injured (lower injury level,
clinically incomplete lesions) individuals might achieve even more meaningful recovery. The role of patterned neural
activity in regeneration and recovery of function after SCI therefore appears a fruitful areafor future investigation.

KEy WoRrDs ¢ activity-based < functional recovery < spinal cord injury e« regeneration e
functional electrical stimulation

HE ASIA developed international standards for ex-

amining and reporting the severity of SCI.%5 Table

1 presents ASIA's five grades of spinal cord func-
tion, A to E, where E isnormal. Individuals with the least
remaining function are described by the ASIA Grade A.
Such patients have little hope for recovery. Less than 1%
of those with no muscle activity in the lower extremities 1
month after injury learn to walk again, and only 10%
recover enough function to be reclassified as ASIA B or
better.#”” Approximately 90% of patients remain classi-
fied as ASIA Grade A%

Abbreviations used in this paper: ASIA = American Spina In-
jury Association; CNS = central nervous system; EMG = electro-
myography; FES = functional electrical stimulation; MR = magnet-
ic resonance; SCI = spinal cord injury.
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Patients with SCI are often told that improvement or
recovery occurs largely in the first 6 months after injury
and is complete by 2 years. Indeed, the literature does not
provide a single example of an individual with an ASIA
Grade A SCI who recovered by more than one grade 2
years after injury.®* Some delayed recoveries occur, but the
timeframeistypically between 1 and 6 months after injury
for large improvements.’” Such recoveries are most com-
mon when an accompanying head injury impedes initial
progress.® Small improvements can occur after periods
longer than 2 years but typically occur inindividuals with
incomplete injuries.

A decade ago, the adult CNS was thought to be inca-
pable of regeneration. Rehabilitation focused primarily
on the immediate postinjury phase, when patients were
still in the hospital, and aimed to maximize existing func-
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TABLE 1
Description of AS A International Standards for classifying SCI

Grade Description

A complete: no sensory or motor function preserved in S4-5

B incomplete: sensory but no motor function preserved below the
neurological level & extending through S4-5

C incomplete: motor function preserved below the neurological
level; majority of key muscle have a grade <3

D incomplete: motor function preserved below the neurological
level; majority of key muscles have a grade >3

E normal motor & sensory function

tion and minimize complications. Although these goals
are still important, the concept of spontaneous regenera-
t| on has ernergaj.20,29,38,52,59,67,68,72

A reasonable approach to promoting regeneration is to
mimic conditions in the developing CNS, in which cell
birth, migration, differentiation, selection of new circuits,
and myelination occur routinely. A large body of evidence
suggests that optimized patterned neural activity isimpor-
tant for these developmental processes.® Therefore, such
activity might also be necessary for regeneration. Indeed,
reportsin the stroke literature indirectly support therole of
neural activity in functional recovery.®™ Unfortunately,
neural activity is markedly reduced in the segments below
the level of an SCI. Thisis partly due to the lack of des-
cending inputs and the limited transmission of sensory
inputs. People with severe SCI, particularly tetraplegia,
often develop severe muscle wasting, spasticity, cardio-
vascular deconditioning, and medical complications.®
Such sequelae would cancel out any benefits from CNS
regeneration.

We have been investigating the effects of patterned
neural activity on physical conditioning and the potential
for functional recovery. Not knowing what type of activi-
ty might be important, we examined the effects of recip-
roca gaitlike movements of the legs that occur during
bicycling. One advantage of this strategy isthat reciprocal
sensory feedback from the limbs might activate the central
pattern generator that is responsible for gaitlike programs
in the lumbar spina cord. This program can operate with-
out input from the brain. To promote simultaneous physi-
cal conditioning, we combined bicycling with FES of the
hamstring, quadriceps, and gluteal muscles. Individuas
with paralysis can use their own muscles to ride a recum-
bent bicycle even if those muscles are not under voluntary
control.

We present a single prospective case using an “N of 1”
design and aworst-case scenario. The patient was not pre-
dicted to recover any lost function because his ASIA clas-
sification had remained at Grade A for the first 5 years
after injury.2®

Case Report

History. This 42-year-old, right-handed man sustained a
displaced C-2 Type Il odontoid fracture due to an eques-
trian accident on May 27, 1995.

The mechanism of injury was direct axia loading. The
patient’s horse stopped suddenly; the patient’s hands were
caught in the reins and his 6 ft 4 in, 230-1b body was pro-
jected over the horse's head. He landed directly on the hel-
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met in a near-perpendicular position. He was rendered ap-
neic but wasimmediately maintained at the scene with arti-
ficial respiration. He was transferred to the University of
Virginia Hospital.

Examination. Examination was consistent with a com-
plete motor and sensory quadriplegia. Cervical traction was
instituted. He received methylprednisolone (30 mg/kg bol-
us, followed in 1 hour by 5.4 mg/kg)™ after the injury. Cer-
vical spine x-ray films demonstrated a Type Il odontoid
fracture with fracture of the occipital condyle and displace-
ment of the occiput anterior to C-1, suggesting occipitoat-
lantal dislocation.

Operation and Immediate Postoperative Course. Nine
days later occiput—C2 fusion was performed (Fig. 1) using
a titanium ring and sublaminar soft wire at C-1 and C-2.
Bone for grafting was obtained from the iliac crest. Be-
cause the MR imaging appearance was consistent with pre-
served neural tissue, great care wastaken to maintain align-
ment during the procedure and in particular when turning
the patient from supine to prone.

As s usud in high cervica injuries, the patient under-
went tracheostomy and gastric tube placement. All the
early ASIA examinations for SCI demonstrated similar
results. For example, the examination on June 24, 1995,
almost 1 month after the injury, indicated a classification of
ASIA Grade A, with complete motor and sensory function
at level C-2, partid preservation of sensory function at C-
3, and spotty sensation in the left hemibody, this level
including absence of sacral function such as voluntary anal
contraction. The patient received a single test dose of GM-
1 ganglioside 39 days after injury, but mastocytosis pre-
cluded further doses.* The patient’s initial hospital course,
including inpatient rehabilitation, was uncomplicated
except by sacral skin breakdown (Grade 1V that healed by
secondary intention). When the patient was discharged
from the University of Virginia hospital on June 28, 1995,
he was dependent on aventilator and his SCI was classified
asC-2 ASIA Grade A.

Long-Term Treatment Course
Informed Consent and Approval

The Human Studies Committee at Washington Univers-
ity in St. Louis approved our methods for collecting data
and presenting the case. We obtained informed consent for
participation in research activities in accordance with this
committee’s standards from the individual described here-
in. Inclusion of the quality of life questions and answers
was approved by the patient.

The“ N of 1" Study Design

The “N of 1" analytical method is an accepted rational
design that has attracted interest from the National Insti-
tutes of Health.2%

The AS A Examinations

The ASIA examinations spanning the period prior to
recovery (1999) through recovery (end 1999-2002) were
performed in accordance with ASIA’s International Stan-
dards by asingle investigator (J.W.M.) trained in the mea
surements and in the specialty of SCI medicine. % The
results of early examinations were obtained from ASIA
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Fic. 1. X-ray filmsrevealing an open mouth view (A) and alat-
eral view (B) of the cervical spine following internal stabilization.
The type of injury incurred by this patient leads to bone dissocia
tion of the head and spine. Reconstruction required fusion of the
occiput to C-2 with titanium rods, wire, and bone graft.

sheets in the origina hospitals charts (1995-1999). The
individuals who performed these examinations were also
experts in SCI care and well versed in the clinical ASIA
standard examination. Initial examinations by the seria
examiner (JW.M.) confirmed these earlier records (1999).
All components of the examination were performed in ac-
cordance with ASIA standards while the individual was
lying in bed.5>* The ASIA International Standard test for
patients with complete tetraplegia has good intra- and
interrater reliability.*

Electromyography Evaluation

The Advantage/Clarke-Davis (diaphragm) and Dantec/
Keypoint (upper- and lower-extremity muscles and exter-
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nal sphincter muscle) instruments and a Medtronic dispos-
able monopolar needle DMN 50 were used for EMG. Am-
plifier input impedance was set a 5 kOhm, with a high-
pass filter of 2 Hz, alow-pass filter of 10 kHz, a sweep of
10to 200 msec/D, and asensitivity of 0.1t0 0.2 mV/D. The
diaphragm was evaluated while the patient was seated, and
the following muscles were assessed while the patient was
lying down: right deltoid, biceps, extensor carpi radidis,
and vastus medialis.

Bone Density

Bone densitometry was performed at Washington Uni-
versity School of Medicing's Bone and Mineral Diseases
laboratories. Dual-energy x-ray absorptiometry measure-
ments were compared using national standards for white
males (based on age, weight, and height).19556

Magnetic Resonance Imaging

All imaging was performed with a Signa 1.5-tedla super-
conducting system (Generd Electric, Milwaukee, WI) with
phased array coils. A volume-acquired inversion-prepared
fast—spoiled gradient echo acquisition was performed fol-
lowing an axid pilot at the level of the C-2 vertebral body.
Sixty-four partitions (1-mm-thick equivalents) were
acquired in a three-dimensional volume centered on the
cervical spine, with the following parameters: (TE, 4.2
msec; TR, 17.8 msec; flip angle, 20°; 256 phase encodings
in the z direction, 1 average, field of view 25 cm, matrix
256 X 256). The imaging time was 7 minutes.

From the volume data set a series of 10 contiguous
3-mm axial dlices were reformatted on the Signa by using
the center of the C2-C3 intervertebral disc as a caudal
landmark, with the slices perpendicular to the spina cord.
Following this these data sets were uniformity corrected
and histogram matched to a single control image by using
amethod previously described.

Theimageswere displayed using awindow-based image
analysis software (Dispunc; © D. L. Plummer, University
College London) and regions of interest were manualy
traced around each of the 10 axial dices. The operator visu-
ally defined the edge of the cord and the region was placed
2 pixels within this so as to avoid contamination from par-
tial volume, which would artificially lower the measured
signd intensity. A final signa intensity value for each sub-
ject was obtained by taking the mean of the 10 regions.

Cross-sectional area measurements were performed by
one observer blind to the clinical details by using a previ-
ously described method. Intraobserver reproducibility was
assessed for several stepsin the process by using 15 scan—
rescan data sets obtained in the patient. 1) The variationin
mean signa intensity produced by the manua tracing
technique on the same image. 2) The variation in mean
signal intensity for scan—escan within the same patient
without histogram matching. 3) The variation in the mean
signal intensity for scan—rescan within the same patient
with histogram matching.

Quantification of Infectious Complications

The persona 24-hour nursing records for the patient
were exceptiondly detailed and this alowed us to track
accurately the number and types of infections requiring
antibiotic treatments each year. In addition, the total dura-
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tion of each treatment was always recorded (Table 2). The
prescription records provided by the local medical doctor
verified these values. In most cases, cultures were also
obtained to further verify the infection.

Quality of Life Evaluations

A single examiner (JW.M.) performed the evaluations
by telephone (July 15-30, 2002). These subjective mea-
surements supplemented the quantitative data on function-
a recovery and emphasized the impact of limited motor
and sensory recovery on qudity of life.

Activity-Based Recovery Program

The activity-based recovery program consisted primari-
ly of training on a FES bicycle. The customized recumbent
bike system, designed for use with paralyzed individuas,
integrated computer-assisted FES-induced cycling. The
goa was 1 hour of activity (up to 3000 revolutions) per day
three times per week. The FES bicycle modulatesthe inten-
sity of stimulation to obtain a consistent rotation speed.
Surface electrodes stimulate three muscle groups in each
leg (Fig. 2): one electrode is placed at the superior edge of
the gluteal muscle, another over the hamstring group mid-
way between the knee and hip, and two over the quadriceps
(one over the superior portion and the other over the inferi-
or third of the quadriceps). During the exercise, the legsare
balanced in three ways. The seated buttocks and boots
anchor the legs at the upper and lower positions. Belts that
attach to the upper leg with Velcro balance the mid-leg. A
weighted fly-wheel ensures a smooth rotation by carrying
momentum. The goa was to achieve the greatest number
of revolutions (3000/hour). The FES bicycle therapy was
supplemented with surface electrical stimulation to activate
the following muscle groups. paraspinas, abdominals,
wrist extensors, wrist flexors, deltoids, biceps, and triceps.
The therapies were rotated daily, usualy in a 3-day
sequence. Each muscle group was activated for one-half
hour by using intermittent 1 second on, 1 second off AC
cycles. Once muscle recovery began, aquatherapy was in-
corporated into the program, with agoal of one 1-hour ses-
sion per week. The aquatherapy focused on muscle groups
in which voluntary control was recovered while participat-
ing in the activity-based recovery program.

Results
The Injury

Figure 3 depicts T,~weighted MR images obtained in the
patient’s cervica spinal cord 5 years after the C-2 SCI. The
injury epicenter contains a central cyst on level with the
lower part of the C-2 vertebra body. Asistypicd in high
cervical injuries, severe myelomaacia (shrinkage) has d-
most haved the diameter of the upper cord. Despite the
severe damage, cross sections through the lesion indicate a
variable donutlike rim of remaining white matter tissue. The
presence of a variable donutlike rim of tissue at the injury
steistypica of most SCIs 4 Furthermore, the mgjority
of clinically important motor and sensory tracts are normal-
ly present in the outer rim of white matter; however, the MR
images do not indicate whether the donutlike tissue is func-
tional cord or smply scar tissue. An interesting feature of
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Fic. 2. Schematic drawing of the FES bicycle. The FES bicycle
uses computer-controlled electrodes to stimulate the leg musclesin
specific patterns. A paralyzed individual can therefore rotate the
bicycle wheels even though heis unable to control hisleg muscles
voluntarily. In this study, three muscle groups (red) were stimulat-
ed bilateraly: the gluteal, quadriceps, and hamstring muscles.
Electrodes (blue) went to pads attached to the skin over each mus-
cle: two pads for each quadriceps (1) and one for each hamstring
(2) and gluteal muscle (3).

the patient’simages is that the cystic areais confined to the
C-2 level rather than extending one level above and below,
as is more typical with traumatic SCI. The likely explana
tion isthat the cervical cand iswider at C-2, which protects
the cord more than the canal at other levels.

Quantitative measures of remaining spinal cord cross-
sectional areas in the upper cervical region reveaed that
approximately 25 mm? of tissue remained at the lower
C-2 lesion epicenter, representing a donutlike tissue rim
(Fig. 3F). The lesion epicenter was identified by reduced
average signal intensities with corresponding minimal
area values. As suggested in the MR images, the area of
the most severe injury was primarily confined to one level
(Fig. 3F); however, substantial atrophy of the cord was
also present rostral and cauda to the injury level. This
atrophy extends further rostral than caudal in keeping with
the greater rostral axonal dieback observed in high cervi-
cal lesions in rodents.

Activity-Based Recovery Program

When we first evaluated the patient, we were studying
the activity-based recovery program'’s effects on physical
aswell asfunctional recovery. Early results suggested that
the physical benefits alone were sufficient reason to incor-
porate activity-based therapy into daily life. Those bene-
fits included enhancement of muscle mass and bone den-
sity, increased cardiovascular endurance, and decreased
spasticity (data not shown).

After the initial evaluation at Washington University in
St. Louis, the patient was trained to use a FES hicycle
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Fic. 3. Seria T,~weighted MR images of the cervical spinal cord demonstrating a posttraumeatic cyst at C-2 and severe
myelomalaciain apatient who suffered atraumatic SCI 5 years earlier. A sagittal MR imageis shown on the left (A) and
the corresponding corona sections are shown the right (B—E). For ease of identification, the perimeter of the cord is cir-
cledin black and theinternal cyst iswhitein panels C and E, which are duplicate images of panels B and D. Graph show-
ing quantitative analysis of spinal cord areaby using MR imaging signd. Areas (in mm?) of the MR image signal in cross
sections through the spinal cord are shown as a function of distance from the cerebellar tonsils (O reference point). The
lesion epicenter isindicated by the lowest point on the U-shaped area curve. Based on anormal C-2 cervical cross-sec-
tional area of approximately 1 cm?, then approximately 25% of the MR imaging signal remains at the injury epicenter,

representing a donutlike rim of tissue.

(Fig. 2). A similar bicycle wasinstalled in his home so he
could exercise frequently in hiscity of residence. The goal
was to complete a 1-hour session three times per week.
At firdt, the patient’s leg muscles fatigued rapidly with
surface stimulation, but within approximately 20 sessions
hewas ableto ride the bicycle continuoudly for 1 hour. Once
motor recovery began, the program was supplemented with
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weekly aquatherapy to work muscle groups that had
regained voluntary function but were too weak to oppose
gravity. Surface, nonload-bearing electrica stimulation was
also performed on the following muscle groups on an dter-
nating 3-day schedule: the paraspina group, the abdomina
group, and the upper-extremity groups. Standard range-of-
motion physica therapy was also performed daily, but this
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regimen was not changed from the time the individual was
first discharged from rehabilitation. Breathing exercises also
became part of the daily routine beginning in 1998. In-
creased muscle size and a generalized improvement in
health were clearly evident by the year 2000; however,
functiona recovery was dower.

Major Medical Complications

Asusually happenswith ahigh cervical SCI, the patient
developed many severe medical complications, particular-
ly between 1996 and 1999 (Fig. 4). Despite his severe

Complication Intervention
—1 1995

(1) Sacral Skin Ulcer ——»

(2)HO —— —bJ-

3)AD — 1 ST 1996

(4& 5) DVTs

(6) Path. Fracture
(7) Collapsed Lung

(8) Ankle Ulcer

[1] IVC Filter

11297/

q [2] Int. Stabilization
[3] Bronchoscopy

(9) Sacral Skin Ulcer —1 1998
— 1999
—t 2000

et i (4] Int. Stabilization
—t 2001

i 7 2002

Fic. 4. Schematic illustration of the timeline of injury and com-
plications. The patient suffered a C-2 ASIA Grade A SCI on May
27, 1995. As often happens in tetraplegia, he accumulated many
severe medical complications, which are listed in thistimeline. The
vertical red bar indicates inpatient medical care and rehabilitation
through the end of 1996. In addition to the complications shown
here, urinary tract and pulmonary infections were frequent in the
years before 1999. Note that the complication rate accelerated
between 1995 and 1999, a Situation common in tetraplegia. The
paucity of similar complications after 1999 is highly unusual. 1)
Coccyx skin ulcer. A large, Grade IV sacrd skin ulceration devel-
oped early during the hospitdization period. Aggressive trestment
produced healing by secondary intention 1 year later (the vertical
green bar indicates healing time). 2) HO. Heterotopic ossification
(lesser trochanter of right femur) developed in July 1995, as indi-
cated by acute swelling of theright thigh. A Doppler study was neg-
ative for deep venous thrombosis, and x-ray filmsand CT scanning
failed to reveal afracture. Treatment with Didronel wasinitiated to
prevent further bone resorption. Heterotopic ossification is a com-
mon complication in the acute postinjury period. 3) AD. Severe
autonomic dysreflexia required inpatient treatment. 4 & 5) DVTs.
L eft deep venous thrombosis occluded the large draining vein of the
leg and required hospitalization for anticoagulation with heparin
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injury and immobility, however, he fared extremely well.
These complications included skin breakdown, hetero-
topic ossification, autonomic dysreflexia, pathological
bone fractures, deep venous thrombosis, and acute respi-
ratory distress consequent to mucous plugging.

Recovery of Function

The patient experienced no functional improvement
during the first 5 years after injury, thereby retaining the
C-2 ASIA Grade A classification, and the likelihood of
any substantial improvement in the following years
seemed negligible® Multiple ASIA examinations during
the first 5 years after the patient’s injury documented a
lack of substantial motor or sensory function because
motor scores were consistently 0/100 and sensory scores
ranged from 5-7/112. The first ASIA examination at
Washington University in 1999 was consistent with these
observations (Fig. 5). The patient did begin to recover sen-
sation to deep palpation in the upper torso and upper arms
in early 1999, but this did not transate into substantial
changes in the ASIA grade because detection of light
touch and pinprick sensation are the only measures.

After the first 6 months of the activity-based recovery
program (January 2000), little recovery of function was
evident: the arms and legs till displayed no motor function
and a light touch or pinprick could be sensed only above
the affected dermatomes in the neck (C1-C2/3). The
patient first noted the ability to control a twitching move-
ment of hisleft index finger in early November 2000. The
first documented recovery on ASIA examination was at the
end of 2000 (Fig. 5). Although modest improvements in
sensory and motor scores were observed, sacral sparing of
light touch sensation was first evident, changing the pa-
tient's ASIA classification to ASIA Grade B. Twenty-two
months into the program (July 2001), however, light touch
sensation improved to 52% of normal. It recovered to 66%
of norma in 2002. Pinprick assessment, which requires
discrimination and is therefore more difficult, did not
improve until the last year of the 3-year program, which is
ongoing to date. Sensation was appreciable throughout
most dermatomes of the body (Fig. 6), including the sacral

and then Coumadin. The DVT recurred 1 month later, requiring

adjustment of the anticoagulation regimen and placement of aninfe-
rior vena cava (IVC) Greenfield filter. Life-long treatment with
Coumadin and weekly blood anticoagulation testing was then
required. 6) Pathological fracture. Pathological fracture of the left
femur resulted from alow fal during transfer. Surgical intervention
was required to stabilize the fractured bone. 7) Collapsed lung.
Acute shortness of breath required emergency hospitaization and
bronchoscopy to remove a mucous plug. 8) Ankle ulcer. A left lat-
eral malleolus skin ulceration (Grade 1V) was complicated by dow
hedling and osteomyelitis, threatening amputation. Aggressive
treatment and healing by secondary intention took morethan 1 year.
9) Sacrd skin ulcer. Pilonida cyst removal and suture closure was
complicated by dehiscence and development of asacral wound that
required aggressive treatment and healing by secondary intention
(vertical green bar indicates hedling time). 10) Pethologica frac-
ture. The left femur fractured while the patient was attempting
welght-supported standing. Treatment required hospitalization and
surgical interna fixation. Additional trestment of severe osteoporo-
sisincluded vitamin D, calcium supplements, and pharmacol ogica
treatment to limit bone resorption.
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region (S-3, $4-5). In addition to recovery of pinprick and
light touch, recovery of additional sensory modalities
occurred and included vibration, proprioception, and abili-
ty to differentiate heat and cold.

The most notable change was an improvement in motor
function of up to 20% (20/100). Voluntary control of the
external anal sphincter is possible (S4-5). The conversion
of the patient’s condition to ASIA Grade C thus occurred
in July 2001. Motor recovery was first evident in the left
fingers, then the right hand, and then the legs. Movement
isnow possible for most muscles of the upper arms but for
fewer musclesin the legs. Most musclesin thelegs are not
yet able to oppose gravity.

The following comparison puts this motor recovery into
perspective. The National Acute Spinal Cord Injury Study
[ and I11 trials documented an average 4.8-point improve-
ment in the motor scores of patients receiving methyl-
prednisolone compared with those receiving placebo if
methylprednisolone was given within 8 hours of injury.1°
In our patient’s case, there was a 20-point improvement in
motor score over Years 5 to 8 postinjury (Fig. 5), which
trandates into movement in most joints, including the
elbows, wrist, fingers, hips, and knees (Fig. 6); thus, the
patient’s condition is now categorized as ASIA Grade C
rather than Grade A. This degree of movement gives the
patient better control of the environment and of his pow-
ered wheelchair. The direct consequences of the recovered
movement are limited but the consequences of the senso-
ry recovery are substantial. In addition, the other benefits
associated with enhanced muscle function have tremen-
dously improved the patient’s quality of life.

Reduction of Infections and Physical |mprovements

Strikingly, the patient’s infection complication rate be-
gan to decline dramatically in 1999, in parallel with reduc-
tions in major complications and recovery of neurological
function. The incidence of infections requiring antibiotics
and total days of antibiotic treatment per year also dramat-
ically improved following 1999. Evaluation of total days of
antibiotics required revealed over a90% reductionin Years
2000 to 2002 compared with Years 1996 to 1998 (Table 2).

In addition to these improvements, the patient also
achieved substantial physical benefits. His severe osteo-
porosis (bone density t-scores > —4.0), which contributed
to pathological fractures of two of the largest bonesin his
body (femur and humerus), was completely reversed and

Fic. 5. Graphs showing marked recovery from SCI. Data are
presented as parameter values (x-axis) and total motor and sensory
function (light touch, pinprick; y-axis) based on the international
ASIA standard scale for rating severity of SCI.%5t Motor function
was assessed in five myotomes in the arms and five myotomes in
the legs, and the scale of 0 to 5 provided a maximum score of 100
(10 muscles on each side). Sensation was measured in 28 der-
matomes on each side. The scaleof 0to 2 (0 = absent, 1 = impaired,
2 = normal) provided a maximum score of 112. The ASIA class-
fication runs from Grade A to E, with E being normal. This indi-
vidua displayed no motor function during the first 5 years after
injury. Sensory function over the first 5 years was restricted to
upper neck dermatomes. The activity-based recovery program was
ingtituted mid-1999. After 6 months, no recovery was observed;
however, progressive and considerable motor and sensory recovery
was evident over the next 2.5 years.
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STANDARD NEUROLOGICAL CLASSIFICATION OF SPINAL CORD INJURY

MOTOR
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Fic. 6. Schematic drawing showing a comparison of ASIA grades between 1995 and 2002. Values in blue indicate
scores from 1999; those in red indicate 2002 scores. Note that all the 1995 motor scores and the sensory scores obtained
below T-4 were zero. The 1995 scores were taken from the July 1995 ASIA shest.

is now within the norma range (t-score —0.5 in 2002
compared with —4.1 pre-1999). Ashworth measurements
of spasticity have improved from 3 to 1-2 (Table 3), and
the patient has also increased his endurance.!

Electromyography Results

The EMG analysis of volitional movements was com-
pleted in the winter of 2001 (Table 4), and the results were
compared with those from phrenic nerve testing per-
formed on June 21, 1995, shortly after the injury. At that
time, there was evidence of intact anterior horn cells.
Latencieswere lessthan 10 msec, and right and left ampli-
tudes were 0.9 mV and 0.5 mV, respectively. Dia
phragmatic movement, albeit small, was noted on fluoro-
scopic examination. In contrast, amplitudes were greater
in 2001 (2-7 mV), but there was further evidence of den-
ervation (Table 4). Voluntary elicited EMG responses
were evident in other muscle groups tested, including the
right deltoid, right biceps, right extensor carpi radialis, and
right vastus medialis. Most of these groups showed evi-
dence of denervation, as indicated by positive sharp
waves, fibrillation, and complex repetitive discharges.
Overdl, the numbers of recruited motor units were pre-
dictably small.

Quality of Life Assessment
Table 5 lists the responses the patient made in 2002 to
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guestions about quality of life. Overall, recovery impact-
ed many domains of daily living; however, some of the
changeswere perceived aslife-altering. We did not use the
semiquantitative quality-of-life measures that are avail-
able because of their limited ability to detect the impact of
such arecovery.

Discussion
The major novelty of thisreport is the finding that sub-

TABLE 2

Yearly incidence of infection and requirement
for antibiotic treatment*

Type of Infection

Total No. Total Days
Year Events Urinary Pulmonary Bowel Skin of Tx
1996 23 10 9 3 1 169
1997 13 4 4 0 4 190
1998 13 5 6 0 2 168
1999 8 1 4 0 3 99
2000 5 3 2 0 0 36
2001 3 3 0 0 0 18
2002 1 1 0 0 0 10

* Events were recorded from detailed personal nursing records and indi-
cate total number of infectious events requiring antibiotic treatment, types
of infections, and total days of antibiotic treatment required. Abbreviation:
Tx = treatment.
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TABLE 3
Ashworth scale for measuring spasticity

Ashworth
Score Degree of Muscle Tone
1 no increase in tone
2 slight increase in tone resulting in a "catch”" when affected

limb ismoved in flexion & extension
3 more marked increase in tone; passive movement difficult
4 considerable increase in tone; passive movement difficult
5 affected part rigid in flexion & extension

stantial recovery of motor and sensory function can occur
long after SCI, even with a stable ASIA Grade A injury.
Most notable is that the patient experienced minimal
recovery in the first 5 years after injury, during which he
remained a ASIA Grade A (C-2 level). He began to
recover substantial motor and sensory function during
Years 5 to 8, improving two ASIA grades to reach Grade
C. Of considerable additional interest isthe demonstration
of the impact of the activity recovery program on physical
factors and complications of SCI. Most striking are the
reductions in life-threatening medical complications and
the 90% reduction in the incidence of annua infections
and requirements for antibiotic treatment. Finally, thereis
the demonstrated life-altering impact, across many func-
tional domains, associated with recovery even when
motor and sensory improvements themselves did not
markedly alter daily functional abilities.

Substantial Recovery of Function 5 to 8 Years After SCI

This case provides the first evidence that substantial re-
covery of motor and sensory function is possible 5 to 8
years after severe traumatic SCI in an individual who re-
mained at C-2 ASIA Grade A for the previous 5 years.
There are severd levels of evidence for functiona recov-
ery, including longitudinal ASIA scale measurements,
EMG measurements showing voluntary control of muscle
movements, and a decreased incidence of medical compli-
cations. The reliability of the ASIA measurements was
confirmed in examinations performed by severa physi-
cians trained in SCl medicine and well-versed in the mea-
surement scale. Furthermore, the ASIA scale is particular-
ly reliable across time when the condition of a patient is
initially classfied as ASIA Grade A with no zone of partial
preservation of function, as happened in this severe case.

J. W. McDondld, et al.

Using a standardized scale for assessing functional re-
covery after SCl—the ASIA International Standards for
SCl assessment—the patient demonstrated recovery
through two grades, from A to C. During the same period,
the neurological level changed from C-2 to C-3. Before
1999, the zone of partia preservation was extremely limit-
ed: it included C-3 with no spared motor or consistent sen-
sory function below that level. Current sensory function is
spared to the sacral region ($4-5), and voluntary control of
the externa anal sphincter is possible ($4-5). The patient’s
motor scores now range from 0 to 4 on the standardized O-
5 muscle-grading scheme. Although the patient can control
hisleft fingers well enough to utilize environmental control
systems, including those of a wheelchair, he continues to
use his current mobility system, which is operated by sip
and puff controls. Sensation has recovered to 50% of nor-
mal pinprick (56/112) and to 66% of normal light touch
(74/112) based on the ASIA grading scale. This degree of
recovery alows the patient to differentiate between hot and
cold, to know when his position needs to be changed to
avoid skin ischemia, to detect painful stimuli, and to appre-
ciate the pleasantness of human touch. His ability to bresthe
without his ventilator has also improved dramaticdly: he
can now manage for more than an hour, which was not pos-
sible 4 years ago. Nonetheless, he remains ventil ator-depen-
dent, confined to a wheelchair, and has seen no substantial
improvement in bowel, bladder, or sexua function.

How Meaningful is This Recovery?

The responses shown in Table 5 illustrate the profound
impact of this recovery on the patient’s life and the lives
of his family.

Reduction of Major Complications and Numbers of Infections

A striking and very interesting observation in this caseis
the reduction in major complications and numbers of infec-
tions, with a clear dividing time point of 1999; nine of 10
major complications occurred pre-1999. Furthermore, 74%
of the total number of infectious events occurred pre-1999
compared with only 13% after 1999. Similarly, 76% of
total days (527 total days 1996-1998) of antibiotic treat-
ment occurred pre-1999 compared with only 9% (64 tota
days 2000-2002) after 1999. The economic benefits asso-
ciated with these changes are overwhelming based on
reduction of sick days, improved gainful employment days,
and reduced medication and medica costs; however, the

TABLE 4
Electromyography characteristics of muscles during volitional activation*

Motor Unit Characteristic

Voluntary ~ Latency Motor  Insertiona Spontaneous Amplitude Duration
Muscle Group Response (msec) UnitsUsed Activity Activity (mV) (msec) Config
It diaphragm no NA 1-2 no no 2 5 NL
rt diaphragm yes NA 34 no no 2-7 5-20 NL
rt deltoid yes 180 1 yes PSW, fibs 0.7 5 polyphasic
rt biceps no NA NA yes PSW, fibs NA NA NA
rt extensor carpi radialis yes <200 2 yes PSW, fibs, CRD 152 5 polyphasic
rt vastus medialis yes 200-500 1-2 yes PSW, fibs 152 4 NL

* Abbreviations: Config = configuration; CRD = complex repetitive discharge; fibs = fibrillations; NA = not assessed; NL = nor-

mal; PSW = positive sharp waves.
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TABLES
Life impact questions and answer s*

Question 1: What does your recovery mean to you in terms of "changesin your life?'

The recovery has given me the security of knowing that | run minimal risk of infection, minimal risk of hospitalization. At the moment, recovery isimportant in
terms of any incremental improvement on the way to the ultimate goa. | have been able to stay out of the hospital for more than 3.5 years. Before | had blood clots, pneu-
monia, a collapsed lung, very serious decubitus ulcers, and an infected ankle, which threatened amputation of my leg. | was always very tentative about my life because |
never knew what would go wrong next. Over the last couple of years, | have become very confident with my hedth. | have been able to stay off antibiotics. My weight is
under control. | can stay up in the chair for as much as a 15 or 16 hours without a problem. Given the fact that | am a ventilator dependent C2, | would say that | am proba-
bly in the best possible condition. | am able to work and travel in away that is very satisfying. The next incremental goal will be to get off the ventilator. | feel | am mak-
ing progressin that direction. | would like more useful functional recovery. | am able to move my arms, fingers, and legs, and yet, | am still sitting in thiswheelchair. | hope
1 will be able to get incremental recovery along those lines so | can be in a different wheelchair and | could have more freedom, be less dependent on others than | am now.
Question 2: How has the recovery changed your "life's goals'?

My life's goals are more attainable now because | can tell the producer of afilm that | can travel to location to direct, which ismy profession. To give speeches,
whichisaso part of my profession. | can be counted on. In the past, infections or other illness would prevent me from fulfilling my obligations. It is a great relief to know |
can make a commitment and keep it because of my health.

Question 3: How has your recovery impacted your daily life?

Theimpact on my daily life has been increased mobility and respiratory benefits. A ventilator failure back in 1995, 96, 97, would have been aterrifying experi-
ence because | really couldn’t breathe. Now, | can breathe quite well. When | breathe, | use the correct technique; | am ableto move my diaphragm, an ability that was achieved
by exercise and training. That is the most comforting aspect of my recovery, that safety factor.

Question 4: How has your recovery impacted the life of your family?

My recovery so far has helped my family worry less about me. Our life is much more normal. Even though | am in the same kind of chair as before, they see
me quite differently. They know | am healthier, stronger; and that on any day | might have a surprising new recovery. For example, the other day | came back from a ses-
sion in the pool. My ability to push-off from the wall against resistance was about twice as strong as it was weeks earlier. A gain like this or alonger, successful breathing
set is very uplifting for my family and myself. They feel, especially my youngest who was only 3 when | was injured, that I'm on a good road, making progress, going in
the right direction, and that helps al of us.

Question 5: How has your recovery affected the economics of your life?

The economics of my life has been very strongly impacted because | have stayed out of the hospital. The hospital costs are staggering, but we saved a lot of
money these past several years. Even though | require around the clock nursing, just in case of equipment failure and because of my travel and work schedule, | am available
to take on more work projects. | just wrote another book. | have participated in a documentary about the last 3 years of my life | am in negotiations now to start directing
another film. These are all things that | would not have been able to do if | had been stuck in limbo the way | was before | really began an aggressive program of activity-
based training.

Question 6: How has your improvement in sensation impacted your life?

Sensation has improved from nothing below the neck to about a 65% improvement. What is so important about sensation is contact with other people. It makes
ahuge difference if someone touches you on the hand and you can fed it. You make a much more meaningful connection.
Question 7: You have had two changes with motor function. Oneis regaining the ability to move, and the second is building muscle mass. Can you describe what building
muscle mass aone, independent of movement, means? | look on building muscle mass as preparation for recovery, which is the long-term goal. But more importantly, mus-
clemassis essentid to any movements you need to make, to keep your cardiovascular system working well, and it also relates to maintaining adequate bone density. Let's
say you have very weak leg muscles. Standing on atilt table would be dangerous for the bones in your legs because they don’t have enough support. | went through that. |
did not know that | had severe osteoporosis. Through exercise and an intense course of calcium, | have completely reversed osteoporosis. | have the bones back that | did
when | was thirty. It isimportant that the medical system knows that osteoporosis can be reversed in spinal cord injury. But, also in terms of my self-image, to look down at
my legs and not see noodles is very important. In fact, my leg and bicep dimensions are almost the same as before the injury, thisis 7 years later, so that does alot to make
me feel better about myself.
Question 8: How has your recovery affected your ability or time off the ventilator?

It has made it so that being off the vent is not an issue.
Question 9: How has your recovery affected your bowel and bladder function?

Bladder function has always been good. | would say "no change", but my bladder is not shrinking and | am not having bladder spasms. The bowels have not
improved. My motility is still very sow.

Question 10: How has your recovery changed the leisure aspects of your life?

Just last week | was able to go with the family out to Lake Tahoe to a friend's house, and even though | can’t go water skiing or play tennis, I'm free to get close
to the water or court and watch my kids and friends play. | can be as close as | can to the site without participating, but | have also learned how to get satisfaction out of
watching my family and friends do leisure activities. So, | am there and a part of it even though | can't do it the way that | used to.

Question 11: How has your recovery affected your work productivity?

It has greatly increased my productivity by increasing my daily endurance, reducing the number of sick or hospitalized days, and providing confidence that | will
fulfill commitments. The recovery has given me the freedom to assure employers that | am ready, willing and able to meet the challenges of the work.
Question 12: How has your recovery been most significant to you?

My recovery has been most significant to me in the implications for the future based on the fact that we can do this much just with exercise. | was particularly
impressed by the fact that exercise gave me more muscle strength and motor function while | stayed on the same amount of medications to prevent spasticity; that was an
extraordinary finding. | feel that the progress I’ ve made so far is symbolic of the progress that is yet to come. In other words, if exercise has gotten me this far, the medica
interventions that will be coming will get me to my ultimate goa of recovery.

Question 13: What does your recovery mean to you in terms of "hope"'?

My recovery means everything to me because while some people are able to accept living with a disability, | am not one of them. | want to recover to as near
normal as possible and | hold that dream. | don’t want to let go of it and perhaps a psychological indication of what | believeisthat in the 7 years since my injury | have never
had a dream in which | am disabled. | want my life back.

* To determine how recovery from SCI affects quality of life, we asked the patient questions during a phone interview. The answers were recorded and analyzed. The sur-
vey was completed in the summer of 2002.

psychological benefits of feeling predictably well are per- achieved. It has been previoudy held that intensive exercise
haps even more meaningful. or FES can not be used to offset loss of bone density suc-

In addition to these medical improvements, successful cessfully inindividuaswith SCI and perhapsthat istruefor
and complete reversa of severe osteoporosis was aso the manner in which FES has been previously used pri-
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marily for nonload-bearing movement.*2% Apparently suf-
ficient oad-bearing combined with the physical bone stress
of contracting muscles by using the FES bike in conjunc-
tion with pharmacol ogical treatmentsto offset bone resorp-
tion is able to reverse even severe bone density loss as in
thiscase. It isalso predictable that enhanced gluteal muscle
mass will trandate into superior seating pressure distribu-
tion with a corresponding reduction in skin breakdown.

Although it is expected that the overall experience in
care of this patient would improve his medical status and
perhaps reduce complications somewhat, the magnitude
of the changes observed in this case are highly unlikely to
be the result of such alearning curve.

Donutlike Sparing of Spinal Cord White Matter and
Implications of Limited Repair for Disproportionate
Recovery of Function

Perhaps a substantial number of individuals with ASIA
Grade A SCI might have at least some functional connec-
tions across the lesion.*+232443 Indeed, it is rare for the cord
to be completely severed by spinal trauma unless a gun-
shot or knife attack causes the wound. Because the major-
ity of individuals with SCI are classified as ASIA Grade
A, it will be important to identify the subclass that has
retained some functional connections and therefore has
recovery potential.

Studies perfomed in the 1950s indicate that limited
preservation of white matter can sustain substantial spinal
cord function. Preservation of less than 10% of the normal
axon complement in the cat spinal cord can support walk-
ing, athough this should not be viewed as the optimal
requirement.® Moreover, detailed anatomical postmortem
studies of chronic SCI in humans reveal that small resid-
ual connections across the lesion can preserve some func-
tion.®# For example, one individual with ASIA Grade C
SCI had retained only 1.17 mm? of white matter at the
level of the lesion. Another patient with some preserved
motor function below the level of a cervica injury had
only 3175 corticospina axons—Iess than 8% of the num-
ber (41,472) found in norma controls. The current case
reinforces these data, showing that limited sparing of
white matter may be associated with substantial preserva-
tion of motor and sensory function. In the patient’s case,
high-resolution MR imaging demonstrated that less than
25% of the cord had survived at the injury level (and the
proportion was probably lower because MR imaging can-
not distinguish between functional tissue and scar tissue).
Yet substantial motor and sensory recovery was possible.
These observations imply that small stepwise treatments
can be expected to produce large gains in function.
Development and application of novel methods for deter-
mining persistent connections across the lesion in individ-
uals with ASIA Grade A injuries will be important. Such
techniques could include diffusion tensor imaging, func-
tional MR imaging, and motor/sensory evoked potentials.

The MR imaging analysis of the lesion indicated resid-
ual sparing of approximately 25 mn? of tissue in an outer
donutlike rim of the cord a the C-2 level. The analysis
would tend to err on the side of inflated area measurements,
as the demarcation of tissue and cerebrospina fluid in the
central cyst was not aways a clean border. Nonetheless, the
lesion epicenter can be identified in Fig. 3 by a smultane-
ous drop in signd intensity and minima residua area
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Previous work in normal volunteers suggests the area of
C2—-4 spinal cord cross-sections ranges from 67 to 101 mmy,
with study means ranging from 78.1 to 84.7 mnv?. Pre-
vioudly published data obtained in norma human volun-
teersat the C2—3 and C3-4 disc space levels, some of which
was based on MR imaging, isasfollows. mean age 31 years
(range 2349 years), area 78.1 mm? (range 70.1-86.1 mim?)
for 15 volunteers; mean age 38 years (range 26-57 years),
area 84.7 mn? (range 67-101 mm?) for 30 volunteers24
Therefore, it is reasonable to assume that approximately
25% of the cord remains at the injury level in the patient.

Limited Treatments for SCI

Current treatments for SCI are both limited and contro-
versa. Adminigtration of methylprednisolone within 8
hours of traumatic injury was one of thefirst drug therapies
to receive support.’*"L imitationsin technical design and the
margina clinicad effect of methylprednisolone seen in the
origina multicenter studies have raised concern about this
approach.t*% Other medications, including Naoxone and
Tirilazad, have aso been examined; however, those studied
did not achieve their primary endpoints.®* Most recently,
the ganglioside, GM-1, has shown promise when adminis-
tered in the subacute injury period, athough primary end-
points were again not achieved.* In general, most rehabili-
tation approaches are accepted in the fied but specific
aspects have not been tested for efficacy in the SCI popula
tion. Moreover, the duration of inpatient rehabilitation has
dramatically decreased over the last 10 years, necessitating
the development of cost-effective inhome therapies.

Activity-Based Recovery Program: Theory and Application

The activity-based recovery program is based on a sub-
stantial amount of dataon the role of patterned neura activ-
ity in normal CNS development. The program assumes that
similar processes are required for successful regeneration
of the injured nervous system. It is known that reduction of
neural activity disrupts nervous system devel opment,
including cell birth, migration, determination of cell fate,
synapse elimination and circuitry selection, and myelina
tion and that CNS injury dramatically reduces patterned
neurd activity, particularly below the level of the SCI.»
This happens when some pathways between the brain and
limbs become interrupted, reducing the transmission of pat-
terned sensory afferent activity from the periphery (for ex-
ample, that associated with movement). Therefore, we ex-
plored the possibility that promoting patterned activity
could enhance regeneration and functional recovery, using
both basic science and clinical studies.

We divided the possible benefits of patterned neura ac-
tivity into two categories. physical and regeneration/recov-
ery of function. Our early clinica experience suggested that
the physical benefits provide sufficient reason for partici-
pating in an activity-based recovery program. The individ-
ual described in this paper has experienced a number of
physical benefits, including increased muscle mass, reversa
of osteoporosis, decreased spagticity, and improved overal
health with an associated reduction of major medical com-
plications, incidence of infections, and use of antibiotics.
Although it was not considered possible to reverse osteo-
porosis with FES, it appears that FES can be effective; cal-
cium supplements and pharmacological therapy to limit

J. Neurosurg: Spine / Volume 97 / September, 2002



Late Recovery in SCI

bone resorption were aso required. Another physical bene-
fit was maintenance of skin integrity, particularly over
weight-bearing bone prominences such as the coccyx. Re-
gaining muscle mass between the bone and skin distributed
pressure over a much larger area, just as the flat sole of a
shoe distributes pressure over the foot more effectively than
aspiky high hedl.

The second level of potential benefits—reduction of
spasticity and regeneration—is of particular interest. Al-
though the individual described here experienced less
spasticity, only animal studies will determine whether
regeneration might be responsible for this improvement.
Nonetheless, substantial experimental data, particularly
from studies of CNS development, indicate that patterned
neura activity might be an important mechanism for
developing and maintaining inhibitory circuitry.3818283637,
566264656971 Chemical inhibition of neural activity in cul-
ture and in animals reduces the number of inhibitory
synapses, and partial removal of this blockade can result
in nervous system overactivity, such as spasticity. A sim-
ilar scenario appears to follow SCI, perhaps partly in
response to reduced neural activity. Moreover, antispas-
modic agents, such as Baclofen, can reduce overall neur-
al activity and therefore might shift the balance from exci-
tation to inhibition, as can happen during development.
The selection and maintenance of new excitatory synaps-
es might also require coincident neural input.

Patterned neura activity might also help correct the dys-
myelination and demyelination that contributes to func-
tiond deficits after SCI.2131431.%2 Remyelination of axons
that were stripped after injury requires optimal electrica
activity in the nerve being myelinated.* The strongest evi-
dence comes from the peripheral nervous system, but there
are similar data for the CNS.®

Recovery in the adult CNS might aso involve the pro-
duction of new neural cells, particularly oligodendrocytes
needed for remyelination.>345 Although this mechanism
of cell renewal is not well understood, recent work from
severd laboratories has shown that running can boost the
production and survival of new brain cells* The surviva
of injured or newborn neurons and glia aso requires opti-
mal levels of neura activity.®

Additiona clinical data support the idea that activity
might promote functiona recovery after nervous system
insults such as trauma and stroke, 1526415775768 Egrly work
focused on concepts of operant conditioning to explain
these observations. In 1993, Taub, et a.,* described a
method called “constraint-induced” movement therapy to
restore function in people with long-term paralysis after
stroke and other CNSlesions. By constraining the good side
and forcing patients with hemiplegia to use their paralyzed
limbs, they were able to reverse “learned non-use,” which
was proposed by Taub, et d.,” to explain the excess motor
disahility that occurs after CNSinjury. Despite the evidence
supporting the beneficia effects of constraint-induced ther-
apy, many patients and therapists expressed skepticism
about the therapy because the approach was not very prac-
tical and required long-term intensive inpatient care.®

Perhaps the most dramatic demonstration of reversing
“learned non-use’ has come from the results of training
people with SCI. In 1992, Wernig and Muller® reported
that treadmill (laufband) locomotion with body weight sup-
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port improved walking in people after severe SCIs. They
trained eight people with “incomplete’ SCI for 1.5 to 7
months (5 days'week, 30-60 minutes/day) beginning 5 to
20 months after injury. Thistraining significantly improved
locomotion capabilities, including the ability to walk
unsupported 100 to 200 m on aflat surface. Their addition-
al work demonstrates that these training benefits can be
maintained without further training.t® Dietz and col-
leagues? suggest that two forms of adaptations occur after
injury that may contribute to improved locomotor function:
development of spastic muscle tone and activation of spinal
locomotor centers induced by treadmill training. Building
on this work, additional groups have shown that a distal
disconnected region of the spina cord is capable of “learn-
ing” and that early gait training might promote improved
gait, endurance, and energy consumption, enhanced ground
speed walking, and, in a minority of individuals with in-
complete SCI, improved overground walking.#5727498 The
major benefits of gait training are reserved for those with
incomplete injuries, particularly ASIA Grades C and D.®
Therefore, motor training appears to have effects that
exceed those produced by exercise or FES aone. The FES
bicycle system described here may provide a unique bal-
anceto gait training in that it may prove to provide benefits
in the more severely affected individuals with SCI. Thus, a
growing body of work supports the activity-based recovery
hypothesis and the lack of aternative treatments acceler-
ates the need to test promising new approaches.

Long-Term Recovery After SCI

This report does not address the basis for the patient’s
recovery, mechanisms of regeneration, or whether regener-
ation accompanied functional recovery because such asso-
ciations cannot emerge from studies in living humans. It
does demonsdtrate, however, that substantially delayed re-
covery ispossible. Therefore, further investigationsinto the
role of neura activity in regeneration and functiona recov-
ery appear warranted, both in the laboratory and in clinical
trials. Predictably, the most rapid progress will occur
through basic science, which can tightly control variables
and assess indices of regeneration; however, we hope the
work described here will spark additional clinical investi-
gationsinto the effects of long-term rehabilitative and med-
ical interventions for individuals with SCI and other disor-
dersinvolving immobility. Such interventions might enable
individuals with spina cord disabilities to achieve physical
and functiona benefits that previoudy were not thought
possible. Because extensive patterned neural activity ap-
pears important for recovery, we suspect that patterned
activities will show much promise.

In summary, the individual described in this paper has
experienced substantial recovery of function and his con-
dition is now classified as ASIA Grade C, two ASIA
grades better than ASIA Grade A. Associated physical
benefits include reduced spasticity and increased bone
density and muscle mass. Although we cannot conclude
that the activity-based recovery program produced the
functional benefits, we believe it was responsible for the
physical benefits. As this outcome was seen in a worst-
case scenario, the program might provide even more dra-
matic benefits for individualswho areless severely injured
(ASIA Grades B-C).
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