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Abstract

Summary: This special report traces the path of spinal cord injury (SCI) from ancient times through the
present and provides an optimistic overview of promising clinical trials and avenues of basic research. The
spinal cord injuries of Lord Admiral Sir Horatio Nelson, President James A. Garfield, and General George
Patton provide an interesting perspective on the evolution of the standard of care for SCI. The author details
the contributions of a wide spectrum of professionals in the United States, Europe, and Australia, as well as
the roles of various government and professional organizations, legislation, and overall advances in surgery,
anesthesia, trauma care, imaging, pharmacology, and infection control, in the advancement of care for the

individual with SCI.
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INTRODUCTION

As with most other topics, in order to acquire a complete
understanding of spinal cord injury (SCI), one must
appreciate the events that comprise its past, present, and
future. This “trinity of time” for SCI has a most interesting
past, an exciting present, and a very promising future.

THE PAST—AN AILMENT NOT TO BE TREATED

Nowadays, in science as in industry, much emphasis is
placed on the future and the shaping of the present so
that it leads directly to some desired outcome. Often
overlooked in the planning of such quests are the events
that have preceded them and how they have shaped the
present. Understanding those events can give one a
better grasp of the reasons that justify one’s pursuits. We
tend to forget the admonition of the well-known Spanish
philosopher, George Santayana (1863-1952) who while
teaching at Harvard University in the US said, “Progress,
far from consisting in change, depends on re-
tentiveness .... Those who cannot remember the past
are condemned to repeat it.” (1) This advice is especially
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worth remembering when it comes to SCI, which actually
has a rich, absorbing past that harks back a long way to
roughly 2,500 years BCE. We know this from the writings
inscribed in the Edwin Smith surgical papyrus.

Little if any time is given to this important treatise
during any of the levels of medical education, ie, medical
school through residency and graduate medical educa-
tion. Yet, as Trevor Hughes explains in his analysis of this
document, it is (a) the first known record extant that can
be called a scientific document, (b) the first known
important medical treatise, (c) the first medical docu-
ment concerned with trauma, and (d) the first docu-
mentation of cases of spinal cord injury (2).

The scroll was purchased by an American Egyptolo-
gist, Edwin Smith, in Luxor, Egypt, in 1862 and then
translated from the hieratic by James Henry Breasted
(Figure 1), at the behest of the New York Historical
Society and published in 1930 (3). The document
contains descriptions of 48 traumatic cases, 6 involving
the cervical spine, and 2 of those 6 are clearly injuries to
the spinal cord. The author has an obvious knowledge of
anatomy and experience in the surgical treatment of his
day. Some have posited the author was Imhotep. The
scribe who copied the original document some 1,000
years later (the copy Smith purchased) was also
knowledgeable and added comments of his own. The
author explains to the reader (his students) how each of
the 48 cases should be treated, eg, “packing the wounds
with fresh meat.” Of special interest to us are his
instructions that those 2 cases of SCI are not to be
treated at all—"“an ailment not to be treated” (2).
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Figure 1. Under the sponsorship of the New York His-
torical Society, James Henry Breasted translated the Edwin
Smith surgical papyrus from the hieratic. The translation
was published in 1930. Photo is from the Encyclopedia
Britannica online at http:/www.britannica.com.

In fairness to the author and his therapeutic nihilism
toward SCI, more than 4,000 years ago he was probably
dealing with injuries sustained during battlefield condi-
tions where principles of triage prevailed and where
limited resources were reserved for those who could be
healed and returned to duty. Yet, one cannot help but be
saddened that the author’s advice not to treat was
followed wittingly or unwittingly down through the
millennia that ensued, up until the early part of the 20th
century. Examples of this nihilistic philosophy can be
cited from the records of people familiar to us in the 19th
and 20th centuries. Let us examine 3 such well known
cases and how they were managed:

1. Lord Admiral Sir Horatio Nelson (1758-1805). There is
perhaps no British naval hero more revered by Great
Britain than Lord Nelson (Figure 2). Having lost an eye
and an arm in the service of his country during the
course of his numerous naval victories, he finally lost
his life, victorious at the battle of Trafalgar, on October
20, 1805. On deck, urging on his men, boarding the
Spanish man-o’-war that came alongside his flagship,
HMS Victory, he was felled by a sniper’s bullet that
entered his chest and spinal cord. He was immediately
taken below, and the ship’s surgeon was summoned.
Lord Nelson told the surgeon, Mr Beatty (in the British
Commonwealth, surgeons are addressed as “Mr”),
“All power of motion and feeling below my chest are
gone.” Mr Beatty duly examined his patient, con-
firmed his SCI and then, no doubt with head bowed,
said “My Lord, unhappily for our country, nothing can
be done for you.” One can safely say that if anything
could have been done, it surely would have been for
Lord Nelson. But Mr Beatty was right. His patient had
“an ailment not to be treated” (4).

Figure 2. One example of the therapeutic nihilism
toward spinal cord injury care before 1950 is the case of
Lord Nelson. At the battle of Trafalgar, October 20, 1805,
Lord Nelson was felled by a sniper’s bullet that entered
his chest and spinal cord. Nothing could be done for him.

Nelson’s victory that day destroyed both the
French and Spanish armadas and while it did not stop
his nemesis, Napoleon, from his victorious march
across Europe, it did ensure that Nelson’s island
country would remain safe from any subsequent
attack from the sea by L'Empereur. For this, he is
recognized by a monument at Trafalgar Square in
London, which dominates its surroundings (5).

2. James A. Garfield (1831-1881), 20th President of the
United States. Shortly after taking office, Garfield was
shot by a disgruntled, passed-over office seeker. The
bullet lodged in the conus medullaris, resulting in
paralysis of his legs, bowel, and bladder. Complica-
tions ensued and after surviving 80 days, he suc-
cumbed (6). Despite the medical treatments that
could be brought to bear at that time, President
Garfield’s physicians, whom some say were more
harmful than helpful, accomplished no more than
what Mr Beatty was able to do. The 20th President
had “an ailment not to be treated.” The Museum of
the Armed Forces Institute of Pathology has on display
a specimen of the former President’s shattered
vertebra (Figure 3). (It also has a specimen of the
upper cervical vertebrae of John Wilkes Booth,
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Figure 3. (A) lllustration of James A. Garfield, 20th
President of the United States, who was shot in the conus
medullaris and survived 80 days (6). (B) The museum of
the Armed Forces Institute of Pathology has on display a
specimen of the former president’s shattered vertebra.
Reproduced with permission from the National Museum
of Health and Medicine.

Figure 4. Harvey Cushing, famous American neurosur-
geon, wrote, “The conditions were such that 80% died in
the first weeks [and] ... only those cases survived in
which the spinal lesion was a partial one.” Photo courtesy
of the Cushing Whitney Medical Historical Library, Yale
University, New Haven, CT.

murderer of President Abraham Lincoln, who was shot
in the neck when captured) (4).

By the time the US entered World War | (April
1917), many combat SCIs had been incurred by the
soldiers of the warring parties, and this continued until
the armistice (November 11, 1918). The famous
American neurosurgeon, Harvey Cushing (1869-
1939) (Figure 4), writing from the 14th General Base
Hospital in France, reported that “the conditions were
such [that] 80% died in the first few weeks [and] ... .
only those cases survived in which the spinal lesion was
a partial one.” The rest had ailments that were not to be
(could not be) treated. Cushing and others lamented
the defeatist attitude that prevailed at that time toward
SCl among all the health care professions (4,7).

3. General George Patton (1885-1945), commander of
the US Seventh and then the Third Army during
World War Il (Figure 5). A volatile yet eminently
successful leader throughout the campaigns in North
Africa and Europe, he was involved in a motor vehicle
crash only months after the conclusion of war in the
European theater. He sustained a cervical spinal cord
injury, possibly incomplete. Patton knew there was no
cure for SCI (an ailment not to be treated). He thus
refused all treatment and was reported to have died
from a cardiovascular complication while still hospi-
talized (8).

Finally, as another example of conditions that
prevailed for persons with SCI, even as recently as
1944, there is a poignant memo quoted by Silver: “In
the spring of 1944, | was called to group headquarters for
an interview with the group officer, a surgeon of
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Figure 5. General George Patton (1885-1945), Com-
mander of the US Seventh and then the Third Army
during World War Il. He sustained a cervical spinal cord
injury in a motor vehicle crash.

formidable character. ‘Allen,” he said to me, ‘l am sorry to
have to inflict this on you, but we have been ordered to
open a spinal unit at Leatherhead Hospital and | want you
to take charge of it. Of course, as you know, they are
hopeless cases—most of them die, but you must do your
best for them.” With these words of ‘encouragement,’ |
returned home sadly” (7).

Although a “cure” for SCI has yet to be discovered, it
would be wrong to say that no interest in the pursuit of
this objective existed prior to the latter part of the 20th
century. As we will see, that is when the quest for a cure
began to be taken seriously by more and more
investigators.

Given their historical role of first responders to
trauma, it is not surprising that the first group to express
interest in finding some way of ameliorating the effects of
SCI was surgeons. It is equally not surprising that their
proposed interventions involved surgery. And this mind-
set has prevailed even to the present. During the early
19th century, a controversy arose between two British
surgeons, Sir Astley Cooper and Sir Charles Bell (Figure
6). The former favored operating on the injured spinal
cord, arguing that since death was inevitable anyway
without surgery, nothing was to be lost. The latter

Figure 6. Left: Sir Astley Cooper favored operating on
the injured spinal cord, arguing that since death was
inevitable anyway without surgery, nothing was to be
lost. Right: Sir Charles Bell posited that surgery only
increased the risk of death and could further damage
nerve fibers with any potential to improve.

posited that surgery only increased the risk of death and
could further damage nerve fibers with any potential to
improve (9).

Over the next 100-plus years, the topic of reversing
the effects of SCI, when it did appear in the medical
literature, was largely centered on the feasibility of
operating. This prevailed until the last decade of the
20th century, when pharmacologic treatments made
their appearance (10,11). In point of fact, the only reason
that the issue of surgery dominated the pursuit of finding
a cure for SCI over the years was because of landmark
discoveries in other branches of medicine that continued
to make surgery on the injured spine (or any part of the
body, for that matter), as well as treatment of complica-
tions, safer and easier. These breakthroughs were
numerous, and a thorough discussion is beyond the
scope of this article; however, it is important to
remember that the problems that they solved were as
much of a challenge to their discoverers in their era as the
quest for a cure for SCI is to us today. | will therefore
simply list some of them and comment briefly.

In the field of microbiology, Louis Pasteur (1832-
1895) advanced our knowledge of sterilization as well as
the “germ theory” in general (12); Ignaz Semmelweis
(1818-1865) demonstrated to skeptics that hand wash-
ing and clean technique could drastically reduce the
transmission of disease, and yet he was ridiculed in 1849,
even by the most renowned pathologist of his day, Rudolf
Virchow (1821-1902), for proposing that invisible
organisms could cause illness (13); Joseph Lister (1827-
1912) applied the concept of antisepsis to surgery and
wound treatment (14); Robert Koch (1843-1910) proved
beyond a doubt that microbes cause disease (15);
William Stewart Halstead (1852-1922) introduced the
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Figure 7a. Senior Surgeon at Massachusetts General
Hospital John Collins Warren (1778-1856) allowed
William T. G. Morton to demonstrate “etherization” on

his patient.

surgical glove (16); and Alexander Fleming (1881-1955)
discovered penicillin and inaugurated the antibiotic era
17).

Although the contributions of Semmelweis, Lister,
and Halstead were breakthroughs for infection preven-
tion, clearly Fleming’s discovery and the production of
the antibiotics that followed had the greatest impact on
survival after SCI. Now, infections that became estab-
lished during the acute and chronic phases of SCI could
be eliminated. Conditions prior to the antibiotic era were
described by the medical superintendent at the Royal
Star and Garter Home (the first spinal unit in the United
Kingdom) in 1934: “Any local infection is liable to be
followed by a general infection, cystitis, or pyelitis; and
pyelitis is almost always the ‘end condition’ of the
paraplegic” (18).

In the field of anesthesia, Sir Humphrey Davy (1778-
1829) demonstrated the use of nitrous oxide, William T.
G. Morton (1819-1868) the use of ether, and John Snow
(1813-1858), the use of chloroform (19). When the
senior surgeon at The Massachusetts General Hospital,
John Collins Warren (1778-1856), allowed Morton to
demonstrate “etherization” on his patient who then felt

no pain during the resection of a vascular tumor on the
skin over the mandible, he proclaimed with amazement
to his colleagues “Gentlemen, this is no humbug” (Figure
7a and 7b). The era of painless surgery had begun
(13,20).

In the field of hematology, Karl Landsteiner (1868-
1943) discovered the ABO blood typing system and later
he and Alexander Weiner (1907-1976) discovered the Rh
system. Through the detection of incompatibilities
between patient and blood donor, and thereby the
avoidance of hemolytic reactions, surgery was made
safer, as were transfusions for any other reason (21).

In the field of imaging, the discovery by William
Conrad Roentgen (1845-1923) of the x-ray (22), the
application of radiography to myelography by J. A. Sicard
(1872-1929) (23), the development of computerized
tomography (CT) scanning by William Oldendorf (1925-
1992) (24,25), and the development of magnetic
resonance imaging (MRI) by Raymond Damadian, A.
Reid, and others, all made spinal surgery safer by allowing
the surgeon to have more knowledge of the pathology
and more preparation prior to operating (26).

Early treatment for spinal injuries included closed and
open methods. Spinal traction was described both in the
Edwin Smith papyrus and later by Hippocrates (470-410
BC) (27). In modern times, Sir Geoffrey Jefferson (1886-
1961) utilized halter traction, while Sir Reginald Watson-
Jones (1902-1972) placed the patient in the prone
position between 2 tables (28). W. Gayle Crutchfield
(1900-1972) first described skeletal traction in 1933
(29,30). In 1955, Vernon Nickel (1918-1993) and
colleagues applied the principle of skeletal traction,
called halo traction, by using the halo vest (31). These
methods provided a way of obtaining closed reduction

e

Figure 7b. Scene believed to be a re-enactment of the
demonstration of ether anesthesia by W. T. G. Morton on
October 16, 1846. Mr. Holman with surgeons: John
Mason Warren, George Hayward, Solomon D. Town-
send, John Collins Warren and James Johnson around
man on operating table.
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Figure 8. Paul Harrington (1911-1980) introduced a
system of distraction and compression rods and hooks.

and of maintaining better alignment of the spine,
whether the patient was treated operatively or not.

Finally, the techniques of surgery itself improved,
providing better reduction of deformity and stabilization
over the last 50 years. If we were to focus on major
contributors, one would have to begin with Paul
Harrington (1911-1980) (Figure 8) for his introduction
of a system of distraction and compression rods and
hooks. His system was intended for the treatment of
scoliosis (32), but spinal surgeons were quick to
recognize its capacity to adapt to the treatment of spinal
fractures and dislocations, particularly of the thoracolum-
bar spine (33). Many instruments have been developed
in the years that followed, most notably those of
Raymond Roy-Camille (pedicle screws), K. Kaneda and
K. Zielke (anterior plates and screws), and Y. Cotrel and J.
Dubousset (pedicle screws and plates) (34,35). That said,
however, and despite the advances in surgical instru-
ments and techniques, the argument that began with
Cooper and Bell is not completely resolved because
patients managed without surgery can also have
favorable outcomes (36-39).

Figure 9. Left. Donald Munro (1898-1978) has been
called the “father of paraplegia.” Photo courtesy of the
Society of Neurological Surgeons. Right. Sir Ludwig
Guttmann (1899-1980) was put in charge of an SCI unit
at Stoke-Mandeville Hospital in 1946. Like Munro, he
realized that doctors had to be interested in all the needs
of the patient, not only those within one’s specialty.
Photo courtesy of International Spinal Cord Society,
Aylesburg, Bucks, UK.

Clearly, it took the accomplishments of many people
from diverse fields to bring us to the point where people
with SCI could be kept alive and treated operatively or
nonoperatively with the prospect of living past the period
of the acute injury with an aligned and stable spine. At
least, the injury to the spinal column could be treated.
The injury to the spinal cord itself, as well as the organ
systems to which it brings innervations, have continued
to pose great challenges.

Some challenges to the latter have been met. Those
of the former continue to elude us. Nevertheless, as we
shall see, progress in the form of treatment of the effects
of SCI on the human body has been made by many who
have given their careers to SCI. | think at least 6 people
deserve special recognition for their contributions. | call
them “heroes of the 20th century.”

Donald Munro (1898-1978) (Figure 9) has been
called by some the “father of paraplegia” (40,41).
Although mortality from SCI was still virtually certain
(except for very incomplete injuries), Munro was unique
among physicians in his day given his interest and
compassion for patients with SCI and his refusal to
accept the defeatist attitude toward them so widely
prevalent and articulated by Cushing. He established the
first spinal cord unit in the US at the Boston City Hospital
in 1936 (40). He soon realized that he had to be more
than just a neurosurgeon to his patients. He had to
accept responsibility to provide for the whole person,
who had problems involving multiple organ systems, eg,
neurological, urological, orthopedic, psychological, and
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Figure 10. Sir George Bedbrook (1921-1991) (standing)
was an orthopedic surgeon who formed a spinal unit in
Perth, Western Australia. He is pictured here with Sir
Ludwig Guttmann (seated). Bedbrook was a dynamic
visionary who traveled widely and influenced physicians,
nurses, and therapists who worked with SCI patients. This
photo was a gift to the author from Byron Kakulas from
the Royal Perth Hospital in Perth, Western Australia.

social. In addition, he had to coordinate all the
rehabilitation efforts to improve self-care, mobility, and
reassimilation into society, including educational and
vocational pursuits. Although his vision was not appreci-
ated by most of the other specialists of his day, he was
successful in influencing the US army to establish SCI
centers at a few hospitals (initially at Oxford-Wingate in
Massachusetts), where his methods were implemented,
eg, the use of “tidal drainage” to prevent recurrent
urinary tract infection (UTI) (40,41). His success in the
treatment of “an ailment not to be treated” served as a
model for others who followed.

Sir Ludwig Guttmann (1899-1980) (Figure 9) is the
most internationally recognized hero of this group. Born
in Silesia, a long-troubled part of the globe contested for

Figure 11. Ernest H. ). Bors (1900-1990) (left) and A. Estin
Comarr (1915-1996) (right) both established comprehen-
sive care for a large number of patients with SCI. Courtesy
of the American Paraplegia Society.

possession by Germany and Poland, he trained in Breslau
(now Wroclaw) as a neurosurgeon under Otfrid Foerster
(1873-1941). His practice and reputation were curtailed
by the Nazis. Since he was only allowed to treat other
Jews, he became chief of neurosurgery at The Breslau
Jewish Hospital. He escaped from Germany to England in
1939, and in 1944 he was placed in charge of an SCI unit
at Stoke-Mandeville Hospital. The care of patients with
“ailments not to be treated” was never his aim in life, but
fortunately, Sir Ludwig was a man who never backed
away from a challenge. In learning as much as he could
about SCI, he drew from the work of Munro and like the
latter, he soon realized doctors treating this illness had to
be rehabilitationists with a commitment to all the needs
of the patient, not just those within the ambit of one’s
specialty (42).

Like Munro’s, his SCI unit became a model for future
centers. Great Britain and the rest of the British
Commonwealth, Europe, and Asia all modeled their
centers after Stoke-Mandeville. Unlike Munro, he strongly
believed in proselytizing his experiences and traveled
widely throughout the globe. A great believer in
wheelchair sports, he is remembered for founding the
Paralympics (42,43).

Australia was one of the places in the British
Commonwealth visited by Guttmann and it was here
that he met a like-minded individual who never refused a
challenge and was willing to commit to SCI, namely Sir
George Bedbrook (1921-1991) (Figure 10). Like Munro
and Guttmann, Bedbrook soon realized he had to be a
rehabilitationist, not just an orthopedic surgeon. He
accepted the task of forming a spinal unit in Perth,
Western Australia, and after a specially designed unit was
completed in 1954, he attracted many talented people
who focused their energies on studying and treating SCl,
including John Pearman, microbiologist, and Byron
Kakulas, neuropathologist (44).
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Figure 12. John Young (1919-1990) (left), with the assistance of ]. Paul Thomas (not shown), obtained a federal grant
to demonstrate the superiority of comprehensive over fragmented SCI care. Photo courtesy of Craig Hospital Archives.
Alain Rossier (right) (1930-2006) was from Switzerland but worked for 11 years in the US. He was a powerful advocate
for veterans with SCI. Photo courtesy of the Swiss Paraplegic Association.

Like Guttmann, he traveled widely, supporting the
efforts of physicians starting units in Australia, New
Zealand, and Africa and throughout Asia. The efforts of
this dynamic visionary influenced the physicians, thera-
pists, nurses, and all who encountered SCI patients in
those parts of the world. | consider myself very fortunate
to have worked with him for more than 2 years (9).

Ernest H. J. Bors (1900-1990) and A. Estin Comarr
(1915-1996) (Figure 11) are usually considered together
because of their numerous contributions to the field of SCI
and their tireless work to provide comprehensive care at
both the Long Beach, California Veterans Administration
(VA) Hospital and Rancho Los Amigos Hospital in Downey,
California. Their numerous articles on the neurology,
especially the neurourology, of SCI remain classic. Bors
was born and trained as a urologist in Prague. Like
Guttmann, he was a Jewish refugee. He came to the
United States and joined the Army Medical Corps. Also,
like Guttmann, he established comprehensive care for a
large number of patients (45,46). Comarr founded the
American Paraplegia Society (APS) in 1954 (41).

Despite the efforts of Munro, Bors, and Comarr,
approaches to treatment of SCI, with some exceptions,

remained fragmented, and comprehensive rehabilitation
for SCI failed to become widely adopted in the Western
Hemisphere until John Young (1919-1990) (Figure 12)
resolved to correct this. Young was greatly influenced by
the work of Guttmann and the directors of European SCI
units and was an active member in what was then the
International Medical Society of Paraplegia (now the
International Spinal Cord Society), which was founded by
Guttmann in 1961. With the assistance of ). Paul Thomas,
then director of the Medical Sciences Program at the
National Institute on Disability and Rehabilitation Re-
search (NIDRR) (Figure 13), he obtained a federal grant in
1971 to demonstrate the superiority of comprehensive
over fragmented SCI care in Phoenix, Arizona. He called
this demonstration a “Model System.” His accomplish-
ments were quickly recognized, and more locations were
soon designated by the NIDRR as Model Systems. These
Model Systems have remained in existence over the
decades; they now number 14 across the US and contain
the largest known database on SCI, the National Spinal
Cord Injury Statistical Center database (NSCISC) (47).
John Young stated that a “Model System must be
able to meet the needs of a person with SCI by
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competently treating the direct injury as well as all organ
systems affected (of which there are many); the
functional deficits that result, by providing training and
equipment; the psychological adjustments that must be
made; the vocational/avocational pursuits that must be
changed; and the providing of long-term specialized
care.” He also outlined the necessary components of such
a system, which must include emergency medical
services; emergency trauma care (at a trauma center);
acute hospital care; acute rehabilitation care; and
ongoing rehabilitation treatment (47,48).

Finally, Alain Rossier (1930-2006) (Figure 12), born
in Switzerland, was strongly influenced by Guttmann and
was also influential in establishing SCI units in his country.
He also spent 11 years working in the United States at the
West Roxbury VA Hospital, MA (49). He proved to be a
powerful advocate for veterans with SCI and convinced
the VA that more VA hospitals should have SCI units and
that these units should be equipped to meet all their
patients’ medical and social needs throughout their lives.

Consequently, to this day, patients with SCI requiring
readmission to the designated VA hospitals are admitted
to the SCI unit regardless of whether their status is acute
or chronic (unless they require intensive care). Today, this
stands in contrast to most health care payers, who
authorize payments to SCI centers for acute rehabilitation
or for rehabilitation related to chronic issues that can be
resolved with a short-term admission. More and more
non-VA patients with acute medical problems, eg, acute
UTI, are admitted to acute general hospitals, while
patients with chronic medical problems, eg, decubitus
ulcers, are admitted to long-term care facilities or are
treated at home. This system exposes the patient to
fragmentation of care and to the risk of complications, as
the staffs in these settings are less acquainted with the
special needs of patients with SCI. In settings where these
conditions prevail, it is important that the rehabilitationist
bring the principles developed by these heroes and
others to the patient. The present challenge is, how?

IN THE PRESENT—AN AILMENT TO BE TREATED

If one were to ask where the work of these heroes as well
as that of many others (eg, Key of South Africa, Botterell
of Canada, Holdsworth of the UK, Meineke of Germany,
Dolfus of France, Chahal of India, Nakamura of Japan,
Sarias of Spain, and Stover of the US, to mention a few)
have brought us today, we could point to the advances
made in medical care; longevity; rehabilitation services,
including mobility and self-care; environmental adapta-
tions and legislation; and the numerous organizations
pledged to mainstream the lives of persons with SCI and
advance the search for a cure. A brief sampling of these is
mentioned here.

Medical Care
The Spine. As noted, instruments and techniques now
exist to assure spinal stability, obtain reductions, maintain

alignment, and thereby avoid the pain and further
disability caused by a deformed spine (9). In addition,
imaging capabilities have expanded significantly, not
only with respect to the ability to correlate MRI with
impairment (50,51) and prognosis (52,53), but with new
MRI applications such as magnetic resonance imaging—
diffusion weighted imaging (54,55), which allows
imaging of the tracts within the spinal cord; functional
MRI (56,57); and MRI spectroscopy (58,59).

The Neurogenic Bladder. Advances in this area are the
reason why pyelonephritis is no longer the “end
condition of the paraplegic.” These include antibiotics
to treat and prevent infection of the genitourinary (GU)
tract; anticholinergic medications to maintain continence
and bladder compliance; less invasive ways to remove
bladder and kidney stones, eg, electro-hydraulic
lithotripsy (EHL) and extracorporeal shock wave
lithotripsy (ESWL); urodynamics to help us unravel the
mystery of the neurogenic bladder and recommend the
best treatment approaches; and surgical procedures to
enhance bladder storage capacity, facilitate bladder
emptying, or increase the ease of catheterization. These
and other treatments have enhanced social continence
and quality of life and have prevented many of the
complications that previously shortened life (60-65).

Sexuality. Men with SCI have benefited from the
development of oral agents to treat erectile dysfunction,
eg, sildenafil citrate, as well as the injectable
prostaglandin E1 (alprostadil) for those who do not
respond to oral therapy. Since many men with SCI also
have ejaculatory dysfunction, their ability to father a child
by means of vibratory or rectal electric probe ejaculation,
combined with in-vitro fertilization, has been greatly
enhanced so that fatherhood is now commonplace.
Women with SCI have also benefited, particularly from
safer labor and delivery and if necessary, safer cesarean
sections due to advances in surgery mentioned earlier.
Both men and women have the opportunity for more
satisfying sexual relations (65-70).

Pain. Neuropathic pain has long been a problem for
many persons with SCI (50). The discovery that certain
anticonvulsant and antidepressant medications can
suppress or relieve pain perceived by the patient either
at the level of injury or diffusely below it has improved the
quality of life for many. Invasive procedures such as
implantable spinal cord stimulators and the infusion of
morphine and clonidine intrathecally have proved helpful
in selected cases (71-76).

Spasticity. Involuntary movement and involuntary
resistance to passive movement occur typically in persons
with SCI above the conus level. These movements can
become very strong and have impeded many from
achieving independence in activities of daily living. Oral
agents such as baclofen, tizanidine, and dantrolene have
been helpful in reducing spasticity (77). However, the
arrival of intrathecal baclofen, which is used to treat those
who do not respond sufficiently to oral medication, has
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proved to be a breakthrough (78,79). Botulinum toxin,
when injected into a few offending muscles, has also
been very helpful (80,81).

Advances in many other areas important to
individuals with SCI, including the skin, bowel, bone,
lung, and cardiovascular system, have also been made
but are too numerous to mention here. Suffice it to say,
people can be kept healthy and more comfortable
because of them. All this has fostered their re-entry into
society.

Longevity. In years past, as noted above, the leading
cause of death among persons with SCI was renal failure.
Today, however, significant advances in urologic
management have resulted in dramatic shifts in the
leading causes of death. Persons enrolled in the National
SCI Statistical Center Database since its inception in 1973
have now been followed for more than 30 years after
injury. During that time, the causes of death that appear
to have the greatest impact on reduced life expectancy
for this population have changed and are now
pneumonia, pulmonary emboli, and septicemia (84,85).
More importantly, people with SCI are living longer (84).

Rehabilitation Services. In addition to the expert
clinical, hands-on treatment now available to individuals
with SCI both during acute rehabilitation and during
ongoing outpatient care, especially in spinal centers, they
can benefit from advances in technology that have
yielded better equipment.

Power wheelchairs can now perform weight-shifting
functions by tilting and/or reclining. They can be
controlled by mechanisms other than the joystick, eg,
head control, sip and puff, and voice and eye movement.
This has helped individuals with high tetraplegia expand
their mobility with less stress on the shoulder joints
(86,87).

Manual wheelchairs are now lighter, making them
easier to propel and load into a vehicle. They can also be
equipped with power-assist wheels, allowing people with
less upper body strength to push farther (88).

Lightweight orthotic devices for both upper and
lower extremities have made donning and doffing easier
and decreased energy cost for ambulatory persons
(89,90).

Computer interfaces have allowed individuals with
high tetraplegia to access the Internet and use other
computer applications, permitting them to experience
the benefits (and the caveats) just like anyone else
(91,92).

Pressure mapping to help select the best wheelchair
cushion has proven useful to all wheelchair users but
especially to individuals more vulnerable to pressure
ulcers, ie, those who cannot perform a manual weight
shift or who have severe gluteal muscular atrophy or scars
on the weight-bearing surface (93,94).

Body weight-supported treadmill ambulation has
both research and clinical applications. Although research
is still ongoing on this equipment, it is now proving

clinically useful as a training device for persons with
marginal ambulatory capability. It has thus far been
found useful as an adjunct to the treatment of patients
with some preserved motor function (ASIA Impairment
Scales C and D) (95).

Other technological advances have improved the
self-care, mobility, and independence of persons with
SCI; they include functional electrical stimulation (89),
speaking valves for tracheostomies, and environmental
control systems (96).

Environmental Adaptations/Legislation
Environmental Control Systems. What is sophisticated and
extremely useful for those who can afford it is the ability
to control devices within the home from a remote source,
eg, wheelchair or bedroom. This might include the
climate control panel, radio/TV/CD player, alarm
systems, door locks, and other vital functions within the
person’s home (96).

Home Modifications. Centers providing comprehen-
sive rehabilitation have planned their discharges from
acute rehabilitation at the point when the patient’s
abilities matched his/her home environment. Usually, the
environment has to be modified to effect this match. This
often includes the installation of ramps; widening of
doorways; altering the bathroom, kitchen, and bedroom;
and so forth. There is usually nothing sophisticated about
the implementation of these changes. The challenge is
often getting insurers to pay for them.

Legislation. The Americans with Disabilities Act signed
by President George H. W. Bush in 1990 was a landmark
piece of legislation that declared that Americans with
disabilities have equal rights to the environment,
employment (if otherwise qualified), public trans-
portation, accommodations, services, and education. By
all accounts, it was a major breakthrough for persons with
SCI, as well as those with other disabilities (97).

Organizations. Many consumer groups have formed
throughout the nation and the world to promote the
interests of individuals with SCI. They run the gamut in
their mission statements. Some are primarily social, some
political, some educational, some philanthropic, eg,
funding research, while others have combinations of
these purposes. One cannot list all of them here but 3
certainly stand out because of their size: The National
Spinal Cord Injury Association, Paralyzed Veterans of
America, and United Spinal Association.

Similarly, many professional groups have formed,
usually declaring educational and/or scientific goals for
their organizations. The International Spinal Cord Society
(ISCoS) changes its venues yearly, routinely combining its
annual scientific meeting with that of the national SCI
organization of the host country. In the US, the American
Spinal Injury Association (ASIA) and the American
Paraplegia Society (APS) each have annual meetings.
ASIA and I1SCoS have jointly produced the International
Standards for Neurological Classification of SCI. This has
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now become the gold standard clinical measurement
tool used for outcome measurement in SCI research on
humans (98).

Further, many organizations have formed with at
least one of their objectives being the finding of a way to
cure or reverse the damage caused by injury or other
pathologic processes to the spinal cord. One of them, the
International Campaign for Cures of Spinal Cord Injury
Paralysis (ICCP) has at present 9 member organizations:
The Christopher Reeve Paralysis Foundation, The Miami
Project to Cure Paralysis, The Paralyzed Veterans of
America, the French Institute for Spinal Cord Research,
The Japan Spinal Cord Foundation, The Rick Hansen Man
in Motion Foundation, Spinal Cure Australia, Spinal
Treatment Australia, and The International Spinal
Research Trust. By their names, it is clear that “cure” is
their raison d’etre. Other organizations at the forefront in
this effort are the International Collaboration on Repair
Discoveries (ICORD), the North American Clinical Trials
Network (NACTN), and the European Clinical Trials
Network (EUCTN). In addition, there are many smaller
groups, often university based, such as ‘“Mission
Connect,” which is funded through the efforts of the
Institute for Rehabilitation and Research (TIRR) in
Houston, Texas.

Governmental organizations have also played no
small role in supporting research activities. These include
the World Health Organization (WHO), the National
Institute for Disability and Rehabilitation Research
(NIDRR), the National Institutes of Health, especially the
National Center for Medical Rehabilitation and Research
(NCMRR), and the National Institute for Neurological
Diseases and Stroke (NINDS). Likewise, as we shall see,
the pharmaceutical industry is conducting research
investigations including clinical trials.

All the resources of these groups are working toward
bringing us to the day when we can declare a cure for
SCI.

IN THE FUTURE—AN AILMENT TO BE CURED

The following organizations are planning for the sound
implementation of clinical trials as interventions uncov-
ered by basic science researchers come on line. The ICCP
has taken the initiative by producing 4 reports thus far
(99). At the first meeting, topics discussed included the
prevalence and incidence of SCI, both tetraplegia and
paraplegia, in countries where they are known; the
natural history of recovery of neurologic function from
information contained in the NSCISC Database and other
sources; and the statistical power required to conduct
clinical trials. At the second meeting, outcome measures
appropriate to studies of acute, subacute, and chronic
SCI were discussed, along with the important differences
between parameters that measure axonal connectivity
and those that measure function. It is important not to
confuse or commingle the two. At the third meeting,
inclusions and exclusion criteria were addressed, along

with the ethics of how they affect control groups. Finally,
the fourth meeting reviewed the overall principles
involving clinical trials and how they pertain to SCI,
emphasizing randomized prospective clinical trials
(RPCT), multicenter trials (due to the relatively low
incidence of SCI), the importance of blinding, and the
importance of the adherence to the ethical principles of
the Declaration of Helsinki (100) and the Belmont Report
(101). This effort has laid the groundwork for multicenter
and multinational collaboration in the conduct of clinical
trials within the ambit of NACTN and EUCTN (102).

Clinical trials are in fact underway; many utilizing
new discoveries developed by the pharmaceutical
industry in Europe, North America, and Asia (103). These
include: (a) the Proneuron Phase Il trial using autologous
incubated macrophages for acute SCI (104); (b) the
BioAxone Cethrin trial using the Rho antagonist BA-210
(Cethrin) for acute SCI (105); (c) the University of Calgary
trial, using minocycline (an antibiotic with cytokine, free
radical, and matrix metalloproteinase inhibition proper-
ties) for acute SCI (106); (d) the Aventis HP-184 trial
employing this substance in chronic SCI in which some
motor function has been preserved—this substance is
similar to 4-amino pyridine (4-AP); (e) the Novartis trial
using the anti-NoGo antibody, which reverses the
inhibiting effect of NoGo on oligodendrocytes for acute
SCI(107); (f) the Geron Corporation trial using implanted
oligodendrocyte precursor cells for chronic SCI
(108,109); (g) transplantation of fetal and autologous
olfactory cells into the spinal cord for chronic SCl in trials
in Portugal and China (110,111).

Clinical trials already completed include those
studying the effects of methyl-prednisolone (10,112-
114), GM-1 ganglioside (11,115), 4-AP (116-118), and
body weight-supported treadmill ambulation (95). Thus
far, in sum, these studies have proved inconclusive.

Research scientists at the animal laboratory level have
developed multiple strategies for studying and repairing
the injured spinal cord including both acute and chronic
subjects (Table 1). These efforts have been quietly taking
place for more than a decade and have evolved into
numerous investigations approaching the problem from
different angles. These strategies include:

A. Reduce the Effects of the Damage

This can be accomplished or aided by maintaining
circulation and oxygenation and creating a favorable
milieu (realign and stabilize) (9). Partially damaged
neural tissue may also be protected by the reduction
of neurotoxins and free radicals, eg, by methylprednis-
olone or glutamate-receptor (eg, AMPA and NMDA)
antagonists (119,120); the reduction of inflammation,
eg, by cytokine, Rho, tumor necrosis factor, and
interleukin 10 blockers; and by the reduction of
apoptosis, eg, by calpains or nitric oxide inhibitors
(104,121-125).
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Table 1
The Future: Animal Laboratory Investigation
Strategies

A. Reduce the effects of the damage
1. Maintain circulation
2. Maintain oxygenation
3. Reduce neurotoxins and free radicals (methyl-
prednisolone, glutamate receptor antagonists)
4. Reduce inflammation (cytokine, Rho, interleukin
10, tumor necrosis factor blockers)
5. Reduce apoptosis (nitric oxide inhibitors, cal-
pains)
B. Encourage correct neuron function/connections
1. With cells
a. Schwann cells
b. Olfactory ensheathing glial cells
c. Astrocytes
d. Re-engineered fibroblasts
e. Macrophages
f. Oligodendrocyte precursors
2. With matrix modifiers
a. Netrins
b. Neural glues (PEG/synthetic hydrogels)
3. With nerve grafts
a. Peripheral nerve implants
C. Enhance regeneration/axon growth
1. Inhibitor neutralizing antibody
a. Anti-NOGO
2. Neutrophin-3
3. Acidic fibroblast growth factor (AFGF)
4. Brain-derived neurotropic factor (BDNF)
5. Rho antagonists
D. Replace lost nerve cells
1. Fetal tissue
2. Stem cells
E. Inhibit scar/gliosis formation
1. Decorin
2. Chondroitinases
F. Reduce neurocircuit deficits
1. Potassium-channel blockers
2. Sodium-channel blockers
3. Glutamate-receptor blockers

B. Encourage Correct Neuron Function/
Connections Via a Nerve Bridge

This can be done in 3 ways: 1. With Cells: Schwann cells
(126-128); olfactory ensheathing glial cells
(125,126,128,129); astrocytes (131); re-engineered fi-
broblasts or other cell types (132,133). 2. With Matrix
Modifiers: These include netrins (134) and neural glues,
eg, PEG/synthetic hydrogels (135-137). 3. With Nerve
Grafts: ie, peripheral nerve implants into the spinal cord
after removal of glial remnants (137).

C. Enhance Regeneration/Axon Growth

Several interesting approaches have shown promise in
animal studies. These include inhibitor-neutralizing anti-
body (anti-NoGo) (138); neurotrophin 3 (139); acidic
fibroblast growth factor (AFGF) (139); brain-derived
neurotrophic factor (BDNF) (140); and Rho antagonists
(105).

D. Replace Lost Nerve Cells
Currently, fetal tissue implants (141, 142) and stem cells
(143) are being studied.

E. Inhibit Scar/Gliosis Formation
Both decorin (144) and chondroitinases (126,145) have
shown promise in work done thus far.

F. Reduce Neurocircuit Deficits

Both potassium-channel blockers (118,121) and sodium-
channel blockers (121) are being studied for this purpose,
along with glutamate-receptor blockers (119).

CONCLUSION

It is both amazing and gratifying to see the enormous
amount of work now being done to solve the mystery of
spinal cord regeneration. Most investigators feel the
solution to the enigma will come from this multipronged
approach, since very likely genes, molecules, and milieu
all play some role (146). With perseverance by the
scientists and support from the consumers, like that given
by the late and heroic Christopher Reeve, someday, in
the great beyond, even though he lived 5,000 years
afterwards, the latter might just confront Imhotep and
say, “See, it can be treated and cured after all.”
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