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Preface

I was very enthusiastic when I was approached in November 2004 to edit a book on tissue
surgery in the New Techniques in Surgery series. I was convinced that it would be great
to have a book in a collection that so elegantly shows the progress in our understanding,
handling, and approach to different types of tissues. The greatest challenge was to ensure
that the title, New Techniques, was not misleading. My goal was to find creative con-
tributors willing to share their novel techniques, while at the same time ensuring that
the techniques were up-to-date at the time of publication. To achieve this goal, book
production could not exceed one year and the contributors had to commit to share their
most innovative approaches to tissue surgery while maintaining scheduled deadlines.
This was a challenging task, but my collaborative efforts in the field over past decade
enabled me to find creative and supportive surgeons who met those requirements. Finally,
the presentation of new techniques in surgery had to be supported by the experience
and reputation of the surgeons who introduced them.

The title of the book, Tissue Surgery, encompassed descriptions of different surgical
procedures performed on a variety of tissue types by experts in the fields of plastic
surgery, orthopedic surgery, hand surgery, esthetic surgery, and general surgery. The
twelve chapters are arranged so that a direct link exists between the recently established
procedures and alternative surgical options. Options that are technically possible and
experimentally proven, but not applied clinically on a routine basis or even—as in the
case of face transplant-not performed at this moment.

The first three chapters summarize new technical challenges in repair and restoration
of function within very specialized composite tissues, such as the those of the hand or
the leg. Chapter 1 summarizes the author’s unique concept and experience with ortho-
plastic surgery as applied to limb salvage procedures. Chapter 2 introduces clinical
application of composite tissue allograft transplants, such as the human hand, abdomi-
nal wall, knee, larynx, trachea, nerve, tendon muscle, and tongue. Mechanism of action
of different immunosuppressive regimens and their side effects are discussed. Chapter
3 introduces versatile vascular composition of small intrinsic flaps within the hand
applied for one-stage coverage of local hand defects with the advantage of early active
mobilization.

Then, Chapter 4 unique describes the integrity and mobility of the subcutaneous
tissue sliding system. It describes the author’s personal experience and philosophy on
how different tissue types in our body are interconnected and interdependent in their
function. The author nicely exemplifies this relationship by presenting the unique orga-
nization of the multimicrovacuolar absorbing sliding system. The role of this system in
Tendon tissue surgery, including human tendon allograft transplantation, is presented.
Chapter 5 is devoted to the restoration of nerve function using novel approaches and
indications for patients with diabetic neuropathy problems and patients with ankle and
shoulder pain syndromes. The authors introduce their denervation technique for patient
with temporomandibular joint problems.
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Chapter 6 outlines minimally invasive techniques applied for peripheral nerve prob-
lems in the upper extremity. Different nerve compression syndromes are demonstrated
via endoscopy , as are the results of endoscopically assisted decompression. Chapter 7
present’s a sophisticated approach to perforator flap surgery and it’s application to dif-
ferent tissues types. The author’s goal is to achieve the best aesthetic outcome while
minimizing donor site morbidity. Chapter 8 embarks on a search to reduce the risks of
free flap failure. Methods of flap conditioning and handling are presented based on the
authors’ basic science experience.

Chapters 9 and 10 outline current surgical techniques applied to the most important
organ in our body—the human face. In Chapter 9, techniques of face rejuvenation, with
novel approaches to a variety of challenging patient populations including postbariatric
surgery and HIV/AIDS patients, are presented. In contrast to traditionally accepted
approaches, such as esthetic surgery, Chapter 10 presents our preparation for the most
challenging procedure in tissue surgery—the human face transplantation.

Chapters 11 and 12 summarize the most current approaches to tissue engineering and
stem cell based therapies. The pros and cons of clinically applying artificial tissue con-
structs are presented. Methods of stem cell manipulations and propagation into the
different tissue types for healing and regeneration are discussed.

I hope that this book will not only introduce new methods and techniques in tissue
surgery, but will also stimulate philosophical and ethical discussions on our future
approaches and limitations in surgery. Maybe we are witnessing a major change in
the field of tissue surgery and we will be able, in the near future, to paraphrase the
Ecclesiastes aphorism that “There is something new under the sun.”

Maria Z. Siemionow
Cleveland, Ohio
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Orthoplastic Reconstruction of the Arms and Legs

L. Scott Levin

Introduction

By definition, a patient sustaining an open frac-
ture in an arm or leg has a soft tissue injury,
as well as a bony injury. These two injuries are
inextricablylinked. Since the days of Hippocrates,
fractures have been stabilized by using splints
or external fixators, and soft tissue injuries
have been treated with various potions and
salves. Techniques for proper limb alignment
and soft tissue as well as fracture healing have
been the subject of medicine throughout the
modern era.

The history of medicine from the 16th century
to the middle of the 19th century allows us to
introduce the concepts of orthopaedic, plastic,
and orthoplastic surgery. Individuals such as
Ambroise Paré, Gaspar Tagliacozzi, Baron
Guillaume Dupuytren, Alfred Louis Velpau, and
Jean-Francois Malgaigne were master surgeons
and are the founding fathers of these respected
specialties.

Surgical specialties developed at the conclu-
sion of the 19th century. Modern plastic surgery
has its roots in the trenches of World War I and
so is about 100 years old. Probably the first
modern orthopaedic plastic collaboration
was between Sir W. Arbuthnot Lane and Sir
Harold Gilles. In 1919, Lane, an orthopaedic
surgeon, wrote the preface for Gilles’s textbook,
and so began the modern era of “orthoplastic
surgery.”

The development of reconstructive micro-
surgery allowed modern orthoplastic surgery to
develop.In 1960, Jacobsen and Suarez introduced
the operating microscope to aid in suturing
small vessels. In 1968, Tamai reported the first
successful digital replantation. Other microsur-
gical successes evolved in the later part of the
1960s. Composite transfers of vascularized tissue

became commonplace in the 1980s, with an
explosion of techniques, flaps, and the popular-
ization of microvascular surgery, not just to
treat traumatic injuries of the hand and for
replantation, but also for elective reconstructive
surgery.! Refinements continued to take place,
including flap preexpansion, prefabrication, and
modification of tissue transfers in the 1990s.>’
In the later part of the 20th century, government
agencies, surgical societies, and insurance
companies began to ask for “outcome data,”
such as cost-effectiveness studies and patient-
satisfaction studies to determine whether
complex microsurgical procedures actually
improve quality of life.*’

Orthoplastic Surgery

Orthoplastic surgery as we define it is “the prin-
ciples and practices of both specialties orthopae-
dic and plastic surgery applied to a clinical
problem, either by a single provider, or teams of
providers working in concert for the benefit
of the patient.”>%’

More than 37 years after Tamai’s report that
generated interest from surgeons around the
world, care of the mutilated hand with micro-
surgical technique is standard practice.

The training of orthopaedic surgeons has
shifted gradually toward performing micro-
surgery, whereas traditionally, mainly plastic
surgeons have done microsurgery, depending
on nationality. Hand and microvascular fellow-
ships may or may not adequately prepare young
surgeons to perform the full spectrum of
reconstructive microsurgery, which is vitally
important in orthoplastic reconstruction.

Over the past 50 years, burn care, aesthetic
surgery, craniofacial surgery, and hand surgery
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have all become subspecialties of plastic surgery.
Similarly, orthopaedic specialization has stimu-
lated the development of separate societies
concentrating on pediatric orthopaedics, trauma,
musculoskeletal oncology, and hand surgery.
Orthopaedics is a specialty that mainly concen-
trates on functional biomechanics, bone, and
joints. Plastic surgery is a specialty that concen-
trates on aesthetics, form, and soft tissue recon-
struction. The blending of these two specialties,
“orthoplastic surgery,” simultaneously applies
the principles and practices of both specialties
to clinical problems.

Historically, process-based outcome analyses,
such as healing, range of motion, biomechanics,
and flap success were common. Now, more
emphasis is placed on patient-based outcomes
as they relate to factors such as pain, functional
outcome, satisfaction, and quality of life. When
the outcomes movement began, the challenge
was to demonstrate that this highly variable and
very expensive and complicated surgery for limb
salvage (orthoplastic surgery) was cost-effective
and could make patients better. According
to Keller, in the Journal of the Academy of
Orthopaedic Surgeons in 1990, if surgeons
cannot demonstrate this cost-effectiveness, their
services could no longer be paid for!*’

Limb Salvage

We have learned a great deal about limb salvage
compared to immediate amputation in the
injured leg. We have clear indicators based on
clinical assessment and scoring systems that we
can share with patients before we amputate. For
example, a limb that has multiple comminu-
tions, or an elderly patient with a disruptive pos-
terior tibial nerve, or an ipsilateral crush to the
tibia and foot, cannot be salvaged (Figure 1-1).
Patients that have protracted periods of isch-
emia with nerve disruption also make limb
salvage unfeasible. We must avoid the triumph
of “technology over reason.” A clear understand-
ing is needed of the prosthetic alternatives for
amputees, particularly as they relate to the new
technologies, such as carbon fiber, pilons,
energy-absorbing ankle articulations, and
special materials that allow the prosthesis to be
coupled comfortably to the extremity and that
will remain durable. The use of prostheses, such
as the myoelectric prosthesis and the “Utah arm”
for patients undergoing shoulder disarticulation

Tissue Surgery

Figure 1-1. Flailed bilateral lower extremities not amenable to salvage.

injuries or tumors to the arm, are important
to appreciate as alternatives to limb salvage
(Figure 1-2).'%101

Orthoplastic surgery can be categorized into
procedures for trauma, tumor, and septic condi-
tions, in both the arm and leg. In addition to
understanding the indications for amputations
and the alternatives to limb salvage, such as a
prosthesis, the modern orthopaedic surgeon
should understand that there are techniques,
based on biomechanics and soft tissue recon-
struction, that enable the potential amputee to
have a better functional residual limb."” These
techniques include island pedicle or free flaps
and fillet flaps to preserve not only sensibility
but leg coverage. For example, a patient with a
severe crush injury to the tibia but with a normal
foot and a normal knee may require resurfacing
or knee joint preservation or that the foot be
filleted as an island pedicle flap or even as a free
flap to provide below-knee coverage (Figure
1-3). The concept of fillet flap classifications,
indications, and analysis of clinical value has
been well described by Germann and others
from Germany. Other examples of soft tissue
augmentation of an amputation are the patient
with a hip disarticulation and the patient with a
midfoot amputation that can be effectively and
more functionally rehabilitated with a better soft
tissue envelope, often using microsurgical tech-
niques (Figure 1-4)."%"

The greatest advances in orthoplastic surgery
have been in the domains of trauma, tumor, and
septic reconstruction. In the arm, microsurgical
revascularization, rigid stabilization, and soft
tissue reconstruction are common techniques
for limb salvage.'** In addition, we are now
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Figure 1-2. a) Standard below-knee prosthesis on the left, an energy-absorbing ankle on the left. b) An upper extremity myoelectric prosthesis.

Figure 1-3. a-c) Examples of foot filet flaps in below-knee amputation.
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Figure 1-4. A transmetatarsal amputation augmented with a lateral arm free flap.

concentrating on the aesthetic aspects of post-
traumatic reconstruction; and techniques, such
as endoscopic tissue expansion, can be applied
to the traumatized limb, not only to release con-
tractures but to resurface the limb for a more
aesthetically and psychologically pleasing result
(Figure 1-5).7%

One of the pioneers of modern orthoplastic
surgery is Marco Godina, who introduced several
important concepts of limb salvage. First was the
concept of radical necrectomy, in which all non-
viable tissue is resected and then immediately
covered, such as one would do in tumor surgery
with microsurgical reconstruction. Second, the
concept of one-stage reconstruction, in which
bony and soft tissue for coverage and function
are improved to the extent possible in a single
procedure, is very important and is now widely
practiced (Figure 1-6).”

In reconstructing the arm after tumor re-
section, orthoplastic surgery integrates concepts
from reconstructive plastic surgery into ortho-
paedic oncology. For example, in a child with a
chondrosarcoma in the humerus that requires
intercalary humeral reconstruction, the tech-
niques related to tumor removal, fixation, vascu-
larizedbone grafting,and functional rehabilitation
are all important and must be coordinated.

One of the great tools in orthoplastic surgery
is the use of vascularized bone tissue, specifically
the fibula.®** The use of the fibula has under-
gone an evolution of design, beginning with
transplantation of vascularized bone only (Figure
1-7).In the 1980s and 1990s the popularity of the
peroneal system that can carry skin, muscle, and

even innervated tissue has enjoyed popularity.
An example of this reconstruction is the osteo-
cutaneous fibula graft for treating complex
forearm injuries.”

One should understand the reconstructive
ladder as it relates to the legs in trauma, tumor,
and sepsis. The proximal third of the leg, while
well suited for transfers of the gastrocnemius
muscle to repair relatively small anterior defects,
often requires free tissue transfer for closure.
One of the principles of orthoplastic surgery
when dealing with a traumatic lower extremity
lesion is to establish guidelines for treating bone
and soft tissue early in the patient’s course,
preferably the night of injury. The choice of sta-
bilization (provisional or definitive) or the
choice of coverage once an extremity is deemed
salvageable (planned bony reconstruction or
bone grafting or tendon transfers) should all be
coordinated, and a treatment plan should be
defined so that expeditious care of the patient
can be provided.

Just as microsurgery has had a great impact
on orthoplastic surgery, thin-wire fixation (the
Ilizarov technique) has had a profound influence
on lower extremity and some upper extremity
reconstructions.” The ability to do distraction
osteogenesis and angular correction of bony
deformities and juxta-articular deformities has
greatly advanced limb salvage by providing
functioning extremities. Thin-wire fixation is a
very powerful tool that, when combined with
microsurgery, can serve well the needs of injury
repair and elective reconstruction of the lower
extremity (Figure 1-8).
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Examples of lower-extremity salvage include
the use of the Ilizarov technique to temporarily
stabilize an extremity. Soft tissue work can be
done around the frame, either with local or
pedicle flaps. Then the distraction or conven-
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tional bone grafting with the Ilizarov frame can
be performed. In the leg, as well as in the arm,
the osteocutaneous fibula can provide up to
20cm of intercalary vascularized bone for
femoral or tibia reconstruction. The fibula is well

Figure 1-5. a-e) An example of aesthetic considerations using tissue expansion to remodel soft tissue after limb salvage.



Tissue Surgery

Figure 1-6. a-d) One-stage reconstruction illustrated with solid fixation of bone with Arbeitsgemeinschaft fiir Osteosynthesefragen (AO, Association for the Study of

Osteosynthesis) principles and free tissue transfer combined.

suited for repairing large defects related to
trauma or osteomyelitis in the leg. In the femur,
our preference is to fold the fibula in half, to
increase the cross-sectional area that mimics the
diameter of the femur.

The evolution of fasciocutaneous flaps, popu-
larized by Masquelet and based on angiosomes
and perforating vessels, has added greatly to

the armamentarium of soft tissue reconstructive
techniques that have allowed lower limb salvage
in cases where salvage was formerly not
possible.”

Tumor repair in the lower limb has been
enhanced by the orthoplastic approach. The use
of simultaneous free flaps with tumor extirpa-
tion and allografts, as well as the Ilizarov

lower

Figure 1-7. The osteocutaneous fibula in
reconstruction.

extremity tibia

Figure 1-8. The use of external ring fixation combined with soft tissue
reconstruction.
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technique, has salvaged limbs that would have
previously been amputated. Aesthetic consider-
ations in the leg, as well as in the arm, can be
served by tissue expansion.

Other Applications of
Orthoplastic Surgery

One of the areas in orthoplastic surgery that
deserves comment is osteomyelitis.***" Any
patient who experiences suppuration has the
right to ask the surgeon to explain how it
occurred. This right was pointed out by Carrel
in 1918 and is still true today. Cierney and Mader
classify adult osteomyelitis by anatomical type
and physiological class. The anatomic types
are medullary, superficial, localized, and diffuse.
The physiologic classes are normal, compro-
mised, and treatment-deferred. A clinical stage
is produced by combining anatomic type
with physiological class. Based on this staging

7

process, as in tumor surgery, the treatment
outcomes for long-standing osteomyelitis can
be predicted.”

The treatment algorithm involves the co-
operation of both the soft-tissue and bone
surgeons. First, radical necrectomy and seques-
trectomy is performed on all nonviable tissue
and implants. A healthy wound and healthy bone
are then established. This process often involves
removing implants; creating another stable
construct, such as use of the Ilizarov or external
fixation; treating dead space with soft tissue
techniques, such as free flaps; and subsequently
reconstructing the bone (Figure 1-9). Hyper-
baric oxygen is not important in treating osteo-
myelitis, its current role in extremity salvage
being to augment the production of granulation
tissue so that any threatened dysvascular limbs
of diabetic patients that are not candidates for
microreconstruction or macroreconstruction
can be resurfaced with skin grafts.**

Some patients undergo attempted limb
salvage with proper planning and execution,

Figure 1-9. a—c) Osteomyelitis of the tibia with filling of the dead space with a free muscle flap after adequate sequestrectomy and split-thickness skin grafting.
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only to result in failure as a result of chronic
sepsis, intractable pain, or lack of patient desire
to continue the salvage procedures. In cases
where complex reconstruction has been under-
taken to save threatened limbs, a contract should
be made with the patient and the family indicat-
ing that if the limb cannot be saved by a certain
date, amputation should be performed.

Limb salvage in patients with diabetes is
especially challenging, in that a high percentage
of diabetics experience neuropathy and struc-
tural changes caused by neuropathic changes
in the foot, resulting in abnormal stress to
the foot and leading to ulceration and skin
breakdown.* This process often results in deep
infections in the bone and soft tissue, and
because diabetes inhibits healing, these infec-
tions are often resistant to conventional treat-
ment. The first determination for limb salvage
in a diabetic patient is to determine inflow, a
fact often overlooked by primary care providers
and even by orthopedists. Often, just simple
stenting or vascular bypass procedures can
augment blood flow to the limb, resulting in
healing or promoting wound beds suitable for
simple solutions, such as skin grafts or local
flaps.**" If large areas of tissue are destroyed,
resulting in dead space, or if large areas need
resurfacing, free tissue transfers can be consid-
ered, in conjunction with or after vascular
bypass procedures.*® The amputation rate of

b
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limbs in diabetics can be as high as 50% at 5
years; thus, all attempts should be made to
salvage them.”

The Future of Orthoplastic Surgery

The future of orthoplastic surgery will be based
on the possibility of tissue transplantation.
Short of this, the use of bone allografts com-
bined with soft tissue reconstructive techniques
have been effective in salvaging limbs. Other
orthoplastic domains include reconstructing the
mandible with rigid fixation and vascularized
bone grafts. This reconstruction problem is
similar to that created by osteomyelitis in the
extremities. Often radiation-induced osteone-
crosis, or tumors with localized skin infection,
require tumor extirpation, tissue débridement,
mandibular stabilization, and soft tissue cover-
age. These procedures can be done as they are in
the extremities.

Another domain of orthoplastic surgery that
has been unrealized is the need for orthoplastic
surgery of the chest wall.”’ Although soft tissue
procedures are designed to treat mediastinitis
and to help reconstruct the chest wall, structural
instabilities, such as sternal nonunion and
chronic pain based on sternal instability, can be
treated with devices such as custom plates
(Figure 1-10).

Figure 1-10. a—c) Sternal instability treated with custom plates.
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Conclusion

Minimally invasive orthoplastic surgery has
been well developed. Current techniques for
tissue expansion are related to balloon-assisted
endoscopic tissue expansion.” Free-flap prefab-
rication using endoscopic placement of tissue
expanders has been well established and reduces
the time needed for complex limb reconstruc-
tion. With minimally invasive surgery and other
technologies, technologies in search of surgical
procedures will not sell and be helpful. The
future of orthoplastic surgery is further integra-
tion with concepts in soft tissue and bone tech-
nology and further development of limb salvage
and reconstruction.
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Clinical Application of Composite Tissue Allografts
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Introduction

Composite tissue allografts (CTAs) consist of
tissues derived from ectoderm and mesoderm
and typically contain skin, fat, muscle, nerves,
lymph nodes, bone, cartilage, ligaments, and
bone marrow. Although “nonvital” to life, these
tissues are structurally, functionally, and aes-
thetically important to patients who need func-
tional restoration of musculoskeletal defects.

Autologous tissue is the most commonly used
material for reconstructing severe burn and
traumatic injuries or cancer ablation surgeries.
Even when enough autologous tissue is available
to reconstruct large defects, functional and aes-
thetic recovery is not always ideal, and multiple
surgeries may be necessary. In addition, donor
site morbidity can be a problem in autologous
tissue grafting. Prosthetic materials are another
treatment option for large defects, but they have
all the major drawbacks of nonvital material.
Composite tissue allografts thus have great
potential for reconstructing various parts of the
body.

Composite tissue is more immunogenic than
transplanted solid organs. Although cartilage,
ligaments, and fat have low antigenicity and
bone, muscles, nerves, and vessels have moderate
antigenicity, skin develops the most severe rejec-
tion because of the abundance of dendritic cells
in the epidermis and dermis.'

Clinical Composite Tissue Allotransplants

Advances in transplantation immunology have
opened discussion on the routine clinical appli-
cability of composite tissue allografts. As of
January 1, 2005, more than 50 composite tissue
allograft transplants have been performed

worldwide, including; hand, abdominal wall,
knees, flexor tendon apparatus, nerve, larynx,
skeletal muscle, tongue, and trachea (Table 2-1).

Hand Transplants

The first hand transplantation was performed
before the cyclosporine era of immunosuppres-
sion in 1963.” The patient received steroids and
azathioprine immunosuppressive treatment. The
hand was rejected 3 weeks after transplantation.

Since the first successful hand transplantation
in 1998, in Lyon’, 25 transplants (6 bilateral) in 19
patients have been reported; 8 (6 patients) from
China, 5 (3 patients) from France, 4 (2 patients)
from Austria, 3 from Italy, 2 from the USA, 1 from
Belgium, and 1 from Malaysia (Table 2-2).*

In September 1998, a team in Lyons, France,
performed the first successful human hand
allotransplant.’ They transplanted the right hand
and distal forearm from a brain-dead donor to
a 48-year-old man whose own right hand and
distal forearm had been amputated in a 1989
accident. The induction immunosuppressive
protocol consisted initially of antithymocyte
globulin (75mg/day for 10 days), tacrolimus
adjusted to maintain blood concentrations
between 10ng/mL and 15ng/mL during the
first month, mycophenolate mofetil (MMF) (2 g/
day), and steroids (prednisone, 250 mg on day 1
and rapidly tapered to 20 mg/day). CD25 mono-
clonal antibody was given on day 26 and day 100.
Maintenance therapy included tacrolimus (to
maintain serum concentrations between 5 and
10ng/mL), MMF (2g/day), and prednisone
(20 mg/day at 3 months, 15 mg/day at 6 months).’
At 6-month follow-up, progression of motor and
sensory function was satisfactory.

In January 1999, surgeons in Louisville,
Kentucky, performed the first human hand

"
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Table 2-1. Number and Type of Composite Tissue Allografts Transplanted
as of January 1,2005, Worldwide

Hand 13 unilateral, 6 bilateral
Abdominal wall 9

Knee 3 femoral diaphysis, 5 whole knee
Flexor tendon apparatus 2
Nonvascularized nerve 7

Larynx 1

Muscle 1

Tongue 1

Trachea 2

allotransplant in the United States.’ They trans-
planted a donor hand to a 37-year-old man
whose own left hand was lost in an accident in
1985. Postoperative immunosuppressive therapy
consisted of intravenous basiliximab (20mg on
days 0 and 4), tacrolimus (target trough 15 to
20ng/mL), MMF (1 g twice daily, plasma concen-
trations between 3 and 5 ng/mL),and prednisone
(2mg/kg/day tapered to 10 mg/day by 3 months).
Neuromuscular function returned more rapidly
in the allograft hand than it does in replanted
hands, and there was less stiffness and edema.

French and Italian teams have reported the
largest series of 8 hand transplants in 6 patients
(4 single and 2 double transplants).’ In these 8
hands, the time between amputation and trans-
plant ranged from 3 to 22 years. The level of
amputation in the recipients was at the wrist in
6 hands and at the distal forearm in 2. Cold isch-
emia time ranged from 11 to 12.5 hours. The
sequence of the surgical procedure was bone
fixation, revascularization with microsurgical
anastomoses of at least one artery and vein,
tendon repair, nerve coaptation, and skin closure.
The immunosuppressive protocol included an
initial induction therapy using polyclonal anti-
bodies or anti-CD25 monoclonal antibody,
tacrolimus, MME, and prednisone. Maintenance
therapy included tacrolimus (blood levels main-
tained between 5 and 10 ng/mL), mycophenolate
mofetil (1 to 2g/day), and prednisone (2.5 to
7.5mg/day). In two cases, additional surgical
procedures were performed. Tendons were short-
ened for better wrist stability in one case, and
trauma to the extensor pollicis longus tendon
was repaired in the other.

The rehabilitation protocol started as soon as
the swelling subsided and included physiother-
apy, electrostimulation, and occupational
therapy; and therapy continued for up to 24
months. The mean postoperative hospital stay
was 22.6 days. Two of the 6 patients restarted
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their previous jobs within 5 months of surgery.
Another unemployed patient started to work
after surgery.

At least once, every patient had signs of skin
rejection, at a mean of 40 days postoperatively.
Two patients had a second rejection episode at
an average of 82 days postoperatively. After 18
months, discriminative sensation returned and
continued to improve thereafter. Motor recovery
has been good in all patients, enabling them to
perform a number of daily activities, including
eating, drinking, driving, shaving, phoning, and
writing. Functional magnetic resonance imaging
revealed progressive recovery of sensorimotor
activations of the cortex for the hand area within
6 months postoperatively, indicating a good
degree of cortical reintegration.”

The first hand transplant was re-amputated
because the patient was nonadherent to physical
therapy and immunosuppressive treatment. This
case shows the importance of patient selection;
it also demonstrates the reversibility of hand
transplantation for cases with undesired compli-
cations or for patients with unsatisfactory results.
Recently, one of the Chinese recipients experi-
enced refractory rejection, which was treated
with local injections of steroids. One of these
injections was accidentally released into the
artery, which led to graft loss.*

The main concern with hand transplantation,
as with other CTA transplants, is the need to

Table 2-2. (ases of Hand Transplantation as of January 1, 2005,
Worldwide

Date Location Transplant Type
1963 Ecuador Unilateral
September 1998 Lyon (France) Unilateral
January 1999 Louisville (KY, USA) Unilateral
September 1999 Guangzhou (China) Unilateral
September 1999 Guangzhou (China) Unilateral
January 2000 Lyon (France) Bilateral
January 2000 Guangxi (China) Unilateral
January 2000 Guangxi (China) Unilateral
March 2000 Innsbruck (Austria) Bilateral
May 2000 Kuala Lumpur (Malaysia) Unilateral
October 2000 Guangzhou (China) Bilateral
August 2000 Monza (Italy) Unilateral
January 2001 Harping (China) Bilateral
February 2001 Louisville (KY, USA) Unilateral
October 2001 Monza (Italy) Unilateral
June 2002 Brussels (Belgium) Unilateral
November 2002 Milan (Italy) Unilateral
February 2003 Innsbruck (Austria) Bilateral
May 2003 Lyon (France) Bilateral
Total 19 patients 25 hands
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expose patients to lifelong immunosuppression.
Immunosuppressive protocols used in hand
transplants are almost similar to those used in
solid organ transplants and usually include a
combination of tacrolimus, MMEF, and predni-
sone for induction therapy; and tacrolimus and
MMF or tacrolimus and prednisone for mainte-
nance therapy. Antithymocyte globulin (ATG)
and anti-CD25 monoclonal antibody were used
for induction therapy in 2 patients.® Episodes of
rejection were treated with an increase in pred-
nisone and with topical applications of steroids
and tacrolimus.

The most commonly reported complications
are transient hyperglycemia, which was treated
with insulin; viral and fungal infections,
treated with antiviral and antifungal agents; and
Cushing syndrome. High serum creatinine,
anemia, and transient hypertension and avascu-
lar bone necrosis were among other side effects
of immunosuppressive agents. These complica-
tions were treated by reducing the dosage of
immunosuppressive drugs.*®

The Carroll test was used to evaluate the func-
tional recovery of hand transplants. On a scale
of 0 to 99, with 99 being the best result, scores
greater than 85 are excellent, scores between
74 and 85 are good, scores between 51 and 84
are fair, and scores less than 51 are poor. The
average score for the first 4 (2 from USA and 2
from China) transplants was 63. This average
compares to the Carroll score of 70 for the best
replantations.*®

Hand transplantations have had successful
clinical results, and no evidence of chimerism has
been found in the transplanted hands so far.

Abdominal Wall Transplants

Levi et al. reported 9 cadaveric abdominal wall
composite allograft transplants in 8 patients.’
The abdominal wall composite allograft included
one or both rectus abdominis muscles, fascia,
subcutaneous tissue, and skin. The blood supply
was derived from the donor inferior epigastric
vessels, left in continuity with the larger femoral
and iliac vessels. In the recipient, the abdominal
wall graft vessels were anastomosed to the
common iliac artery and vein. The surface area
of coverage provided by the abdominal wall graft
ranged from 150 cm’® to 500 cm®. All transplants
were carried out without HLA (human leukocyte
antigens) matching. Seven of 8 patients received
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ABO-identical grafts. One patient with blood
type A received an ABO-identical multivisceral
graft, followed 6 days later with a blood type O
abdominal wall graft from a second donor.
Recipients received either an isolated small-
bowel or multivisceral allografts. Seven patients
received the anti-CD52 monoclonal antibody
alemtuzumab (0.3 mg/kg IV) immediately before
surgery and at postoperative days 3 and 7. Main-
tenance immunosuppression was based on
tacrolimus (10 i/L) without corticosteroids. One
patient received daclizumab as an induction
agent, instead of alemtuzumab. Intravenous cor-
ticosteroids were used to treat rejection. Of 8
patients, 6 are alive, and 5 have functioning,
viable abdominal wall composite grafts. The skin
of the abdominal wall was mildly rejected in 2
patients, but they completely recovered with
corticosteroid therapy. Transplantation of the
abdominal wall was essential for coverage of the
transplanted visceral allografts and patient’s
survival.

Knee Transplants

In 1994, Hoffman and Kirschner used vascu-
larized bone allotransplantations to treat the
sequela of tumors and trauma of the legs.' Three
patients received a femoral diaphysis, and 5
patients received the whole knee joint with its
extensor system. All patients received allotrans-
plants from ABO-matched and HLA-mismatched
donors.

Recipients received cyclosporine A (CsA;
1.5mg/kg IV), azathioprine (1.5 mg/kg IV), ATG
(4mg/kg 1V), and methylprednisolone (250 mg)
for immunosuppression for 3 days, after which
CsA was reduced to 6.0mg/kg PO and azathio-
prine to 3.0mg/kg PO. After 6 months, azathio-
prine was withdrawn, and patients were kept on
CsA alone until bone consolidation of the two
osteotomies was complete. In the femur recipi-
ents, immunosuppressive therapy was stopped
2 years after surgery.

After 2 to 5 years of follow-up, the allograft
was favorably integrated in 4 patients, and the
range of motion of the knee was satisfactory.*"
However, 1 femur allograft and 3 knee allografts
were replaced with autografts or prosthetics
because of infection. On the basis of this
preliminary study and discussions at the Second
International Symposium on CTA Transplanta-
tion in Louisville, the following conclusions
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were reached: 1) vascularized femoral diaphysis
transplantation and knee joint allografts should
be considered the last choice of treatment; 2)
intramedullary osteosynthesis appears to offer
better results than external fixation or plate
osteosynthesis; 3) cyclosporine A and azathio-
prine immunosuppression protocols have no
adverse impact on bone healing, but they did
not suppress acute or chronic episodes of rejec-
tion; 4) synovial membranes, as the primary
target of rejection, require lifelong immunosup-
pression; 5) vascularized bone allografts, as
low-flow organs, may have a high risk of throm-
bosis and necrosis; 6) more studies are required
to determine optimal cold ischemia time and
optimal storing temperature for bone grafts;
7) neuropathic arthropathy could occur as a
result of bone and joint denervation; and
8) because the procedure is complex, it should
be performed in selected centers by surgeons
with adequate backgrounds and technical
skills.

Flexor Tendon Apparatus Transplants

In 1988 and 1989, Guimberteau et al. reported
2 vascularized digital flexor tendon apparatus
allotransplants.'> Both patients had been oper-
ated on several times with unsatisfactory results.
One allograft was from a living nonrelated donor
whose little finger had to be amputated to provide
the requisite tissues. The blood group and the
HLA of donor and recipient were not identical.
Mixed lymphocyte reaction was nonreactive.
The second allograft was from a cadaver donor.
The ABO group was identical, and there was no
major HLA incompatibility between the donor
and recipient. The tendon allografts in both
cases were based on the ulnar vessels. After inset
of the grafts, the ulnar arteries of the donor and
the recipient were anastomosed. Venous anasto-
moses were performed between the ulnar veins
in the living nonrelated donor and between the
donor ulnar vein and the superficial forearm
vein in the second allograft.

Both patients received CsA monotherapy,7 mg,
for only 6 months because of the low antigenicity
of the tendon structures. The grafts were accepted
without rejection, and the vessels remained
patent. After 1 year, active flexion of fingers in
both patients had improved. In the living non-
related tendon allograft, the range of motion was
improved from none preoperatively to 75° with
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an extension deficit of 15°in the proximal inter-
phalangeal joint and to 50°in the distal interpha-
langeal joint, with an extension deficit of 45°.
There was no change in the range of motion in
the metacarpophalangeal joint. In the second
allograft, the range of motion improved from
none preoperatively to 80°in the proximal inter-
phalangeal joint, with no extension deficit,and to
55° in the distal interphalangeal joint, with an
extension deficit of 35°.

Nerve Transplants

Mackinnon et al’s series of 7 patients with
peripheral nerve allografts is the only reported
series with long follow-up.” Of 7 allografts, 4
were used in the arms and 3 in the legs.
All patients had traumatic injuries of their
arms or legs and massive peripheral nerve
deficits that could not be reconstructed by
conventional means. The grafts were harvested
from the limbs of cadaver donors and were
preserved in cold ischemia at 5°C for 7 days
before implantation. This delay was planned
to decrease the immunogenicity of the transplant
by decreasing the expression of MHC (major
histocompatibility complex) on the surface of
cells. Mackinnon et al. showed that 1 week of cold
preservation does not decrease the number
of viable donor Schwann cells but does reduce
the expression of major histocompatibility
complex class II molecules critical to T-cell
immunoactivation.'*"” In a sheep model, increas-
ing the length of cold preservation revealed
low allograft immunogenicity, as measured by
decreased and altered lymphocytic infiltration
into the nerve allografts.'®

The length of the nerve defect was 12cm to
37 cm. Because small-diameter nerve allografts
arebetter vascularized thanlarge nerveallografts,
depending on the proximal nerve stump diam-
eter, 3 to 10 cables were used. The mean total
length of the allograft used in one patient was
190 cm (range: 72 to 350 cm). The first 5 patients
received CsA (200 to 300ng/mL blood levels),
azathioprine (1 to 1.5mg/kg/day), and predni-
sone (initially 0.25 to 0.5 mg/kg/day and tapered
off over 4 to 8 weeks). Tacrolimus (5 to 15ng/mL/
blood levels) replaced CsA for the last 2 patients.
Immunosuppressive therapy was maintained for
6 months after finding evidence of nerve regen-
eration (Tinel’s sign) distal to the graft. The
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mean duration of immunosuppression was 18
months (range: 12 to 26 months). Rejection in
one patient led to graft loss 4 months after trans-
plantation. The 6 other patients recovered distal
sensibility. All recovered sensation, and 3 recov-
ered motor abilities. None of the patients showed
any evidence of deterioration of nerve function
after the withdrawal of immunosuppressive
therapy.”

Larynx Transplants

In 1998, Strome et al. performed the first success-
ful larynx transplantation.””'® The recipient was
a 40-year-old aphonic male who had sustained
a crush injury to his larynx 20 years before.
The donor was a 40-year-old male who had died
from a ruptured cerebral aneurysm. Trans-
planted complex included the donor’s larynx,
thyroid gland, parathyroid glands, 5 rings of
trachea, and most of the donor’s pharynx, to
widen the recipient’s pharynx. In the recipient,
arterial anastomoses were performed to the
superior thyroid arteries bilaterally, and venous
anastomoses were performed to the common
facial vein on the right side and to the internal
jugular vein on the left side. The patient’s right
recurrent laryngeal nerve and both superior
laryngeal nerves were coapted to the donor’s
nerves.

The patient received muromonab-CD3 (5mg/
day), cyclosporine A (500 mg/day), methylpred-
nisolone (50 mg/day, with the dose decreased to
20 mg/day by postoperative day 4),and MMF (1 g
twice daily) during the first week after surgery.
Subsequently, the patient received cyclosporine,
MME, and prednisone in progressively decreas-
ing doses. Six months after transplantation, the
patient’s blood pressure and serum creatinine
were elevated and were treated by additional
antihypertensive drugs and by decreasing the
CsA dose. At 15 months, one episode of rejection
was observed and manifested by reduction in the
quality of the voice and ultimately aphonia. The
larynx returned to normal within 3 days of treat-
ment with high doses of prednisone. Then, CsA
was replaced with tacrolimus.

The patient’s phonation improved steadily
and became stable at normal levels 16 months
after transplantation. At 16 months, the pitch
of the voice changed and became more natural.
At 36 months, the speech of the patient was
almost normal. The patient obtained efficient
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deglutition after 3 months. Currently, the patient
talks with a natural and intelligible voice, feeds
himself without aspiration, and has an improved
sense of taste and smell."® Four years after trans-
plantation, laryngeal electromyography revealed
re-innervation of the laryngeal muscle.”
Potential candidates for laryngeal transplan-
tation include aphonic patients with laryngeal
trauma, large benign chondromas, or laryngeal
carcinoma who are cancer-free for 5 years.

Muscle Transplants

In 1998, vascularized skeletal muscle allografting
was done to cover a large defect in the scalp of
a renal transplant patient who was on chronic
immunosuppressive therapy (CsA and predni-
sone).”’ After the second cadaveric renal trans-
plant, squamous cell carcinoma developed in
the scalp. The tumor was excised, and the
defect was reconstructed with a cadaveric
vascularized rectus femoris muscle flap. The
patient received methylprednisolone, 1g, and
rabbit antithymocyte globulin, 1.5mg/kg IV,
before revascularization. He was returned imme-
diately to his baseline immunosuppressive
regimen of prednisone and CsA. A muscle biopsy
2 weeks after transplant revealed perivascular
lymphocytic infiltration, and MMF (1000 mg PO
b.i.d.) was administered, and the dose of CsA
was increased. At 18 weeks, MMF was stopped,
and the patient was kept on chronic CsA and
prednisone. This patient is still under immuno-
suppression for kidney transplant with no
reported complications.

Tongue Transplants

On July 19, 2003, the world’s first tongue trans-
plantation was performed, in a patient with
tongue cancer.”’ No report on the immunosup-
pression protocol was given for this procedure.
The patient was discharged from the hospital 1
month after surgery with a tracheostomy and a
gastrostomy. After 8 months, there was no sign
of rejection, and the patient was able to swallow
his saliva and some fluids. Although tongue
transplant represents a promising alternative for
conventional tongue reconstruction, it is unlikely
to restore a sense of taste. Longer follow-up is
needed to address this issue.
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Trachea Transplants

Transplantation of the human trachea remains
an unsolved technical problem because the
trachea lacks of a well-defined blood supply.
Although a number of experimental approaches
have been studied to solve this problem,? only
a few attempts to transplant the trachea in
humans have been reported. In 1979, Rose et al.
reported a heterotopic implantation by wrap-
ping the trachea in the sternocleidomastoid
muscle.” Three weeks later, orthotopic im-
plantation was performed, accompanied by a
vascularized muscular section from the sterno-
cleidomastoid. After 9 weeks, and without
immunosuppression protocol, no signs of rejec-
tion or ischemia were apparent. However, no
further information on the long-term results is
available.

Levashov and colleagues reported the second
case of human tracheal transplantation in 1993.%*
A 24-year-old woman with idiopathic fibrosing
mediastinitis affecting the thoracic segment of
the trachea received an allograft replacement of
the distal trachea wrapped with omentum.
Although the patient was on cyclosporine A
immunosuppression, early rejection after 10
days was treated by increasing the dose of immu-
nosuppression. The functional outcome after 2
months of transplantation was good. However,
progressive stenosis eventually required perma-
nent stenting of the trachea.

In 2004, Klepetko et al. reported heterotopic
tracheal transplantation with omentum wrapping
in the abdomen.® A 57-year-old patient with
chronic obstructive pulmonary disease and
low-segment tracheal stenosis was accepted
for lung transplantation and 2-stage tracheal
allotransplantation. During lung transplanta-
tion, the trachea was wrapped with omentum
in the abdomen. Triple immunosuppressive
therapy was started with intravenous cyclospo-
rine A, MME, and corticosteroids, and was main-
tained orally thereafter. Eight months after lung
transplantation, 5cm of tracheal segment was
excised, and the defect was closed with no need
for tracheal allograft transplantation. Therefore,
the tracheal allograft was harvested and investi-
gated completely. Hematoxylin-eosin staining
revealed vital cartilage covered by respiratory epi-
thelium. The tracheal wall was highly vascular-
ized, indicating allograft viability without signs of
rejection.
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Immunosuppressive Drugs
Currently Used in Composite
Tissue Allograft Transplants

Currently, immunosuppressive drugs are used
to induce, maintain, and treat acute episodes of
graft rejection (Table 2-3). All current immuno-
suppressive drugs target activation of T cells, pro-
duction of cytokines, clonal expansion, or a
combination of all these factors (Table 2-4; Figure
2-1).%

Immunosuppression Induction Protocols

The aim of inducing immunosuppression after
transplantation is to suppress the immune system
for a short period (2 weeks) to reduce the pos-
sibility of hyperacute (within 10 days after trans-
plant) and acute rejection (within 3 months after
the transplant).*

Table 2-3. Immunosuppressive Therapy Regimens Used in Transplanting
Composite Tissue Allografts

Maintenance

Transplant Induction Therapy Therapy
Hand ATG Tacrolimus
Anti-CD25 MoAb MMF
Tacrolimus Prednisone
MMF
Basiliximab
Prednisone
Abdominal wall Anti-CD52 MoAb Tacrolimus
(alemtuzumab)
Daclizumab
Vascularized bone ATG CsA
CsA Azathioprine
Azathioprine
Prednisone
Nonvascularized CsA or tacrolimus CsA or tacrolimus
nerve Azathioprine Azathioprine
Prednisone Prednisone
Vascularized tendon (A (A
Nonvascularized (A (A
trachea MMF MMF
Larynx OKT3 CsA or tacrolimus
CsA MMF
MMF Prednisone
Muscle ATG CsA
Prednisone

ATG = antithymocyte globulins
MMEF = mycophenolate mofetil
CsA = cyclosporine A

OKT3 = anti-(D3 antibody
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Induction protocols consist of a 7-day to 14-
day course of treatment. Immunosuppressive
drugs commonly used for induction therapy
are polyclonal antithymocyte globulins (ATG),
anti-interleukin-2 (IL-2) receptor monoclonal
antibodies (daclizumab and basiliximab), and
anti-CD3 monoclonal antibodies, such as OKT3.

Immunosuppression Maintenance Protocols

Maintenance drugs are used to diminish the
ability of the recipient’s immune system to iden-
tify and reject the transplanted tissue. Various
combinations of immunosuppressants are used
for maintenance therapy. Different combina-
tions achieve a potent immunosuppressive effect
with the use of low doses of individual drugs.
Combinations usually aim to minimize the
adverse and toxic effects of these drugs and,
in the meantime, to block T-cell activation
at various steps. These protocols commonly
include corticosteroids combined with calcineu-
rin inhibitors (CsA, FK-506), antiproliferative
agents (azathioprine, MMF), and rapamycin
inhibitors (sirolimus).

Treatment of Acute Rejection

Corticosteroids are the first choice of treatment
in acute rejection episodes. In cases where corti-
costeroids do not suppress acute attacks of rejec-
tion, the drugs used in induction therapy (ATG
and OKT3) or maintenance therapy (tacrolimus
and sirolimus) can be used. Topical corticoste-
roids and topical tacrolimus have successfully
treated rejection in recipients of composite tissue
grafts.”

Calcineurin Inhibitors (Cyclosporine A
and FK-506)

Calcineurin is a phosphatase that is important
for IL-2 gene transcription and release by T
cells. Phosphorylation and dephosphorylation
of specific proteins help regulate cytokine pro-
duction in T cells. Both CsA and tacrolimus are
prodrugs; they need to form a complex with cel-
lular proteins called “immunophilins” before
exerting their effects. Cyclosporine A binds to
cyclophilin, whereas tacrolimus binds to FK-
binding proteins. After the drugs are bound,
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they render the calcineurin complex inactive,
preventing subsequent gene transcription of IL-
2, thereby reducing the production of IL-2, a key
cytokine for T-cell expansion, and of other
cytokines.”

Cyclosporine A is a metabolite extracted from
Trichoderma polysporum fungus. Cyclosporine A
is highly specific for T cells and inhibits the acti-
vation of both CD4" and CD8". The effects of CsA
in suppressing IL-2 production can be reversed
by discontinuing the drug. The effect of CsA in
blocking IL-2 release can be increased when used
in combination with corticosteroids.***

Tacrolimus (FK-506) is a metabolite of an acti-
nomycete, Streptomyces tsukubaensis, and is an
effective alternative to cyclosporine. The struc-
ture of tacrolimus is different from that of CsA,
and the mechanism of action is similar to that of
cyclosporine. In vitro, tacrolimus appears to be
100 times more potent than CsA.” Tacrolimus
suppresses transcription of cytokines IL-2, IL-3,
IL-4, IL-5, IFN-y, and TNF-0, as well as granulo-
cyte macrophage colony stimulating factor.”

Both tacrolimus and CsA have similar renal
and hepatic toxicities, but they differ in other
toxic side effects. Patients treated with tacroli-
mus have a higher incidence of diabetes mellitus
but a lower incidence of hypertension, hyper-
lipidemia, and hirsutism.” Tacrolimus is more
potent than CsA in enhancing peripheral nerve
regeneration and is therefore commonly used in
human hand transplantation.”

Sirolimus (TOR Inhibitor)

Sirolimus (rapamycin) is structurally similar
to tacrolimus and is extracted from the actino-
mycete Streptomyces hygroscopicus. Sirolimus,
like tacrolimus, binds to FK-binding protein-12,
but unlike tacrolimus, it does not inhibit calci-
neurin phosphatase. Sirolimus blocks calcium-
independent events during the Gl phase. Its
immunosuppressive effect is by inhibiting TOR
(target of rapamycin), which is an important
enzyme in T-cell proliferation. TOR inhibitor,
unlike calcineurin inhibitors, fails to interfere
in the early events after T-cell activation.
However, it overcomes other CsA-resistant path-
ways in T-cell and B-cell stimulation. Therefore,
it inhibits the proliferation and maturation of
B cells, which leads to extreme depression of
host alloantibodies after allografting in a sensi-
tized host.*
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Adding sirolimus to combination regimens
has allowed the dose of calcineurin inhibitors to
be reduced, thus decreasing the nephrotoxicity
associated with calcineurin inhibitors without
decreasing graft survival.” The main side effects
of sirolimus are hypercholesterolemia, leuko-
penia, and thrombocytopenia; and, unlike calci-
neurin inhibitors, hypertension, nephrotoxicity,
and hepatotoxicity are not common.*

Corticosteroids

Corticosteroids are nonspecific anti-inflamma-
tory agents that inhibit cytokine production by
T cells and macrophages. In the initial phase of
transplantation, they affect cytokine gene tran-
scription and inhibit the secretion of several
important cytokines, such as IL-1, IL-2, IL-6,
TNF-f,and IFN-y,which are important in inflam-
matory reactions.

Corticosteroids were originally used to treat
acute episodes of rejection in patients on aza-
thioprine maintenance therapy. Currently, lower
doses of corticosteroids are used in combination
with other immunosuppressive agents or in short
courses of high doses to treat acute rejection. Cor-
ticosteroids are also used to treat graft-versus-
host disease after bone marrow transplantation
and to minimize hypersensitivity reactions
caused by induction immunosuppressants, such
as monoclonal antibodies and antithymocyte
globulin.”

The major adverse effects of high doses of cor-
ticosteroids are myopathy, diabetes, weight gain,
fracture, peptic ulcers, gastrointestinal bleed-
ing, opportunistic infections, and poor wound
healing.

Antiproliferative Agents

Azathioprine, a purine analogue, has been used
clinically since 1963. It changes in the liver to
6-mercaptopurine, then enters the cell to be
converted to 6-mercaptopurine ribonucleotide,
which resembles inosine monophosphate. This
structural resemblance interferes with the cel-
lular synthesis of DNA, RNA, and other cofac-
tors. It acts early during the proliferative cycle of
effector T-cell and B-cell clones. Recently, it has
been replaced by MME, which is more effective
during the first 1 to 3 years after transplant. The
major toxic side effects of azathioprine are
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bone marrow suppression, hepatotoxicity, and
increased risk of malignancy.

The immunosuppressive activity of MMF is
through inhibition of the purine synthesis
pathway. It is a potent, reversible, noncompetitive
inhibitor of inosine monophosphate dehydroge-
nase. Inosine monophosphate dehydrogenase is
an essential enzyme for DNA synthesis in both T
cells and B cells; thus MMF selectively blocks pro-
liferation of T cells and suppresses antibody
formation by B cells, sparing bone marrow and
parenchymal cells, which rely more on the salvage
pathway for purine synthesis.”

The side effects of MMF include diarrhea,
esophagitis, and gastritis. The risk of leukopenia
and opportunistic infections is similar in both
MMF and azathioprine.?

Interleukin-2 Receptor Antagonists

The IL-2 receptor is a complex of several trans-
membrane polypeptide chains. Daclizumab
(Zenapax) and basiliximab (Simulect) are spe-
cific monoclonal antibodies that bind to the
alpha chain of IL-2 receptors. The clinical use of
these agents was associated with no major side
effects, such as malignancy or opportunistic
infections, when compared to placebo.”

Lymphocyte-Depleting Agents

Anti-CD3 antibody (OKT3) is a mouse-derived
monoclonal antibody that binds to the CD3 gly-
coprotein on the T-cell surface, preventing
antigen binding to the antigen recognition
complex and blocking cell-mediated cytotoxic-
ity. The side effects of OKT3 range from a mild
flulike illness to a life-threatening shocklike
reaction (cytokine release syndrome), encepha-
lopathy, nephropathy, and hypotension. Cytokine
release syndrome can be minimized by high
doses of steroids a few hours before administra-
tion of OKT3.*

Antithymocyte globulin (ATG) is prepared
from hyperimmune serum of horses and rabbits
that were immunized with human thymic lym-
phocytes. ATG works by binding to the surface of
T cells and depleting both circulating T cells and
those within lymphoid organs. Polyclonal ATG
causes lymphocyte depletion by complement-
dependentlysis,opsonization,and apoptosis,and
markedly affects other T-cell receptors by down-



20

regulation or binding.”® The main side effects of
ATG are flushing, fever, anaphylaxis, and serum
sickness. Other toxic effects include phlebitis,
leukopenia, thrombocytopenia, and nephritis.

Conclusion

It is evident that clinical application of CTA
transplants is feasible and remarkably expands
the quality of reconstructive options and proce-
dures. However, the ongoing debate is whether it
is ethical to commit patients to lifelong immu-
nosuppression for “nonvital” organ reconstruc-
tions. The risks and benefits should be carefully
weighed for each individual patient before CTA
transplantation is warranted. At this point,
because the tolerance-inducing strategies are not
yet available, the most justified procedures are
those in patients who are already on immuno-
suppressive therapy for the solid organ trans-
plants. The perfect example is the concomitant
transplantation of the entire abdominal wall
allograft in the recipients of the multivisceral
organ transplants.

The technical feasibility and the functional
outcomes of CTA transplants are exciting. The
introduction of tolerance-inducing strategies
will bring CTA transplants closer to the routine
armamentarium of reconstructive procedures.
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Advanced Concepts in Vascularized Tissue

Transfer in the Hand

Holger Engel and Giinter Germann

Introduction

Soft tissue defects in the hand with exposed
tendons, bones, or joints often present difficult
reconstructive problems.'™"* These problems are
usually related to the limited availability of local
flaps and to the technically demanding dis-
sections of their delicate vasculature.'®** Micro-
surgical dissection techniques and a precise
knowledge of anatomy are required to success-
fully release these flaps. Rediscovery of anatom-
ical studies by Spalteholz, Manchot, and
Salmon**** provided the impetus for modern
anatomical studies of the vasculature of the
hand.”** These studies in turn led to a new gen-
eration of flaps in a wide variety of sizes and
from a wide variety of donor sites. Most of these
flaps are from the dorso-lateral aspect of the
hand and digits; only a few are raised at the
palmar aspect.” In this chapter, we review
some advanced concepts of transferring intrin-
sic flaps of the hand, including complex recon-
struction with multiple-component chimeric
flaps.

Venous and Arterial Anatomy of the
Hand and Fingers

There are two venous systems in the hand: a
deep system with small, hardly visible concomi-
tant veins running with the arteries; and a more
superficial, large-calibre cutaneous system.*™*
Venous valves are consistently found in veins
with a calibre of 0.2 mm or larger. The only
important exception concerning the presence
of these valves seems to be the venous arches

that allow either radial-ulnar or palmar-dorsal
drainage, such as veins close to all joints and
subdermal veins on the dorsal, palmar, and
lateral surfaces of the hand and fingers. Finally,
the orientation of the venous valves indicates
that the direction of the venous flow generally is
from the palmar to the dorsal side of the hand,
and from the superficial to the deep vein
system.

All arteries of the hand and fingers originate
from the main forearm vessels: the radial, ulnar,
and anterior and posterior interosseous arteries.
These arteries are the tributaries to the vascular-
ity of the wrist, which appears to be that of two
palmar (superficial palmar and deep palmar
arch) and three dorsal carpal arches (basal
metacarpal arch, dorsal intercarpal arch, dorsal
radiocarpal arch; Figures 3-1a and 3-1b).*

The common digital arteries usually branch
off the superficial palmar arch to divide into the
radial and ulnar proper digital arteries at the
level of the metacarpal head. The palmar meta-
carpal arteries are fed by the deep palmar arch.
After running as a single vessel, each palmar
metacarpal artery divides into two and exits lat-
erally from under the palmar plate to cradle the
metacarpal head or to connect with a common
digital artery. The four dorsal metacarpal
arteries are based on the three dorsal carpal
arches.”

Important for understanding the great versa-
tility of intrinsic flaps based on this network is
the fact that each artery connects with the palmar
arterial system, both proximally and distally. The
main connecting vessel is the palmar perforator
in the web space, usually forming the feeding
vessel for the dorsal metacarpal artery flap
(Figures 3-1a and 3-1b).”
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Figure 3-1. (a) Arterial anatomy of the palm. (b) Dorsum of the hand.

Principles of Intrinsic Flap Design

The rapid evolution of surgical and technical
expertise and increasing anatomical and clinical
knowledge has lead to a high standard of soft
tissue reconstruction of the hand. In contrast to
traditional distant pedicle flaps, intrinsic flaps
permit immediate wound closure and early
active mobilization and physical therapy. This
one-stage concept avoids the drawbacks of
distant pedicle flaps, such as multiple proce-
dures, extended immobilization, prolonged time
off work, and increased treatment cost. Besides
a sound knowledge of the anatomy, reconstruct-
ing defects in the hand requires an algorithmic
approach to select the ideal flap in the particular
clinical situation. A thorough analysis of the
defect is the first step in the reconstruction algo-
rithm and has to precede the selection of any
reconstructive procedure. Decisions are based on
the evaluation of 1) the size of the defect, 2) the
location of the defect, 3) any missing tissue com-
ponents, 4) the degree of sensation required, 5)
treatment options, 6) contraindications to treat-
ment, and 7) the personal profile of the patient.
All factors need to be assessed to determine
whether the defect can be reconstructed by local
means or whether a distant pedicle flap, or even

a free flap, is indicated. Flap choice also depends
more on the patient’s profile than on the charac-
teristics of the defect. Whenever possible, the
patient’s desires and expectations should be dis-
cussed before surgery to avoid later problems
with unsightly donor sites, impaired mobility of
digits, or other possibly unpleasant results.

In addition to algorithmic problem solving,
every surgeon has to consider the technical
aspects in designing flaps in the hand and fingers.
The following principals may appear trivial, but
many flap failures can be traced back to an error
in planning the flap (Figure 3-2):

1. Adequate flap size;

2. Adequate length and arc of rotation (that is,
no tension or kinking of the pedicle);

3. Adequate protection of perfusion (no inap-
propriate tension on the pedicle flaps);

4. The location of a skin island in an axial island
or in dorsal metacarpal flaps; and

5. The location of perforators in axial island
flaps.

The quickest, easiest, and safest methods best
suited for the patient should be used to obtain
the best possible outcome. The ideal solution
is considered to be a flap that 1) meets the
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Figure 3-2. Algorithm for analyzing a defect before designing any flap.”

requirements of the patient, 2) has acceptable
donor-site morbidity, and 3) is the least techni-
cally difficult.

Classification of Intrinsic Flaps

Intrinsic flaps, and flaps in general, can be clas-
sified according to 1) vascular anatomy, 2) their
method of use, 3) the tissue components they
include, 4) the perfusion pattern (antegrade or
retrograde), or 5) the location of the donor site.

Flaps are generally divided into random-
pattern flaps and axial-pattern flaps. Because of
the rich vascular network described above, flaps
can be based on proximal or distal pedicles.
Proximally based flaps are called “antegrade
flaps.” Flaps that are nourished by distal inflow
are called “retrograde flaps.”

Traditional Flaps

Several intrinsic flaps have been used in recent
decades. Among the more frequently employed
are random-pattern flaps, which are the classic
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cross-finger flap or the thenar flap; and axial-
pattern flaps, the prototypes of which were the
Littler flap or the Hilgenfeldt flap (later described
by Foucher as the “kite flap”), both used as het-
erodigital flaps for reconstructing the pulp of the
thumb. On the basis of these classic descriptions
and on additional anatomic studies, modifica-
tions, and refinements, new types of flaps have
been developed and are described in more
detailed below.

Cross-Finger Flaps

The classic “cross-finger” flap has been modified
into several forms. All these forms are princi-
pally considered to be random-pattern flaps,
although small axial cutaneous branches may be
included in some modifications, as for example
in the C-ring flap, which contains defined vessels
to enhance its versatility and mobility.” The C-
ring flap is either a proximally or distally based
flap that consists of the semi-circumference of
the digit (Figure 3-3).*

The “cross-finger” flap can cover larger
complex defects in the distal middle phalanx and
can also be re-innervated, but its arc of rotation
is limited because of the short pedicle. Therefore,
the most important principle in planning a
cross-finger flap is to square the defect and to
adjust the level of the defect in the digit to the

Proximally based
C-ring flap

Palmar digital
nerve

Digitally

Figure 3-3. Steps in elevating the C-ring digital flap.
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level of the flap to avoid tension on the flap.
Some temporary flexion of the donor or recipi-
ent finger may be necessary to reduce tension on
the flap. The largest flap can be raised on the
middle phalanx. The paratenon must be pre-
served to secure grafting at the donor site. Donor
site morbidity can be considerable if the semi-
circumference of the digit is raised.

Reverse Cross-Finger Flaps

Reverse cross-finger flaps are used to repair
dorsal finger defects of the adjacent finger.* The
choice of the donor finger and the donor region
is based on the same considerations as in the
traditional technique.

Tissue Surgery

The technique follows the “open the door-
close the door” principle. After elevating the
skin of the donor site as a pedicled vascularized
dermal flap (“open the door”), the subcutaneous
tissue is elevated in the opposite direction by
placing its base adjacent to the recipient finger,
preserving the paratenon. The subcutaneous
flap is then flipped over like the page of a book
and sutured into the defect. After the subcutane-
ous flap is inset, the pedicled vascularized
dermal flap is sewn back into its bed (“close
the door”), and a tie-over dressing is applied.
A split-thickness skin graft (STSG) is applied
to the reversed surface of the reversed subcuta-
neous flap. Securing the flap with sutures,
buddy taping, or k-wire fixation is mandatory
(Figure 3-4).

Reversed flap covering

Elevated thin a
full-thickness
skin flap

Elevated full-thickness
subcutaneous flap with b
intact skin island

No tie-over dressing on
skin graft covering
reversed surface
of reverse cross

/

/ d
Tie-over dressing on donor
area skin coverage

recipient defect and

reconstructing avulsed

eponychial defect
\

Thin full-
thickness
skin graft

Originally elevated
thin full-thickness
skin flap covering
donor defect

Figure 3-4. Reversed cross-finger flap.®
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Figure 3-5. Homodigital adipofascial palmar flap. (Voche P, Merle M.The homodigital subcutaneous flap for cover of dorsal finger defects. B J Plast Surg. 1994;47(6):
435-439. Copyright (1994), with permission from The British Association of Plastic Surgeons.)

Variations of Random-Pattern Flaps

Another option to cover a dorsal defect of the
finger is a homodigital adipofascial palmar flap,
as described by Voche and Merle (Figure 3-5).*"%
In anatomic studies, they documented the vas-
cular supply of the palmar subcutaneous tissue,
and they use this layer as a turnover flap to cover
dorsal defects. This flap definitely has potential,
but very delicate dissection is required to pre-
serve the paratenon of the flexor tendons and to
avoid injuring the neurovascular bundle.

Flaps With Axial-Pattern Perfusion

Axial-pattern flaps are characteristically based
on a defined vessel that independently perfuses
the area of the flap, either directly or through
perforating branches. The design of axial island
flaps, most frequently used as digital or dorsal
metacarpal flaps, varies substantially from that
of a local transposition flap. The size of the flap

should match the size of the defect, with only a
slight overcorrection. Most surgeons design the
skin island slightly larger to avoid any tension on
the flap. This is usually tolerated by the flap.
Flaps that are too large for the defect may result
in venous congestion rather than in additional
safety to the flap.

The arc of rotation, which is determined
by the length of the pedicle, is of utmost
importance for the success of an axial island
flap. It is even more important in reverse pedicle
flaps. Antegrade flaps usually do not exceed
an arc of rotation of 90° to 120°, which greatly
reduces the risk of kinking. Reverse pedicle
flaps frequently have arcs of rotation of 180°.
In these flaps, if the pedicle is not long enough
to allow a wide arc, kinking of the pedicle
can jeopardise venous outflow. Adding 10% to
15% more length to the pedicle, avoiding the
use of narrow tunnels for the pedicle, and
using a loose closure of the wound, should be
included into the flap design to avoid these
complications.
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Antegrade and Retrograde Homodigital
Artery Flaps

Homodigital island flaps, antegrade or reverse,
can be employed to repair various types of
defects from complex injuries of the hand, espe-
cially when easier techniques, such as cross-
finger flaps, are not possible as a result of severe
multiple finger injuries.

These flaps rely on one of the digital arteries
or on a perforator branching off these vessels,
together with their concomitant veins, which
are protected on the palmar side by the Grayson
ligament and on the dorsal by the Cleland
ligament.

A retrograde pedicle is possible by using ret-
rograde blood flow through the finger’s palmar
arches at the DIP (distal interphalangeal) or PIP
(proximal interphalangeal) level,”>™" where a
palmar arch runs between the flexor tendon
sheath and the bone (Figure 3-6).” The integrity
of these transverse digital arches is essential for
a successful flap. The vascular pedicle is reliable,
and the arc of rotation is wide enough to reach
the PIP and DIP joints; therefore, these flaps are
indicated for distal homo-digital dorsal defects,
especially over exposed joints and fingertip
injuries, with acceptable donor site morbidity.
A full-thickness skin graft for the donor site is
required.

Heterodigital Island Flaps

Heterodigital arterialized flaps are useful for
resurfacing large defects in the hand, as well
as the palmar, dorsal, and lateral aspects of
adjacent fingers that are too big for local trans-
position flaps. The flaps are thin and pliable,
and the morbidity to the donor finger is

Retrograde
pedicle
design

(Homodigital

island flap)

Figure 3-6. Design of a reverse homodigital artery flap.'
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minimal. The flap is based on the digital artery
of an adjacent finger, and in some cases
includes a vein from the dorsum of the finger.
This vein improves flap hemodynamics and
prevents venous congestion in the flap, which
can occur in island flaps from the fingers
that depend solely on the venae comitantes
of the digital artery.” If a longer reach is
required, the heterodigital arterialized flap
can be extended by dividing the dorsal
vein. Once the flap has been transferred, the
venous pedicle of the flap can be reconnected
microsurgically.” Clinical cases reported by
Tai et al. showed complete flap survival with
no postoperative venous flap congestion and
normal sensation in the donor finger pulp
(Figure 3-7).

Heterodigital, Reversed Neurovascular
Island Flaps

Heterodigital, reversed neurovascular island
flaps are designed on the dorso-lateral aspect of
the middle phalanx of the adjacent uninjured
finger. They are indicated for repairing exten-
sive defects in fingers that cannot be recon-
structed using other flaps and as an alternative
to microsurgical reconstruction. The length of
the vascular pedicle allows a wide arc of trans-
position for covering defects in the middle and
index fingers. A digital Allen’s test and Doppler
examination must confirm the patency of the
digital arteries of the injured and adjacent donor
fingers preoperatively. If a neurovascular flap is
to be created, a dorsal sensory branch of the
digital nerve can be dissected and attached to
the flap.

After dissecting the common digital artery
between the injured finger and the flap-donor
finger, the artery is transected before its bifurca-
tion; and the digital artery is identified up to its
bifurcation in the palm. The converging branches
are mobilized as a continuous vascular pedicle
for the flap, so that vascularization is provided
by a reverse flow through the proximal trans-
verse digital palmar arch of the injured finger.”
Despite the possibility of one-stage reconstruc-
tion, early postoperative mobilization, good
functional recovery, and satisfactory cosmetic
and sensory results, this technique has disadvan-
tages, which include the sacrifice of the common
digital artery, as well as the need to violate a
healthy finger.
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Figure 3-7. (above) Preoperative injury. Extensive injury to the radial side of the
palm with damage to the radial digital artery of the index finger precludes har-
vesting the heterodigital arterialized flap from the ulnar side of the index finger,
as this would risk necrosis of the donor finger. As the flap came from the noncon-
tiguous side of the ring finger, vein division was necessary to facilitate transfer of

Thenar Flaps Based on the Superficial Palmar
Branch of the Radial Artery

The classic thenar flap as a random-pattern
flap for reconstructing defects of the pulp is
well known and has been described by numer-
ous authors.?!"'*%*71 In 1993, Kamei et al. intro-
duced the “free thenar flap” based on the
superficial palmar branch of the radial artery.”
This introduction was followed by various vas-
cular and neuro-anatomical studies (Figure
3'8).11’73_76

These studies consistently showed that the
superficial palmar branch of the radial artery
has an average diameter of 1.4 mm and supplies
a constant area of skin over the proximal parts
of the abductor pollicis brevis and opponens
pollicis muscles. After giving off a nutrient
branch to the thenar muscle, the superficial
palmar artery branch runs through the base

the flap. (below) Postoperative healing. Both the flap and the full-thickness skin
graft have healed well. (Tay SC, Teoh LC, Tan SH, et al. Extending the reach of the
heterodigital arterialized flap by vein division and repair. Plast Reconstr Surg.
2004;114(6):1450-1456.)

of the thenar fascia and consistently gives perfo-
rating branches to the thenar fasciocutaneous
area. The palmar aspect of the thenar eminence
is consistently innervated by the cutaneous
branch of the median nerve, and the radial
aspect is innervated by the superficial branch of
the radial nerve and the lateral antebrachial
cutaneous nerve.'"7*7>7”

Given the anatomy described above, a fascio-
cutaneous flap can be raised that can also be
used as an innervated flap.”>” The large
diameter of the vessels allows its use as a free
flap. 172757778

In particular defects, such as massive palmar
defects and degloving injuries, a flap based on
the superficial palmar branch of the radial artery
can be combined with a radial forearm flap by
extending the vascular pedicle to the radial
artery.”’ In about 60% of all people, a distal con-
nection with the superficial palmar arch enables
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A. ulnopalmaris
pollicis —

Ramus palmaris
superficialis

A. radialis

A. ulnaris
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APB

Ramus palmaris
- superficialis

A. radialis

N. medianus

Figure 3-8. Variations of the superficial palmar branch of the radial artery. (Schmidt HM, Lanz U. Chirurgische Anatomie der Hand, New York: Georg Thieme Verlag,

2003.)

the creation of reverse-flow island flaps from
the thenar area for reconstructing the thumb
or for covering palmar defects after resecting
Dupuytren’s contracture (Figure 3-9)."

7%
//////// Superficial
"' palmar arch
Superficial f—
palmar
branch Ulnar
artery

Figure 3-9. Schematic drawing of a reverse flap from the thenar area.The super-
ficial palmar branch of the radial artery connects to the superficial palmar arch,
which enables reverse-flow island flaps to cover palmar defects.

Hypothenar Flaps Based on the Ulnar Palmar
Digital Artery

The skin over the hypothenar eminence is nour-
ished by musculocutaneous or fasciocutaneous
perforator arteries, which pass through the
hypothenar muscles or fascia. The distal half of
the hypothenar eminence has a constant vascu-
lar supply from the ulnar palmar digital artery
of the little finger. Innervation of this area is
from dorsal or palmar cutaneous branches of the
ulnar nerve (Figure 3-10).'%°%

The ulnar hypothenar flap is designed over
the ulnar aspect of the distal half of the hypoth-
enar eminence, which is located over the abduc-
tor digiti minimi muscle. The flap can include
multiple fasciocutaneous perforating vessels that
arise from the ulnar palmar digital artery of the
little finger.®*

To cover skin and soft tissue defects of the
little finger, the flap can be designed and trans-
ferred in a retrograde fashion.*” In these cases,
the pivot point is located at the proximal phalan-
geal level. Sensory innervation of the area is
mainly provided by the dorsal branch of the
ulnar nerve. In the sensate flap, the innervating
nerve is sutured to the palmar digital nerve at
the distal phalangeal joint (Figure 3-11).

The arterial blood supply of this reverse flap
is ensured by communication between the radial
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Arcus palmaris
superficialis

A digitalis
palmaris communis

— A.ulnaris

Figure 3-10. Arterial anatomy of the little finger. (Schmidt HM, Lanz U. Chirur-
gische Anatomie der Hand. New York: Georg Thieme Verlag, 2003.)

and ulnar palmar digital arteries of the little
finger, through the dorsal or palmar arterial
arcade. Therefore, preoperative digital Allen tests
and Doppler examination of the palmar digital
arteries are indispensable for assessing the vas-
culature of the little finger.

In contrast to other conventional flaps , such
as the cross-finger flap and the thenar flap, this
flap involves a single-stage procedure without
prolonged immobilization. It is a versatile flap
well suited for complicated finger injuries with
substantial palmar tissue defects, and it allows
primary donor-site closure without full- or split-
thickness skin grafts.

Flaps Based on the Dorsal Metacarpal Network

The dorsum of the hand is increasingly used as
a source of various intrinsic flaps, with a wide
range of designs and tissue components.**®
These flaps are either proximally (antegrade
dorsal metacarpal artery) or distally (reverse
dorsal metacarpal artery) based.

The distally based flaps in the hand are called
“reverse dorsal metacarpal artery flaps” and
“extended reverse dorsal metacarpal artery
flaps.” First detailed in 1990, these flaps are used
increasingly.””® More focus on the vascular
anatomy in the last decade has clarified the
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design, and hence the versatility, of these local
flaps (Figure 3-12).” In 1997, two major devel-
opments in the flap were reported:* an “extended,
reverse, dorsal metacarpal artery flap,” designed
by Karacalar et al”’; and a “reverse dorsal
metacarpal artery composite flap” containing
a vascular segment of bone. Various authors
reported composite flaps including tendon
segments.*”*

Extended Dorsal Metacarpal Artery Flaps

The extended dorsal metacarpal artery flap is a
recently described variation of the dorsal meta-
carpal artery (DMCA) flap.”* The arc of rotation
can be markedly enlarged by using the first per-
forator vessel in the proximal phalanx at the
most distal base of the flap. This vessel also forms
the base of the midphalangeal island flap and
feeds the subcutaneous arterial network. The

1||||II

PP

Figure 3-11. Diagram of the reverse ulnar hypothenar flap. The flap is designed
over the distal half of the ulnar aspect of the hypothenar eminence. UPDA = ulnar
palmar digital artery; PP = pivot point of the reverse flap; SPA = superficial palmar
arch; DUN = dorsal branch of the ulnar nerve. (Omokawa S, Yajima H, Inada Y,
etal. A reverse ulnar hypothenar flap for finger reconstruction. Plast Reconstr Surg.
2000;106(4):828—-833.)
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Figure 3-12. Vascular network supplying dorsum of the hand: (1) rete carpi
dorsale, (2) dorsal carpal arch, (3) dorsal metacarpal artery (DMCA), (4) junctura
tendineae, (5) cutaneous perforator from DMCA, (6) continuation of DMCA to join
the confluence of common digital artery and digital arteries, (7) lateral terminal
branches of DMCA anastomosing (C) with dorsal branches of digital artery,
(8) deep palmar arch, (9) proximal communication perforator between DMCA
and palmar metacarpal artery (PMCA), (10) superficial palmar arch, (11) PMCA,

dorsal metacarpal artery and the interosseous
fascia must be incorporated into the pedicle
(Figure 3-13).

As in other DMCA flaps, the intertendinous
connections have to be divided in some
instances and should be repaired after flap
transfer. To secure venous outflow, a 1-cm strip
of subcutaneous tissue should be included.
Flaps based on these distal perforators easily
reach the dorsum of the fingertips, nail bed,
or the distal lateral aspect of the digits (Figure
3-13).

Composite Dorsal Metacarpal Artery Flaps

The composite, reverse, dorsal metacarpal artery
flap is technically more demanding than the
conventional dorsal metacarpal artery flap. The
segmental blood supply to the metacarpals and
extensor tendons”*” underlines the importance
of including the dorsal metacarpal artery in
these flaps. Hence, the dissection must proceed

(12) distal communicating perforator between DMCA and PMCA, (13) common
digital artery, (14) digital artery to the neighboring finger, (15) digital artery to
the same finger, (a-d) dorsal branches of the digital artery. (Vuppalapati G, Oberlin
C, Balakrishnan G. Distally based dorsal hand flaps: clinical experience, cadaveric
studies and an update. Br J Plast Surg. 2004;57(7):653—-667. Copyright (2004),
with permission from The British Association of Plastic Surgeons.)

between the extensor tendons, or through one of
these tendons when a segment is included in the
flap, without disturbing the thin branches of
the dorsal metacarpal artery to the bone seg-
ment, the tendon segment, and the skin paddle
(Figure 3-14).

Vuppalapati et al.”® used a composite reverse
dorsal metacarpal artery flap to bridge a
segment of severe comminution of the proxi-
mal phalanx with the loss of the segmental
extensor tendon in the index finger. This flap
included a vascularized segment of extensor
tendon from the extensor indicis and cortical
bone from the second metacarpal bone. Santa-
Comba et al. reconstructed the proximal
phalanx of the fifth finger with a compound
osteo-fascio-cutaneous dorsal metacarpal flap.®
Kakinoki et al.”® treated chronic osteomyelitis
in the proximal phalanx of the middle finger by
inserting a small piece of the interosseous
muscle supplied by a reverse flow of the second
dorsal metacarpal artery into the bone marrow
space, after radical débridement.

Figure 3-13. Extended reverse dorsal
metacarpal artery flap. (Vuppalapati G,
Oberlin C, Balakrishnan G. Distally based
dorsal hand flaps: clinical experience, cadav-
eric studies and an update. Br J Plast Surg.
2004;57(7):653—-667. Copyright ~ (2004),
with permission from The British Associa-
tion of Plastic Surgeons.)
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Figure 3-14. Composite reverse dorsal
metacarpal artery flap. (Vuppalapati G,
Oberlin C, Balakrishnan G. Distally based
dorsal hand flaps: clinical experience, cadav-
eric studies and an update. Br J Plast Surg.
2004;57(7):653-667.  Copyright  (2004),
with permission from The British Associa-
tion of Plastic Surgeons.)

Free “Kite” Flap

The first free microsurgical kite flap was reported
by Germann et al. and was developed to recon-
struct a residual defect in a replanted thumb.”
This flap is indicated for reconstructing small
defects in the hand for which a pedicled flap is
not possible and sensation is needed and as a
safe alternative to venous flaps or other free
flaps.

The free “kite” flap is a small free flap with
thin, stable, and suppl e skin, providing a long,
consistent pedicle with vessels large enough to
reconstruct tissue defects outside the area of
trauma including a cutaneous nerve that allows
restoration of sensation, as in free toe or pulp
flaps.

The flap is harvested with the same technique
used for the pedicled kite flap from the dorsal
aspect of the index finger and includes the first
dorsal metacarpal artery, a branch of the super-
ficial radial nerve, and at least one subcutaneous
vein.'””'""! Preoperatively, the course of the meta-
carpal artery must be identified by Doppler
sonography. The skin island is outlined on the
dorsum of the index finger overlying the pro-
ximal phalanx.'"” Wound closure requires skin
grafting of the donor defect, ideally with a full-
thickness skin graft (Figure 3-15).'%

Venous Flaps

The so-called venous flaps consist of a variety of
flaps based on nutrient perfusion from the
venous system. These flaps are used as micro-
vascular flaps to establish arterial perfusion and
cannot be considered “intrinsic flaps.” Several
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types Thave been described, either with an ante-
grade arterial flow through the venous system or
as reverse arterialized venous flow-through flaps.
They have not yet been widely accepted, but they
are favored by a slowly growing number of
plastic surgeons.>*!%-1%

Vascularized Bone Grafts

The treatment of carpal fracture nonunions or
avascular necrosis, such as Kienbock’s disease or
Preiser’s disease, is challenging for the hand
surgeon. The goal of surgery is to stabilize and
revascularize the affected bone, thereby pre-
venting carpal collapse. These goals can be
achieved with vascularized bone grafts and vas-
cular bundle implantations. Numerous authors
described different approaches and possibilities
for this issue (Figure 3-16).*%'1%""%7

The term therapeutic angiogenesis describes
the induction or stimulation of neovasculariza-
tion for the treatment or prevention of pathol-
ogy characterized by local hypovascularity."**'*
Lunate revascularization is an example of one
form of therapeutic intervention, termed surgi-
cal angiogenesis, which is the surgical transfer of
vessels or well vascularized autogenous tissue,
alone or augmented with the simultaneous appli-
cation of vasculogenic cytokines."’ In hand
surgery, both implanted AV bundles and vascu-
larized pedicle or free bone flaps or grafts have
been used in the specific case of osteonecro-
sis. 2017147188 Viascular bundle implantation was
established by Hori and Tamai in a canine
model."”” Other authors used lupine and canine
autografts,”***'* canine nonvascularized allo-
grafts,"! and dog-to-rabbit nonvascularized
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Figure 3-15. Free kite flap. a. Defect on the palmar aspect of the index finger. Both flexor tendons and the neurovascular bundles are exposed.” b. Results intraop-

erative and ¢) postoperative.” d. Follow-up 40 months with a good aesthetic result.”

xenotransplants."* Clinically, this method has
been used to treat Kienbéck’s disease,'*’ talar
avascular necrosis,”” scaphoid nonunion with
avascular necrosis,">'* and in prefabricated-
bone free ﬂaps.l43,l48,150,151

Vascularized bone grafts have been described
by many investigators and have been transposed
from various donor sites, such as the pisiforme
bone and the shaft of the radius or ulnar, as well
as from the second metacarpal head. Free micro-
vascular transfer of bone from the iliac crest

and medial femoral condyle has also been
described 121,124,152-154

Zaidemberg et al. was one of the first to use
reverse pedicled vascularized bone grafts
successfully to treat scaphoid nonunion.”
Mathoulin and Haerle'”® reported a 100% success
rate for an antegrade pedicled vascularized
transplant from the palmar carpal artery. Tech-
nically, the palmar approach is much more chal-
lenging than the dorsal because of the proximity
of complex anatomical structures. Mathoulin
and Brunelli'® described a technique using pedi-
cled transplantation of the second metacarpal
head that had acceptable results. Guimberteau
and Panconi'” employed a bone graft based on
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121C SRA of 5th ECA
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of 1,2 IC SRA 4th ECA
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2nd EC br UA
of 2,3 1C SRA
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Post Int A
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Figure 3-16. Dorsal distal radius and ulna showing extraosseous vessels. aAnt
Int A = anterior division of the anterior interosseous artery; Ant Int A = anterior
interosseous artery; dlCa = dorsal intercarpal arch; dRCa = dorsal radiocarpal arch;
dSRa = dorsal supraretinacular arch; 2nd EC br of 1,2 IC SRA = second extensor
compartment branch of 1,2 intercompartmental supraretinacular artery; 2nd EC
br of 2,3 IC SRA = second extensor compartment of 2,3 intercompartmental
artery; 4th EC br of 5thECA =fourth extensor compartment branch of fifth exten-
sor compartment artery; 4th ECA = fourth extensor compartment artery; 5th ECA
= fifth extensor compartment artery; 1,2 IC SRA = 1,2 intercompartmental
supraretinacular artery; 2,3 IC SRA = 2,3 intercompartmental supraretinacular
artery; ODA, distal ulna = oblique dorsal artery of the distal ulna; pAnt Int A =
posterior division of the anterior interosseous artery; Post Int A = posterior inter-
osseous artery; RA = radial artery; UA = ulnar artery.'

the ulnar artery with good results. A disadvan-
tage of their technique is the sacrifice of the
ulnar artery. Gabl et al." used a free microvas-
cular graft from the iliac crest, but this technique
is time-consuming.'"*'> Dai et al."”' described a
bone graft from the supracondylar region of the
femur.

Modifications of Vascularized Bone Grafts

Vascularized pedicle bone grafts from the
dorsum of the distal radius have been designed
on the anatomic studies of Sheetz, Bishop, and
Berger.**"'® Their anatomic studies*®''® consist-
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ently identified several longitudinally oriented
vessels that supply nutrient vessels to the dorsum
of distal radius.* These vessels have consistent
spatial relationships to surrounding anatomical
landmarks that allow safe dissection and reliable
harvest of a segment of vascularized radial met-
aphysis, which can be transferred as a pedicle
graft to the carpus. The radial artery and the
posterior division of the anterior interosseous
artery are the primary sources of orthograde
blood flow to the dorsum of the distal radius
(Figure 3-16).

Four vessels that arise from these arteries
supply the dorsal radius with nutrient branches.
Two are superficial to the extensor retinaculum,
providing nutrient branches to the bone under-
neath the extensor tendon compartments. They
are named the 1,2 and 2,3 intercompartmental
supraretinacular arteries (1,2 and 2,3 IC SRAs).
The other two are deep vessels, located on the
floor of extensor compartments, named the
fourth and fifth extensor compartmental arteries
(4th and 5th ECAs) for their specific anatomic
location in the radial aspect of each compart-
ment. The 1,2 IC SRA courses from the radial
artery 5cm proximal to the radiocarpal joint,
beneath the brachioradialis muscle, to emerge
on the dorsal surface of the extensor retinacu-
lum. In the anatomic snuffbox, the 1,2 IC SRA
anastomoses with the radial artery or the radio-
carpal arch (Figure 3-17). This vessel, based on
its distal anastomotic connection to the radial
artery, is the “ascending irrigating branch”
described by Zaidemberg et al."”* This vessel is
actually superficial to the extensor retinaculum,
rather than on the periosteum, as originally
described.

The 2,3 IC SRA originates from the anterior
interosseous artery or the posterior division of
the anterior interosseous artery. It is superficial
to the extensor retinaculum, directly over Lister’s
tubercle, and anastomoses with the dorsal inter-
carpal arch, the dorsal radiocarpal arch, or the
4th ECA. Its nutrient artery branches penetrate
deeply into cancellous bone. Like the 1,2 IC SRA,
the 2,3 IC SRA can be easily harvested and used
as a vascularized pedicle bone graft. The arc of
rotation is greater and can reach the entire
proximal row, making it useful for either Kien-
bock’s disease or scaphoid nonunions (Figure
3-17).

The 4th ECA originates from the posterior
division of the anterior interosseous artery
or its fifth extensor compartment branch and
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Figure 3-17. Vascularized pedicle bone graft based on the 1,2 intercompart-
mental supraretinacular artery.The incision is curvilinear, allowing wide exposure
for scaphoid vascular bone graft elevation and osteonecrosis visualization.'

anastomoses with the dorsal intercarpal and
radiocarpal arches. The 5th ECA is the largest of
the four dorsal vessels. It is located in the radial
floor of the fifth extensor compartment, passing
at times through the 4,5 septum. This vessel is
supplied by the posterior division of the anterior
interosseous artery and anastomoses distally
with the dorsal intercarpal arch. Its large diam-
eter, ulnar location (away from required cap-
sulotomy incisions), and multiple anastomoses
make it a desirable source of retrograde blood
flow. The dorsal radiocarpal arch and the dorsal
supraretinacular arch provide important anasto-
motic connections to these four vessels, allowing
each to serve as a distally based or reverse-flow
pedicle graft identical in principle to the radial
forearm flap. The 1,2 IC SRA was the most useful

Figure 3-18. Intraoperative view: the 4th extensor compartment artery
(ECA) is ligated distal to the bone graft and centered proximal to the radiocar-
pal joint margin. It is elevated, including the overlying 4th ECA, based on an
orthograde 4th ECA pedicle with retrograde flow from the 5th ECA.'
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for treating scaphoid nonunions and Preiser’s
disease; and the 5th and 4th ECA was the best
pedicle graft for treating Kienbdck’s disease
(Figure 3-18).

To avoid technical pitfalls and to improve
clinical outcome, all vascularized pedicle bone
grafts must have a pedicle of sufficient length to
reach the recipient site without tension. The vas-
cular pedicle should preferably include nutrient
vessels that supply both cortical and cancellous
bone.*

In Kienb6ck’s disease, revascularization with
a vascular bundle or vascularized bone graft can
be performed even in advanced cases, provided
that an intact cartilage shell is present without
fracture or fragmentation and no arthrosis is
found. Revascularization is a logical alternative
to load-altering procedures and is especially
attractive in ulnar-neutral or -positive variance
cases when radial shortening is contraindicated.
Contraindications include stage IV disease and
lunate fractures with extrusion or separation of
the fragments.

In Preiser’s disease, vascularized bone grafts
are contraindicated in wrists with level II or III
scaphoid nonunion advanced carpal collapse
(SNAC) and in wrists with a radiocarpal joint
arthrosis.” Sauerbier and Bishop''® reported
excellent and promising results with this method
that are comparable to the results described
above.

The biology and experimental models of frac-
ture healing with vascularized bone grafts have
clearly shown the advantages over conventional
grafting.'® Vascularized pedicled bone grafts
from the dorsum of the distal radius offer the
additional advantage of a single incision for graft
harvest and donor site preparation, without
potential injury to the palmar carpal ligaments.
Faster union times and the ability to revascular-
ize necrotic bone, in addition to the technical
ease of harvest, have made these grafts an impor-
tant tool for hand surgery.

Summary

Intense anatomical studies and resulting modifi-
cations of traditional flaps have lead to exciting
breakthroughs in the concepts of intrinsic flaps
and vascularized tissue transfers in the hand.
The variety of options now available has sub-
stantially enhanced the reconstructive options,
even in complex clinical situations.
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Subcutaneous Tissue Function: The Multimicrovacuolar
Absorbing Sliding System in Hand and Plastic Surgery

Jean (laude Guimberteau and Joseph Bakhach

Introduction

A still unresolved issue in human physiology is
the mechanism of natural organ intermobility.
Nevertheless, in front of this physiological phe-
nomenon, incorporating skin, arteries, nerves,
tendons, and muscles, we have to ask new ques-
tions. But any explanation has to conform with
current knowledge and technologies; it cannot
rely on observations from the beginning of last
century. We mean that our traditional and current
universitarian knowledge at the moment is not
in conformity with up-to-date observations and
has to be revised.

For many decades, we have accepted such
terms as elasticity, mobility, hierarchical tissues
repartitions, stratifications, and notions of vir-
tual spaces. In reality, when we pinch the skin
and tract, we can imagine the complete subcuta-
neous and skin reshaping in all elements that we
move and observe after traction.

Proof of this may be obtained by simply
moving one’s fingers: during flexion, the flexor
tendon moves longitudinally at least 2 cm in the
palm of the hand but without any cutaneous
translation. For decades, the scientific explana-
tions for this phenomenon were limited to the
notion of virtual space or the existence of loose
connective tissue, but the biomechanical founda-
tions for these theories were more than vague. In
the past 50 years, research has been on the micro-
scopic level; the global concept of mesospheric-
ity has been abandoned. As time has gone by,
and as researchers have examined these notions
more closely, new hypotheses have emerged con-
cerning the organization of the subcutaneous
tissues.">’

Microanatomical Observations In Vivo

We have performed 95 video observations
with functional analyses, either directly under
the skin or close to tendons, muscle, or nerves
sheaths, during surgical human dissections,
using light microscopy (magnification X25).

This gliding or sliding of tissue, which is
traditionally called “connective” or “areolar” or
“loose tissue and paratenon around the tendons,”
has been for a long time considered to be
“packing tissue,” which fills spaces between and
within organs. In reality, this tissue has a mechan-
ical finality, allowing movements between the
structures it connects, preserving mobility
and independence between organs and, in parti-
cular, between tendons and skin. This tissue is
important to the nutrition of the structures
embedded in it and as a frame for blood and
lymph vessels.

Its mechanical importance is major; it dimi-
nishes friction while allowing easy deformabil-
ity. Composed of intertwining multidirectional
filaments, which create partitions enclosing vac-
uolar shapes, this tissue is called the multimicro-
vacuolar collagenous absorbing system (MVCAS)
to emphasize its functional impact (Figure 4-1).

This tissue has been studied very little because
it had been explained in previous decades by the
concept of virtual space or of different fascia
repartition with stratification into superficial or
profound layers.

Given new information from dissections of
fresh or formalin-treated cadavers, the time has
come to confirm some anatomical truths about
this tissue and to definitively discard certain pre-
conceived ideas.*

|
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Traditional concepts are at variance with ana-
tomical reality. The notion of multilayered
sliding between completely anatomically sepa-
rated tissues—sliding thanks to a so-called
elasticity process—has to be revised in light of
all these observations. For us, there are no
superficial or profound fascia; this distinction is
obsolete.

“Microvacuola” and the Microvacuolar
Collagenic-Absorbing System

We studied human and animal tissue samples,
such as the flexor carpi radialis in cattle, in which
the organization of the collagenous system is
similar to that of the human flexor profundus
muscle.

The sample was prepared by treating it with
potassium bichromate, then formalin, and finally
caustic soda, thus allowing for softer and more
complete hydrolysis. The sample was then frozen
and freeze-dried under standard conditions for
dehydration. Afterward, it was dissected under
binocular magnification. Samples were taken,
given a gold-metallic finish, and observed under
an electron microscope.

This collagenous system, traditionally called
the “paratendon,” surrounds the tendon. It is

Tissue Surgery

Figure 4-1. a) Traction on the paratendon
during surgery. b) Searching for an epi-
tendinous plane. ¢) Network between the
tendon and the peripheral system: the
MVCAS. (A.D.F. Video-Productions with
special permission)

composed of multidirectional filaments,
intertwining and creating partitions that en-
close vacuolar shapes. This system is called
the multimicrovacuolar collagenous absorbing
system (MVCAS), to emphasize its functional
implication.

This system is situated between the tendon
and its neighboring tissue and seems to favor
optimal sliding. The tendon may go far and
fast without any hindrance and without pro-
voking any movement in neighboring tissue,
thus accounting for the absence of any dynamic
repercussions of such movement on the skin
surface. The movement of the flexor tendon is
barely discernible in the palm. It is also the same
under the skin areolar tissue, which is the con-
nective link between muscle, tendon, fat aponeu-
rosis, and subdermal areas.

Electron scanning microscopy demolished the
theory that the collagenous system consisted of
different superimposed layers—layers that were
never observed. Furthermore, the elementary
laws of mechanics and rheology presented the
problem in terms of global dynamics, with the
necessity for continuous matter, made up of
millions of vacuoles, each one measuring from a
few microns to a few millimeters or more, org-
anized in a dispersed branching pattern. We
want to express that the living matter is built of
microvacuoles.
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Microvacuola

The vacuoles measure from a few microns to a
few millimeters or more in size and are organ-
ized in a dispersed branching fractal pattern.’
Most of these sequences have a pseudogeometric
shape of a polygon. However, they are organized
differently according to their function.

All of the vacuoles are situated within a pseu-
dopolygonal fibrillar framework containing a gel.
The major role of this framework is to make sure
that when stimulated, the structures can move
freely without anything else moving around
them. The vacuolar structure must be resistant,
adapt to the physical forces applied to it,and keep
its shape. In other words, its role is to ensure the
dynamics of movement and to resist the shocks
that this movement creates. The structure also
has a memory so that it returns to its initial posi-
tion between movements (Figure 4-2).

The sides of the vacuoles, which are inter-
twined, are composed of collagen fibers, mostly
type I (23%), 111, IV, and VI. They are organized
on several levels in different directions, but have
no regular, basic pattern. Their diameter ranges
from a few to several dozen micrometers, and
they vary in length, thus giving an overall dis-
organized, chaotic appearance. Magnification
reveals lateral modifications of the collagen

Figure 4-2. MVCAS under the electron
microscope. a) Histological and collagenous
continuity between the epitendon and
MVCAS. b) Sketch of this organization, in
vacuoles. ¢) 3D tissue supports. d) 3D
vacuola. (A.D.F. Video-Productions with
special permission)

\

fibers in the vacuole, suggesting the linking of
proteoglycan chains. These vacuoles contain a
highly hydrated proteoglycan gel (70%) that can
change shape during movement but whose
volume remains constant. Their lipid content
(4%) is high.

Proteoglycans are proteins that are glyco-
sylated by covalent attachment of highly anionic
glycosaminoglycans (sulfated polysaccharides).
As a result of their strong negative charge,
glycosaminoglycans attract counter-ions and
water molecules into the tissue. This ability
endows proteoglycans with their unique physi-
cal characteristics, allowing them to fill the
intravacuolar spaces and to change shape when
required.

The bonds between the collagen fibrils and the
proteoglycan-enriched vacuolar fluid might be
composed of type VI collagen, a unique collagen
that occurs in the form of beaded filaments and
that is often found at the interface between type
I collagen and the surrounding extracellular
matrix. Type VI collagen is composed of both
globular domains and a short, triple-helical
domain (60nm long), and it assembles to form a
structure resembling a pearl necklace. Collagen
I fibrils also interact specifically with small
proteoglycans, such as decorin, whereas large
proteoglycans provide hydration and swelling
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pressure, often in association with the nonsul-
fated glycosaminoglycan hyaluronan. Owing to
their capacity to attract water molecules, large
proteoglycan molecules allow MVCAS to resist
compression, unlike collagen fibrils, which resist
tension by extending and retracting under
mechanical stress. The collagen framework and
the intravacuolar spaces give form and stability
to the tissue.

Microvacuola Biomechanical Behavior:
A Dynamic Absorbing System

Tissue adaptation to mechanical stress would
seem to have two aspects: 1) ensuring the com-
plete movement of the tendon and 2) preserving
peripheral tissue stability. How does the MVCAS
accomplish these tasks?

The system of microvacuolar networks, in
spite of its chaotic aspect, works according to a
certain number of rules.’

A Chaotic Pattern Dynamic System

The fibrillar framework of the vacuoles is pseu-
dogeometric, polygonal, and tends to be similar
to pseudoicosahedral so that it can modify its
shape and fill space as it occupies surfaces as
efficiently as possible. Although the global aspect
of the structure is chaotic, the hierarchically
arranged, fractally shaped vacuoles form large
pseudopolyedral framework, which may span
several partial subunits, and even shift back and
forth. The resulting configuration is highly effi-
cient, combining great mechanical strength and
lightness. This flexible, pre-stressed polygonal
architecture is able to assume many shapes,
thereby providing stability and sliding, leading
to better metabolism and therefore prolonging
the life of the tissue. This tendency to geometric
forms is intriguing because it is found in all
levels of living matter and seems to be the build-
ing block that has developed during the course
of evolution.

If the microvacuolar system is thought of as a
shock absorber, the resistance it offers is first
minimal and then increases as the load increases.
Nevertheless, as a shock absorber, its function is
to maintain the peripheral structures close to,
but not in contact with, the bodily action in
progress. The rheological relationship; that is,
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the local relationship between restraint and dis-
tension, cannot be an unlimited, linear, and
elastic system, nor can it behave plastically with
a limiting plateau. On the contrary, it behaves
more like rubber because the collagen fibers
cannot be stretched indefinitely but may
suddenly rupture. Therefore, why the vacuoles
closest to the moving structure undergo maximal
deformation whereas those the farthest away
hardly change shape is a question that remains
to be answered (Figure 4-3).

The fibers rearrange themselves in response to
the local stress, thereby explaining the so-called
final linear stiffening resulting from the applica-
tion of the stress: as the stress increases, the
fibers become more aligned in the direction of
the stress. However, the energy stored in the
fibers under tension gradually becomes lower
the greater the distance from the stress, so the
forces resulting from the pseudolinear stiffening
are absorbed, and the structures become
stabilized.

We refer to this notion as “combined transmit-
ted and absorbed stress”; that is, each fiber is
prestressed and connected to its neighboring
fiber by a molecular adhesive link. When tension
is applied to the link, the adjacent element under-
goes tension and decreases in size little by little
until it deforms. All of the component parts then
turn so as to be oriented as far as possible in the
direction of the applied force, which is controlled
to avoid rupture. This interplay between vacu-
oles and fibrils creates mechanical stability
between the forces of local compression and
overall tension. The resulting equation is one of
equilibrium, maintaining shape, and transmis-
sion of information.

Thanks to these explanations, it is easier to
understand how the sliding system between
many tendons inside the common carpal sheath
provides complete independence between the
tendons of each finger.

MVCAS and Globality

This sliding tissue is totally continuous through-
out the fibers and their prolongation. Even the
intermediary structures, such as the deep pre-
muscular fascia, are incorporated in this network
and are connected with it on their superior and
inferior faces, thereby increasing the shock-
absorbing properties of the tissue and allowing
the structures to move interdependently. Whether
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Figure 4-3. Notion as “combined trans-
mitted and absorbed stress.” Tension is
applied to the link, the adjacent element
undergoes tension and decreases in size
little by little until deformation occurs. All of
the component parts then turn so as to be
oriented as far as possible in the direction of
the applied force. (A.D.F. Video-Productions
with special permission)

it is in the abdominal, thoracic, dorsal, ante-
brachial regions, or in the scalp, this tissue
network is omnipresent. Indeed, there is no space
or wall where it is not to be found. Even struc-
tures subject to little movement, such as nerves
and the periosteum, are surrounded by this fibril-
lar tissue network, but with differences in the
network itself and in the size of the vacuoles.

Indeed, it seems that MVCAS occurs every-
where in the body and that it allows structures
to adapt either to internal constraints or to the
external environment. Seen in these terms, the
whole structure of the body may be considered
as an immense collagen network, differing
according to the roles it must perform and the
stresses it must undergo. In fact, MVCAS and
the human body would seem to be one and the
same tissue. Living matter has developed within
the framework of a multimicrovacuolar chaotic
system, including every cell® and has acquired a
form thanks to physical forces’ which have sub-
jected it to an increasing complexity within time
and space.

MVCAS After Trauma or Pathology

This sliding tissue is supposed to evolve,and each
time there is a change in the mechanical con-
straint (pressure, weight, temperature, ageing),

there is a physiological response and adaptation
to the new mechanical situation.

The MVCAS is a very fragile tissue that is
based on a precise balance between the frame,
composed of collagen molecules, and the inside
of the vacuola of glycolicans under pressure.

However, as the mechanical stresses change, as
the pathologies appear and unforeseeable need
arises to adapt, others factors such as inflamma-
tion, edema, aging, trauma, obesity intervene to
create changes in shape (Figure 4-4).

Edema is the simplest state of aggression. It
can be accommodated with intravacuolar hyper-
pressure and collagenic distension and without
any organic tissue destruction. But the fibrillar
distraction caused by intravacuolar hyper-
pressure is then unable to distend further, and as
a consequence, to insure movement. Generally,
restitution ad integrum will be the rule.

Open trauma completely destroys the MVCAS
harmony and balance. Hemorrhage, liquid
extravasations,edema, and hypermia will disturb
the mechanical balance, and the sliding system
will demand more strength against resistance.
Movement will be difficult. Therefore, tissues
will become adherent, which will perturb
mobility.

This disruption is also the case during inflam-
mation, such as in tenosynovitis or tendinitis.
Hypermia, vasodilatation, and local temperature
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increases induce intravacuolar hyperpressure
with fibrillar dilaceration, creating small mega-
vacuola and completely perturbing movement.
Therefore, tissue is destroyed, and the restitution
ad integrum will never be obtained. Functional
sequelae will be the consequence.

Aging is a very different mechanism. It is not
sudden change but rather slow and progressive
change in the physical balance of forces inside
human tissue. Ageing, because of the loss of
internal basic qualities of the MCVAS, is the
manifestation of the gravitational “revenge” on
the MVCAS internal pre-tension.

This is not the case for obesity, which can be
a casual circumstance. It is easy to understand
that the vacuola is filled by adipocytes replacing
glycolicans. At the beginning, vacuola and fibers
are in distension, movement is slowed, and gravi-
tation becomes more important. But this first
stage is reversible, thanks to a progressive loss of
weight, which must not be too quick.

In the second stage, weight is increasing, and
vacuola are in extreme dilatation. Then, fibers
are not only in distension but because of the
effects of gravitation, they are in dilaceration
and in search of a megavacuola transformation,
which in turn will be filled by adipocytes. So,
body form changes with obesity. At this stage, a
return to the original morphology is impossible,
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Figure 4-4. MVCAS and physiopatholo-
gies. (A.D.F. Video-Productions with special
permission)

and only surgery will recreate tissue tension by
resecting excess skin and fat.

Anatomical Conclusions

This new concept of MVCAS enables us to discuss
some basic and traditional assumptions about
the nature of tissue and, particularly in hand
anatomy, to discuss physiology and reconstruc-
tive surgery.

Some traditionally held concepts are at
variance with anatomical reality and should
be changed. The time has come to confirm some
anatomical truths and to discard definitively
certain preconceived ideas about the hand. For
example, the time-honoured layout of the sheaths
in the hand must be completely reconsidered.
The notion of a histological difference between
the paratendon and the carpal sheath, and the
traditionally accepted notion of a piston machine
mechanism for sliding phenomenon must also
be reconsidered.

When this pressure increases, the balance is
disturbed, and the system response is a change
in a big vacuola with destruction or local disten-
sion of this collagenic frame, which is unable
to resist the pressure. When this hyperpressure
is caused by an internal situation, such as a
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ligament (but also by repetitive external move-
ments), the fibrillar framing ruptures, dilates,
and then becomes diluted. All of these zones
with bigger vacuolar organizations then join
many others, forming a megavacuola with cell
metaplasia at the inner surface, new biomechan-
ical response more adapted for preserving lubri-
fication, gliding, and adapted volumes. This
transformation can be observed all along the
flexor or extensor tendon sheaths.

We can find 4 basic types of MVCAS transfor-
mations (Figure 4-5):

1. Typelis the basic sliding system surrounding
all the tendons, without any external mechan-
ical stress.

2. Type II shows a megavacuola involving, but
blood supply is still preserved in protected
areas.

3. Type IIl is under strong constraints with a big
megavacuola, and only a few zones for blood
supply, thanks to vincula.

4. Type IV has no external blood supply.

This transformation can be also observed
during a human’s life. At the posterior face of the
elbow (the olecranon), hygroma can be noticed,
and hygroma is a transformation of the MVCAS
organization caused by daily repetitive external
pressure all life long.

Figure 4-5. a) The MVCAS disappears in
its basic network under mechanical con-
straint and adapts to the new situation
with a megavacuola response. b) Different
MVCAS distributions in the common carpal
sheath. ¢) The digital canal is an efficient
adaptation of the MVCAS as a megavacu-
ola with vincula: type III. d) A proposed
new layout of the sliding sheaths in
the finger flexor system. (A.D.F. Video-
Productions with special permission)

This transformation can also be observed
when draining large collections of subabdomi-
nal lymphoceles a few weeks after parieto-
abdominal hematoma. The big cavity that results
is a megavacuola with inner metaplasia.

Contrary to previous reports, the extension of
the digital vascular system is not less effective. It
adapts itself in a very different manner, so that
vascular flow persists. This is particularly the case
in the digital canal, where the hypothesis that the
tendon is less well vascularized and fragile is
incorrect. The method of functioning is simply
different as a result of circumstances in the digital
canal, where tendon traction produces articular
flexion. The relationship between tendon move-
ment and the resulting digital morphology is
geometric—almost linear—and is very different
from the situation that pertains in the palm.

Furthermore, this digital movement creates
sudden high pressure with anterior compression
zones that are incompatible with a vascular epi-
tendineum system. If the palmar system were to
exist in the digit, it would lead to intrasynovial
bleeding. Therefore, the vessels must be dorsally
positioned, the supply network being limited to
the protected zones that are near the articular
zones and can therefore accommodate tendon
excursion, avoiding the stricture and compres-
sion that would occur if the vessels were anteri-
orly placed, just deep to the joint flexion fold.
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There are three joints and three vincula. In
fact in Latin, it would be vinculae. The vascular
anatomy ensures the digital tendinous blood
supply under extreme biomechanical stress. The
supply is comparable to a skin structure, and our
computerized studies repeatedly challenge the
hypotheses that propose less well vascularized
zones in the flexor tendon. Tendon and epitenon
vascularizations are continuous.

The notion of tendon hypovascularization is
popular, but its popularity is waning, and to con-
tinue to believe in it compromises our vision of
tendinous vascularity.

The true situation can be verified by looking
at the sequential pictures of tendon vasculariza-
tion in zones III, IV, and V, showing real blood
flow (Figure 4-6).

Like every organ, the vascularization of the
tendon has adapted to its function. The notion
of the nature of mechanical function between
the digital sheath and the carpal sheath and the
notion of the preputial string also have to be
deeply discussed.

Vascularization is continuous and permanent.
There is no area without blood supply. Tendon,
epitenon, and MVCAS are supplied by the same
vascular system. Tendons are not hypovascular.
All of these observations are innovative, in that
they introduce a new concept: the sliding unit
composed of the tendon and its surrounding
sheaths.
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Figure 4-6. Vascularization is continuous
and permanent. a) Tendons are not hypo-
vascular. Like every organ, vascularization is
adapted to its function. b) Bleeding of the
flexor profundus at A3 pulley level. (A.D.F.
Video-Productions with special permission)

Our foregoing observations, which are evi-
dence of real histological continuity between the
paratenon, the common carpal sheath, and the
flexor tendons, show the perfect vascularization
of this functional ensemble.

From now on, any inclination to accept
Potenza’s principle, tendon adhesions,and recon-
struction of the digital sheath using a silicon
rod should give way to other principles:

+ A tendon has optimal function only when it is
surrounded by its original sliding sheath and
its vascular heritage.

+ A tendon only adheres when it is artificially
separated from its own sliding sheath or when
the harmony between the tendon and the
sheath has been interrupted.

+ A tendon is only one of the intervening ele-
ments in the transmission of a force through
the sliding unit.

For zones 111, IV, and V, we wanted to define a
different role for the tendon, in the realization
and the transmission of a force. The tendon is
not a transmission belt acting in the carpal
sheath surrounded by a virtual space; nor is it an
organ that is avascular or only very slightly vas-
cularized. The tendon is not nourished by the
synovial fluid but by its own vascular system, like
every organ. The tendon is one of the main
constituent elements, but it can no longer be dis-
associated from its sheath, thanks to MVCAS.
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Physiological Conclusions

There is no histological difference between the
paratendon and the carpal sheath. The ancient
term paratendon thus includes the whole of the
peripheric sliding system called multimicro-
vacuolar collagenic absorbing system, which is
made of billions of microvacuolas and fibers
frame. The MVCAS is the proximal histological
continuation of the perimysium profundus layer,
and it differentiates functionally to become the
digital sheath. In fact, it is the same structure
seen from different aspects under different
mechanical circumstances. As soon as an exter-
nal or internal factor increases internal pres-
sure, the distribution changes in a megavacuola,
with a selective blood pedicle in protected
areas.

The notion of a piston machine mechanism is
false and obsolete and must be replaced by
a systemic concept. There is not a duality
between the vascular system in the tendons and
a peripheral synovial vascular system without
communication.

The digital canal is an efficient adaptation of
the MVCAS as a megavacuola with vincula
system. So the digital and carpal sheaths do not
have the same sliding system.

49
Surgical Conclusions

Vascularized Flexor Tendon Island Forearm
Transfer. This new manner of understanding the
tendon physiology introduces a completely
different concept of reconstruction:

+ It emphasizes the tendon-sheath couple and
the major role of tendon vascularization with
peripheral collagen organization.

« It is inspired by biological consequences and
proposes the transfer of a sliding unit com-
posed of a flexor tendon and its surrounding
sheaths in a reverse-island-pedicle manner
in one single operation, thus avoiding the
two-stage procedure for secondary repair
(Figure 4-7).

This new technique is used today in clinical
cases to reconstruct finger flexor systems in
grades III and IV of Boyes’s classification.

Two basic principles of this new concept have
to be respected. That is, the tendon can only be
conceived of 1) as vascularized, and 2) as an
element in association with its surrounding
sheaths to form a sliding unit.

To conform to these two basic principles, the
proposed new technique must satisfactorily
answer three basic questions:

Figure4-7. Thetransfer of a sliding flexion
unit composed of a flexor tendon and its
surrounding sheaths in a reverse island
pedicled manner. st stage: Mesotendon
identification. 2nd stage: Section of FSIVth
flexor sublimis of the ring finger and ulnar
pedicle. Island ulnar tendon transfer iso-
lated.3rd stage:Insertion of the island trans-
fer into digital zone. 4th stage: Tendon
sutures outside of the No Man's Land and
pulley reconstruction. (A.D.F.  Video-
Productions with special permission)

3rd stage

4th stage
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3rd stage

1. Which sliding zone must be used to replace
zones I and II, subject to so many problems
and complications?

The mesotenon and its vascular branches
provide real vascularization of the flexor tendon
and the sliding carpal sheath, both extrinsically
and intrinsically. The structure thus transferred
is a real sliding structure that already exists in a
natural state in zones III, IV, and V.

The principle is to replace the digital sliding
zones I and II, the most frequently reconstructed
zones, by the natural sliding zones of the wrist
and the palm, that is, zones III, IV, and V. Because
the tendon used for the reconstruction is trans-
ferred with its own sheath, it does not need adhe-
sion with the neighboring tissue to survive, and
any adhesion formation is reduced, leading to
improved functional results.

Potenza’s basic principle of the absolute
necessity for adhesion can thus be discarded.
The two-stage procedure is now considered
obsolete. Furthermore, the transferred tendon is
a real flexor tendon with all its original qualities
of resistance and flexibility. Technically, the
sutures are placed outside “No Man’s Land,”
and the sliding unit, composed of the tendon and
the carpal sheath, is inserted between pulleys
Al and A4.

4th stage
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Figure 4-8. 1st stage: The mesotendon
and ulnar artery branches. Flexor superficia-
lis section at the tendinomuscular junction
and at the level of decussation. 2nd stage:
’ The flexion sliding unit after revasculariza-
— tion. 3rd stage: Forward translation of the
sliding unit transfer. 4th stage: Before
inserting and pulley reconstruction. (A.D.F.
Video-Productions with special permission)

2. Whatwill be the vascularization of the replace-
ment flexion structure? Vascularization is
ensured by a preretinacular mesotenon, with
branches issuing from the ulnar artery (Figure
4-8).

Anatomical reminder: at the inferior third of
the wrist, just before the flexor retinaculum carpi
or the annular ligament, the ulnar artery gives
off two or three branches about 1 mm in diame-
ter. These branches pass through the common
carpal sheath toward the superficial flexor
tendons, especially those of the middle finger,
the ring finger, and the little finger, by way of a
fine transparent mesotenon, which acts as a
mesentery. This vascular approach to the flexor
system and the common carpal sheath is made
distal to the tendon-muscle junction, thus per-
mitting the adaptation of the concept of retro-
grade island transfers to purely tendinous
structures.

This vascularization is one of the principal
differences from the radial artery-based flap
because it is developed in the tendon zone and
not in the muscle zone. Purely tendinous trans-
fers can be founded on the concept of vascular-
ized tendon island transfers, which represents a
fundamental change in the concept of tendon
reconstruction.
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According to the same principle, and using the
same surgical technique, it is possible to carry
out not only pure tendinous vascular transfers
(most often with the superficial flexor tendon of
the ring finger), but also a cutaneo-tendinous
transfer, and even the triple transfer of skin,
tendon, and bone.

3. How will this sliding unit be placed into “No
Man’s Land™?

Nowadays, the technique of island retrograde
forearm transfer is used to transfer a forearm or
wrist structure that is pedicled on an arterial
axis. For retrograde vascularized tendon trans-
fer, only the ulnar-based pedicle is suitable,
owing to its distally based palmar point of rota-
tion and to its branch transmission at an exclu-
sively tendinous level.

Combined Flexor Tendon and Skin Island Forearm
Transfer. In some cases, when the overlying skin
is extremely scarred and of poor quality, particu-
larly at the base of proximal or middle phalanx,
it is impossible to replace the flexor tendon and
achieve early motion. Skin of this sort inevitably
breaksdown ordies,compromising the functional
result; therefore, it should be replaced.

In the distal third of the forearm, the ulnar
pedicle not only sends branches to the flexor

Figure 4-9. a) Diagram of the different
vascular branches emerging from the ulnar
artery before Guyon'’s canal entrance. Bone,
skin, flexor tendons. b) Ulnar artery dissec-
tion before Guyon's canal entrance. ¢) A
bayonet-shaped incision including an
outline of the skin flap is traced on the
medial side of the forearm. d) Raising of the
composite flexor tendon and skin flap island
transfer for tendon repair and digital palmar
resurfacing. Before and after tourniquet
release. ) Other multiple combinations:
combined island flexor superficialis tendon
and palmaris longus transfer for flexor and
pulley reconstruction. f) The double flexor
tendons and double skin flaps transfer.
g) The composite skin, flexor tendon, and
bone transfer. (A.D.F. Video-Productions
with special permission)

superficialis tendons but also to the skin. These
branches are easily identified, being close to
the mesotendon branches and of suitable
diameter, allowing simultaneously composite
transfer of skin and tendon. Generally the skin
island lies proximal to the mesotendon position.
However, thanks to the pliability and flexibility
of these cutaneous branches, the transfer can
be rotated and positioned on the digital surface
without changing the physiologic direction
of tendon fibers. This is of fundamental impor-
tance in achieving a good functional result
(Figure 4-9).

This new technique, which is now our stand-
ard procedure for Boyes class III or IV cases, uses
a mesovascular tendon island, and the tendon
can be reconstructed in one operation. Com-
pared with all other tendon graft techniques, the
advantages of this technique are as follows:

+ It makes use of a living tendon island—that of
a thin mesotendon with vascular branches,
providing a perfect blood supply to all areas,
both extrinsic and intrinsic. It thus avoids
adhesions and improves the vascularity of the
surrounding tissues. Because the transfer is a
real flexor tendon and not a simple myotendi-
nous structure, it retains flexibility, pliability,
and resistance and allows the correct tension
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to be achieved. Because vascularization is pre-
served, all sheaths are retained. The MVCAS
(formerly paratenon) and, in particular, the
carpal sheath (which is transposed into “No
Man’s Land”) retain the unrestricted gliding
movement of the tendon.

+ The tendon transfer is approximately 18 cm to
20 cm long. This length allows easy reconstruc-
tion of any type of flexor tendon defect, from
the pulp to the carpal area. Thus, the tendon
anastomoses are not under tension and lie
outside “No Man’s Land.” Because of the very
distal rotation point and the mesotendon plas-
ticity and versatility, placement and anchoring
need attention but can be performed without
difficulty. The operation is performed in the
same way as a classic reversed-flow radial or
ulnar forearm flap.

+ The mesotendinous vascular branches are
anatomically constant, and the dissection will
take approximately the same amount of time
as a reversed-flow forearm skin flap (approxi-
mately 90 minutes).

+ This one-stage procedure retains all gliding
surfaces, which means that recipient bed
preparation by a pseudosynovial sheath using
a silicone rod is unnecessary. However, all
pulleys have to be repaired carefully: the trac-
tion exerted by this type of tendon is greater
because the resistance is less. Compared with
the other forearm transfers and their poten-
tial for composite transfers, the only one that
allows simultaneous transposition of skin,
bone, and tendon is the radial forearm flap.
However, this flap does not allow transfer of
the common carpal sheath and the flexor
tendon because the radial pedicle supplies
them only at the myotendinous level and its
rotation point is too proximal. The new tech-
nique of composite transfer is specifically
confined to the ulnar vascular system and
may be conveniently known as the ulnar trail
system.

The main disadvantage of our technique is
the need to transect the ulnar pedicle. However,
in our experience with more than 450 cases
of all varieties of ulnar transfers, no unde-
sirable long-term effects, such as paresthesia or
functional deficits, have been encountered 1
year after surgery. It is nevertheless preferable
to restore arterial continuity with either a
venous graft or a vascular prosthesis 2mm in
diameter.

Tissue Surgery

Results of Tendon Reconstruction

Evaluating the results of complex tendon recon-
struction is difficult because the variables are too
numerous (age of the patient; procedures used;
type of injury; accompanying nerve, bone, or
vascular injuries; and especially associated skin
problems). We prefer the Tubiana classification
system'” because it is based on proximal inter-
phalangeal joint movement, which in our opinion
displays the principal effect of the flexor tendon
transfer. The arithmetical addition of degrees
between extension and flexion compared with
the hypothetical maximum amplitude, which
does not distinguish between the metacar-
pophalangeal joint and the proximal inter-
phalangeal or the distal interphalangeal joints,
seems inadequate for this sort of salvage situa-
tion. Metacarpophalangeal joint movement is
rarely altered substantially.

The principal aim in these cases is to restore
effective and useful function, including grip, and
especially to restore good proximal interphalan-
geal joint movement. Our results show that 64%
percent of these extreme salvage flexor tendon
situations achieved an excellent, very good, or
good result and were greatly improved in a single
operation. These results have to be compared
with an average of 55% in results published for
similar cases in series using the two-staged pro-
cedure with or without a silicone rod. The tech-
nique also produces favorable trophic changes.
Finger skin becomes more supple and sensitive,
joints are less stiff and are mechanically active,
and flexion is improved. All this testifies to good
biological recovery.

Our results must be improved by a better
understanding of flexor tendon biology and the
restored gliding mechanism. This new technique
seems to give better functional performance and
reduces time lost from work.

We present a completely new approach to
flexor tendon reconstruction for major salvage
surgery. The use of an island flexor tendon, vas-
cularized through the ulnar mesotendon, with
all its gliding surfaces intact, seems to be a major
advance in dealing with adhesions and has the
added merit of being a one-stage procedure.
These types of ulnar vascularized tendon or
tendon and skin transfers with multiple applica-
tions and good functional results could set a
trend in tendon reconstructive surgery.

Even if this new procedure restores function,
it cannot be used in some circumstances. For
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example, it cannot be used when all the other
fingers have undergone tenolysis. We also know
now the complexity of all the sliding tissue
around the tendon and how the tendon and
sheath have to be considered together as a sliding
unit. Using a complete flexion system composed
of the flexor tendon, digital sheath, and all the
pulleys apparatus seemed to be the perfect
reconstruction.

Human Allotransplant of a Digital
Flexor System Vascularized on
the Ulnar Pedicle

In light of our experience, the idea of a
simultaneous tendon and pulley vascularized
allotransplant developed gradually. Nonvascu-
larized homografts of an entire flexor tendon
complex, originally performed by E. Peacock,
had been reported to produce uneven functional
results in several cases. These results were doubt-
less explained by an immunologic response
caused by tendon cell components,” although
there is little or no antigenicity to the collagen
tendon structure. These tendon homografts
were nonvascularized, taken from cadavers, and
either stored by deep-freezing or preserved in
Cialit.

The introduction of cyclosporine in 1980
changed the indications and improved success
rates in vascularized allotransplantations. Low,
nontoxic maintenance doses were prescribed for
these relatively weak antigenicity-response
organs.

Knowledge of the specific anatomic struc-
ture of the ulnar vascular network, experience in
homotendon grafts, the use of low-dose
cyclosporine, and the necessity to improve func-
tional results have all combined to produce a
successful human vascularized allotransplant of
a complete digital system by microsurgery.

Transplantation Technique

The original transplantation procedure, based
on our knowledge of the ulnar blood supply of
the flexor superficialis, especially of the ring
finger, has been performed from a living donor.
Some refinements and modifications were

adopted for the second case from cadaver
donor.

The different branches of the ulnar pedicle in
the forearm are identified. Those supplying the
skin and connected with the forearm anterior
venous superficial network and the flexor
tendons are selected.

To avoid opening the digital sheath and
thus inducing tendon adhesions, we left the two
flexor tendons in place in the digital canal. The
superficial arcade is clamped and transected
between the third and fourth common palmar
digital arteries. The functional unit, composed
of the flexor tendons and the entire pulley
system, is then separated from the digital bone
skeleton. This dissection is made in the subpe-
riosteal plane along the skeleton of proximal
middle, and distal phalanx. The tendon sheath
is not opened. The collateral pedicle is included
in the transfer. The ulnar pedicle is ligated above
the branch supplying the skin and connected
with the venous superficial network (Figure 4-
10).

Very good functional results were apparent
after 4 months. Wrist swelling disappeared little
by little, and because the patient had no active
motion preoperatively, the functional result with
a range of motion in flexion of 80° in the proxi-
mal interphalangeal joint, no extension defect,
and 55° of flexion in the distal interphalangeal
joint with an extension defect of 35° was consid-
ered excellent.

The average total active flexion equalled
almost the range of passive motion available.
This finger is now very functional and perfectly
adapted.

Conclusion

The presented technique is a step toward a new
type of reconstruction in hand surgery. It can be
used not only for the flexor system, but also for
bone and joints. For the moment, medicolegal
constraints are severe, and exacting criteria must
be met before any transplant can be performed.
Such constraints may diminish over time, and
techniques of repair and reconstruction, such as
those described here, will develop freely for use
in selected patients. Despite the success of this
technique, it should be reserved for complex
cases in which conventional techniques are not
possible.
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Innovations in Peripheral Nerve Surgery

Christopher T. Maloney, Jr.and A. Lee Dellon

Introduction

Any talk of innovation in peripheral nerve
surgery presupposes the existence of a special-
ized area of surgery related to the peripheral
nerves. With the founding of the American
Society for Peripheral Nerve in 1990, and its
annual meetings being held in conjunction with
the American Association of Hand Surgery and
the American Society of Reconstructive Micro-
surgery, the field of peripheral nerve surgery is
clearly now accepted as a specialized field of
surgery, with its own body of knowledge.

It has been suggested that James Learmonth,
MD, a neurosurgeon from Scotland, should be
considered as the pioneer, if not the first, periph-
eral nerve surgeon.' If that suggestion is accepted,
then “innovation” in peripheral nerve surgery
would be related to the concepts Learmonth
introduced. Among these would be the descrip-
tion of surgical techniques, such as decompress-
ing the peripheral nerves, the median nerve
compression at the wrist,” and the submuscular
transposition of the ulnar nerve for compression
of the ulnar nerve in the cubital tunnel.’ Lear-
month also described variations in peripheral
nerves,' the function of peripheral nerves, like
the sympathetic nerves,” and the idea that a
peripheral nerve could be resected to treat pain.®
In line with these concepts, then, “innovation”
will be considered as ideas that lead to new sur-
gical procedures related to the peripheral nerve,
whether these new procedures build on earlier
descriptions of neuroanatomy or on earlier pro-
cedures that have been placed now on a firm
evidence base.

“Innovation” also implies “new;,” and for the
purposes of this chapter, the time-line will be
within the last 5 years. The concepts that fit into
this definition are 1) treating the symptoms of

neuropathy by decompressing peripheral nerves,
2) treating long nerve grafts with an allograft,
3) treating short nerve gaps with a conduit, and
4) partial joint denervation for relieving pain,
emphasizing the knee, ankle, and shoulder.

Decompressing Nerves to Treat
Symptomatic Neuropathy

The hypothesis that the symptoms of neuropa-
thy could be treated by decompressing a periph-
eral nerve was offered in 1988’ and supported in
a diabetic rat model in 1991° and 1994.° This
hypothesis was confirmed by a separate team in
2003 in the rat model and included the finding
that intraneural neurolysis was of added value
in improving gait."” The hypothesis was con-
firmed yet again in 2005 in the same model,
but this time findings included information
specifically on the common peroneal nerve and
the gastrocnemius muscle."" The first clinical
report of the application of these concepts to
patients with symptomatic diabetic neuropathy
was in 1992," and this application has been con-
firmed by groups from general surgery in 1995,"
plastic surgery in 2000'*" and 2001,'® podiatric
foot and ankle surgery in 2003,” orthopedic
foot and ankle surgery in 2004," and neurosur-
gery in 2004.”

At the core of this concept is that the neuro-
pathy itself renders the peripheral nerve suscep-
tible to compression. This fact was documented
for diabetes in the streptozotocin rat model in
1988.”° In the presence of a positive Tinel sign
and an appropriate history, carpal tunnel decom-
pression could be done for patients with diabetes
and median nerve symptoms. Compression of
the median nerve at the wrist, the ulnar nerve
at the elbow, and the radial sensory nerve in the
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forearm conceptually give the physical findings
and symptoms of a distal sensory neuropathy—
a “glove distribution”—but would be related to
three separate nerve compressions. However,
in the patient with diabetes, whose nerves are
susceptible to compression, these three separate
“mononeuropathies” can coexist. Applying this
concept to the legs identifies compression of the
common peroneal nerve at the knee, the deep
peroneal nerve over the dorsum of the foot, and
the tibial nerve in the four medial ankle tunnels
(not just the tarsal tunnel). A positive Tinel sign
over the tibial nerve at the medial ankle has a
positive predictive value of 92% in identifying
the patient with diabetes who would obtain
relief from pain and recovery of sensibility if
the four medial ankle tunnels were decompressed
(Table 5-1).*"

In a retrospective series of 50 patients, no
ulcerations or amputations occurred during a
mean follow-up of 4.5 years after nerve decom-
pression, whereas, ulcerations (n = 12) and
amputations (n = 3) did occur in the contralat-
eral leg in which no nerve was decompressed.”
This difference established that the natural his-
tory of diabetic neuropathy can be changed by
decompressing the peripheral nerves in the leg.
Three reviews of this subject appeared early
in 2004.'"**** The International Neuropathy
Decompression Registry (neuropathyregistry.
com), represents a multicenter prospective study
with patients being included for decompression
if they have 1) neuropathy, 2) a positive Tinel
sign over the expected site of nerve entrapment,
3) failed medical management, and 4) surgical

Table 5-1. Results of Studies Treating Diabetic Neuropathy with Posterior
Tibial Nerve Decompression

Patients Nerves Patients Improved (%)
Study (n) (n) Pain Sensibility
1992, Dellon™ 31 32 85 72
1995, Wieman™ 33 26 92 72
2000, Caffee™ 58 36 86 50
2000, Aszmann® 16 12 NA 69
2001, Tambwekr'® 10 10 80 70
2003, Wood"” 33 33 90 70
2004, Biddinger18 15 22 86 80
2004, Valdivia™ 60 60 85 85
2004, Lee” 46 46 92 92
2005, Steck™ 25 25 84 72
2005, Rader® 49 49 90 72
Total 376 351 88 78

NA = not available

Tissue Surgery

decompression as described by Dellon”? of
the common peroneal nerve at the knee, the
deep peroneal nerve at the dorsum of the foot,
the tarsal tunnel, the medial and lateral plantar
tunnels, or the calcaneal tunnel (Figure 5-1).

This concept of decompression was extended
to chemotherapy-induced neuropathy based on
a rat model of cisplatin neuropathy in 2001.%
The first patients with chemotherapy-induced
neuropathy secondary to cisplatin and Taxol
were treated with decompression in 2004.”' This
first report contains just 8 patients. All had relief
of pain and recovery of sensation from decom-
pression of upper and lower extremity nerves.
Chemotherapy regimens that contain vincris-
tine; platin compounds, such as cisplatin or
carboplatin; taxol; or thalidomide can cause a
sensory neuropathy that is typically distal and
symmetrical, like diabetic neuropathy. This neu-
ropathy is often painful. For cisplatin and Taxol,
the peripheral nerve is susceptible to compres-
sion by the binding of the chemotherapeutic
agent to tubulin in the nerve’s axoplasm, which
decreases the slow component of anterograde
transport. The pain may be severe enough for
the patient to stop chemotherapy, at which time
nerve decompression would be appropriate.
For other patients, neuropathy symptoms, which
are dose-related, may improve after cessation
of chemotherapy. If the symptoms persist and
are disabling, a positive Tinel sign identifies the
location of the peripheral nerve compression
site. Operative procedures in the leg for
chemotherapy-induced neuropathy are the
same as those for diabetic neuropathy patients.

The first report of decompression in patients
with neuropathy of unknown cause was in 2004.”'
Neuropathy of unknown cause is defined as a
distal, diffuse, large-fiber, symmetric neuropathy
and it is essentially the same as the type for
which pain is relieved and sensibility is restored
for patients with diabetic neuropathy, as
described above and in Table 5-1. Two more
studies were presented at meetings in 2004"’ and
in 2005% relative to this group of patients with
neuropathy of unknown cause (Table 5-2). This
subgroup of patients is also reported at the Web
site given above.

Outcomes related to decompression of periph-
eral nerves in patients with symptoms are related
intheshorttermtorelief of painandimprovement
in sensation (Table 5-1). Secondary outcomes
were related to decreased pain and medication
and therefore to decreases in the cost of that
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£ Fascial roof of
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Septum removed;
vessels and nerves
share a common tunnel

Figure 5-1. Decompression of the four medial ankle tunnels. a) The medial
ankle region contains the tibial nerve, which passes through four discreet
anatomical tunnels, each of which must be decompressed. The tarsal tunnel itself
is opened by dividing the flexor retinaculum to expose the tibial vessels and
the tibial nerve. In this region, high origins of the calcaneal nerve are identified,
and a high division of the tibial nerve is identified, if present. In this region, the
tibial nerve is neurolyzed internally, if needed, and sympathetic innervation of
the tibial artery can be disrupted. b) The abductor hallucis brevis muscle is
retracted (not divided) after incising its superficial fascia. In 50% of patients, a

' medial and lateral
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small branch from the medial plantar nerve innervating the skin of the heel-arch
region is present and is preserved. When the muscle is retracted, the thick fascia
providing the roof of the medial and lateral plantar tunnels is identified. ) The
roof of the medial plantar tunnel has been incised, and the roof of the lateral
plantar tunnel is being incised. d) The septum between the two tunnels has been
cauterized and is being incised to permit the removal of this“T” shaped structure,
releasing the medial and lateral plantar nerves into the plantar aspect (porta
pedis) of the foot. e) The incised calcaneal tunnel is shown, and the “T” structure
is being removed.
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Table 5-2. Results of Studies Treating Neuropathy of Unknown Cause
with Posterior Tibial Nerve Decompression

Patients Nerves Patients Improved (%)
Study (n) (n) Pain Sensibility
2004, Valdivia” 40 40 20 80
2004, Lee” 40 40 80 80
2005, Steck™ 26 26 88 68
Total 106 106 85 72

medicine. A critical outcome is the change in
frequency of ulceration, amputation, or both.
This frequency is expected to be 2.3% per year,
or a cumulative frequency of 1 of 6 diabetic
patients. None of the studies in Table 5-1 have
reported a new ulcer or a new amputation in
any of the patients who underwent nerve decom-
pression for symptoms of diabetic neuropathy.
Given that the mean cost of treating a diabetic
ulcer was $27,500 in 1998, and that the mean
cost for an amputation, including prosthesis, was
$40,000, the health care savings of this preventive
approach is clear.

Once an ulcer has healed, the recurrence rate
in diabetic patients is expected to be between
40% and 60%. From the studies of Wieman and
Patel” and of Caffee' (the only two reports in
Table 5-1 in which there were any patients with
a history of ulcer or amputation), only 1 of the
29 patients (3%) had a recurrent ulceration.
Therefore, even in this advanced population of
patients with neuropathy—the subgroup that
has a history of ulcer or amputation—restoring
sufficient protective sensation to prevent
further ulcers saves a substantial amount of
money.

This finding supports the results of a recent
study in which patients with nerves decom-
pressed in one leg to prevent ulcers experienced
ulcers in the other leg, which had the same gly-
cemic control.”? Therefore, the conclusions from
all three experimental studies on diabetic rats’™"
have been confirmed in clinical studies: in the
absence of a site for compression, neuropathy
will not occur, and decompression will reverse a
neuropathic walking pattern.

A final outcome relates to restoring balance,
which prevents falls. Falls in this usually aged
population with neuropathy are directly related
to loss of balance and commonly result in hip
and wrist fractures. There is a direct correlation
between loss of sensibility and neuropathy.”
Restoring sensation to patients with neuropathy
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by decompressing the peripheral nerves of the
leg can improve balance.*

Nerve Reconstruction

Two innovations in the treatment of the nerve
gap have now been introduced into clinical prac-
tice. One is related to treating patients for whom
a large nerve graft is needed and for whom this
length of graft might not be readily available.
This problem has been resolved by nerve allo-
grafting. The second innovation is the use of a
nerve conduit to connect nerve gaps ranging
from those suitable for traditional nerve repair
to gaps of up to 3cm.

Nerve Allografts

Under the leadership of Susan E. Mackinnon,
MD, two decades of basic science research have
established that 1) the Schwann cells of an
allograft are rejected, 2) the host axons regen-
erate across the basement of the allograft, 3) the
host Schwann cells repopulate the reconstructed
segment after rejection of the donor Schwann
cells, 4) immunosuppression can be discontin-
ued and nerve function preserved after function
has been restored, and 5) immunosuppression
can be achieved with a regimen less suppressive
to the host than that required for kidney or
heart-lung or hand transplantation. Current
regimens are often based on tacrolimus (FK506)
and basiliximab, and a section of nerve is placed
subcutaneously to detect rejection.

The first clinical nerve allograft was reported
by Mackinnon and Hudson in 1992, for a child
with a sciatic nerve injury.” That first patient, an
8-year-old boy, was injured in 1988 and required
a “l10-cable, 23cm” reconstruction. The first
series of nerve allografts, consisting of 7 patients,
was reported in 2001.”° This series included
patients with allografts to the arms and legs. In
all patients, the nerve gaps and the interposed
grafts required constituted a total length of nerve
that could not be reconstructed from available
host sources. Cadaveric allografts were harvested
and preserved for 7 days in University of
Wisconsin Cold Storage Solution at 5°C. In the
interim, patients were started on an immuno-
suppressive regimen of either cyclosporin A
or FK506, azathioprine, and prednisone. Once
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sensory or motor function was achieved for 6
months, immunosuppression was stopped. With
this approach, 6 of the 7 patients recovered
some degree of function, and the one failure was
attributed to a “sub-therapeutic” immunosup-
pressive regimen.

This basic science and clinical research has
been done primarily in university hospitals. How-
ever, the recent experience of Michael Rose, MD,
and Andy Elkwood, MD, plastic surgeons in
private practice in southern New Jersey, is rele-
vant. As of January 2005, they had completed
five successful nerve allografts (Figure 5-2).”
Three of their 5 patients received nerve trans-
plants from living-related donors. They received
the same regimen as the unrelated donors.
Mackinnon’s group continues to search for
ways to minimize the amount of immunosup-
pression necessary in nerve allografting. They
have described using antibodies to adhesion
molecules, modifications of their cold preser-
vation technique, and radiation.®** In time,
immunosuppressive regimens that are even less
difficult for the patient will be introduced, and
patients requiring extensive amounts of periph-
eral nerve will have their defects reconstructed
with nerve allografts. Although perhaps fewer
than a dozen clinical nerve allografts have been
performed in the past 16 years, this number
will increase as other peripheral nerve centers
are approved to use this approach to nerve
reconstruction.

Figure 5-2. Use of nerve allograft to reconstruct a peripheral nerve defect. The
pale segment of nerve in the center is the allograft, sutured to the recipient’s
common peroneal nerve to the right, with connection to the sciatic nerve’s
common peroneal nerve component to the left. The patient recovered foot dorsi-
flexion and sensation to the dorsum of the foot. (Courtesy of Michael Rose, MD,
and Andrew Elkwood, MD, Short Hills, New Jersey)
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Nerve Conduits

More than two decades have passed since exper-
imental models of neural regeneration, using
various materials for nerve conduits, were first
used to measure neurotrophic substances and to
introduce substances related to the nerve regen-
eration process.” Although silicone chambers
were among the earliest conduits used experi-
mentally, nerves do not regenerate more than
10mm in them, primarily because they are non-
porous. Furthermore, silicone around a nerve is
one model of chronic nerve compression.”
Nerve regeneration through a region of com-
pression in an animal model does occur, but
then the nerve fails, again because of chronic
compression.”

Silicone has been used for many years to con-
nect nerves that would otherwise have under-
gone primary repair, but even the most recent
report of this approach, in 2004, describes the
necessity of removing the silicone from patients
as a result of long-term problems with symp-
toms of compression or pain.** The first ever
randomized multicenter, blinded study of a
nerve conduit for reconstructing a sensory nerve
defect in the hand was reported in 2000 by Weber
et al.® The conduit was a porous, polyglycolic
acid (PGA) bioabsorbable conduit that is
removed by hydrolysis, called the Neurotube
(formerly distributed by Neuroegen, and, as of
December of 2004, by Synovis Microsystems).
Dellon and Mackinnon first reported the results
of neural regeneration through this tube. The
results were equivalent to those obtained with
standard interposition interfascicular sural
nerve grafts in a nonhuman primate to repair a
3-cm ulnar nerve defect at the elbow (with
recovery of intrinsic motor function at one
year).* This 1988 report was followed by the first
clinical report of conduit in the sensory nerves
in the human hand.” The maximum gap for
clinical use was established at 3cm by demon-
strating in nonhuman primates that neural
regeneration at a greater distance was not
successful.*®

The Neurotube has been successful in treating
sensory or mixed nerves in the arms and legs, as
well as in cranial nerves V, VII, and XI in humans
(Table 5-3). The results of a randomized study,
by Weber et al, were that the Neurotube resulted
in statistically significant better recovery of sen-
sation for nerve gaps less than 4mm and greater
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Table 5-3. Reports of Clinical Applications of the Neurotube
Peripheral Nerve Reconstructed

Report Date of
Sensory Nerve: Arm
Digital and Median at the Wrist” 1990
Digital® 2000
Digital® 2003
Sensory Nerve: Foot™ 2001
Cranial Nerves: Sensory
V (inferior alveoloar)’’ 1992
Cranail Nerve: Motor
VIl (facial)* 2005
Xl (spinal accessory)*® 2005

than 8 mm, indicating that the Neurotube should
be the conduit of choice for either a primary
repair or a nerve gap reconstruction of less than
30mm.* The Neurotube has been used with

Figure 5-3. Reconstruction of the neuroma-in-continuity of the median nerve
in the forearm of a 37-year-old man. Previous primary repair was unsuccessful.
a) Resection of the neuroma showing the 3-cm gap in the median nerve. The
tourniquet is inflated. b) Interfascicular reconstruction of the defect with four,
2.3-mm-diameter Neurotubes, each 4 cm long.

Tissue Surgery

Figure 5-4. Reconstruction of the median and ulnar nerve at the level of the
brachium 18 months ago in a 51-year-old man. Note the recovered bulk of the
forearm muscles. Electromyographic evidence of reinnervation of the flexor carpi
radialis, flexor profundus, flexor superficialis, pronator, and flexor carpi ulnaris was
obtained. Sensation was recovered in the fingertips with two-point discrimination
and good localization 24 months after the Neurotube reconstruction. Two tubes
were placed for the ulnar nerve and three for the median nerve. (Courtesy of
A.L.Dellon, MD.)

multiple conduits, instead of multiple sural nerve
grafts, to reconstruct the median nerve at the
wrist (Figure 5-3), and to reconstruct the median
and ulnar nerve in the brachium of the forearm
in a 51-year-old man (Figure 5-4).

The Food and Drug Administration approved
the Neurotube for clinical use in 1997. After that
approval, other conduits could be used without
the need for randomized controlled studies in
humans. An example of one such tube is the
NeuraGen collagen tube by Integra LifeSciences
(and not to be confused with the Neurotube,
which is made of PGA, amino acid, and sugar
molecules, and not a foreign protein). No
clinical trials of this collagen tube have yet
been published. A series of 9 patients was
described at the 2005 meeting of the American
Society for Peripheral Nerve Surgery.* The col-
lagen is bovine, and as such carries the risk of
an in ammatory or immunological reaction, in
contrast to the PGA tube, which is hydrolyzed.
In this series of patients who received the col-
lagen tube (the size of the nerve gap is not
given), the recovery of sensation was described
as “at least protective, with the mean static
2-point discrimination being 9mm.” This
average result is much inferior to that obtained
with the Neurotube, where the mean static
2-point discrimination was 3.7mm for defects
less than 4mm and 6.8mm for defects greater
than 8 mm.*

Another tube available now in the US is made
of poly DL-lactide-e-caprolactone (Durolac;
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Polyganics BV, Groningen, Netherlands). A series
of patients receiving this conduit also was pre-
sented at the American Society for Peripheral
Nerve meeting in 2005.>**° The results with this
conduit were not better than those with the
control repair or graft. There is evidence that
portions of this tube remain present for more
than 18 months, which is similar to the collagen
tube. This presence suggests that the term “bio-
absorbable” may not be the best description for
these tubes; the PGA tube looses tensile strength
by 3 months and then is hydrolyzed relatively
quickly. Another important difference is that the
collagen and the Durolac tubes are available in
a length of only 2cm. Because the nerve must
occupy the first 5 mm at each end of the tube, only
defects less than 1.0cm can be reconstructed. In
contrast, the Neurotube is available in a 4-cm
length, which means that a 3-cm defect can be
reconstructed. Given the ability of nerves to
regenerate through almost any conduit, more
competitive tubes will likely become commer-
cially available for clinical use. At present, only
the Neurotube, as established in Table 5-3, offers
proven capability for both sensory and motor,
extremity and cranial nerve defects for clinical
nerve reconstruction.

Partial Joint Denervation

Partial joint denervation is the concept of pre-
serving joint function and relieving joint pain by
interrupting the neural pathway that transmits
the pain message from the joint to the brain.
Traditional approaches to treating joint pain rely
on musculoskeletal approaches to the joint itself
and often require joint fusion or total replace-

Table 5-4. Partial Joint Denervation: Relationship of Joint to its Innervation
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ment arthroplasty. The concept of partial joint
denervation offers the patient an outpatient,
ambulatory operative approach that is join —
sparing and rehabilitation-free. Establishing the
validity of partial joint denervation requires 1)
identifying the innervation of the specific joint
through dissection because this information is
not contained in anatomy texts, 2) defining a
route to administer local anesthetic based on
this new anatomic knowledge, 3) demonstrating
that local anesthetics will relieve pain in patients
in whom the musculoskeletal approach has
failed, 4) planning a surgical approach to resect
the nerve and interrupting the pain pathway,
and 5) documenting the success of this approach
with an appropriate patient population. This
process must be repeated for each different
joint.

Partial joint denervation was introduced by
Dellon in a 1978 description of the innervation
of the dorsal wrist capsule by the posterior inter-
osseous nerve® and in his description of the
treatment of pain related to injury to that nerve
in 1985.” The innervation of the anterior wrist
joint was described in 1984, and partial volar
wrist denervation was then possible.”®
Before this approach, total wrist denervation had
been described and practiced in Europe but
required 4 incisions and removal of 10 different
nerve branches.””® The extension of the concept
of partial joint denervation was then extended
by Dellon to the knee joint.®"® Through 2000,
the reported results for 344 patients treated with
partial knee denervation (Table 5-4) are that
90% responded to a local anesthetic block with
increased ambulation, stair climbing, kneeling,
and reduced pain (improvement of at least
5mm on a visual analog scale for pain).” Causes
for less-than-good results were related to

Denervation

Painful Anatomic Site Nerve Innervating Site Described
Wrist, Dorsal Posterior interosseous, 1978 Dellon, 1985%"
Wrist, Volar anterior interosseous, 1984° Dellon, 1984°
Knee medial & lateral retinacular, 1994°" Dellon, 1995%
Sinus Tarsi deep peroneal nerve, 2001% Dellon, 2002
Shoulder, Anterior lateral thoracic, 1995% Dellon, 2003%”
Elbow, Lateral Epicondyle Posterior brachial cutaneous nerve, 1962% DeJesus, 2004%
Elbow, Medial Epicondyle br. to medial epicondyle, 2004 Dellon, 2004%
Temporomandibular Joint auriculotemporal & br. of masseteric, 2003% Dellon, 2005%
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worker’s compensation disability issues and
drug addiction. Because of variability in the
cutaneous nerves to the knee, about 10% of
patients require a second operation to resect
another cutaneous nerve, usually from the
infrapatellar branch of the saphenous nerve.
The experience with this procedure now exceeds
600 patients, and the results are similar (ALD,
personal experience). This approach has been
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extended to other joints (Table 5-4), and its
extension to the lateral ankle and shoulder are
described below.

O’Conner first described sinus tarsi syndrome
in 1958.”° Lateral ankle (the sinus tarsi) pain is
most commonly cause by an inversion sprain.
The sinus tarsi are a space related to the bones
of the anterolateral ankle (Figures 5-5a and
5-5b). The pain may be associated with a fracture

Figure 5-5. The anterolateral ankle has a space described as the sinus tarsi that
isillustrated in a) and b).In a), the deep peroneal nerve is shown innervating the
extensor brevis muscle, and in b), the sinus tarsi is identified by the black arrow.
In ¢), the deep peroneal nerve is shown innervating the sinus tarsi proximal to its

innervating the brevis. Its terminal branch to the dorsal first webspace is also
shown. In d), the deep peroneal nerve is resected through an approach in the
lateral leg, to denervate the sinus tarsi.
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or dislocation, but it is always associated with a
tear of the ligaments to the joints in this space.
When traditional non-operative treatment for
sinus tarsi syndrome fails, and pain becomes
recalcitrant, surgical options usually involved
evacuating the contents of the sinus tarsi
(sometimes referred to as a “clean out”), a
subtalar joint arthrodesis, or a subtalar joint
arthroscopy.” ™

The innervation of the sinus tarsi was
described in 2001 as being from the deep pero-
neal nerve, with the branch(es) arising just prox-
imal to the ankle in 100% of people (Figure 5-5c),
and with additional innervation coming from
the sural nerve in about 20% of people.”* The
evaluation of these patients requires previous
foot and ankle consultation to be sure that all
musculoskeletal sources of pain have been
treated and that the ankle is strong. This evalu-
ation includes being sure that there are no bone
fragments in the subtalar joint. First, nerve
blocks with local anesthetic must be done for the
deep peroneal nerve proximal to the ankle, and
then, if there is still pain with ambulation, the
sural nerve should be blocked. Although the first
patient reported excellent pain relief after partial
resection of the deep peroneal nerve just above
the ankle, which preserved function in the
extensor brevis muscle and the distal dorsal
foot skin,” in a larger series, some patients did
not experience relief. The current recommenda-
tion is to resect the entire deep peroneal nerve
through the anterolateral lower leg (Figure

sERY:
MPARISONS

CURETTAGE SUBTALAR DENERVATION
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WEIGHT
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2-3 weeks B-12 weeks  immediate
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PAIN

moderate severe minimal

2-3wecks # CC

FULL
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1-3 months  6-8 months

Figure 5-6. Characteristics of recovery from different surgeries for sinus tarsi
syndrome.
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INNERVATION OF ANTERIOR CAPSULE

LATERAL PECTORAL
NERVE

Figure 5-7. Innervation of the anterior shoulder capsule from a branch of the
lateral pectoral nerve (arrow). Because this nerve crosses the coracoid, it is the site
for a nerve block.

5-5d),”* as described for the treatment of dorsal
foot neuromas.” Results obtained with partial
resection of the deep peroneal nerve were excel-
lent in 4 patients, good in 2, and poor in 1, in
contrast to the results of traditional therapy,
which were excellent in 6 and poor in 1 (Figure
5-6).”* The one failure in this last group of
patients involved a complex regional pain
syndrome.

Anterior shoulder pain is the most common
symptom of failed orthopedic approaches to
treating impingement syndrome and rotator cuff
tears. Shoulder pain limits movement of the
shoulder, the ability to perform activities of daily
living, and many work activities, in particular
work requiring the overhead use of the hand.

Over the past 25 years, open or arthroscopic
approaches to correct shoulder pain has left
about 20% of patients with anterior shoulder
pain.”*”’In 1967, a description of the innervation
of the anterior shoulder capsule from a branch
of the lateral thoracic nerve (Figure 5-7)¢
suggested that this nerve could be blocked by
local anesthetic injection on the surface of the
coracoid (Figures 5-8a and 5-8b). Before the
block, the patient’s pain is measured with a visual
analog scale, and the range of painless shoulder
motion is identified. The nerve is then blocked,
taking care not to inject too deeply to the cora-
coid, to prevent blocking the brachial plexus and
injuring the lung. If the block is successful, within
10 minutes the patient’s pain will diminish and
range of motion of the shoulder will improve
(Figures 5-8c and 5-8d).
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PARTIAL ANTERIOR SHOULDER
DENERVATION RESULTS:

BEFORE BLOCK

AFTER BLOCK

v

J

Figure 5-8. Technique for nerve block of the anterior shoulder capsule. a) Identifying the coracoid as a site of pain and b) doing the nerve block. ¢) The site before
surgery and d) after a successful block, establishing that this nerve was the source of shoulder pain.

Residual impairment in the range of motion
may remain as a result of adhesive capsulitis. If
the denervation procedure is successful, subse-
quent surgery can improve the range of motion
of the “frozen shoulder” The incision is made

over the coracoid, and the pectoralis muscle is
split longitudinally (Figure 5-9a). Loup mag-
nification and bipolar coagulation is used. The
vessels in the loose areolar tissue just deep to the
pectoralis and immediately over the coracoid
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Figure 5-9. Intra-operative view of a nerve to the anterior shoulder capsule.
a) The incision on the right shoulder of a patient who had a previous
open-shoulder surgery. b) A nerve to the anterior shoulder capsule adjacent to
vessels.

are inspected, and any nerve within this tissue is
excised, often requiring excision of one of the
veins as well (Figure 5-9b). Then, the coracoid
is approached, and the origin of the biceps and
coracobrachialis inspected. A second branch of
the nerve may be present at this level, measuring
less than 1.0mm. A 2-cm segment is resected.
Marcaine is placed into this area. If there is any
question about the nerve being a motor branch
to the pectoralis, intra-operative stimulation is
used. The nerve typically can be traced directly
to the shoulder capsule, but it is resected over the
coracoid.

The results in the first group of 12 patients
treated with this technique were reported in
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2003, to the Argentinian Hand Surgery Society
meeting (Figure 5-10).” The mean age of the
8 men and 4 women was 37.5 years (range 29 to
54 years). The mechanism of injury was work-
related in 7. The mean time from injury to
shoulder denervation was 2.5 years (range: 0.5 to
7.0 years). To be eligible for the procedure, each
patient had to have at least 5 points on the pain
scale and required an increase in range of motion.
At a mean of 1.2 years after anterior shoulder
denervation, 8 patients had excellent results
and 4 had good results. Mean VAS pain scores
dropped from 8.5 to 1.8, and mean range of
motion, pain-free, increased from 0° to 60° to 1°
to 100°.

Elbow joint pain must be distinguished from
medial and lateral humeral epicondylar pain.
Although the innervation of the elbow joint
was described more than half a century ago,*
and total elbow denervation was described more
than 40 years ago,*® partial elbow joint den-
ervation has not been described, nor has iso-
lated denervation of either the medial or lateral
humeral epicondyle. Kaplan and Wilhelm did
describe denervation of the lateral humeral
epicondylitis, but Kaplan® clearly denervated
only branches of the radial nerve at the
radial-humeral joint, whereas Wilhelm* did
this as well, plus denervating muscles inner-
vated at the epicondyle. He also included the
posterior brachial cutaneous nerve (nervus
cutaneous antebrachii dorsalis) in perhaps his
first description of this procedure in German,
in 1962.%

In 2004, isolated denervation of the lateral
humeral epicondyle by resecting the branches of
the posterior cutaneous nerve of the arm and
forearm was described at the American Associa-
tion of Hand Surgery meeting.* The innervation
of the medial humeral epicondyle was described
in 2005 at the American Society for Peripheral
Nerve. This nerve was noted during resection of
themedialintermuscular septum during submus-
cular transposition of the ulnar nerve. Cadaver
dissections revealed that it originates from the
radial nerve in the axilla in all cases, with one
case having a contribution from the ulnar nerve
in the axilla as well. This nerve can be resected
at the insertion of the medial intermuscular
septum into the medial epicondyle for the
treatment of medial epicondylitis (“golfer’s
elbow”).%8¢

Temporomandibular joint (TMJ) pain is
another example of debilitating joint pain.
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PARTIAL SHOULDER DENERVATION

RESULTS:
PRE-OP

Although TM]J pain is taught traditionally to
be related to dental malocclusion, it if often
considered to be part of the symptom complex
in brachial plexus compression, in the thoracic
inlet (thoracic outlet syndrome) and cervical
sprain. The TMJ can be the center of referred
pain from the cervical plexus, as in the two
clinical examples given above, from the maxil-
lary sinusitis (infraorbital nerve), or from third
molar problems (superior and inferior alveolar
nerves). This referral pattern is best understood
by relating it to the recent iteration of the
many earlier papers that describe the innerva-
tion of the TM]J, from branches of the trigeminal
nerve division V2, the mandibular nerve. The
lateral aspect of the TM]J is innervated by the
auriculotemporal nerve before it pierces the
temporal fascia to innervate the preauricular
and temporal region. The medial aspect of
the TMJ is innervated by a branch from the
nerve that innervates the masseter muscle just
before that nerves crosses between the coronoid
and condylar processes, at the mandibular
notch.® Additional medial innervation may
come from the nerve to the lateral pterygoid
muscle.”®

Despite extensive protocols for managing TMJ
pain, if they fail, endoscopic or open procedures
attempt to tighten the ligaments of the TM] or

6 MONTHS POST-OP

W

Figure 5-10. Results of anterior shoulder
denervation. A typical patient pre-
operatively and 6 months after surgery,
showing increased range of motion.

to reshape or reconstruct the joint itself. These
procedures classically give immediate relief, but
pain recurs in 3 to 6 months. Much of this success
is likely related to completely denervating
the TM]J, and the recurring pain is caused
by reinnervation of the joint or true neuroma
formation.

On January 28,2005, the first attempt to dener-
vate the TM] was performed (Figure 5-11a) in
a patient who had three previous procedures,
two endoscopic and one open.”A preauricular
incision was made, and the upper portion of
the mandibular ramus was approached, using a
dilute epinephrine solution to control bleeding
and intraoperative electrical stimulation to iden-
tify the facial nerve branches (Figure 5-11b). The
auriculotemporal nerve moves from posterior
to anterior across this portion of the mandible
and may be identified at this point (Figure 5-
11b) and followed to the lateral TMJ capsule, and
resected (Figure 5-11c). A branch to the eusta-
chian tube can be identified and should also be
resected because this branch may create referred
or neuromatous pain in the external auditory
meatus (which it did in this patient, preventing
her from wearing her hearing aid). The branch
from the nerve to the masseter is difficult to
identify, but it was approached in this patient by
extending the incision toward the mandibular
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Figure 5-11. Denervation of the temporomandibular joint (TMJ). a) Preopera-
tive view of the TMJ outlined with innervation, from the auriculotemporal nerve
to the lateral and the masseteric nerve to the medial side of the joint capsule.
b) Intra-operative view, with the blue vessel loop on a facial nerve branch (note
nerve stimulator in use) and white vessel loop on branch of auriculotemporal

angle, elevating the masseter from the mandible,
and dissecting superiorly towards the notch. In
this location, a right angle clamp can be placed
posteriorly, and the innervation of the medial
TMJ can be disrupted (Figure 5-11c). It may
be that only a partial, lateral TM] denervation
is needed for most patients with intractable
TM] pain.

For plastic surgery, the concept of partial joint
denervation opens a new area for patient care,
permitting relief of pain and restoration of

nerve. ¢) After resection of the auriculotemporal nerve, its proximal end is placed
deep to the mandibular ramus (dark hole and arrow).The specimen is lying on the
cheek skin. d) The branch of the masseteric nerve to the joint capsule is approa-
ched by elevating the masseter from the mandibular ramus (white area) and then
grasping the nerve with a right-angle clamp, reaching behind the condyle.

function throughout the body for those with
joint pain.
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Minimally Invasive and Endoscopic Techniques in
Peripheral Nerve Surgery of the Hand and Forearm

Reimer Hoffmann

Introduction

Minimally invasive and endoscopic techniques
are not new in surgery; in fact, they are well
established in many fields, such as general
and gynecological surgery. In hand surgery,
only the endoscopic operation of the carpal
tunnel syndrome has become an established
technique."” In spite of an initial enthusiastic
reception by many hand surgeons, this operation
has not marked the beginning of a new “endo-
scopic” era in hand surgery. A high complication
rate and the fact that it is technically demanding
and relatively expensive are some of the reasons
enthusiasm waned. An alternative for many
hand surgeons became minimizing the incision
for the open operation, to a point where the
size of the incision was not larger than the one
needed for the introduction of an endoscope.™*
This minimally invasive technique, however,
has become popular only for carpal tunnel
release.

Hand surgeons continue to look for broader
applications for both minimally invasive and
endoscopic surgery. It remains a challenge, there-
fore, to introduce minimally invasive and endo-
scopic techniques to hand surgery in a way that
allows them to become a routine and useful
aspect of this specialty. In this chapter we
describe some of the techniques we have used to
treat carpal tunnel syndrome, pronator syn-
drome, anterior interosseus syndrome, cubital
tunnel syndrome, tennis elbow (including the
posterior interosseus nerve), and the radial
Sensory nerve.

Endoscopic and Minimally Invasive
Hand Surgery

Endoscopic surgery and minimally invasive
surgery are not surgical techniques; rather, they
are a completely new approach to surgery that
enables us to see and to do more through much
smaller incisions. The skin incision should follow
the natural skin creases and, in most cases, will
be transverse or oblique. The resulting scars are
wonderfully inconspicuous. If possible, the inci-
sion should be at a distance from the area to be
dissected to keep the internal and external scars
separate.

As with other forms of endoscopic surgery,
the surgeon needs to create a space to work in.
Because we cannot inflate the soft tissue of an
extremity with gas, as is done in abdominal
surgery, we must create a space using a tunnel-
ing forceps of the appropriate size (Figure 6-1).
With the blades of this forceps, the tissue layers
we want to dissect can be gently separated.

For good visualization, we use specula and
endoscopes attached to a light source. The
specula are similar to those used in ENT surgery
(Figure 6-1), and the endoscopes—originally
designed for endoscopic face lifting—have dis-
sectors of varying size and shape at their tip
(Figure 6-1). With the specula, the tunnel can be
opened in three directions, and with the endo-
scope, the soft tissue envelope can be held up,
enabling the surgeon to introduce instruments
and to dissect within this space.

When using illuminated specula, dissection
is done under direct vision in the tunnel;

n
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Figure 6-1. Instruments for endoscopic nerve decompression: tunneling forces
(top middle), speculum (bottom right), endoscope with dissector on tip (bottom
left).

when working with the endoscopes, dissection is
observed and controlled on the monitor. The aim
of endoscopic and minimally invasive surgery is
to further enhance atraumatic technique.

Any surgical interference with tissue will
invariably produce a scar. The less dissection
through tissue layers that glide against one
another, the less scarring we will get, and the
more function will be preserved. Scarring is not
only an aesthetic problem but may lead to teth-
ering of tendons, nerves, and other structures. It
impairs motion and can create pain. Tissue that
is not cut but only spread will recover its natural
functions much more quickly. When scarring is
limited, tissues glide early when motion begins,
and pain is less. Perioperative morbidity will be
reduced and functional recovery will be faster.
Therefore, patients can be encouraged to move
early, and they will do so because they experi-
ence less pain. Therefore, time away from work
is less and normal activities can be resumed
early.

Arthroscopy has also shown that “less can be
more.” Although skin incisions are tiny when
performing arthroscopy, the surgeon has a much
better view of all joint compartments and can
usually gain access to structures that are inacces-
sible during open surgery. With endoscopic
and minimally invasive surgery of soft tissues,
the same advantages are encountered. With the
speculum and endoscope, we can often advance
much further into our surgical field along the
anatomical course when releasing a compressed
nerve, without extending the skin incision.
Therefore, it is quite possible that anomalous
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fibrous bands that cross and compress a nerve
are more often found and split than in a conven-
tional procedure. This ability may contribute to
a more radical nerve release and better results.
Moreover, when operating with the endoscope,
more magnification is possible—magnification
comparable to a microscope—which further
enhances the precision and completeness of
dissection.

Endoscopic and minimally invasive tech-
niques are not intended to replace standard tech-
niques in hand and peripheral nerve surgery but
to enhance and supplement them. Thus, these
techniques are not for beginners but for sur-
geons who have already mastered the common
techniques. This circumstance, however, as in
other surgical specialties, will most likely change
with time.

We are at the beginning of this era, and there-
fore new applications must be carefully explored
and must also stand the test of time. In
cooperation with instrument makers and endo-
scope manufacturers, new instruments must be
designed to simplify and improve these new
techniques.

In the following sections, we describe some
techniques that we have successfully incorpo-
rated into my daily routine. Other techniques are
still being refined. We have not addressed wrist
arthroscopy here because it is a well established
technique.

Carpal Tunnel Syndrome

Carpal tunnel syndrome is the most frequent
nerve compression syndrome in every hand
surgery practice.

The aim of surgery is the complete decom-
pression of the median nerve by dividing the
flexor retinaculum and the adjacent forearm
fascia. Anyone turning to Green’s Operative Hand
Surgery® for advice and who follows the author’s
preferred method will be told to do a “classic
open carpal tunnel release” (Figure 6-2) The
author does not explain why this release is
“classic,” however. “Classic” in this context often
means “historic.” Although the open method cer-
tainly is justifiably safe for carpal tunnel release,
particularly for the beginner, the incision shown
in the book should be historical, in the sense that
it is obsolete. An incision extending to the
forearm must be strictly avoided—the only
exception is a very proliferative tenosynovitis in
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Figure 6-2. Incision for the “author’s preferred method,” as described in Green’s
hand surgery textbook.’

a rheumatoid patient—because a scar in this
area often becomes hypertrophic and may cause
social problems for the patient as it mimics the
scar created in a suicide attempt.

The larger the incision in the palm, the greater
the risk of cutting small cutaneous nerves in this
area, which may subsequently lead to a painful
scar secondary to small neuromata. A consider-
able number of patients experience pillar pain in
the proximal palm near the wrist crease, pain
that can be a postoperative problem, sometimes
for many months. A scar in this area contributes
to this problem.

Endoscopic technique should not be the sur-
geon’s first choice for 2 reasons. First, endoscopic
instruments are expensive, and because hand
surgeons sometimes do several of these opera-
tions on one day, the surgery center would need
quite a few instruments. Second, the technique is
not safe enough. It may be so in expert hands,
but carpal tunnel release is done by many sur-
geons without specialized training in hand
surgery. The complications reported in the
literature and encountered even by specialized
hand surgeons are simply too high. This tech-
nique carries a risk because the anatomical
structures cannot be visualized at all times
during the procedure: there is a “blind” element
involved.

We are using a minimally invasive technique
with a short incision in the palm.* This tech-
nique, which requires very few instruments and
a speculum for the “endoscopic” part, is easy to
learn. The operation is performed with the
patient under an either brachial plexus block

or local anesthesia. A tourniquet to obtain a
bloodless field is essential.

The principle is to operate from distal to proxi-
mal. The incision follows the longitudinal crease
between the thenar and hypothenar eminence
(Figure 6-3) and can be between 18mm and
25mm long. It lies over the distal third of the
carpal tunnel. The subcutaneous tissue is sepa-
rated down to the palmar aponeurosis. The fascia
is divided, and its edges are retracted with
2-pronged skin hooks. The flexor retinaculum is
exposed, and its distal part divided. The median
nerve and its motor branch are identified.
Whenever atypical musculature is found, at this
or any other point in the carpal tunnel, an
atypical motor branch variation must strongly
be suspected. All anatomical variations® of the
motor branch must be kept in mind to keep
the procedure safe.

The deep transverse carpal ligament is cut
with a 15 blade for 10 mm to 15 mm in a proximal
direction, further exposing the median nerve.
Before the final release, a tunnel is created using
a needle holder as tunneling forceps, spreading
the tissue between the palmar aponeurosis and
the proximal part of the flexor retinaculum
and the forearm fascia (Figure 6-4a). A speculum
with a blade length of 50 mm is inserted into the
tunnel and gently opened (Figure 6-4b).
The inside of the tunnel is visualized, either by a
light source attached to the speculum or by an
external light. An excellent “endoscopic” view
down the undivided part of the flexor retinacu-
lum and the forearm fascia is obtained (Figure
6-5a).

Figure 6-3. Small incision for minimally invasive, open carpal tunnel surgery.
The motor branch of the median nerve has been dissected.
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Figure 6-4. a) Tunneling with the needle holder (see text). b) Speculum inserted for viewing the undivided part of the flexor retinaculum and forearm fascia.

Retinaculum and fascia, kept taut with the
speculum, are divided with the scalpel or, rarely,
with scissors. The fascia is divided up to 3cm
proximal to the wrist crease (Figure 6-5b). Teno-
synovectomy is possible without enlarging the
skin incision. The only indications to open the
skin incision down to the wrist crease are in
rheumatoid or dialysis patients in whom large
amounts of proliferative synovitis or amyloid
tissue need to be excised.

Hemostasis is achieved with bipolar coagula-
tion; a drain is rarely necessary. A bulky dressing

is applied. We prefer to immobilize the wrist for
aweek in a dorsal splint. With some routine, this
operation takes about 10 minutes from skin inci-
sion to finishing the dressing.

The technique combines the advantage of low
morbidity of the endoscopic approach with the
greater safety of the open method. Using a small,
standard set of ordinary hand surgery instru-
ments makes surgery very cost-effective (“safer-
faster-cheaper”). We have used this method in
more than 4000 patients and recommend it
without any hesitation.

Figure 6-5. “Endoscopic” view with speculum. a) The undivided part of the flexor retinaculum and forearm fascia are clearly visible, as are the blades of the speculum.

b) The flexor and adjacent forearm fascia completely divided.
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Pronator Syndrome

Proximal median nerve compression is much
less common than carpal tunnel syndrome,
and it may be overlooked because the asso-
ciated symptoms and physical signs may be
vague.

Pronator syndrome resembles carpal tunnel
syndrome in that numbness occurs in the
same digits, weakness may develop in the thenar
muscles, and pain is reported in the wrist
and forearm. Paresthesia of the median-
innervated fingers without physical signs of
carpal tunnel or chronic pain in the proximal
palmar region of the forearm resistant to conser-
vative treatment should be considered to be the
result of compression of the median nerve in the
pronator tunnel. The potential sites of compres-
sion, however, are not only in the pronator
muscle; therefore, it would be more adequate to
term this condition “proximal median nerve
compression.”

The most proximal potential structure that
can compress the median nerve the ligament of
Struthers. This fibrous band runs from a supra-
condyloid process to the medial epicondyle, and
the median nerve passes beneath it. Although
the supracondyloid process is found in only 3%
of patients, the ligament of Struthers is poten-
tially present in everyone; thus, the proximal
median nerve should be explored proximal to
the elbow to be sure the nerve is not compressed
at this level.

The next structure that can compress the
median nerve is the lacertus fibrosus. The median
nerve then passes through the pronator tunnel,
which is formed by the two heads of the pronator
teres, with their tendinous origins and fibrous
edges. In addition, other fibrous bands may
constrict the nerve as it passes through this
muscle.

Distal to the pronator, the nerve passes through
a tendinous arc formed by the origin of the
flexor digitorum superficialis (FDS).” When
decompressing the nerve, it is wise to follow the
aforementioned course and not to leave any of
the compression sites unreleased. Therefore, in
the past’ and still today, long incisions, from
12cm to 20 cm, have been suggested.’

As in carpal tunnel syndrome, the aim of
surgery in pronator syndrome is the complete
decompression of the median nerve. All offend-
ing tendinous and fibrous structures crossing

Figure 6-6. Skin incision for a minimally invasive approach to pronator tunnel
release.

the median nerve must be released. The fleshy
parts of the muscles involved are never “offend-
ing” structures and can be left intact. This cir-
cumstance makes the surgery less “offensive”
and opens the door for a minimally invasive and
endoscopic approach.

Following guidelines for safe endoscopic
surgery, we expose the median nerve through a
3-to-4-cm transverse incision 2 cm to 3 cm distal
from the cubital crease, on the ulnar-palmar
aspect of the forearm (Figure 6-6). The fascia is
exposed between the flexor carpi radialis and
pronator teres. The median nerve can be easily
located here by palpation (Figure 6-7a). The
fascia is opened, and the muscle bellies are
retracted radially and ulnarly with appropriately
sized Langenbeck retractors (blade 3cm wide
and 5cm to 6 cm long). A self-retaining retractor
may be helpful distracting the wound margins in
the distal-proximal direction. The nerve is dis-
sected with ease under direct vision as far as
possible (Figure 6-7b).

A subcutaneous tunnel is created distally and
proximally. A 9-to-11-cm speculum is intro-
duced, and forearm fascia and muscle raphe are
transected first in a proximal direction. The
endoscope is introduced, and dissection carried
out as described for the surgery of cubital tunnel
syndrome. The fibrous arcades and other con-
stricting bands within the pronator and proxi-
mal to it are divided, and the nerve is completely
decompressed up to 8 cm proximal to the cubital
crease (Figure 6-8). The muscles themselves are
left intact. The same procedure is done in a distal
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Figure 6-7. a) Exposure of the forearm fascia in a direct approach to dissecting the median nerve. b) Further direct dissection of the median nerve (left = distal). The

muscular nerve branches, and first fibrous arcade are distal to the nerve.

direction. All branches of the nerve can be visu-
alized, identified, and protected.

Fibrous arcades in the pronator tunnel are
divided (Figures 6-9a and 6-9b). The anterior
interosseus nerve can be followed and is com-
pletely decompressed (Figure 6-10). At the end
of the endoscopic route, the FDS arc is located
and divided (Figure 6-11). A suction drain is
inserted and the wound closed. A bulky dressing
is applied, and the upper arm is cast in plaster of
Paris for 2 days. Postoperatively, patients are
encouraged to move the arm, which is protected
only by an elastic bandage.

Figure 6-8. Endoscopic view of the fibrous arcade in the proximal pronator
tunnel.

Figure 6-9. Fibrous arcade in the distal part of pronator tunnel a) before and
b) after endoscopic release.
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Figure 6-10. Endoscopic view of the anterior interosseus nerve branching off
median nerve and crossing under the tendinous edge (right).

Figure 6-11. Endoscopic view of the flexor digitorum superficialis arc before
division.

We can only report preliminary results in 5
patients, but they are very encouraging. All
patients were successfully relieved of their symp-
toms and had full range of elbow motion within
5 to 6 days. The least we can say at this early stage
is that the results of endoscopic management of
this nerve entrapment are equal to the open
method but that morbidity is much less and
early rehabilitation much faster.

Anterior Interosseus Syndrome

Clinically, the anterior interosseus syndrome is
much more obvious and easier to diagnose than
the pronator syndrome.” Patients present with

weakness or palsy of the muscles innervated by
the anterior interosseus nerve, the flexor pollicis
longus, the flexor digitorum profundus to the
index finger, and the pronator quadratus. In con-
trast to pronator syndrome, electromyography
of the FPL is usually helpful to confirm the diag-
nosis. Anterior interosseus palsy may be caused
by a neuritis (Parsonage-Turner syndrome),
which must be ruled out by a neurologist before
surgery.

Although clinical findings usually identify the
site of compression, fascicular compression
within the median nerve may confound the
location.® Although we do not perform an inter-
nal neurolysis in all cases of anterior interosseus
syndrome,we completely decompress the median
nerve as described for pronator syndrome, in
addition to a meticulous decompression of the
anterior interosseus nerve and all its branches.

The minimally invasive and endoscopic
approach, naturally, is similar to that in the pro-
nator syndrome. We routinely identify the level
where the anterior interosseus branches off the
median nerve stem by neuroultrasound pre-
operatively so that the skin incision can be
placed more precisely. The anterior interosseus
branch is identified and followed to its muscular
branches, especially the one innervating the
flexor pollicis, to make sure every potential
compression is addressed. At this stage of our
endoscopic experience, we believe this dissec-
tion should be done under direct vision. Once all
constricting elements have been released, the
median nerve is endoscopically decompressed as
described above.

Cubital Tunnel Syndrome

The overall success rate of the different surgical
procedures for cubital tunnel syndrome, which
is the second most frequent nerve entrapment
of the arm, is between 80% and 90%.’ Still,
the debate on in situ (“simple”) nerve
decompression versus anterior transposition
continues.”'”"" If in situ decompression gives the
same good success rate,'>"* one would think that
a complex procedure, such as the anterior trans-
position of the ulnar nerve, especially its most
aggressive submuscular version, would have no
place. Why would a surgeon unnecessarily
risk potential complications, such as devascu-
larization of the nerve, painful extension of
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elbow, a new compression site by kinking,
and perineural fibrosis? These are only a few
examples of potential complications of anterior
transposition.

A surgeon seeking advice from Green’s Opera-
tive Hand Surgery will be told that the indica-
tions for in situ decompression are “mild or
intermittent symptoms in a nonsubluxating
ulnar nerve when there is normal osseous
anatomy, absence of pain around the medial epi-
condyle, and findings are consistent with com-
pression under the fibrous arcade.” The surgeon
will then be advised to do a limited in situ
decompression, extending down to 5cm distal
from the medial epicondyle. Alternatively, a sub-
cutaneous anterior transposition will be recom-
mended for patients “with bony deformity or
subluxation or dislocation of the nerve or for
severe cases with motor involvement.” The rec-
ommended technique involves a 15-cm skin
incision and extensive dissection, up to 8cm
proximally and at least 7 cm distally. How these
recommendations fit with the overall statement
that any technique will give good results must be
very confusing for the reader.

We believe that there are true elements in both
procedures. Open in situ decompression is safe,
but it may not be extensive enough in all cases.
The extensive dissection and decompression
necessary for a nerve transposition are effective,
but they are also laden with many risks and
dangers.

The endoscopic approach is not new. Tsu-Min
Tsai et al." used an endoscopic technique for
cubital tunnel syndrome as early as 1992. They
concluded that their results were no better than
those of other standard techniques. The descrip-
tion of their technique has some analogy to the
techniques used for endoscopic surgery for
carpal tunnel syndrome. They describe the
extensive division of the forearm fascia only.

Our endoscopic operation for cubital tunnel
syndrome is a “long-distance” in situ decompres-
sion. We combine the advantages of both proce-
dures and minimize the risks.

We apply the same general principles for
minimal invasive and endoscopic surgery as out-
lined above: exposing the nerve through a small
incision, creating space with a tunneling forceps
along the course of the ulnar nerve, and visual-
ization with speculum and endoscope.

The operation is performed with the patient
under plexus block or general anesthesia. A
pneumatic tourniquet is always used. Draping
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must allow full mobility of the elbow. The arm is
positioned in 90° abduction on a standard hand
table, and the surgeon flexes and supinates the
arm to face the cubital tunnel area.

The ulnar nerve is palpated, and a 15-to-
25-mm incision is made in the retrocondylar
groove along the natural skin creases, usually in
an oblique fashion. The dissection is carried
down to the tunnel roof, which is opened. Clearly
recognizable by its vasa nervorum, the nerve is
identified (Figure 6-12). A tunneling forceps is
introduced distally and proximally into the space
between the fascia and subcutaneous tissue. By
spreading the blunt-tipped forceps, a generous
space is created, which permits the insertion of
instruments (Figure 6-13). Spreading of the
instrument must not be forceful to avoid stretch-
ing the cutaneous nerves in this area, especially
the ulnar antebrachial cutaneous nerve.

First, an illuminated speculum (blade length
9-to-11cm) is inserted (Figure 6-14a), and
Osborne’s ligament (sometimes called the
“cubital tunnel retinaculum”) is divided under
direct vision (Figure 6-14b,c). With the use of the
speculum alone, the fascial tunnel roof can be
incised up to 5cm distally and proximally from
the epicondyle (Figure 6-14d).

A 4-mm, 30° endoscope with a blunt dissector
on its tip (STORZ Inc.) is introduced and slowly
advanced distally (Figure 6-15). Lifting up the
soft tissue envelope of the forearm with the dis-
sector creates a generous space to view the nerve
and its surrounding anatomy. All dissection and
cutting is done with blunt-tipped scissors

Figure 6-12. Retrocondylar dissection of the ulnar nerve through a small inci-
sion. The nerve is always identifiable by the vasa nervorum.
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Figure 6-13. Distal tunneling of the cubital tunnel (see text).

between 17cm and 23 cm long. Under monitor
vision, the forearm fascia is divided to a point
10cm to 14cm distally from the epicondyle
(Figure 6-16). Care must be taken not to injure
the cutaneous nerve branches or the veins that
may cross the fascia. Once the fascia has been
divided, the endoscope is carefully pulled back,
and further dissection is carried out close to the
nerve.

The next step is to divide the two muscular
heads of the flexor carpi ulnaris and to release of
all fibrous bands crossing the nerve. Distally
from Osborne’s ligament, the fascia between the
two heads of the flexor carpi ulnaris (FCU) is

Figure 6-14. a) Speculum inserted for initial viewing of the distal cubital tunnel.
b) Ulnar nerve entering the cubital tunnel under Osborne’s ligament (cubital
retinaculum). ¢) Speculum view of scissors about to cut Osborne’s ligament and

the first part of the flexor carpi ulnaris (FCU) fascia. d) Oshorne’s ligament and the
first part of the FCU fascia released. The scissors blades are under the first fibrous
arcade between the two heads of the FCU.
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Figure 6-15. Endoscopic dissection 10 cm to 12 cm from the ulnar epicondyle.

divided. About 3cm distal from the medial
epicondyle, the first fibrous arcade can be located
and divided. Then the raphe between the two
muscular elements of the FCU is transected, and
all constricting elements up to a distance of
perhaps 12 cm (measured from the middle of the
retrocondylar groove) are divided. In the course
of this dissection, all muscle branches can be
seen and protected (Figure 6-17). We have regu-
larly observed and divided distinct fibrous
arcades at 5cm, 7 cm, and 9 cm from the epicon-
dyle (Figure 6-18). Only rarely is it necessary to
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Figure 6-16. Dissecting scissors “en route,” dividing the superficial forearm
fascia 8 cm to 10 cm from the retro-condylar groove. A tiny nerve, identifiable by
the vasa nervorum, crosses fascia distal from the scissors.

clip or cauterize a vessel. Lax adipose soft tissue
of the forearm, as sometimes seen in elderly
women, makes the dissection difficult, mainly
because the optic needs repeated cleaning and
some loose fatty tissue must be removed.
Proximally, the tunnel roof is decompressed
in the same fashion. The fascia, but not the
intermuscular septum, is divided 8cm to 10cm
from the retrocondylar groove. No constricting
elements have been observed in this area. A CH
8 suction drain may be inserted, and a bulky
dressing applied. Then the tourniquet is

Figure 6-17. Magnified endoscopic view of nerve branches in the cubital tunnel.
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Figure 6-18. The 3rd fibrous arcade at the distal end of the cubital tunnel
about 9 cm from the retro-condylar groove. The two layers of dissection are shown:
the superficial fascia already split, and the arcade close to the nerve before
release.

loosened. Patients are allowed to move their
elbow but are instructed to avoid resting the arm
in flexion for 4 to 6 weeks, to prevent secondary
nerve subluxation. After 3 days, an elastic elbow
bandage is prescribed for 4 to 6 weeks.

To validate the need for an extensive distal
release of the ulnar nerve in patients with cubital
tunnel syndrome, we evaluated the ulnar nerve
anatomy in its distal course in the forearm
between the two heads of the FCU.

All  cadaver specimens studied showed
evidence of fascial bands crossing the ulnar
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nerve on its route between the two heads of
the FCU. After the intermuscular septum
between the two heads of the FCU were dis-
sected, three distinct zones of fascial thicken-
ing, seen as visible bands, were encountered
(Figure 6-19a). The first band was seen 3cm
from the middle of the retrocondylar groove,
and it was 1.5cm wide, ending 4.5cm from the
middle of the groove. The second band origi-
nated 5cm distal to the middle of the groove
and was narrower, measuring only 0.5cm in
width. It ended 5.5cm distal from the groove.
The third band originated 7 cm distal from the
groove. This band was the most prominent and
measured 2cm in width. This band extended
up to 9cm from the middle of the groove
(Figure 6-19b).

The results from this procedure are encourag-
ing. Between March 2001 and February 2005,
about 150 patients underwent this procedure, of
which 95% reported improvement of symptoms
within 24 hours after surgery and continued to
improve thereafter. There were no recurrences.
Postoperative nerve subluxation did not occur.
In the longer term, 93% of patients had excellent
and good results; more than 90% had full elbow
motion within 2 days after surgery and the rest,
within a week.

In 75 patients, the following complications
were found. Algodystrophy developed in 1
patient, and the result was poor. There were 4
cases of superficial hematoma. All resolved
within a week, and no particular treatment was

Figure 6-19. a) Cadaver dissection of the ulnar nerve in the cubital tunnel showing fibrous thickening around the nerve. b) “Anterior transposition” of the ulnar nerve
demonstrating the possibility of a new nerve compression and kinking against the cut edge of the fascia and fibrous arcade.
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necessary. In 9 patients, hypesthesia developed
in the skin innervated by the ulnar antebrachial
cutaneous nerve, most likely from stretching
of the nerve during the tunneling procedure. In
all but 1 patient, hypesthesia resolved within
3 months.

The advantages of our endoscopic technique
for cubital tunnel syndrome are mainly its sim-
plicity and low morbidity. The nerve is efficiently
decompressed over a long distance in its own
habitat. Lesions of cutaneous nerve branches are
avoided because of the very small incision. The
soft tissue envelope over the ulnar nerve remains
intact and stabilizes the nerve. No scars impair
the free gliding of the tissue layers.

Tennis Elbow (Including Radial
Tunnel Syndrome)

The cause of chronic pain in the lateral elbow,
somewhat misleadingly termed “tennis elbow,” is
still unknown, which may be why a variety of
surgical procedures have been described to treat
it, including denervation,”® extensor tendon
release,” and decompression of the posterior
interosseus nerve (PIN).'

Surgery, in our opinion, is indicated if repeated
attempts of nonoperative treatment have failed.
Only in about 10% of our patients, where symp-
toms and physical signs suggest an isolated
epicondylitis, do we limit surgery to the epicon-
dylar area, denervating the lateral elbow and
releasing all extensors originating from the
lateral epicondyle. In all other cases, we combine
this procedure with a decompression of the
PIN. The reason for this combination is that
most often the lateral epicondyle and the radial
tunnel are equally tender. Both conditions seem
inseparably connected to us and are almost
indistinguishable by clinical examination. Elec-
tromyography is rarely helpful for patients with
tennis elbow but may prove useful if a PIN palsy
is present.

For many years, we have used standard inci-
sions with little modification from those seen in
most textbooks.”” Scars from these incisions
cause problems, not only aesthetically. The more
extensive the incision, the higher the risk of sev-
ering one of the many cutaneous nerve branches
in this area and to produce a painful neuroma.
There is hardly any soft tissue padding on the
epicondyle, so the scar may tether down to
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the bone, become painful, and impair motion.
Moreover, to allow access to the radial tunnel, it
must be fairly long, up to 10 cm or more.

Following our principles for minimally
invasive and endoscopic techniques, we now
perform the combined operation from a 4-cm
incision over the radial tunnel (Figure 6-20),
about 5cm distal from the epicondyle. The
incision is oblique or transverse, depending on
the direction of the skin creases, which are easily
detected by lightly squeezing the skin. When
exposing the fascia, all cutaneous branches of
the area must be protected. With the tunneling
forceps, we create a space in the periepicondylar
area (Figure 6-21). An illuminated speculum
(blade length 9 to 11cm) is inserted, giving a
perfect view of the epicondyle and its surround-
ing structures (Figure 6-22a). Through the
speculum, we continue with the epifascial detach-
ment of the flaps, thereby severing tiny pain-
transmitting branches of the dorsal cutaneous
antebrachial nerve.

Another small nerve branch running with the
radial intermuscular septum is cauterized about
3 cm proximal of the epicondyle. The next step is
the complete release of all extensor tendon
origins between epicondyle and radial head,
leaving the joint capsule intact (Figure 6-22b).
Excellent vision allows for meticulous hemosta-
sis with a bipolar micro forceps.

The radial nerve is approached transmuscu-
larly in its plane between the extensor digitorum
and the extensor carpi radialis brevis.” If the

Figure 6-20. Incision, following the skin crease, for a minimally invasive
approach to the peri-epicondylar area and radial tunnel of the posterior
interosseus nerve.
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Figure 6-21. Insertion of the speculum (blade length, 11cm) for viewing the
peri-epicondylar area.

nerve is explored in connection with the proce-
dure described above, we continue to separate
the aponeurosis between the desoriginated
muscles and develop the plane from there. If
radial nerve decompression is done as a separate
operation, it is easier to open the raphe between
the extensor carpi radialis brevis and the exten-
sor digitorum more distally.

After entering the intermuscular plane, dis-
section is usually blunt, and large Langenbecks
are inserted to retract the brachioradialis muscle
mass and the extensor muscles to either side,
exposing the PIN. As a result of the very small

incision, this part of the operation is tedious and
difficult and requires experience with dissecting
the anatomy around Frohse’s arcade. It also
requires excellent assistance because the retrac-
tors must be pulled fairly hard but, at the same
time, no pressure is allowed on the nerve
branches. Usually incising the tendinous margin
of the extensor carpi radialis brevis greatly helps
to expose the supinator muscle and Frohse’s
arcade at its proximal edge. We divide the arcade
and all aponeurotic parts of the supinator, but
not the fleshy part of the muscle. Sometimes vas-
cular bundles crossing the PIN must be hemo-
clipped or cauterized.

We palpate carefully in a proximal direction
along the radial nerve, under the brachioradialis,
for more proximal compression sites. A suction
drain may be inserted, and the wound is always
closed in two layers, using intracutaneous skin
closure. An upper arm dorsal splint is applied
for 2 days. Afterwards, patients are instructed
to move their elbow, which is protected by an
elastic bandage. Physiotherapy is prescribed if
necessary.

We have used this minimally invasive tech-
nique since February 2004 in about 20 patients.
It is much too early to recommend it, especially
for radial nerve decompression “through a
keyhole” because it is technically quite demand-
ing. We have been impressed, however, with the
very low morbidity and good functional results.
Patients regained full range of motion earlier
than with our conventional method, which

Figure 6-22. a) Endoscopic view of the peri-epicondylar area. The lateral epicondyle and extensor tendon origins are visible. b) The peri-epicondylar area after release

of the extensor tendon origins.
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required immobilization for 8 to 12 days. All
patients were delighted with the inconspicuous
scar, especially those who had a larger longitudi-
nal scar from a previous operation on the other
elbow.

Radial Sensory Nerve Compression

Entrapment of the radial sensory nerve (RSN)
at the mid forearm is certainly less frequent
than the compression neuropathies mentioned
above. Nevertheless, it is a cause of chronic pain
and discomfort in the radial forearm. Many
patients with this entrapment are referred with
a diagnosis of de Quervain’s tendovaginitis.
They should be carefully examined to exclude
the diagnosis of RSN compression. Both condi-
tions can exist at the same time. The RSN is
usually compressed between the tendinous
edges of the extensor carpi radialis longus and
the brachioradialis between the mid- and distal
third of the radial forearm. The aim of surgery
is to release the fascia between these muscles.
Conventional surgery with a 6-cm skin incision
is effective.”

Our 2-cm transverse incision is at the junction
of the mid and distal third of the radial circum-
ference of the forearm. The RSN is identified and
dissected (Figure 6-23). Care must be taken not
to injure any other cutaneous nerves in this area.
The tunneling is done as described above, and
the endoscope is gently introduced. Being so

Figure 6-23. Dissection of RSN through a small incision on the forearm.
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Figure 6-24. Endoscopic view of a partially divided fascia between the
tendons of brachioradialis (right) and the extensor carpi radialis longus muscles
(left).

close to the nerve and working through a very
small incision, the endoscope must also be
removed carefully to avoid injuring the nerve
with the edges of the dissector. As the endoscope
is moved forward and the dissection proceeds,
the junction between the tendons of the brachio-
radialis and the extensor carpi radialis longus
cannot be missed. The fascia between the tendons
is incised, and the incision is carried further
until the fleshy part of the muscles is reached
(Figure 6-24). At the magnified sight of the sharp
tendinous edge of the brachioradialis, one might
be tempted to incise this tendon, which is not
necessary and, in our opinion, would only create
scarring.

When de Quervain’s tendovaginitis requires
surgery as well, it can be performed through the
same incision. For this purpose, a smaller endo-
scope dissector is used. With the RSN as a guide-
line, the roof of the first extensor compartment,
which is usually thickened, is found. A scalpel
with a 15 blade and a long handle is introduced,
and the compartment is incised. The compart-
ment may be released with the scalpel or scis-
sors. If an accessory compartment is present, this
is dealt with similarly. The results are usually
very good. No open surgical method for this con-
dition leaves the delicate RSN so undisturbed as
this endoscopic procedure. The extra trouble is
therefore justified, in our opinion. After decom-
pressing the RSN, with or without release of the
first tendon compartment, we apply a thumb
spica for 3 to 4 days.
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Soft Tissue Reconstruction with Perforator Flaps

Phillip N. Blondeel

Introduction

Perforator flaps have become increasingly
popular among surgeons over recent years. They
are an elegant solution to many reconstructive
problems. For this reason, they are positioned
near the top of the reconstructive ladder and are
considered an elegant upgrade of musculocuta-
neous and fasciocutaneous flaps. Passive muscle
and fascial carriers are no longer required to
ensure flap vascularity, and, by virtue of their
composition, perforator flaps permit excellent
“like-for-like” tissue replacement with minimal
aesthetic or functional donor morbidity.
Perforator flaps are usually thin, pliable, easily
moldable flaps that are well suited to resurfacing
work. They are also ideal for reconstructing
pliable organs, such as the tongue, or for molding
to complex contours, as in head and neck surgery.
Perforator flaps with large quantities of subcuta-
neous fat have proved ideal for reconstructing
the breast.

A perforator flap is defined as a flap of skin
and subcutaneous tissue, which is supplied by an
isolated perforator vessel. Perforators pass from
their source vessel to the skin surface, either
through or between the deep tissues (mostly
muscle). Any vessel that traverses through muscle
before perforating the outer layer of the deep
fascia to supply the overlying skin is termed a
“myocutaneous perforator,” and the resultant
flap is called a “myocutaneous perforator flap.” A
vessel that traverses through a septum, that is,
between the muscle bellies, is designated a “sep-
tocutaneous perforator” and the resultant flap is
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termed a “septocutaneous perforator flap.

The Evolution of Perforator Flaps

The evolution of perforator flaps has been inti-
mately related to a growing knowledge of the
skin’s blood supply and to the history of muscu-
locutaneous and fasciocutaneous flap develop-
ment. In 1889, Carl Manchot’ published his
seminal work on the arteries of the skin, marking
the beginning of a rational understanding of flap
viability. In 1936, this work was enhanced and
expanded on by Michel Salmon’s’ studies using
radio-opaque injection techniques. The research
and clinical experience of Esser!, Milton’
Bakamjian®, McGregor and Morgan’, and a
number of other pioneers led to the understand-
ing that large subcutaneous vessels were neces-
sary for large flaps to survive. The principles of
the “axial” and “random” pattern flaps rapidly
gained popularity.

Ian Taylor’s® angiosome concept was a timely
rediscovery and expansion of the work of
Manchot and Salmon. Lead oxide injection
studies of fresh cadavers revealed the existence
of three-dimensional composite blocks of tissue
(from bone to skin) supplied by a single source
artery. The individual angiosomes varied in size,
and each was linked to the next block of tissue
or angiosome by anastomotic arteries. In total,
374 cutaneous perforators greater than 0.5mm
were mapped to the human body, each linked
to the others by anastomotic, reduced-caliber
“choke” arteries to form a continuous vascular
network, most notably in the subdermal plexus.
Current skin flap design is based on the concept
of angiosomes; a viable flap can safely incorpo-
rate the angiosome supplied by the source artery
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and one adjacent anatomical cutaneous vascular
territory.

The immediate precursor of the perforator
flaps came in 1989, when Isao Koshima’ pub-
lished ground-breaking work on an inferior
epigastric artery skin flap, without the rectus
abdominis, that was pedicled on a single vessel
that perforated the deep fascia and emanated
from the deep inferior epigastric artery. The
location and size of hitherto unrecognized
vessels and the volume of tissue each vessel could
sustain now warranted review and further
study.

Taylor defines a cutaneous perforator as
“any vessel that perforates the outer layer of
the deep fascia to supply the overlying subcuta-
neous fat and skin”"’ The simplest way to define
a perforator flap is based on the perforator
vessels; thus Nakajima’s direct and indirect
perforators'' nourish direct and indirect perfo-
rator flaps, respectively. The Gent consensus
after the Fifth International Course on Perfora-
tor Flaps in 2001 sought to distinguish
between musculocutaneous and septocutaneous
perforator flaps. It was generally agreed that
the intramuscular dissection required to dissect
free the musculocutaneous (indirect) perforator
was vastly different from that required to
dissect a septocutaneous or direct perforator. Fu
Chan Wei" argues that a true perforator is a
cutaneous vessel that penetrates muscle, in addi-
tion to piercing the fascia to reach the skin. He
derives the word “perforator” from the Latin
perforare, meaning “to bore through,” and
supports the view that direct cutaneous vessels
or those passing between muscles (septocutane-
ous) require simpler dissection techniques
and thus do not represent “true” perforator
flaps.

The “true” perforator or myocutaneous flaps
are now named according to the source vessel.
However, several different myocutaneous perfo-
rator flaps may be derived from a single source
vessel. In these cases, the muscle through which
the perforator passes is abbreviated and itali-
cized to indicate the anatomic origin of the flap.
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Thus, LCFAP-vl refers to the myocutaneous
perforator derived from the lateral circumflex
femoral artery and perforating the vastus latera-
lis; that is, the anterolateral thigh flap (ALT). The
standardized nomenclature is rather cumber-
some and is perhaps more useful as a retrospec-
tive tool; popular names, such as “ALT flap,” are
still in common use.

Perforator Flap Surgery

The success of all surgical procedures—espe-
cially perforator flap surgery—lies in the plan-
ning.Afterevaluatingthelocationand dimensions
of the defect and the general condition of the
patient, an appropriate perforator flap should be
selected. Perforator flaps may be raised either
pedicled or free, and due consideration should
be given to theater logistics and adequate peri
and post-operative monitoring.

Preoperative investigative tools may include
color Duplex scanning, an operator-dependent
but useful way of visualizing the perforator
vessels beforehand. Duplex scanning can assess
the number, location, and size of perforators and
also estimate the flow through the vessels.

Duplex scanning is more effective for some
perforator flaps than others."* Alternatively,
a simple hand-held 5-MHz to 8-MHz Doppler
flow meter can locate audible perforators.
Examining the donor area for scarring, tissue
volume and quality, and local skin laxity is
invaluable.

Dissecting the perforator flap itself is meticu-
lous and requires a bloodless field, wide expo-
sure of the vessels, loupe magnification, and
careful ligation of all side branches of the vessels
(Figure 7-1). The pedicle is freed by splitting the
muscle fibres along the line of the muscle, to
reduce muscle damage and subsequent func-
tional deficit. Nerves should also be preserved.
Postoperative care is the same as that for other
free flaps.

The main advantage of perforator flaps is
their low donor site morbidity. The majority of

>

Figure 7-1. a,b) Preoperative pictures of a middle-aged woman with invasive ductular breast carcinoma of the left breast,immediately after open biopsy through a
supra-areolar scar. ¢) Intraoperative picture (right = cranial; left = caudal) of the dissection of a lateral perforator of the left rectus abdominis muscle between the
umbilicus and the pubis. The fat of the flap, seen in the top of the picture, is folded medially; the deep (rectus) fascia (bottom of the picture) and muscle are split; and
the deep inferior epigastric vessels are dissected from in between. The perforator has been isolated (white arrow), as well as the medial and lateral branches of the
motor nerves (black arrows). Wide exposure and a bloodless field are the keys to success. d,e) Postoperative images after skin-sparing mastectomy, immediate autolo-
gous breast reconstruction with a DIEAP flap, nipple reconstruction, and areolar tattooing.
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donor sites are designed to be closed directly,
and the underlying muscle and its nerve
supply are preserved; therefore, there is no func-
tional deficit and no requirement for mesh
closure.

By virtue of being muscle-sparing, the perfo-
rator flap itself is thin and pliable, composed of
only skin, subcutaneous tissue and perhaps
fascia. The vascular integrity of the flap is ensured
as long as the angiosome principle is adhered to;
therefore, the flaps may be as large or as small as
required. Because no muscle is taken with the
flap, it is not prone to atrophy or muscle fibrosis
that might lead to shrinkage or distortion with
time. Perforator flaps may be made sensate if
harvested with their nerve supply." The vascular
pedicle can be made as long or as short as
required, the diameter of the perforator rarely
being an issue. Evidence also suggests faster
recovery with perforator flaps,leading to shorter
hospital stays'®, less analgesia'’, and more cost-
effective care.'

The disadvantages of perforator flaps are
largely related to the learning curve. Initially,
dissection takes longer, leading to extended
operating times in the beginning of the learning
curve. The standard plastic surgery techniques
of meticulous dissection, bloodless field, and so
on, have to be rigorously applied. The perforator
vessels may be small and prone to spasm. They
are, however, relatively robust. The worst insult
that can be applied to any perforator flap is trac-
tion or avulsion of the perforators during the
dissection as they enter the flap.

Perforator flaps lend themselves to being
used as either pedicled or free flaps. They are
ideal “like-for-like” tissue replacements in tissue
resurfacing work because often only skin and
soft tissue are resected or lost. The pliable flaps
are excellent for the difficult contour resurfacing
associated with much head and neck surgery.
Organs suited to reconstruction with thin
perforator flaps include the perineum, vagina,
tongue, and penis; alternatively, the bulky per-
forator flaps (DIEAP and S-GAP) are ideally
suited for reconstructing the breast. Perforator
flaps also lend themselves to pediatric use
because they maintain the growing potential of
the child. The perforator vessels are proportion-
ally larger, and again, donor site morbidity is
minimal.

As a separate perforator flap can be designed
on any single perforator vessel, at least 374
perforator flaps can be described.
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Types of Perforator Flaps

One of the first and most popular of all perfora-
tor flaps is the deep inferior epigastric artery
perforator (DIEAP) flap. Its usefulness arises
from the large area of lower abdominal tissue
that can be sustained on a single perforator and
the fact that the underlying subcutaneous tissue
is thick. The resultant large, soft, bulky flap com-
posed of skin and subcutaneous fat is an ideal
“like-for-like” match for breast reconstruction
(Figure 7-1)."*"

The ensuing flap, composed of only skin and
fat, approximates the shape, texture, and move-
ment of the breast. The color match is usually
adequate. In a subcutaneous or skin-sparing
mastectomy, the skin envelope of the original
breast is preserved and the DIEAP flap is
de-epithelialized and buried.

Koshima® presented a variant of the DIEAP
flap that he named the “paraumbilical perfora-
tor” (PUP) flap. Pedicle dissection was limited to
the perforator vessels superficial to the anterior
rectus sheath; thus, donor morbidity was mini-
mized by preserving the integrity of the anterior
rectus sheath. The flap was rapidly and easily
harvested, obviously at the expense of pedicle
length and caliber. The flap was applied mainly
to repair superficial defects with superficial
recipient vessels® or as a de-epithelialized flap
under subcutaneous cover.”

Donor functional morbidity has been studied
intensively and compared directly against the
transverse rectus abdominis myocutaneous
(TRAM) flap. The advantages of the DIEAP over
the TRAM flap in abdominal wall strength have
been described,” in both retrospective’ and
prospective” studies; in addition, the costs and
benefits'® and the reduction in post-operative
pain'” have been identified.

The superior gluteal artery perforator (S-GAP)
flap, first described by Koshima® for repairing
sacral pressure sores, is another useful and
increasingly widely used perforator flap. The
S-GAP flap has become the flap of second choice
for breast reconstruction. The flap is composed
of skin and the thick subcutaneous fat of the
buttock. Being more rigid, the gluteal fat pro-
vides greater projection than does the DIEAP for
the smaller volume of flap. The S-GAP can also
be re-innervated to allow sensate breast recon-
struction.” Again, donor morbidity is minimal,
the scar is hidden by most underwear, gluteus



Soft Tissue Reconstruction with Perforator Flaps

maximus muscle and function is retained, and
the sciatic nerve is not exposed, which avoids
accidental damage during surgery. In some care
units, the pedicled S-GAP has become the flap of
first choice in managing sacral pressure sores.
The S-GAP tissue adequately replaces local soft
tissue loss, without sacrificing future local recon-
structive options, such as a myocutaneous flap.

Since it was first described in 1984,% the antero-
lateral thigh (ALT) flap has come to be described
as the “ideal soft-tissue flap.” This title reflects the
versatility of the large, pliable flap that is har-
vested from the anterolateral thigh and the
resultant minimal donor morbidity. The skin is
vascularized by either muscular or septal perfo-
rators that originate in the descending branch of
the lateral circumflex femoris artery and variably
pierce the vastus lateralis muscle (LCFAP-vI flap).

The ALT flap has largely taken over the role of
the free radial forearm flap in head and neck
reconstruction. The ALT is supplied by a perfora-
tor from the descending branch of the lateral
circumflex femoral artery and does not require
the sacrifice of a major vessel, such as the radial
artery. In addition, the lateral femoral cutaneous
nerve can be preserved with the flap to make the
flap sensate. The ALT flap may also be used as a
pedicled flap for reconstructing the groin and
perineum. The resulting donor-site scar from
harvesting the LCFAP-vI flap is better accepted
in oriental societies than in Western ones because
of cultural and apparel differences.

The thoracodorsal artery perforator flap (T-
DAP) described by Angrigiani in 1995 is a latis-
simus dorsi myocutaneous flap without the
muscle component. The main perforators arise
from the descending branch of the thoracodor-
sal vessel in the proximal free edge of the latis-
simus dorsi muscle. The perforators are few and
far between, and the angiosomes are large in the
posterior thorax. The angiosomes lie longitudi-
nally; thus, a large flap can reliably be harvested
on a small perforator. As a result of the paucity
of perforators, preoperative duplex scanning is
recommended.” The opportunity to preserve
the largest muscle (latissimus dorsi) is hard to
resist, and the T-DAP flap is growing in popular-
ity. At present, the flap is used as a pedicled flap
for reconstructing lateral breast defects after
breast conservation surgery’®" and as a free flap
for large defects requiring resurfacing.

A large number of other perforator flaps have
been described. In some cases, dissecting a per-
forator flap might be easy, but when sacrificing
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a muscle does not leave any functional deficit,
for example, as in a gracilis perforator flap,
dissection may be unnecessary. At this moment,
the size of the perforator vessels determines the
number and size of skin flaps harvested. Flap
harvest on very small vessels is technically
very demanding, requiring much skill and
specialist equipment to grasp the fine 12/0
sutures required to suture the 0.3 mm to 0.5mm
diameter perforator vessels.

Immediate thinning of perforator flaps allows
the flap to be tailored to the defect at the time
of initial surgery and may prevent the need
for a secondary procedure. Such intraoperative
debulking or “micro-lipectomy” requires
knowing the exact location and branching of
each perforator and due care if flap vascularity
is not to be compromised.”>*

With the increasing safety and expertise of
perforator-based surgery, an advanced form
of flap harvest has developed that places even
more priority on the donor site. In essence,
free-style free flap surgery allows the surgeon to
select the tissue characteristics most suited
to the defect or a site preferred by the patient.”
The donor area is mapped with the hand-held
Doppler flow meter, and the perforator vessel is
marked. The flap design is centred on the selected
perforator. The tissue flap is raised supra- or
sub-fascially as required, and the perforator
vessel is dissected in a retrograde fashion until
enough length or adequate vessel size is achieved.
There are no anatomical limitations to dissec-
tion because either the intramuscular or septal
course can be followed. Alternatively, without
Doppler flowmetry, the surgeon may harvest a
free-style free flap from a body site with which
he or she is surgically familiar. Thus, a perforator
flap may be harvested from the thigh, based on
experience and knowledge of both the likely
angiosome distribution and the usual location of
suitable perforators.”

It may indeed be as Hallock predicts™ that in
the future, perforator-to-perforator free flaps
and freestyle free flaps may make knowing
the vascular origin or source vessel irrelevant
because only the suprafascial location of the
major perforators (>0.5mm) mapped by Taylor
and Palmer will be of any significance. Thus, the
aphorism of Ecclesiastes that, “there is no new
thing under the sun” will be confirmed. Once
again, any skin paddle will be a potential donor
site, and the underlying source vessel need not
be known.
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Remote Ischemic Preconditioning of Flaps:

Current Concepts

Markus V. Kiintscher, Bernd Hartmann and Giinter Germann

Introduction

Ischemic preconditioning (IP) of a flap is defined
as a brief period of ischemia (“preclamping”)
followed by tissue reperfusion that increases the
tolerance of the flap for a subsequent longer
ischemic period. Several studies have showed the
effectiveness of classic local IP by preclamping
the flap pedicle.

There are two temporally and mechanically
different types of IP: acute preconditioning,
which is induced by preclamping the flap pedicle
briefly before flap ischemia, and late precondi-
tioning, which is induced by a preclamping
procedure 24 to 48 hours before flap ischemia.
However, neither type of IP is commonly used
clinically, most likely because they are invasive,
substantially increase surgical time, or even
require a second surgery.

We have shown in different experimental
models that acute IP, enhancement of flap sur-
vival, and improved microvascular reperfusion
can be achieved not only by preclamping the flap
pedicle, but also by inducing an ischemia-
reperfusion event in a body area distant from the
flap before elevation. This new, acute “remote
ischemia preconditioning” procedure can be
applied noninvasively by applying a tourniquet
shortly before flap ischemia. The effectiveness of
acute remote IP has been confirmed by other
authors in large animal models.

The use of a tourniquet to induce limb isch-
emia before flap ischemia could provide a new,
alternative, noninvasive remote IP protocol,
although late remote IP might be effective only
in muscle flaps. However, the possible future
clinical application for late IP is elective flap
surgery, whereas acute remote IP could even be
used to create emergency flaps.

Historical Preface

Although the word plastic is derived from the
Greek word plastikos, meaning “to mold” or
“to give form,” the true origins of the modern
specialty of plastic and reconstructive surgery
predate even this archaic linguistic root. Some
historians trace the foundations of the specialty
as far back as the early papyri of Egypt and
the Sanskrit texts of ancient India. Within these
early Hindu texts, possibly written more than
2600 years ago, lie descriptions of nose, ear,
and lip reconstructions using techniques ranging
from pedicle flaps to free autogenous skin
grafts."”

Hellenistic, Roman, and Byzantine physicians
developed further basic reconstructive princi-
ples and techniques, such as tensionless suture
lines, the débridement of exposed bone, and
the use of flaps to avoid the distortion of
facial features associated with primary closure,
bipedicle advancement flaps for facial defects,
undermining tissues before wound closure, the
risk of necrosis if the skin alone was under-
mined, and the first superiorly based nasolabial
flap.™*

Despite continued use of established methods,
the fall of Rome in the fifth century and the
subsequent spread of barbarian tribes and
Christianity throughout the Middle Ages brought
an unfortunate halt in the advancement of recon-
structive surgery. The atmosphere of the time
was apparent in the 13th century, when Pope
Innocent III specifically prohibited surgical
procedures. The advent of the Renaissance in
the 14th century brought a rebirth of science and
medicine and an end to the stagnation that
had befallen the world of surgery. Gasparo
Tagliacozzi introduced the principles and use of
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distant pedicle flaps and carefully detailed the
delayed arm flap for nose reconstruction in
the “Italian Method” during the second half of
the 16th century.">®

The modern era of reconstructive plastic
surgery was strongly influenced by a simple
letter, published in 1791 in a London gentleman’s
magazine, by a British surgeon named Lucas, on
nasal reconstruction using an Indian forehead
flap.” Vilray Papin Blair, Sir Harold Delf Gillies,
and other physicians during World Wars I and
II initiated modern reconstructive surgery by
introducing cross-leg flaps, tube flaps, and
delayed transfer of long pedicle flaps.*’

The development of micro instruments, fine
suture material, and the binocular operating
microscope by the Carl-Zeiss Company in the
mid-1950s revolutionized the field of plastic and
reconstructive surgery and lead to the birth of
microsurgery. From this time on, plastic sur-
geons were no longer limited to local pedicled
flaps and soon developed microvascular tissue
transplantation. Soon, several new microvascu-
lar flaps were introduced, including the first
autologous transfer of omentum by Donald
McLean in 1969, the first free temporal skin flap
by Harii and Ohmori in 1972,' the free latissi-
mus dorsi flap by Olivari in 1976," and the free
transverse rectus abdominis flap by Holstrom in
1979, among many others.

This historical overview documents an
increase in complexity and variety of recon-
structive procedures over time. However, the
introduction of the axial pattern pedicle and
free flaps or even the latest innovation of perfo-
rator based flaps'>™"7 are associated with higher
risks for flap necrosis as a result of ischemia
or reperfusion injury. This risk emphasizes
the necessity to explore acute and late flap
preconditioning.

Ischemia Reperfusion Injury

Tissue ischemia and reperfusion involve
complex mechanisms that have not yet been
completely identified or understood. However,
reperfusing tissues after acute ischemia initiates
changes in local vascular tone, coagulation, and
biochemical, molecular, and cellular alterations
that are collectively called “ischemia-reperfusion
injury”'®" The activation of neutrophil granulo-
cytes by oxygen-free radicals and consecutive
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endothelial injury are the central processes
in ischemia-reperfusion injury.***' Neutrophil
activation and up-regulation of corresponding
receptors in the postcapillary venules leads to
adhesions between white cells and endothelium,
which can be visualized by in-vivo microscopy
as leukocyte “sticking” and “rolling.” Segmental
vessel occlusion occurs as a result of this
leukocyte-endothelium interaction, leading to
leukocyte migration into tissue, increased pro-
duction of oxygen-free radicals, and tissue-
damaging enzymes. The lack of venous reflow
occurs in tissues after prolonged ischemia and is
caused by irreversible capillary damage and total
or subtotal vascular occlusion.””* Finally, cell
death occurs as a result of the influx of potas-
sium, mediators, and oxygen-free radicals, as
well as through decreased intracellular ATP con-
centrations and hypoxia.”*

Reperfusion of ischemic tissues is essential for
survival, although it augments tissue damage
induced by ischemia. Therefore, it is also termed

“reflow paradox.”'®*

The Delay Procedure

In rats, transverse rectus abdominis musculocu-
taneous (TRAM) flaps survived longer after
surgical delay.” In related research, Restifo et al.
reported an increase in mean vessel diameter
and superior epigastric artery flow in 15 patients
1 week after a preliminary TRAM flap delay.”’
These findings are consistent with previous
anatomic studies by Taylor and colleagues, who
reported that the arterial choke vessel system
dilated in the rectus muscle and that venous
valve incompetence allowed venous drainage
toward the superior epigastric system.”® These
data were confirmed in other clinical
studies.’*”!

Surgical delay (skin incision down to fascia)
should be distinguished from pure vascular
delay (ligation of one of the dominant vessels of
a type-3 muscle according to Mathes and Nahai’s
classification.”” TRAM flap delay has been pro-
moted 7 days, 2 weeks, and up to 1 month before
flap transfer.

The delay phenomenon has widely been used
clinically to improve flap survival in the distal
portion of axial pattern flaps, but its main dis-
advantages are the need for a second surgical
procedure and anesthesia and thus additional
costs for both health system and patients.
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Classic Local Ischemic Preconditioning
(“Preclamping”)

Murry et al. were the first to describe IP or “pre-
clamping” for the heart in 1986.% Similar results
have been reported for other organ systems,
such as the liver* and the kidney.”” Various
studies report the success of IP in flaps.*™*
Mounsey et al., were the first to report this phe-
nomenon in a porcine latissimus dorsi flap
model in 1992.” Caroll et al. observed in a rat
latissimus dorsi model that IP, both immediately
preoperatively and 24 hours before flap isch-
emia, significantly reduced muscle flap necro-
sis.” Another study reported the influence of
ischemic preconditioning on the resistance of
skin and myocutaneous flaps after long ischemic
periods in a rat model.*’ Critical ischemia time,
the time at which 50% of the flap becomes
necrotic, is prolonged significantly by precondi-
tioning. Vasospasm and lack of capillary reflow
was attenuated by acute ischemic precondition-
ing in an in vivo microscopic study of rat cre-
master muscle flaps.”*

Total necrosis in flaps is rare and is usually
found only after vascular thrombosis of the
pedicle or prolonged ischemic periods. More-
over, it is most probably not preventable by isch-
emic preconditioning. On the other hand, partial
flap necrosis or fat tissue necrosis occurs in up
to 30% of certain flaps, such as the pedicle
TRAM.”* These complications could be poten-
tially decreased by IP. Most recent studies report
significant reduction in the extent of flap necro-
sis in standard models. However, classic local
IP has rarely been used clinically,” most likely
because it significantly increases operative time
and is invasive.

Remote Ischemic Preconditioning

In 1993, Przyklenk et al. first observed that
regional IP of the heart not only protects those
myocytes subjected to brief coronary occlusion
from ischemia-reperfusion injury but also limits
infarct size in remote “virgin” myocardium in a
canine model.” Verdouw et al. were the first to
report a real remote IP of the heart by mesen-
teric artery occlusion in a rat model.*’ The pro-
tective influence of limb ischemia on myocardial
infarction has also been reported by Birnbaum
et al. and Oxman et al.***
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We showed in a rat adipocutaneous flap model
that acute IP and flap survival can be enhanced
not only by preclamping the flap pedicle but also
by inducing an ischemia—reperfusion event
in a body area distant from the flap before ele-
vation.* An invasive procedure, clamping the
femoral artery is as effective at preconditioning
the flap as a noninvasive tourniquet applied to
the rat hind limb followed by 30 minutes limb
reperfusion (Figures 8-1 and 8-2). A second
study focusing on remote IP of skeletal muscle
showed that both classic and remote acute
IP improved microcirculation of muscle flaps
after ischemia.”’ Both preconditioning protocols
improved red blood cell velocity in the arterioles
and capillaries, improved capillary flow (Figure
8-3a), and decreased neutrophil accumulation in
the postcapillary venules (Figure 8-3b).

Capillary no-reflow and leukocyte-endothelial
adhesions are the central microcirculatory
patterns that determine the severity of ischemia-
reperfusion injury in the cremaster model.
The number of temporarily adhering leukocytes
(rollers) did not differ significantly in any of the
experimental groups in our series (Figure 8-4).
These findings might be to the result of a shorter
ischemic period than used by other authors.’®”
However, in our opinion, an ischemic period of
4 hours is rare in a clinical setting, so we, as have
others,* used 2 hours of ischemia in our experi-
ments. In contrast to other authors,***** we used
amicrovascular clamp directly on the flap pedicle
to prevent additional limb ischemia, which
always occurs when clamping a segment of

Figure 8-1. A noninvasive tourniquet (Martin, Tuttlingen, Germany) applied to
the hind limb of a rat to induce ischemia.
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Figure 8-2. Clamping the femoral artery s
as effective at preconditioning the flap as a
noninvasive tourniquet applied to the rat
hind limb followed by 30 minutes limb
reperfusion.” Average flap necrosis was
68.2% (+18.1%) in the control group (CG),
11+ 8.38% in the preclamping group (PG),
12.545.83% in the femoral ischemic group
(FG), and 24 + 11.75% in the tourniquet

the femoral artery and vein. Short-term limb
ischemia has a preconditioning effect on flaps.***
Thus, longer-term limb ischemia might also
influence flap ischemia—reperfusion injury.
Recently, Addison et al.* confirmed our data
on the effectiveness of noninvasive acute remote
IP for global protection of skeletal muscle against
ischemic necrosis in a large animal model. Three
10-minute cycles of occlusion and reperfusion in
a pig hind limb using a tourniquet significantly
reduced infarctions of the latissimus dorsi, grac-
ilis, and rectus abdominis muscles by 55%, 60%,
and 55%, respectively, compared to a control

mm/s*cap
S
3

group (TG). All preconditioned animals had
a significantly smaller area of flap necrosis
than did the control animals (*p < 0.001 vs.
(G). The differences between PG, FG and TG
groups were not significant.

*p<0.001 vs. CG

group. Whether remote ischemic precondition-
ing could be induced by a late mechanism was
also determined.” A rat hind limb was subjected
to 10 minutes of ischemia and 30 minutes of
reperfusion with a tourniquet 24 hours before
flap ischemia. This protocol increased red blood
cell velocity in the capillaries and first-order
arterioles and venules and increased capillary
flow, as well as decreased leukocyte sticking in a
cremaster model and thus, attenuated early
ischemia-reperfusion injury in muscle flaps. On
the other hand, it did not improve flap survival
in adipocutaneous flaps. These findings indicate

Figure 8-3. Both dlassic and remote acute
ischemic preconditioning improve microcir-
culation of muscle flaps after ischemia in a
rat model.” Capillary flow results; capillary

CG clP

flow was significantly higher in the groups
P with classic ischemic preconditioning (cIP)
and remote ischemic preconditioning (rIP)
than in the control group (p < 0.02). The
difference within the groups cIP and rlP was
not significant.

*p<0.02 vs. CG
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Figure 8-4. Leukocyte count. A signifi- 7
CG
cantly lower number of permanent adher-
ing leucocytes (stickers) was observed in
both the preconditioned groups cIP and rIP,
compared to the control group (p < 0.01).

that acute and late remote IP are induced by
different mechanisms.

A few studies have focused on the possible
mechanisms of remote IP. Takaoka et al. investi-
gated the involvement of adenosine receptors
in the mechanism of remote IP of the heart by
renal ischemia. The improvement of myocardial
energy metabolism induced by classic and
remote IP was abolished in rabbits by blocking
adenosine receptors.” Dickson et al. postulated
that remote IP is initiated by a humoral mecha-
nism because the venous effluent from a precon-
ditioned heart of a donor rabbit, transfused to
an recipient animal, lead to the same effect as
“preclamping” in a control group.” In contrast,
Schoemaker and van Heijningen observed that
antagonizing the bradykinin 2 receptor abol-
ished the protective effect of remote cardiac IP,
whereas a simulation of bradykinin release by
local intra-arterial infusion could mimic remote
IP in a rat model. These results support the
hypothesis that remote IP acts through sensory
nerve stimulation in ischemic organs.”

Our data show that ischemic preconditioning
and enhancement of flap survival can be achieved
not only by preclamping the flap pedicle but also
by inducing an ischemia—reperfusion event in
a body area distant from the flap before eleva-
tion. These findings indicate that remote IP in
flaps must be a systemic phenomenon and not
merely a local reaction in the flap itself.
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The Role of Nitric Oxide in Preconditioning

The exact mechanism of classic as well as remote
IP is not yet determined. Two temporally and
mechanistically distinct types of protection are
induced by preconditioning stimuli: acute and
delayed.”** Various factors, such as nitric oxide
(NO),*>* heat shock proteins,” ™ adenosine,®'
ATP-sensitive K+ channels,” cyclooxygenase-2,%
or bradykinin through sensory nerve stimula-
tion,” seem to be involved in ischemic precon-
ditioning. However, the protective effects of acute
preconditioning are independent of protein syn-
thesis, whereas delayed preconditioning requires
de novo protein synthesis.”

Nitric oxide may be central to the mechanism
of ischemic preconditioning. Peralta et al. found
in a rat model of hepatic ischemia-reperfusion
that adenosine or NO administration before
ischemia simulated the effect of preconditioning,
whereas inhibition of NO synthesis eliminated
the protective effect of hepatic precondition-
ing.** We confirmed these data in two studies of
adipocutaneous® and muscle® flaps. In contrast
to our data, Peralta et al. observed a continuing
protective effect of exogenous NO after endoge-
nous NO synthesis was blocked by NG-Nitro-L-
arginine-methyl ester hydrochloride (L-NAME).
We found that exogenous NO, in a dose similar
to that used by Peralta et al., did not enhance
flap survival after L-NAME administration. A
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possible explanation for these findings lies in
the data by Chen et al.,” who observed that
endothelial NO synthase (eNOS) gene expres-
sion and activity are regulated by a positive-
feedback regulatory action of exogenous NO.
These data suggest that exogenous NO initiates
a cascade, which depends on endogenous NO
synthesis, but which is insufficient to protect the
flap from ischemia reperfusion injury once NO
synthesis is blocked.

L-arginine, a nitric oxide precursor, or other
NO donors also significantly protect organ allo-
grafts® and flaps®”® from ischemia-reperfusion
injury. In another study, NO application or pre-
conditioning prevented the endothelin increase
in ischemia-reperfusion, suggesting that NO
inhibits endothelin synthesis.** Brief ischemic
stress appears to increase production of NO
through eNOS, activating protein kinase C.”"’* In
turn, activated protein kinase C initiates a
complex signaling cascade, resulting finally in
thetranscription of immunologicNOS (iNOS).”""
Inhibiting iNOS induction decreases myocardial
ischemic tolerance, whereas inducting iNOS is
cardioprotective in animal models.””

Wang et al.”’ showed in a rat cremaster flap
model that sodium nitroprusside (a NO donor)
had the same preconditioning effect as ischemic
preconditioning via preclamping, whereas the
effect was eliminated when NOS was blocked by
L-NAME. In Wang’s series, both the application
of sodium nitroprusside and the preclamping
were performed 24 hours before flap ischemia to
assess the protein-synthesis-dependent effect of
delayed ischemic preconditioning in flaps. To the
best of our knowledge, the role of endogenous
NO synthesis in the mechanisms of acute classic
(preclamping) or remote ischemic precondition-
ing of flaps has not been reported.

In a rabbit epigastric island flap model, NO
serum concentrations increased after flap isch-
emia when compared to non-ischemic controls,
and L-NAME and heparin suppressed NO
production.” Oshima, the investigator, con-
cluded that NO is one of the factors responsible
for ischemia-reperfusion injury, although he did
not assess the necrosis rate of the flaps.

The above studies confirm the results of
other authors, although Oshima’s conclusion was
highly speculative. Moreover, NO is involved in
the natural defense against ischemia reperfusion
injury but not in inducing it. Other studies report
a possible cytotoxic action for NO because it
damages hydroxyl-free radicals in models of
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venous flap obstruction.”” However, these find-
ings can neither be confirmed nor disproved by
our results because our model did not focus on
venous ischemia.

The data show that NO is important in the
mechanism of IP because administering a NO-
donor before ischemia simulates the effect of IP,
whereas the unspecific blocking of NO synthesis
by L-NAME eliminates the protective effect of
flap preconditioning through preclamping, as
well as through remote IP. Both NO and acute IP
likely initiate a cascade that increases the syn-
thesis of endogenous NO through eNOS or
iNOS because the exogenous NO application
alone is insufficient to protect against ischemia-
reperfusion injury, once the endogenous NO
synthesis is blocked. These data provide a better
understanding of the mechanisms of acute IP of
flaps and are the basis for future studies.
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Advances in Facial Aesthetic Surgery: New Approaches to
Old Problems and Current Approaches to New Problems

James E. Zins and Andrea Moreira-Gonzalez

Introduction

As our lives become forever more hectic, men
and women in the United States are becoming
more time conscious and less accepting of
surgical procedures requiring prolonged recov-
ery. This circumstance has led to increasing
attention being paid to lesser or minimally
invasive procedures rather than traditional ones.
The media, the Internet, and television shows
have popularized many of these techniques.
Although some of these techniques may be effec-
tive, many have not been held to strict scientific
rigor.

The recent popularity of surgical procedures
for the correction of massive weight loss has
markedly increased the popularity and incidence
of plastic surgery procedures for correcting skin
excess. In fact, plastic surgery correction for
patients who have undergone bariatric surgery
is predicted to be one of the fastest-growing
areas of plastic surgery in the ensuing years. Aes-
thetic facial correction in these patients requires
special considerations and variations on current
techniques.

Finally, although new treatments for HIV/
AIDS have prolonged survival, they have also
resulted in a new group of patients with facial
deformities that are amenable to plastic surgery
correction.

Here, we review the above topics and our pre-
ferred methods for treating them.

Browlift

Endoscopic surgery came relatively late to plastic
surgery. The endoscopic browlift was introduced
in 1995, long after endoscopic procedures were
commonplace in general surgery, gynecologic

surgery, and other surgical subspecialties. Vas-
conez was the first to popularize the endoscopic
browlift when he realized that an “optical cavity”
could be developed through a subperiosteal fore-
head dissection."” The procedure was soon pop-
ularized by others and since has become widely
accepted.”™® Most surgeons favor the subperios-
teal approach, but the subgaleal approach is pre-
ferred by others."™"*

The endoscopic approach differs conceptually
from the traditional coronal or hairline browlift.
The endoscopic approach depends not on
mechanical elevation by skin or scalp excision
but on weakening the antagonistic affect of the
depressor muscles of the forehead (the corruga-
tors, procerus, and orbicularis oculi). This weak-
ening of the depressors allows the forehead
elevator (frontalis) to function with less opposi-
tion, resulting in brow elevation. Critical to the
success of the subperiosteal browlift are the fol-
lowing prerequisites:

1. Wide release of the arcus marginalis or peri-
osteum of the supraorbital rim, the superior
temporal line, and the temporal ligament

2. Alteration by resection of the depressor
muscles of the forehead, allowing the frontalis
to work relatively unopposed

3. Adequate (predominantly lateral) fixation of
the forehead soft tissues

Conversely, pitfalls include inadequate release
of the arcus marginalis, inadequate muscle
excision, and inadequate fixation. Common
postoperative problems, therefore, include the
following:

1. Undercorrection of brow elevation, espe-
cially laterally. This lack of adequate lateral
elevation results predominantly from inade-
quate lateral soft tissue release or inadequate
fixation.
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2. Overcorrection of the brow medially. Over-
correction medially results from improper surgi-
cal planning and is the direct result of corrugator
resection.

3. Recurrence of corrugator hyperactivity
resulting from inadequate corrugator resection.

In other words, it may be the surgeon who fails
the patient, rather than the procedure that leads
to less-than-ideal results.

Proper patient selection is also critical if pleas-
ing results are to be obtained. Certain patients
with brow ptosis are clearly not good candidates
for the endoscopic browlift. Such patients have
high hairlines or marked or severe eyebrow
ptosis. The patient with the high hairline is better
addressed by a traditional hairline browlift inci-
sion, rather than by a pure endoscopic approach.
If the hairline incision is used, the hairline can
be lowered, in addition to the brow being
elevated, thereby shortening the forehead and
giving the patient a more youthful appearance.
Alternatively, the hairline and an endoscopic

Tissue Surgery

approach can be combined, as described by
Ramirez.>* The patient with a heavy brow and
severe brow ptosis is probably best approached
by excisional surgery to maximize forehead
elevation.

Means of fixation have also evolved over the
past 10 years. Early endoscopic approaches used
bolster dressings, sutures or, more commonly,
percutaneous screw fixation.”"' The percutane-
ous screw was placed through the lateral endo-
brow incision and into the outer table of the
skull. A staple was then used behind the screw to
maintain forehead elevation, once the scalp and
forehead had been pulled posteriorly. Although
effective, this approach resulted in traction on
the scalp that occasionally caused hair loss.
Further, patients were quite averse to the exposed
screws in their scalp and were displeased at the
idea of having screws in their skulls.

Percutaneous screws have been replaced by
other techniques, including resorbable plates,
screws and suture, the Endotine device, or
the cortical-tunnel technique.””™ We use the

Figure 9-1. a) Preoperative view of 43-year-old woman with eyebrow ptosis treated by endoscopic subperiosteal browlift using the cortical tunnel technique for

fixation, a cheeklift, and submental liposuction. b) The patient 1 year later.
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cortical-tunnel technique, from craniofacial
surgery. Oblique holes are drilled in an anterior
and posterior direction through the lateral scalp
incision used during the endoscopic approach. A
suture is passed through this cortical tunnel, the
forehead ap is grasped from its deep surface,
and the suture is tied. The cortical tunnel can be
drilled very superficially and, thus, penetration
of the inner table avoided. The skull in this area
may be only 7mm or 8 mm thick."” The cortical
technique is fast, easily accomplished, and
requires no expensive devices. Fixation is applied
laterally only and, again, it is difficult to overcor-
rect laterally and easy to overcorrect medially.
Intraoperative time required for drilling of the
tunnel is 3 minutes. We have had no complica-
tions with the cortical tunnel in more than 100
cases (Figure 9-1).

Midface Correction

Interest in correcting defects of the midface
began in the early 1990s and has continued since.
Standard facelift approaches for correcting the
mid face in the sub-SMAS plane, the subperios-
teal plane, and the subcutaneous plane, have all
been recommended. Virtually all modern sub-
SMAS facelift procedures that provide adequate
midface correction involve releasing the major
zygomatic cutaneous ligament and the upper
masseteric cutaneous ligaments, with or without
malar fat pad repositioning.”>* These proce-
dures differ in the amount of skin undermining,
the method of fixating mobilized midface struc-
tures, and the manipulation of the malar fat
pad.

An extension of the endoscopic browlift
approach for midface correction has been popu-
larized by a number of authors.*** These authors
use either the subperiosteal **** or the subgaleal
approach.®

Although classically described as ineffective
in the long-term, “spanning sutures” have gained
in popularity. Little’s facelift technique makes
use of such sutures and is conceptually appeal-
ing.*** Little combines an endoscopic approach
from the temporal area with intraoral exposure
of the maxilla. After temporal dissection, he
makes an intraoral incision and exposes the
maxilla, the piriform aperture, and the zygo-
matic eminence. Then, through the intraoral
route, he places a suture on the line intersecting

the lateral canthus vertically, with a line drawn
horizontally from the alar base. At the intersec-
tion of these two lines, he grasps the soft tissue
from the intraoral approach, on the undersur-
face of the cheek soft tissue. This spanning suture
is then passed through the mouth to the tempo-
ral incision and sewn to the temporalis fascia
proper. A standard facelift incision is then made
after the above incisions are closed. An extended
subcutaneous facelift is then followed by hori-
zontal placation of the soft tissues in the lower
face.

Vasconez has taken a different approach.”*™’
He approaches the malar fat pad and elevates the
midface through an anterior hairline subcutane-
ous approach. Through this approach, the malar
fat pad is exposed, with dissection extending
medially toward the nasolabial fold. The malar
fat pad is then grasped through the subcutane-
ous dissection, along the vertical line corre-
sponding to the level of the lateral canthus.
Several spanning sutures are then placed through
the malar fat pad, directed superiorly and poste-
riorly, and attached to the intermediate temporal
fascia. Although this approach is effective, the
drawback is that the anterior hairline incision
may become visible. More recently, Vasconez rec-
ommended this procedure predominantly for
elderly patients, who would be more accepting
of this anterior incision.

Hester’s approach to the midface has been a
subperiosteal approach through a lower eyelid
incision.® For the past 10 years, the Hester
group has gained vast experience with the
subperiosteal lower eyelid approach and has
varied their technique a number of times. Their
current technique is that of a lower eyelid, sub-
periosteal, endoscopically assisted approach to
the midface. Careful attention to lateral canthus
support and conservative resection of the lower
eyelid skin is critical to their results.” The learn-
ing curve to this procedure is well recognized,
and experience is necessary to avoid lower eyelid
complications.

Our approach to the midface is similar to
Little’s. In the younger patient, we combine the
endoscopic temporal approach with the intra-
oral approach and avoid the facelift component
of the operation (Figure 9-2). This combination
gives consistent, adequate midface elevation
without lower eyelid complications. The opera-
tion is not complication-free, however. Transient
buccal-branch weakness occurs in approximately
15% of our patients. To ensure adequate release
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Figure 9-2. a) Preoperative view of a 52-year-old woman who underwent an endoscopically assisted cheeklift, with a combined intraoral incision and spanning sutures
from the intraoral soft tissues to the temporalis fascia proper. b) The patient 1 year later.

through the intraoral approach, we stretch the
soft tissues of the cheek with an index finger
placed through the intraoral incision. This
stretching is the probable cause of the buccal
nerve neuropraxia. In addition, soft tissue infec-
tion, presumably related to the combined intra-
oral and temporal approaches, occurs in about
10% of our patients.

To minimize recovery time, minimally inva-
sive suture techniques have been developed,
including the minimal access cranial suspension
(MACS-lift), barbed sutures, and the endoscopi-
cally assisted cheek lift using the Endotine
midface device (Coapt Co.)."**" The surgical out-
comes of these techniques have not been pub-
lished; however, at least one study documents
substantial complications with the barbed
sutures.”

In summary, spanning techniques work best
in younger patients. Complications can include
asymmetry, transient buccal nerve weakness,
and infection.

Perioral Rejuvenation

The perioral area has also received increasing
attention in recent years. This area is often inad-
equately addressed by cervicofacial rhytidec-
tomy alone. Aging of the perioral area is
exacerbated by a number of factors related to
both bone and soft tissue. Perhaps most impor-
tant is the loss of the alveolar ridge and tooth
support.” Tooth loss leads to alveolar ridge
resorption, mandibular overclosure reduced ver-
tical facial height, and maxillary retrusion. With
a lack of support, the upper lip lengthens like a
curtain, and the vermilion inverts. Correcting
these problems requires a maxillofacial prosth-
odontic approach, including denture fabrication
alone or combined with bone grafting and osseo-
integrated implant techniques.

With the development of skin laxity, vertical
rhytids begin to appear, at first only with anima-
tion. As aging continues, the vertical lines become
present at rest. These vertical rhytids re ect the
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perpendicular ligamentous attachments from
the orbicularis oris and the muscle to dermis.
They are clearly more common in women and
rarely seen in men. Further vertical rhytids are
more common in Fitzpatrick I and II female skin
types. We presume, without proof, that this
increased frequency is the result of a decrease in
the subcutaneous tissue of the upper lip in the
Fitzpatrick I and II female skin types.

The downturn of the corners of the mouth is
a common complaint of women with facial aging.
This downturn is difficult to correct with a face-
lift alone. Clearly, the most effective pull is
accomplished where skin laxity is the greatest;
that is, a direct browlift is more effective than a
coronal browlift for the correcting brow ptosis.
Therefore, only 1cm of skin need be excised to
elevate the brow 1cm with a direct browlift,
whereas 2cm to 2.5cm of scalp needs to be
excised for every centimeter of eyebrow eleva-
tion in a coronal browlift. Similarly, adjusting the
downturned corners of the mouth at the level of
the commissure is a mechanically more effective
than correcting the downturn through a facelift
incision.

Excisional and nonexcisional techniques have
been used to correct the effects of aging on the
perioral area. These techniques are employed
with or without a variety of resurfacing methods.
External incisional techniques include shorten-
ing the lip with a gull-wing excision at the alar
base to correct the long upper lip; enhancing

Figure 9-3. The gull-wing excision at the
base of the nose to shorten the upper lip and
lip-lift procedure by direct excision of skin
above the vermilion-cutaneous junction.
(Reprinted from Plastic Surgery 2/e, Mathes
SJ, chapter: Face Lift (Lower Face): Current
Techniques by Fardo D, Zins JE, Nahai F,
©2005 Elsevier Inc. With permission from
Elsevier.)

the vermilion by excising the upper lip at the
vermilion-cutaneous junction and advancing
the vermilion (Figure 9-3); and lifting the corner
of the lip to correct the downturned corners
of the mouth (Figure 9-4).2>°

The obvious drawback of these techniques is
the external scar that may be aesthetically unac-
ceptable. In our experience, CO, laser resurfac-
ing over the scar at the time of excisional surgery
greatly reduces the visibility of the scar.

With regard to shortening the upper lip,
certain precepts should be followed. The ideal
patient for lip shortening has an aging face in
which the length of the upper lip is greater than
the vertical distance from the commissure to the
soft tissue menton, with a decrease in upper
incisor show. If upper incisor show is less than
3 mm, vertical shortening with a gull-wing inci-
sion will reduce the edentulous look and enhance
the appearance of the lower face. However, if
upper incisor show is already normal, further
upper lip skin excision will create the appear-
ance of vertical maxillary excess and, therefore,
should be avoided. In addition, those patients
who already have an arched appearance of the
upper lip are not candidates for shortening of
the upper lip because shortening will enhance
the arched appearance and create an unnatural
result.

A corner-of-the-lip lift, as popularized by
Austin and Westin, will correct the downturned
corners of the mouth.** This technique is
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performed by first identifying and marking the
commissure. A line is then drawn medially along
the vermilion for approximately 11 mm long, and
a second line is drawn from the commissure lat-
erally towards the top of the ear. The triangle
thus created by connecting these two lines should
have a base of 5mm (if minimal elevation is
required), 7mm (for moderate elevation), or
9mm (for marked elevation).**** The triangle is
then closed as a straight line, correcting the
downturned corners of the mouth (Figure 9-5).

Nonexcisional correction of perioral aging
can be performed by autologous or nonautolo-
gous fillers. Fat grafting, as popularized by

Tissue Surgery

Figure 9-4. a) Corner of the lip lift per-
formed by marking the commissure.
b) Drawing a line from the commissure
11 mm long medially along the vermilion-
cutaneous junction and drawing a second
line from “A” laterally toward the top of the
ear. These lines create a triangle with the
apex of the triangle at “A” and the base at
“B-C."The vertical distance from “A”is 5 mm
for minimal lip elevation, 7mm for moder-
ate elevation (most common), and 9mm
for high elevation. (Reprinted from Plastic
Surgery 2/e, Mathes SJ, chapter: Face Lift
(Lower Face): Current Techniques by Fardo D,
Zins JE, Nahai F, ©2005 Elsevier Inc. With
permission from Elsevier.)

Coleman, has become by far the most common
autologous procedure for soft tissue augmenta-
tion. Coleman has had excellent results with fat
injection for lip augmentation, correction of the
marionette lines, chin augmentation, and prejowl
augmentation. Although Coleman obtains con-
sistently excellent results, others find these results
difficult to reproduce. Coleman’s success appears
to be the result of meticulous technique. Most
importantly, he injects small amounts of fat
through many tunnels at various levels of the
skin and soft tissue envelope.”*

In non-autologous volume augmentation,
hyaluronic acid (Restylane, Medicis Pharmaceu-

Figure 9-5. a) Preoperative view of a 59-year-old woman with downturned comers of the mouth. b) The patient 1 year later.
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Figure 9-6. a) Preoperative view of a 68-year-old woman who underwent a facelift and perioral phenol-croton oil peel using 50% phenol and 1.1% croton oil. b) The
patient 1 year later. (Reprinted from Plastic Surgery 2/e, Mathes SJ, chapter: Face Lift (Lower Face): Current Techniques by Fardo D, Zins JE, Nahai F, ©2005 Elsevier Inc.

With permission from Elsevier.)

tical Corp.; Hylaform, Inamed Corp.) has
replaced collagen compounds as the most
popular filler. According to the American Society
for Aesthetic Plastic Surgery, hyaluronic acid
injections have become the fifth most-common
nonsurgical cosmetic procedure, after botuli-
num toxin A, laser hair removal, microderm-
abrasion, and chemical peeling techniques.
Approximately 880,000 hyaluronic acid injec-
tions were performed by board-certified plastic
surgeons, otolaryngologists, and dermatologists
in 2004, according to Society statistics.”

Common areas for hyaluronic acid injections
include the nasolabial folds, the triangle between
the alar base and the nasolabial folds, the com-
missure, and the upper and lower lips. Generally,
botulinum toxin A is preferable for the upper
face and Restylane for the lower face.

Finally, skin quality can be improved in concert
with the above procedures. Resurfacing can be
accomplished with CO, laser resurfacing, Erbium
laser resurfacing, or phenol-croton oil peeling
techniques.”®" All resurfacing techniques carry

the risk of hypopigmentation because all reduce
the melanocyte population if taken into the
intermediate dermis or deeper. If vertical rhytids
of the upper and lower lips are to be adequately
treated, the injury needs to extend to this level.
Therefore, ideal candidates for deep resurfacing
techniques are light-skinned individuals.

All three of the above modalities effectively
treat vertical rhytids. In our experience, phenol-
croton oil peeling is the most effective, followed
by CO, laser resurfacing and Erbium laser resur-
facing in ablation of vertical rhytids (Figure 9-6).
Recent articles by Hetter and by Stone and Lefer
discuss phenol-croton oil peeling in depth.””*

The Neck

The standard operation for correcting lower fa-
cial aging remains the cervicofacial rhytidectomy,
but lesser approaches have increasing appeal.
Over the past 25 years, surgeons have noted
the increased ability of neck skin to contract
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Figure 9-7. An anterior lipectomy and platysmaplasty.a) Platysmaplasty completed through a submental incision. The dotted line indicates the extent of dissection.

b) Postauricular incision for access to the posterior neck.

once separated from the underlying platysma.
This ability has been noted by a number of
authors in relation to submental liposuction®®
and is an important component of Giampapa’s
technique.* * Thisabilityhasalsobeen described
in other ways by various authors when describ-
ing their respective facelift techniques.**””°

The anterior-only approach to the neck was
popularized by Giampapa, is described by
Knize, and has been practiced for 20 years by
Feldman.**%%71-72 Of note, Feldman states that
he uses the anterior-only approach in nearly
50% of his patients. We recently described our
variations of the anterior lipectomy and
platysmaplasty.”

Candidates for anterior lipectomy and platys-
maplasty in our experience are those patients
with mild-to-moderate skin laxity and platysma
laxity, with or without excess submental fat, who
are concerned only with their profile and have
no concerns about the midface.

The operation is performed through a sub-
mental incision, 3 cm long, and with small bilat-
eral postauricular incisions. The operation is
begun after injecting the neck with 0.5% lido-
caine, 1:200,000 epinephrine. A stab incision is
made in the submental area, and then a small
liposuction cannula with wall suction is used to
perform submental and submandibular liposuc-
tion (Figure 9-7). Relatively little fat is obtained
from the liposuction, and relatively little change
occurs on the table. Liposuction of the neck
should not be too aggressive, to avoid post-
operative irregularities and a visible platysma.

Once liposuction has been performed, the
incision is opened to 3 cm and, under direct visu-

alization, attachments between muscle and
skin are further released until a large neck skin

ap is raised. After the ap is raised, dissection
is completed posteriorly through the postauricu-
lar incisions using first the liposuction cannula
and then the scissors, raising a posterior ap
to the anterior border of the sternocleidomas-
toid muscles bilaterally. The dissection is taken
as far inferiorly in the neck as the deformity
requires.

Once the skin has been completely elevated,
the platysma is opened, and interplatysmal
and subplatysmal defatting is performed. Fat
is resected until it is ush with the anterior
belly of the digastric muscles. Care is taken not
to over resect fat between the anterior bellies of
the digastric muscles avoiding irregularities.
Because of the vascularity in the region, fat
resection is performed using electrocautery. The
procedure is then completed by performing the
surgeon’s platysmaplasty of choice, reapproxi-
mating the platysmal muscle. A chin implant is
then placed through the submental incision if
indicated.

Finally, through the postauricular incision, a
7-mm Blake suction drain is placed, and a chin
strap is fitted. The following day, the chin strap
is removed, and the drain is removed. The skin
is then redraped if any irregularities are seen.
The patient is instructed to wear the chin strap
day and night for 5 days and then at night only
for 2 additional weeks. Usually only moderate
swelling occurs. The surgical result is visible
quite early—in the first week—but the cervico-
mental angle continues to improve for several
months (Figures 9-8 and 9-9).
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Figure 9-8. Preoperative a) frontal and b) lateral view of a 63-year old woman with moderate skin laxity. ¢) Frontal and d) lateral view of the patient 6 months after
anterior lipectomy and platysmaplasty.
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Figure 9-9. Preoperative a) frontal and b) lateral view of a 50-year old woman with substantial submental and submandibular fat and mild skin laxity. ¢) Frontal and
d) lateral view of the patient 6 months after anterior lipectomy and platysmaplasty.
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The operation is technically easy to perform,
and complications are few. As mentioned, over-
resection of fat should be avoided as this will
lead to skeletization of neck, visibility of the pla-
tysmal muscle attached to skin, and other irreg-
ularities. Marginal mandibular neuropraxia is
reasonably common and invariably resolves
within 2 weeks. No hematomas have occurred in
our last 50 procedures.

Patients with a marked amount of skin excess
and poor skin elasticity are generally not
good candidates for this procedure because
their skin will not adequately contract once
undermined. These patients are better treated
by either standard cervicofacial rhytidectomy
or by direct neck excision platysmaplasty
through an anterior approach and Z-plasty.”
In fact, men in their mid-70s and 80s are ideal
patients for direct neck skin excision. The results
with direct neck skin excision will be superior to
those of cervicofacial rhytidectomy because,
once again, skin excision is being performed
directly over the area where skin excess and
laxity are the greatest. These patients invariably
have residual excess skin if cervicofacial rhytid-
ectomy is performed. Further, given these
patients’ age, this operation is quicker, safer, and
the scars tend to be nonproblematic (Figures
9-10a, 9-10b, 9-10¢, and 9-10d).

Postbariatric Surgery

Given the epidemic of obesity that has af icted
Americans, gastric bypass surgery—its multiple
variations known collectively as bariatric
surgery—has become increasingly popular.
More than 103,000 bariatric surgical procedures
were performed in 2003.”

Between 15% and 20% of patients undergoing
bariatric surgery eventually seek plastic surgery
once their weight has stabilized. A patient’s
weight must usually be stable for 1 year before
plastic surgery is considered to correct skin
excess. Potential areas and procedures include
the abdomen, the thighs, the hips, arms, and face
and neck. Each patient may require multiple
operations to treat multiple areas, and the
estimated number of these operations is
substantial.

Patients seeking facial rejuvenation after
massive weight loss present with many problems
similar to those of other facial rejuvenation
patients, but they also have some unique prob-
lems. Massive-weight-loss patients tend to have
substantially more excess facial and neck skin.
They also may have soft tissue atrophy in the
submalar areas and deeper nasolabial folds than
do patients who present with facial aging only.
Therefore, in addition to cervicofacial rhytidec-
tomy, other procedures may also be required at
the same time or in the future.

A common first-step in these patients includes
a face and neck lift and platysmaplasty. Skin
incisions should be altered with the realization
that a large amount of excess skin will be excised.
Therefore, both the temporal and the post-
auricular hairline should be preserved. Hair-
bearing skin should not be excised. A horizontal
cut along the sideburn-cheek junction anteriorly
with a vertical incision extending just posterior
to the anterior hairline is the desired anterior
incision.”® Posteriorly, the postauricular incision
should follow the posterior hairline at the neck-
hairline junction. Further posteriorly, the inci-
sion should extend into the hair-bearing scalp.
Because of the large amount of excess skin that
may be present in the submental area, the patient
should be warned that some excess skin may
recur in this area and may even require second-
ary correction.

Marked soft tissue atrophy in the submalar
area may be an indication for placing submalar
Silastic implants at the time of face and neck lift.
We prefer this technique for treating soft tissue
atrophy in this area. The submalar implants
tends to provide permanent augmentation, do
not resorb, and avoid the difficulty of harvesting
fat in a patient who has already undergone
massive weight loss.

Secondary surgery, in women as well as men,
may include a direct excision in the area of the
nasolabial folds because of their marked depth
(Figure 9-11).

In summary, the patient undergoing facelift
surgery after massive weight loss may require
not only cervicofacial rhytidectomy but implant
augmentation in cases of severe soft tissue
atrophy. Secondary procedures, including revi-
sion neck lift and excision of the nasolabial folds,
may also be in order.
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Figure 9-10. Preoperative a) frontal and b) lateral view of a 76-year-old man who underwent direct skin excision of the neck with Z-plasty and platysmaplasty.
¢) Frontal and d) lateral view of the patient 6 months after anterior lipectomy and platysmaplasty.
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Figure 9-11. a) Preoperative view of a 58-year-old woman who recently lost 110 pounds. b) The patient 1 year after a facelift, secondary direct excision of the
nasolabial folds, and C0, laser resurfacing of the scars. (Reprinted from Plastic Surgery 2/e, Mathes SJ, chapter: Face Lift (Lower Face): Current Techniques by Fardo D, Zins

JE, Nahai F, ©2005 Elsevier Inc. With permission from Elsevier.)

Correcting Lipodystrophy in
HIV/AIDS Patients

Just as bariatric surgery has increased the
number of patients seeking plastic surgery after
massive weight loss, successful treatment of
patients with HIV/AIDS has increased the
number of requests for surgery in this patient
population.”””® Highly aggressive antiretroviral
therapy is prolonging remissions in these patients
but has also led to a clear lipodystrophy syn-
drome characterized by central obesity and
peripheral soft tissue atrophy.

Specifically, these patients display facial-
wasting syndrome, which is characterized by a
loss of submalar soft tissue that increases the
depth of the nasolabial fold and that exaggerates
the prominence of the zygoma. This degree of
facial wasting is variable and is graded 1 to 4, 1
being the most mild and 4 the most severe.”

This syndrome has been recognized only since
1998, so few reports of surgical treatment for
these patients have been published, and no large
series is available. The approach to these patients
is not straightforward. They may have submental
and submandibular lipodystrophy. However, this
lipodystrophy tends to be less fatty, more fibrous,
and not easily amenable to routine liposuction.
Therefore, ultrasound-assisted liposuction is
more efficacious and is recommended (Figure
9-12).

Facial atrophy, as described above, has been
treated with fat injections, dermis fat grafts, and
Silastic submalar implants.***’ The studies cited
above are small retrospective patient series with
short follow-ups; thus, outcomes data are cur-
rently weak.

Conceptually, fat injections to recipient areas
of soft tissue atrophy are problematic. The short-
term results of the above studies do not contra-
dict this notion. Finally, submalar implant
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Figure 9-12. Preoperative a) frontal and b) lateral view of a 35-year-old [[man/woman]] with HIV-associated lipodystrophy characterized by submental and subman-
dibular fat excess and peripheral wasting after highly aggressive antiretroviral therapy (HAART). ¢) Frontal and d) lateral view of the patient 6 months later.
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augmentation, in the absence of infection and
extrusion, has potential for long-term success.
Therefore, we employ submental and subman-
dibular liposuction using ultrasound-assisted
techniques for submental lipodystrophy and the
obtuse cervicomental angle and Silastic subma-
lar implant augmentation to repair submalar
soft tissue atrophy.

Conclusion

In conclusion, endoscopic and minimally inva-
sive techniques are receiving increasing interest
from patients and the media. The endoscopic
browlift, endoscopically assisted midface or open
mid-face correction, rejuvenation of the perioral
area, and anterior-only approaches to the neck
and the results have been illustrated here. Plastic
surgery after massive weight loss will become
increasingly common over the next several years.
A logical approach to treating these patients is
also described. Finally, because of improved sur-
vival with newer treatments for HIV, patients
with lipodystrophy after AIDS treatment will
increasingly seek plastic surgery correction. The
plastic surgeon is well advised to be prepared to
treat these new patient populations.
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Perspectives for Facial Allograft

Transplantation in Humans
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Introduction

The face is a functional as well as an esthetic part
of the body. It is the window through which we
interact with others: two thirds of our commu-
nication is through nonverbal facial expressions.
Reconstructing partial or full facial deformities
caused by burns, trauma, or tumors still chal-
lenges most reconstructive surgeons. The ideal
reconstructive procedure should address both
the functional and esthetic units of the face.

Conventional Reconstructive Methods

Conventional methods for reconstructing facial
deformities include skin grafts, local and distant
flaps, prefabricated flaps, expanded flaps, and
free flaps. The success of these methods varies.

Successful results have been obtained after
total face resurfacing using monoblock full-
thickness skin grafts.”> Although color and
texture matches are reasonably satisfactory in
the short term, the long-term follow-up is usually
associated with skin graft contractures and color
changes that result in an unsatisfactory final
outcome.

Since the introduction of prefabricated flaps
in reconstructing facial subunits,’ satisfactory
results have been reported with prefabrication
and expansion of the nearby normal tissues.*’
Axial pattern flaps, prefabricated from the supra-
clavicular skin using antebrachial fascia based
on the radial vessels, have been used to recon-
struct the entire face after sever burns.® Unfor-
tunately, in facial burns, the adjacent skin is also
partially or completely involved, making ade-
quate reconstruction almost impossible.

Tissue expanders have been applied to expand
the adjacent skin to achieve sufficient tissue of
identical color and texture for facial reconstruc-
tion”” Tissue expanders can also be used to
create full-thickness skin grafts for complete or
partial resurfacing of the face."” As with prefab-
ricated flaps however, adjacent skin may be
involved in the injury, which may prohibit the
use of tissue expanders. Other potential prob-
lems relate to the choice of expander, the site of
insertion of the expander, the elevation and
suturing of the expanded flap, and the manage-
ment of the free margins of the flaps.’

The first free-tissue transfer was performed
to reconstruct burn deformities."" This innova-
tion led to enormous advances in reconstructive
microsurgery, and different types of free tissues
were transferred from distant parts of the body
to reconstruct facial deformities. The facial
subunit approach, introduced by Burget, was
based on modifying the recipient defect and
donor tissue.” Feldman introduced “the single
sheet concept” in resurfacing of the whole face
after facial burns.” This concept led to a bilat-
eral, extended scapular-parascapular free flap,
incorporating bilateral superficial circumflex
scapular vessels, that was used for total face
resurfacing in patients with severe facial burns
with good-to-fair results."* Although various
types of free flaps have been used for recon-
structing the face, the functional and aesthetic
outcome have not been optimum.

Miller et al. reported the first successful replan-
tation of the entire scalp.'> Thereafter, replanta-
tions of many cases of partial or complete scalp
avulsions were reported, including forehead, ear,
eyebrow, and eyelid, with abundant regrowth of
hair and return of scalp sensibility."® Successful
replantation of different avulsed segments of the
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face,including the nose, ear, and upper and lower
lips, also reported.'’""

Although many cases of scalp and face-
segment replantation have been reported world-
wide, only two successful cases of total face and
scalp replantation have been reported.*>”' In the
first, replantation was performed in 2 pieces,
based on the medial canthal vein and the facial
vein and artery on the right side and the labial
artery with its vein and superficial temporal
artery and two concomitant veins on the left
side. Three years after replantation, the patient
recovered satisfactory animation of the oral
musculature and profound growth of hair on the
scalp.” In the second case, the face was avulsed
as one piece, including the entire scalp, right ear,
forehead, eyebrows, right cheek, nose, and upper
lip. This replantation was based only on single
superficial temporal artery and two veins. Four
months postoperatively, the patient had hair
growth and normal mimetic function.” Because
the optimal outcome was obtained after replant-
ing the avulsed segments of the face and scalp,
every effort should be made to achieve successful
replantation, even if the avulsed scalp and face
contain several lacerations and contusions.

Although many techniques have been des-
cribed for reconstructing severe facial injuries,
total resurfacing of the face with a single soft,
pliable tissue, matched in color and texture, is
almost impossible. There is simply no such tissue
in the body that is of similar quality that gives
the characteristics of a normal face. The final
outcome after all these conventional reconstruc-
tive procedures is far from ideal because they
result in a tight, mask-like face with lack of facial
expression and an unsatisfactory cosmetic
appearance. Recent advances in composite tissue
allograft transplantation have initiated a new
period in the field of reconstructive surgery.

Clinical Applications of Composite
Tissue Allografts

The aspiration of surgeons for tissue transplan-
tation dates back to the third century AD, when
the sainted twins Cosmas and Damian ampu-
tated a gangrenous leg of a Roman patient and
replaced it with a limb taken from a dead Moor.”
Advances in the field of reconstructive surgery
made the feasibility of composite tissue allograft
(CTA) transplantation a clinical reality. CTA
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transplants have been performed to improve,
rather than to save, the quality of life of patients
with disabilities. Since the first successful hand
transplantation in 1998, more than 50 CTA trans-
plants have been carried out worldwide includ-
ing 25 hands, 9 abdominal wall transplants, 8
knees, 7 nerve allografts, 2 flexor tendon appa-
ratus, 1 larynx, 1 skeletal muscle, and 1 tongue
transplant.”*™

The ultimate goal for CTA transplantation is
the induction of donor-specific tolerance without
the need for chronic immunosuppression. Dif-
ferent strategies for tolerance induction have
been developed in experimental studies, includ-
ing: costimulation blockade by using different
monoclonal antibodies, immunoablation with
hematologic reconstitution and allogeneic mixed
chimerism. **7*

Currently, bone marrow transplantation is the
only clinical way to achieve tolerance by induc-
ing mixed hematopoietic chimerism. This toler-
ance was first noticed in a patient with multiple
myeloma who underwent bone marrow and
renal transplantation after conditioning with a
nonmyeloablative protocol of cyclophospha-
mide, antithymocyte globulin, and thymic
irradiation. The patient was treated only with
cyclosporine A for 73 days after transplant and
the kidney was accepted without chronic immu-
nosuppressive therapy.”

Simultaneous bone marrow and renal trans-
plantation is being performed in Boston without
long-term immunosuppression. So far, all the
grafts have been accepted.”® Although clinical
tolerance has been proven in these patients, they
needed toxic preconditioning before bone mar-
row transplantation, which cannot be done with
composite tissue allografts.

Facial Allograft Transplantation

Facial transplantation is the next step in CTA
transplantation to treat patients whose facial dis-
figurement cannot be addressed by conventional
methods of reconstructive surgery.

The only successful scalp transplantation was
performed between identical twins.”” A woman
had 50% to 60% of her scalp avulsed. Initial cov-
erage with split-thickness skin grafts and subse-
quent multiple punch grafts from her identical
twin were performed with moderate success.
The twins were HLA identical and had identical
blood groups. Mixed lymphocyte reaction was
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nonreactive. From her identical twin, the patient
received 2 free scalp flaps measuring 19cm X
3.5cm and 17 cm X 3 cm, respectively, in two ses-
sions. The flaps were based on superficial tem-
poral arteries. At 6 months follow-up, without
any immunosuppressive regimen, the flaps pro-
vided adequate hair growth.

It is difficult to anticipate the look of a face
after transplantation because patients with severe
facial disfigurement undergo multiple recon-
structive procedures. However, computer studies
suggest that the face would display more of the
characteristics of the recipient skeleton than of
the donor soft tissues.*

Skin, as a component of CTA, is considered to
be the most antigenic tissue of the body. A
vascularized skin allograft, unlike nonvascular-
ized skin allograft, is a good source for dendritic
cells, which migrate from the donor to the recip-
ient through hematogenous and lymphatic sys-
tems. These cells are important in allograft
acceptance.

Over the past 15 years, we have focused on
methods to induce tolerance for composite tissue
transplants. We used different models of highly
antigenic CTA transplants (hind limb, full face,
hemiface and groin skin flap models), including
skin, as a component of these transplants, for
tolerance induction.”*

Reconstructive surgeons attempting to trans-
plant facial allografts must address several tech-
nical feasibility and applicability issues, develop
protocols for lifelong immunosuppression, and
resolve the associated ethical, social, and psycho-
logical concerns. Other issues that also need to
be addressed are obtaining Institutional Review
Board approval, identifying appropriate recipi-
ents thorough screening for inclusion and exclu-
sion criteria, and finding appropriate donors.

Technical Feasibility and Applicability

The outcome of conventional reconstructive
procedures is unsatisfactory because most of the
tissues used do not have the quality and charac-
teristics of the face. According to Gillies principle
of “replacing like with like,” the only remaining
option for obtaining optimal functional and aes-
thetic results is facial allograft transplantation.
Although facial transplantation has not yet been
performed, 2 successful cases of total face and
scalp replantation have been reported with excel-
lent outcomes.””!
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Experimental studies on hemifacial and full-
facial transplantation in dog and rodent models
have been performed with success. Our cadav-
eric study revealed that after injection, methy-
lene blue dye perfused to skin and dermal
plexuses of the flap and was well visualized from
the external carotid artery up to the terminal
branches of the facial and superficial temporal
arteries.

The vascular anatomy of the human face is
well known. There are rich vascular plexuses in
the subcutaneous tissue. The face is bilaterally
supplied by the branches of the external carotid
arteries, mainly the facial and superficial tempo-
ral arteries, and it is drained by the external
jugular and facial veins. An entire facial skin flap,
based on the facial and superficial temporal ar-
teries, could be transplanted. Different compo-
nents of the facial tissues can be incorporated
in this flap, including skin, facial expression
muscles, the facial nerve, and bones. Initially, not
to further complicate this already complicated
procedure; only skin should be transplanted to
the face. Once facial skin flap transplantation is
successful, other components of the face can be
considered.

One of the crucial issues that should be con-
sidered when planning facial transplantation, as
with any microsurgical procedure, is the risk of
failure of the vascular anastomoses. Vascular
failure, diagnosed in the early stages of trans-
plantation, can be treated by exploring the vas-
cular pedicles and redoing the anastomoses. If
all attempts to salvage the flap fail, the rescue
procedure should be planned and defect should
be covered with vascularized skin flaps or autol-
ogous skin grafts.

Experimental, Vascularized Nonfacial
Skin Allografts

Hind Limb Allograft Transplant Model

We have shown that stable donor-specific multi-
lineage chimerism is associated with induction
of tolerance in the hind limb allografts, where
the skin component of the transplant was
vascularized.

Experimental Model. Limb transplants across
major histocompatibility (MHC) barriers were
performed between fully allogeneic BN (RT1")
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and semiallogeneic LBN (RT1'"") donors and
Lewis recipients (LEW; RT1').*

Immunosuppressive Protocol. Differentimmuno-
suppressive protocols of CsA alone, combined
CsA with off-TCR monoclonal antibody (o8-
TCRmADb), and combined CsA-anti-lymphocyte
serum (ALS) for different periods of time were
used. The efficiency of immunosuppressive pro-
tocols and donor-specific chimerism was as-
sessed by flow cytometry. Clinical tolerance and
immunocompetence were confirmed by skin
grafting in vivo and by mixed lymphocyte
reaction in vitro. Combined protocols of Cs-/af3-
TCRmADb, and CsA-ALS resulted in long-term
survival and donor-specific tolerance.

Limb allografts differ from composite facial
allografts because they have a bone marrow
element, which may be essential in inducing
tolerance.

Vascularized Skin (Groin) Allograft
Transplant Model

A vascularized skin allograft transplant model
was used to evaluate the potential for tolerance
induction in highly immunogenic tissue grafts
(e.g., skin). We tested the efficacy of different
immunosuppressive protocols and their poten-
tial to extend survival and to induce chimerism
in vascularized skin allografts.

Experimental Model. Vascularized skin allograft
transplants across strong MHC barriers were
performed between fully allogeneic ACI (RT1%)
donors and LEW (RT1') recipients.” Skin flaps
(3 x4cm), based on the femoral artery and vein,
were harvested from the donor groin and in-
cluded the underlying panniculus carnosus and
inguinal fat tissue. In the recipient animal, a
defect of the same size was created on the right
side, and artery and vein were anastomosed end-
to-end with the recipient’s femoral artery and
vein.

Immunosuppressive Protocol. Vascularized skin
allograft transplants were treated with different
immunosuppressive protocols. The animals re-
ceived 0f-TCRmADb, CsA, or FK506 monotherapy
or a combination of of-TCRmAb-CsA and of3-
TCRmADb-FK506. Immunosuppressive therapy
started at the day of transplantation and
continuedfor7 days.The combined o3-TCRmAb-
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CsA and of-TCRmAb-FK506 protocols were
effective in inducing and maintaining chimerism
and substantially extended the survival of the
vascularized skin allograft transplants.

These strategies can be applied to other CTA
and solid organ transplants. Furthers studies on
dosage modification and augmentation of chi-
merism with bone marrow transplantation are
currently underway.

Experimental Facial Allograft Transplantations

A Canine Model of
Hemifacial Transplant

Experimental Model. A hemifacial transplant
between 2 dogs was performed to determine the
viability of a facial transplant using facial artery
and external jugular vein as pedicles.”* A skin
muscle flapin the superficial musculoaponeurotic
system plane based on the facial artery and
external jugular vein was harvested. In the
recipient animal, the artery and vein were
anastomosed to the lingual artery and external
jugular vein, respectively.

Immunosuppressive Protocol. Cyclosporine A
(4mg/kg/day) and prednisone (1mg/kg/day)
were given for immunosuppression. The flap was
rejected by day 6, and the dog was euthanized.
This study was anatomical and not a test of an
immunological transplant model.

Composite Full Facial-Scalp
Transplant Model

We attempted to determine the best option for
reconstructing the face and scalp; with the ratio-
nale that allogeneic transplantation would pro-
vide the best aesthetic and functional results. On
the basis of our 15 years’ experience with com-
posite allograft transplantations, we introduced
a composite full-facial and scalp transplantation
model in rats to evaluate its technical feasibility,
immunological aspects, and potential for future
clinical applications.

Experimental Model. Composite total facial and
scalp allograft transplants were performed
between Lewis-Brown Norway (LBN RT1) donors
and Lewis (LEW, RT1) recipients.*” The full-
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facial-scalp flap was harvested as a single unit
based on the bilateral common carotid arteries
and the external jugular veins and included the
entire facial skin, scalp, and external ears. In the
recipients, the facial skin and scalp, including
the external ear, were excised as a full-thickness
skin graft in which the facial nerve and muscles
were preserved. The periorbital and perioral
regions were also preserved to prevent functional
deficiencies, which could impair feeding or
breathing (Figure 10-1). Either the common or
external carotid arteries and the anterior facial
veins were used for anastomoses.

Immunosuppressive Protocol. The animals re-
ceived CsA monotherapy (16 mg/kg/day) without
recipient preconditioning. Therapy was begun
the day of surgery, tapered to 2 mg/kg/day over
4 weeks, and then continued at this dose until the
end of the study. The flaps survived 200 days.
This study confirmed the feasibility and
applicability of the total facial and scalp allograft
transplantation across major histocompatibility
barriers and was the first to confirm long-term
survival of full-facial allograft transplants under
low maintenance doses of CsA monotherapy in
a rat model (Figure 10-2).

A New Surgical Approach for
Full-Facial-Scalp Transplant

To improve survival, we modified the arterial
anastomoses in these full-facial-scalp allograft
transplants.

Experimental Model. Full-facial-scalp allograft
transplants were done across MHC barriers
between fully allogeneic ACI (RT1%) donor rats
and Lewis (RT1) recipient rats.”® The composite
facial-scalp flap, including the external ear
component, was harvested as described and was
based on bilateral common carotid arteries and
external jugular veins. In the recipient, the facial
skin and scalp, including the external ears, were
excised as a full-thickness graft.In all transplants,
veins were anastomosed to the external jugular
vein or to the posterior facial vein on the left
side and to anterior facial vein on the right
side.

The arterial anastomoses in the recipients
were modified as follows. After anastomosing
the left common carotid artery of the flap to the
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left common carotid artery of the recipient end-
to-side, the right common carotid artery of the
flap was anastomosed either to the left common
carotid artery of the flap, end-to-side, or end-to-
end to the stump of the internal carotid artery
on the left side of the flap, which was kept long
during harvesting.

Immunosuppressive Protocol. All the animals
were treated with CsA, 16 mg/kg/day, beginning
the day of surgery. The dose was tapered to 2 mg/
kg over 4 weeks, then and maintained at this
level. The facial-scalp flaps survived for over
180 days.

With these modifications, a bipedicled com-
posite facial-scalp flap was vascularized by a
single common carotid artery of the recipient,
without dissecting the other common carotid
artery. This modification decreased mortality
tremendously by reducing cerebral ischemia
time, bleeding, anesthesia time, and complica-
tions associated with bilateral common carotid
artery dissection, such as vagus and phrenic
nerve injuries in the recipients. We believe this
pattern of arterial anastomosis would be a good
choice in future facial allograft transplants in
humans.

Composite Hemifacial Transplant Model

We introduced a hemifacial allograft transplant
model, which is less technically challenging then
the full-facial allograft transplant. In this model,
we investigated the development of operational

tolerance across major histocompatibility
barriers.
Experimental Model. Composite hemifacial

allografts were transplanted from semiallogeneic
Lewis- Brown Norway (LBN RT1) and fully
allogeneic ACI (RT1%) rats to Lewis (RT1)
recipients.”’ Composite hemifacial flaps, in-
cluding the external ear and the scalp, based on
the common carotid artery and external jugular
vein, were harvested from the left side of the
donors. In the recipient, the facial skin on the left
side, including external ear, was excised. After
setting the flap, the donor external jugular vein
was anastomosed end-to-side to the recipient
external jugular vein, then the donor carotid
artery was anastomosed end-to-side to the
recipient common carotid artery.
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Figure 10-1. The full-facial allograft trans-
plantation model across a major histocompat-
ibility barrier. Preoperative views of the donor
rat showing markings of the facial skin flap,
the dorsal surface a and the ventral surface b.
Preoperative views of the recipient rat showing
markings of the skin to be excised before the
donor facial skin transplant inset, the dorsal
surface cand the ventral surface d. (Reprinted
from Siemionow MZ, Agaoglu G. Allotrans-
plantation of the Face: How Close Are We?
Clinics in Plastic Surgery, Volume 32 (in press).
Copyright 2005, with permission from
Elsevier.)

Figure 10-2. The full-facial allograft trans-
plantation model. Late post-transplant views
of face allograft recipient on low-dose of
cyclosporine A monotherapy at day 200
showing no signs of rejection. a) The frontal
view. b) The lateral view. (Reprinted from
Siemionow MZ, Agaoglus G. Allotransplanta-
tion of the Face: How Close Are We? Clinics in
Plastic Surgery, Volume 32 (in press). Copy-
right 2005, with permission from Elsevier.)
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Immunosuppressive Protocol. Both semialloge-
neic and fully allogeneic allograft recipients
were treated with standard immunosuppressive
protocol of CsA monotherapy, 16 mg/kg/day,
which was tapered to 2mg/kg/day over 4 weeks
and maintained at this level thereafter. In this
experimental composite hemifacial transplant
model, we established operational tolerance and
achieved survival rates of 400 days in the
semiallogeneicand 330 daysin the fullyallogeneic
MHC mismatched facial transplant recipients
(Figure 10-3).

We are encouraged by our success with main-
taining total facial-scalp allograft transplants for
more than 200 days and by the promising results
we achieved in the hemifacial transplant model
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using a single immunosuppressive agent therapy
without need for recipient conditioning. This
experimental knowledge should support future
clinical decisions in this challenging procedure.

A Cadaveric Dissection in Preparation
for a Human Facial Allograft Transplant

We have dissected cadavers to confirm the feasi-
bility of facial flap harvest and to support the
application of facial allograft transplants as a
new treatment for patients with severe facial
deformities.”® We compared the potential area
of coverage, texture, and color match of these
reconstructive options. In 5 cadavers, the com-

Figure 10-3. The hemi-facial allograft transplantation model. Preoperative
view of the donor Lewis-Brown Norway rat showing markings of the facial
skin flap a). Preoperative view of the recipient Lewis rat showing marking of
the skin to be excised before the skin flap inset from the donor b). Immedi-

ate post-transplant view of the hemiface allograft recipient c). The recipient
of hemifacial allograft 200 days after transplant shows no signs of rejection
on a low maintenance dose of cyclosporine A monotherapy d).
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posite full-facial-scalp flap was designed to
incorporate the entire facial skin, including the
skin over the nose, eyelids, lips, both external
ears, and the scalp. The flap was elevated in the
subplatysmal plane in the neck, in the subsuper-
ficial musculoaponeurotic system plane in the
face, and in the subgaleal plane in the scalp. The
whole flap was based bilaterally on the external
carotid arteries as the arterial pedicles and on
the external jugular and facial veins as the venous
pedicles (Figures 10-4 and 10-5).

The conventional radial forearm, anterolateral
thigh, bipedicled deep inferior epigastric, and
bipedicled scapular-parascapular flaps were also
harvested from the same cadavers. The total
surface areas of the created facial defects and
alternative harvested conventional flaps were
measured. Methylene blue dye was injected from
the external carotid artery for visualization of
the facial-scalp vascular network.

The mean surface area for the combined
facial-scalp flaps and facial flaps without scalp
was 1192cm® and 675cm’, respectively. When
compared to the total surface area of the facial-
scalp flap, the radial forearm flap covered 13%
of the defect, the anterolateral thigh flap 19%,
the bipedicled deep inferior epigastric per-
forator flap 35%, and the bipedicled scapular-
parascapular flap 48%, respectively. Coverage of
the facial defect without scalp was 24% for the
radial forearm flap, 34% for the anterolateral
thigh flap, 62% for the bipedicled deep inferior
epigastric perforator flap, and 84% for the biped-
icled scapular-parascapular flap, respectively
(Figure 10-6). The perfused dye was well visual-
ized from the external carotid artery up to the
terminal branches of the facial and superficial
temporal arteries.

This cadaveric study confirmed that none of
the conventional cutaneous autogenous flaps
would cover a total facial defect. However, a
perfect match of the texture, pliability, and color
of facial skin will likely only be achieved by
transplanting the facial skin from a human
donor.

Mock Facial Transplantation in
Preparation for a Human Facial
Allograft Transplant

Recently, we have performed a mock facial trans-
plantation by harvesting a total facial-scalp flap
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from the donor and transferring the flap to the
recipient cadavers.*

In the donor, we have measured the time of
facial-scalp flap harvesting, the length of the
arterial and venous pedicles and sensory nerves,
which were included in the facial flaps. In the
recipient, we have evaluated the time of facial
skin harvest as a “monoblock” full-thickness
graft, the anchoring regions for the inset of the
donor facial flaps and the time sequences for
the vascular pedicles anastomoses and nerves
coaptations.

In the donor cadaver the mean harvesting
time of the total facial-scalp flap harvest was
235.62 £ 21.94 minutes. The mean length of the
supraorbital, infraorbital, mental, and great
auricular nerves was 1.5 = 0.15, 2.46 t 0.25,
3.02 £ 0.31, and 6.11 £+ 0.42cm, respectively.
The mean length of the external carotid artery,
facial and external jugular veins was 5 * 0.32,
3.15 £ 0.32, and 5.78 + 0.5cm, respectively. In
the recipient cadaver the mean harvesting time
of facial skin as a “monoblock” full-thickness
graft was 47.5 + 3.53 minutes. The mean time
for the preparation of the arterial and venous
pedicles and sensory nerves for the future anas-
tomoses and coaptation was 30 + 0 minutes. The
mean time for the facial flap anchoring was 22.5
* 3.53 minutes. The total mean time of facial
mock transplantation without vessels and nerves
repair was 320 + 7.07 minutes (5 hours and 20
minutes).

Based on anatomical dissections in this ca-
daver study, we have estimated the time and
sequence of the facial flap harvest and inset to
mimic the clinical scenario of facial transplanta-
tion procedure.

Immunosuppressive Strategies in
Composite Tissue Allograft Transplants

The development of immunosuppressive agents
can be divided into periods before and after the
introduction of cyclosporine. Before the CsA era,
immunosuppressive regimens were nonselec-
tive, consisting mainly of total body or total lym-
phoid radiation followed by the introduction of
6-mercaptopurine, cyclophosphamide, and aza-
thioprine. Steroids were added to azathioprine to
improve effectiveness and reduce toxicity. This
combination of steroids and azathioprine, with
or without antilymphocyte globulin, was used



Figure 10-4. Dissection of the facial-scalp flap. a) After marking the
vascular structure of the flap. b) Through a midline incision, the flap was elevated
in the subplatysmal plane, including external jugular vein in the flap. (Siemionow
MZ, Unal S, Agaoglu G, et al. What are alternative sources for total facial defect
coverage? A cadaver study in preparation for facial allograft transplantation
in humans. Plastic and Reconstructive Surgery (PRS-D-04-00324, in press) 2005.)

o) Elevation of the flap showing arterial network of the flap. 1) The
common carotid artery. 2) The external carotid artery. 3) The superficial temporal
artery. 4) The facial artery. 5) The lower border of mandible. (Reprinted from
Siemionow MZ, Agaoglu G. Allotransplantation of the Face: How Close Are We?
Clinics in Plastic Surgery, Volume 32 (in press). Copyright 2005, with permission
from Elsevier.)

b

Figure 10-5. a) Harvested total facial-scalp flap. b) Harvested facial flap without scalp. (Siemionow MZ, Unal S, Agaoglu G, et al. What are alternative sources for total
facial defect coverage? A cadaver study in preparation for facial allograft transplantation in humans. Plastic and Reconstructive Surgery (PRS-D-04-00324, in press)

2005.)
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Figure 10-6. Outline of the percentage of the conventional flaps that covers the surface area of a) a total facial scalp defect and b) a facial defect without scalp.

for about 2 decades, until a new era of immuno-
suppression was begun with the introduction of
CsA. Cyclosporine was the first specific drug to
target T cells by inhibiting T-cell-mediated IL-2
production, a crucial cytokine for T-cell expan-
sion. Thereafter, several new agents targeted T
cells, interleukin receptors, and various T-cell
receptors, such as monoclonal antibodies
(OKT3), calcineurin inhibitors (FK506), nucleic
acid inhibitors (mycophenolate mofetil (MMF))
and inhibitors of signals for T-cell differentiation
(sirolimus).*®*78

Composite tissue allografts, unlike solid or-
gans, contain different types of tissue with vari-
able degrees of antigenicity. Thus, to be
successful, any immunosuppressive protocol
should prevent rejection of all these tissues.

Different immunosuppressive protocols were
used in both experimental and clinical CTA
transplantations.

Experimental Inmunosuppressive Protocols

Experiments on animals show that donor-
specific tolerance can be achieved through stable
mixed allogeneic chimerism after bone marrow
transplantation. Most of the experimental studies
on CTA transplants have been performed on

rodents. Different immunosuppressive agents
have been used as a monotherapy or in com-
bination protocols. In our laboratory, in a
rat hind limb transplantation model, with only
a short-term therapy of combined CsA and
0f-T-cell receptor monoclonal antibody, we
were able to induce long-term, donor-specific
tolerance across a MHC barrier, obtaining
long-term survival of the animals over 350 days
without recipient conditioning and the need
for chronic immunosuppression. Tolerance was
confirmed by skin grafting in vivo and mixed
lymphocyte reaction in vitro. The animals
rejected third-party grafts, which indicate
immunocompetence.”

Limited numbers of experiments have been
done on large animals to evaluate the efficacy of
various immunosuppressive protocols on CTA
transplants. In a swine model of limb transplan-
tation, the antirejection effects of different
immunosuppressive protocols were assessed in-
cluding CsA alone, CsA/MMF, and FK506-
MME>"* The FK506-MMF combination was the
most successful in preventing allograft rejection
and was considered to be a clinically applicable
treatment,* but it was associated with more tox-
icity when compared to CsA/MMF protocol
therapy.”

Primates are the most reliable models for CTA
transplantation because they are closely related
to humans. Primates have been used only in few
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studies as a model of CTA transplants, and the
most commonly used immunosuppressive agents
were CsA and steroids.®%

Clinical Immunosuppressive Protocols

Lifelong immunosuppression is one of the
important issues that need to be discussed with
patients considering facial transplantation. Stan-
dard transplantation protocols include nonspe-
cific immunosuppressive drugs. The number of
these drugs is increasing every year, and this
large number may offer an opportunity to find
ideal regimens.

Immunosuppressive protocols consist of in-
duction and maintenance therapies to prevent
allograft rejection and short courses of intensive
therapies to suppress acute episodes of rejection.
Currently, the immunosuppressive drugs used
in the induction protocols of immunosuppres-
sion for CTA transplantation mainly include ste-
roids, antithymocyte globulin (ATG), and OKT3,
whereas maintenance protocols of immunosup-
pression include, calcineurin inhibitors (CsA
and FK506), mycophenolate mofetil (MMF), and
steroids.

Solid organ transplantation is essential
for life; therefore, both patient and society
usually accept the side effects of immunosup-
pressive agents. However, facial allograft trans-
plantation is intended to improve the quality of
life, rather than to save it. It is hard to quantify
the benefits of facial allograft transplantation
or the risk of lifelong immunosuppression,
so decisions about this procedure should be
made on individual basis and should be
based on the type of composite tissue to be
transplanted.

The patient has to be informed about the side
effects of immunosuppressive protocols, as well
as of the need to adhere to these protocols for
life. The first hand transplant was re-amputated
because of the patient’s nonadherence with phy-
sical therapy and immunosuppressive treat-
ment.” This case shows the importance of patient
selection and adherence to immunosuppressive
therapy.

Although great advances have been made in
immunosuppressive therapies, immunosuppres-
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sive agents are still associated with significant
side effects including: organ toxicity, lifethreat-
ening viral and fungal infections, and malignan-
cies.”** Commonly used calcineurin inhibitors
in induction and maintenance therapy have
similar side effects on renal and hepatic func-
tion. Neurotoxic effects and post-transplant
diabetes mellitus are higher under tacrolimus
protocols, whereas the risks of hypercholester-
olemia and hypertension are lower compared
to those with CsA. Tacrolimus promotes
nerve regeneration,* so this agent will be pre-
ferred in CTA transplantations because nerve
regeneration will be one of the goals after
transplantation.

Steroids are commonly used, both in
induction and maintenance protocols of immu-
nosuppression for CTA. Tapering the dose to
the lower maintenance dosage, especially when
initially given in higher dosages, can reduce
systemic toxic effects. However, the main
issue in implementing steroid protocols for
CTA transplants is the need for higher induc-
tion dosages, which will have negative effects
on the wound healing. Therefore, low predni-
sone dosage in the early postoperative
period will be critical for CTA transplant
protocols.

Immunosuppression-related  complications
can be prevented by close monitoring of
the patients and by early medical intervention.
The immunologic side effects can be managed
by switching the type of immunosuppressant,
which was the case after larynx transplantation,
where CsA was exchanged with tacrolimus
to control hypertension associated with
nephrotoxicity.”

The side effects of immunosuppression have
raised concern about the risk-benefit ratio of
CTA transplantations that are not life-saving.
However, transplantation of a facial allograft is
distinct from other CTA transplants. The socio-
psychological benefits of face transplantation
may offset the potential risks of lifelong
immunosuppression.

When lifelong immunosuppressive therapy
will not be necessary, and tolerance-inducing
strategies would be available, transplantation of
the face would be considered for patients with
severe facial deformities. In the near future, stan-
dard tolerance inducing protocols will likely be
introduced, opening a new era for facial and
other CTA transplants.
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Psychological, Social, and Ethical
Considerations of Facial Transplantation

Advances in the field of reconstructive surgery
and recent success in CTA transplantation
have made facial allograft transplantation for
patients with severe facial deformities the next
step in the field of CTA transplantation. Since
the first announcement to consider facial trans-
plantation, excited discussions regarding the
ethical, social and psychological issues began
in the medical community. The number of
candidates who would benefit from facial
allograft transplantation is limited. Candidates
should be evaluated by a multidisciplinary team
that should include plastic surgeons, transplant
surgeons, immunologists, psychiatrists, psychol-
ogists, infectious disease specialists, ethicists,
patient advocates, social workers, lawyers for
the medical community, and public relations
experts.

Facial transplantation should be considered
as a medical solution to relieve the suffering
of severely disfigured patients. The psycholog-
ical and social consequences of this procedure
can be foreseen, but unfortunately, the final
outcome cannot be predicted.”* In general,
organ transplantation may lead to a group of
stresses and psychosocial problems. Fears and
anxiety related to organ viability, the possibil-
ity of the graft rejection, and the probability
of toxic effects of immunosuppressive agents is
well documented after organ transplantation.
Feelings of gratefulness and guilt concerning
the donor’s family are among other emotional
responses in patients with organ transplants.”
These fears and anxieties would likely be
amplified in the case of facial transplantation
by factors such as issues of identity and com-
munication, psychological vulnerability and
resilience, motivation to seek treatment, expec-
tations of outcome, consequences of transplant
failure, adherence to treatment regimens, and
dealing with the reactions of others to altered
appearance.”’ The defect created in the donor
after facial flap harvesting may be not accept-
able to the donor or the donor’s family. Con-
sequently, finding of a facial transplant donor
will probably be very difficult, compared to
achieving consent for solid organ donation.
Thus, specific “reconstructive” options should
also be considered for the donor and should
be discussed with the family. Options for the
coverage of created defects would include
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full-thickness skin grafts or synthetic materials,
including silicone masks. All these options,
as well as the possibility of closed-casket
funeral, should be discussed with the donor’s
family.

The First Institutional Review Board Approval
for Facial Transplants

On October 15, 2004, the Cleveland Clinic
Foundation’s Institutional Review Board
approved the first protocol for facial allograft
transplantation in humans. Presented by Dr.
Maria Siemionow, the protocol required 10
months of debate on the medical, ethical, and
psychological issues. The inclusion and exclu-
sion criteria for screening potential candidates
for facial transplantation were thoroughly eval-
uated. The donor and recipient consent forms
have been approved. This IRB approval allowed
us to open the Facial Transplantation Program,
where teams of specialists, including surgeons,
psychologists, psychiatrists, ethicists, patient
advocates, and media representatives will evalu-
ate patients with severe facial deformities.
Based on this evaluation, the most appropriate
candidates for facial transplantation will be
selected.

The question remains whether potential
donors and the donor’s families will ever accept
facial skin donation. At this point, we are not sure
how close we are or how long it will take for the
first facial transplantation to be done. It may not
happen for 6 months or a year. It may not happen
in our lifetime. But it may also happen sooner
than we expect.

Conclusion

Patients living with severe facial deformities
may wish to assume the risks of allograft
transplantation if they have the chance to
obtain a more normal appearance. Facial
allograft transplantation would revolutionize
the field of transplantation and reconstructive
surgery. The advantages and disadvantages of
this promising procedure should thoroughly be
discussed with recipients and their families
(Table 10-1). Although the likelihood of success
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Table 10-1. Advantages and Disadvantages of Facial Allograft
Transplantation

Advantages Disadvantages

+ No donor site morbidity + Adequate matching between the

+ Complete facial reconstruction in donor and recipient is difficult
single surgical procedure (age, sex, race)

+ Option for total external ear « Lifelong immunosuppression

replacement or reconstruction + Increased risks of comorbidities
« Better skin texture, pliability, and (diabetes, infections,
color match lymphoproliferative disorder,
avascular necrosis of bones)
« Social, ethical, and psychological
issues

and the long-term functional and esthetic results
remain unclear at this time, facial allograft
transplantation will someday become a reality.
When this time comes, we believe that well
informed and psychologically stable patients
should have right to decide whether to undergo
this procedure.
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Tissue Engineering: Current Approaches and

Future Directions
Amir H. Ajar and Gregory R.D. Evans

Introduction

Tissue engineering marries the fields of engi-
neering and life sciences with the goal of fash-
ioning biomimetic materials to augment, restore,
or maintain biologic systems after damage by
disease or injury. That is, tissue engineering
seeks replicate the functions usually performed
by the body’s organs; a goal sometimes referred
to as “the missing organ problem.”!

Six basic methods of tissue engineering have
been described: 1) transplantation, 2) autograft-
ing, 3) prosthesis, 4) stem cell generation, 5) in-
vitro tissue engineering, and 6) in-vivo tissue
engineering. These methods have been further
stratified into substitutive, histioconductive, and
histioinductive approaches, which are based on
either developing ex-vivo materials (substitutive
and histioconductive) or on facilitating self-
repair of damaged tissue (histioinductive).”

To achieve effective, long-lasting repair of
damaged tissues, any of the above methods of
tissue engineering must meet at least 5 criteria:
1) the number of cells or the size of tissue gener-
ated must be sufficient to accomplish the repair,
2) cells must be appropriately differentiated
toward the desired phenotype, 3) the extracel-
lular matrix must maintain an appropriate three-
dimensional organization and be adequately
supported, 4) cells and tissues must be structur-
ally and mechanically compliant with the normal
demands of native tissue, and 5) cells and tissues
must be fully integrated with native tissue.’

Any consideration of tissue engineering
should, however, be made in the context of
current therapies for treating tissue injury, as
well their inherent limitations. Presently, syn-
thetic biomaterials, autografting, and allograft-
ing have numerous applications, from joint and

vessel replacement to skin grafting and organ
transplantation. However, synthetic biomateri-
als, such as Dacron, polytetrafluoroethylene
(PTFE), titanium alloy, and ceramics elicit
foreign-body reactions and are limited in the
long-term by their inability to grow and remodel
in the recipient host. Autografting, by definition,
suffers from a potential paucity of adequate
quality or quantity of graftable tissue, as well as
by donor-site morbidity. Allografting, regardless
of continuing efforts at tightening safeguards,
carries the ever-present risk of disease transmis-
sion and immune rejection.

The challenge of tissue engineering therefore
becomes how to create a stable, infection-free,
biocompatible material that displays the dynamic,
in-vivo properties of the tissue it intends to
replace, either alone or in conjunction with mod-
ulation of biologic systems, to maximize native
tissue repair. In this chapter, we review 3 tissue
engineering techniques being developed toward
this end: stem cells, polymers, and growth
factors.

Stem Cells

Using stem cells in tissue engineering makes
intuitive sense and has great promise. Stem
cells are, by definition, multipotent and self-
regenerating, giving them the unique potential
of maintaining cellular homeostasis in func-
tional tissue for the lifetime of the organism.
To be applicable for tissue engineering, the
stem cell must first be differentiated into the
lineage-committed cell type of the tissue of
interest. They must then assemble into an appro-
priate three-dimensional architecture dictated
by the functional requirements of the tissue in
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question. To understand the potential of stem
cells toward this end, several principles of stem
cell physiology merit discussion.

Stem cells can be divided into two main classes,
the first of which is the pluripotent stem cells,
which are capable of assuming all types of tissue,
except extra-embryonic membranes, making
them incapable of generating embryonic tissue.
Pluripotent cells are found as embryonic stem
cells in the inner cell mass of the blastocyst, as
well as in germ cells of the gonadal ridge in the
fetus.*” Embryonic stem and germ cells differ in
several ways, including the conditions required
for isolation, population doublings, and surviv-
ability in cell culture, with embryonic stem cells
being overall the more robust of the two.® Embry-
onic stem cells can be manipulated into a wide-
range of cell types, including muscle cells, neural
cells, vascular endothelium, and endodermal
derivatives.” Although the molecular mecha-
nisms of in-vitro self-renewal have been
described in murine cell populations, the mech-
anisms of human embryonic stem cell regulation
remain unknown.?

The second major class of stem cell is the mul-
tipotent stem cell, which is considered to be the
offspring of pluripotent cells and to be directed
into more specific cell lineages. In other words,
multipotent stem cells are less plastic and more
differentiated than their pluripotent counter-
parts. A common source of multipotent stem
cells is the adult human, and the most exten-
sively characterized are thebone marrow-derived
stem cells. These cells consist of two distinct
stem cell populations: 1) hematopoietic stem
cells, which are responsible for the development
of the entire blood cell line, including white
blood cells, red blood cells, and platelets; and
2) mesenchymal stem cells, which give rise to
numerous connective tissues, including bone,
cartilage, adipose, muscle, tendon, and neural
tissue in both in-vitro and in-vivo settings.’ Mes-
enchymal stem cells are present in adult bone
marrow, fat, muscle, and skin.!’

Applications of Stem Cells in
Tissue Repair

A recent review of stem cell research for tissue
repair reported encouraging results from early
experiments using embryonic stem cells from
rats and mice to repair nerve and muscle tissue.
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Efforts to seed human embryonic stem cell
derivatives into human beings are ongoing."
Adding to the challenge of human clinical use is
recent evidence that MHC class 1 proteins, found
on the surface of all nucleated cells responsible
for antigen presentation to T cells, are expressed
on human embryonic stem cells which increase
after differentiation. This makes tissue rejection
by the host all the more likely.”” Ways to mini-
mize this untoward effect include developing an
“embryonic stem cell bank” that could match
cells to individual patients; genetically altering
cells to develop a “universal donor” that does not
express MHC proteins, and developing nuclear
transfer techniques to derive genetically matched
stem cells for individual patients."”

Adult stem cells, as mentioned earlier, have the
ability to differentiate into numerous cell lin-
eages. The assumption that their function would
be limited to those of the cell lineages present in
the organ of original harvest has not held true.
To date, adult bone marrow, brain, skeletal
muscle, liver, pancreas, fat, and skin all have been
shown to possess progenitor cells capable of dif-
ferentiating into cell types other than their tissue
of native origin."" Stem cells introduced into a
novel environment are now believed to undergo
“reprogramming” in response to local signals
elaborated by their new surroundings, although
this reprogramming is poorly understood."

A better understanding of these cellular mech-
anisms has come from studies of synthetic
microenvironments that clarify the role of
matrix, growth factor, and cellular adhesion cues
in stem cell differentiation and histiogenesis."* In
these studies, local levels of both soluble and
insoluble molecules were sustained at the site of
cell transplantation. In this particular case, the
brain was the tissue model in question. Trans-
plantable “neo-tissues” were created using cells
assembled with cell-adhesive and controlled-
release microparticles, with growth factor dosing
and subsequent effect being controlled by
varying either the number of distributed mic-
roparticles or the rate at which growth factor was
released from these microparticles." As such,
these “neo-tissues” were effectively shown to be
“programmable” Assessing cell viability has
been the source of extensive research, with local
cell viability being determined with the model of
three-dimensional, engineered skeletal muscle
constructs. Using dual fluorescent staining and
confocal laser scanning microscopy, the viability
of these constructs was determined after
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calibrating the average fluoroscopic intensity per
living cell.”” While likely to be limited by the
thickness of the engineered tissue and amount
of cellular proliferation present in the sample,
this technique represents a potential advance in
nondestructive quantitative analysis of in-vitro
tissue constructs.”

Biomaterials

Recent interest in biodegradable polymers and
other materials has led to an exciting expansion
of potential treatments, either alone or in con-
junction with other methods of tissue engineer-
ing. Biodegradable products are thought to have
at least two potential advantages. First, a sub-
stance able to be effectively cleared by the body
would not have to be removed after use by sec-
ondary surgery. Second, the progressive loss of
mechanical strength of the material could con-
ceivably mimic the natural healing process."
These advantages, however, come with a large
number of other considerations, namely, molec-
ular weight, chemical composition, morphology,
additives, and environmental conditions. Success
of an engineered tissue construct in turn be-
comes in large part the product of the interac-
tion of these bio-scaffolds and cells, either in situ
or mobilized in vitro. In the segment to follow,
natural and synthetic polymers, as well as inject-
able hydrogels will be discussed in the context of
tissue engineering and wound repair.

Early work with chondrocytes revealed the
importance of an agarose scaffold in re-
differentiating cells during the expansion
phase."” Since this time, research toward engi-
neering tissue scaffolds for bioengineering
applications has followed four general principles:
1) defining a space that will shape the regenerat-
ing tissue; 2) adopting a temporary function
in a defect while native tissue regenerates; 3)
facilitating tissue ingrowth; and 4) including
seeded cells, proteins, genes, or all 3 to accelerate
wound healing."®

Perhaps the largest and most prolific area of
research in polymer scaffolds remains in the
domain of skeletal tissue engineering. A recent
review of the literature by Lu et al. discusses
important aspects of scaffold design, materials,
and processing of skeletal tissue constructs,
which in many circumstances parallel the
polymer characteristics used for other applica-
tions of tissue engineering."”
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Beginning with design, a basic requirement of
polymeric scaffolds is biocompatibility. Factors
affecting this requirement include the chemistry
and morphology of the construct, as well as the
process of synthesis itself. Residual chemicals
from processing have the potential of leaching
from the scaffold and adversely affecting both
the tissue construct and the native tissue in the
vicinity of the implant. The property of bio-
degradability of the polymer scaffold itself is
not, however, sufficient to be clinically applicable
when designing polymeric scaffolds. Several
cases have been reported in which tissue necro-
sis or untoward inflammation in the area of
implantation has occurred as a direct result of
polymer degradation by natural host mecha-
nisms that in turn jeopardize the overall viability
of the repair."” As a result, precise accounting of
the mechanism of polymer biodegradability is
an absolute requirement for successful tissue
engineering applications.

Polymer engineering aims to construct a scaf-
fold that provides the cellular stability necessary
to encourage maximal cellular proliferation with
the intention of appropriate extracellular matrix
generation. This extracellular matrix in turn
replaces the polymeric scaffold originally in
place, as it becomes absorbed and excreted by
the body. The critical structural variables of the
cellular environment necessary to establish and
maintain tissue form and function remain to be
identified. Toward this end, structure-mechani-
cal analysis of cells and their supporting scaffold
within tissue constructs are being investigated in
three dimensions using confocal microscopy in
reflection mode (backscattered light) to selec-
tively visualize microstructural deformation
of the scaffold. The deformation observed at
both macro- and microscopic levels during the
application of controlled, quantified mechanical
loads in turn allows for accurate characteriza-
tion of structural-mechanical relationships
between biomaterials and cell-scaffold con-
structs.” The materials for polymer scaffolds are
numerous and depend to a large extent on the
indication of the tissue construct in question.
Natural polymers, such as starch-based poly-
mers, are effective platforms for murine fibro-
blast cell growth.”» Chitosan, a partially
deacetylated derivative of chitin, itself a natural
polymer product of insects, worms, crustaceans,
and fungi, has been proved to be clinically useful
as a biomaterial. Chitosan-calcium phosphate
polymers are being studied for humanlike
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osteoblast growth, and chitosan-thioglycolic
acid conjugates have shown in-situ gelling prop-
erties at physiologic temperatures and pH with
specific shapes similar to native tissue.”>*

Collagen is the major component of the
extracellular matrix; collagen fibers have
been described as scaffolding biomaterial for
ligamentous replacement, whereas collagen-
chondroitin sulfate matrix promotes chondro-
cyte proliferation and differentiation in vitro.***’
Newer, solid free-form fabrication techniques,
involving the construction of three-dimensional
objects of desired shapes using layered manufac-
turing strategies, along with critical-point drying
(the exchange of ethanol with liquid carbon
dioxide at set pressure), can be used to create
predefined and reproducible pores of various
sizes and interconnections in collagen scaffolds
for optimal transport of nutrients and oxygen to
the construct.”

Synthetic polymers are also commonly used
in research, which has produced at least one
clinically useful product, Dermagraft (polylac-
tide co-glycolide). However, synthetic polymers
are limited by physical properties that adversely
affect their degradation profiles, including a ten-
dency to crumble, inciting mechanical damage
to tissues, as well as foreign body tissue reac-
tions.” As a result, researchers are now taking
aim at “semi-synthetic” polymer derivatives,
which may address the shortcomings of syn-
thetic constructs while simultaneously improv-
ing on and tailoring natural polymers to the
application of interest. For example, chitosan-
polyglycolide hybrids can maintain fibroblast
viability and spindle morphology in culture
experiments.” The resemblance of chitosan to
the components of proteoglycans is conducive to
cellular attachment and constitutional function,
and polyglycolic acid serves as an effective scaf-
fold with its exceptional biocompatible and bio-
degradable profile. Similarly, starch blended with
ethylene vinyl alcohol (named SEVA-C), when
reinforced with synthetic hydroxyapatite, formed
a calcium phosphate layer on its surface in situ,
giving the construct the potential to bond bone
when implanted in vivo.”

An alternative to the polymeric scaffolds
described above are the more recent tissue engi-
neering approaches employing injectable, in-situ
gel-forming matrix systems. Such a delivery
system has advantages over more “conventional”
polymer scaffold techniques, including the
ability to fill a defect of any shape, the incorpora-
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tion of various therapeutic agents, the lack of
residual solvents, and nonsurgical placement.”
By definition, a gel is a three-dimensional
network swollen by a solvent that can be classi-
fied according to the fashion of the network to
which it is connected; either by chemical (cova-
lent bonds) or physical forces. These gel poly-
mers are capable of incorporating water without
dissolving the polymer, giving them the charac-
teristics of soft tissue and a high permeability
for oxygen, nutrients, and water-soluble metabo-
lites.” Four main classes of injectable gel systems
have been investigated to date. They are ther-
moreversible, pH-reversible, ionically cross-
linked, and high-viscosity, shear-thinning gels.
Thermoreversible gels undergo phase transi-
tion with increasing temperature when the
polymer concentration is above a critical value.
A synthetic example is polyethylene oxide-b-
propylene oxide-b-ethylene oxide (PEO-PPO-
PEO), which has recently been applied to form a
cartilage layer on host bone, as well as injected
to form cartilage in mice.” The pH-reversible
gels, such as chitosans, are charged, water-soluble
gel-forming polymers in response to pH shifts
that have been studied as injectable, resorbable
templates in bone regeneration.” Ionically cross-
linked gels are water-soluble charged polymers
that form gels when the react with di- or triva-
lent ions (e.g., alginate). Although in-vivo exper-
iments have successfully employed alginate to
deliver autologous chondrocytes, the risk of
enhanced immunogenicity and poor bioresorb-
ability have raised concerns over the possibility
of adverse tissue reactions.”™” High-viscosity
shear-thinning gels, of which hyaluronic acid is
representative, can be introduced into tissue
through small-bore needles and can subse-
quently form thick gels once the shear force from
the injection has been removed. This property
has been manipulated to repair contour deficits
in the skin non-operatively.® A commercially
available hyaluronic acid product, Restylane, has
been used to augment the lip but is not yet
approved by the FDA. Most recently, synthetic
materials have been developed that are capable
of assisting tissue regeneration by mimicking
matrix metalloproteinase-mediated invasion of
native extracellular matrix.”* In a critical size
defect in a calvarial bone model, this synthetic
gel underwent a cell-mediated mechanism of
matrix breakdown, which occurred in temporal
and spatial synchrony with endogenous bone
regeneration. In contrast, more conventional
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biodegradable gel polymers are denatured by
chemical pathways, independent of cellular inva-
sion and repair.

An interesting addendum to gel engineering,
is a newer approach to generating gel polymers
for tissue engineering applications: photopoly-
merization. This technology is based on the
ability of visible or ultraviolet light to interact
with light-sensitive compounds (photoinitia-
tors) in the gel matrix to create free radicals that,
in turn, initiate polymerization, forming cross-
linked hydrogels. Advantages of this technique
include better spatial and temporal control of
polymerization, rapid cure rates, minimal heat
production, and the ability to be synthesized in
situ.’® Although the relative paucity of nontoxic
monomers and organic solvents usable for pho-
topolymerization is a concern in in-vivo applica-
tions, certain applications have promise for
clinical use. For example, polyvinyl alcohol
hydrogels (used in ophthalmic materials and
tendon repair), formed by conventional freeze-
thaw, chemical aldehyde crosslinking, or radia-
tion processes have traditionally created harsh
environments not compatible with cellular and
tissue viability. More recent photopolymerized
polyvinyl alcohol hydrogels have, however,
seeded human dermal fibroblasts in culture.”
In-vivo applications will likely soon follow.

Growth Factors

Growth factors are soluble peptide gene prod-
ucts capable of binding cellular receptors and
effectuating either a permissive or preventive
response by the cell toward differentiation, pro-
liferation, or both. Research into growth factors
has blossomed over the last decade, with great
strides being made in understanding the struc-
ture, expression, and function of these soluble
mediators of cellular activity. Their precise role
in tissue engineering and their enormous poten-
tial for therapeutic use are, however, only begin-
ning to be understood.

Growth and differentiation of cells is generally
understood to be influenced by the interplay
of soluble growth factors with their environ-
ment, which includes the insoluble extracellular
matrix, growth substrates, and mediators of
cellular interaction. The impetus to tissue engi-
neering research therefore becomes mimicking
the spatial and temporal complexity of growth
factor release and manipulating this release for
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therapeutic benefit in tissue regeneration and
repair.

A recent review of the data on growth factors
and their receptors, as well as extracellular
matrix and adhesion molecules being investi-
gated with regard to mesenchymal stem cells,
begins to illustrate the tremendous promise of
this research in the field of regenerative medi-
cine.” Matrix molecules include, but are not
limited to, collagen (type I-VI), proteoglycan,
fibronectin, laminin, and hyaluronan. Adhe-
sion molecules facilitating cellular-extracellular
matrix contact fall into the category of integrins,
whereas growth factors described to date include
interleukins, transforming growth factor (TGF),
tumor necrosis factor (TNF), colony stimulating
factor (CSF), platelet derived growth factor
(PDGF), insulin growth factor (IGF), and fibro-
blast growth factor (FGF). Clearly, adequate dis-
cussions of these molecules extend beyond the
scope of this chapter. For our purposes, it is suf-
ficed to review the core principles of molecular
signaling before discussing applications in tissue
engineering.

Cellular morphology, signaling, and ultimately
survival in large part are mediated by adhesion
mechanisms between cells and the underlying
substrates or extracellular matrix. A key player
in this interaction is the family of integrins;
transmembrane receptor glycoproteins made up
of alpha and beta subunits involved in cell-cell
and cell-extracellular matrix adhesion, leading
to the initiation of intracellular signaling mech-
anisms. For example, integrin-mediated adhe-
sion leads to rapid recruitment and activation of
numerous secondary messengers, including focal
adhesion kinase (FAK), mitogen-activated
protein kinase (MAPK), and phospholipase-C
gamma (PLC-gamma). Focal adhesion kinase
activation leads to the formation of a FAK-Src
complex that is central to regulating the down-
stream signaling pathways that control cellular
spreading, movement, and survival.”® Mitogen-
activated protein kinase controls proliferation,
differentiation, and apoptotic signaling path-
ways, whereas phospholipase C gamma is in-
volved in growth-factor-induced calcium release
by cells, as well as in signaling calcium entry
across cellular membranes.”*®

Emerging research reveals that signaling
between growth factors and extracellular matrix
molecules may be synergistic. For example, inte-
grin and growth-factor-mediated responses are
regulated by common intracellular signaling
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pathways, including MAPK and PLC.” Although
the exact relationship between pathway activa-
tion and the extent and direction of cellular
growth and differentiation remains unclear,
several studies have found potential therapeutic
benefit by manipulating this pathway. For
example, fibrin used as a dermal substrate to
culture skin substitutes increases vascular endo-
thelial growth factor secretion, which in turn
improves regeneration of epidermal structures
after in-vivo transplantation. It also improves the
vascularity of the construct by promoting migra-
tion of vascular endothelial cells.* Transforming
growth factor beta-1 (TGF-betal), PDGF, and
FGF have additive effects on ligamentous regen-
eration and repair in vitro when cultured in
collagen-glycosaminoglycan scaffolds.*

Syncronism Toward Tissue
Engineering Constructs

Thus far, the discussions of stem-cell, polymer,
and growth-factor research have been made in
relative isolation from one another; however, the
enormous potential of these techniques in com-
bination to create new treatment options in
regenerative medicine should be obvious. For
example, chondrocytes can induce cellular de-
differentiation into a proliferative state, followed
by re-differentiation to mature matrix-secreting
forms in vitro by sequential administration of
selected growth factors.*” Hydrogels can provide
controlled release of select growth factors useful
in cartilage engineering.” The interplay between
thesetissue engineering techniques willundoubt-
edly lead to novel therapeutic applications.

The Future of Tissue Engineering

Over the past decade, investment in tissue engi-
neering research is estimated to be more than
$600 million annually, representing a 16%
growth rate and more than $3.5 billion in aggre-
gate investment.* Structural applications (devel-
opment of skeletal tissues) are the fastest
growing segment, with stem-cell research pro-
grams spearheading the way. In the United
States, most funding has been for commercial
development, whereas in Japan and Europe, gov-
ernmental funding has included more basic
research.” Laboratories outside the United States
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have traditionally enjoyed more freedom from
regulatory constraints; however, this situation
may be changing with the appearance of auto-
genic replacement options. Quality control
standard for the release of final products re-
main to be established because traditional
double-blinded, placebo-controlled studies and
animal models do not reliably predict human
outcomes.*

Regardless of present bureaucratic limitations,
tissue engineering continues to progress rapidly
and is poised to make tremendous contributions
to the treatment of innate and acquired disease.
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The Role of Stem Cells in Plastic Surgery

Maria Z. Siemionow and Selahattin Ozmen

Introduction

Stem cell transplantation has become an increas-
ingly important treatment for a wide variety
of onco-hematological and metabolic disorders.
Improvement in the therapeutic supplementa-
tion has reduced the incidence of severe and fatal
side effects; however, complications still need to
be minimized.

In 1949 Jacobsen et al." and in 1951 Lorenz et
al.” first raised the possibility of injecting bone
marrow intravenously to rescue lethally irradi-
ated animals.In 1961, Till and McCulloch showed
that spleen-derived hematopoietic stem cells
(HSC) were able to reconstitute radiation-
induced hematopoietic failure in mice.” At that
time, HSCs were believed to:

+ Have the capacity for radioprotection

+ Be able to develop cells of all hematopoietic
lineages
+ Have the capacity for self-renewal

Soon it became clear that HSCs were only a
fraction of hematopoietic cells and that they
could be harvested from the spleen or bone
Marrow.

Hematopoietic cells were subfractionated
based on size, density, and the expression of
certain cell surface markers.* Approximately 1 in
2,000 marrow cells (0.05%) is a HSC.?

CD34 is a transmembrane cell surface sialo-
mucin present on 1% to 4% of stem cells and
their progeny’ and on vascular endothelial cells.®
More than 90% of CD34+ cells express antigens
that are characteristic of commitment to the
lymphoid, myeloid, or erythroid lineages, and,
therefore, are not considered stem cells with plu-
ripotent reconstitutive potential.” Cells that ini-
tiate long-term marrow cultures, “long-term
culture initiating cells [LTC-IC]”, express CD34

and do not express lineage antigens such as CD3,
CD4, CD8, CDl10, CD14, CD15, CD19, CD20,
CD33, CD38, and CD71 (CD34+ Lin- cells). The
HSC is currently defined and used as CD34+
DR-Lin-.

Cell surface molecules that appear to be useful
in selecting primitive and multipotential stem
cells against committed progenitor cells include
CD38, HLA class II (DR) antigens, and Thy-1
(CDw90). Only 1% of the CD34+ cells do not
express the CD38 antigen.® These CD34+ CD38—
cells appear as homogenous primitive blast cells
with self-renewing potential. A sufficient number
of early and pluripotent hematopoietic progeni-
tor cells with indefinite self-renewal potential is
required for complete and constant hematopoi-
etic engraftment after myeloablative therapy. In
humans, the minimum number of early progen-
itor cells that will supply complete and perma-
nent engraftment has not yet been determined.

Sources of Hematopoietic Stem Cells

Hematopoietic stem cells come from bone
marrow, fetal liver cells, peripheral blood stem
cells (PBSC), embryonic stem cells, umbilical
cord blood, and in-vitro expansion of stem
cells.

Hematopoietic Stem Cells From Bone Marrow

The traditional method of stem cell transplanta-
tion was to infuse an unmanipulated, complete
mixture of marrow cells. A fairly large amount
of cells was infused: amounts in the range of 0.4
to 1.2 X 10° mononuclear cells (MNC)/kg body
weight are required for a stem cell transplant
with a complete marrow cell suspension.” A stem
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cell transplant with complete marrow yielded a
lower rate of graft failure and a substantially
lower relapse rate.

The marrow suspension consists of a complex
heterogeneity of cells, including the essential
population of HSCs. As in the case of an alloge-
neic transplant, the increased dissimilarity be-
tween donor and recipient would cause severe
side effects, such as graft-versus-host-disease.
Depletion of the proportion of marrow T cells
considerably reduces the frequency and severity
of GVHD but also occasionally causes poor
engraftment.'’

Hematopoietic Stem Cells From Fetal Liver Cells

From the second to the seventh months of preg-
nancy, the liver of the fetus is physiologically a
part of the hematopoietic tissues. Fetal liver cells
can reconstitute successfully both hematopoietic
and lymphopoietic systems, and they could
be used for transplantation before the onset of
lymphopoiesis."

Hematopoietic Stem Cells From
Peripheral Blood

Bone marrow and peripheral blood stem-cell
(PBSC) pools maintain a dynamic equilibrium,
allowing hematopoietic progenitor cells migrat-
ing from extravascular marrow sites into circula-
tion and vice versa. The number of steady-state
progenitor cells circulating in the peripheral
blood at any given time is usually too low for a
safe transplant dose."

The clinical use of PBSCs has expanded rapidly
since the first report detailing their use was pub-
lished in 1981. Peripheral blood stem cells largely
replaced bone marrow as the preferred stem cell
source largely as a result of quicker engraftment
kinetics and ease of collection. The number of
CD34+ cells collected by apheresis from one
donor can exceed the CD34+ cells contained in
a bone marrow graft by fourfold.”” The use of
PBSCs in allogeneic transplantation has also
increased greatly.

The possibility of harvesting progenitor cells
by leukapheresis was first demonstrated in
1980." Clinical studies about successful blood
progenitor cell mobilization and reports of the
advantage of mobilized blood cells in the
hematopoietic reconstitution soon followed.
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Peripheral blood stem cells have several
advantages when compared to marrow grafts:

1. Collecting stem cells does not require
hospital admission or exposure to general
anesthesia.

2. PBSCs have a shorter period of cytopenia
after myeloablative therapy than do cells from
marrow. Both neutrophils and platelets are
recovered much more rapidly with growth-factor
mobilized PBSCs than with marrow cells. Bone
marrow has the highest percentage of CD34+
MNC per milliliter; however, an even higher
absolute number of CD34+ cells can be collected
from peripheral blood after mobilization with
chemotherapy and growth factor.

3. Peripheral blood is less likely than marrow
to contain malignant cells.

4. Mononuclear cells collected during leuka-
pheresis contain colony-forming unit granulo-
cyte macrophage (CFU-GM) and CD34+ cells,"”
which can be isolated and cryopreserved.

Mobilization Protocols

Within the marrow microenvironment, the
majority of CD34- stem cells are stationary while
they rest. Some of these stem cells circulate in the
peripheral blood, and they can still return to
bone marrow and down-regulate CD34- expres-
sion. In normal conditions, few activated pro-
genitor cells respond to growth factor-mediated
signals. In some conditions, the number of
peripheral cycling stem cell increases'®:

Myelosuppressive Chemotherapy. During reco-
very from myelosuppressive chemotherapy, the
number of PB CFU-GM cells increases by 50-
fold."” High-dose cyclophosphamides are most
often used for mobilization. However, chemo-
therapy mobilization has some limitations, such
as neutropenic sepsis, bleeding diathesis, and the
unpredictability of the timing of apheresis.

Myelosuppressive Chemotherapy Plus Hematopoi-
etic Growth Factors. When G-CSF or GM-CSF is
given after chemotherapy, the concentration of
progenitors in the peripheral blood is amplified,
allowing more progenitors to be collected
with fewer phresis procedures. The addition of
these growth factors to myelosuppressive
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chemotherapy also enhances mobilization and
reduces myelotoxicity. The amplitude of the
circulating stem cell concentration is related to
the intensity of the myelosuppressive agents
used.'®

Hematopoietic Growth Factors Alone for Collec-
tion of PBSCs. Hematopoietic growth factors
alone are often used to mobilize hematopoietic
progenitor cells. The exact mechanism of colony
stimulating factor (CSF)-depended mobilization
is not known. CSFs may release the stem cells
from marrow into blood. HSCs increase several
days after initiation of therapy; therefore,
cytokines probably act by stimulating the
proliferation of stem cells, either directly or by a
secondary release of endogenous cytokines by
stromal cells. Some of the factors used to mobilize
HSC are G-CSF, G-CSF/SCF, GM-CSE, IL-3, Flt3
ligand alone or with G-CSF/GM-CSEF, PIXY321
(IL-3, GM-CSF fusion protein), human
erythropoietin, and IL-6, IL-1, and IL-8.

Factors Affecting Yield

There are several factors that affect progen-
itor cell mobilization after myelosuppressive
chemotherapy:

1. Previous wide-field radiotherapy

2. The severity of myelosuppression and the rate
of leukocyte recovery

3. The duration of previous chemotherapy
4. The number of cycles of chemotherapy

5. The interval between previous chemotherapy
and mobilization

6. Exposure to drugs toxic to stem cells, such as
BCNU and melphalan

7. The addition of G-CSF or GM-CSF to myelo-
suppressive chemotherapy

Techniques of Collection

Optimal Time for Peripheral Blood Stem Cell
Collection. Collecting sufficient progenitor cells
for rescue from a single apheresis is a goal for
many authors. Timing PBSC collection properly
is important to maximize the number of pro-
genitors harvested. However, the most reliable
time for harvesting hematopoietic stem cells has
yet to be determined. In current protocols,
pheresis is usually initiated 10 to 18 days after
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the administration of low-to-moderate-dose
chemotherapy'® or when the leukocyte count
rises above 1 X 10°/L and continues until an
arbitrary target, such as 3, x 10° mononuclear
cells/kg BW, is reached.!” However, different WBC
counts are used for collection by different
authors.

The main indicator of HSCs with reconstitu-
tive potential in apheresis products is CFU-GM.
Also, monitoring daily CD34+ cell count in the
peripheral blood may help predict the best time
for leukapheresis. Colony Forming Unit (CFU)
assays are time-consuming and difficult to stan-
dardize. Counting CD34+ cells may be preferable
because it is a more direct measure of progenitor
cells. The minimal CD34+ cell dose required in
the autologous transplant is suggested to be
around 1 x 10°kg.” However, recovery is faster
with higher CD34+ cell doses, and different
centers recommend levels between 2 x 10%kg
and 5 x 10%kg as the safe engrafting dose. Thus,
the best time to begin apheresis after chemo-
therapy requires further study.

Targetand Thresholds. Thenumber of progenitor
cells infused directly affects hematopoietic
reconstitution. Effective hematopoietic recon-
stitution requires a progenitor cell dose above
the minimum threshold. Unlike the situation
with bone marrow transplantation, the dose of
nucleated cells does not appear to predict he-
matopoietic reconstitution as well as the dose of
progenitor cells.”

Another variable important in determining
the progenitor cell threshold for rapid engraft-
ment is previous chemotherapy. Prolonged che-
motherapy may reduce the quality of CD34+
cells or cause concomitant stromal damage,
interfering with engraftment.

Identifying PBSCs. Peripheral blood stem cells
are CD34+ /CD38— Thy-1 and do not express a
full complement of either myeloid or lymphoid
lineage-specific markers (Lin-).”> PBSCs are
neither phenotypically nor immunologically
identical to bone marrow-derived stem cells.
Mobilized PBSCs are less active in cellular cycling
(they have a lower proportion of cells in S phase),
express more lineage-specific differentiation
antigens, and are less metabolically active.”
Furthermore, PBSCs have higher clonogenicity
in long-term culture assays.

Some authors suggest that transplanting
PBSCs instead of marrow may result in faster
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engraftment and improved immune reconstitu-
tion.”” Despite the fact that PBSC grafts contain
more donor T lymphocytes than do marrow
grafts, which is a possible cause of both acute
and chronic GVHD, the incidence of acute
GVHD after PBSC is no higher than that with
marrow transplantation.” However, the inci-
dence of chronic GVHD in PBSC transplanta-
tion may be higher.”® Therefore, at present,
allogeneic PBSC transplantation should not
be routinely performed instead of marrow
transplantation.

Mobilization and Collection of PBSCs

Continuous-Flow Stem Cell Apheresis. Peripheral
blood stem cells are collected by single or
multiple, continuous- ow apheresis, generally
through peripheral venous access, although
occasionally central venous access is required.”®
Between 2 and 3.5 times the donor’s blood
volume is processed per run; however, up to
6 times the donor’s blood volume processing
has been reported.” Stem cells and granulo-
cytes are separated from the red blood cell and
plasma fractions by centrifugation, and the
latter two components are returned to the
donor.

ACD-A, alone or in combination with heparin,
is used for anticoagulation, and calcium replace-
ment is required when ACD-A alone is used in
large-volume leukapheresis.

For allogeneic transplantation, cells are either
frozen or transfused fresh. Cryopreserved stem
cells have the advantage of being harvested inde-
pendently of the time they are transplanted to
the patient. Also, alloreactive, GVHD-inducing
cells may be lost selectively by the cryopreserva-
tion and defrosting procedures.

Collecting Stem Cells from Normal Donors.
Syngeneic or allogeneic transplants using PBSC
are uncommon as a result of the concern about
donor toxicities from growth factor adminis-
tration and the theoretically increased risk of
GVHD from the large number of allografted T
cells.?®

Although most donors experience bone pain
and headache, mobilizing HSC by rHuG-CSF
is safe in normal donors, and serious adverse
effects are rare.”” However, even in healthy donors
vary widely in their ability to mobilize PBSCs. No
increase in acute GVHD compared to marrow
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has been reported in preliminary studies of allo-
geneic PBSC transplantation.” These results
suggest that PBSCs will likely be used for the
majority of allogeneic and autologous trans-
plants in the near future.

There are a number of unanswered questions
about progenitor cell mobilization®:

+ What cytokine regimen is optimal?

+ How do different mobilization regimens affect
the quality of the PBPC graft?

+ Can the efficacy of stem cell mobilization
be predicted (PB CD34+ cell concentration
at steady-state, adhesion molecules, and so
on)?

Engraftment and Kinetics

The recovery of hematopoiesis is more rapid
after transplantation of mobilized PBPCs than
after transplantation of bone marrow.” This dif-
ference could be the result of a larger progenitor
cell dose or of a higher percentage of late, lineage-
committed progenitor cells in the apheresis
product, requiring less time to transit cell-
differentiating compartments.

In PBSC transplantation, doses lower than 2 X
10° cells/kg of recipient body weight are reported
to be associated with prolonged cytopenias and
increased early mortality.”’ Higher doses of
CD34+ cells may lead to quicker engraftment,
especially with greatly increased doses.” How-
ever, an obligate period of profound pancytope-
nia, lasting approximately 8 days would be seen,
despite transplantation of maximal cell doses,
including progenitor cells.”

Increased rates of GVHD have been seen
in PBSC transplants enriched by in-vitro
CD34+ cell selection; alterations in the cytokine
expression patterns of transplanted cells or
changes in lymphocyte subsets delivered
with the graft might be possible factors in
this increase.”® T-cell depletion of the grafts
leads to lower rates of GVHD; however, a
slightly higher incidence of graft rejection would
occur.

Combined PBSC and bone marrow transplants
can also shorten the time to engraftment.
Primarily because of the use of recombinant
human hematopoietic growth factors, the costs
of stem cell mobilization and collection
are greater for PBSC than for bone marrow
transplantation.
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Benefits and Drawbacks of
PBPC Transplantation

Shorter hospitalization from more rapid hema-
topoietic recovery (thus fewer days at risk for
infection), reduces the overall morbidity and
cost of PBPC transplantation. The cost effective-
ness of the procedure primarily depends on the
costs of chemopriming, growth factors, and the
number of aphereses needed. Establishment of
an unrelated PBPC donor program, similar to
the National Marrow Donor Program, is being
discussed. Such a program would reach far more
potential stem cell donors and offer greater
access to minorities.

Disadvantages of PBPC transplantation in-
clude the following™:

. The need for vascular access
. The chemopriming for HSC mobilization
. The adverse effects of cytokine treatment

. The wvariability of HSC mobilization
efficiency

5. The induced leukocytes
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In about 80% of cases, some minor side effects
of growth factors were seen, such as headache,
fever, bone pain, and myalgias. Administration
of rHuG-CSF is safer in healthy donors. Impor-
tant morbidities, including splenic rupture and
death, have rarely been reported.

Allogeneic Transplantation of PBSCs

There was initial caution about allogeneic blood
cell transplantation because of the potential of
severe GVHD from the high number of T cells
infused and the uncertainty about the safety of
administering recombinant growth factor for
mobilization.

In PBPC allotransplants, compared to bone
marrow allografts, the average number of
CD34+ cells is 4 times higher and the number
of T cells and natural killer cells is 10 to 20 times
higher.” Although these results lead to con-
cerns that PBPC allotransplants could produce
more severe GVHD, rapid engraftment and
increase in rates of acute GVHD have been
reported.”

In conclusion, only a single trial has reported
a higher incidence of acute GVHD after
PBSC than after traditional bone marrow
transplantation.*
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Some important points of allogeneic blood
cell transplantation®:

+ The lower number of T cells infused may
enable less-intensive GVHD prophylaxis.
Allogeneic hematopoietic progenitor cells pro-
vide a tumor-free graft with possible graft-
versus-tumor activity.

+ The avoidance of general anesthesia and
trauma to soft tissue and bone more than
compensates for the potential risk of G-CSF
administration.

Persistent long-term engraftment beyond 2
years has been shown” with no report of late
graft failure.

After mobilized blood cell transplants, naive
and memory helper T-cell and B- cell recovery
is more rapid than bone marrow transplants.
As a result, allogeneic PBSC transplants are
promising and do not appear to increase the
risk of acute GVHD in preliminary studies, but
further follow-up is necessary for evaluation
of chronic GVHD.

Conclusions About PBSC
Transplantation

Hematopoietic stem cell peripheralization allows
collection of large doses of progenitors and
avoids multiple bone marrow aspirations and
the need for general anesthesia. PBPC transplan-
tation provides rapid hematological recovery
and, in most studies, has reduced hospitalization
and costs. The optimal dose of cells, the means
of mobilization, and the cellular composition of
the stem cell graft need to be further investi-
gated. In conclusion, PBPC transplantation is as
effective as bone marrow transplantation as a
source of HSC. Initial data with PBSC allotrans-
plants justify further evaluation. In the long-
term, it is likely the PBPCs will replace bone
marrow as the preferred source of hematopoietic
cells for transplantation.

Hematopoietic Stem Cells From
Embryonic Stem Cells

Embryonic stem cells (ESCs) are totipotent cells
isolated from the inner cell mass of blastocysts.
They can give rise to every cell in the mature
organism.”* Throughout development from
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blastocyst to fetus, totipotent stem cells loss their
totipotency, which is replaced by a limited pro-
gramming toward endoderm, mesoderm, or
ectoderm, and at last single-tissue specificity.
Totipotent stem cells can produce cells that orig-
inate from all three germ layers but not those
from the extraembryonic structures; thus, they
cannot form the complete embryo.

Several soluble factors direct the differentia-
tion of mouse ESCs; for example, IL-6 directs
cells to the erythroid lineage”; IL-3 directs cells
to become macrophages, mast cells, or neutro-
phils®™; and retinoic acid induces neuron for-
mation.” None of the growth factors directs
differentiation particularly to one cell type. Most
of the growth factors are thought to inhibit dif-
ferentiation of specific cell types, and this inhib-
itory effect is more evident than an induction
effect.

Growth factors can be classified into 3 catego-
ries with respect to their overall effects:

1. Growth factors that mainly induce mesoder-
mal cells; activin-A and TGF-_1.

2. Growth factors that activate ectodermal and
mesodermal markers, such as retinoic acid,
EGE BMP-4, and bFGE

3. Growth factors that allow differentiation into
the three embryonic germ layers, NGF, and
HGE

Thus, certain classes of growth factors effect
differentiation of specific germ layers.

Given their totipotency, ESCs may have poten-
tial uses in regenerative medicine.* Some reports
indicate that mouse ESCs can be induced to dif-
ferentiate into particular types of cells, including
hematopoietic cells, neurons,” cardiomyocy-
tes,” and myocytes.* The exact mechanisms in
the differentiation of the ESCs to this wide range
of cell types are not clear, but the local environ-
ment is believed to be important.

Theoretically, ESCs can be maintained in an
undifferentiated state indefinitely in vitro and
directed to differentiate into any cell type of
the body. This potential could supply some
laboratory-produced artificial tissues—or even
organs—to treat many diseases. On the other
hand, although it has been more than 2 decades
since murine ESCs were first isolated, ESC tech-
nology in humans is still in its infancy.

A number of obstacles must be overcome
before ESCs can be applied clinically: a gating
procedure is needed to carefully select and to

Tissue Surgery

expand a pure population of the desired cell
type; religious and moral concerns about the use
of ESCs need to be addressed; and induction of
the donor specific tolerance in the recipient is
required for allogeneic transplantations.

The first step in an embryonic stem cell-based
therapy is to establish ESCs that are capable of
differentiating to a specific cell type and to purify
this lineage from the mixed population. So far,
no approach to the differentiation of ESCs has
yet yielded a 100% pure population of mature
progeny. For clinical applications, a simple
genetic approach is needed for the production
and proliferation of either pure populations of
specific cell types, or cells that express suicidal
genes to ablate the misbehaving cells. Implanting
undifferentiated ESCs or inappropriate cell lin-
eages carries the risk of teratoma formation or
further perturbation of tissue function. There-
fore, many basic questions regarding the biology
of stem cells must be answered to overcome
these difficulties.

Another equally challenging question that
must be resolved is one of law, ethics, and some
moral and religious concerns about human ESC
use.

Finally, as with all allogeneic transplants, there
is a risk of transplant rejection by the host. On
the other hand, the ESC-derived cell transplant
could be free of highly immunogenic mature
dendritic cells and will express only major his-
tocompatibility complex (MHC) class I, but not
class II, at the time of transplantation. Because
long-term maintenance of immunosuppressive
therapy would limit successful clinical applica-
tion, the creation of immune tolerance would
enable the use of ESC-derived therapy.

Human ESC-based therapies are entirely
novel, and serious concerns about safety and
efficacy will need to be addressed before human
clinical trials can be initiated.

Hematopoietic Stem Cells From
Umbilical Cord Blood

Hematopoietic stem cells reach the blood and
circulate throughout their development as well
as during the perinatal shift of the sites for
hematopoiesis. The possibility that HSCs from
umbilical cord blood (UCB) could increase en-
graftment and decrease the incidence of
GVHD has recently focused much attention on
UCB. Assessing UCB at the time of birth
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without affecting the fetus or the mother is
highly advantageous.

Several authors have reported that UCB
might be an enriched source of HSCs. In clinical
trials, UCB stem cell transplantation shows a
high engraftment potential with a low risk of
acute GVHD.* The absence of risks for the
donor and a low risk of infectious disease
transmission are advantages of UCB stem cell
transplantation.” Because every newborn is a
potential donor, UCB banking might theoreti-
cally provide a ready-to-use HSC source for
every HLA type.

The main disadvantage of UCB is that the
amount of blood that can be collected from a
single donor is limited, and collection is a one-
time-only procedure.

With refined techniques, up to 200 ml of UCB
can be obtained, and it can contain as many as
4 x 10° myeloid progenitors; however, reported
UCB volumes vary widely,"” and recovering only
20mL to 40 mL is not infrequent.*

Some obstetric factors may in uence the final
collection yield, such as the length of gestation,
cord length, cord clamping position, time from
infant delivery to cord clamping, infant weight,
and level of the infant in relation to the placenta
before and at the time of cord clamping.” The
procedure followed and equipment used in col-
lecting can also effect the final yield.

To date, there is no commercial system for the
placenta suspension and manipulation. Open
and closed collection systems have been des-
cribed.®®" While the placenta is still in-utero,
or just after placental delivery, open systems
drain the blood from the maternal end of the
severed cord into jars or tubes, and closed
systems drain the blood by venipuncture using
collection bags or syringes.”® Umbilical cord
blood for clinical use is usually collected after
placenta delivery using a closed system to prevent
bacterial and maternal blood contamination
and to avoid interferences with the delivery
procedure.”

An ideal collection system should meet the
following criteria®":

1. It should allow an easy, quick, and suitable
positioning of the placenta.

2. It should reduce the need of repositioning the
placenta during collection.

3. It should “massage” the placenta to increase
blood ow from the placenta to the umbilical
vein.
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4. Tt should minimize operator and environment
contamination from potentially infected
blood.

5. It should minimize the time and effort neces-
sary to clean the collection area and to prepare
for a new collection.

In conclusion, optimizing UCB collection pro-
cedures, together with improved HSC ex-vivo
expansion techniques, may increase the clinical
benefits of UCB. Using cryopreservation, UCB
stem cells may be used for transplants in
even older siblings or as target cells for a gene
transfer.””

In-Vitro Expansion of the Hematopoietic
Stem Cells

In-vitro expansion of progenitor and postpro-
genitor cells will reduce the need for leukapher-
esis and may expand an apheresis product with
a low number of progenitor cells to provide suf-
ficient cells.

Molecular engineering of cells is a new tech-
nology that is receiving much attention. Stem
cells are attractive targets for molecular
engineering because they have some desirable
properties.”

+ Gene transfer into HSCs would lead to a con-
tinuous supply of genetically modified hema-
topoietic cells. HSCs could provide a lifelong
source of amplified progeny expressing the
introduced gene.

+ Potential viral vectors, especially retroviruses,
can enter and be integrated with the DNA of
early hematopoietic progenitor cells.

+ Successful allogeneic bone marrow transplan-
tation can correct several diseases of blood
and immune cells, and these diseases could
potentially be treated by expression of wild
type genes in hematopoietic stem cells.

+ Many inherited enzyme deficiency diseases
can be treated by circulating the multiple lin-
eages of HSC-derived blood and immune cells
through the entire organism.

Retroviral vectors can reliably integrate genes
efficiently into the genome of target cells. Pack-
aging cells, which allow the production of
replication-defective recombinant virus, free of
wild-type virus, can provide efficient and safe
retrovirus-mediated gene transfer.” Also, the



150

adeno-associated viruses can be used to transfer
genes into target cells. Adenoviruses allow the
production of high virion titers, stabilize recom-
binant virions without helper contamina-
tion, and have potentially better safety
characteristics.”

Gene therapy has several disadvantages. Stem
cell capability can be easily lost during in vitro
manipulation; poor engraftment from cultured
stem cells has been reported.® Moreover, hema-
topoietic progenitor cells from bone marrow
lose their stem cell ability more easily than HSCs
in peripheral blood.” Therefore, the difference
between stem cells at different stages of develop-
ment should be considered when designing ther-
apeuticstrategies,including ex vivo manipulation
of HSCs.”

Low gene transfer efficiency is still a challenge
for human HSCs. The self-renewal frequency of
murine HSCs is higher than itisin larger animals,
so that the cells are expected to divide at least
once during a few days of a standard retroviral
transduction period. However, in larger animals,
the frequency of self-renewal of HSCs may be
much lower.” During a transduction period,
even in the presence of hematopoietic cytokines,
these cells unlikely cycle, and may differentiate
or lose their engraftment capabilities. Also,
human HSCs have far fewer retroviral receptors
on their cell surfaces than do murine HSCs,
which limits the transduction of human
HSCs.®

Inducing differentiation in gene transfer
experiments is important to get mature func-
tional cells; however, differentiation can also be
a problem because true stem cells have to be
maintained in vitro. For increasing the rate of
homologous recombination, new techniques are
under development.

Recent Advances in Stem Cell Therapy

Our knowledge about stem cells is increasing at
an incredible rate. By the time you read this
chapter, there will most probably be some new
and very important development about stem
cells and their applications. The more we learn
about stem cells, the more we understand their
potential in medicine and in the field of recon-
structive and aesthetic procedures.

Before describing the possible treatments
offered by stem cells, we will consider two
new members of the stem cell family: adult
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stem-progenitor cells and mesenchymal stem-
progenitor cells. The importance of embryonic,
peripheral blood and umbilical cord stem cells
is well known, as described above. However, in
recent years, adult stem cells have proved
to have the ability to differentiate into multiple
cell types, other than those of the tissue in which
they reside. In-vitro expansion of adult and
mesenchymal stem cells and using these cells
in tissue engineering are very promising tech-
niques for reconstructing different types of
tissues.

Adult Stem Cells

Adult stem cells (ASCs) are a small fraction of
the total number of cells in each tissue. An ACS
is an undifferentiated cell that has the capability
for self-renewal throughout its lifetime.In human
adult bone marrow, they comprise between 1 in
10,000 and 1 in 100,000 or more of total blood
cells.

Adult stem cells are identified by two main
characteristics: cellular morphology and specific
marker proteins linking them to the tissue or
organ in which they exist. Until recently, human
adult stem cells were thought to be developmen-
tally committed and able to differentiate only
into cell lineages from the tissue in which they
resided. However, a number of experiments have
showed that adult stem cells have the ability
to differentiate into multiple cell types, an abil-
ity termed “plasticity” or “transdifferentiation”
(Figure 12-1). Human ASC studies have shown
differentiation into cardiac muscle cells®’; skele-
tal myoblasts®’; neuroectodermal lines, including
brain cells of all types (neurons, oligodendro-
cytes, and astrocytes)®; hepatocytes and cholan-
giocytes®; epithelial cells of the skin, liver,
digestive (esophageal, intestinal, gastric) and
respiratory systems®; and endothelial cells.*
Transdifferentiation studies are based on the
idea that the particular environment determines
the development of tissue-specific stem cells.
Signals from a distant or adjacent tissue might
delay these limiting signals and guide the cells to
differentiate into particular tissues.”’

Another important characteristic of ASCs is
their capability to migrate from their niches to
sites of tissue growth and repair. Bone marrow-
derived stem cells migrate from bone marrow to
differentiate and integrate into skin, lung, intes-
tine, and stomach tissues.®



The Role of Stem Cells in Plastic Surgery

» % &

\_,-’!IEBEE“? o

~ (9980~

e

MUSCLE

LIVER

BRAIN

EPITHELIA

Figure 12-1. Plasticity of stem cells. Adult stem cells have the ability to differ-
entiate into multiple cell types. (ESC: Embryonic stem cells from the inner surface
of the blastocyst).

In theory, these cells could be differentiated in
the laboratory and transplanted back into the
same individual for tissue repair, thus bypassing
the need for immunosuppression. However, for
some stem cell types, difficulties in accessing the
niche and isolating the cells, low frequency, poor
growth in cell culture, and restricted lineage
potential may make their use impractical for
tissue engineering.®®

Mesenchymal Stem Cells

The adult bone marrow stroma contains a sub-
population of nonhematopoietic cells known as
“mesenchymal stem cells” or “mesenchymal pro-
genitor cells” (MSCs). They are multipotent pre-
cursors that can develop either in vitro or in vivo
into distinct mesenchymal tissues, including
bone, cartilage, fat, tendon, muscle, and marrow
stroma, which makes them an attractive cell
source for tissue engineering studies.” They rep-
resent only about 0.01% to 0.001% of the marrow
cells; however, because they adhere to glass and
plastic, they can easily be separated from HSCs.”
Mesenchymal stem cells are present in several
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tissues during human development. They reside
in the adult bone marrow, fat, muscle, skin, and
in other tissues and in the fetal bone marrow and
liver.”! In addition to potential uses in tissue
engineering and cell-based therapy,>”> MSCs
can be transduced with different retroviral and
other vectors and can be used for somatic gene
therapies of systemic or local diseases.

Bone marrow stroma is the major source for
MSCs in humans. Marrow from the iliac crest is
thought to be most suitable for isolating MSCs.”
However, the number of bone marrow MSCs
substantially decreases with age; thus, alterna-
tive sources are necessary for autologous and
allogenic use.”” Umbilical cord blood is a rich
source of stem and progenitor cells, and the
results of immunophenotyping and morpho-
logical studies of cultured MSC-like cells from
human umbilical cord vein suggest that these
cells closely resemble cultured MSCs obtained
from bone marrow and other sources.”!

Stem and Progenitor Cells in
Allogeneic Transplantation

Solid organ transplantation has become an
almost ordinary treatment for end-stage organ
failure. However, despite improved immunosup-
pressive regimens, current immunosuppressive
drugs are far from ideal; chronic graft rejection
cannot be prevented; and long-term survival of
all grafts is limited. Chronic rejection is the
major cause of late allograft loss.””

The lifelong use of immunosuppressive drugs
is associated with numerous complications,
including poor wound healing, opportunistic
infections, drug-related toxicities, skin malig-
nancies, low-grade lymphomas (called post-
transplant lymphoproliferative disorders), and
end-organ toxicity, including renal failure.”

Composite tissue allografts (CTAs) are a com-
bination of skin, tendons, nerves, muscle, or
bone and may be the next frontier in reconstruc-
tive surgery. Applying CTAs in humans is
supposed to be a more difficult than organ trans-
plantation because’ some of these tissues, such
as skin, are believed to be more antigenic than
any component of an organ transplant and
because intact bone marrow could be a compo-
nent of the graft, supplying a constant source of
donor antigens after transplant.

Prolonged CTA survival is achievable in
animals using immunosuppressive drugs;”” how-
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Figure 12-2. a) Intraosseous transplantation of the cellular bone-marrow-derived (D90+ stem and progenitor cells as a therapeutic approach to composite limb
allograft transplantation. b) Limb allograft recipients at 7 days posttransplantation after treatment with CD90+ stem and progenitor cells without immunosuppression.

ever, using these drugs for non-life-threatening
composite tissue reconstruction may not be clin-
ically justified in humans. Creating donor-
specific allograft tolerance would be the optimal
approach for achieving permanent allograft
survival by avoiding the need for long-term
immunosuppressive treatment and preserving
normal recipient immune function.”

Various attempts have been made to withdraw
baseline immunosuppression regimens by induc-
ing transplantation tolerance. One of the
most effective and best-studied approaches to
induce transplantation tolerance is bone marrow
transplantation (BMT), which results in HSC
chimerism. Bone marrow transplantation is
thought to provide donor-specific, immune-tol-
erance induction by establishing mixed lymphoid
chimerism.”  Bone-marrow-transplantation-
induced HSC macrochimerism can induce
donor-specific tolerance to a variety of allografts
in some experimental models.** We significantly

prolonged hind limb survival of rats using
cellular and crude bone marrow delivery
administered intraosseously.Inastudy of intraos-
seous (intratibial) cellular CD90+ stem cells
transplantation, we prolonged the survival of
the allogeneic rat hind limbs up to 15 days
without immunosuppressive drug therapy
(Figure 12-2).*" In this study, ow cytometric
analysis revealed a higher donor-specific chime-
rism level in the peripheral blood of the recipi-
ents from allograft treatment group (stem and
progenitor cells injection) (Figure 12-3a) when
compared with the chimerism level in the periph-
eral blood of the recipients from allograft control
group no stem and progenitor cells treatment)
(Figure 12-3b).

Using vascularized bone marrow transplanta-
tion in rat hind limb and rat vascularized groin
skin/bone models, we prolonged allograft sur-
vival for more than 700 days under short-term
(7-day) treatment with cyclosporine A and
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Figure 12-3. Flow cytometric analysis
revealed a higher donor specific chime-

rism level in the peripheral blood of the
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alpha-beta (0-f) T cell receptor monoclonal
antibodies.”

Tolerance induction in allogeneic composite
tissue transplantations using stem cell delivery
is a promising approach and would allow the
hand, larynx, tendons, nerves, and—even the
face—to be transplanted without life-threaten-
ing immunosuppressive therapies.

Stem and Progenitor Cells in
Tissue Engineering

Tissue engineering is a rapidly growing area
since it became feasible to isolate living, healthy
cells from the body, expand and combine them
with biocompatible carrier materials, and
retransplant them into patients.” Recently, much
attention has been directed to multipotential
embryonic, periosteal, and mesenchymal stem
cells. The potential to differentiate stem cells into
various tissues is important for regenerative
medicine; however, we do not yet understand
the differentiation processes and how to direct
these cells to develop into the desired tissues.
Early studies using bone marrow stromal cells
for tissue repair focused on the repair of bone
defects.”” Some preclinical models, as well as
clinical applications, currently being explored
include keratinocytes or dermal fibroblasts
for burn and wound repair,** chondrocytes for
cartilage repair, myocytes for myocardial
repair,® retinal pigment epithelial cells for age-
related macular degeneration,” and Schwann
cell transplantation to restore myelin in CNS
lesions.®

Tissue engineering using an individual’s own
bone marrow-derived MSCs to form implants in
vitro is time consuming. Two alternatives are
under investigation. The first is to prefabricate
complex tissues with allogenic MSCs. Allogenic
MSCs are used to generate tissue for transplant,
which may be stored and implanted later. In
large-animal models, donor-derived MSCs
produced regenerative tissue similar to that
produced by autologous MSCs.” Early studies
showed that both animal and human MSCs do
not express costimulatory antigens and, thus,
seem to be immuno-privileged.”

The second alternative under investigation is
direct in-vivo manipulation of the MSCs. A set
of factors, which promotes chemoattraction of
the MSCs, their site-specific mitotic expansion,
their induction into and through a specific
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lineage, and the integration of the newly formed
tissue within the host tissue, is needed for this
approach.” It is possible to either inject or to
immobilize these factors onto a scaffold before
implantation.

Stem Cells in Bone Engineering

Reconstructing large bone segments is still a
challenge. No approach suggested so far has
proven to be ideal. Bone graft material, engi-
neered with osteogenic committed cells com-
bined with an osteoconductive scaffold, could be
a promising approach. Some authors report good
results in bone graft engineering using multi-
potent stem and progenitor cells.”” In most of the
reported models, a large segmental defect created
in a long bone was filled with a cylinder of po-
rous bioceramic carrying autologous, in-vitro-
expanded, osteogenic progenitors. When stromal
osteoprogenitors were locally delivered with the
bioceramic scaffolds, stem cells efficiently pro-
moted the healing of bone defects of critical
sizes. Several clinical trials are underway to
regenerate bone in humans after these successful
results in animals.” New knowledge about stem
and progenitor cells and their function in tissue
regeneration provides a strong basis for using
them to manage craniofacial defects.

Stem Cells in Cartilage Engineering

Artificial cartilage fabricated in vitro using tissue
engineering has been applied to the repair and
regeneration of damaged cartilage.” Various
studies have shown that bone marrow-derived
MSCs are more promising candidates for car-
tilage and bone tissue engineering than are
primary chondrocytes or osteocytes, which are
difficult to culture and expand.” Progenitor cells
proliferate and differentiate into chondrocytes
after implantation into the defect, which is
important for regenerating enough cartilage to
fill the defects. On the other hand, complete res-
toration of cartilage is not possible so far, and
the newly formed cartilage within the surround-
ing host tissue is required to differentiate into
fully matured chondrocytes. The combination of
MSC-based cell therapy and gene transfer of
selected differentiating cytokines may help in
this challenge.”’



154
Stem Cells in Wound Healing

Endothelial progenitor cell therapy and thera-
peutic vasculogenesis have various implications
for plastic surgery. Recently, endothelial pro-
genitor cell transplantation has been used to
increase neovascularization in the problem
areas.” After injection into the systemic circula-
tion, endothelial progenitor cells reportedly
selectively localized to the ischemic tissues; thus,
these endothelial progenitor cells may be impor-
tant in salvaging ischemic aps. Therefore, ther-
apeutic vasculogenesis has the potential to
improve ap survival, improve wound healing,
accelerate tissue expansion, and facilitate tissue
engineering. Endothelial stem and progenitor
cells may be useful for treating complicated
wounds, such as those in patients with diabetes
or from burns, replacing cells rather than growth
factors alone.

Stem Cells in Tendon Engineering

In various experiments fibroblasts or bone
marrow-derived mesenchymal stem cells were
implanted into type I collagen gels to improve
tendon and ligament repair.”® Although bio-
chemical and histological analyses revealed im-
proved tissue architecture, more research is
needed to improve the biomechanical properties
and functionality of the injured tendon and to
assure complete healing of the tendon and liga-
ment defects. The use of exogenous growth
factors may improve the success of tendon and
ligament tissue engineering.

The Future of Stem Cells

Advances in gene-modifying techniques may
allow stem cells to be modified during their ex
vivo expansion; thus, it may be possible to make
a patient’s own stem cells even better. For
example, in a genetic disease, replacing a missing
gene activity or silencing a defective gene activ-
ity may become possible. Moreover, autologous
stem and progenitor cells harvested from an
individual and used for self-tissue repair is
immunologically ideal. However, despite the
great potential that stem and progenitor cells
offer for treating many diseases and defects,
many challenges remain:

Tissue Surgery

1. All stem cells have to be differentiated
before transplantation can be successful; other-
wise, the presence of even a single undifferenti-
ated stem cell that retains the capability to
continuously reproduce may result in tumor
formation.

2. When differentiated stem cells are not rec-
ognized as “self” by the recipient’s immune
system after an allogeneic transplantation, an
immunologic response may prevent incorpora-
tion of the donor cells. In this case, stem cells
could be individualized with genetic modifica-
tions, or immunosuppressive therapy could be
used in conjunction with the transplanted cells.
Having a large pool of stem and progenitor cells
with different major histocompatibility complex
backgrounds and using the most appropriate
ones for the transplantation could be another
solution.

3. Although some mesenchymal lineage-
inducing agents are known, the molecular details
regulating the lineage development need to be
investigated. The genotype of each individual
determines the secretion of growth factors and
cytokines.” In addition, MSC cultures show
donor-specific levels of cytokines. Thus, tissue
engineering applications may necessitate patient-
specific doses of lineage-stimulating and lineage-
regulating factors.”

4. Some other problems in stem cell therapy
include determining how, where, and when to
introduce stem cell derivatives into a recipient;
whether the potential of these cells will change
over time; whether structural scaffolds are
required to get the desired form; whether the
imprinting status of cells derived from embry-
onic stem cells differs from adult cells; and how
to efficiently differentiate or genetically tailor
ESCs into the quantity needed for transplanta-
tion before the recipient’s disease has progressed
too far.”
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