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Dedication

Alan Maxwell Clarke
2–2007)
(193
On January 21, 2007, New Zealand lost Alan

Maxwell Clarke, who was a wonderful ambassa-
dor for the independent living cause. Possessing
a powerful intellect and an incredibly strong will,

Alan doggedly pursued his campaign for people
living with disability to take ownership and con-
trol of their individual destinies and escape the
clutches of well meaning health professionals

who insisted the management of the disabled
was their domain. One of his catch cries was that
health professionals should be ‘‘on tap’’ and not

‘‘on top’’.
Born in 1932 to a surgeon father and a nurse

mother, Alan graduated from the Otago Medical

School, New Zealand in 1956. Five years later he
qualified as a surgeon, and after 2 years in
Glasgow as a general surgical fellow, he returned
to New Zealand in 1964 as a consultant surgeon.

Alan became a prominent international contribu-
tor, particularly in the bowel cancer field, and in
1970 at only 38 years old, he was appointed

professor of surgery at the University of Otago.
He was forced to give up this position 15 years
later following major surgery for bladder cancer.

In 1986 he was appointed Dean of the Christ-
church School of Medicine and Health Sciences,
and during his tenure, he controversially banned

lectures for medical students, favoring instead
a culture of self directed learning. TheChristchurch
medical students subsequently outperformed their
0749-0712/08/$ - see front matter � 2008 Elsevier Inc. All righ

doi:10.1016/j.hcl.2008.01.002
peers from other New Zealand medical schools.

This successful experiment in self directed learning
sowed the seeds of Alan’s later advocacy of self
directed living and learning in the years to come.

On April 14, 1991 Alan fell from his roof and
became paraplegic. He was admitted to the Bur-
wood Spinal Unit and set new standards in patient
noncompliance, because he argued, debated, and

disagreed on nearly every aspect of his rehabilita-
tion process. A watershed experience occurred
early in his rehabilitation when he asked the night

nurse to pass him his water jug. ‘‘Do it your
bloody self’’ was the abrupt reply, and once over
the initial shock of that response, Alan realized

how easy it could be to fall into the dependency
trap. Furthermore, the rehabilitation experience
further enhanced his view that many aspects of the
process are, in themselves, disabling, and that

people consequently learn dependency. He also
discovered that rehabilitation is a process of self
learning and not a medical process. Alan left the

Burwood Spinal Unit in record time and returned
to his deanship of the Otago Medical School
within 4 months of his injury. His rehabilitation

experiences and his experience learning to live in
a wheelchair in the outside world reinforced that
the currently practiced processes of rehabilitation

had to be changed radically. In 1994 he resigned
from the deanship and successfully applied for the
clinical director position at the Burwood Spinal
ts reserved.
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Unit. During his tenure, he established the New
Zealand Spinal Trust as the vehicle for assisting
disabled people to take charge of their rehabilita-

tion. One of its key objectives is to encourage and
foster a philosophy of rehabilitation that focuses
on the full attainment of personal potential and
ability with personal control and responsibility.

In 10 short years the New Zealand Spinal
Trust established the New Zealand-wide spinal
network through which all spinal cord injured

persons and families can freely communicate;
worked with the New Zealand Rugby Football
Union to dramatically reduce scrum related neck

injuries; established the Kaleidoscope Vocational
Rehabilitation Programme, which facilitates the
attainment of work and financial independence
for spinal cord injured persons; and built the

unique Alan Bean Centre, resourced to provide
the highest quality information for spinal cord
injured and other disabled people, which will help

them take charge of their rehabilitation. Alan also
spearheaded the development of New Zealand-
wide service guidelines for the total lifelong

management of spinal cord injured persons, which
emphasized rehabilitation in terms of diversity,
ability, and participation rather than deficit,

disability, and function.
In the late 1990’s Alan embraced the concept

of the independent living paradigm in which
patients are consumers, are in charge, are the

decision makers, are chairmen of the board, or
(with regard to spinal cord injured persons) are
spinal ferraris. Health professionals are staff in

charge of the clinical task and keep the spinal
ferraris in tip top race condition, but they most
definitely do not tell them where and how to

drive.
The culmination of all of Alan’s thinking and

advocacy led to the development of the Burwood
Academy of Independent Living, which was

aimed at establishing a learning academy based
on the principals of the independent living para-
digm. Alan was the patron of the academy to

ensure that these principals were fully imple-
mented. At the time of his sudden death, Alan
was writing a book that embodied the principals

of the independent living paradigm, freely illus-
trated with personal stories.

In 1996 the Queen of England bestowed on

Alan the Companion of the Most Excellent Order
of St Michael and St George for services to
medicine and surgery.

Throughout his years as a dedicated advocate

for the spinal cord injured person, Alan was also
strongly supportive of the upper limb surgery
service at the Burwood Spinal Unit. He likened
the staff to engineers charged with providing

maximum upper limb function in order to max-
imize the ferrari performance! On a number of
occasions he facilitated visits of overseas experts,

raised money for some of the more expensive
upper limb procedures, and enabled local staff to
visit centers overseas.

At the 8th International Meeting of Upper
Limb Surgery for Tetraplegia, he delivered the
Keynote Opening Address based on the indepen-
dent living paradigm despite having had life threat-

eningmajor abdominal surgery a fewweeks earlier.
His speech made a big impact on those present.

Alan’s legacy is huge and cannot be condensed

into a few words, but his message to all readers
would be to embrace the independent living
paradigm, the characteristics of which are:

I am a person, consumer or a customer

My problems are my undue reliance on profes-
sionals and family, environmental barriers,
and discrimination

My solutions are peer support, self help (being

in charge), and access to services that meet
my needs

I am accountable and responsible to myself

The outcomes I seek are to be in charge of my
life, to live independently with disability, to
be fulfilled, and to be financially secure.

Alan was the living embodiment of the in-
dependent living paradigm and his ‘‘Do it your

bloody self’’ philosophy.

Alastair G. Rothwell, ONZM, MB,
ChM, FRACS

Department of Orthopaedic Surgery

and Musculoskeletal Medicine
University of Otago

Christchurch School of Medicine

and Health Sciences
P.O. Box 4710

Christchurch, New Zealand

E-mail address: alastairrothwell@chmeds.ac.nz

mailto:alastairrothwell@chmeds.ac.nz
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Guest Editors

Albert A. Weiss, MD, MBAMary Jane Mulcahey, PhD, OTR\L
This is the second issue of Hand Clinics that is
dedicated entirely to research and clinical inter-

ventions for restoration of hand and arm function
in people who have tetraplegia. This issue is based
largely on the recent International Meeting on

Upper Limb in Tetraplegia that was held in Phil-
adelphia in September 2007 for approximately 150
interested clinicians.

As a direct result of their collaboration, surgical
techniques and assistive technologies for improved
upper limb function have advanced greatlydgiving
people who have spinal cord injury monumentally

improved capabilities for engagement in work, self
care, and leisure. Part of themeeting focused on the
study of meaningful outcomes–those that are

important to people who have tetraplegia–enabling
researchers and clinicians to better meet the expec-
tations of those receiving upper limb care.

This issue of Hand Clinics addresses con-
temporary principles related to the upper limb in
0749-0712/08/$ - see front matter � 2008 Elsevier Inc. All righ

doi:10.1016/j.hcl.2008.02.002
tetraplegia: outcomes, assessments, and measure-
ment issues; surgical technique and rehabilitation

of elbow extension transfers; and management of
the hand of persons who have incomplete injuries.
In addition, international participants present

a summary of contemporary perspectives. Lastly,
and with much enthusiasm, a discussion of shoul-
der modeling is introduced as an important area

of consideration when managing the upper limb
of persons who have spinal cord injury.

Mary Jane Mulcahey, PhD, OTR/L
Albert A. Weiss, MD, MBA

Shriners Hospital for Children
3551 North Broad Street

Philadelphia, PA 19140, USA

E-mail addresses: mmulcahey@shrinenet.org;
bertieweiss@hotmail.com
ts reserved.
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Contemporary Trends in Management of the Upper
Limb in Tetraplegia: A Multinational Perspective

Albert A. Weiss, MD, MBAa,b,*
aDepartment of Orthopedic Surgery, Temple University School of Medicine, 3401 North Broad Street,

6th Floor, Philadelphia, PA 19140, USA
bShriners Hospital for Children, 3551 North Broad Street, Philadelphia, PA 19140, USA
This article represents a compilation of pre-
sentations on regional trends by invited partici-

pants of the 2007 Meeting on Upper Limb in
Tetraplegia in Philadelphia [1]. Representatives of
all geographic regions were invited, and many

provided the data summarized herein. Notably
absent were reports from Central and South
America, Africa, Eastern Europe, Russia and for-
mer republics of the Soviet Union, the Middle

East (other than Israel), Greenland, and Iceland.
Most presenters attempted to gather data from
across their regions. Completeness of reports

thus varied, depending on the sophistication of
the available data collection agencies. Notwith-
standing these limitations and omissions, the com-

monalities and differences revealed in those
reports were enlightening and provide an oppor-
tunity for fruitful study.
Methods and materials

Reports were heard from New Zealand [2],

Canada [3], Asia (Japan) [4], Australia [5], and
Europe (France) [6]. Domains responsible for
multiple countries varied in data quality. Each

reporter made a sincere effort to identify the spec-
trum of the quality of the data, as well as the
opportunities for regional progress. The Euro-

pean and Asian countries solicited for informa-
tion are identified in Boxes 1 and 2, respectively.
* Department of Orthopedic Surgery, Temple

University School of Medicine, 3401 North Broad

Street, 6th Floor, Philadelphia, PA 19140.

E-mail address: bertieweiss@hotmail.com

0749-0712/08/$ - see front matter � 2008 Elsevier Inc. All righ

doi:10.1016/j.hcl.2008.01.004
Presenters were given latitude from a guideline
PowerPoint file [7] of suggested data. Where

available, correlations with financial burdens of
the care itself (as opposed to financial burdens
on the patients for their lives in general) were

identified.
Solicited data points are identified in Box 3.
Results

Incidence rates and demographic patterns
varied, largely because of regional social differ-
ences as well as differences in data quality or even

presence of data collection mechanisms. For
example, while Japan had a spinal cord injury
registry, none existed for Korea, China, or Paki-

stan. This made meaningful comparisons of
incidences, age distributions, and other factors
difficult. Despite these challenges, the disparities

observed offered insight into opportunities for
a rational approach to assisting underserved
regions with sensible mechanisms for lessening
the societal and individual burdens associated

with tetraplegia.
In the United States, approximately 32 new

spinal cord injuries per million people are re-

ported per year. Because of underreporting, the
actual number of injuries is likely higher [8,9].
While roughly comparable to the reported Cana-

dian incidence rate, the United States incidence
is nearly four times the French experience of
only 8 new spinal cord injuries per million popula-
tion, which, in turn, was similar to the New Zea-

land experience of 10 per million. Hong Kong’s
reported incidence of only 1.5 new cases per mil-
lion reflects the incidence specifically of cervical
ts reserved.
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Box 1. European data sources

Austria
Denmark
England
Finland
France
Germany
Greece
Hungary
Italy
Netherlands
Norway
Scotland
Spain
Sweden
Switzerland
Five other (unidentified) European

countries

Box 3. Solicited data points

Presence of a formal spinal cord injury
registry

Incidence of spinal cord injuries
Etiology of spinal cord injuries
Demographic distribution of spinal cord

injuries
Complications of disease and care
Bearer of cost of care (with general fiscal

environment of health care)
Mechanism of referral to a hand care

program
Options in nonsurgical management
Techniques and outcomes for surgery

to restore elbow extension
Techniques and outcomes for surgery to

restore pinch and grasp
Techniques and outcomes for surgery

to intrinsic function
Techniques and outcomes for surgery to

benefit incomplete lesions
Commonly used outcomes measures
Timing for reconstructive upper limb

surgery postinjury
Age restrictions for reconstructive

surgery
Common comorbidities
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spinal cord injury, since the University of Hong
Kong reported a general spinal cord injury inci-
dence of nearly 65 per million population. In the

United States, the best data source is the National
Spinal Cord Injury Database, which admits it cap-
tures all its data from only an estimated 13% of
new spinal cord injury cases. Clearly, the data

are flawed globally, and reliable estimates of the
true incidence regionally simply do not exist.

The United States experience suggests a 3:1 or

4:1 ratio of males to females, with an average age of
28.7 years. Both the median age at injury and the
average age of the United States population are

increasing, but there is a disparate increase in the
percentageof newpatients over 60years of age [8,9].

Reported etiologies were similar, but the

differences revealing. Acts of violence, primarily
Box 2. Asian data sources

China
Japan
India
Indonesia
Korea
Pakistan
Malaysia
Singapore
Taiwan
Thailand
gunshot wounds, were the third leading cause of

spinal cord injury in the United States (13%–
25%), and recreational sports were fourth. In
France, only 3% of spinal cord injuries were the

results of gunshots. Both the United States and
Canada identified motor vehicle accidents as the
leading cause, while the Australians were more

specific in noting that 60% of their injuries
resulted from motorcycle accidents. Only the
Canadians identified infection on their list.

Financial considerations received less attention

than deserved, since this may be where political
efforts could result in widely improved opportu-
nities for easing the total burdens borne by these

patients. Most Asian countries had no govern-
ment funding for care, while Canadians and New
Zealanders benefited from national insurance. In

the United States, those with private insurance
were so covered, and those without either ex-
hausted personal funds until eligible for state

assistance or qualified for such assistance imme-
diately. When automotive liability insurance was
involved, it bore part or the entire burden. That
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burden was substantial, costing between $480,000
and $750,000 the year after injury, and between
$55,000 and $133,000 each subsequent year in the
United States [8,9].

Lack of referral to a hand program was
acknowledged as an impediment to opportunity,
identified nearly universally, except in New Zea-

land, where all upper extremity reconstructions
for spinal cord injuries are performed in one
center, and all spinal cord injury care is delivered

in one of two centers in the country. Through that
mechanism, capture of eligible patients for evalu-
ation and education regarding the opportunities

available is virtually 100%. In contrast, most
Asian countries had few services to offer. Those
patients fortunate enough to receive treatment
involving a surgeon or occupational therapist

aware of reconstructive opportunities would be
advised and referred for evaluation. Often, none
were involved, and patients who might otherwise

benefit were denied those opportunities for the
improved independence such procedures offer.
Surgeons, physiatrists, and occupational thera-

pists in the United States had varied perceptions
of the benefits of upper limb reconstruction.
Although all three groups felt that these pro-

cedures were of value to their patients, physiatrists
rated their perceptions of the benefits lower than
surgeons did [10,11].

Agreement was complete that challenges in

getting patients to suitable practitioners for eval-
uation and implementation of upper limb recon-
struction were multifactorial and not based on

a lack of outcomes data to support the utility of
these procedures. Common observations (but
without data) also included the tendency for

patients to loose interest in reentering the health
care system for limb reconstruction once they had
‘‘graduated’’ from the intensive involvement of
their first year following injury.

Orthotics were globally used, but reports in-
dicated that use was diminishing in all regions.
Most regions supported their use for contracture

prevention, and some (Canadians) still recom-
mended tenodesis splints for functional activities.
The experience with functional electrical stimula-

tion was mixed, with several speakers expressing
reservation about again trying these devices
because of poor industry support in the past

following implantation, and patient disinterest in
the devices after long periods of use and training
(France).

Each speaker addressed patterns of preference

for surgical reconstructions in three typical
functional deficits in the tetraplegic upper limb:
elbow extension; grasp, release and pinch; and
intrinsic balance. Differences identified were
largely based on surgeons’ preferences, rather

than geography. However, because some regions,
such as New Zealand [2], were represented by
single centers for reconstruction, their preferences

were identical with those of the surgeons operating
at their facility. For these reasons, regional
differences will not be identified in this section

but, rather, generalizations concerning those
differences.

Grasp, release, and pinch reconstruction com-

ments indicated common themes, with individual
differences based on idiosyncrasies of patients
[2–6]. Surgeons differed in their perspectives on
the application of the routine use of extensor

tenodeses and, when routinely recommending ex-
tensor tenodesis, with the use of single- or two-
stage reconstructions (for grasp and for release).

No other major perspective differences were
identified.

For elbow extension transfers, some strongly

preferred the biceps to triceps transfer, while
others used the deltoid (posterior one half) to
triceps transfer [2–6]. Of those preferring the del-

toid to the biceps, objections to the latter were
based on observed subsequent weakness in elbow
flexion and inconsistent restoration of elbow ex-
tension strength. Those preferring to use the biceps

rather than the deltoid cited more predictable
grade 3 or 4 elbow extension and inconsequential
loss of elbow flexion strength. Differences were

also expressed for the augmentation material
used for the deltoid to triceps transfer, including
a Dacron weave (Australia [5]) and hamstring

grafts (two) (New Zealand [2]). Others described
their technique as ‘‘standard’’ (We used a fascial
flap from olecranon periosteum continuous with
a strip of the central one third of the triceps ten-

don, reflected proximally).
Incomplete lesions were identified as increasing

in frequency, both in terms of absolute numbers

of injuries and as a percentage of all spinal cord
injuries. It was theorized, without data, that this
might be related to an increased awareness of the

injuries, as well as an increased opportunity to
provide treatment for their impairments to im-
prove the quality of lives. The Japanese [4] noted

that most incomplete patients refused surgery.
The Australians [5] felt that improvement in neu-
rologic function during the first 12 months postin-
jury was a contraindication to intervention in

patients with incomplete lesions.
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Despite requests to consider outcomes mea-
sures in the regional perspectives talks, the only
speakers to do so were from Japan [4] and Aus-

tralia [5]. In Japan, the Jebsen tests were pre-
ferred, while the Australians relied on muscle
strength testing and ‘‘patient satisfaction.’’ This
reflects the propensity of surgeons to pay little

attention to these important tools (see the article
by Chung elsewhere in this issue) and reinforces
the need for surgeons to work closely with thera-

pists to objectively assess the results of their ef-
forts. Outside the domain of this article, but
addressed at the meeting, was an entire precourse

session on outcomes. Please see the article by
Chung elsewhere in this issue.

Despite previous interest in promoting early
intervention for upper limb reconstruction follow-

ing spinal cord injury, the earliest offer for timing
of surgery postinjury came from the French [6],
who advised surgery ‘‘during the early part of

the rehabilitation program,’’ noting that ‘‘second-
ary surgery,’’ defined as surgery after completion
of rehabilitation program, was often met with

resistance of patients to reenter the health care
system. Otherwise, most regions recommended
surgery at approximately 1 year postinjury. No

one would state an upper limit to age for offering
upper limb reconstruction in tetraplegia. To the
contrary, as general care improves for tetraple-
gics, upper limits for reconstruction have disap-

peared. However, as older patients enjoy the
benefits of reconstruction, and as reconstructed
patients age, new consequences have appeared,

which will need to be addressed. Specifically, the
French [6] have seen problems with shoulders in
general, and rotator cuffs in particular, in post-

reconstructed patients.
Finally, the existence of comorbidities drew

little comment, suggesting that no one had iden-
tified an at-risk population beyond the demo-

graphic patterns discussed previously.
Summary

This forum provided an opportunity for ex-

ploration of individual and regional differences in
surgeons’ preferences in tetraplegic upper limb
reconstruction, with the goal of determining the
best options for these patients. Studies based

on outcomes and measured by standardized out-
comes testing tools may help direct true differ-
ences in treatment offerings.
Improvements are needed in data collection
systems, financing of and access to care, especially
in underserved regions, and better use of out-

comes assessment tools.
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As research and technology advance, more
innovative treatments for restoring upper extrem-

ity function have been developed, resulting in
more options for improving hand function and
quality of life [1]. The hierarchy for restoration of

function starts with maximizing ability based on
the person’s voluntary function, then augmenting
function by implementing technology or advanced
innovative interventions. The benefits of innova-

tive interventions of the upper limb specifically
for tetraplegia have become well established fol-
lowing the pioneering surgery of Moberg [2], Free-

hafer [3], Zancolli [4], and Lamb and Chan [5], and
the longer-term results of these interventions have
been described [6]. A systematic review of the re-

constructive surgical interventions for persons
with tetraplegia has recently been published [7].

There is increasing recognition of the need to

measure health outcomes for clinical, academic,
and financial reasons. It is essential to be able to
measure outcomes accurately to determine how
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effective our interventions are. Equally important
is the understanding of how rehabilitation works

when it is effective. A comprehensive approach to
evidence-based rehabilitation will evolve from
measuring outcomes, demonstrating how effective

our treatment interventions are, and improving
our understanding of how the process of rehabil-
itation relates to effective outcomes. Furthermore,
it is important that the consumers of rehabilita-

tion are involved in determining what outcomes
are most important.

A theoretic basis for measurement of outcomes

exists. The World Health Organization (WHO)
International Classification of Function, Disabil-
ity and Health (ICF) [8] was developed to provide

a better understanding of the consequences of
disabling conditions. It divides the consequences
of injury or illness into various domains at two dis-

tinctive levels, which (the authors believe) provides
a framework on which to base outcome measure-
ment (Fig. 1). The development of the ICF Core
Set for SCI Project is based on the premise that

sound measurement of the consequences of spinal
cord injury (SCI) is required at these distinctive
levels. Biering-Sorensen and colleagues [9] empha-

size that an important basis for the optimum acute
and long-term management of SCI is an in-depth
understanding, systematic consideration, and
ts reserved.
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sound measurement of the consequences of living
with this chronic disabling condition. This in-

cludes the consumer or patient perspective.
The ICF offers some practical assistance when

faced with the choice of measurement tools avail-

able and the objectives of measuring. The focus
and scope of measurement are sometimes used
interchangeably but it is less confusing and more

accurate to define them in the following way. Fo-
cus is about what the measure is directed to and
getting information about. For example, is the fo-

cal point body structure or function, activity or
participation, or something else? In contrast, the
scope of the measure means how broad or exten-
sive the measure might be. For example, the focal

point is activities but the scope would be hand-
based activities of daily living (ADL) for people
with tetraplegia after tendon transfer surgery.

The mathematical properties of the measure is re-
ferred to as the level. These levels include nominal,
ordinal, interval, and ratio data, and the distinct

characteristics that differentiate these different
levels. The main result is that the level determines
how scores or numbers used in the measure can be
interpreted.

Persons with tetraplegia at the level of C5, C6,
or C7 have little active movement below the elbow,
which limits not only arm and hand movement but

also their ability to perform ADL, such as eating,
grooming, and communication. Generally, on
discharge from a rehabilitation program, persons

with C5 tetraplegia are able to feed themselves with
assistive devices, but remain dependent for trans-
ferring into and out of a wheelchair, for bladder

and bowel care, and will usually use a power
wheelchair for community mobility. Persons with
C6 and C7 tetraplegia, having normal wrist
extension power, use a passive tenodesis grip,
which makes weak grasp and gravity release
possible. The passive tenodesis grasp occurs be-

cause the tendons of the main finger flexors and
extensor pass over the wrist and therefore motion
of the wrist puts one or other group of tendons
under tension. Thus, when a C6 or C7 person with

tetraplegia extends his or her wrist, the fingers and
thumb automatically flex, allowing for a weak
lateral and gross grip pattern. Conversely gravity-

assisted wrist flexion tightens the finger and thumb
extensors, enabling grasp release. Because of this
grasp pattern, persons with C6 or C7 tetraplegia

are generally able to dress the upper half of their
body, may be able to transfer themselves on and off
a wheelchair, are more efficient in using a manual
wheelchair, but still require assistance with bowel

care and assistance with appliances for bladder
drainage.

Nonsurgical restoration of hand function in

tetraplegia usually encompasses the use of adap-
tive devices, positioning, and compensatory move-
ments. Most people with tetraplegia strive to look

and act ‘‘normal’’ when using their hands. There-
fore, dependence on bulky feeding splints, ad-
apted equipment, and physical assistance in

performing personal tasks encourages many tet-
raplegic persons to consider any one of a variety
of surgical interventions.

Individuals with tetraplegia receive conserva-

tive treatment at various stages of their rehabili-
tation to maximize upper extremity function [10].
More innovative approaches for restoring upper

extremity function have been tried and the process
for choosing such interventions has been docu-
mented [11], but is beyond the scope of this article.

This complex process depends on many fac-
tors, such as how satisfied the individual is with
his or her residual function, the quality of
conservative treatment received, whether he or

she has been exposed to surgical procedures to
restore function, the individual’s overall health
status, and the person’s ability to tolerate surgery

and the rehabilitation process that follows [6].
Measurement of outcomes to determine the

consequences of upper limb interventions for

persons with tetraplegia is necessary to increase
our understanding about the nature and natural
history of tetraplegia [1]. Measurements assist in

evaluating interventions and the efficiency of reha-
bilitation programs to restore hand function.
Merely choosing a popular measure of the day
may mean that important questions are over-

looked, such as ‘‘Why measure?’’ and ‘‘What shall
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we measure?’’ [12]. That is, before choosing what
should be measured, one needs to be clear about
the purpose of the measurement [12]. In ev-
aluating interventions, we agree that one should

measure those factors likely to be affected by the
intervention, those that might be affected, and
those factors quite unlikely to be affected. It is ob-

vious that such a comprehensive approach is not
always feasible and those outcomes concerned
with effectiveness may need priority over those re-

flecting efficiency [12].
Assessment and measurement are complex

processes [12,13]. They require the integration of

information from a variety of sources and rely
on clinical skills for interpretation. Assessment
can indeed be performed without standardized
measures, which is an appropriate course of ac-

tion at times. It is important to know when and
when not to use standardized measures. It is
equally important to recognize the limits of assess-

ment without measurement and measurement
without assessment. To interpret information
from measures requires an understanding of

measurement itself and the context of its use.
The use of standardized outcome measures allows
surgeons, physicians, therapists, and scientists

involved in the surgery and rehabilitation of the
upper limb in tetraplegia to make a clear distinc-
tion between the process of assessment (requiring
interpretation) and that of measurement (the

quantification of an observation against a stan-
dard) to determine the consequences of the recon-
structive upper limb interventions.

In the first instance, the most effective meth-
odology for finding out how much function is to
make measurements before intervention and to

repeat the same measures following intervention.
In practice, this methodology is not that simple.
Although often viewed as synonymous, and fre-
quently used interchangeably, outcome measures

are not the same thing as diagnostic measures,
which in turn are not the same thing as prognostic
measures. It is crucial that the distinctions are

made and understood. Measurements are taken
for a number of reasons: to diagnose a condition,
to measure the severity or extent of a feature pres-

ent in an individual, to make a prognosis about
a condition, to evaluate change over time, to mea-
sure the consequences of an intervention, and to

evaluate effectiveness of a program. A single mea-
sure is not necessarily capable of achieving more
than one purpose. The properties of predictive
and diagnostic measures are different from those

of evaluative or outcome measures. When talking
about ‘‘outcome measurement,’’ not only do we
need to know whether we are talking about prog-
nosis, diagnosis, or outcomes, we also need to
clearly state the level being measured so that the

interpretation of measures will be more meaning-
ful [12,13].

These complexities are ever present when we

consider the measurement of the outcomes of
upper limb interventions for persons with tetraple-
gia. The decision to usemore innovative approaches

to restore upper extremity function carries a respon-
sibility to employ an open and comprehensive
assessment methodology capable of capturing both

anticipated and unforeseen consequences for the
individual. The sudden transition from relative good
health and function to a state of impairment and
dysfunction, including the loss of upper limb func-

tion, is devastating to the individual.
The primary purpose of this article is to

explore six fundamental issues that impact both

the processes of measurement and the interpreta-
tion of the data from standardized outcome
measurements. The subsequent discussion focuses

on how best we might use the ICF to harness our
combined energies more efficiently and holistically
in terms of improved functioning and well-being

for this consumer group.
Measurement issues

Comprehensive physiologic evaluation

First, despite the evolution and development of
specific classification schemes, such as the Amer-
ican Spinal Injury Association (ASIA) scoring

system, the International Standards for Neuro-
logic and Functional Classification of SCI [14],
and the International Classification for Surgery

of the Hand [15], important pieces are still missing
from the comprehensive physiologic evaluation
necessary to determine the best and most appro-

priate options for restoring upper extremity func-
tion. Specifically, measures of denervation and
spasticity remain lacking [16]. The innervation
status of the paralyzed muscles is important.

The type of paralysis determines what methods
of intervention for improving upper extremity
function will be most effective, such as tendon

transfers versus functional electrical stimulation.
Additionally, the presence of lower motor neuron
damage can place an individual at risk for con-

tracture development in the antagonist voluntary
muscle. It is important to identify this risk early
after the injury so that preventative therapies
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may be employed or the decision to intervene sur-
gically can be made. In addition, autonomic func-
tion should be adequately assessed and classified.

It is beyond the scope of this article to explore
this in depth, but it appears that autonomic func-
tions influence hand function and performance.

Hand ability versus activities-of-daily-living
performance

Second, activity performance must be divided
into two categories when considering upper ex-

tremity function after tetraplegia: hand ability and
ADL performance. The category of hand ability
would include tests designed to look at the

person’s ability to manipulate and hold or move
different objects. By comparison, the category of
ADL performance includes tests that measure the

person’s ability to use his or her hand functionally
to perform daily tasks. It is important be clear
about such distinctions and to evaluate function

in both categories. The ICF makes a clear dis-
tinction between capacity and performance [8],
facilitating the assessment of what activities peo-
ple actually can do with their hands separate

from what activities they perform with their hands
in their home environment.

Many of the existing tests of hand and ADL

function are not appropriate for measuring the
changes in function in people with tetraplegia [17].
The necessary criteria for choosing an appropriate

test have been stated [1] and include (1) activities
appropriate for tetraplegic individuals represent-
ing their ability to perform actual ADLs requiring

hand function, (2) insensitivity to learning, (3)
standardized administration, (4) an unambiguous
scale that does not combine too many aspects of
function (ie, level of independence and time for

completion scored concurrently), (5) multiple tri-
als to help ensure reliability, and (6) sensitivity
to changes provided by treatment or intervention

to restore upper extremity function. While many
tests have been used with people with SCI
[18–24], there is still a great need to increase their

overall sensitivity to detect small but meaningful
changes in this population, as well as to improve
the specificity in the scoring of these changes.

Recognition of contextual factors

Third, environmental and personal factors,
such as gender, race, age, social background, past

life events, character style, or other health condi-
tions that are not part of the health condition or
health state, have an impact on the individual’s
response to the rehabilitation demands of any
upper limb interventions. Measurement of these
contextual factors is not straightforward, but such

measurement may exhibit the greatest difference
perceived as significant by the individual [25]. For
example, in some cultures it is the family’s respon-
sibility to take care of the person who is injured,

possibly limiting the person’s ability to be more
independent.

Timed testing

Next, many of the existing tests rely on timed
testing of tasks to determine changes in function
following an upper limb intervention. However,

the fundamental issue here is that it is not the time
taken to perform the task that is of key concern to
the individual, but the ability to perform the task

and, further, the ability to perform the task
consistently.

For the individual with tetraplegia, the de-

cision to perform ADL does not hinge on the time
taken but rather the safety, independence, and
performance consistency of the task. Therefore
when addressing changes in hand function, tests

that measure ability to perform suitable tasks and
consistency in this performance give a better
understanding of tetraplegic hand function than

those that rely on timed testing. The Capabilities
of the Upper Extremity [26] and the Van Lieshout
Test Short Form [27,28] are two such tests. Addi-

tionally, the Grasp Release Test developed by
Woulle and colleagues [24] measures both
completions and failures in functionally specific

tasks to measure tetraplegic hand ability within
a set time period, rather than timing the task
completion.

Timing of measurement

In addition, the consideration of time is
important in a temporal sense. As persons with

SCI survive longer, problems arise because of
aging of various anatomic and physiologic sys-
tems superimposed on a pre-existing disability.
This has to be a major consideration with upper

limb reconstructive interventions and the inter-
ventions over time from the perspective of all
parties. Adequate measurement is required to

demonstrate that interventions are both desired
and effective over the lifetime of the individual.
How persons with tetraplegia benefit from a par-

ticular intervention may not always be obvious,
but will be even less obvious if not measured or
only measured from one perspective over time.
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For example, with the use of a framework, such as
the ICF, the focus of interest changes with time
from the health condition to the changes in
activity or level of participation, and from the

person to his or her environment [25,29].

Ownership of the outcomes of interest

Finally, there is a fundamental requirement to

collaborate with the person living with the health
condition to gain insights into his or her in-
dividual perspective. This is not to suggest in

this context that the individual is an expert on
upper limb interventions for tetraplegia. However,
that person is the expert on his or her life with

tetraplegia in his or her environmental and
personal context [25]. This may sound simplistic,
but as health professionals we are ethically bound
to truly explore that context.
Discussion

The ICF is essentially a classification systemd
a taxonomy for deciding what to measure, in
relation to functioning, rather than how to

measure. The aim of the ICF is to provide a unified
and standard language and framework for the
description of health and health-related outcomes.

It provides a useful framework for organizing our
knowledge, planning, and case formulation in the
clinical setting, as well as a basis for interpreting
measurement. For example, following a recon-

structive forearm tendon transfer procedure, the
focus of care may indeed be more heavily
weighted in the domain of body functions and

structures, both subjectively and objectively, dur-
ing the initial postoperative phase.

There may be a subtle shift toward real-life

participation and the possibility of a change in
life roles as the person gains small but meaningful
hand function. Obviously, it is crucial that each
domain receives some attention during every

phase following upper limb interventions with
consistent attention to measuring the subtle
changes over time at the individual level. A

measure at the body structures and body func-
tions level may be best interpreted in light of an
activity measure used to determine the extent of

real-life participation. The ICF reinforces the
notion that rehabilitation is not just about
disablement or independence, but also offers

a way of thinking about the consequences of
disabling conditions that means rehabilitation
professionals become aware of the role of
functional limitations (and natural recovery) as
well as the contextual factors that are so impor-
tant for all humans.

In the first instance, the health condition is

usually the cause of impairments to body struc-
tures and body functions, which lead to activity
limitations, which lead to the participation re-

strictions. While perhaps at risk of being too
simplistic, consideration of measurement at these
specific levels can be useful. Although the param-

eters are intertwined, each is unique and can
contribute to the overall interpretation of the level
of disablement of an individual. It is also well

established that the relationship between these
parameters is not linear. The magnitude of the
level of restrictions in participation results not
only from the interaction of the impairments to

body structures and body functions and limita-
tions in activity, but also from the person’s
physical environment, social and economic set-

ting, and the resources available.
Interestingly, it was suggested at the 7th In-

ternational Tetraplegia and Upper Limb Surgery

meeting (Bologna, Italy, 2001) that a consensus
on outcome measurement be sought based on the
WHO framework. At the time, the version in use

was the International Classification of Impair-
ment Disability and Handicap (ICIDH-2) [30].
While this seemed logical and reasonable, interna-
tional agreement did not occur.

When one speaks of ‘‘outcome measurement’’
it is simply thatdthe measurement of the conse-
quences for the individual person. This is a simple

notion, yet one that frequently eludes clinicians as
we drown in the morass of choices. With use of
the ICF taxonomy, we ought to be well placed to

recognize the strengths and weaknesses within the
concepts of assessment and measurement and to
agree on how to use standardized outcome
measures to determine, at the very least, the

consequences over time of a person’s level of
impairment to body structures and functions, and
to what extent that level of impairment limits

activities and restricts participation [25,29].
The lack of agreed methods for interpretation

of measurement tools is impeding progress. One

way to improve the sharing of information is to
make systematic, detailed observations using psy-
chometrically sound measures within an agreed

framework, thereby replacing ambiguity and
confusion with greater accuracy and discrimina-
tion. Agreement of a common language is vital.
Without some sort of framework or theoretic

basis, any description of outcome is likely to be
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inadequate. Whether we like it or not, all re-
habilitation ought to be undertaken with a theory
in mind and for now the ICF appears to be the

agreed international theoretic construct [31]. It is
reassuring to see that the desire for such interna-
tional agreement was endorsed at the recent 9th
International Tetraplegia and Upper Limb Sur-

gery scientific meeting in Philadelphia.
Further to the ICF perspective, we wish to

make four points of interest relating to the

measurement of outcomes for this consumer
group. First, it has become more obvious over
time that more careful consideration of a partici-

pant’s perspective of ‘‘successful outcome’’ in-
volves some level of reflection on the part of the
individual of preinjury lifestyle, dreams, aspira-
tions, and goalsdpreinjury motivators and in-

herent skills. It seems reasonable that for any of
us, the perspective of ‘‘successful outcome’’ might
be influenced by our past experience and successes

or failures that make up such experiences. One
such consideration is the suggestion that what
may have worked for the individual in terms of

coping mechanisms preinjury is likely to be the
best place to start postinjury [32].

A second consideration is the actual learning

process of motor skill acquisition. In the New
Zealand study [6,29], patients reported that they
learned to ‘‘move’’ their reconstructed hands dur-
ing postoperative rehabilitation following bilat-

eral simultaneous forearm tendon transfer
surgery, but learned to ‘‘use’’ their reconstructed
hands once home in their own environment doing

‘‘their own thing through trial and error’’ [29].
Further, it was reported that this process contin-
ued for up to 3 to 5 years postsurgery. Not only

does this raise interest in terms of the environ-
mental influences, it emphasizes the significance
of individual goal-directed learning, the impact
of time, and learning through the personal experi-

ence of performing [33].
The notion of participation in terms of motor

skill acquisition is the third consideration. While

acknowledging the difficulties involved, it seems
reasonable to explore this domain in relation to
the barriers and facilitators to the learning pro-

cess. It has been acknowledged that there are
various learning styles in childhood that are more
or less successful for each of us. We suggest that,

in terms of learning following SCI, what pre-
viously worked for an individual preinjury may be
relevant postinjury [32,33].

Yet, there is little consideration, if any, of

preinjury experiences, skills, or successful motor
skill acquisition for these persons with tetraplegia
either contemplating or recovering from surgery.
For example, in practice, it appears to be the

combination of key pinch and hook grips and the
synergic actions of the innervated muscles, trans-
posed tendons, stabilized joints, and reconstructed
thumb position that provides the functional

advantage from forearm tendon transfer surgery
[6]. The functional gains include a variety of
previously unachievable fine arm-hand activities

with considerable variation in participation, a nat-
ural consequence for those who choose to maxi-
mize the opportunity. In terms of motor skill

acquisition, the transposing of tendons that then
demands complex synergic muscle activity places
extraordinary demands on the patient during
postoperative rehabilitation. Interestingly, in the

rehabilitation literature about upper limb recon-
structive interventions, little mention is made of
movement coordination, let alone personal

motivation and individual goal-directed learning
associated with task completion.

Finally, we mention research methodology. At

the 8th International Upper Limb Surgery and
Tetraplegia scientific meeting (Christchurch, New
Zealand, 2004), only one of a small number of

research groups was using qualitative research
methods as a method of enquiry. While this move
to incorporate qualitative methodology in New
Zealand is relatively recent, the single case study

has been undertaken as a pilot study using
Grounded Theory methods and interpreted using
the ICF [33]. We explored the concept of ‘‘life

impact’’ in terms of participation, learning experi-
ences, and hand motor skills.

In full knowledge of the limitation of this

single case design, we use it merely as an example
to demonstrate the practical use of the ICF as the
basis of interpretation of measurements. First,
within the domain of ‘‘body structures and

functions’’ the participant emphasized enhance-
ment in relation to manual dexterity (hand grip
and strength) and mobility. Second, in the domain

of activity, facilitation was identified with regard
to manual performance (including lifting and
grasping objects), personal care, and communi-

cation (specifically handwriting). Third, within
‘‘participation,’’ improvements were identified in
relation to engagement in employment, recrea-

tion, and social interaction. Next, in the context of
‘‘environmental factors,’’ benefits were noted in
regard to improved ability to gain access to
different environments and to use advances in

technology (including cell phones, swipe cards,
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wheelchairs, and vehicle modifications). Finally,
with regard to ‘‘personal factors,’’ the participant
identified key impacts related to improved confi-
dence, self-image, and self-esteem.

Taking this further, we suggest that, in a sense,
the upper limb surgical intervention appeared to
unlock the potential to effectively use additional

environmental improvements that occurred over
time, and to reassert the determination and in-
herent abilities evident before SCI. In this regard,

while the technological advances previously
described, together with improved access to build-
ings and transport and greater social acceptance

of disability over time were regarded as highly
significant facilitators, the upper limb surgical
intervention was identified as the single most
important life-changing event.

This notion is aptly portrayed by the following
verbatim quote from an enthusiastic consumer: ‘‘I
had the functional use of my hands back. For

someone with previously so little, this was so
much.’’
Recommendations

First, it was agreed at the 9th International

Upper Limb Surgery and Tetraplegia scientific
meeting (Philadelphia, September 2007) that the
ICF be adopted to theoretically underpin out-
comes research by this group. Second, following

the recommendation made in Christchurch in
2004, it was agreed to include the Canadian
Occupational Performance Measure [34] as a com-

mon measure. The final recommendation was that
an international collaborative effort be made to
undertake a prospective cohort study to allow

for a greater sample size and therefore study
power, but also to lift the level of study design fur-
ther up the accepted hierarchy. Work is now un-
derway to design a suitably acceptable study

protocol using a battery of outcome measures.
This study needs outcome measures to be vali-
dated in a variety of languages to enable interna-

tional collaboration. The systematic review
undertaken by Connolly and colleagues [7] will
be a starting point.
Summary

While the ICF provides the framework for the
measurement and interpretation of outcomes,

attention should still be directed toward choosing
appropriate outcome measures for detecting the
often subtle, yet significant functional gains.
International agreement is required. The most
important contribution of the ICF is the focus
on all aspects of human function from the basics
of movement to participation in life in a personally

meaningful way by considering all domains
throughout the entire rehabilitation process.
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Upper extremity reconstructive procedures for
people with tetraplegia have been described in the
literature for more than 60 years. The first surgical

technique, presented by Sterling Bunnell in the
1940s, consisted of a series of flexor and extensor
tenodesis procedures that provided rudimentary

grasp or pinch function to patients able to actively
extend and flex their wrists [1–3]. Over time, se-
lected joint fusion procedures were introduced,

and in the 1970s, muscle-tendon transfer pro-
cedures were proposed as viable reconstructive
options. Unfortunately, negative sentiment re-
garding these procedures quickly arose because

of inconsistent success rates, poor patient satisfac-
tion, and the unpredictable spastic nature of many
of the transferred muscles [1–7]. The persistence of

these pessimistic attitudes over time has generated
a negative bias among many caregiversdphysiat-
rists, therapists, and surgeonsdregarding current

reconstructive techniques. As a result, splinting
and external devices are often employed at the ex-
clusion of surgical measures [8–10].

Current classification, evaluation, and treatment

Given the varied presentation of cervical neu-
rologic defects in tetraplegic patients and thus the
individualized nature of reconstructive treatment

options, surgeons treating this patient population
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require a precise, comprehensive method for
evaluating residual function that enables them to
correlate their findings with a practical treatment

plan [1,11]. The International Classification for
Surgery of the Hand in Tetraplegia (ICSHT) is
a tool for evaluating the motor function for each

muscle below the elbow and for assessing the
thumb and index fingers. This classification is
used by all surgeons involved in upper extremity

care for tetraplegic patients [12]. Unlike the Inter-
national Standards for Neurologic Classification
of Spinal Cord Injury motor and sensory exami-
nations, which are primarily used by other clinicians

to assess residual function, the ICSHT system is
specifically designed to assess muscle strength
within the context of surgical eligibility and plan-

ning [13]. Proper assignment of patients into the ap-
propriate ICSHT subgroup generally determines
the goals of reconstructive treatment as well as pro-

cedure eligibility [14]. Table 1 lists the treatment
goals and suitable procedures for each category of
patients as determined by the ICSHT system.
Underutilization of reconstructive procedures

Based on the above surgical classification
scheme, leaders in this field have estimated that
60% to 75% of tetraplegic patients are candidates

for some type of upper extremity reconstruction
[15–18]. A recent study examining the health and
treatment priorities among a sample of tetraplegic

patients in the United States demonstrated that
42% of tetraplegic patients view upper limb func-
tion as their top restoration desire (ie, the function

they would want restored first), and 44% of
ts reserved.
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Table 1

ICSHT system

Sensibilitya Motor characteristics Description of function Treatment goal Appropriate surgical procedures

0 No muscles below elbow

suitable for transfer

Flexion-supination of elbow Any improvement Wrist fusion; the Brummer winch

operation; functional neuromuscular

stimulation

1 Brachioradialis Improved wrist control

with or without weak grasp

Strengthening wrist extensionb

2 Extensor carpi radialis longus Extension of wrist

(weak or strong)

Strong wrist extension

(if necessary) and grasp

The Möberg key-grip procedure

3 Extensor carpi radialis brevisc Extension of wrist Strong graspd Transfer of the brachioradialis to the

flexor pollicis longus, flexor carpi

radialis, abductor/extensor pollicis

longus, extensor pollicis brevis, or

extensor carpi ulnaris

4 Pronator teres Extension and pronation

of wrist

Opening and closing hande Transfer of the brachioradialis, one of the

extensor carpi radialis muscles, and the

pronator teres muscle to power the

fingers and thumb

5 Flexor carpi radialis Flexion of wrist

6 Finger extensors Extrinsic extension of fingers,

partial or complete

Intrinsic reconstruction

and refined, adaptable

function

Reconstruction of finger and thumb

flexion and intrinsic stabilization

7 Thumb extension Extrinsic extension of thumb Tendon transfers to restore or strengthen

finger and thumb flexionf; dynamic

intrinsic substitution procedures to

provide digital balance

8 Partial digital flexors Extrinsic flexion of fingers (weak)

9 Lacks only intrinsics Extrinsic flexion of fingers

X Exceptions

A muscle must be at least grade 4 strength to be considered for transfer.
a Ocular afferents only or cutaneous sensibility groups.
b Requires adequately strong brachioradialis, functional range of passive wrist extension and flexion, shoulder control to assist forearm pronation, and elbow stabilization.
c Caution: It is impossible to determine extensor carpi radialis brevis strength without surgical exposure.
d May also include stronger group 2 patients.
e May also include stronger group 3 patients. Group 3 patients do not have the availability of the pronator teres.
f Tendon transfers are only for groups 7 and 8.

Data from Hentz VR, McAdams TR. Restoration of upper extremity function in tetraplegia. In: Hentz VR, editor. Plastic surgery. 2nd edition, vol 8. Philadelphia:

Saunders; 2006. p. 507–41; and Hentz VR. Surgical strategy: matching the patient with the procedure. Hand Clin 2002;18:503–18.
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surveyed participants reported interest in receiv-
ing upper extremity reconstructive surgery [8].
Several case series over the past decade have re-
viewed the outcomes of these procedures for tetra-

plegic patients, and the results have been
promising [11,19–24]. After reconstruction, pa-
tients demonstrated increased pinch force, which

improved their ability to eat and write, as well
as restored elbow extension, which corresponded
with better independent grooming, operation of

assisted devices, and the ability to drive automo-
biles [11,19–24]. Furthermore, in another study
surveying tetraplegic patients who received upper

extremity surgery, 70% of participants were satis-
fied with their results and 68% reported improve-
ments in their activities of daily living [25]. These
observed patient-rated outcomes are consistent

with independently obtained physician estimates
of 75% patient satisfaction, suggesting that both
patients and their caregivers view surgery to be

beneficial and satisfying [8]. However, in spite of
these improved outcomes and patient desire for
restoration of upper extremity function, a recent

study analyzing United States epidemiologic
data from 1988 to 2000 found that only 7% of ap-
propriate surgical candidates ultimately receive re-

constructive treatment [26]. The results of this
study have generated heightened awareness of
this problem and precipitated research exploring
potential reasons for this profound treatment

discrepancy.
One possible explanation for the underutiliza-

tion of reconstructive surgery may be the lack of

clarity in the existing literature about the value of
reconstructive procedures. Due to the individual-
ized nature of surgical reconstruction methods for

tetraplegic patients, the current available case series
are generally small, use inconsistent methods of
outcomes reporting, and incorporate a heteroge-
nous collection of different procedures [11,19–24].

The resulting ambiguity makes it difficult for sur-
geons, physiatrists, and therapists to extrapolate
precise risks and benefits of existing procedures,

andmay causemany clinicians to bewary of recom-
mending reconstruction to patients who cannot af-
ford the potential consequences of surgical risks

and further loss of residual function [26].
To date, three studies examining the use of

reconstructive surgery among tetraplegics have

been published in the literature [8,9,27]. In 2004,
Bryden and colleagues [9] surveyed clinicians at
17 of the 18Model Spinal Cord Injury Centers des-
ignated by the U.S. Department of Education’s

National Institute on Disability Rehabilitation
and Research. The investigators found that 8 of
the centers did not offer reconstructive treatment
to their patients, with 3 centers citing unavailability
of a qualified hand surgeon as a reason, and only 2

of the 17 surveyed physiatrists (12%) had extensive
experience (defined as treatingO100 patients) deal-
ingwith tetraplegic recipients of reconstructive pro-

cedures [9]. Similarly, in a study surveying 455
United States physicians (142 physiatrists and 287
hand surgeons), Curtin and colleagues [27] found

that although hand surgeons generally have posi-
tive views regarding the effectiveness of upper ex-
tremity reconstruction, only 40% of surveyed

surgeons reported a desire to performmore of these
procedures. Further exploration of this finding re-
vealed that only 42% of hand surgeons felt that
their practice was able to accommodate tetraplegic

patients [27]. Taken together, the results from both
of these studies suggest an acute shortage of sur-
geons and physiatrists willing or capable of treating

these patients, which may contribute to the under-
utilization of this treatment option.

Other outcomes explored by Curtin and col-

leagues [27] were differences in caregiver attitudes
and predictors of provider performance or refer-
ral for upper extremity reconstructive procedures.

The results of this study showed that relation-
ships between spinal cord specialists and surgeons
have the greatest impact on physician involve-
ment in these procedures. After controlling for

all other factors, the investigators found that sur-
geons who knew spinal cord specialists were 13.1
times more likely to perform upper extremity re-

construction, and physiatrists who maintained re-
lationships with available surgeons were 2.8 times
more likely to refer patients for surgery [27].

Thus, the investigators deduced that the greatest
barrier to surgical management of tetraplegic
patients is the absence of coordinated cross-
specialty relationships between surgeons and

physiatrists. This conclusion is logical in the con-
text of a shortage in caregiver supply because
both surgeons and spinal cord specialists have de-

creased opportunities to develop close interdisci-

plinary relationships and also lack sufficient time
to comanage surgically treated tetraplegic patients.

In addition, the results of Curtin’s study also
showed that while both specialties agreed that
upper extremity reconstructive procedures were

effective, surgeons were significantly more posi-
tive than physiatrists regarding treatment out-
comes [27]. To determine the impact of negative
physician biases toward reconstructive surgery

on procedure use, Wagner and colleagues [8]
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administered an oral survey to a sample of 50
tetraplegic patients and found that patients who
learned about reconstructive procedures from

physicians were significantly more likely to have
a negative first impression of surgery (67% ver-
sus 19%, respectively; P ¼ .004), less likely to be-
lieve that these procedures would improve their

independence (60% versus 100%, respectively;
P ¼ .01), less likely to believe that these proce-
dures would improve their quality of life (53%

versus 95%, respectively; P ¼ .02), and less likely
to believe that the gains were worth the risks of
surgery. Furthermore, after controlling for age,

gender, and time since injury, the investigators
found that learning about reconstructive surgery
from someone other than a physician was the
only significant positive predictor of a patient

wanting surgery (odds ratio: 15.7) [8]. These
data attest to the substantial influence that phy-
sician counseling has on patient perception, and

also identify the presence of a substantial nega-
tive bias among physicians toward upper extrem-
ity surgery. Ultimately, the investigators

concluded that the lack of awareness and nega-
tive first impression among tetraplegic patients
about upper extremity reconstructive procedures

has also contributed to the low use of these treat-
ment options.

Wagner and colleagues [8] also examined the
influence of cost and coverage on the utility of re-

constructive procedures from the patient perspec-
tive. Although 20 out of 50 patients (40%)
reported concern about the cost of the surgical

procedure, this factor was not found to have a sub-
stantial impact on patient desire for reconstruc-
tion when analyzed using a logistic regression

model. It is revealing to compare these findings
with those of Bryden and colleagues [9], who
found that the primary reason that treatment cen-
ters did not offer upper extremity surgery was

a perceived lack of insurance coverage. Together
these results show that, in weighing the utility of
reconstructive surgery, cost and coverage issues

have more impact on caregivers than on tetraple-
gic patients. Four out of 18 Model Spinal Cord
Injury Centers do not offer surgical treatment op-

tions, because they assume patients do not have
insurance coverage or are unwilling to pay, even
though many patients have such coverage or are

willing to pay [8,9]. Thus, the lack of clinician
and treatment center awareness and education re-
garding the process of obtaining reimbursement
represents another barrier to upper extremity re-

construction surgery for tetraplegic patients.
Inherent weaknesses of the tetraplegic

patient population

As economic pressures continue to affect med-

icine, it will become increasingly important to
ensure that vulnerable patient populations con-
tinue to have access to appropriate health care.
Unlike other disabled patients who suffer from

less severe limitations and may be able to live
more independently, tetraplegic patients must
endure the combined limitations of wheelchair

status as well as the inability to use their arms and
hands to manipulate devices. Transportation re-
strictions and problems operating common

methods of communication, such as the telephone
or computer, make it difficult for these patients to
independently obtain information outside of their
scheduled physician visits about their medical

condition and treatment options. Thus, for tetra-
plegic patients, the task of obtaining the required
approval from physicians and therapists for sur-

gery referral is more cumbersome and complicated
than for most other patients. The complex disabil-
ities of tetraplegic patients also impair their ability

to organize and influence policy and reimburse-
ment changes regarding their health status. Con-
sidering the unique challenges faced by this patient

population, it is critical for caregivers to provide
adequate access to information and treatment.

Summary

Much of the functional disability associated

with tetraplegia results from impaired use of the
upper limbs, and 42% of patients who have
tetraplegia rated upper extremity function as their

top restoration desire [8]. While upper extremity
reconstructive surgery has been shown to substan-
tially improve upper limb function and enhance

patient independence, recent studies have demon-
strated that these procedures are rarely performed
and profoundly underutilized [8,9,11,19–27]. As

the providers of upper extremity reconstructive
surgery, hand surgeons must take a leadership
role in promoting greater use of these procedures
for tetraplegic patients. Given the complex, multi-

faceted nature of this dilemma, our recommenda-
tions for a future course of action involve both
educational and research components.

We believe that constructive collaboration
between hand surgery and physiatry societies is
the first step toward improved conjoint care for this

patient population. In addition, we recommend the
development of new and improved outcomes as-
sessment tools specific to the unique needs of
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tetraplegic patients and the use of these tools in
future controlled clinical trials. Through the results
of these future trials and systematic reviews,
physicians will better understand specific outcomes

and complication rates for the various upper
extremity reconstructive procedures. Once physi-
cians become more knowledgeable regarding the

specific risks and benefits of these procedures, they
will be able to accurately counsel tetraplegic
patients about surgical options. Finally, efforts

should be made to ensure that centers of excellence
for upper extremity reconstruction are available to
the entire tetraplegic population.
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A complete transection of the spinal cord

divides all descending motor tracts as well as all
ascending sensory tracts. As a result, paralysis is
complete below the lesion. Complete transection
also produces a complete sensory loss below the

lesion. If the damage occurs at the cervical level,
the result is a tetraplegia. Those muscles with
motor neurons the level of the spinal lesion are

only partially affected. Those muscles with motor
neurons above the spinal cord lesion may have
fewer than normal motor units, as consequence

presumably of the spinal shock accompanying the
injury, but otherwise are normal. Those muscles
with motor neurons below the spinal cord lesion

exhibit the properties of an upper motor neuron
paralysis, including exaggerated stretch reflexes
and involuntary contractions (spasms), but no
voluntary contractions.

In spite of anatomic variation among injured
patients, thereare sufficient similarities in the clinical
presentations of complete injuries at the various

cervical spinal cord levels to permit the develop-
ment and now near universal application of
systems of injury classifications, particularly the

American Spinal Injury Association (ASIA) clas-
sification [1]. The ASIA impairment scale is
a modification of the older Frankel [2] scale
and assigns patients with spinal cord injuries to

one of five categories. In this system, complete
* Corresponding author. 770 Welch Road, Suite 400,

Palo Alto, CA 94304.
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lesions are termed ASIA A (complete) and the

motor level refers to the most caudal segment
of the spinal cord with (preserved) useful motor
function. A key muscle (on the right and on
the left side of the body) is tested in each of

the 10 paired myotomes of the upper and lower
limbs. For the upper limb, the key muscles are:

� C5: the elbow flexors (biceps and
brachioradialis)
� C6: the wrist extensors (extensor carpi radialis

longus and brevis)
� C7: the elbow extensors (triceps)
� C8: the finger flexors (flexor digitorum pro-

fundus, middle finger)
� T1: the abductor digiti minimi

The strength of the muscle is graded on a scale
of 0 to 5, according to Medical Research Council
(MRC) recommendations. The motor level is de-

fined by the lowest key muscle that has a MRC
grade of at least 3, provided the key muscles above
that level are judged to be normal (grade 4 or 5).

Incomplete lesions of the cervical spinal cord

In contrast, incomplete transection of the

spinal cord yields a panoply of postinjury pre-
sentations. The ASIA classification scheme in-
cludes three categories of incomplete lesions as

follows:

B (incomplete): Sensory but not motor function

is preserved below the neurologic level and
extends through the sacral segments S4-S5.
ts reserved.
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C (incomplete): Motor function is preserved
below the neurologic level and the majority
of key muscles below the neurologic level

have a muscle grade less than 3.
D (incomplete): Motor function is preserved be-

low the neurologic level and the majority of
key muscles below the neurologic level have

a muscle grade greater than or equal to 3.
Spinal cord injury clinical syndromes

Incomplete cord transection is most frequent
at the cervical level and results in varied syn-

dromes, depending on the exact site and extent of
the lesion. These incomplete syndromes are often
much more ill-defined than the complete transec-
tion syndrome. However three main syndromes

have been characterized: the central (cord) syn-
drome, the Brown-Sequard syndrome, and the
anterior (cord) syndrome (Fig. 1).

The central (cord) syndrome, sometimes re-
ferred to as ‘‘brachial diplegia,’’ is the most
frequently occurring syndrome at the cervical

level, accounting for more than half of all in-
complete syndromes [3]. It usually results from
a hyperextension injury occurring in a rigid, often

osteoarthritic spine, which makes it frequent
among older tetraplegic patients. The common
clinical event is a fall in an elderly individual.
ig. 1. Incomplete transection of the spinal cord results.

) Central cord syndrome. (B) Anterior (cord) syn-

ome. (C) Brown-Sequard syndrome. (Adapted from

arat M, Arne I. Les syndromes incompletes [The in-

mplete syndromes]. In: Maury F, editor. La Paraple-

e. Paris: Flammarion; 1981. p. 172–6 [in French];

ith permission.)
The cord lesion predominates in the gray matter,
extending variably into the white matter [4].

The clinical picture is dominated by a discrep-

ancy between a severe motor loss in the upper
limbs and a mild loss in the lower limbs. Lower
limbs are almost always involved [5,6]. Clinical
findings usually include:

� a flaccid paralysis of the upper limbs, usually
including at least two medullary segments

� a spastic and moderate paralysis of the lower
limbs
� a dissociated sensory loss, predominating in

the thorax and upper limbs, with retained
epicritic sensibility and a loss of pain and
temperature sensations (analgesia and

thermanesthesia).
� retained control of urination and defecation

When the spinal lesion is very limited, the
clinical picture may be that of an isolated brachial
diplegia. When the lesion is more extensive, the

tetraplegia may be subtotal, with only sacral
sparing.

Following acute central cord injury, the lower
extremities typically recover first, with hand

muscle recovering last or not at all. Occasionally,
the hands recover but shoulder and elbow muscles
do not [7].

The Brown-Sequard syndrome follows a hemi-
section of the spinal cord. It occurs less than half
as often as the central cord syndrome [3]. Very

rarely pure, it is often either incomplete or mixed
with other neurologic symptoms. It is reported to
account for 15% to 20% of incomplete tetraple-

gia. The causative event is usually a fracture or
dislocation in hyperflexion. When pure, it
includes:

� a unilateral paralysis of the central type
� an ipsilateral loss of epicritic and deep sensi-
bilities. (The retention of protopathic sensibil-

ity produces severe hyperesthesia.)
� an ipsilateral anesthetic zone above the lesion,
due to the destruction of the posterior root

zone of entry at the level of the damage
� a contralateral dissociated sensory loss, with
analgesia and thermanesthesia, but almost

normal touch perception

Most of the time, the Brown-Sequard syn-

drome is partial and mixed, limited to a more
severe picture on one side, with a rapid unilateral
recovery, and sensory disturbances remaining

more important on the side that is recovering.
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Brown-Sequard syndromes have the most favor-
able prognosis of all incomplete lesions because in
most cases patients recover the ability to walk and
satisfactory bowel and bladder control.

The anterior (cord) syndrome accounts for 25%
of incomplete tetraplegias. It canoccur as a result of
many types of injuries, with a slight predominance

of flexion-induced fracture-dislocations of the
spine, and of those injuries causing protrusion of
the intervertebral disk. The trauma leads to a lesion

of the anterior horns and the anterolateral tracts,
with a possible division of the anterior spinal artery.
The clinical picture includes:

� a flaccid paralysis of the upper limbs, covering
several segments

� an initially flaccid paralysis of the lower
limbs, with a rapid return of motor reflexes
� a dissociated sensory loss, disproportionate to

the motor loss, with analgesia and therma-
nesthesia, but retained epicritic and deep sensi-
bilities, and with frequent infralesional
paresthesias. Lesions at the cervical spine level

may be associated with breathing disorders [8].

An isolated lesion of the sulcocommissural

arteries results in an ischemia of the anterior
horns, with an isolated brachial mono- or di-
plegia. In a study of 175 patients diagnosed with

spinal cord injury clinical syndromes, patients
with anterior cord syndromes had the longest hos-
pital stays and the poorest recovery, compared

with central cord syndrome or Brown-Sequard
syndrome patients [3]. Pollard and Apple [9] retro-
spectively reviewed 412 patients with traumatic,

incomplete cervical spinal cord injuries. When
an incomplete cervical spinal cord lesion exists,
younger patients and those with either a central
cord or Brown-Sequard syndrome have a more fa-

vorable prognosis for recovery.
Upper limb evaluation of the patient

who has incomplete lesions

For the patient with a cervical spinal cord
injury lesion, the focus of the hand surgeon’s

evaluation has been primarily to classify each limb
according to the International Classification sys-
tem [10] by careful manual muscle testing and

standard sensory testing, (eg, two-point discrimi-
nation). In general, if the patient has strong
(MRC grade 4 or 5) wrist extension, he or she typ-

ically possesses strong shoulder abductors, exter-
nal/internal rotators, and elbow flexion. Joint
stiffness may complicate the presentation and
affect function but it is typically the consequence
of inattention to or lack of postinjury therapy.
For most patients with ASIA A (complete) tetra-
plegia, once the International Classification level

is established, the applicable surgical procedures
that might potentially enhance upper limb func-
tion can be determined readily, the other essentials

of surgical decision-making being present (eg,
neurologic and psychologic stability). The same
is also true for most patients with ASIA B (incom-

plete) tetraplegia, who, while they may retain sen-
sation below the cord lesion, have absent motor
function below the cord lesion, and also for

many ASIA C (incomplete) tetraplegics because
retained motor function below the cord lesion is
only to an MRC grade 1 or 2 level. In contrast,
patients with ASIA D (incomplete) tetraplegia re-

tain MRC grade 3 or greater strength in at least
a few or even many muscles innervated distal to
the cord lesion. It is difficult to assign easily an In-

ternational Classification to these patients other
than International Classification level X (others).
This International Classification does not assist

the surgeon in surgical planning to the same ex-
tent as the other classifications in this system.
For example, we have evaluated four patients

who were classified as C-7 ASIA D (incomplete)
tetraplegia. Our examination would have resulted
in them being assigned an International Classifica-
tion of CuO:5 (þtriceps) except for the presence of
a MRC Grade 4 adductor pollicis muscle.

The hand surgeon must be aware of both the
patient’sASIAclassificationbefore commencing the

upper limb examination and also the significance to
the examination process for the patient who carries
oneof the cord syndrome states discussedabove. It is

our experience that patients with incomplete tetra-
plegia, especially more severely injured patients,
exhibit the following pathologic features far more
frequently than patients with complete injuries:

upper limb hypertonicity/spasticity; persistent and
frequently painful contractures of shoulders, el-
bows, wrists, and digits; painful hyperesthesias;

and paralyzed proximal upper extremity muscles
with distal muscle sparing.
Upper limb hypertonicity/spasticity

While a patient with complete lesions may
exhibit troublesome and potentially disabling
lower limb spasticity, disabling upper limb spastic-

ity is unusual. Patients with incomplete lesions
frequently exhibit both troublesome and poten-
tially useful upper limb hypertonicity or frank
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spasticity. These patients require a more careful
motor analysis to identify hypertonic or spastic
muscles. Some exhibit hypertonicity in elbow

flexors or shoulder adductors that prevents them
fromreachingout into space.Other patientsmaybe
able to trigger a spasm of, for example, their spastic
flexor pollicis longus, and achieve a functional grip.

Others exhibit persistently extended digits, partic-
ularly the index finger, and thus cannot take
advantage of tenodesis-derived grip functions.

Persistent and frequently painful contractures
of shoulders, elbows, wrists, and digits

These contractures frequently resist standard

therapeutic interventions, such as passive range-
of-motion exercises. Exercise causes pain and
triggers additional hypertonicity, resulting in a vi-

cious spiral leading to a frozen shoulder or elbow.
These limbs mimic in many ways the limbs of the
poststroke patient, except that they are usually the

source of significant pain.
Those patients with central cord syndrome

commonly have many muscles that have suffered
a flaccid paralysis. The term is somewhat of

a misnomer because these lower motor neuron
paralyzed muscles don’t remain soft or loose, but
rather frequently undergo fibrosis and shortening.

If the finger flexors are involved, the shortening
results in fixed flexion deformities of the digits
and, in time, flexion contractures first of the

proximal interphalangeal (PIP) joints and then,
if severe, contractures of the metacarpophalangeal
(MP) joints. A key step in the examination of

these patients is to determine if the contracted
fingers are a consequence of both shortened,
fibrotic muscles and secondary periarticular joint
fibrosis, or whether, through exercise, the joints

have remained supple. This requires flexing the
wrist fully to relax the shortened flexor muscles,
and then flexing fully the MP joints and then

judging whether, with these maneuvers, the PIP
joints can be straightened passively. If the PIP
joint cannot be straightened passively, in spite of

attempts to slacken the muscle-tendon unit, then
both the shortened muscle and the contracted
joint will require attention before any functional
surgery can be considered.

Painful hyperesthesias

When sensory sparing is present, there may be

functionally disabling hyperesthesias in key struc-
tures, such as the thumb. Even if greater potential
function could be achieved by tenodeses or tendon
transfers, these patients would still be unable to
use their surgically enhanced grip or pinch be-
cause the hypersensitivity persists.

The less severely injuredpatientmaypresentwith
a monoplegia characterized by severe compromise
of one limb and almost normal retained function of
the opposite limb. Some of these patients are

completely or almost completely ambulatory and
are functioning at a very high level.

Paralyzed proximal upper extremity muscles
with distal muscle sparing

Some patients may have preserved finger and

thumb flexion and extension but have paralyzed
or very weak shoulder muscles. They are able to
hold objects in their hand but cannot move the
limb to acquire objects, or move acquired objects

in a useful way.
Surgical rehabilitation in the complete lesion:

a well-established philosophy

To date, most published reports dealing with
surgical rehabilitation of the upper limb in patients
with tetraplegia have focused on patients with

complete transection of the cervical spinal cord
[11,12]. For example, the commonly used Interna-
tional Classification system [10] is based on observa-

tions of many patients with ASIA A (complete)
lesions, ones whose still-functioning muscles,
though possessing less than full strength, still re-
spond much like normal muscles. That is, they pos-

sess appropriate stretch reflexes and more or less
normal patterns of excitation and recruitment.
Such muscles, if of sufficient strength, can be trans-

ferred reliably to perform a more important func-
tional task. For example, to restore finger flexion
and thus grasp, the extensor carpi radialis longus

can be transferred to activate the flexor digitorum
profundus tendons. The same is true for most
ASIA B (incomplete) tetraplegic patients.
Surgery for the upper limb in ASIA C and D

(incomplete) lesions: why they may not be good

surgical candidates

In contrast to the circumstances for the tetra-

plegic patient with a complete injury, where there
are clearly established benchmark procedures for
the various International Classification categories,

the surgeon cannot employ such a ‘‘recipelike’’
approach to the patient with an incomplete lesion.
A far more individualized approach is needed.
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Decisions are more difficult to make and, un-
fortunately, must be based more on experience
than on texts or journals. For example, for
patients with complete injuries, muscle-tendon

transfers have become the mainstay of reconstruc-
tion because the results are relatively predictable.
In contrast, it has become an important and well-

established surgical axiom that muscles lacking
normal excitation parameters perform unreliably
if surgically transferred. Therefore, those proce-

dures proven reliable and possible for patients
with complete lesions, such as muscle-tendon
transfers, may not be so readily adapted to the

patient with a severe but still incomplete lesion.
Far more often than the completely injured
patient, the incompletely injured patient may
require preliminary (to the procedures to restore

function) therapy or surgery to correct, if possible,
the consequences of the injury, especially joint
contractures. Paradoxically, the complex prob-

lems of the hands and arms of these patients,
while requiring far more study and analysis, are
best managed by the axiom ‘‘keep it simple.’’ The

more severely injured of these patients may not
respond well to complicated multistage recon-
structive surgeries. Simple, more predictable pro-

cedures, such as arthrodeses and tenodeses, may
be best.

There are other features that complicate sur-
gical decision-making. For the completely injured

patient, the usual recommendation is to operate
on the arm with the greatest functional potential
with the goal of making the operated arm the

dominant limb. Some incompletely injured syn-
dromic patients have an almost normal upper
limb on one side and are already functioning at

a high level (eg, completely independent in all of
their activities of daily living). The goal for these
patients with essentially a monoplegia is to make
the lesser arm somewhat more functional. These

patients appropriately question the value of sur-
gery for their affected limb. Paradoxically, by
virtue of having an essentially normal arm, they

are actually far less inconvenienced by the period
of postoperative immobilization and rehabilita-
tion than patients with a complete injury. In

a similar analogy, because some of these patients
are already fully or partly ambulatory, and don’t
have to push a wheelchair, they are far less

bothered by having the operated ‘‘bad’’ hand in
a cast than the completely injured tetraplegic
patient who typically requires a power chair
during the postoperative period and beyond.

Finally, there might not be the same level of
motivation and dedication following surgery
when the goal is only to improve somewhat the
lesser limb.

The surgical armamentarium in the patient

who has a severe incomplete lesion

Management of spasticity

Spasticity is a frequent consequence of in-

complete injuries. As discussed above, spasticity
is a complicating factor in developing a rehabili-
tation plan. Most often it degrades function, but

occasionally patients learn how to control their
spasticity in a functionally beneficial manner.
Careful analysis of the location and effect of

spastic muscles usually suggests a plan for
management.

The principal treatments for troublesome spas-
ticity include an initial trial of therapy followed by

systemic or localized pharmacologic intervention.
Initially, nonpharmacologic physical modalities,
including heat, cold, massage, manipulation, and

electrical stimulation, should be tried. If non-
pharmacologic physical modalities are unsuccess-
ful, oral medications may be tried. These include

gamma-aminobutyric acid B receptor agonists,
such as baclofen or gabapentin; long-acting ben-
zodiazepines, such as clonazepam; and anticon-

vulsant agents. Systemic medications, such as
baclofen, are usually prescribed initially in gradu-
ally increasing doses. Spacticity uncontrolled by
systemic medication may respond to more tar-

geted therapy because these same agents may be
administered intrathecally by injection or by in-
dwelling catheters and drug pumps. If specific

spastic or hypertonic muscles are the cause of
disabling limb posture, or are restricting the effec-
tiveness of other therapies, such a joint range-of-

motion exercises, then even more targeted therapy
is warranted. Therapeutic modalities include in-
tramuscular (motor-point) injection of short- or

long-acting local anesthetics or peripheral nerve
blocks with local anesthetics or with longer-acting
neurotoxic agents. Phenol or alcohol have long
been used [13,14]. They are not reliably reversible

and should be used with great discretion and then
only following a therapeutic trial with a long-act-
ing local anesthetic agent, such as bupivacaine.

Their use in incomplete spinal cord lesions may
lead to impaired recovery and diminished ultimate
function. In addition, the long-term response has

been suboptimal. Braun [15] reports only 4 of 15
patients had an acceptable long-term response to
phenol blockade.
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The goal is to weaken or paralyze the over-
active muscle or muscles so that weakened antag-
onist muscles, if under neural control, might be

exercised to become more functional. A second,
more common goal is to enhance the effectiveness
of conventional treatments for shortened muscles
or contracted joints, such as serial casting, dy-

namic splinting, and joint ranging.
The bacterium clostridium botulinum pro-

duces a toxin that causes flaccid paralysis of

muscles by interfering with acetylcholine release.
It has gained wide use as a means of controlling
spasticity because its effect is essentially com-

pletely reversible within 2 to 3 months following
injection. It has been used with success in C5/6
tetraplegia to block spastic forearm muscles
[16,17]. Currently, the injection of botulinum

toxin (Botox) into hyperactive or spastic muscles
has become the preferred treatment. We have
had a positive experience with Botox injections

into hypertonic shoulder adductors and in partic-
ular into spastic elbow flexors, usually guided by
electrical stimulation. The treated muscle will re-

gain its innervation but occasionally it is less spas-
tic upon recovery. The most important benefit
from such procedures is that the immediate reduc-

tion in flexor spasticity allows the therapist to be
more effective in overcoming muscle shortening
and early contractures. We have on occasion, by
preliminary electromyographic analysis, identified

the biceps as spastic while the brachialis muscle
was much less so. In this case, Botox injection
into the biceps muscle eliminated functionally

troublesome elbow flexor spasticity, yet did not
significantly weaken elbow flexion. This allowed
the patient some useful elbow flexor strength.

Fig. 2 illustrates the benefit of Botox in relieving
troublesome spasticity and enhancing function.
The patient is a 36-year-old man with C6 ASIA
C (incomplete) tetraplegia whose spasticity

restricted his ability to reach out into space and
acquire objects. Dynamic electromyographic anal-
ysis (A–C) demonstrated cocontracture of biceps

and triceps muscles as he attempted to extend
his elbow and reach for an object. He had injec-
tions of Botox into hypertonic biceps and finger

flexors. His pre-Botox (D and F) and post-Botox
(E and G) posture is illustrated. Injections fre-
quently need to be repeated, but we have noted

in a few cases a reduction in muscle hypertonicity
that persists long after the expected pharmaco-
logic activity of the Botox has ceased.

Other surgical procedures to control spasticity

or hyperactive muscles include total or partial
neurectomy. We have had some experience in
patients with incomplete lesions who present with
troublesome intrinsic muscle hypertonicity or

spasticity and who have developed a flexion
contracture of the MP joints and an adducted
thumb not amenable to therapy. Botox injections
may produce some level of temporary improve-

ment but it’s difficult to inject accurately into the
many interosseous muscles. In such cases, we have
performed a selective neurectomy of the motor

branch of the ulnar nerve. This has allowed the
therapist to be more successful in restoring some
MP joint flexibility. Selective partial neurectomy

at the level of the motor plate (terminal ending of
the nerve into the muscle fibers), termed hypo-
neurotization, is usually preceded by Botox in-
jections to assess the potential effectiveness of

a permanent decrease of spasticity. It is usually
quite effective in large single-body muscles. It
may, however, require an extensive surgical expo-

sure, as is the case, for example, with hyperactive
finger flexor muscles.
Tendon transfers

Even though the outcome of tendon transfers
may be less predictable in this population, tendon
transfers may be useful. The surgeon should be

confident that the muscle to be transferred is of
sufficient power and under good voluntary con-
trol. It is important to review the history of
recovery of muscles in these patients. For exam-

ple, a muscle that had no movement for months
following injury but has instead very slowly,
perhaps over years, recovered strength to an

MRC grade 4 level is, in our opinion, an unreli-
able muscle for tendon transfer. We have seen
such muscles lose essentially all their preoperative

power following transfer. For such patients, there
may be a role for a detailed electrophysiological
evaluation of the proposed muscle. If the muscle

shows evidence of abnormal regeneration (eg,
persistently huge motor units on electromyo-
graphic testing), it will probably perform poorly
if transferred. We hypothesize that some of these

muscles experienced a concomitant major lower
motor palsy, are at best regenerated muscles, and,
as such, are notably poor performers following

tendon transfer.
Because many of these patients may exhibit

a flaccid (lower motor neuron) paralysis over

several medullary segments, some muscles become
fibrotic and frequently foreshortened, even if they
are not causing a joint contracture. At the time of



Fig. 2. Preinjection dynamic electromyogram performed while patient was trying to extend the elbow. Electromyogram

recorded from biceps (A) and triceps (B) and superimposed (C). Pre-Botox injection shoulder and elbow posture (D) and

postinjection posture (E). Pre-Botox injection hand posture (F) and postinjection posture (G).
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tendon transfer, it is wise to excise a segment of
the paralyzed muscle just proximal to the point
where its tendon becomes the recipient for the

tendon transfer. This step decreases the possibility
of the fibrotic muscle interfering with excursion of
the recipient tendon following transfer. The same

applies when transferring a muscle to another
spastic one: Sectioning the recipient muscle prox-
imal to the suture site alleviates the spastic

component.
We have performed surgery for the poor arm

in four ambulatory patients with probable Brown-

Sequard syndrome and monoplegia, although two
patients may have had some element of a brachial
plexus injury as well as a spinal cord injury. Two
patients had their involved limb classified as
CuO:5 but with 3þ digital extensor strength and
some preservation of function of the abductor

pollicis brevis. Both had two-stage grasp release
procedures. In the first stage, an MRC grade 3þ
or 4� flexor carpi ulnaris was transferred into the

extensor digitorum communis and to rerouted
extensor pollicis longus tendons to augment
digital extension, and the split flexor pollicis

longus (FPL) was transferred to the extensor
pollicis longus to stabilize the thumb interphalan-
geal joint. This was followed some weeks later by

transfer of the extensor carpi radialis longus to the
flexor digitorum profundus (FDP) tendons and
the transfer of brachioradialis to the FPL. Both
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patients recovered useful helping hand function in
the operated limb (Fig. 3). We transferred the ex-
tensor carpi radialis longus to the FDP and the

brachioradialis to the FPL in a third ambulatory
patient who requested surgery to improve
a weak grip and pinch for his poor arm. His
grip strength of 30 N before surgery increased to

60 N following surgery.
Fig. 3. Preoperative aspect of the ‘‘poor’’ hand with wrist flexi

following multiple tendon transfers for pinch and grip (C–F).
Tenotomies/muscle-tendon lengthening
and capsulotomies

Patients with a complete injury may experience
tightness in hypertonic or spastic muscle groups.

The muscle shortened because of increased tone
responds to nerve blocks or injections of botuli-
num toxin to diminish tone. Once tone is
on (A) and wrist extension (B). Postoperative appearance

See text for operative details.
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diminished, passive stretching may relieve the
contracture. In contrast, in many incomplete
lesions, flaccid paralyses frequently predominate.
Therapy rarely overcomes the contracture if these

muscles become fibrotic and contracted. Tenot-
omy or tendon lengthening procedures are gener-
ally needed to overcome contractures.

We have treated several patients with central
cord syndrome who have developed severe claw
deformities with fixed extension contractures of

the MP joints. Fig. 4 shows the hand of such a pa-
tient. He was classified according to the Interna-
tional Classification system as CuO:X because of

the unusual pattern of muscles still under some
voluntary control. For example, he had MRC
grade 4 radial wrist extension and MRC grade 4
finger flexors but no active digital extension or

wrist flexion. We felt that he was a candidate for
creation of a key pinch procedure as described
by Moberg [12]. However, his MP hyperextension
Fig. 4. Preoperative appearance (A) demonstrating fixed hype

cord syndrome. Postoperative appearance (B–D) following init

sequent key pinch procedure.
contracture would have made it impossible for
him to have a stable platform for pinching. In
addition, he had relatively limited shoulder and
elbow range and would have found it nearly im-

possible to roll his fingers into flexion in prepara-
tion for key pinch with the thumb, even in the
absence of contracted MP joints. We chose to per-

form a preliminary MP joint dorsal capsulotomy
with judicious and minimal division of collateral
ligaments. This allowed us to manipulate his MP

joints into flexion. Each MP joint was pinned in
flexion with a Kirschner wire that was removed af-
ter 4 weeks. We chose to allow these joints to

stiffen somewhat in a flexed posture and in a posi-
tion that would permit a stable key pinch. Several
months later, we performed a key pinch proce-
dure. Following surgery, he achieved a weak but

still functionally useful key grip that allowed
him to eat with minimal set-up assistance
(Fig. 4B–D).
rextension deformity in a 65-year-old man with central

ial MP joint capsulotomy, tendon lengthening, and sub-
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Tenodeses

Many patients with incomplete cervical spinal
cord lesions are able to ambulate, either with
assistance or unassisted. They do not need to

‘‘walk’’ on their hands and, therefore, they do not
have the constant stresses of weight-bearing on
their hands as do patients with complete lesions.
In these patients, a tenodesis, when appropriate,

will not be at the same risk of stretching over time.
Arthrodeses

Because fused joints are not expected to be

subject to the same level of stress in the ambula-
tory patient, joints in ambulating patients with
incomplete injuries may, when appropriate, be

arthrodesed safely in positions that would not be
appropriate for the patient who must ‘‘walk’’ on
his or her hands. For example, the thumb’s

carpometacarpal (CMC) joint can be arthrodesed
in a somewhat more palmarly abducted position
to achieve a more precise termino-terminal or
three-point tip-to-tip pinch. The authors typically

avoid this widely abducted position when arthro-
desing the CMC joint of a tetraplegic patient,
because the widely abducted thumb interferes

with transfers and with motions required for
propelling the wheelchair. Experience has taught
the authors that, if this joint is arthrodesed in too

much palmar abduction, the fusion may over time
break down.
Summary

Patients who have incomplete cervical spinal
cord injuries present unique challenges for the

reconstructive surgeon. For example:

� Their patterns of injury don’t easily fit into

the International Classification system famil-
iar to surgeons.
� They don’t lend themselves to a ‘‘recipe’’ ap-

proach to surgical decision-making.
� They frequently have developed upper limb
deformities that must be addressed before
any consideration is made for functional

surgery.
� Little regarding surgery for these patients has
been published.

While challenging, many patients who have
incomplete cervical spine injuries benefit by com-

prehensive evaluation and carefully planned sur-
gical procedures.
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Patients in a wheelchair use their upper limbs
to propel the chair. Without triceps function, they

cannot ‘‘push through’’ with a full motion. This
deficit makes pushing a wheelchair less efficient
and more energy consuming, restricting the

wheelchair ‘‘environment’’ to level ground. Most
tetraplegic patients who lack triceps function
ultimately turn to a powered chair despite the
disadvantages of such chairs, that is, their cost,

increased size, and weight.
When seated in a wheelchair, the reach of the

tetraplegic patient is determined by the range of

motion of his or her upper extremities. The world
that lies beyond the patient’s immediate reach can
be acquired only be moving the wheelchair to

position the object to be acquired closer to the
individual. Without the ability to extend the
elbow, the patient’s functional environment is

much reduced. The ability to extend the hand
away from the body by an additional 12 in results
in an additional 800% of space that the hand can
reach. Because of the patient’s sitting and lower

position, many of the objects that he or she needs
to reach, such as door knobs, light switches, and
elevator buttons, are located above the level of the
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shoulders. Without active elbow extension, these
objects are beyond reach.

Tetraplegic patients spend many hours in bed.
When the patient is lying supine, his or her hands
frequently fall into the face without active elbow

extension when trying to reach overhead. In spinal
cord injury at the C5-C6 level, C5 innervated
muscles such as the deltoid and biceps-brachialis
may function sufficiently for the patient to have

good shoulder control and strong elbow flexion;
however, elbow flexion may be unopposed
because the triceps muscle is paralyzed. This

situation may lead to the development of a dys-
functional flexion contracture of the elbow.

There are other reasons why reconstruction of

active elbow extension is tremendously useful.
Without active elbow extension, the tetraplegic
patient must learn various adaptive maneuvers to

lift their thighs and buttocks to relieve the effects
of pressure caused by sitting on these tissues. If
the elbows retain full passive extension, the
patient may be able to lock the elbows in full or

slight hyperextension and, by leaning forward,
perform effective pressure relief; however, if the
trunk is unstable, the patient may pitch forward.

With active elbow extension, the tetraplegic
patient can more easily perform pressure relief
maneuvers and reduce the risk of developing

ischial or sacral pressure sores. This same ability
allows the tetraplegic patient to assist his or her
caregiver in safely performing transfers from
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a bed to chair or from a chair to a toilet. Even
a relatively small elbow extension torque, much
less than that required to reach high over head or

to propel a manual chair up a gradient and far
below that needed to self-transfer, will be of major
functional significance if controllable. This small
extension torque may allow the patient to control

the arm as he or she reaches out into space or to
accurately direct the arm to the target in a con-
trolled and coordinated manner versus having to

launch the arm in the general direction of the
target. With a small amount of elbow extensor
power, patients do not need to depend solely on

the braking function of their elbow flexors in
controlling the trajectory and velocity of their
arms in space. Restoring this critical element of
control may be the most beneficial aspect

of reconstruction of elbow extension.
Fig. 1. Testing the strength of the deltoid muscle. The

patient pushes his elbow as hard as possible on the

hand of the observer.
Surgical techniques for restoring active elbow

extension

Two surgical procedures are advocated for re-
storing active elbow extensiond transfer of a strong

portion of the deltoid muscle into the triceps and
transfer of the biceps muscle into the triceps. Each of
these techniqueshas strongadvocates andopponents.

Instead of championing either one of these
techniques, the intent of this article is to describe
each procedure fully by a regular user (deltoid to
triceps [CL and VRH]; biceps to triceps [SK and

MJM]), along with providing detailed indications,
contraindications, and reasons for preference.

Part one: deltoid to triceps transfer

The synergism between the posterior part of the

deltoid and the triceps muscle was recognized by
Merle d’Aubigne and colleagues [1] who suggested
that the posterior half of the deltoid might substi-

tute for the paralyzed triceps. Moberg [2] was the
first to establish that this transfer could provide
predictable elbow extension power in the tetraple-

gic patient.

Indication and contraindications
Absolute contraindications include fixed elbow

flexion contracture and inadequate strength of the

posterior half of the deltoid muscle. If the elbow is
contracted in a flexed posture, the flexion con-
tracture should be treated by progressive splinting

or dynamic stretching. If these conservative mea-
sures fail and elbow flexion contracture remains
greater than 45 degrees, surgical release before
deltoid to triceps transfer should be performed, or
a biceps to triceps transfer should be advocated.

A careful determination of the strength of the

posterior part of the deltoid must be performed
before deciding on the choice of technique. This
determination can be performed in two manners
as follows:

With the patient sitting in their wheelchair, the
observer stands behind the arm to be tested.

The patient is then advised to loop the elbow
of the opposite arm around the handle of the
wheelchair to stabilize the trunk. The patient

is asked first to horizontally abduct the arm
to 90 degrees of abduction (which automat-
ically flexes the elbow nearly completely)

and then to push as hard as possible against
the observer’s palm placed against the poste-
rior surface of the patient’s humerus. The

tension and mass of the posterior half of
the deltoid is assessed by the observer’s
opposite hand grasping the muscle as the pa-
tient makes a maximal effort. If the patient’s

arm can be easily pushed out of the extended
position, the strength of the posterior part of
the deltoid is probably insufficient to permit

a predictable outcome after surgery.
The same maneuver is effected with the patient

lying prone, the shoulder resting on the edge

of the examination table, and the arm ab-
ducted to 90 degrees (Fig. 1).

If the posterior part of the deltoid measured in
either of these two manners is rated less than 4 in
the Medical Research Council (MRC) classifica-

tion, it should not be used as a transfer to restore
elbow extension.
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Relative contraindications are associated with
the particular rehabilitative regimen following this
surgery. The 4-week postsurgery period of immo-
bilization in a long-arm cast is followed by an

even longer interval of directed exercise and the
continuous wearing of an orthotic device. This
rigorous rehabilitation schedule is a significant

challenge for the tetraplegic patient. Deltoid to
triceps transfer surgery should be approached
with caution if there are questions about the

patient’s ability to participate fully in this vigor-
ous and relatively complex rehabilitation process.
Surgical technique

The procedure is usually performed under
general anesthesia or a supraclavicular brachial
plexus block. Allieu and colleagues [3] has pio-

neered performing this procedure under cervical
epidural anesthesia in the tetraplegic patient.
The patient may be positioned laterally or in
a prone position. The anterior and lateral shoul-

der and the entire arm are draped free for
exposure.

Surgical landmarks at the level of the shoulder

include the tip of the acromion superiorly, the
interval between the posterior margin of the
deltoid and the triceps muscle posteriorly, and

the estimated point of insertion of the deltoid
on the humerus distally. Landmarks at the level of
the elbow include the tip of the olecranon and the
insertion of the triceps tendon (Fig. 2). The

surgeon should keep in mind the neurovascular
anatomy of the region, including the course of
the axillary nerve and the circumflex humeral

artery and the radial nerve and its relationship
to the insertion of the deltoid.
Fig. 2. Skin incisions proximal over the deltoid muscle

and distal over the insertion of the triceps tendon

(patient lying prone).
The upper incision is centered halfway between
the midaxial line of the humerus and the posterior
margin of the deltoid. The skin incision is carried
to the level of the muscle fascia, and the skin and

subcutaneous tissue are elevated anteriorly as far
as the anterior margin of the deltoid muscle.
Posteriorly, the skin flap is elevated to the margin

of deltoid and the long head of the triceps
(Fig. 3). The plane between these two muscles is
developed by sharp or finger dissection. The inter-

val is relatively bloodless and easily dissected. A
finger will slip under the deltoid muscle at about
the midportion of this muscle. It is insinuated

through the fibers of the muscle, separating off
the posterior half. The fibers of the deltoid are
split in the direction of the muscle fascicles by
blunt dissection.

The posterior half of the muscle is then de-
tached from its point of insertion into the hu-
merus by sharply incising a rectangle of the

periosteum at the point of attachment and elevat-
ing the periosteum in continuity with the fibers of
attachment off the humerus. Care is taken to

include as much fascia and fibrous insertion as
possible, including some of the fascial origin of
the brachioradialis muscle. The radial nerve will

emerge from behind the humerus several centime-
ters distal to this point. Injury to this nerve has
been reported as a complication of this procedure;
therefore, care should be exercised regarding the

anatomic landmarks.
A suture is placed in the detached fibrous

origin, and dissection of the muscle is carried

superiorly (Fig. 4) until the branches of the axil-
lary nerve are visualized. These branches must
not be injured, and the superior dissection should

stop at this point.
Fig. 3. Elevation of the posterior skin flap to the margin

of the deltoid and the long head of the triceps (same

patient in Fig. 2).



Fig. 4. Elevation of the posterior deltoid from distal to

proximal until the branches of the axillary nerve (same

patient in Fig. 2).
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Several methods have been proposed to attach
the posterior deltoid to the triceps or olecranon

employing different tissues or materials. Various
pieces of the patient’s tendons have been used,
including toe extensors (Fig. 5A) [2], tibialis ante-

rior tendon [4], or extensor carpi ulnaris [5]. In
another method, a strip of a fascia lata (Fig. 5B)
[6] is harvested through several transverse inci-

sions placed over the iliotibial band with a fascial
stripper. It is tubed about the fibrous insertion of
the deltoid and tunneled subcutaneously to the
olecranon. The fascia lata is then separated into

two tails which are inserted into each end of an
oblique tunnel created through the olecranon.
The two fascia lata tails are pulled to tense the

transfer and anchored to the fascia lata tube
with nonabsorbable sutures.

A turned up strip of the central part of the

triceps tendon [7] including synthetic reinforce-
ment [8] and measuring 1.5 cm can be harvested
in continuity with a periosteal flap from the ulna
and then turned superiorly. The deltoid is de-

tached from the humerus along with a periosteal
flap. The two fresh periosteal flaps are sutured
to each other. The surgeon then buries the tendon

reflected and all reinforcing material within the
substance of the muscle itself. A modification of
this technique (Fig. 5C) [9] uses a bone-to-bone

juncture between a segment of the humerus with
deltoid attachment and a segment of olecranon
harvested in continuity with a central strip of

triceps tendon.
Various synthetic materials have also been

used [3]. The first author (CL) currently uses a syn-
thetic funnel-shaped Dacron graft designed by

Jacques Tessier from France (Fig. 6A). The prox-
imal funnel is sutured around the distal origin of
the muscle with nonabsorbable braided sutures
anchored to the strong fibrous fibers of the mus-
cle, which are located posteriorly. The graft is

then passed subcutaneously to the dorsum of the
elbow and its two tails woven into the terminal
tendon of the triceps (Fig. 6B).

Postoperative regimen
The elbow is immobilized in full extension

using a light fiberglass cylinder cast. The shoulder
is kept somewhat abducted, and the patient and
other caregivers are cautioned to not allow the
shoulder to accidentally flop across the chest. The

patient is encouraged to begin getting into his or
her wheelchair on the second postoperative day.
A sling is fitted to the wheelchair, holding the arm

somewhat abducted from the body in a position
that relaxes the deltoid.

The cast is removed about 4weeks after surgery.

Other authorities recommend longer periods of
casting [10]. The patient begins active exercises in
a protective polyaxial brace that limits the amount

of flexion but permits full extension (Fig. 7). This
active brace is worn essentially full time during
the day and blocked in full extension at night.

Exercises are initiated about the fifth postoper-

ativeweek.Typically, the patient begins attempts to
trigger the transfer while the arm is supported in
a horizontal, gravity eliminate position. As time

passes, the patient tries to trigger the transfer
against gravity but without any additional resis-
tance. Resistance exercises are avoided for 8 weeks.

The degree of flexion allowed is gradually increased
by increments of 10 to 15 degrees per week until the
elbow reaches 90 degrees of flexion. The dynamic
brace can be abandoned at this time. The patient

avoids resistance activities such as transferring on
the extended elbow for at least 10 weeks. He or she
is encouraged to start leisure activities that require

active elbow extension, such as swimming (back
stroke), table tennis, and weaving (Fig. 8).

Some months of cautious use are necessary to

prevent overstretching of the transfer, and many
months pass before maximal strength is obtained.

Outcome of deltoid to triceps transfers
Authors’ series. The authors have experience with
83 deltoid to triceps transfers in 56 patients. The

results have been fairly consistent, with the great
majority of patients achieving full or near full
extension against gravity. A few patients are able

to fully extend the elbow in the completely over-
head posture (Fig. 9). Almost all have gained the
ability to better control the elbow, allowing them



Fig. 5. Various methods of attaching the posterior deltoid to the elbow. (A) Toe extensor grafts (Moberg). (B) A strip of

fascia lata (Hentz). (C) A strip of triceps tendon with a segment of olecranon and a bone-to-bone juncture (Castro-Serra

and Lopez-Pita). (From Hentz VR, Leclercq C. Surgical rehabilitation of the upper limb in tetraplegia. London: Saun-

ders; 2002. p. 105; with permission.)
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to more accurately position their arm in space and

control its movements.
Functionally, the majority find that they

achieve more efficient transfers, pressure releases,

and wheelchair mobility. Other functional gains
include the ability to reach distant objects, in-
cluding overhead, ease of turning in bed, improved

writing ability, and an improved ability to groom,
feed, and drive an automobile (Fig. 10). One pa-

tient achieved little useful function following his
initial procedure. The transfer was tightened at
a second procedure without much improvement.

The authors have not been able to correlate
preoperative deltoid strength with the level of
final elbow extension torque. Other groups have

reported similar inconstant results, although



Fig. 6. (A) Funnel-shaped Dacron graft. (B) The graft is sutured to the deltoid proximally and woven into the triceps

distally.
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failure of the procedure to provide useful function

is rare. Complications are rare provided that the
patient follows the exercise protocol and does not
overstretch the transfer by performing full elbow
flexion too rapidly.

Other series. Moberg [2] reported on his initial

16 patients undergoing deltoid to triceps transfer.
Fifteen of the 16 patients experienced significant
functional improvement. Two patients experi-

enced overstretching of the transfer. Reoperation
with tightening of the transfer in one resulted in
satisfactory function. The other patient represents

the only failure.
Bryan [11] reported on seven patients who

had bilateral transfers, several simultaneously.
The results were inconsistent, with some patients

demonstrating great postoperative strength and
others little strength.

DeBenedetti [12] reported on the outcome of

20 transfers in 17 patients. The average elbow
extension strength improved from MRC grade
0.5 (0–2) to grade 3.6 (2.5–4.5) following surgery.
Fig. 7. The polyaxial brace allowing full active extension

but limiting flexion.
Using a weight and pulley system, the weight that

could be lifted by patients averaged 4.6 lb (range,
1–9 lb). All 13 patients were satisfied with their
results, and 11 stated that they would have the
procedure again.

Castro-Serra and Lopez-Pita [7] reported the
outcomes of 10 elbows in seven patients using
their method of tendon attachment. All patients

had a satisfactory outcome.
Raczka and colleagues [13] reported the out-

comes in a series of 23 transfers in 22 patients.

On objective testing, nine patients had gained
MRC grade 4 to 4þ, four patients MRC grade
3þ, and three MRC grade 2þ (but with good func-

tional improvement). Fifteen patients said they
had gained functional improvement, including sta-
bility of the arm (15), the ability to reach overhead
objects (15), turning in bed (10), pressure relief

(12), writing (12), driving ability (11), and hygiene
skills. Six patients who were not able to drive be-
fore surgery were now able to drive. One patient

went to a manual chair exclusively. One patient
said he was worse because of decreased supination,
perhaps secondary to prolonged casting. Initial

failures occurred in three patients. There were
two failures. In one patient, the original graft failed
in its mid substance; in the second patient, the an-
terior deltoid was secondarily transferred with

a gain to MRC grade 2þ.
Allieu and colleagues [3] reported the results of

their initial 21 cases. They used fascia lata rein-

forced with Dacron sutures. Although the excur-
sion and power of the transfer was less than
expected, subjectively, the results were considered

by the patients to be satisfactory despite the in-
ability to actively fully extend the elbow.

Lacey [4] reported the first biomechanical anal-

ysis of this transfer. A 5-kg pull was used to
stretch the muscle into its full passive length.
Then using intraoperative electrical stimulation,



Fig. 8. (A,B) Patient exercising her transfer with table tennis. Restoration of hand function will be performed at a later

stage.

191RECONSTRUCTION OF ELBOW EXTENSION
they determined the excursion of the posterior del-
toid to be 7.31 cm. A surprisingly flat and active
length-tension curve was measured. Postopera-
tively, elbow extension torque averaged 36.4 kg-

cm (range, 58 to 21 kg-cm). Maximum strength
was noted when the elbow was between 30 and
90 degrees of elbow flexion. They noted a large ef-

fective range for the deltoid. Clinical results were
judged to be excellent in 16 transfers. The average
MRC grade was 3 (range, 2–4). They measured 3

cm of excursion in tendon graft to achieve full mo-
tion of the elbow, substantially less than that mea-
sured for the posterior deltoid. They

recommended that tension be adjusted by putting
in the distal site first, followed by flexing the elbow
to 90 degrees and abducting the shoulder to 30 de-
grees, and putting the proximal end in while the

deltoid is pulled to its normal insertion length.
Fig. 9. Satisfactory outcome after bilateral deltoid to

triceps transfer at 2 years on the left arm and 5 months

on the right arm.
They believe that this positioning maximizes force
production in the most useful elbow range.

A later biomechanical study [14] looked at the
length-tension relationship of the posterior deltoid

to triceps transfer and compared it with the nor-
mal triceps. The investigators found that maxi-
mum torque was in 130 degrees of elbow flexion,

and that normal triceps produced an average of
27 Nm while deltoid to triceps transfer, measured
in eight tetraplegic patients, produced 7.8 Nm.

They concluded that the initial tension set by the
surgeon was the most significant variable and
was difficult to control without some type of de-

vice dedicated to attaining nominal length-tension
relationships.

In 1988, Ejeskar and Dahllof [15] updated the
results of reconstruction of elbow extension from

Goteborg, Sweden, including Moberg’s original
operated patients. Between 1970 and 1983, 40 el-
bows in 32 patients had surgery, 30 by Moberg’s

method and 10 by the method of Castro-Serra
and Lopez-Pita. Eight of the 30 patients undergo-
ing the Moberg method had full extension against

gravity, whereas only one of the ten patients un-
dergoing the Castro-Serra method achieved this.
Thirteen of the 30 patients undergoing the
Moberg method and seven of the ten undergoing

the Castro-Serra method had greater than
a 60-degree extension lag with the arm overhead
but could still control the elbow. Ejeskar advo-

cated placing steel sutures on either side of the
tendon junctures to allow an estimation of tendon
elongation in the postoperative period.

Mennen and Boonzaier [9] described a modifi-
cation of the Castro-Serra technique and reported
the results in 35 procedures performed since 1983.

His patients achieved on average the strongest
level of elbow extension torque thus reported.



Fig. 10. Functional gains after restoration of active elbow extension by deltoid to triceps transfer. (A) More efficient

wheelchair mobility, including the ability to reach the wheel posteriorly. (B) Pressure release. (C) Reaching overhead.
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Manual muscle testing (MMT) was performed.

Seven patients achieved MRC grade 5 strength,
25 patients achieved grade 4, and three patients
achieved grade 3. Three patients were able to per-

form self-transfers. One patient required re-explo-
ration and was found to have developed
a boutonnière deformity of the remaining triceps

insertion. This defect was repaired with a good re-
sult. One patient suffered a fractured humerus.

Lieber and colleagues [16] measured the extent

and timing of elbow extension torque recovery af-
ter posterior deltoid to triceps tendon transfer in
40 limbs in 23 patients and performed a compari-
son with healthy controls and persons with C7 spi-

nal cord injuries. Based on the shape of the
moment-joint angle curve and using a biomechan-
ical model, it was predicted that the posterior

deltoid was inserted at a relatively short muscle
length of 123.1 mm and thus operated exclusively
on the ascending limb of the length-tension rela-

tionship. These observations suggest that connec-
tive tissue septa restrict muscle fiber elongation
during surgical tensioning of the tendon transfer,
and that this relatively short length would result

in a significant force loss should any of the repair
sites slip or stretch during rehabilitation.

Hentz and Leclercq [17] has reported the long-

term assessment of 45 patients operated on at least
10 years earlier. Of the 21 patients who underwent
elbow extensor reconstruction, 15 had posterior

deltoid to triceps transfer. All 15 patients had re-
quired a motorized wheelchair as their primary
means of movement before surgery. Ten years
after surgery, nine patients used a manual chair

as their standard chair, and four others used
a manual chair at least some of the time. Three
patients who underwent bilateral posterior deltoid

to triceps transfer were able to self-transfer in the
early postoperative period. All three continue to
be able to perform this task, which is monumental

for a tetraplegic patient. Of the six patients having
biceps to triceps transfer (all needing contracture
release), two can use a manual chair, but not

exclusively so.

Discussion
There was initial concern that transferring part

of the tetraplegic patient’s deltoid muscle might
result in functional loss at the shoulder. Such loss
has not been found, although few studies have

addressed this question by truly quantitative
measurements. Simply moving the insertion of
the deltoid more distal on the humerus should not

change its biomechanical properties relative to its
function at the shoulder, except for potentially
weakening this part of the muscle by surgical
manipulation.

In his 1978 monograph, Moberg [18] reported
adding the anterior half of the deltoid to the trans-
fer as a secondary procedure in an attempt to

improve elbow extension power or salvage an ini-
tial suboptimal outcome. Hentz [17] has reported
a similar experience and has not seen changes in

postoperative shoulder function following transfer
of the entire deltoid muscle to the triceps inser-
tion, at least as assessed by MMT.
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No patient who has undergone this procedure
has complained about loss of preoperative shoul-
der function or strength. Furthermore, there
has been a tendency in recent years to harvest

the posterior half of the muscle rather than the
posterior third only, as initially advocated by
Moberg.

In the absence of the distal head of the
pectoralis major, Allieu and colleagues [19] has
stressed the risk of loss of anterior stability of

the shoulder after transfer of the posterior deltoid
to the triceps. In such a case, he advocates either
a change of indications to a biceps transfer or

a previous surgical step rebalancing the shoulder
by transfer of the anterior head of the deltoid
more medially on the clavicle, as described by
Buntine and Johnstone [20].

Incomplete passive elbow extension is fre-
quently seen among tetraplegic patients, commonly
as a consequence of the unopposed pull of the

biceps and other elbow flexors. In the authors’
experience, if the elbowcanbepassively extended to
within 30 degrees of full extension, the patient is

a potential candidate for deltoid to triceps transfer.
This amountof contracture canusually be stretched
to nearly full extension in the postoperative period.

A fixed extension contracture between 30 and
45 degrees should be managed by either exercise
or surgery as a separate procedure. Once nearly
full passive extension has been achieved and the

patient has regained strong elbow flexion, one can
proceed to deltoid to triceps transfer. For patients
in whom the elbow flexion contracture exceeds

45 degrees, the authors prefer to perform biceps to
triceps transfer. The greater the flexion contrac-
ture, the more likely is the recommendation for

biceps to triceps transfer. In this case, the biceps is
usually a deforming force contributing to the
flexion contracture at the elbow and keeping the
forearm in a supinated posture. This deforming

force should be treated by tendon lengthening or
tenotomy. Rather than lengthening the biceps
tendon, which always weakens this muscle, the

authors prefer to transfer it.

Comparison with outcome of biceps to triceps
transfer

The authors’ results of biceps to triceps transfer

are not as impressive as that of deltoid to triceps
transfer. This difference is most likely a conse-
quence of patient selection. All biceps to triceps

cases performed by the authors have been in the
circumstances of a significant fixed preoperative
elbow flexion contracture, usually exceeding
45 degrees and often requiring anterior capsular re-
lease and tendon lengthening of the contracted bra-
chialis muscle, or a weak deltoid muscle, indicating
a higher level of spinal cord injury.

Typically, patients cannot actively extend
through a large range against the force of gravity;
however, these patients do appreciate a gain in the

ability to position the armmore accurately in space.
One might anticipate that the transfer of an

antagonist may cause problems in rehabilitating

the transfer. One of the authors’ patients had
a less than satisfactory outcome because of
durable co-contractions of the brachialis during

attempted elbow extension.
Most published series report some loss of

elbow flexion strength [15,20,21]. In a report of
his experience with 13 elbows in eight patients,

Revol [22] stated that flexion torque decreased
by a mean of 47% following transfer. Neverthe-
less, no patient complained about this loss of flex-

ion power, and no activities of daily living were
impaired.
Part two: biceps to triceps transfer

Restoration of elbow extension is an integral
part of upper extremity surgical reconstruction in
persons with tetraplegia. Active elbow extension

results in functional gains, including increasing
available workspace, performing pressure relief
maneuvers, propelling a manual wheelchair,
enhancing self-care and leisure activities, operat-

ing a vehicle, and promoting independent transfer
[22–34]. Elbow extension is considered fundamen-
tal toward achieving greater independence. Elbow

extension against gravity further enhances these
activities, achieving activity above the shoulder
level and enhancing reachable workspace

(Fig. 11) [4]. Strong elbow extension is also a re-
quirement for upper extremity ambulation using
crutches or other support mechanisms.

Posterior deltoid to triceps and biceps to
triceps transfers are useful methods to restore
active elbow extension [22–34]. The authors previ-
ously compared these two techniques in a prospec-

tive randomized study [33]. All arms were
followed up prospectively for at least 2 years after
surgery. Elbow extension was restored in eight

arms via the deltoid and in eight arms via the
biceps. At 24 months’ follow-up, seven of the
eight biceps transfers produced antigravity

strength (grade 3 or better). In contrast, only
one arm with the deltoid transfer was able to
extend against gravity. Since that study, we have



Fig. 11. Full antigravity elbow extension after biceps to

triceps tendon transfer achieves activity above the shoul-

der level and enhances reachable workspace. (Courtesy

of Shriners Hospital for Children, Philadelphia, PA;

with permission.)
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exclusively performed biceps to triceps transfer.
This article provides an update of our results of
biceps to triceps transfers with regards to opera-

tive indications, surgical technique, rehabilitation,
and outcome.

Operative indications

Active brachialis and supinator muscles are
prerequisites for biceps transfer to maintain elbow
flexion and forearm supination [28,31,33,35]. The

evaluation of their integrity requires a careful
physical examination of elbow flexion and fore-
arm supination strength. The brachialis and supi-
nator muscles can be palpated independently of

the biceps muscle. Effortless forearm supination
without resistance induces supinator function
that can be palpated along the proximal radius.

Similarly, powerless elbow flexion incites palpable
brachialis contraction along the anterior humerus.
Equivocal cases require additional evaluation to

ensure adequate supinator and brachialis muscle
activity [28,31,36]. The authors prefer injection
of the biceps muscle with a local anesthetic (eg,
bupivacaine) to induce temporary paralysis of
the biceps, which allows an independent assess-
ment of brachialis and supinator function.

A supple elbow with near complete range of
motion is also required [30,37]. Patients with an
elbow contracture require therapy to resolve the
contracture before surgery. Numerous modalities

can correct the contracture, although serial cast-
ing is the most efficacious method for the authors.
Surgery is delayed until the contracture is less

than 20 degrees. A greater contracture prevents
the biceps tendon from reaching the olecranon
at the time of surgery.

Surgical technique

The biceps tendon is routed around the medial
side of the humerus [28,30,31,36]. The medial
method routes the biceps tendon over the ulnar
nerve, which is nonfunctional in persons with tet-

raplegia who require restoration of elbow exten-
sion. A 3-cm anterior transverse incision across
the antecubital fossa is performed. The incision

can be extended in an L-shaped fashion toward
the radial tuberosity to increase the exposure.
The musculocutaneous nerve is identified just lat-

eral to the biceps tendon and is protected through-
out the procedure. The lacertus fibrosis is incised
adjacent to the biceps tendon with protection of

the underlying median nerve and brachial artery.
The biceps tendon is traced into the forearm
toward its insertion into the radial tuberosity.
Crossing cubital veins must be ligated. Elbow flex-

ion and forearm supination facilitate identifica-
tion of the radial tuberosity. Under direct
visualization, the biceps tendon is released from

the tuberosity, and a large nonabsorbable polyes-
ter braided grasping suture is placed within the
tendon (Fig. 12). The biceps tendon and muscle

are freed from their surrounding attachments
within the arm to enhance excursion and improve
their line of pull. A second 5- to 7-cm longitudinal

incision is made along the medial intermuscular
septum. Through the medial incision, the medial
intermuscular incision is released and the ulnar
nerve identified.

A third 5- to 7-cm posterior incision is made
over the distal third of the triceps. The triceps is
sharply split over the tip of the olecranon

(Fig. 13). Previously, a suture tied over a bony
bridge was used to secure the biceps tendon within
the olecranon. More recently, a bioabsorbable

tenodesis screw (Arthrex, Naples, Florida) is
used to secure the biceps tendon within the olecra-
non. The size of the tendon is measured and



Fig. 13. The distal aspect of the triceps is sharply split

over the tip of the olecranon. (Courtesy of Shriners Hos-

pital for Children, Philadelphia, PA; with permission.)

Fig. 12. The biceps tendon is released from the tuberos-

ity and freed from its surrounding attachments within

the arm to enhance excursion and improve its line of

pull. (Courtesy of Shriners Hospital for Children, Phila-

delphia, PA; with permission.)

Fig. 14. The tendon size is measured in preparation for

tenodesis screw selection. (Courtesy of Shriners Hospital

for Children, Philadelphia, PA; with permission.)
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a similar size tenodesis screw selected (Fig. 14). A
cannulated system is used to prepare the ulna. A
drill is passed from the tip of the olecranon into

the shaft of the ulna. A cannulated reamer, 1-cm
larger than the tendon, is passed over the drill to
enlarge the hole.

The biceps tendon is passed from the anterior
incision to the medial incision (Fig. 15). The ten-
don is then directed superficial to the ulnar nerve

into the posterior incision. The biceps tendon is
subsequently passed obliquely through the medial
portion of the triceps tendon using a tendon
braider and into the split within the triceps tendon

(Fig. 16). The tendon is secured within the olecra-
non using the tenodesis screw to obtain firm fixa-
tion (Fig. 17). This maneuver automatically sets

the tension within the tendon transfer. Additional
sutures are added between the biceps and triceps
tendon.

The limb is maintained in full extension and
the subcutaneous tissue and skin closed with
nonabsorbable sutures. The tourniquet is deflated,

and a well-padded, long-arm cast is applied in the
operating room. The wrist is included within the
cast; the hand position depends upon concomitant
procedures performed for hand function. The cast
is split before leaving the operation room.

Rehabilitation
After surgery, the elbow is placed in a cast in

full extension for 3 to 4 weeks. An elbow



Fig. 16. Biceps tendon in the posterior incision adjacent

to split in triceps tendon. (Courtesy of Shriners Hospital

for Children, Philadelphia, PA; with permission.)

Fig. 15. The biceps tendon is passed from the anterior

incision to the medial incision. (Courtesy of Shriners

Hospital for Children, Philadelphia, PA; with

permission.)
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extension splint in full extension is then fabricated

for nighttime use. A dial-hinge brace (eg, Bledsoe
Brace Systems, Prairie, Texas) is fitted for daytime
use and begins as a flexion block at 15 degrees

(Fig. 18). The brace is adjusted each week to allow
an additional 15 degrees of flexion. The brace is
not advanced if an extension lag develops. Tendon

transfer firing is started in an antigravity plane.
The medially routed biceps can be palpated along
the medial humerus during active elbow exten-
sion. Verbal prompting of active elbow flexion

and active forearm supination facilitate motor
learning.

Functional activities of daily living are in-

corporated into the therapy as elbow flexion
increases each week. A dial-hinge brace is contin-
ued until 90 degrees of elbow flexion is obtained

without an extension lag. A nighttime extension
splint is maintained until 12 weeks after surgery.
Strengthening is started 3 months after surgery.

Occasionally, difficulties are encountered in per-
forming active isolated elbow flexion or extension
movements even though there is clinical evidence of

palpable muscle activation within the elbow flexors
(brachioradialis and brachialis) or transferred
elbow extensor (biceps). In these cases, surface
applied electromyography (EMG) using the Path-

way MR-20 Dual Channel EMG System (EMPI,
Dallas, Texas) is incorporated into the rehabilita-
tion paradigm to address coactivation issues.

Outcome
Clinical. The authors recently reviewed their last

29 patients (42 arms) who underwent biceps to
triceps transfer [38]. Two patients were lost to fol-
low-up; therefore, a total of 27 patients (42 arms)

were included in the study cohort. The average
age was 17.4 years (range, 11.1–20.7 years). Vari-
ous concomitant procedures were performed for
restoration of hand function.

MMT was performed according to accepted
standards [39,40]. Unwanted substitution patterns,
such as shoulder external rotation with attempted

elbow extension, were prevented. In patients who
demonstrated full active movement with gravity-
minimized and incomplete motion against gravity

(ie, extensor lag), an MMT grade of 3-/5 was as-
signed. When the patient was able tomove through
the entire arc against gravity, resistance was



Fig. 18. A dial-hinge brace is fitted for elbow flexion and

extension with an advancing flexion block. (Courtesy of

Shriners Hospital for Children, Philadelphia, PA; with

permission.)

Fig. 19. Full strong elbow flexion following bilateral

biceps to triceps tendon transfers. (Courtesy of Shriners

Hospital for Children, Philadelphia, PA; with

permission.)

Fig. 17. Biceps tendon secured within the olecranon

using the biotenodesis screw. (Courtesy of Shriners Hos-

pital for Children, Philadelphia, PA; with permission.)
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imparted against gravity and the muscle strength
regraded [39]. A grade 3 MMT implies full motion

against gravity without an extensor lag but without
the ability to extend the elbow against resistance
throughout the arc. A grade 4 MMT indicates

the ability of the patient to exert moderate resis-
tance throughout the entire available arc of passive
movement. This strict grading criterion eliminates
confusion regard the results ofMMT and prohibits

a patient from being scored grade 4 strength unless
they have achieved full available motion against
gravity (grade 3 strength).

All patients regained full elbow flexion and
forearm supination against gravity and the ability
to impart resistance to MMT (grade 4 or 5). No

patient expressed subjective complaints of de-
creased elbow flexion or forearm supination
strength (Fig. 19). The average preoperative elbow
extension strength was 0.36 (range, 0–1). Stringent

MMT for elbow extension revealed an average
muscle strength of 3.1 (range, 0–4) (Fig. 20).
Thirty-two arms (76%) were able to extend com-

pletely against gravity (MMT 3 or greater). Ten
arms (24%) were unable to extend completely
against gravity (MMT !3), and in six arms the

extension problems were directly related to com-
plications. Most patients with less than grade
3 strength were able to impart resistance through
some arc against gravity.

Complications occurred from the surgery and
during the rehabilitation process. One patient
developed a postoperative infection that required
irrigation, debridement, and intravenous antibi-

otics. His follow-up MMT grade was 3-/5. One
patient developed an unrecognized compartment
syndrome that resulted in denervation of the

transfer and a grade 0/5 manual muscle score.



Fig. 20. Grade 4/5 elbow extension following bilateral

biceps to triceps tendon transfers. (Courtesy of Shriners

Hospital for Children, Philadelphia, PA; with

permission.)

Fig. 21. EMG following biceps to triceps transfer dem-

onstrating phasic reversal with the biceps acting as an

elbow extensor and the brachioradialis as an elbow

flexor.
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Four patients attenuated their transfer during re-

habilitation. All of these patients had their biceps
tendon secured within the olecranon using a suture
tied over a bony bridge Three patients have under-

gone revision and re-attachment of the biceps to
the olecranon.

Dynamic EMG analysis. The authors have also
reported the dynamic EMG findings after biceps

to triceps tendon transfer [41]. Seven subjects
(12 arms) averaging 22 (�0.69) months after bi-
ceps to triceps tendon transfer were available for

dynamic EMG analysis and MMT. EMG data
were synchronized with the electrogoniometric
data during (1) a single elbow extension and a sin-

gle elbow flexion movement, (2) alternating elbow
extension and flexion movements at a comfortable
speed, and (3) isometric elbow extension and iso-
metric elbow flexion.

The EMG results provide convincing evidence

that the biceps EMG phasic activity changed from
an elbow flexor to extensor following transfer.
Furthermore, the brachioradialis retained its
elbow flexor activity despite being transferred

for wrist extension or pinch (Fig. 21). These find-
ings were consistent for both static (isometric) and
dynamic (single and alternating) conditions.

Discussion

Upper extremity restoration after spinal cord
injury is paramount to independence, dressing,
and wheelchair mobility. In a survey of adult men

with tetraplegia, most preferred restoration of
hand function before bowel, bladder, or sexual
function, or walking ability [42]. Because the tri-
ceps muscle (C7) is usually paralyzed after tetra-

plegia, the surgical plan includes restoration of
elbow extension [23,25,28,31,33,43]. Active elbow
extension results in functional gains and provides

an antagonist to elbow flexion that counteracts
the flexion moment produced after brachioradialis
tendon transfer [28,34].

Early reports of biceps to triceps tendon trans-
fer used either a medial or lateral routing tech-
nique [24,27,31,35,43,44]. Friedenberg [27] in
1954 initially described the lateral method and

reported on two bilateral cases. Ejeskar [24] re-
ported on the lateral route in 1988 in five patients
and noted the first complication of radial nerve

palsy, which resulted in a degradation of hand
function. The medial route for biceps to triceps
tendon transfer avoids the radial nerve

[28,30,31,33,35]. Kuz and colleagues [31]
reported on the technique of medial routing and
the outcome in three patients (four cases). All of

the patients achieved at least grade 4 elbow
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extension strength without a functional loss of el-
bow flexion strength. Revol and colleagues [35]
also reported on the medial route for biceps to tri-
ceps transfer in eight patients (13 elbows). The

mean postoperative active range of motion was
from 6 degrees of extension to 137 degrees of flex-
ion. Mean elbow flexion power was measured be-

fore and after surgery in eight patients. A 47%
reduction was noted, although no patient com-
plained about any functional impact. Functional

integration of the elbow extension was evident in
all patients.

The authors performed a prospective random-

ized study to evaluate and compare the deltoid to
triceps and biceps to triceps transfers for restora-
tion of elbow extension [33]. Sixteen arms (9 pa-
tients) were included and randomly assigned to

undergo a deltoid to triceps transfer or a biceps
to triceps transfer. All of the arms were candidates
for either procedure and were followed up pro-

spectively for at least 2 years after surgery. Elbow
extension was restored in eight arms via the
deltoid and in eight arms via the biceps. At

24 months’ follow-up, seven of the eight biceps
transfers produced antigravity strength (grade
3 or better). In contrast, only one arm with the

deltoid transfer was able to extend against gravity.
There was a significant but subclinical loss of
elbow flexion torque following both transfers.
Three months after surgery, the deltoid group

showed a 51% loss of elbow flexion torque and
the biceps group a 52% loss of elbow flexion tor-
que. By 24 months after surgery, both groups

improved but still showed an average loss of
32% for the deltoid group and 47% for the biceps
group. Nevertheless, no subject noted any func-

tional consequences attributed to the loss of elbow
flexion torque. This study changed our treatment
recommendations for surgical reconstruction of
elbow extension. Subsequently, only the biceps

to triceps transfer was recommended for restora-
tion of elbow extension. Since then, we have also
used the biceps to triceps transfer to salvage failed

deltoid to triceps tendon transfers [29].
The strength results of the deltoid to triceps

transfer in our prospective study mirrored our

larger unpublished clinical series. With few excep-
tions, patients who have undergone the deltoid to
triceps transfer are unable to consistently produce

antigravity strength long term (2 or more years)
after surgery, regardless of the type of interposi-
tion graft used. There are multiple possible causes
of the inferior results, including surgical tech-

nique, attenuation of the transfer over time, and
a faulty rehabilitation protocol with inadequate
protection of the transfer [45]. In fact, other
researchers have reported better results of the
deltoid to triceps transfer. Mohammed and col-

leagues [32] evaluated elbow extension results
after the deltoid to triceps transfer using Moberg’s
technique with a tibialis anterior free tendon graft.

Twenty-four transfers were performed, and 71%
achieved against-gravity strength. Lacey and col-
leagues [14] reported the successful outcomes of

16 posterior deltoid transfers. Median muscle
strength was grade 3 (range, 2–4), and only one
transfer was less than grade 3. Raczka and col-

leagues [13] reviewed 23 arms in 22 patients. Eigh-
teen arms were available for follow-up an average
of 49 months from surgery. Thirteen arms were
graded as muscle strength 3 or greater. Paul and

colleagues [34] reported on 11 patients who under-
went 12 deltoid transfers. Nine patients (10 arms)
were followed up for an average of 31 months.

The average muscle grade was 3.4, with seven of
nine arms obtaining grade 3 strength or better.
None of these studies describe the rigors of the

MMT procedure that we have adopted. Our strin-
gent methodology during MMT lends confidence
to the accuracy and repeatability of the strength

results.
Even with the positive reports of the deltoid

transfer, there are clear advantages of the biceps
transfer with regards to surgical technique, out-

come, and rehabilitation. First, the biceps to
triceps transfer is a straightforward procedure
that avoids any intervening graft. Tension is

simple to set via direct insertion on the bicep’s
tendon into the olecranon. Second, the biceps to
triceps transfer uniformly produces antigravity

strength as an expected outcome. Our cohort
was able to achieve full antigravity strength 76%
of the time. Of the ten arms that were unable to
extend completely against gravity (MMT !3), the

results in six arms were directly related to com-
plications. Lastly, the deltoid to triceps transfer
has demanding postoperative restrictions when

compared with the biceps to triceps transfer. The
lesser limitations of biceps to triceps transfer are
especially important for impaired persons with

tetraplegia [30,31,35].
In the authors’ experience, the outcome of

elbow extension has substantially improved since

changing from a deltoid to triceps transfer to
a biceps to triceps transfer. The latter cohort of
patients supports our clinical impression that the
biceps to triceps transfer should be the preferred

technique for elbow extension in persons with
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tetraplegia. Furthermore, EMG study shows that
the biceps can be trained to activate preferentially
during elbow extension, a reversal of its ordinary

action as an elbow flexor. There are critical
prerequisites to ensure a satisfactory outcome.
These factors include intact brachialis and supi-
nator muscles, resolution of any elbow contrac-

ture, and careful postoperative rehabilitation.
Failure to adhere to these prerequisites, such as
broadening the indications to contracted limbs

with fixed deformities or spastic limbs, will
directly diminish the outcome [10,24].
Summary

Reconstruction of elbow extension, whether
using a deltoid to triceps or biceps to triceps

transfer, has been the single most satisfying
reconstruction for the authors’ patients. Even
though the overall time for rehabilitation can

be relatively lengthy, the functional gain is sub-
stantial, predictable, and easily appreciated by
the patient. Furthermore, the risks to residual

preoperative function are practically nil. The
transfer procedure represents an important
addition to our reconstructive surgical
armamentarium.
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Pediatric Onset Spinal Cord Injury: Implications
on Management of the Upper Limb in Tetraplegia
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Spinal cord injury (SCI) most frequently oc-
curs in persons between 16 and 30 years of age. In

the United States, motor vehicle crashes and
violence are the primary causes of SCI. Violence
is a more common cause of injury among in-

dividuals who are younger, male, or African
American [1–3]. Pediatric SCI is less common
and has some particular features unique to chil-
dren. Boys outnumber girls by a ratio of approx-

imately 4:1 in adolescent and childhood SCI;
however, the frequency of SCI in boys and girls
under 5 years of age is similar. In addition, the

mechanism of injury is often different in children.
Unique pediatric mechanisms include birth
trauma, falls, child abuse, tumor, and infection

(eg, transverse myelitis) (Fig. 1) [4–9]. In addition,
children with skeletal dysplasias, juvenile rheuma-
toid arthritis, and Down syndrome are predis-

posed to cervical SCI [10].
Younger children are also prone to sustain an

SCI without radiographic abnormality (SCI-
WORA) when compared with older adolescents

or adults. Approximately 60% of children who
sustain an SCI at 10 years of age or younger will
have SCIWORA, in contrast to 20% of older

children and adolescents [11]. Despite the benign
radiologic picture of SCIWORA, these children
are more likely to have complete lesions [11]. An-

other unique feature of pediatric onset SCI is
a delay of 30 minutes to 4 days in the onset of
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neurologic abnormalities in about 25% to 50%
of children who sustain a SCI [1]. Children

with delayed onset of neurologic findings may
initially experience transient and subtle neuro-
logic symptoms, such as paresthesias or subjec-

tive weakness.
The life expectancy for children and adoles-

cents with SCI is somewhat less than that for the
general population and is a function of neurologic

level and category [1,3]. The less severe the SCI in
respect to level and completeness, the longer the
expected survival. Children who have SCI have

similar expectations of medicine and rehabilita-
tion as their adult peers. Children and youth
who have SCI return to school and are expected

to engage in activities associated with school and
home chores [2]. In these roles, they need to reach
up to write on chalkboards and are expected to

support their bodies during transfers in and out
of the wheelchair. Children who have SCI partic-
ipate in typical age-defined clubs, such as Boy
Scouts, Girl Scouts, choirs, and youth programs.

The role of the upper extremity is pivotal in their
lives. This article focuses on the pediatric upper
limb after SCI and highlights the obstacles during

reconstruction.
Initial evaluation

At the author’s center, we focus on pediatric
SCI and act as a regional and national referral
center. We use a comprehensive multidisciplinary

team approach with input from a variety of
specialties, including nurses, therapists, physiat-
rists, spine surgeons, and upper extremity sur-

geons. A global treatment plan is formulated
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Fig. 1. MRI of a 4-year-old boy who had SCI during the

birthing process. (Courtesy of Shriners Hospital for Chil-

dren, Philadelphia, PA; with permission.)

204 KOZIN
addressing the various needs of the child from skin

care through locomotion. If upper extremity sur-
gery is being contemplated, the input from the team
is critical in the decision-making process; therefore,

the initial admission usually requires a few days to
allow a complete assessment by all services.

The initial evaluation of a child requires

patience, empathy, knowledge, and a support
staff. The rapport between doctor and family
should be in lay terms with avoidance of medical

jargon. Misconceptions concerning SCI are com-
mon and should be dispelled. The concept of
a ‘‘cure’’ is always in their minds, and the team
should be prepared to answer. Parents often feel

some guilt about the SCI, and these feelings
should be recognized and addressed. Children
with SCI require medical, psychologic, financial,

and social assistance. This type of care is best
provided at an institution familiar with the care of
children with SCI, and referral is warranted.
Preoperative considerations

The preoperative evaluation is similar in chil-
dren and adolescents. The examination of a child is
always challenging. The evaluation of a child who
has SCI is even more difficult. Age-appropriate
instructions and testing is crucial. The assess-
ment of manual muscle testing is even more

difficult in young children because effort is hard
to elicit.
Age at surgery

The exact age for surgery after pediatric SCI is

unknown, and guidelines are unavailable. We
assess the child from a physical, neurologic,
emotional, and maturity standpoint. Nerve re-

covery should plateau before upper extremity
reconstruction; however, the doctrine of waiting
18 months after injury does not appear to be

justified in complete SCI. Complete injury often
recovers a spinal cord level of function within the
first 3 to 6 months after spinal column stabiliza-
tion. After this time, the chances of regaining

nerve and muscle activity that will alter function
are negligible; therefore, upper extremity recon-
struction may be contemplated after complete SCI

without any considerable change in neurologic
status over the previous 3 months. This early
reconstruction concept fosters sooner indepen-

dence, better ability to perform activities of daily
living, and quicker reintroduction into society.
This principle of early intervention does not apply

to incomplete SCI. Such injury is less predictable
regarding recovery, usually asymmetric, and often
has a considerable spastic component; therefore, it
is more difficult to formulate a reconstruction

plan.
Crucial items to consider are the ability of the

child to participate in the postoperative regimen

and the availability of family support. In com-
plete SCI, the planned procedure is unlikely to
change over time; however, the maturity level of

the child is likely to improve. If the therapist
believes that the child can and will not cooperate
after surgery, the surgery is delayed until the

child is older. The evaluation must consider the
pros and cons of surgery, and rhetoric is
necessary between the surgeon and therapist.
Successful surgery will improve independence,

whereas unsuccessful surgery may further impair
upper extremity function. Furthermore, second-
ary surgery for tendon rupture or adhesions is

difficult and the results mediocre; therefore, the
timing of surgery is a critical decision and
requires substantial consideration. In general,

we are unlikely to operate on a child before
school age but will perform surgery during
elementary school.



Fig. 2. Photograph of a 10-year-old following pinch and

grasp reconstruction who has a change in the prehensile

pattern and the ability to write with one hand. (Courtesy

of Shriners Hospital for Children, Philadelphia, PA;

with permission.)
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Assessment

The upper extremities of children who have
tetraplegia have similar features as adult onset
SCI with a few notable exceptions [12]. The upper

extremity examination should be detailed with an
assessment and documentation of active range of
motion and passive range of motion of the entire
upper extremity. If possible, pinch and grip

strength measurements should be recorded. A
modified device may be necessary to accommo-
date the small hand and the weak force produc-

tion. In addition, examination should include an
observation of prehensile patterns and adaptive
maneuvers. Children are notorious at figuring

out ways to accomplish desirable tasks, and these
‘‘adaptations’’ need to be recognized and the ef-
fect of surgery considered. For example, children
without pinch or grasp will write while holding

the pen with two hands, and surgery for pinch
may change this prehensile pattern. This adjust-
ment needs to be recognized before surgery so

that the child and parent understand the goal is
unilateral penmanship and an adjustment in writ-
ing pattern (Fig. 2).

Manual muscle testing is a subjective and
objective evaluation of muscle strength. Manual
muscle testing is performed according to accepted

standards [13,14]. Unwanted substitution pat-
terns, such as shoulder external rotation with
attempted elbow extension, are prevented. An ad-
ditional confounding factor in grading muscle

strength is the questionable ability of a child to
cooperate during resistance testing.

The examination should classify the child ac-

cording to the American Spinal Injury Association
Table 1

International Classification of Surgery of the Hand in Tetrapl

Sensibility Group Muscle

Cutaneous (Cu)

or ocular (O)

0 No muscles below elbow

suitable for transfer

1 Brachioradialis

2 Extensor carpi radialis lo

3 Extensor carpi radialis b

4 Pronator teres

5 Flexor carpi radialis

6 Extensor digitorum comm

7 Extensor pollicis longus

8 Digital flexors

9 All muscles except intrin

X Exceptions
(ASIA) or the International Classification of
Surgery of the Hand in Tetraplegia (ICSHT),

devised at the First International Conference on
Surgical Rehabilitation of the Upper Limb in
Tetraplegia in 1984 (Table 1) [15]. In contrast to

the ASIA system, the ICSHT is designed to guide
surgical reconstruction of the upper limb in tetra-
plegia (Table 2). The system categorizes patients

by the number of muscles below the elbow with
grade 4 manual muscle strength or greater. This
scheme is critical to understand and provides an

inventory of muscles available for transfer and
guidelines for surgical management.

The classification also characterizes limb
sensibility as cutaneous (Cu) or ocular (O). In-

tact cutaneous sensibility implies two-point
egia

Function

Flexion of elbow

ngus Weak wrist extension with radial deviation

revis Wrist extension

Forearm pronation

Wrist flexion

unis Finger metacarpophalangeal joint extension

(extrinsic extension of the fingers)

Thumb interphalangeal joint extension

(extrinsic extension of the thumb)

Extrinsic finger flexion

sics



Table 2

Surgical guidelines based on the International Classification of Surgery of the Hand in Tetraplegia

Group Recommended procedure Alternatives

0 Functional electrical stimulation

1 BR / ECRB, FPL tenodesis, FPL split

tenodesis, � EPL tenodesis, � thumb

CMC fusion

Functional electrical stimulation

2 Same as 1 except BR /FPL instead of

FPL tenodesis, � thumb CMC fusion

Functional electrical stimulation

3 Same as 2 plus ECRL/FDP Stage I: extensor & intrinsic tenodesis, FPL

split tenodesis, � thumb CMC fusion

Stage II: BR /FPL, ECRL/FDP

4 Same as 3 or BR / EDC & EPL, PT / FPL,

FPL split tenodesis, intrinsic tenodesis,

ECRL/FDP (needs 2 stages)

PT / EDC & EPL, BR / FPL, FPL split

tenodesis, intrinsic tenodesis,

ECRL/FDP (needs 2 stages)

5 Same as 4 Same as 4

6 BR / FPL, FPL split tenodesis, EPL / EDC,

intrinsic tenodesis, ECRL/FDP, � thumb

CMC fusion

7 Same as 6 except no EPL / EDC

8 BR/FPL, active intrinsic transfer ECRL / FDS

9 Active intrinsic transfer

Abbreviations: BR, brachioradialis; CMC, carpal metacarpal; ECRB, extensor carpi radialis brevis; ECRL, extensor

carpi radialis longus; EDC, extensor digitorum communis; EPL, extensor pollicis longus; FDP, flexor digitorum profun-

dus; FDS, flexor digitorum superficialis; FPL, flexor pollicis longus; PT, pronator teres.
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discrimination of 10 mm or less within the thumb
and index pulp, which is necessary for lateral
pinch without eyesight. Ocular sensibility indi-
cates vision as the only afferent; however, sensory

examination in the child is complicated. Thresh-
old and functional two-point discrimination are
unreliable until about 9 years of age. The wrinkle

test is helpful because a positive test indicates
some nerve innervation.
Table 3

Reconstructive ladder for hand function in spinal cord

injury

Priority Preferred technique

1 Wrist extension BR to ECRB

2 Lateral pinch BR to FPL

3 Grasp ECRL to FDP

4 Opening BR to EDC plus passive

intrinsicsplasty

5 Coordinated grasp

and opposition

FDS intrinsicsplasty plus

ECU opponensplasty

Abbreviations: BR, brachioradialis; ECRB, extensor

carpi radialis brevis; ECRL, extensor carpi radialis

longus; ECU, extensor carpi ulnaris; EDC, extensor dig-

itorum communis; FDS, flexor digitorum superficialis;

FDP, flexor digitorum profundus; FPL, flexor pollicus

longus.
Surgical approach

The surgical plan for children follows the adult
reconstructive ladder for SCI reconstruction

(Table 3). The reconstructive ladder requires
a basic understanding of kinematics and normal
hand function. Successful manipulation of objects
requires acquisition, grasp, manipulation, and

release. A combination of extrinsic and intrinsic
function leads to a coordinated grasp pattern.
This pattern of synchronous grasp and release is

markedly disrupted after SCI because the extrinsic
muscles, intrinsic muscles, or both are affected.

The reconstruction ladder begins at the first

rung, and wrist extension is the prime motion.
Wrist extension is the fundamental motion for
hand function [16]. Active wrist extension and
subsequent gravity-assisted wrist flexion provide
passive tenodesis and marginal hand function.
This motion couples wrist extension with digital
flexion and wrist flexion with digital extension.

Patients without wrist extension (ICSHT groups
0 and 1) have no means to produce tenodesis
and are unable to acquire, grasp, or release ob-

jects. Patients with group 0 function do not have
a suitable donor muscle for transfer and can



Fig. 4. Grasp restoration via tendon transfer provides

the ability to hold objects such as a bottle. (Courtesy

of Shriners Hospital for Children, Philadelphia, PA;

with permission.)
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achieve hand function only through neuropros-
thetic implantation [17,18]. Patients with group 1
function do not have wrist motion but have an
available brachioradialis muscle for transfer to

the extensor carpi radialis brevis muscle for wrist
extension. Grasp and released is performed via te-
nodesis, which can be enhanced by an orthotic

device.
Pinch restoration is the second rung and next

most important hand function (Fig. 3) [19]. For

activities of daily living, far more tasks are
performed with lateral pinch than grasp. This
fact underscores the importance of lateral pinch

reconstruction for object manipulation, such as
holding a toothbrush, pen, fork, or computer
disk. A more sophisticated form of pinch (ie,
opposition or pulp-to-pulp pinch) requires an op-

posable thumb with good control and sensibility.
Thumb opposition is a complicated function
with components of palmar abduction, flexion,

and pronation. Opposition is often beyond the
scope of restorability in tetraplegia, unless the
SCI is at a lower level with preservation of extrin-

sic function and isolated loss of intrinsic function.
Grasp is the third rung and next priority during

hand reconstruction (Fig. 4) [16]. As stated previ-

ously, synchronous grasp uses extrinsic and intrin-
sic muscle activity and is typically unobtainable in
tetraplegia. Extrinsic grasp via a tendon transfer to
restore flexor digitorum profundus function is
Fig. 3. Lateral pinch restoration via tendon transfer

enhances activities of daily living, such as holding

a toothbrush, pen, fork, or computer disk. (Courtesy

of Shriners Hospital for Children, Philadelphia, PA;

with permission.)
a realistic goal in ICSHT group 3 or greater.
This palmar grasp provides the ability to hold ob-
jects, although the digital roll-up impedes the ac-

quisition of objects with considerable diameter,
such as a cup. Persons with tetraplegia compensate
for acquisition by using wrist flexion and concom-

itant finger extension tenodesis to encircle the item
followed by active wrist extension and active finger
flexion to maintain the object within the hand.

Finger and thumb extension is the forth rung
and next priority in hand reconstruction. This
action can often be accomplished by wrist flexion
(active or passive) and concomitant passive finger

extension tenodesis. Active finger extension is
obtainable when sufficient motors exist (ICSHT
group 4 or greater). Isolated tender transfer to the

extrinsic finger extensors produces metacarpopha-
langeal (MCP) joint extension with minimal
interphalangeal (IP) joint extension. A passive

intrinsic reconstruction to limit MCP joint exten-
sion is usually necessary to provide some IP
extension. Restoration of both finger flexion and

extension requires a two-stage reconstruction
because the postoperative rehabilitations are
disparate [15]. Furthermore, this concept is ex-
tremely difficult to achieve in its entirety. Surgical

equilibrium of flexion and extension often results
in a slight imbalance toward flexion or extension.
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Intrinsic function is the last priority in hand
reconstruction, although some type of passive
intrinsic restoration is usually part of finger

extension reconstruction. Active intrinsic recon-
struction is only indicated in lower level tetraple-
gia (ICSHT groups 6 or greater) (Fig. 5). In these
patients, standard principles and transfers for low

median and low ulnar palsies are applicable to
recreate coordinated hand function.
Pediatric obstacles and dilemmas

The greatest surgical obstacle is the size of the
tendons. Adolescents with SCI have large tendons
that make possible tendon transfer with a strong

and robust weave. In contrast, young children
who are injured have small tendons that are
difficult to transfer and weave. An exception to

this rule is muscle tendon units that have persis-
tent spasticity following injury, which provides
relentless force and promotes muscle-tendon

hypertrophy. Unfortunately, these spastic mus-
cle-tendons are usually not appropriate for trans-
fers secondary to lack of volitional control.
Various surgical tactics exist to surmount the

small size of the tendons, including a reverse
weave, suture augmentation, and tendon graft.
Usually, the active donor tendon is woven into the

recipient tendon using a tendon passer; a reverse
weave implies the opposite. For example, stan-
dard active pinch transfer requires weaving the

brachioradialis through the flexor pollicis longus
tendon. In small tendons, the small proximal
tendon of the flexor pollicis longus is cut and
woven through the larger brachioradialis tendon
Fig. 5. Intrinsic reconstruction in a child who has lower

level tetraplegia using flexor digitorum superficialis in-

trinsic transfer (ICSHT groups 6 or greater). (Courtesy

of Shriners Hospital for Children, Philadelphia, PA;

with permission.)
(Fig. 6). Regarding suture augmentation, we aug-
ment the typical weave with a strong suture mate-
rial such as Fiberloop (Athrex, Naples, Florida)

passed in a running locked fashion across the
entire series of tendon weaves. Lastly, an onlay
tendon graft (usually the flexor carpi radialis
tendon) can be bridged across the coaptation sites

and sutured in a running locked fashion. All of
these measures enhance the strength of the trans-
fer but do not achieve the rigor of robust adoles-

cent or adult tendon weaves.
Another surgical obstacle in pediatric SCI is

the prevalence of fixed contractures secondary to

ongoing muscle imbalance since a young age.
This imbalance primarily affects the elbow, fore-
arm, and MCP joints. In C5-C6 SCI, the elbow
and forearm are prone to develop a contracture.

The preponderance of elbow flexors (C5 and C6)
and forearm supinators (C5 and C6) combined
with the absence of elbow extensors (C7) and

forearm pronators (C7 and C8) promotes an
elbow flexion and forearm supination posture.
Initially, this posture is passively correctable and

preventable by therapy and splinting; however,
when untreated, a fixed contracture develops
over time. We try to resolve these contractures

by therapy including modalities such as serial
casting, serial static splinting, and dynamic
splinting. In elbow contractures that can be
resolved, we then consider biceps-to-triceps ten-

don transfer to augment elbow extension and to
rebalance the elbow joint. The technique is
similar to that in adults; however, the biceps

tendon is not drilled into the olecranon because
Fig. 6. Active pinch reconstruction via brachioradialis

to flexor pollicis longus. Vessel loop around hypoplastic

flexor pollicis longus. In this case, the proximal flexor

pollicis longus was cut and woven through the larger

brachioradialis tendon (ie, reverse weave). (Courtesy of

Shriners Hospital for Children, Philadelphia, PA; with

permission.)



Fig. 8. Six-year-oldgirlwhohas supple supinationpostur-

ing of her left arm secondary tomuscle imbalance. Skin in-

cision for biceps rerouting surgery. (Courtesy of Shriners

Hospital for Children, Philadelphia, PA; with permission.)
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of the open growth plate. Instead, the biceps
tendon is woven through the triceps tendon.
A prerequisite to biceps-to-triceps transfer is
active brachialis and supinator muscles to main-

tain elbow flexion and forearm supination. Their
evaluation requires a careful physical examina-
tion of elbow flexion and forearm supination

strength. The brachialis and supinator muscles
can be palpated independent of the biceps
muscle. Effortless forearm supination without

resistance induces supinator function that can
be palpated along the proximal radius. Similarly,
powerless elbow flexion incites palpable brachia-

lis contraction along the anterior humerus. In
children, this examination is more difficult.
Equivocal cases require additional evaluation to
ensure adequate supinator and brachialis muscle

activity. We prefer injection of the biceps muscle
with a local anesthetic to induce temporary
paralysis, which allows independent assessment

of brachialis and supinator function.
Failure to correct the contracture to less than

30 degrees requires careful decision making and

input from the team. The elbow contracture can
be lessened by lengthening of the elbow flexors,
primarily the biceps and the brachialis; however,

the impact of diminished elbow flexion power
needs to be considered in the decision-making
process. In these tight elbows, we have not trans-
ferred the biceps tension to the triceps because the

foreshortened muscle-tendon unit limits excursion
Fig. 7. Eight-year-old boy who has fixed 90-degree supi-

nation contracture of his right arm secondary to muscle

imbalance. (Courtesy of Shriners Hospital for Children,

Philadelphia, PA; with permission.)
and prevents the tendon from reaching the triceps
tendon.

The forearm is prone to develop a fixed

supination deformity, which complicates recon-
struction (Fig. 7). Therapy is the principal modal-
ity to regain passive mobility. Restoration of

passive forearm rotation allows biceps re-routing
to balance the forearm joint (Figs. 8–11). A fixed
deformity implies a fixed contracture of the
interosseous membrane or an underlying bony de-

formity [20]. Correction requires a careful assess-
ment of forearm use in activities of daily living,
sensibility, and wrist extension. In children with

negligible sensibility and lack of wrist extension,
the forearm is better positioned in supination.
This position allows ocular input to assess objects
Fig. 9. Z-plasty across entire length of bicep’s tendon.

(Courtesy of Shriners Hospital for Children, Philadel-

phia, PA; with permission.)



Fig. 12. Osteotomy of the radius and ulna. Fixation with

2.4mm titanium low-contact dynamic compression plates

(Synthes USA, Paoli, PA). (Courtesy of Shriners Hospital

for Children, Philadelphia, PA; with permission.)

Fig. 10. A curved clamp (Castameda pediatric clamp,Pil-

ling Surgical, Horshan, Pennsylvania) facilitates tendon

rerouting around the radius. (Courtesy of Shriners Hospi-

tal for Children, Philadelphia, PA; with permission.)
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within the hand and prevents the wrist from flop-
ping into flexion. In contrast, children with cuta-
neous sensibility and wrist extension usually

benefit from repositioning the forearm into mild
pronation. This position promotes active wrist ex-
tension and tenodesis prehension.

Surgical methods to reposition the limb include

release of the interosseous membrane combined
with biceps re-routing, osteotomy of the radius or
ulna, and formation of a one-bone forearm

[21–23]. We have used all of these methods to cor-
rect forearm position. Currently, we favor single
bone osteotomy for correction of less than 45

degrees, osteotomies of both bones for correction
of up to 90 degrees, and formation of a one-bone
Fig. 11. Tendon passed through interosseous space,

around radius, and repaired back to proximal limb using

a tendon weave augmented with nonabsorbable suture.

(Courtesy of Shriners Hospital for Children, Philadel-

phia, PA; with permission.)
forearm for correction greater than 90 degrees
(Figs. 12–14). For a one-bone forearm, we trans-
pose the radius onto the ulna into the desired

position of forearm rotation (Figs. 15 and 16).
Fig. 13. Adequate forearm pronation after osteotomies

of the radius and ulna. (Courtesy of Shriners Hospital

for Children, Philadelphia, PA; with permission.)



Fig. 14. Postoperative radiograph demonstrating union across osteotomies of the ulna and radius. (Courtesy of Shriners

Hospital for Children, Philadelphia, PA; with permission.)
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Children with intact extensor digitorum func-
tion (C7) and absent finger flexion (C8) are prone
to develop MCP joint extension deformities

(Fig. 17). Prophylactic night-time splinting in an
intrinsic minus position will prevent the develop-
ment of these contractures (Fig. 18). Because the

hands of infants and toddlers are too small to
benefit from commercially available splints,
custom-made splints are required. This problem

epitomizes the adage that ‘‘an ounce of prevention
is worth a pound of cure.’’ A fixed deformity
impairs hand function, complicates surgical
reconstruction, and is difficult to correct. Release

of the MCP joint often results in less correction
than expected and is prone to recurrence. Restora-
tion of ‘‘balance’’ about the MCP joint is com-

plicated. The absence of the primary MCP flexor
(ie, the intrinsic muscles), the mediocre ability of
the extrinsic flexors to flex the MCP joint, and

the lack of donors for intrinsic transfer are all
confounding factors. In children with active flexor
digitorum superficialis and flexor digitorum

profundus tendons, transfer of the superficialis
tendons to the proximal phalanx rebalances the
MCP joint and improves hand function.
Rehabilitation difficulties

Rehabilitation issues are complex and begin as

soon as the cast is removed. We have developed
Fig. 15. Lateral radiograph of 100-degree fixed supination a

Hospital for Children, Philadelphia, PA; with permission.)
a layman grading scale of tendon size to facilitate
communication between the physician and thera-
pist (Table 4). This scale gauges the strength of the

tendon weave and guides the progression of ther-
apy. Robust ‘‘linguine’’ tendons can be mobilized
quickly without concern for disruption. In con-

trast, small ‘‘vermicelli’’ tendons require longer
mobilization, prolonged splinting, increased pro-
tection, and a slower rehabilitation.

Similar techniques to learn tendon transfer
apply to children and adults; however, the thera-
pist must be adept with children and skilled at the
techniques to mobilize tendon transfers. Active

motion is crucial to prevent tendon scarring and
facilitate muscle re-education; however, force
must be limited, especially in children with small

vermicelli tendons. The therapist must achieve the
correct balance between motion and tendon pro-
tection. This principle requires expertise and is

best performed by facilitates comfortable with
pediatric tendon transfers. In addition, ongoing
physician-therapist communication and inherent

trust between the physician and therapist are
mandatory items to achieve success.
Outcome

The principles and results of procedures for
upper extremity reconstruction in adult SCI

[24–27] are also applicable to children [28–30].
nd excessive bowing of the ulna. (Courtesy of Shriners



Fig. 16. Radiograph after transposition of the distal ra-

dius onto the proximal ulna to form a one-bone forearm.

(Courtesy of Shriners Hospital for Children, Philadel-

phia, PA; with permission.)

Fig. 18. Infant fitted with custom-made splint in an

intrinsic minus position to prevent MCP joint extension

deformities and the development of contractures.

(Courtesy of Shriners Hospital for Children, Philadel-

phia, PA; with permission.)
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Although the outcomes of tendon transfers on

strength, excursion, and hand grasp and release
abilities have been addressed in the literature,
the outcomes on function and participation are

only recently becoming clear. For children with
C5 level SCI, tendon transfers and upper limb
functional electrical stimulation increase indepen-
dence by reducing the amount and level of sup-

port required by a personal care attendant. In
addition, the ability to perform more activities is
achieved. Despite these promising outcomes, chil-

dren with C5 level SCI remain obligatory two-
handed persons, even with tendon transfers and
functional electrical stimulation. In contrast,

through tendon transfers or functional electrical
stimulation, children with C6 level SCI gain uni-
lateral and bimanual function. For these children,
Fig. 17. Child who has C7 level SCI, intact extensor

digitorum function, and absent finger flexion resulting

in MCP joint extension deformities. (Courtesy of

Shriners Hospital for Children, Philadelphia, PA; with

permission.)
upper limb reconstruction reduces or eliminates
the need for adaptive equipment, enabling them
to become more spontaneous throughout the
day and exert less effort to complete a task.

Because of these results and the importance of
hand function for self-care, school, and play activ-
ities, we encourage children injured as infants and

toddlers to undergo upper limb reconstruction as
Table 4

Grading scale of tendon size

Grade Inference

Linguine Early rehabilitation

Little concern for repair

failure

Active motion to prevent

motion limited scar

Spaghetti Intermediate rehabilitation

Vermicelli or angel hair Delayed rehabilitation

Considerable concern

for repair or failure

Prolonged splint protection
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soon as they are deemed candidates for the
surgery and subsequent rehabilitation.
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