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Preface

“It is important to realize that if certain areas of science appear to be quite mature,
others are in the process of development, and yet others remain to be
born.”— Santiago Ramoén y Cajal, Advice for a Young Investigator. Reglas y
Consejos sobre Investigacion Biologica (1916).

The importance of the facial image for each person is obvious. The per-
ception by a person of the normality of their face, the most visible region of
the body and also involved in the social relationship, is of great importance
for the personal balance of the individual. Not only aesthetics but also impor-
tant functions such as vision, speech, swallowing, or chewing depend on the
integrity of the craniomaxillofacial region. The loss of harmony as well as the
alteration of the aforementioned functions will cause an impact on the person
that can have devastating consequences both on a psychic and social level.
Due to the complexity of the anatomy and function of this region, reconstruc-
tion of the craniomaxillofacial region has been a challenging task for the
surgeons throughout history. Attempts to repair lost tissues and restore facial
normality have been a constant among surgeons from ancient times to the
present day. The exciting journey through the history of facial reconstruction
begins in ancient India where the technique of flaps for nasal reconstruction
is described in the Vedas, the sacred texts of Hinduism. In the Renaissance
another important milestone is the realization of an arm flap for the recon-
struction of the nose by Gasparo Tagliacozzi (1546—-1549) in Bologna. In the
nineteenth century, authors such as Dieffenbach or Lisfranc developed the
use of local skin flaps for facial reconstruction. A breakthrough in head and
neck reconstruction occurred in 1979, when Stephan Ariyan described the
pectoralis major myocutaneous pedicled flap. Despite the progress made by
the introduction of myocutaneous and osteomyocutaneous pedicled flaps,
their relative lack of versatility and the lack of predictability in the results of
bone reconstruction in the craniomaxillofacial region were a major disadvan-
tage. A significant step in the progress of head and neck reconstructive sur-
gery was the introduction in the last decades of the twentieth century of
microvascular flaps, based on the transfer of free tissue with microvascular
anastomosis with the antecedent of the first transplant of an inguinal flap to
the oral cavity by Kaplan and Buncke in 1971. Microsurgical flaps are today
considered state of the art in oro-craniomaxillofacial reconstruction due to
their versatility, ability to provide different types of tissue (skin, fascia, mus-
cle, or bone), and the high success rate. The historical review of facial recon-
struction cannot finalize without mentioning the first facial transplant in
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history. This impressive advance in the history of science was performed in
2005 by Bernard Devauchelle, author of one of the chapters of this book.

Advances in surgery have frequently occurred in the context of the history
and today we live in the Digital Age. The future is becoming the present
almost instantaneously, and the reconstructive surgeon needs to be aware of
what this technological revolution means for humanity. The digital age can be
defined as the period of the history characterized by the existence of the digi-
tal technologies, which are associated with a fast knowledge turnover and
increased technological functionalities offering amazing tools with a high
impact in the progress of Sciences including Surgery. The world is immersed
in the Digital Revolution, a shift from mechanical and analogic technology to
digital electronics. The technological innovations in this period have trans-
formed our world, opening new ways for global communication and informa-
tion sharing. Digital information can be stored, managed, and shared in an
interactive way in a global scenario. The new technologies together with the
progress in regenerative medicine and biomaterials can impact very espe-
cially in the field of craniomaxillofacial surgery due to the complex anatomy
of this region. Computer-assisted surgery including preoperative virtual plan-
ning of tumor excision and reconstruction, design and manufacturing of
three-dimensional (3D) models of the patient or patient-specific implants,
surgical navigation and digital intraoperative imaging, robotic surgery, aug-
mented reality, and virtual reality are technologies which open a new world.
These innovative techniques help the surgeon to enhance treatment’s safety
as well as to obtain potentially better aesthetic and functional results in the
different fields of oral and craniomaxillofacial surgery such as the manage-
ment of congenital or acquired malformations, facial trauma, temporoman-
dibular joint surgery as well as head and neck tumors resection and
reconstruction. Today the final responsibility of the application of the techno-
logical advances belongs to the surgeon, working in a multidisciplinary team
with other specialists like biomedical engineers, radiologists, etc. Health pro-
fessionals need to understand that the technological evolution is a fast evolv-
ing process. Progress in Computer Science seems to be leading to a new
world since the development of digital computers started in 1940. Large
amounts of clinical and biological data can be collected and managed at an
unprecedented scale. Big data technologies and artificial intelligence defined
as the capability of a machine to mimic intelligent human behavior including
decision-making will offer new applications in the field of Biomedical
Sciences including Surgery but also will open a number of concerns.

This book aims to offer a comprehensive review of the most updated inno-
vations and new technological developments that have affected the complex
field of craniomaxillofacial reconstruction. An impressive group of outstand-
ing authors, all of them pioneers representing the most experienced and inno-
vative surgeons working in this field, discuss the basis and the impact of the
new technologies in their areas of expertise. We hope that this book can pro-
vide the reader the most up-to-date reference in this field and contribute to
spread the knowledge shared by the authors, thus determining an influence on
the advancement of clinical practice.
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Fundamental Concepts

in Regenerative Medicine:
Structural Fat Grafting (SFG)
and Platelet-Rich Plasma (PRP)

Barbara Hersant, Martin Rachwalski,
and Jean-Paul Meningaud

1.1 Introduction

Since the introduction of liposuction by Illouz
[1] in 1980 and the standardization of the tech-
nique by Coleman [2], the injection of autolo-
gous fat (lipofilling) has largely developed in
maxillofacial and plastic surgery and currently
represents a real revolution in our activity.
Indeed, the fatty tissue was initially used by
plastic surgeons as autologous filling or even
volumizer but quickly it has demonstrated heal-
ing trophic properties that are very useful in
reconstructive surgery. The discovery of fat
mesenchymal stem cells in 2001 by Zuck et al.
[3] helped to explain and validate the hypothesis
that fat had trophic properties. Lipofilling is cur-
rently considered as an advanced biotherapy
and the techniques have largely developed and
become more complex: macro-lipofilling,
micro-lipofilling, and nanofat. Indeed, adipose
tissue (AT) is a source of mesenchymal stem
cells, preadipocytes, and mature adipocytes.
The autologous and extemporaneous nature of
this adipose tissue preparation raises no legal or
ethical problem, unlike embryonic stem cells.

B. Hersant (<) - M. Rachwalski - J.-P. Meningaud
Department of Plastic and Maxillofacial Surgery,
Hopital Universitaire Henri-Mondor, Créteil, France
e-mail: barbara.hersant@aphp.fr;
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At the same time, autologous and extemporane-
ous cell therapies are booming in the field of
plastic surgery: platelet-rich plasma (PRP), vas-
cular stromal fraction (VSF), injection of mes-
enchymal stem cells from fatty tissue or bone
marrow. PRP is a simple and economical way to
obtain several autologous growth factors at the
same time. For example, PRP is one of the inno-
vative methods used in regenerative medicine to
biologically improve tissue healing and regen-
eration. Therapeutic combinations are currently
under evaluation and appear promising in the
area of tissue regeneration [4]. The growing
interest for these autologous methods in the
field of surgery is reflected in recent years by the
large number of publications (1585 articles over
the last 5 years) and the increasing number of
congresses dealing exclusively with regenera-
tive medicine.

1.2  Platelet-Rich Plasma (PRP)
Platelet-rich plasma (PRP) is defined as an auto-
logous biological product derived from the
patient’s blood, and in which, following a cen-
trifugation process (Fig. 1.1), a plasma fraction is
obtained with a higher platelet concentration than
circulating blood [5]. This therapeutic technology
process is gaining interest in regenerative medi-
cine because of its potential to stimulate and
accelerate tissue healing [6].

J. Acero (ed.), Innovations and New Developments in Craniomaxillofacial Reconstruction,
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Before centrifugation

7

N

Turn the tube 4
to 5 times
before
centrifugation

Fig. 1.1 Preparation of PRP from a blood sample (8Ml)
with the RegenKI-BCT® device. The preparation of PRP
requires a blood sample. Before centrifugation, 8 mL of
blood are taken from a tube containing an anticoagulant
(sodium citrate). After centrifugation at 1500 x g for

1.2.1 Physiology and Platelet

Function

A blood sample on average contains 93% red
blood cells, 6% platelets, and 1% white blood
cells [7]. Platelets are small disc-shaped cells
with a lifespan of about 7-10 days. After an
injury that causes bleeding, the platelets are
activated and aggregate to release their gran-
ules containing growth factors that stimulate
the inflammatory cascade and the healing pro-
cess (Fig. 1.2). Platelets are responsible for
hemostasis, the construction of new connective
tissue and revascularization, and most research
in the last century has focused on this primary
function [11].

The use of growth factors to promote skin
healing has existed since the 1940s and can be
applied in different ways, either topically or
intralesionally, using specific scaffolds or even
as gene therapy [12]. The ideology of PRP treat-
ment is the reversal of the platelet/red blood cell
ratio by decreasing red blood cells to 5% (which
are less useful in the healing process) and espe-
cially by concentrating platelets containing a
potent mixture of growth factors to 94%. A nor-

After centrifugation

Centrifugation at 1500 g

for 5 min ’

Separator gel

Red blood
cells

5 min, the PRP is separated from the red blood cells which
settles at the bottom of the tube as sediment. The tube is
inverted several times to resuspend the platelets contained
in the plasma

mal platelet count in a healthy individual is
between 150,000 and 450,000 cells per microli-
ter of blood. Platelet concentrations in the PRP
below 1000 x 10%/mL were unreliable to improve
healing [5] and most studies suggest tissue repair
efficacy with PRP having a minimal increase of
five times the normal platelets (approximately
one million platelets/pL) [13] while much higher
concentrations showed no improvement in heal-
ing. The ideal concentration remains to be
defined. The wide variability of the devices used
to isolate PRP [14] in different studies may alter
the characteristics of platelet degranulation that
could affect clinical outcomes [15, 16]. The key
growth factors of PRP (Fig. 1.3) include trans-
forming growth factor (TGF)-f, platelet derived
growth factors (PDGF-aff and PDGF-$f),
growth factor insulin (insulin growth factor;
IGF), vascular endothelial growth factor
(VEGF), epidermal growth factor (EGF), and
fibroblast growth factor (FGF-2) [18-20]. PRP
also contains a variety of plasma proteins, which
are known to be essential components in the con-
nective tissue healing mechanism [21]. In con-
trast to serum, plasma contains fibrinogen and
other coagulation factors, which can be activated
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Fig. 1.2 Diagram of a platelet with organelles, showing
key surface receptors, aggregation factors and an over-
view of known a-granule release factors. A-granules of
adhesive proteins, coagulation factors and their inhibi-
tors, fibrinolytic factors and their inhibitors, proteases
and antiproteases, growth factors and mitogenic factors,
chemokines, cytokines, membrane glycoproteins and
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antimicrobial proteins. In addition, platelet lysate can be
used as a biomaterial in many applications of regenera-
tive medicine [8]. Only in the last two decades have we
learned that platelet activation releases growth factors
[9]. There are many growth factors with various func-
tions, among which is the acceleration of the healing of
tissues and wounds [10]

REMODELING

EPITHELISATION

0000000

INITIAL VASCULAR SUPPORT ANGIOGENESIS VASCULAR SUPPORT
VASOCONSTRICTION
NEUTROPHIL FIBROBLAST+ FIBROBLAST
PLATELET MACROPHAGE MIOFIBROBLAST MIDFIBROBLAST
EOSINOPHIL EPITHELIAL CELL

TCELL B CELL

CLOT FORMATION Growth Factor

ELABORATION

COLLAGEN
DEPOSITION

COLLAGEN CROSS-LINKING

G-CSF, TGF p1, TGF p2
MMPS, TIMPS, IL-6, IL-13

@ Epithelial cell

2 latelet
$s *

=]
@

o~

=

Blood vessel Eosinophil

fibroblast T cell

Fig. 1.3 Growth factors and cytokines involved in the
signaling process of wound healing (G-CSF granulocyte
colony stimulating factor, TGF transforming growth fac-
tor, MMPS matrix metalloproteinases, TIMPS tissue
inhibitor of MMP, /L interleukin, PDGF platelet derived
growth factor, FGF fibroblast growth factor, VEGF vascu-
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lar endothelial growth factor, EGF epidermal growth fac-
tor, KGF keratinocyte growth factor, GM-CSF granulocyte
macrophage colony stimulating factor [17]). https://www.
mdpi.com/2079-4983/9/1/10#cite. This figure is licensed
under the Creative Commons Attribution 4.0 International:
https://creativecommons.org/licenses/by/4.0/legalcode
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to form a temporary fibrin scaffold allowing
cells to adhere, migrate, and proliferate [22].
Since platelets aggregate along fibrin fibers dur-
ing coagulation, the resulting three-dimensional
scaffold can also act as a reservoir of growth fac-
tors that exert favorable effects on cells [22, 23].
In addition, the clinical advantages of the PRP
fibrin matrix are well known in maxillofacial
surgery and tissue healing of chronic wounds
[10, 24]. Each growth factor can have different
effects on the healing process and acts by bind-
ing to specific receptors on the cell membranes
of the target cells [25]. These effects include
chemotaxis (cell attraction in the wound), induc-
ing migration and proliferation of cells, and
stimulating cells to upregulate protein produc-
tion [26]. These growth factors regulate not only
cell migration and proliferation, but also remod-
eling of the extracellular matrix and promote
angiogenesis, creating an ideal environment that
promotes the skin healing process [27].

1.2.2 Methods of PRP Preparation

The American Association of Blood Banks
Technical Manual [28] states that “platelet-rich
plasma is separated from whole blood by cen-
trifugation.” The centrifugation process separates
the blood components because of their different
densities, that is to say that the red blood cells are
heavier (are trapped thanks to the separator gel),
followed by platelets contained in the plasma and
which are the lightest. Centrifugation is carried
out at 1500 x g for 5 min. The platelet yield
depends mainly on certain parameters such as the
size and shape of the container used, the speed
and the centrifugation time, and the anticoagulant
used. There is a significant lack of comparative
studies to standardize the procedural parameters
of PRP.

1.2.3 Classification of Platelet
Concentrates

The development of a wide range of preparation
protocols, devices, and centrifuges for various

indications has led to a number of different plate-
let concentrates. Ehrenfest et al. [29] proposed a
classification of platelet concentrates into four
categories according to their leucocyte and fibrin
content as follows:

1.2.3.1 P-PRP (Pure Platelet-Rich
Plasma)

The P-PRP concentrate consists of an undeter-
mined leuco-platelet layer fraction, containing a
large number of platelets, but most leucocytes are
not collected. After the first centrifugation, only
the superficial leucocyto-platelet layer is pipetted
and prepared for the next centrifugation in order
to concentrate the platelets a second time.

1.2.3.2 L-PRP (Leukocyte and Platelet-
Rich Plasma)

L-PRP consists of most platelets, as well as leu-
kocytes and some residual red blood cells, sus-
pended in fibrin-rich plasma. It differs from
P-PRP only on the buffy coat collection means in
which PRP with the entire buffy coat and the
buffy coat outer layer of 1-2 mm are pipetted.

1.2.3.3 P-PRF (Pure Fibrin Rich
in Platelets)

The term PRF is used as a synonym for platelet-
rich fibrin matrix (PRFM). When P-PRP is mixed
with the activator (calcium or athrombin) and
allowed to incubate for a certain period of time, a
stable PRFM clot can be collected, which has
useful applications as described below.

1.2.3.4 L-PRF (Platelets Rich in Fibrin
and Leucocytes)

In this category, the blood is collected without
anticoagulant and immediately centrifuged. A
natural coagulation process occurs and three
layers are formed: the buffy coat basecoat, the
acellular plasma top layer, and the L-PRF clot
in the middle, which harvests the platelet and
leukocyte growth factors in the cell. fibrin
matrix (Fig. 1.4). There is no biochemical mod-
ification of the blood, i.e., no anticoagulant,
thrombin or CaCl, (sodium chloride) is
required. When the gel is pressed between two
gauzes, it becomes a membrane that also has
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Fig. 1.4 Choukroun platelet-rich fibrin (PRF) method.
(a) The blood is gently centrifuged without anticoagu-
lants, and coagulation begins rapidly. The blood is sepa-
rated into three components with the formation of a fibrin
clot in the middle of the tube. This clot acts as a plug that
traps most light blood components, such as platelets and

potential applications described in oral [30] or
maxillofacial [31-34] surgery, and plastic sur-
gery [13].

1.3  Adipose Tissue and Different

Approaches

Adipose tissue (AT) develops during the last tri-
mester of intrauterine life and is derived from the
mesodermal layer. Adipose tissue is among the
most important tissues of the human body since it
can reach 15-25% of the total weight, and up to
50% in cases of morbid obesity. AT plays a key
role in the storage and release of lipids, managing
the body’s energy reserves according to needs
and supplies. It also functions as an endocrine
organ that synthesizes and secretes adipokines,
which can act at the local or systemic level and
influence the glucose and lipid regulation system
[35]. The characteristic cells of adipose tissue are
adipocytes. In mammals, there are three types of
adipose tissue: marrow adipose tissue, brown
adipose tissue, and white adipose tissue (Fig. 1.5).

In vitro, white adipose tissue cells can be sep-
arated after enzymatic digestion into two popula-
tions: mature adipocytes and vascular stromal
fraction (VSF) or stromal vascular fraction (SVF)
containing inter alia stem cells of mesenchymal
origin.

leukocytes, as well as circulating molecules, such as
growth factors and fibronectin. This method leads to the
natural production of a leukocyte-rich PRF clot (L-PRF).
(b) After compression of the L-PRF clot, it can be easily
used as a membrane (actual length indicated: 3—4 cm)
[29]. (TRENDS in Biotechnology)

1.3.1 Lipofilling or AT Graft:

An Advanced Therapy

Interest in lipofilling was long regarded to be due
to volumizing but the discovery of its trophic
character made lipofilling the most used regen-
erative medicine treatment.

Recent studies have shown that the stroma-
vascular fraction of adipose tissue represents a
reservoir of precursor cells whose pro-angiogenic
potential was comparable to that of stem cells
derived from bone marrow [36, 37]. In addition,
it has been shown that mesenchymal stem cells
are also present in adipose tissue. The latter
therefore represents a new potential reservoir of
pluripotent cells that could be used in regenera-
tive medicine.

Autologous adipose tissue transfer is a proce-
dure already applied to achieve increased soft tis-
sue volume loss. The adipose tissue grafts are
taken by liposuction and reinjected subcutane-
ously to restore the volumes of the defect areas.
In this type of approach, the main obstacle lies in
the partial resorption of the transplanted tissue,
which is due to necrosis of the adipose tissue
after implantation. This necrosis is the conse-
quence of the damage caused to the tissue during
its removal on the one hand, and the lack of avail-
ability of nutrients in the center of the adipose
tissue particles on the other hand. In order to
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Fig. 1.5 Schematic representation of white adipose tissue [35]

guarantee the survival of the adipocytes, it is
necessary to create an optimal microenvironment
which allows a correct architectural distribution
of the adipocytes also facilitating the interaction
between cells, their growth and their differentia-
tion, and which offers an early protection of the
surrounding inflammatory phenomena, as well as
a capillary network capable of delivering ade-
quate levels of nutrients.

Several techniques have been proposed for the
removal of adipose tissue. Coleman et al. [2]
have described a technique minimizing the
trauma of adipocytes. With a 2-hole, 3 mm,
rounded-edge cannula attached to a 10 mL
syringe, the grease is manually aspirated by
removing the plunger. The cannula is pushed
through the sampling site, the surgeon pulls on
the plunger of the syringe and creates a slight
negative pressure that allows shreds of fat to pass
through the cannula and the Luer-Lok opening
into the barrel of the syringe. Once filled, the
syringe is disconnected from the cannula, which
is replaced by a plug that seals the Luer-Lok end
of the syringe. The fat sucked into the syringes is
centrifuged at 3000 RPM (rotations per minute)

for 3 min to isolate the fat. However, the decrease
in centrifugation time to 1 min recently showed
an increase in cell viability [38].

1.3.1.1 Macrofat

Macrofat is characterized by fat lobules with a
diameter of 2.4 mm. Macrofat is more structural
in nature and is easily injected through an 18 or
19 G (gauge) cannula. Macrofat is used for struc-
tural enhancement in the temporal regions and
deep fatty compartments of the cheek (medial
and prezygomatic, pyriform region, mandible,
lateral region of the eyebrows, nasal bridge and
columella as well as chin and the lips). This type
of graft is at risk of resorption, cystosteatonecro-
sis, oily cysts, and infection [39—41].

1.3.1.2 Microfat

Microfat is characterized by fat lobules with a
diameter of 1 mm and is obtained by removing
the fat with cannulas of 2 mm diameter whose
multiple holes are each less than 1 mm. The sam-
ple microcannula has orifices designed specifi-
cally to provide a fat sample consisting of
adipocyte lobules calibrated in volume. The
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microcannula deposition has a diameter cali-
brated on the size of the cell units obtained with
the sampling cannula. Microfat is used for troph-
icity but also for filling.

1.3.1.3 Nanofat

Nano-fat (nanofat) is characterized by fat lob-
ules of 400-600 pm. The nano-fat is obtained by
taking the emulsified microfat and passing it
between two 10 mL syringes connected together
by a female-female Luer-Lok connector
(Fig. 1.6). After 3 min of continuous transfer
(20-30 passages), the fat becomes an emulsified
liquid with a whitish appearance rich in
FCS. The emulsified fat is subsequently filtered
through a superfine filter to obtain the nanofat
[42]. Nanofat can be easily injected using a 27,
30, 32 G needle. This cell seeding is used to
improve the trophicity.

Nano-fats can be centrifuged in order to
remove free fatty acids and create a gel that can
be applied in combination with a cream that pro-
motes dermal penetration and can be applied by
mesotherapy techniques after laser resurfacing or
facelift. A combination of the three types of fat
grafts is used in facial cosmetic surgery or facial
fat grafting [43—45].

Tonnard et al. sought to determine the cellular
content of nanofat grafts [46]. In their study, they
showed that nanofat grafts were devoid of mature
adipocytes and that the native architecture was
disrupted. However, nanografts retained a rich
supply of adipose stem cells, which were similar
to macro and micro samples in terms of stem cell

Fig. 1.6 Microfat emulsified mechanically to obtain the
nanofat

proliferation and differentiation. Several clinical
cases using nanofat grafts showed an improve-
ment in skin quality 6 months after the proce-
dure. Therefore, the authors suggest that even
though nanografts do not contain viable adipo-
cytes, their high stem cell content is clinically
useful in indications of skin rejuvenation.
Emulsified fat thus appears to be a simple alter-
native to cell therapy processes and the prepara-
tion of VSF (Vascular Stroma Fraction) [47, 48].
The injection of fragmented adipocytes present
in the emulsified fat and released cytokines could
therefore have a stimulating effect on differenti-
ation and tissue regeneration [49]. In addition,
an increase in elastin synthesis and dermal
remodeling could be induced by the secretory
activity of mechanically stimulated stem cells by
the emulsion method [50, 51].

Mesguich Batel et al. [48] reported in one
study an improvement in fine lines after treat-
ment with the nanofat method (Fig. 1.7).
Furthermore, the authors characterized the stem
cell composition of this method and showed the
presence in 1 cm® of emulsified fat of
23,712 + 7832 cells/cm® compared to non-
emulsified adipose tissue with a cell viability of
85.1 + 6.84% and a proportion of 18.77 + 6.2%
of regenerative cells.

In addition, the intradermal injection of emul-
sified fat was found to be safe. No erythema, skin
discoloration or inflammatory reaction was found
in all patients [48].

1.3.1.4 Vascular Stroma Fraction (VSF)

The most widely used technique for isolating
VSF from lipoaspirate is the digestion of the lipid
portion of lipoaspirate by collagenase, separating
the content into two distinct phases: the floating
fraction of mature adipocytes and the cellular
components of interest in the lower fraction [52,
53]. This separation can be improved by centrifu-
gation; however, separation can be achieved also
by phase separation and gravity filtration [54].
Although centrifugation is more efficient, it will
also sediment all cells present, while filtration
can be designed to capture only the important cell
types based on their size, thus enriching the
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Fig. 1.7 Nanofat injections as an adjunct therapy for facelifts for 80-year-old lady: notice the improvement of skin

trophicity

specific cell mix. Centrifugation of the aqueous
fraction gives a reddish pellet which contains
VSF cells. Erythrocytes, a major contaminant
present in the VSF pellet, can be lysed to isolate
a more pure population of VSF cells if they are
intended for in vitro expansion [55]. VSF con-
tains a variety of cells: mesenchymal stem cells,
pericytes, vascular cells, fibroblasts, preadipo-
cytes, monocytes, macrophages, red blood cells,
fibrous tissues, and extracellular matrix (ECM)
[56] (Fig. 1.8).

The number of stem cells contained in the fat
VSF can fluctuate considerably. In adipose tis-
sue, the number of nucleated cells may range
from 500,000 to 2,000,000 cells per gram (g) of
adipose tissue, and from 1 to 10% ADSCs
(Adipose-Derived Stem Cells) [56]. The number
of ADSCs in 1 g of adipose tissue can vary from
5000 to 200,000 stem cells [57]. Theoretically, in
100 g of adipose tissue, 0.5-20 million ADSCs
can be extracted as VSF. One of the reasons for
this variation can be attributed to individual dif-
ferences. Patients have different texture and den-
sity of adipose tissue [58].

1.3.1.5 Stem Cells of Adipose Tissue

Adipose-Derived Stem Cells (ADSCs) were first
characterized in 2001 and since then have been
extensively studied and used as a major source of
cells with regenerative potential, with similar
characteristics to those of mesenchymal stem
cells (MSCs) [59-62]. Stem cells are cells capa-
ble of self-renewal generating identical daughter
cells to maintain the stem cell pool and to differ-
entiate into multiple cell lines (progenitors with
smaller potential). We then speak of asymmetric
differentiation since after each cell division, one
cell is renewed while the other enters into differ-
entiation and acquires the characteristics of the
tissue concerned. The discovery of mesenchymal
stem cells was initiated by the work of
Friedenstein et al. in 1968 [63], which showed
that rat bone marrow cells contained a small pop-
ulation of plastic-adherent stromal cells capable
of forming fibroblast-like colonies. These cells
were first named Colony-Forming Unit Fibroblast
(CFU-F). Subsequently, in the 1980s, several
teams demonstrated their ability to differentiate
into cells belonging to mesenchyme lineages (an
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Fig. 1.8 Composition of the VSE. Diagrammatic dia-
gram illustrating the lipoaspiration procedure of the sub-
cutaneous fat is performed, followed by the separation of
the different layers by centrifugation. The adipose tissue

embryonic support tissue derived from the meso-
derm and the origin of certain tissues in adults
such as vessels, cartilage, or bone), such as chon-
drocytes, adipocytes, and osteoblasts. The term
“mesenchymal stem cell” was then introduced by
Caplan in 1991 [64].

For the sake of harmonization, the International
Society for Cellular Therapy (ISCT) decided in
2006 to refer to these cells as multipotent mesen-
chymal stromal cells and to determine minimum
criteria to define them [35]: adhesion to plastic
under standard culture conditions with the pres-
ence of antigen specific to their surface at greater
than 90%: CD73 (5" ectonucleotidase), CD90
(thy-1), CD105 (endoglin); at least 98% of them
do not express the following hematopoietic mark-
ers: CD45, CD34, CD14, CD19, CDl11a, and
HLA-DR (Human Leukocyte Antigen-DR) and
show the in vitro ability to give rise to cell lines
derived from the mesenchyme such as adipo-
cytes, osteoblasts, and chondrocytes.

and the infranatant are recovered and then digested with
collagenase. VSF can be used for tissue culture or added
to a lipoaspirate [37]

Bone Marrow MSCs (BM-MSC for Bone
Marrow-Mesenchymal Stem Cells) were a refer-
ence since they were the first described and used
in the field of regenerative medicine. However,
the recovery of these stem cells presents con-
straints because cell sampling is invasive and
causes pain, sometimes requiring general anes-
thesia. In addition, the bone marrow contains few
stem cells. Other sources of multipotent stem
cells beside bone marrow and adipose tissue are
skin, liver, intestine, muscles, synovial tissue,
lung tissue, umbilical cord blood, or the cornea
[65, 66]. Today, ADSCs are recovered directly
from fat “surgical waste” after careful dermoli-
pectomy or lipoaspiration 10-100 million stem
cells can be obtained from 300 mL of lipoaspirate
of which more than 90% would be viable [67]. A
large number of stem cells can be obtained in a
few passes. Thus, the risk of chromosomal abnor-
malities related to senescence and induced by
culture is low [35]. In addition, it is possible to
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preserve the frozen cells and to constitute impor-
tant stocks. Finally, their use poses fewer ethical
problems, unlike embryonic stem cells for exam-
ple. Summarizing, since their discovery, numer-
ous articles have been published using different
terminology, such as adipose-derived stem cells
(ADSCs), term defined by the International
Federation for Adipose Therapeutics and Science

(IFATS),

adipose-derived adult stem cells

(ADAS), adipose-derived mesenchymal stem
cells (AD-MSCs), adipose MSCs (AMSCs), and
stromal adipose/stem cells (ASC) [68].
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2.1 Introduction: Bone Biology

and Healing Process

Bone is a tissue that has the ability of self-
regeneration leading this healing process in most
of the cases to a fully morphologic and functional
regeneration.

The knowledge of bone biology is essential to
understand the required conditions for a success-
ful reconstruction. The more evident function of
the bone skeleton is to allow the locomotion and
protection of internal organs, but the bone is also
the siege of the hematopoiesis and an essential
component in the homeostasis of the phosphor-
calcic equilibrium of the organism. Thus, the
bone is in a perpetual renewal cycle through
resorption and regeneration, allowing the ionic
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release and capture and response to biomechani-
cal demands [1, 2]. Although the main compo-
nents of the bone remain homogeneous, including
an inorganic mineralized matrix of apatites asso-
ciated to a protein matrix mainly composed of
type 1 collagen, the bone can present different
architectural and biological properties, showing
the cortical bone a compact structure while the
trabecular bone has spongy structure.

In order to understand the prerequisites for a
successful bone reconstruction, it is also interest-
ing to know the bone healing process. A bone
injury is firstly leading to the formation of an
hematoma associated to an inflammatory response
and the recruitment of signaling molecules
(BMPs, ILs, VEGFs, FGFs,...) involved in bone
homeostasis. Thereafter, the process continues by
the formation of a callus undergoing chondrogen-
esis and progressive calcification. Finally, the
blood vessels growth into the callus carries both
chondroclasts, which resorb the calcified carti-
lage, and osteoprogenitor cells initiating the bone
formation process. It is also important to notice
that to complete the bone healing process the sta-
bility of the callus is essential, otherwise, the car-
tilaginous callus is not replaced and results in
pseudarthrosis. Thus, bone has strong regenera-
tive capacities, nevertheless, in case of large
defects or pathological local condition (infection,
insufficient vascularization, instability of the
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callus,...) the healing process can be compro-
mised which can have an impact in graft’s suc-
cess. In these cases, four elements are essential in
the bone graft’s healing process and shall be taken
in account in every bone grafting procedure: pres-
ence of osteogenic cells, osteoconductive scaf-
fold, mechanical environment, and growth factors
[3]. Furthermore, a fifth element can’t be ignored,
the vascularization of the graft and its surround-
ing tissues.

2.2  Bone Grafts

A bone graft can be defined as an implanted
material that promotes osteogenesis through
osteoconduction, osteoinduction, and osseointe-
gration. The osteogenesis is the property to pro-
duce new bone, whereas osteoconduction is the
capability of a grafted material to allow bone
growth on its surface or down into pores.
Osteoinduction is the capability to recruit and
stimulate differentiation of immature cells into
bone forming cells and osseointegration is the
ability to bind the graft to the surrounding bone
without interposition of fibrous tissue [4-7]. All
bone grafts or substitute materials can be com-
pared through these characteristics.

The bone grafting procedure is a very com-
mon procedure with up to 2.2 million performed
worldwide each year while the bone is the second
most transplanted tissue after blood. The cost of
these procedures is estimated around $2.5 billion
per year [8, 9] being the craniofacial field one of
the most popular indications for bone grafting
[10]. The concept of autologous graft means

that the tissue is collected of and grafted on the
same patient. Due to its biological properties, the
autologous bone graft remains the gold standard
in bone reconstruction for decades.

The grafted bone brings to the reconstructed
site cells, matrix and molecules, guiding and
improving the bone healing process. Depending
on the type of bone, two type of grafts can be
considered concerning its structural features, the
cancellous and the cortical bone. The cancellous
bone shows high porosity having strong osteo-
genic properties whereas, on the other hand, the
cortical bone has higher density and thus better
mechanical properties. The cancellous bone is
frequently used to fill limited defects with low
mechanical strength while the cortical bone is
frequently used as an onlay graft in order to
increase the alveolar ridge. It is exposed to a
lower vascularization and mechanical constraints
of the surrounding mucosa. Indeed during the
healing process, mucosa induces an increase of
the pressure on the underlying grafted bone and
so a higher resorption rate. In fact, many factors
are involved in the resorption process but it
seems clear that the cortical bone graft has a
higher resorption rate. The autograft can be har-
vested from different sites (Fig. 2.1); however,
despite its biological and mechanical properties,
the autograft presents a major disadvantage
which is the morbidity of the donor sites [11-
13], with possible impact on patient quality of
life. Moreover, the potential amount of bone
that can be harvested is limited especially in
case of pediatric or geriatric patient. That is why
alternatives as allografts and xenografts have
been considered.

Fig. 2.1 Calvarial bone sample for bone graft
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Allografts are tissue harvested from one indi-
vidual and transplanted to another individual of
the same species with a different genotype,
whereas xenografts are harvested from other
species. They both eliminate the donor site mor-
bidity and are available in large quantity having
also osteoconductive and osteoinductive proper-
ties but in comparison with the autologous grafts,
allografts and xenografts present a lower osteo-
genic potential, increase the rejection risk due to
the immune response and present a risk of dis-
ease transmission. Furthermore, the procedure
required to decrease the risk of disease transmis-
sion also negatively impact in their biological
and mechanical properties. Today, allografts are
rarely used for implant surgery in comparison
with the popularity of xenografts in this field due
to their easy access for practitioners.

Thus, due to the multiple problems related to
the use of bone grafts, research is carried out in
order to find an ideal bone substitute which
should present the biological properties of the
autograft combined with unlimited amount and
limited cost. In order to reach that goal, different
approaches are possible including tissue engi-
neering [14, 15]. Tissue engineering is based on
the use of cells, molecules, and matrix that can be
used independently or combined aiming to main-
tain, reestablish, or improve tissue architecture
and function. Considering the specific Bone
Tissue Engineering (BTE) field, some key points
have to be taken into account: a scaffold shall
mimic the bone extracellular matrix with osteoin-
ductive properties facilitating osteogenic cell
adhesion, it shall differentiate the cells to the
desirable phenotype through osteoinductives
properties and allow sufficient vascularization
and nutrition of the construct to complete the
healing process [14].

2.3  Biomaterials and Scaffolds

Scaffolds are to date the most important issue in
bone tissue engineering. Scaffolds are materials
designed to support and facilitate the bone heal-
ing process by allowing the undifferentiated
cells migration and specialization, sequestration

of extracellular matrix components, vasculariza-
tion development, and three-dimensional tissue
organization. They also shall provide structural
stability to the reconstructed site, withstanding
mechanical strength supported by the bone.
Biomaterials are materials of natural or synthetic
origin suitable to be implanted and interact with
living tissue.

Scaffolds can be divided in organic and inor-
ganic, with biological or synthetic origin. The
advantages of biological scaffolds are that they
have better biocompatibility, bioresorption abil-
ity, and regenerative properties (osteoconduction,
osteoinduction, osteogenesis, and osseointegra-
tion) in comparison with synthetic materials
although they also can present immune response.
The immune reaction and mechanical failures are
the two main causes of failure in bone recon-
struction protocols.

2.3.1 Natural-Origin Biomaterials
Collagens are one of the most widely present pro-
teins in the human body and provide stability and
strength to many tissues from skin till bones [16].
Type 1 collagen is the main component of the
extracellular matrix of the bone and is one of the
most popular organic biological material for bone
tissue engineering. Integration of collagen on the
surface of scaffolds improves cellular prolifera-
tion and osteoblastic differentiation. Collagens
can also be used as carriers for other molecules as
bone morphogenetics proteins, enhancing the
new bone formation [17]. However, collagens
present poor mechanical properties as a major
limitation for bone tissue engineering which can
be improved combining them with other materi-
als with better mechanical features.

Chitosan is another example of organic bio-
logical material which can be used for bone tis-
sue engineering. It’s a linear polysaccharide with
bending ability but poor mechanical properties.
Chitosan modifies its structure depending on the
acid-base environment. Thus, in a neutral envi-
ronment, chitosan maintains its structure but sol-
ubilizes and degrades in an acidic medium.
Chitosan can be used as a carrier in polymeric
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nanoparticles and is used in combination with
other materials for bone tissue engineering [18,
19]. However, the resorption of the polymer can
lead to aseptic inflammation which negatively
affects the bone healing process.

Summarizing, even if they are used for implant
procedures, the major limitations in the use of
natural-origin biomaterials are the difficulties in
refining them, their potential immunogenicity
and the poor mechanical properties in compari-
son to the bone. Thus they shall be considered as
an alternative when bone grafts are not possible.

2.3.2 Synthetic Biomaterials

In order to reduce the problems related to the use
of natural-origin biomaterials, a challenging field
has been the development of polymeric synthetic
biomaterials [20-22] like polyglycolic acid
(PGA), polylactic acid (PLA), or polylactic-co-
glycolic acid (PLGA) that are very promising in
bone tissue engineering field but are not today
included in practitioners’ current practice.

The synthetic bone substitutes share several
advantages over allografts, including unlimited
supply, easy sterilization and storage but their
biocompatibility, biodegradability, and regener-
ative properties are lower than those of natural
scaffolds [15]. Since the initiation of bone tissue
engineering procedures more than three decades
ago, different options have been considered but
calcium phosphate matrix (hydroxyapatite,
beta-tricalcium phosphate) and bioactive glasses
remain as the most used currently because of
their morphological and biological similarities
to the inorganic part of bone [23]. In fact, bone
is a composite material composed of both min-
eral (calcium phosphate) and protein matrix.
The proteins provide its flexibility to the bone
while calcium phosphate gives its compressive
strength, although linked to their low plasticity,
the calcium phosphate matrix (CaP) can be also
fragile.

Biological apatites (BA) are the mineral phase
of bone. They have a very flexible composition
linked to their ability to chemical substitution. In
fact, other components such as Mg, Na, Si, Cl, K,

CO; and F can be included in their structure,
leading to variations in their chemical and
mechanical properties [24]. On the other hand,
synthetic apatites like synthetic hydroxyapatite
(S-HA) have a stable composition and do not
include “impurities.” Moreover, crystals of S-HA
are much bigger than the BA [25]. This induces
variations in their biological and mechanical
properties in comparison to the BA and even if
they are considered to be biocompatible, osteo-
conductive bioactive and have a great affinity for
growth factors and proteins, they have a lower
solubility and low osteoinductive potential.
Furthermore, a lot of parameters also influence
the biological and physical properties of the
S-HA scaffolds, like sinterization temperature
and pore size (micro- and macroporosity). In
order to simplify, we may say that for synthetic
phosphocalcic matrix, the microporosity and
resorption potential vary inversely with the
increase of the sintering temperature and the
increase of mechanical resistance [26-28] .

The beta-tricalcium phosphate (f-TCP) is
another synthetic calcium phosphate that pres-
ents a less stable crystalline phase than S-HA and
thus a higher degradation rate and better osteoin-
ductive property. Moreover, its mechanical prop-
erties like compression and tensile strength are
very similar to that of cancellous bone, which
make B-TCP one of the most popular options for
bone tissue engineering. The most recent and
promising approach to date in phosphocalcic
matrix is the development of biphasic calcium
phosphates (BCP) to combine the properties of
both materials, hydroxyapatite and tricalcium
phosphate. Two different approaches are possible
to produce that BCP. The most popular and the
easier is to mix HA and p-TCP powder and mod-
ify their ratio to modulate their mechanical and
physiological properties. However, the inhomo-
geneity of the proportions of these two phases in
the material may lead to variation of the mechan-
ical and biological properties inside the matrix.
The second approach consist in a molecular mix
of HA and p-TCP during the synthesis process
which is supposed to guaranty a higher homoge-
neity of the material and its physicochemical
properties [29, 30].
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Multiple studies on S-HA, beta-tricalcium
phosphate (B-TCP), and bicalcium phosphate
(BCP) have shown that a fast resorption is benefi-
cial concerning osteoinduction properties; how-
ever, a stability of the surface is necessary for
bone formation. By modulating S-HA/B-TCP
proportions in the BCP, it is possible to modulate
their resorption rate and mechanical properties
and thus to mimic the properties of the repaired
bone defect [31]. A high proportion of $-TCP has
been demonstrated to be better to develop early
bone formation [32]. Like other calcium phos-
phate (CaP) matrix, the porosity and architecture
of the BCP matrix also play a major role in their
properties [33, 34]. Thus, to reproduce the bio-
logical properties of the bone, an adequate archi-
tecture is essential. In fact, it has been well
documented that the pore size plays a major role
in neoangiogenesis, osteoconduction, and new
bone formation [35, 36]. Today, apatite materials
are frequently used in implants surgery to fill
bone defect. They can be used alone or in asso-
ciation with bone graft depending on the
procedures.

24 Thelmpact of the New

Technologies on CaP Matrix

The computer assisted design (CAD) associated
with addictive technologies known as 3D print-
ing is probably a “game changer” in the concep-
tion of our matrix. In fact, CAD procedure allows

to anticipate the control of both macro and micro
architectures of the matrix (Fig. 2.2a, b), virtually
reproducing the architectural characteristics of
trabecular and cortical bones (Fig. 2.3). In a near
future, bone defects could be repaired through
the accurate reproduction of the previous archi-
tecture in order to simplify and to increase the
precision of the reconstruction procedures
(Figs. 2.4 and 2.5).

Different printing techniques are possible to
create a calcium phosphate matrix. The most
promising to date seems to be the stereolithography,

Fig. 2.3 Hydroxyapatite architecture of trabecular (mac-
roporous) and cortical (dense) bones printed by ceramic
stereolithography

+25(06/2019 0D

Fig. 2.2 (a) SEM morphology of BCP macroporous structure produced by ceramic stereolithography. (b) SEM mor-
phology of B-TCP microporous structure produced layer by layer by ceramic stereolithography
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Fig. 2.4 The smallest bones in the human body (of the middle ear) produced by stereolithography with a resolution of

less than 50 pm of dense hydroxyapatite

Fig. 2.5 Demonstration
of a bone defect
reconstructed with
printed phosphocalcic
matrix

consisting in the polymerization layer by layer of a
photo-curable resin mixed with phosphocalcic
particles. After the end of the printing process,
matrix has to be sintered in order to finish the
shaping process (Fig. 2.6). Main advantage of this
technique is its high resolution (under 100 pm) but
it involves potential contamination of the product
from resin. The laser casting technique uses a high
resolution laser to produce a selective layer by
layer thermal binding of the particles. Like the ste-

reolithography, the main advantage of that tech-
nique is its resolution but remains expensive to
date. Finally, the third and most popular technique
is the material extrusion 3D printing. It consists in
a continuous material deposit through an extruder.
The layer by layer deposit finally results in a 3D
structure that need to be sintered to complete the
shaping process. The limit of the extrusion tech-
nique is its lower resolution compared to stereo-
lithography and laser casting [37, 38].
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Fig.2.6 Examples of phosphocalcic matrices printed using stereolithography. Note the high resolution of the produced
pieces and the complex design achieved

2.5 Conclusion

To date, the autologous bone graft shall remain the
gold standard in the treatment of bone defects in
implant surgery. However, the needs in terms of
bone regeneration are constantly increasing and the
autologous graft can’t be the only answer. Allografts
and xenografts are useful but not ideal alternatives
as they present a risk of disease transmission and
rejection, that’s why the development of synthetic
grafting material has been introduced.

Tissue engineering including CaP matrix
associated with 3D printing techniques seem to
be promising for the next future. However, these
techniques should certainly combine composite
materials and introduce a cellular and molecular
approach in order to mimic the bone structure
and function to become the new gold standard in
bone reconstruction.
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3.1 Introduction

In completely resorbed maxilla, there is poor out-
come with conventional implants in both the pre-
maxillary and the posterior region of the maxilla.
In case of patients with extremely resorbed max-
illa, if removable prosthesis do not meet patient’s
expectations, several possibilities of implant-
supported rehabilitation could be available [1],
among them the zygomatic implants are an alter-
native based in the concept of the lack of resorp-
tion at the level of the zygomatic bone which
allows the fixation of long implants at this ana-
tomic level [2, 3]. Use of special fixtures such as
short implants if enough bone height is available,
subperiosteal implants, or longer implants
inserted in the pterygoid process [4] can also
avoid bone grafting procedures but frequently
cannot be used in extremely atrophic maxilla.
Standard implants (cylindrical and screwed)
could need previous alveolar regeneration or
reconstruction by means of biomaterials [5, 6] or
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autologous bone [7], Le Fort I osteotomy may
also be considered [8, 9].

After developing the concept of osteointegra-
tion with conventional implants, Brinemark
developed the “zygomaticus fixture” [2], also
called zygomatic implants, as an alternative
approach to avoid alveolar bone reconstruction in
severely resorbed maxilla. The biomechanical
concept is based on obtaining anchorage in both
zygomatic bones by using two long fixtures
called “zygomatic implants.” In the original
description of this technique, two posterior zygo-
matic implants were linked to two or four con-
ventional implants in the anterior region of the
maxilla supporting a full arch prosthetic restora-
tion. Some authors also placed two implants on
each side (“Zygoma quad”) [10] (Fig. 3.1) or
three zygomatic implants bilaterally in order to
get a six zygomatic implants restoration [3]. An
asymmetric positioning of the implants is also
possible (Fig. 3.2).

Zygomatic implants are not conventional
implants and need specific skills in order to
achieve good result. As for every treatment plan-
ning dealing with implants, three major points
are to be considered: the expertise in the manage-
ment of the paranasal sinus, the knowledge of the
specific anatomical obstacles and of the manage-
ment of their potential complications, and the
feasibility of immediate prosthetic loading.
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Fig. 3.1 (a) Association of two zygomatic implants associated with four standard implants in the anterior maxilla. (b)

Two posterior zygomatic implants or quad four

Fig. 3.2 (a) Use of two left zygomatic implants and a right conventional implant after left maxillectomy. (b) Final
result: a framework for removable prosthesis has been designed allowing for visual control of the resected maxilla

Introduction of the zygomatic implants has
opened a new field in the implant treatment of the
severely resorbed upper jaw. This type of fixa-
tions may be used in different situations to get a
quick and reliable prosthetic rehabilitation, from
the edentulous patients to the absence of maxillae
after tumor resection [11].

3.2 Indications of Zygomatic

Implants

Zygomatic implants are indicated in atrophic
maxilla or after maxillary resection in order to
perform implant-supported dental rehabilitation
while avoiding bone grafting.

Indications of zygomatic implants need to be
fixed after a complete analysis of the patient’s
situation as a multidisciplinary approach includ-
ing the medical, prosthetic, and dental point of
view and taking into account the patient’s desire.
It is important to keep in mind that the patient is

asking for a prosthetic rehabilitation and not for a
technique. For each individual patient when deal-
ing with the indications for the treatment of the
abovementioned situations, the different options
such as the use of zygomatic implants, short
implants, bone regeneration or bone grafts (vas-
cularized or not) including Le Fort I osteotomy
technique have to be evaluated and presented to
the patient [8, 9].

Zygomatic implants can be indicated in every
situation of edentulous maxilla allowing a fixed
dental rehabilitation with immediate loading
without using any grafting technique. Prosthetic
rehabilitation in this type of implants includes
two steps: the first is a temporary immediate
prosthesis, followed by a new final prosthesis 6
months after the implant placement. Zygomatic
implants can be also very useful for dental reha-
bilitation after maxillectomy. Asymmetric place-
ment of the implants is possible in case of
implant-supported rehabilitation after hemi-
maxillectomy (Fig. 3.2) [11-13].
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The use of zygomatic implants, as mentioned
above, allows for the immediate loading of the
prosthesis by connecting the implants (conven-
tional and zygomatic) with a splinted prosthetic
framework. Primary stability of the implants
inserted with a torque of at least 35 N cm is nec-
essary for an immediate loading protocol. Even
with high implant angulation, immediate loading
with zygomatic implants shows long-term good
results [2, 14—18] with high patient satisfaction
[19, 20]. However, certain situations may require
secondary loading. In that case, the implants will
remain unloaded until complete osteointegration
is achieved and any contact or pressure over the
implants has to be avoided.

3.3 Treatment with Zygomatic
Implants: Planning of the
Surgical Technique

3.3.1 Surgical Technique:

Preoperative Planning

Pre-surgical planning is currently widely used for
conventional implants placement. In case of indi-
cation of zygomatic implants, a correct planning
is mandatory in order to evaluate the bone anat-
omy in malar region. Zygomatic implants plan-
ning requires a complete DICOM acquisition of

the zygomatic volume including the orbital roof
and the entire maxilla. CT scan will help to evalu-
ate the anatomy of the malar bone and to check
the absence of paranasal sinus pathology such as
chronic sinusitis, sinus retention cysts, polyposis,
or foreign body in the paranasal sinuses. Prior to
implant placement in the zygomatic region, any
anomaly of the paranasal sinuses must be
excluded and eventually treated if needed.
Paranasal sinus infection is the most frequent
complication of zygomatic implants [21].

Preoperative planning will set the position,
length, size, and direction of the implants
(Fig. 3.3). Implants placement design needs to
avoid damaging of important anatomic areas such
as the orbit or the infraorbital nerve. Usually the
landmarks for positioning the zygomatic implants
at the mucosal side are the canine and first molar
sites. The apex of the implant should be placed in
direction to the zygomatic bone through the para-
nasal sinuses ending at a vertical line passing on
the zygomatic buttress and the ascending branch
of the zygoma. Nowadays, a variety of software
including zygomatic implants virtual planning
tools are available. This is not aim of this chapter
to compare different software. They should offer
every possibility of allowing for virtual planning
of the reconstruction including a virtual pan-
oramic view in order to check the final position of
the quad zygoma design (Figs. 3.4 and 3.5).

Fig. 3.3 Virtual planning of zygoma quad
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Fig. 3.4 Virtual
position of the planned
zygomatic implants

Fig. 3.5 Virtual planning of a zygomatic implant in
canine position. Coronal. Note the distance between the
implant and the orbit and the strong anchorage in the
zygoma

The correct anchorage of the implant in the
zygomatic bone is a condition for implant place-
ment. Insufficient zygomatic bone volume may
require additional grafting procedures. Originally
Branemark described the trans-sinus tilted zygo-
matic implants placement opening a window at
the maxillary sinus antero-lateral wall with pala-
tal position of the abutments, leading to a large
palatal prosthetic extension. Later, many authors
moved to place the prosthetic abutments in a
most crestal position with extra-sinusal place-
ment of the implants (sinus slot technique) [22].
Selection of the technique depends on the sever-
ity of the resorption, the bone anatomy, and the

N

planned position of the abutments. A hybrid
alternative (both extra- and trans-sinusal implant
placement) could be indicated (Fig. 3.6).

3.3.2 Surgical Guides

In order to transfer the preoperative virtual plan-
ning aiming to get a perfect position of the
implants, surgical guides may be designed [23,
24]. These splints may either be manufactured by
the industry or “in house” by the department
itself by using a 3D printer.

Limitations of the guides can be the absence
of remaining teeth to get a precise position in
case of mucosal supported surgical guides. The
volume of the guide could be also a problem for
drilling, even using angulated handpieces and
short drills. The available space for the instru-
ments depends on the mouth opening, the pres-
ence or absence of lower teeth, and the possibility
to stretch the lips. Sometimes, only the visual
landmarks are available to the surgeon (position
at the maxillary crest and position of the apex at
the zygomatic bone as set on the virtual planifica-
tion). It may be tricky to get a precise position of
the implants and to avoid the anatomical obsta-
cles such as the infraorbital nerve and the orbit.

Surgical navigation and robot-assisted tech-
nology is under research although still have not
been introduced as a routine procedure in zygo-
matic implants surgery [25].

3.3.3 Prosthodontic Procedure
After implant placement at the end of the sur-

gery, specific abutments with adequate height
and angulation are placed on the coronal end of
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Fig. 3.6 (a) Association of a quad four zygomatic
implant at the maxilla with a bilateral inferior alveolar
nerve lateralization at the mandible in a 56-year-old man.
Intraoperative surgical view. Combination of the slot and

Fig. 3.7 Screw-retained temporary fixed dental prosthe-
sis, note the palatal position of the abutments

each implant in order to facilitate paralleling
emergence of the implants. After wound closure,
an impression is made using the pick-up tech-
nique. A screw-retained temporary or provi-
sional fixed prosthesis allowing for immediate
loading can be immediately made and attached
to the abutments (Fig. 3.7). It is also possible to
place the provisional prosthesis one day after the
surgery checking the dynamic occlusion. This
procedure is a safety measure in order to avoid
any imbalance.

Six months after zygomatic implants inser-
tion, the temporary rehabilitation is removed and
a definitive new screw-retained prosthesis is cre-
ated following the conventional prosthetic proce-
dures. The new prosthesis can be a full arch
restoration made of porcelain or acrylic resin
teeth fused with a titanium framework connect-
ing all the implants (Figs. 3.8 and 3.9).

the window technique for trans-sinusal implant place-
ment. Note the crestal position of the abutments. (b) Final
restoration. Panoramic view

3.4  Contraindications

Potential contraindications must be investigated
before inserting zygomatic implants in order to
ensure a good outcome of the technique. Most
important contraindications are listed as follows:

Paranasal Sinuses Infection or
Chronic Sinusitis

3.4.1

Despite precise imaging examination before
zygomatic implant placement, paranasal sinuses
pathologies may not be always diagnosed.
Zygomatic implant placement must be avoided
until any paranasal sinus opacity will be investi-
gated. Infection of the paranasal sinuses can be
related to a dental origin or to sino-nasal obstruc-
tion which needs to be excluded or solved in case
of sinusitis. Examination of the sinus mucosa to
exclude any disease or inflammation may require
endoscopic exploration and ENT consultation.
Paranasal sinuses must be completely clean
before implant placement thus treatment of any
paranasal sinus infection has to be proposed to
the patient, not being recommended the use of
trans-sinusal zygomatic implants in case of sinus
mucosa pathology even after a correct treatment.
If sinusitis occurs in contact to a zygomatic
implant, beside inflammation an oro-nasal fistula
can be developed leading frequently to implant’s
lost.

Some authors try to avoid sinus-related com-
plications by using the extra-sinusal way to place
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Fig. 3.8 (a—d) Full arch final prosthesis. Titanium framework

the implant, thus avoiding any contact of the
implant with the sinuses [26]. However even in
an initial extra-sinusal position, the bone resorp-
tion may lead to contact between zygomatic
implants and the sinus mucosa. Both practitioner
and patient must be aware of this situation.

Incorrect Dental or Prosthetic
Rehabilitation at the
Mandible

3.4.2

Concept of the zygomatic implants is usually
related to immediate loading with full connection
of all the maxillary implants. To avoid any
implant loss of integration, the correct occlusion
must be set at the time of the implants loading

and checked during the whole osteointegration
period in order to avoid any implant loss. Lower
and upper full arches rehabilitation is possible at
both levels (mandibulae and maxillae); however,
a proper occlusion needs to establish an adequate
previous or simultaneous preparation of the lower
arch (Fig. 3.9).

3.4.3 Insufficient Zygomatic Bone

Volume

Virtual planning of the treatment will help to check
the possibility of inserting one or two zygomatic
implants on each side. Some authors propose to
insert six zygomatic implants, three on each side,
depending on the available bone volume [3].
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Fig. 3.9 (a—f) Full mouth implant-supported rehabilita-
tion. Sixty-four years old women after conventional
implants loss. Quad zygoma at the upper jaw. (a) Initial
planning with palatal position of the abutments. (b) X-ray
control after surgery. (¢) Intrabuccal view with temporary

coping abutments in place. (d) Use of the temporary pros-
thesis for impression by a pick-up technique. (e) Screw-
retained prosthesis. (f) Final restoration. X-ray panoramic
control and intrabuccal view
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Fig. 3.9 (continued)

The zygomatic bone volume could be limited
in some situations like malformations with dental
agenesis [27] or after tumor resection. Virtual
planning will help to evaluate these situations
and can lead to exclude the zygomatic implants
technique or to graft the zygoma bone in order to
get enough bone volume (Fig. 3.10). A new eval-
uation of the zygomatic bone has to be performed
at least 6 months after the grafting procedure in
order to confirm if bone graft integration allow-
ing for zygomatic implants placement has been
obtained.

3.5 Complications

Paranasal Sinusitis and Oral
Fistula

3.5.1

Sinusitis is both a contraindication and a poten-
tial complication of the zygomatic implants.
When sinusitis is present, implant removal and
fistula closure are mandatory. Before consider-
ing removal of the zygomatic implants, the
sinusitis needs to be treated. As mentioned
before, it may be related to the presence of den-
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Fig. 3.10 Grafting the zygomatic bone with posterior
insertion of zygomatic implants in a 17-year-old girl 10
years after maxillary resection including part of the zygo-
matic bone. (a) Initial situation before implant insertion.
Primary reconstruction was achieved by a latissimus dorsi
free flap without bone defect repair. At the end of the

tal infection, pathologic dental roots or cysts
which have to be removed. The sinus ventilation
must also be checked and require endoscopic
investigation [26].

3.5.2 Fracture of the Zygomatic
Bone

This complication may occur in multi-operated
patients and/or use of too large diameter zygo-
matic implants. In this situation, primary stability
of the implant is impaired making necessary to
remove the implants and to repair the zygomatic
bone. For zygomatic bone fracture repair, osteo-
synthesis may be necessary, with or without addi-
tional bone grafting depending on the bony volume
and the planning of a second implant insertion. In
every situation of fractured zygomatic bone,
immediate loading cannot be considered.

3.5.3 Ocular Complications

Penetration in the orbit may occur during drilling
or implant placement. This situation may lead to
intra-orbital lesions, hemorrhage, or diplopia
[28]. In this case, the implant must be removed
and the orbital walls repaired immediately. This

growth, four zygomatic implants were inserted after cal-
varial grafting of the right zygomatic bone. (b) Zygomatic

implants after grafting the right zygomatic body.
Temporary restoration with immediate loading. Note the
screws left in place to avoid wound opening. (c¢) Final
result

complication must be absolutely prevented by a
precise planning establishing accurate landmarks
for implant placement. In case of any doubt dur-
ing the drilling procedure, the integrity of the
orbital walls must be checked before the proce-
dure is continued.

3.5.4 Cutaneous Fistula

This condition may be associated with paranasal
sinusitis and is usually related to an infection of
the zygomatic implant at the level of the zygo-
matic bone [29]. This complication is not fre-
quent but may lead to implant loss.

3.6  Conclusions
Zygomatic implants are a useful technique allow-
ing to get a fixed rehabilitation at the maxilla
without using conventional grafting procedures
in the atrophic maxilla. This technique can be
used at any age after the end of the growth to
solve complex cases in different situations
including oral and maxillofacial cancer.

A multidisciplinary team approach with
detailed virtual planning, advanced surgical
skills, and knowledge of the prosthetic proce-
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dure are necessary in order to obtain adequate
results and to prevent and treat potential
complications.

References

10.

11.

12.

14.

. Malevez C.

. Balaji

. Hoefler VJ, Al-Sabbagh M. Are there alternatives to

invasive site development for dental implants? Part
II. Dent Clin North Am. 2019;63(3):489-98.
[Zygomatic anchorage concept in
full edentulism]. Rev Stomatol Chir Maxillofac.
2012;113(4):299-306.

. Bothur S, Jonsson G, Sandahl L. Modified technique

using multiple zygomatic implants in reconstruction
of the atrophic maxilla: a technical note. Int J Oral
Maxillofac Implants. 2003;18(6):902—4.

VR, Lambodharan R, Manikandan D,
Deenadayalan S. Pterygoid implant for atrophic pos-
terior maxilla. J Pharm Bioallied Sci. 2017;9(Suppl
1):S261-S3.

. Chai F, Raoul G, Wiss A, Ferri J, Hildebrand HF.

[Bone substitutes: classification and concerns]. Rev
Stomatol Chir Maxillofac. 2011;112(4):212-21.

. Myon L, Ferri J, Chai F, Blanchemain N, Raoul G.

[Oro-maxillofacial bone tissue engineering combin-
ing biomaterials, stem cells, and gene therapy]. Rev
Stomatol Chir Maxillofac. 2011;112(4):201-11.

. Torres Y, Raoul G, Lauwers L, Ferri J. The use of

onlay bone grafting for implant restoration in the
extremely atrophic anterior maxilla. A case series.
Swiss Dent J. 2019;129(4):274-85.

. Ferri J, Lauwers L, Jeblaoui Y, Genay A, Raoul

G. Le Fort I osteotomy and calvarial bone grafting
for dental implants. Rev Stomatol Chir Maxillofac.
2010;111(2):63-7.

. Schlund M, Nicot R, Lauwers L, Raoul G, Ferri J. Le

Fort 1 osteotomy and calvarial bone grafting for
severely resorbed maxillae. J Craniomaxillofac Surg.
2016;44(7):859-67.

Davé R, David L. Quad zygoma: technique and
realities. Oral Maxillofac Surg Clin North Am.
2019;31(2):285-97.

Butterworth CJ, Rogers SN. The zygomatic implant
perforated (ZIP) flap: a new technique for combined
surgical reconstruction and rapid fixed dental rehabili-
tation following low-level maxillectomy. Int J Implant
Dent. 2017;3(1):37.

Butterworth CJ. Primary vs secondary zygomatic
implant placement in patients with head and neck
cancer—a 10-year prospective study. Head Neck.
2019;41(6):1687-95.

. Dattani A, Richardson D, Butterworth CJ. A novel

report on the use of an oncology zygomatic implant-
retained maxillary obturator in a paediatric patient. Int
J Implant Dent. 2017;3(1):9.

Davé R, Malevez C, Pons O. Immediately loaded
zygomatic implants: a 5-year prospective study. Eur
J Oral Implantol. 2013;6(1):39-47.

15.

16.

18.

19.

20.

21

22.

23

24.

25.

26.

217.

28.

29.

. Malevez

Degidi M, Nardi D, Piattelli A, Malevez C. Immediate
loading of zygomatic implants using the intraoral
welding technique: a 12-month case series. Int J
Periodontics Restorative Dent. 2012;32(5):e154-61.
Kahnberg KE, Henry PJ, Hirsch JM, Ohrnell
LO, Andreasson L, Branemark PI, et al. Clinical
evaluation of the zygoma implant: 3-year fol-
low-up at 16 clinics. J Oral Maxillofac Surg.
2007;65(10):2033-8.

C, Daelemans P, Adriaenssens P,
Durdu F. Use of zygomatic implants to deal with
resorbed posterior maxillae. Periodontol 2000.
2003;33:82-9.

Malevez C, Abarca M, Durdu F, Daelemans P. Clinical
outcome of 103 consecutive zygomatic implants: a
6-48 months follow-up study. Clin Oral Implants Res.
2004;15(1):18-22.

Pineau M, Nicot R, Lauwers L, Ferri J, Raoul
G. Zygomatic implants in our daily practice. Part I:
treatment plan and surgical technique. Swiss Dent J.
2018;128(9):689-93.

Pineau M, Nicot R, Lauwers L, Ferri J, Raoul
G. Zygomatic implants in our daily practice. Part II:
prosthetic rehabilitation and effect on quality of life.
Swiss Dent J. 2018;128(9):694-700.

. Davé R, Malevez C, Lopez-Orellana C, Pastor-Bevia

F, Rojas J. Sinus reactions to immediately loaded
zygoma implants: a clinical and radiological study.
Eur J Oral Implantol. 2008;1(1):53-60.

Aratjo PP, Sousa SA, Diniz VB, Gomes PP, da Silva
JS, Germano AR. Evaluation of patients undergoing
placement of zygomatic implants using sinus slot
technique. Int J Implant Dent. 2016;2(1):2.

. Rinaldi M, Ganz SD. Computer-guided approach

for placement of zygomatic implants: novel proto-
col and surgical guide. Compend Contin Educ Dent.
2019;40(3):e1-4.

Wang CI, Cho SH, Cho D, Ducote C, Reddy LV,
Sinada N. A 3D-printed guide to assist in sinus slot
preparation for the optimization of zygomatic implant
axis trajectory. J Prosthodont. 2020;29(2):179-84.
Cao Z, Qin C, Fan S, Yu D, Wu Y, Qin J, et al. Pilot
study of a surgical robot system for zygomatic implant
placement. Med Eng Phys. 2020;75:72-8.
Aleksandrowicz P, Kusa-Podkanska M, Grabowska K,
Kotuta L, Szkatuta-Lupina A, Wysokinska-Miszczuk
J. Extra-sinus zygomatic implants to avoid chronic
sinusitis and prosthetic arch malposition: 12 years of
experience. J Oral Implantol. 2019;45(1):73-8.

Wang H, Hung K, Zhao K, Wang Y, Wang F, Wu
Y. Anatomical analysis of zygomatic bone in ectoder-
mal dysplasia patients with oligodontia. Clin Implant
Dent Relat Res. 2019;21(2):310-6.

Tran AQ, Reyes-Capd DP, Patel NA, Pasol J, Capd
H, Wester ST. Zygomatic dental implant induced
orbital fracture and inferior oblique trauma. Orbit.
2019;38(3):236-9.

Garcia Garcia B, Ruiz Masera JJ, Zafra Camacho
FM. Bilateral cutaneous fistula after the placement of
zygomatic implants. Int J Oral Maxillofac Implants.
2016;31(2):el1-4.



®

Check for
updates

Principles of Navigation

Luis Ley

4.1  Introduction

Surgeons need to know exactly where we are in
the course of a surgical act. This location is easy
in case of having clear anatomical references,
being more complicated in complex anatomical
areas, especially in cases in which surgery is per-
formed on a solid organ, where it is more diffi-
cult, if not impossible, to find obvious anatomical
references. This limitation is even more critical in
the case that all organ tissue is functionally effec-
tive, as in the case of the brain and that is why
neurosurgery has been a pioneer in the develop-
ment of surgical navigation systems that allow
neurosurgeons to know with high accuracy the
real-time location of the surgical action. This
development is carried out based on the advances
made in stereotaxy systems, which are designed
to create an exact coordinate system that allows
to locate with high precision any point within the
referenced system [1].

Classically, stereotactic systems required rigid
and bulky frames of reference attached to the
skull of the patient that, while offering extraordi-
nary accuracy, they limit both patient placement
and surgical work. The progressive technological
evolution led to the development of frameless
stereotactic systems with which a much greater
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freedom of work is achieved, as no rigid systems
or solid frames that could limit surgical mobility
or the patient’s position are needed.

Modern navigation systems allow preopera-
tive planning to be carried out, which can be also
extremely useful when creating 3D models that
allow a preoperative study of the case, as well as
the ability to create images and to upload them
into surgical vision systems in order to facilitate
the surgery: augmented reality by injection of
microscope images, surgical glasses,... [2-4]
(Fig. 4.1). The evolution of these systems has
expanded the scope of this technology beyond
the frontiers of neurosurgery, being currently of
common use in specialties such as Maxillofacial
Surgery (CMF), Orthopedics or Otolaryngology
(ENT), allowing not only to accurately locate the
limits of a tumor or to find a deep lesion but also
to program exact cutting areas. Moreover, use of
navigation systems can be combined with
“Computer Aided Design/Computer Aided
Manufacturing” (CAD/CAM) techniques in
order to transfer into the operative field previ-
ously designed customized 3D implants to repair
complex defects achieving an exact fit of the
implant in the intraoperative defect. Finally, these
systems allow comparing the postoperative
results with the preoperative studies in order to
check the results of the procedure in tumor
patients.

The purpose of this chapter is to review the
operational basis of these systems in order to
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Fig. 4.1 (a) Augmented reality: The objective focused
under the microscope is precisely located by the naviga-
tion system, showing its location on the preoperative mag-
netic resonance image. This image is injected on the

allow the surgeon to understand the procedure
and to choose the type of navigation depending
on the type of procedure and which one best suit
his needs.

4.2  History
The exact location of structures or objectives
within a solid organ is a challenge that neurosur-
gery has faced almost since its inception. The
first stereotactic guide dates from the early twen-
tieth century, developed by Sir Victor Horsley
and Robert Clarke [5]. Its functional limitations
were mainly due to the technological deficiencies
of the time, especially in matters of neuroimag-
ing. With the improvement of radiodiagnosis sys-
tems new developments appear, the best known,
by Leksell and Talairach [6-9]. These guidelines
were mainly intended to perform more or less
punctiform lesions in certain brain areas for the
treatment of psychiatric pathology (psychosur-
gery) and more frequently, movement disorders
(Parkinson’s disease, tremor, etc.) and their use
declined with the arrival of effective medical
treatments for these diseases [10, 11].
Stereotaxy allows the surgeon to locate a
structure inside the skull and guide him through
it, but it was necessary to do the opposite process,
that is: mark a point, a resection boundary or a

surgeon’s objective, allowing the surgeon greater preci-
sion and facilitating the surgical workflow. (b) Augmented
reality: The contour of the tumor is injected into the sur-
geon’s view

tumoral volume and the system shows us where
that point is exactly, this is image-guided surgery.
In the late twentieth century, there were numer-
ous advances in techniques that allowed the sur-
geon to accurately locate a structure inside the
skull. Initially, they started studying the perfor-
mances of ultrasonic location systems [12, 13]
and articulated arms that served as pointers to
locate the point we wanted inside the skull [14—
16] although the limitations of this type of tech-
nology based on mechanical systems were
quickly established, so the interest and research
moved the focus to systems based on magnetic
tracking [17] and optical tracking [18] of differ-
ent types of probes, avoiding systems based on
rigid structures that limit the functionality of the
navigation system (mechanical pointers).

One more step was the introduction on clinical
use of the Magnetic Resonance Imaging (MRI),
very useful for the study of the soft tissue, and the
possibility of fusing this MR images with com-
puter tomography imaging studies (CT), that
have lesser spatial deformities and offer better
resolution for bone and calcium structures. This
new capability improved the options of stereotac-
tic presurgical planification while, in parallel,
technological advances allow working with
three-dimensional structures based on these
imaging studies, thus improving the ability to
locate intracranial structures and the development
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of techniques that allowed volumetric resections
of intracranial structures and not simply to locate
a point in space [11, 19]. At the beginning of the
twenty-first century, these systems were general-
ized within neurosurgery and started to be devel-
oped in other specialties, such as ENT,
orthopedics, and CMF. The combination of the
use of navigation and CAD/CAM  three-
dimensional models allows the surgeon not only
to perform surgeries with topographic and spatial
accuracy but also to visualize the structures pre-
operatively, to perform virtual surgeries, calcu-
late resections, design prostheses in three
dimensions that will correct the defects caused
by surgery and finally including intraoperative
imaging techniques such as intraoperative CT, to
compare the surgical results with those expected
in preoperative planning.

4.3 Technology

Although, as mentioned in the historic review, at
first the technology used was based on mechani-
cal systems that calculated the position by chang-
ing the position of a rigid articulated lever system,
the development of systems based on optical
tracking and magnetic tracking avoids the need
for hardware that limit the freedom of movement
or position of the patient. Both optical and mag-
netic systems coincide in the creation of a virtual
space that includes the entire cranial volume.

In the case of optical tracking, the skull must
be fixed directly or indirectly to a reference visi-
ble by the cameras that will track. At the present
time a passive follow-up is used, which means
that the patient and the instruments that are going
to be tracked must have couplings that reflect the
light emitted by a distant emitter (generally
reflective spheres) that is collected by a specific
camera system (transmitter/receiver). The track-
ing is done by two fixed infrared light emitters
coupled with two fixed cameras. The infrared
light is reflected by the spheres fixed both in a
reference system and in the spheres fixed in the
instrument to be tracked. The cameras must “see”
both: the reference system and the instrument.
Spheres are used because they improve the reflec-

tion capacity from a wider range of angles. The
main advantage of this type of systems is that
there are no cables that hinder the surgical work
and the main limitation is that at all times there
must be a free line of sight between the light
emitter/receiver, the fixed references to the
patient and the probes and instruments that are
being used. Its accuracy and tracking speed is
greater than that achieved by magnetic systems
(Fig. 4.2).

The magnetic tracking system is based on the
creation of a magnetic field in which the cranial
volume is introduced. A device that creates a
magnetic field is placed near the head of the
patient (Fig. 4.3). The introduction of active
probes within this magnetic field causes changes
in it that are recognized by the system calculating
their position. This system presents as main limi-
tations that the probes or instruments must be
wired, since they are active. However, the mag-
netic systems are slightly less accurate and slower
than systems based on optical tracking and are
affected by the presence of ferromagnetic instru-
ments within the surgical field [20-22]. On the
other hand, magnetic tracking systems allow
malleable instruments to be used (Table 4.1).

Although nowadays it is advisable to have a
mixed system, adaptable to both types of moni-
toring, in general, optical systems are more used
in neurosurgery, where the surgical field remains
fixed, and magnetic systems are used with higher
frequency in ENT and CMF, where the surgical
field moves frequently. To allow mobility of the
skull, different devices have been developed in
both magnetic tracking and optical tracking sys-
tems, which are based on attaching the reference
directly on the patient’s skull, screwing it or
adhering it [23].

4.4 Indications

The main usefulness of these systems are the
planning and execution of personalized surger-
ies in complex cases in which it is important to
know the exact position of the surgeon in the
surgical field at any given time. Navigation-
assisted surgery is especially useful in complex
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Fig. 4.2 (a) In CMF surgery with optical tracking navi-
gation, the reference star is attached to the patient’s skull
in order to provide more freedom of movement. (b)
Optical tracking: This picture shows the “lines of view”
that cannot be interrupted during surgical navigation. The
emitter/receptor must be able to see at once the reference

-

star (yellow lines) and the pointer device (blue lines). It is
of the upmost importance to define before the start of the
surgical procedure the placement of the reference star and
the emitter/receptor in order to have a good surgical navi-
gation procedure

Fig. 4.3 (a) Magnetic tracking: This “pillow like” device is the emitter that creates the magnetic field. (b) Magnetic
tracking: The reference (arrow) is attached to the patient’s skull, either through an adhesive or through screws

Table 4.1 Pros and cons of optical and magnetic tracked systems

Optical tracked Magnetic tracked

PRO: higher accuracy

PRO: freedom of movement

PRO: faster tracking

PRO: malleable instruments available for navigation

PRO: wireless

CON: smaller referred surgical field

CON: line of sight

CON: sensitivity to ferromagnetic instruments
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anatomical regions such as the cranial and maxillo-
facial regions, being especially useful in cases of
loss of anatomical landmarks in those patients
who have undergone previous surgeries, in order
to avoid injury to critical anatomical structures,
or to remove accurately and completly a tumoral
lesion. Furthermore, navigation can also aid to
transfer to the surgical field the preoperative
planning of the tumor resection, thus contribut-
ing to the exact reconstruction in patients who
need the placement of a previously designed and
3D manufactured individualized prosthesis.

4.5 Workflow
The workflow with navigation systems is
(Fig. 4.4):

Preoperative planning: acquisition of images
and creation of three-dimensional models with
definition of the target structures of and the struc-
tures to be avoided and performance of a virtual
surgery in which both the placement of the patient
and the steps to be followed during the interven-
tion will be assessed, being possible to simulate
different approaches in order to avoid surround-
ing critical structures (Table 4.2).

At least one data set (from CT or from MRI)
must be acquired under a navigation protocol:

Image
adquisition

Segmentation
Design of 3D
model

Surgery

1. Must include the whole skull (including nose
and ears).

2. With no gap or 1 mm between slices.

No tilt allowed.

4. There are different protocols in different com-
mercial systems that must be known.

hed

CT images have better spatial accuracy, can
better define the bone tissue (more useful for
planning lines of resection) and are easier to

Table 4.2 Checklist

Preop:
Acquisition of images (CT and MRI).
Transfer images to planification station.
Anatomic segmentation:
Target: tumor, design of the line of cut, etc.
Other critical structures.
Creation of the 3D model.
Surgical simulation.
Intraop:
Placement of the reference system.
Placement of the emitter/register system.
Surface registration of the face/cranium of the patient.
Check accuracy.
Navigate.
Check accuracy.

Postop:
Acquire MRI/CT images.
Compare with preop sets of images.

Positioning
of the
patient

Registration

Fig. 4.4 (a) General workflow. (b) Intraoperative workflow in navigation
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obtain in clinical daily basis. It is common to use
a basic MRI data set not designed for navigation
together with a CT data set obtained under the
navigation protocol. These data set can be fused
and the model obtained will have a good spatial
accuracy (CT) and a good anatomic sensitivity
(MRI). If we select to use this strategy, we have
to use MR images in the three spatial planes.
Obviously, it is possible to use only MRI data
sets, only CT data sets or to combine MRI and
CT data sets.

Once the data set are transferred to the planifi-
cation system, the next steps are to:

1. Segment all the structures that we consider
critical (tumor, critical surrounding organs
like optical nerves, carotid artery, etc.).

2. Delineate lines of cut in order to plan a resec-
tion. This would contribute to design a
customized 3D prosthesis if necessary to
repair a postsurgical defect.

. Create a 3D model.

4. Simulate surgery (patient position, position of

the reference attached to the skull, approach,
location of surrounding critical structures, etc).

W

Performing surgery: A correct placement of
the reference system is crucial taking into account
the position of the patient, cameras, and emitter.
In case of optical tracked systems, it must be
placed in a location easily to be seen by the emit-
ter and out of the line of work of the scrub per-
sonnel. The operating room staff should be asked
not to obstruct the line of sight between the com-
ponents of the system. In case of magnetic
tracked system, any ferromagnetic instruments in
the surgical field (for example, any metallic
device for holding the head) or any instrument
that can cause interferences in the system such as
mobile phones must be avoided. It is important to
remark that the closer the reference with the tar-
get, the better accuracy, but the reference never
can be an obstacle during surgery (never can be
placed inside or very close to the surgical field in
order to avoid an accidental displacement).

Once secured the reference on the skull of the
patient (directly or indirectly), the next step is to
register the surface of the face and cranium of the

patient in order to create the navigational space.
This step is different in the different commercial
navigation systems but is crucial in order to avoid
mistakes during the procedure. Once the navigation
space has been created and before starting the surgi-
cal procedure, it is mandatory to check the precision
of the generated model by touching different visible
and recognizable points of the surgical field with the
probe. It is important to know that accuracy is not
constant into all the navigational space and it is not
infrequent to have a good superficial accuracy but
not a good accuracy in the deeper planes. In order to
avoid this problem, it is very useful to obtain the
more supetficial points as well to obtain points
close to the target but also at the contralateral side.

It is important to check the spatial accuracy of
the system regularly and periodically during the
intervention. In case of doubt, visible anatomical
references will always have a greater value than
the position given by the system. During the sur-
gical procedure, it is mandatory to continue
checking accuracy by touching the anatomical
landmarks. Beside the anatomical references,
artificial landmarks can be useful in cases in
which could be difficult to have an easily identifi-
able landmark. Simply some screws placed into
the surgical field and marked as references can
serve as artificial landmarks.

4.6 Postoperative

Postoperative comparison of preoperative and
postoperative images are very useful in oncologic
cases in order to check the extent of resection and
the effectiveness of postoperative therapies (radio-
and chemotherapy). Intraoperative imaging sys-
tems combined with the navigation system are
available and can contribute to the immediate
control of the results of the procedure.
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Computer-Assisted Surgery
and Intraoperative Navigation
in Acute Maxillofacial Trauma

Repair

Frank Wilde and Alexander Schramm

5.1 Introduction

Detailed knowledge of the anatomical structures
and their relationships are essential for surgical
reconstructions of the facial skeleton, because
functionally important structures are located in
very close proximity and biologically inadequate
reconstructions are inevitably leading to unsatis-
factory functional and/or cosmetic results [1].
For this reason, both the clinical evaluation of
patients and the imaging techniques that are used
for diagnosis and treatment planning must meet
the highest standards. Furthermore, however, the
surgical techniques and adjuncts such as naviga-
tion systems, intraoperative imaging, patient-
specific implants, and surgical guides that are
used in reconstructive procedures play an impor-
tant role in the outcome of reconstruction [2-5].
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5.2  The Algorithm of Computer-
Assisted Reconstruction

of the Facial Skeleton

In computer-assisted maxillofacial reconstruc-
tions, the algorithm >diagnosis — planning
and simulation — surgical procedure — vali-
dation and quality control< has been estab-
lished (Fig. 5.1).

Diagnosis
e Clinical findings
¢ 3D imaging

¥

Planning and simulation
e Virtual reconstruction
o Patient-specific 3D model
» Surgical guides
» Patient-specific implants

\

Surgical procedure
o Intraoperative navigation
o Surgical guides
o Patient-specific implants

\

Validation and quality control
 Intraoperative and postoperative 3D imaging
» Fusion of preoperative, intraoperative and

postoperative image data sets
o Fusion with preoperative planning and
simulation

Fig. 5.1 Algorithm of computer-assisted maxillofacial
reconstruction
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5.2.1 Diagnosis and Analysis

Diagnosis precedes the computer-assisted recon-
struction of the facial skeleton and is based on
clinical findings and 3D imaging since the use-
fulness of conventional two-dimensional radio-
graphs is considerably limited as a result of
superimposition [6-10]. With the exception of
panoramic radiographs, which provide a good
overview of major anatomical structures and are
therefore still useful, two-dimensional images of
the facial skeleton (images of the paranasal
sinuses, posterior-anterior or lateral images of the
skull, etc.) are no longer required.

Computed tomography (CT), magnetic reso-
nance imaging (MRI), and cone-beam computed
tomography (CBCT) are high-resolution imag-
ing modalities that provide three-dimensional
morphological information. Since the recon-
struction of the facial skeleton requires the visu-
alization of bone structures in great detail, CT
and CBCT are currently the only imaging
modalities that provide a resolution that is high
enough to meet the requirements of facial bone
reconstruction [9, 10]. MRI is particularly suit-
able for imaging soft tissues and is therefore use-
ful for detecting soft-tissue processes such as
soft-tissue tumors or soft-tissue inflammation
and for planning the surgical management of
these conditions [9, 10]. A comparison of CT
and CBCT reveals that both modalities provide
excellent resolution of bone structures and that
the effective radiation dose delivered to a patient
during a CT examination is generally higher
than that resulting from a CBCT scan [11-17].
In spite of this, CT must be regarded as the gold
standard for primary diagnosis preceding facial
skeleton and orbital reconstruction and should
be preferred to CBCT as the standard imaging
modality for the assessment of bone structures
since it not only provides excellent resolution of
bone structures but, unlike CBCT, also allows
soft-tissue structures to be evaluated, especially
with the use of contrast agent [9, 10]. This addi-
tional information is of decisive importance
especially in the diagnosis of facial fractures
since it provides a basis for assessing concomi-
tant injuries to soft-tissue structures such as the

globe or the muscles of the eye and the optic
nerve. Retrobulbar hemorrhage too can usually
not be identified by CBCT alone [18].

Computed tomography is the gold stan-
dard for the assessment and planning of
maxillofacial reconstructions.

As a rule, not only axial but also coronal and
sagittal reconstructions should be generated in
order to obtain multiplanar views [10, 19]. Data
sets should be reconstructed with a slice thick-
ness not exceeding 2 mm. Nevertheless, a slice
thickness of 1 mm or less is recommended since
important details may otherwise be visualized
with insufficient resolution and accuracy may be
compromised by the segmentation of virtually
generated three-dimensional objects (orbit, zygo-
matic bone, mandible, etc.) and the interpolation
of slices [4, 10, 20]. This can in particular
adversely affect the accuracy of fit of patient-
specific implants and guides and can thus have
negative effects on the entire reconstruction.

5.2.2 Planning and Simulation

Virtual computer-assisted planning and simula-
tion of a maxillofacial reconstruction is per-
formed on the basis of preoperative 3D data sets
in order to increase the predictability of the
desired outcome and the safety of the surgical
procedure. Reconstruction is planned using
appropriate planning software that allows any
number and many different types of simulations
to be performed without a loss of information and
allows two-dimensional and three-dimensional
images to be displayed in any plane [1, 3-5].
Different data sets can be combined by semi-
automatic fusion and can then be used for a pre-
cise preoperative analysis of images from
different imaging modalities and for reliable
intraoperative and postoperative quality control
[2, 4, 19, 21]. The objective of surgical planning
is to create a virtual model that matches the
desired outcome of surgery [1, 2, 19, 21-24].
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Planning software that has been developed for
this purpose allows for threshold-based segmen-
tation and/or even atlas-based automatic segmen-
tation during the process of creating such a virtual
model [2, 21, 25]. In addition, it should enable
users to mirror parts of a data set and to freely
move, rotate, and modify the generated virtual
models in a rapid and easy way [2—4, 19-21, 26].

In the future, atlas-based automatic molding
and deformation will more and more replace
the procedures like mirroring, rotation, and
manual deformation of virtual objects and will
lead to more precise and especially quicker
planning procedures.

During computer-assisted planning and
simulation, a virtual 3D model of the
desired result is created.

STL (“Standard Tessellation Language” or
“Standard Triangle Language”) data sets of three-

Fig. 5.2 Patient-specific implants for the reconstruction
of the facial skeleton. (a) Virtual reconstructed and
3D-printed patient-specific model of the skull with manu-
ally pre-bended titanium meshes for a secondary recon-

dimensional bodies (titanium mesh structures,
dental implants, etc.) can be imported into plan-
ning software so that standard implants, anatomi-
cally preformed implants, and patient-specific
implants can be virtually positioned in the patient
data set preoperatively and their shape, size, and
fit can be assessed [2, 4, 21, 27].

STL data sets can be exported so that virtually
generated models or reconstructions can be pro-
duced by a 3D printer and thus allow patient-
specific models to be manufactured. Such models
can be used to adapt and preoperatively bend
patient-specific titanium implants such as tita-
nium mesh for midface reconstruction (Fig. 5.2a)
[1-4, 20, 28, 29].

The next step on the ladder of computer-
assisted maxillofacial reconstruction is to process
virtual reconstruction STL data sets using
computer-aided design (CAD) software for plan-
ning patient-specific implants and to directly pro-
duce these implants using computer-aided
manufacturing (CAM) techniques, e.g., selective
laser melting (Fig. 5.2b).

struction of the facial skeleton. (b) Via selective laser
melting (SLM) manufactured patient-specific CAD/
CAM-titanium-implant for the reconstruction of the fron-
tal bone and the right orbit
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5.2.3 Surgery

During the surgical procedure, surgeons have the
difficult task of transferring the result of virtual
computer-assisted planning to the surgical site as
accurately as possible. For this purpose, they can
use or combine a variety of different methods and
devices, depending on the complexity of the task.

5.2.3.1 Intraoperative Navigation
Nowadays, intraoperative navigation with mod-
ern infrared-based navigation systems is an inte-
gral part of computer-assisted maxillofacial
reconstruction (Fig. 5.3) [1, 19, 27, 30-37]. At
the beginning of the surgical procedure, the
patient on the operating table must be “fused”
with the image data set that is displayed on the
screen. This process is known as referencing and
is based on reference points that must be clearly
identifiable and reproducible both on the patient
and in the image data set.

Furthermore, the patient’s position must be
permanently registered since patient movements
during surgery cannot be prevented or may even

Fig. 5.3 Intraoperative setup of an indirect navigation
system (a = camera with integrated LEDs, b = screen,
* = pointer with two reflective spheres, + = reference array
with three reflective spheres attached to the calvaria). The
yellow lines represent the light waves that are emitted by
the camera system and reflected back to the camera sys-
tem by the reflective spheres of the referencing system
(patient tracking). The red lines represent the light waves
that are emitted by the camera system and reflected back
to the camera system by the reflective spheres of the
pointer (instrument tracking)

be necessary during the procedure. This is best
accomplished by using a reference array that is
attached to the patient’s head and allows the navi-
gation system to register all patient movements
without limiting head mobility [1, 4, 19].

Once the technical requirements are met, the
position of the pointer or tip of the pointer can be
visualized in the data set on the screen of the nav-
igation system. This enables surgeons to verify
the realignment of bone fragments and the posi-
tion and fit of inserted implants during surgery
and to make any necessary changes without
patient exposure to ionizing radiation. In this pro-
cess, the virtual reconstruction that has been
made during the planning phase serves as an
intraoperative template that helps surgeons align
bone fragments and/or place implants [1, 2, 19,
22, 23].

5.2.3.2 Patient-Specific Surgical
Implants

Patient-specific CAD/CAM-fabricated implants
are increasingly used for midface and orbital
reconstructions [38]. Apart from polyether ether
ketone (PEEK) and ceramics, which are particu-
larly suitable for reconstructing calvarial defects,
titanium mesh structures or patient-specific tita-
nium plates are recommended for maxillofacial
reconstructions. Selective laser melting (SLM) of
titanium powder allows high-precision titanium
mesh structures of any complexity and geometry
to be manufactured [39, 40]. These implants are
superior to conventional implants in particular
for complex reconstructions and/or secondary
reconstructions.

In the beginning, such implants were only
available for secondary reconstructions due to
long production times and logistics. However,
since it is now possible to obtain such patient-
specific implants within five working days from
planning to delivery, it has also become possible
to use such implants more and more for primary
reconstructions.

Accurate positioning of patient-specific
implants at the surgical site in accordance with
preoperative planning is achieved either by an
exact fit (Fig. 5.2b), which allows the placement
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of an implant in only one possible position, or by
the use of surgical guides. In addition, intraopera-
tive navigation can be used to position these
implants.

Navigation and/or  patient-specific
guides and implants are used to transfer
preoperative planning and simulation to the
surgical field.

5.2.4 Validation and Quality
Control

5.2.4.1 Intraoperative imaging

Following the completion of a reconstruction
procedure, surgical outcome should be validated
in three dimensions. If possible, such a validation
should be performed during the surgical proce-
dure immediately after reconstruction.

This allows necessary modifications such as
incorrect positions of bone fragments and
implants to be made during the surgical proce-
dure [2, 4, 8, 41-44].

Intraoperative imaging for facial skeleton
reconstruction must meet a number of special
requirements [4]:

e Sufficient resolution, especially for imaging
the thin bone structures of the midface and
orbits and the inserted implants

e Rapid availability in the operating room

e Short scan time

e Fast and safe use by surgeons and assistant
personnel

e Multiplanar imaging (in the axial, coronal,
and sagittal planes)

e Export of Digital Imaging and Communica-
tions in Medicine (DICOM) data for the
fusion of intraoperative images with preop-
erative images or preoperative planning

e Data storage on the Picture Archiving and
Communication System (PACS) of the medi-

Fig. 5.4 Mobile 3D C-arm device for intraoperative
imaging in action. Ziehm® Vario (FD) 3D with a flat panel
detector

cal facility for meeting the requirement of
archiving intraoperative image data sets

Cone-beam computed tomography (CBCT)
offers a number of advantages that make this
modality superior to others in meeting the afore-
mentioned requirements. CBCT systems are
available as mobile, ceiling-suspended or floor-
mounted 3D C-arm systems for use in the operat-
ing room [4, 45] or as small compact CBCT
systems for intraoperative use (Fig. 5.4).

The systems produce image series for multi-
planar imaging in the axial, coronal, and sagittal
planes and thus allow hard tissues to be imaged
during surgery. Soft tissues, however, cannot be
assessed. The applied radiation dose is lower than
that from a comparable conventional CT scan of
the facial skeleton, but depends on the system
used, and in particular on tube output, image rep-
etition rate, and exposure time.

Mobile CBCT systems can be recom-
mended for intraoperative imaging. This
allows visualization of the reduction
already during the procedure. This enables
minimally invasive access and prevents
revision surgery.
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The images that are produced by these systems
are of such quality that additional postoperative
imaging is usually not required anymore [8].
The use of a mobile 3D CBCT device can thus
be regarded as the current standard intraopera-
tive imaging modality in maxillofacial recon-
struction [4].

5.2.4.2 Postoperative Imaging

Whereas intraoperative imaging with a 3D CBCT
device makes postoperative imaging after maxil-
lofacial reconstruction unnecessary in many
cases, postoperative 3D imaging in addition to
intraoperative imaging may still be required
especially after panfacial and complex recon-
structions of the facial skeleton.

In these cases, CBCT may theoretically be
preferred to CT because it is associated with a
lower effective radiation dose. Clinically, how-
ever, care must be taken to ensure that the field of
view of the CBCT system is large enough to pro-
vide the necessary information. Since postopera-
tive images of both bone and soft tissues may be
required, a suitable imaging modality must be
chosen after surgery. This applies, for example,
to entrapped muscle tissue after orbital wall
reconstruction and to the presence of intracere-
bral free air after a surgical procedure that
involves the posterior wall of the frontal sinus or
the region of the skull base. Despite a higher radi-
ation dose, CT should therefore be preferred to
CBCT in complex cases.

* Quality control requires postoperative
3D imaging.

* Mobile CBCT systems offer a number
of advantages and can be recommended,
therefore, for intraoperative imaging.

5.2.4.3 Image Fusion and Outcome
Evaluation

The purpose of intraoperative and postoperative

3D imaging is not only to perform a surgical pro-

cedure under radiological control but also to pro-

vide data sets for computer-assisted fusion with

F. Wilde and A. Schramm

preoperative image data sets and especially with
preoperative computer planning. Image fusion
allows differences between preoperative plan-
ning and surgical outcome to be visualized and, if
required, to be quantitatively evaluated within the
scope of quality assurance.

5.3  Examples of Computer-
Assisted Surgery in Acute
Maxillofacial Trauma Repair

5.3.1 Isolated Fractures of the

Zygomatic Arch (Fig. 5.5)

Computer-assisted surgery with intraoperative
imaging allows surgeons to increasingly use or to
revive the use of minimally invasive techniques
without decreasing the predictability of the out-
come of reduction procedures. This, for example,
applies to the closed reduction of zygomatic arch
fractures. Immediately after the surgical inter-
vention, reduction is verified using a 3D C-arm in
the operating room. If necessary, reduction can
be directly corrected and unstable fractures can
be managed by open reduction and internal
fixation.

5.3.2 Fractures of the Zygomatico-
orbital Complex (Fig. 5.6)

Fractures of the zygomatico-orbital complex are
associated not only with zygomatic bone frac-
tures but often also with displaced fractures in the
region of the orbital floor. In such cases, the ques-
tion is what degree of orbital floor displacement
requires surgical reconstruction in addition to a
reduction of the zygomatic bone fracture.
Surgical reconstruction involves an intraorbital
procedure with increased morbidity. For this rea-
son, a surgical reconstruction of the orbital floor
should only be performed if absolutely necessary.
Since the zygomatic bone forms part of the
orbital floor, a reduction of the zygomatic bone—
including a closed reduction of the orbital floor—
is sufficient in many cases. After zygomatic bone
reduction and especially after a closed reduction,
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Fig.5.5 Axial view (a) and 3D bottom view (b) of a pre-
operative CT scan with isolated zygomatic arch fracture.
Axial view (c¢) and 3D bottom view (d) of an intraopera-

it is still unclear during surgery whether zygo-
matic bone reduction has also resulted in a suffi-
cient reduction of the orbital floor or whether
additional orbital reconstruction is required.
Intraoperative 3D imaging allows surgeons to
rapidly assess the condition of the orbit and to
avoid unnecessary explorations and orbital recon-
structions [8].

5.3.3 Orbital Wall Fractures (Figs. 5.7
and 5.8)

Especially orbital wall fractures with involve-
ment of the junction between the posterior orbital

tive 3D C-arm scan after closed reduction of the zygo-
matic arch fracture

floor and the medial orbital wall and blow-out
fractures of the orbital wall are associated with an
increased risk of malposition of reconstruction
material [1, 2]. The first step in the management
of complex orbital wall fractures is virtual recon-
struction by automatic segmentation of the CT
data set into anatomical and surgical structures.
Before surgery, a virtual template for reconstruc-
tion can be created either by mirroring the unaf-
fected side in the case of unilateral fractures or by
using free-form segments in the case of bilateral
fractures with subsequent alignment of segmen-
tation. Anatomically preformed titanium implants
or patient-specific titanium implants, e.g., manu-
factured by selective laser melting can be virtually
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(T Axial)
Sagittal Custom View.
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Sagittal Custom View

Fig. 5.6 Fusion of preoperative CT scans and intraopera-
tive 3D C-arm images after the reduction of a zygomatico-
orbital complex fracture. (a, b) Preoperative CT scans of a
displaced fracture of the orbital floor (white arrows). (¢, d)
Intraoperative images after zygomatic bone reduction and

placed before surgery in order to assess the accu-
racy of fit. A navigation system can then be used
to verify the alignment of bone fragments after
reduction and the position and shape of the
inserted implants. The tip of the pointer is placed
on the implant or bone and the position of the
pointer tip shows the current position of the
structure of interest. This enables surgeons to
verify reduction as well as the position and accu-
racy of fit of implants and to make any necessary

Main Image|Set

2 (XT; Axial)
Coronal Custorn View

fixation on the zygomatico-alveolar crest (black arrow).
The images show an anatomically correct position of the
orbital floor (white arrows). There is no need for open
exploration and further management of the orbital floor

corrections. Intraoperative 3D imaging is then
performed as a final assessment of the procedure.
Details of radiological images are sufficient to
allow reconstruction results to be accurately vali-
dated on the basis of intraoperative data sets that
are fused with preoperative data sets and simula-
tions. Whereas previously orbital floor and
medial orbital wall reconstructions required a
coronal incision, the combined use of patient-
specific or anatomically preformed implants,
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Fig.5.7 Computer-assisted primary reconstruction of the
left orbit using an anatomically preformed implant. (a)
Multiplanar view of the virtual planning and creation of a
template for orbital wall reconstruction by means of auto-
matic segmentation of the unaffected right orbit using
iPlan CMF 3.0 (BrainLAB®) (green contour lines). (b)
Multiplanar view of the virtual reconstruction of the left
orbit by means of mirroring the segmentation of the unaf-
fected side (green contour lines) and virtual placement of
an anatomically preformed orbital implant (red contour
lines). The virtual placement of the anatomically pre-
formed titanium implant allows surgeons to verify the size
and accuracy of fit of the orbital implant. During surgery,
implant placement (red contour lines) is performed
according to the virtual reconstruction of the orbit (green
contour lines) or the virtual placement of the implant. (c)
Multiplanar view of the navigation-assisted placement of

an anatomically preformed orbital implant (c: top left)
(DePuySynthes®). The green contour line shows the vir-
tual reconstruction of the orbit (analogous to the green
contour line in b, d). During the surgical procedure, the
red contour line displays the surface of the orbital implant
inserted on the basis of implant surface data provided by
the navigation tool. The orange contour line shows the vir-
tually planned orbital implant on the screen of the naviga-
tion system (analogous to the red contour line in b, d). (d)
Multiplanar view of intraoperative 3D imaging with
superimposition of virtual planning. The green contour
line represents the virtual reconstruction (analogous to b,
c¢) and the red contour line shows the virtually placed
orbital implant (analogous to b). The image shows good
fit of the radio-opaque implant in accordance with virtual
planning
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Fig. 5.8 Computer-assisted reconstruction of the left orbit with a patient-specific implant manufactured by selective
laser melting (KLS Martin®). (a) Multiplanar view of an orbital wall fracture of left orbit with an enlargement of orbital
volume resulting in an enophthalmos and diplopia. (b) Virtual planning and creation of a template for orbital wall recon-
struction of the left orbit (green contour lines) by means of automatic segmentation and mirroring of the unaffected right
orbit (red contour lines) using iPlan CMF 3.0 (BrainLAB®). Top left: Determination of the size of the patient-specific
implant (yellow dots). (¢) Computer-aided design of the patient-specific implant. The implant corresponds to the
implant that is virtually placed as an STL data set in d. (d) Multiplanar view of the virtual reconstruction with a virtually
placed patient-specific implant that was imported into the left orbit as an STL data set after industrial planning (green
contour line). Virtual implant placement allows the accuracy of fit to be verified before the implant is manufactured. (e)
Multiplanar view of the navigation-assisted placement of the orbital implant. The green contour line shows the virtual
reconstruction of the orbit (analogous to the green contour line in b and the red contour line d). During the surgical
procedure, the purple contour line displays the surface of the orbital implant inserted on the basis of implant surface data
provided by the navigation tool. The orange contour line shows the virtually planned orbital implant on the screen of the
navigation system (analogous to the green contour line in d). (f) Multiplanar view of intraoperative 3D imaging with
superimposition of virtual planning. The green contour line shows the virtual reconstruction (analogous to b, d, and e).
The image shows good fit of the radio-opaque implant in accordance with virtual planning (red contour line analogous

to the green contour line in d)

intraoperative navigation and intraoperative imag-
ing now enables surgeons to perform even exten-
sive reconstructions of the orbital floor and medial
orbital wall via a transconjunctival approach and
thus to avoid visible scars [2, 4, 21].

5.3.4 Complex Midface Fractures
(Fig. 5.9)

In complex midfacial fractures, the treatment fol-
lows the described algorithm of computer-
assisted surgery as well. After data acquisition
using computer tomography, virtual 3D planning
is also carried out here with the creation of a vir-
tual model of the reconstruction as described
above. In the case of acute trauma repair, the
reconstruction result is then checked using intra-
operative navigation and/or intraoperative 3D
imaging. Immediate image fusion between pre-
operative virtual plan and intraoperative 3D data-
set facilitates intraoperative control of the
achieved result and, if necessary, immediate
correction.

5.3.5 Fractures of the Mandible:
Condyle Fracture (Fig. 5.10)

Currently the use of navigation in the treatment
of fractures of the mandible is limited because of

the mobility of this area. Intraoperative imaging
can be a valuable tool in order to check the result
of the treatment especially in fractures of the con-
dyle. The treatment of mandibular condyle frac-
tures is a challenge for the surgeon in the large
number of cases. Due to the intraoperatively lim-
ited view of the reduction result, independent of
the surgical approach (extraoral or intraoral),
malpositions of the condyle cannot always be
excluded intraoperatively. For this reason, intra-
operative imaging with a mobile 3D C-arm
device can be recommended to avoid malposi-
tioning. This allows the intraoperative radiologic
control and documentation of the reduced frac-
ture and of the position of the plates in a multipla-
nar view and enables an immediate intraoperative
correction when the result of the procedure is not
satisfactory. This reduces the risk for revision
surgeries considerably [2, 4].

54 Summary

As aresult of advances in 3D imaging, 3D print-
ing, intraoperative visualization, and intraopera-
tive navigation at the end of the last century and
further improvements in these techniques in
recent years, computer-assisted reconstruction of
the facial skeleton has become an integral part of
oral and maxillofacial surgery. In recent years, an
algorithm has been established which involves
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Fig. 5.9 Computer-assisted reconstruction of lateral complex midface fracture. (a) 3D reconstruction of the preopera-
tive CT scan showing the dislocated right lateral midface. (b, ¢) Multiplanar views of the virtual planning and creation
of a virtual model of the desired reconstruction result by means of automatic segmentation and mirroring of (b) the
unaffected left site (green, red, orange contour lines) to the (c¢) affected right site (purple and orange contour lines) by
using iPlan CMF 3.0 (BrainLAB®). (d) Intraoperative comparison of the preoperative (left) and intraoperative (right)
findings after the scan with a 3D C-arm device and fusion with the virtual planning (purple contour lines). (e) 3D recon-

struction of the postoperative CT scan

M3 (XT; Axial)
Sagittal Custom View

#3 (XT; Axia
Ceronal Custom Vie

Fig.5.10 Multiplanar view of intraoperative imaging with a 3D C-arm device (Ziehm, Erlangen, Germany) after endo-
scopic assisted open reduction and internal fixation of a bilateral condyle fracture via an intraoral approach

the following steps: >diagnosis — planning and
simulation — surgical procedure — validation
and quality control<.

The focus of diagnosis is on 3D imaging espe-
cially on computed tomography and clinical
findings. Planning and simulation involve the
creation of a virtual model of the desired surgical
outcome. Apart from the fusion of different data
sets, planning software allows the virtual models
to be segmented in a user-friendly manner and to
be manipulated (e.g., to be mirrored, shifted,
rotated, and modified) in an easy way. In addi-
tion, surface tessellation language (STL) data
sets can be imported and exported. When STL
data sets are imported, the accuracy of implant fit

can be virtually verified before surgery. When
STL data sets are exported, patient-specific 3D
models and virtual reconstructions can be directly
printed and can be used for manufacturing patient-
specific implants. STL data sets that are imported
into computer-aided design (CAD) software are
helpful in planning patient-specific implants and
in manufacturing them using computer-aided
manufacturing (CAM) techniques. During the
surgical procedure, planning must be transferred
to the surgical site as accurately as possible. A
number of techniques are available for this pur-
pose, e.g., closed reduction, open reduction with
the placement of anatomically preformed or
patient-specific implants in combination with
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surgical guides, and the additional use of naviga-
tion and intraoperative imaging. After recon-
structions, three-dimensional imaging should be
performed even before surgery is completed.
Malpositions can thus be directly corrected and
unnecessary open reconstructions or explora-
tions—for example of the orbital walls—can be
avoided. Mobile 3D C-arms are particularly use-
ful for intraoperative 3D imaging. Validation and
quality control require postprocedural 3D imag-
ing. Whereas intraoperative imaging with a 3D
C-arm makes postoperative imaging after mid-
face reconstruction unnecessary in many cases,
postoperative 3D imaging in addition to intraop-
erative imaging may still be required after com-
plex reconstructions of the facial skeleton and
mandible.
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Secondary Post-traumatic Orbital

Reconstruction

Joseph Lopez, Shannath L. Merbs,

and Michael P. Grant

6.1 Introduction

Diplopia, dystopia, and enophthalmos are com-
plications that can persist after primary orbital
traumatic reconstruction [1, 2]. Unfortunately,
these complications can lead to unsatisfactory
functional and aesthetic outcomes. Recent stud-
ies suggest that approximately 13-37% of
patients have persistent diplopia after primary
orbital fracture repair [3, 4]. Similarly, clinically
significant enophthalmos has been found to per-
sist in 27% of patients [5]. These complications
can also be induced after repair of orbital frac-
tures. A recent well-designed study by Ramphul
et al. found that diplopia can be induced in 10%
of patients after primary orbital fracture repair
[6]. Many factors have been reported to contrib-
ute to post-operative complications after primary
orbital repair including delayed surgical repair,
poor or inaccurate fracture repair, fracture type
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(i.e., fracture compromising the inferonasal bony
strut), extraocular muscle damage, orbital con-
tent adherence issues (e.g., inferior oblique mus-
cle adherence syndrome, peri-muscular scarring),
or patient age [7-9]. Addressing some of these
factors with secondary orbital reconstruction can
be quite challenging. In fact, a comprehensive
clinical and radiologic evaluation is critical to
determine which of these factors can be addressed
with secondary orbital reconstruction, and there-
fore improve on primary orbital fracture repair
results.

6.2 Anatomy

A thorough understanding of orbital anatomy is
critical to properly manage complications sec-
ondary to inaccurate orbital fracture repair.
Additionally, a complete understanding of the
ocular motility muscles and nerves is necessary
to determine the etiology of complications after
primary orbital fracture repair.

The orbit is composed of seven bones: frontal,
maxillary, zygoma, sphenoid, ethmoid, palatine,
and lacrimal; it’s shaped like a four-sided pyra-
mid which is approximately 30 mL in volume
and 35-40 mm in length (Fig. 6.1). The orbit is
composed of orbital buttresses (“pillars”) often
used as reference points for orbital reconstruc-
tion. The medial transition zone, or also known as
the inferonasal bony strut, has previously been
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Fig.6.1 (a) Illustration representation of the orbital cone volume; (b) thin-cut coronal CT demonstrating a right orbital
floor with herniation of orbital content including the inferior rectus muscle

reported to be of anatomical significance since
when this buttress is missing, one loses a critical
anatomical reference point necessary for optimal
implant placement in combined medial and
orbital floor fractures [10]. When this buttress is
fractured and not adequately repaired, unstable
reconstruction of this area can lead to undesirable
secondary changes such as dystopia, enophthal-
mos, or diplopia [11].

The orbit also includes seven muscles respon-
sible for extraocular movements. The annulus of
zin serves as the origin of four of these extraocu-
lar muscles (inferior rectus, medial rectus, lateral
rectus, and superior rectus), forming a tendinous
ring on the anterior end of the optic canal and
middle third of the superior orbital fissure. The
three other extraocular muscles (inferior oblique,
levator palpebrae, and superior oblique) originate
on the maxillary bone (just lateral to the nasolac-
rimal duct), lesser wing of sphenoid, and greater
wing of sphenoid, respectively. Although all
seven extraocular muscles can be damaged with
trauma or during primary surgical repair, three
muscles are more commonly encountered during
surgical access: the lower rectus, inferior oblique,
and superior oblique muscles. The lower rectus
muscle runs along the orbital floor and attaches
6.5 mm inferior to the limbus, making it prone to
entrapment. Therefore, an evaluation of the infe-

rior rectus muscle is critically important with
computer tomography (CT) to assess for injury
and preserve its function after orbital trauma. The
inferior oblique muscle is commonly encoun-
tered during the dissection of combined medial
and orbital floor fracture repairs [12]. Damage to
this muscle can also lead to lasting orbital com-
plications. Lastly, the superior oblique is often
encountered during the dissection and repair of
orbital roof fractures since it loops through the
pulley-like structure (trochlea) on the medial
orbital roof.

Cranial nerve III (oculomotor), IV (trochlear),
VI (abducens) are the ocular motor nerves that
innervate these extraocular muscles. Therefore,
injury to these ocular motor nerves can impact
orbital fracture repair outcomes as well. Although
there is a paucity of data on the rate of ocular
motor nerve injuries after orbital or maxillofacial
trauma, studies in the neurosurgery literature
have shown that head trauma can cause clinically
significant injury to these cranial nerves [13, 14].
The abducens nerve is reported to be the most
commonly injured ocular motor nerve after head
trauma; it innervates the lateral rectus muscle.
The trochlear nerve innervates the superior
oblique muscle and head trauma has been shown
to be the most common cause of trochlear nerve
palsy [15]. The rest of the rectus muscles are
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innervated by the oculomotor nerve. Fortunately,
isolated traumatic palsy to the oculomotor nerve
from head trauma is very rare but more studies
are necessary to determine its vulnerability to
injury during orbital trauma or orbital fracture
repair [16].

6.3  Goals of Secondary

Reconstruction

The goals of secondary reconstruction are similar
to those of primary repair:

1. Reposition herniated orbital contents (i.e.,
free incarcerated peri-muscle tissue).
2. Restore the premorbid orbital volume.

Placement of orbital implants in the incor-
rect position after inadequate dissection can
lead to the incarceration or herniation of orbital
contents outside of the orbital margins.
Therefore, atrophy, contraction, and secondary
undesirable clinical outcomes like diplopia can
result from mal-reduction or incorrect place-
ment of orbital implants. Therefore, performing
a thorough clinical evaluation and radiologic
assessment to address any issues with orbital
implant positioning is important to determine
whether secondary orbital fracture correction
will improve patient symptoms. Additionally, a
formal clinical and radiological evaluation of
post-repair orbital volume is critical to deter-
mine whether secondary orbital implant reposi-
tioning can adequately restore the premorbid
orbital volume.

6.4  Clinical Evaluation

A comprehensive patient history and physical
examination should be performed in all patients
presenting for secondary orbital reconstruction.
A detailed history regarding the original trauma
event, prior reconstructive procedures (especially
those involving the orbit), and a timeline of pre-

sentation and symptoms is important. In fact,
operative reports containing prior surgical
approaches, incisions, and implant type are
important to device a sophisticated treatment
plan. A complete understanding of the symptom-
atology timeline may lend clues to the etiology.
For example, new onset symptoms of diplopia
that have worsened since primary repair suggests
arestrictive etiology while diplopia that is slowly
improving over time suggests a neurogenic
etiology.

In contrast to patients who are evaluated for
primary orbital repairs, secondary orbital repair
patients warrant a complete eye examination. A
strabismus evaluation by an extraocular muscle
specialist should be performed. Such an evalua-
tion can help differentiate between restrictive and
neurogenic symptoms, since a paralytic etiology
is unlikely to improve with secondary orbital
reconstruction (Fig. 6.2). In addition, an accurate
exophthalmometer should be used to measure
globe position relative to the lateral orbital rim to
rule out hypoglobus or abnormal orbital volume.

6.5 Radiologic Evaluation

No secondary reconstruction should be per-
formed without a recent, up-to-date, computed
tomography (CT) scan. Like acute trauma evalu-
ations, thin-cut CT imaging is the gold standard
to evaluate the bony anatomy of the orbit. If
there are contraindications to CT imaging, mag-
netic resonance imaging (MRI) can be utilized
[17]. Recent imaging should be compared to
prior studies with a focus on identifying poten-
tial abnormalities that are amenable to secondary
correction (e.g., poor anatomical reduction,
improper implant positioning) (Fig. 6.3). A focus
on orbital volume assessment, comparing it to
the injured side, if possible, is important. Lastly,
one should also focus on evaluating orbital
implant displacement or impingement in both
soft tissue and bone windows, to look for hernia-
tion of orbital contents or peri-muscular implant
impingement.
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Fig. 6.2 (a) 54F who presents after a 2-month history of diplopia with downgaze. (b) Strabismus testing revealed
restricted inferior rectus muscle. After removal of implant, diplopia resolved

6.6 Indication and Timing

for Secondary Orbital Repair

Secondary surgical correction should be per-
formed in patients with:

(a) Restrictive diplopia secondary to extraocular
muscle impingement, enophthalmos second-
ary to orbital content herniation, or implant
displacement or malposition. As described
previously, neurogenic diplopia should be
ruled out prior to secondary orbital surgery.

(b) Persistent symptoms of diplopia, enophthal-
mos, or dystopia attributable to an anatomi-
cally and surgically correctable defect. Most
maxillofacial surgeons consider 2 mm or
greater of enophthalmos as an indication for
surgery [18].

Timing of secondary orbital repair should be
thoroughly planned before embarking on revi-
sion surgery. Although delaying non-urgent,
elective surgery for months can allow the perior-

bital soft tissue to heal and symptoms to stabilize,
waiting too long after initial repair can result in
significant bony or soft tissue remodeling (i.e.,
scarring) that can make revision surgery quite
complicated. Therefore, most maxillofacial sur-
geons would agree that waiting 3—6 months after
initial repair provides an adequate amount of
time for symptoms to improve and not compro-
mise secondary orbital surgery complexity [19].
However, acute symptoms suggestive of nerve or
rectus muscle impingement (in addition to stan-
dard indications for acute repair of optic nerve
impingement or orbital compartment syndrome)
warrant more immediate intervention.

6.7  Surgical Approach

Standard surgical approaches used in primary
orbital repair (transconjunctival, subciliary, or
transcutaneous) apply for secondary orbital
repair. Although scarring and abnormal anatomy
may make revision surgery more challenging, the
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Fig.6.3 (a,b) Young gentleman who presented 3 months ~ scan showing improper implant position; (f, g) post-
following an orbito-zygomatico-maxillary complex operative result showing resolution of enophthalmos; (h—j)
(OZMC) repair complaining of diplopia with symptoms  axial and sagittal CT showing use of patient-specific
of enophthalmos on exam; (c—e) axial and sagittal CT  implant with good position
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surgical approach may be chosen independently
of that used in primary repair. Surgeon-preference
is critical to the success of any operation, but the
maxillofacial surgeon should attempt to tailor the
approach to specific pre-operative diagnoses and
symptom etiologies. All prior implants should be
removed and, ideally, replaced with pre-planned,
pre-bent, or customized implants (more details
below).

6.8  Surgical Technique:
Computer-Assisted Surgical

Planning

Recent studies and anecdotal evidence suggest
that computer-assisted surgical (CAS) planning
is essential for accurate and sophisticated sec-
ondary orbital reconstruction (Fig. 6.4) [20]. In
order to perform CAS planning, updated orbital
CT data is needed, in addition to proprietary
software that can mirror the intricate orbital
wall anatomy of the uninjured side onto the
symptomatic orbit. Using this data, one can pre-
bend implants to desired custom shapes or
design customized patient-specific implants. As
a result of the “customization” of the CAS plan-
ning process, accurate bony reconstruction is
more common, reducing the need for bony revi-
sion surgery [21].

The utility of patient-specific implants in
orbital reconstruction has dramatically increased
recently, and its utility in secondary orbital repair
is instrumental in achieving good outcomes.
Because revision surgery is greatly complicated
by prior surgical attempts and the delayed time-
frame, accurately restoring the bony orbital anat-
omy is necessary to achieve good results.
Additionally, the non-urgent nature of secondary
orbital reconstruction affords the time to design
such implants. In fact, all secondary orbital
reconstructions at our institution are now exclu-
sively performed with patient-specific implants.
This technology has revolutionized a complex
problem, now facilitating favorable results [22].

6.9 Surgical Technique:

Intraoperative Navigation

Intraoperative navigation has only until recently
been introduced, and it has already proven to be
an invaluable resource for correction of secondary
orbital abnormalities [23-27]. As previously dis-
cussed, accurate restoration of the orbital anatomy
is critical for the success of secondary orbital
repairs. However, abnormal bony anatomy, peri-
orbital soft tissue scarring, and the presence of
likely mal-positioned, old orbital implants make
secondary operations quite difficult. The recent
introduction of intraoperative navigation technol-
ogy makes surgical access safer and ensures ideal
bony reduction and implant placement [28]. In
fact, a recent study by Hammer et al. found that
intraoperative navigation led to implant reposi-
tioning 25% of the time, optimizing functional
and aesthetic outcomes in patients [29].

6.10 Surgical Outcomes

CAS planning, pre-bent or custom implant fabri-
cation, and intraoperative navigation have all
emerged as sophisticated technologies that can
assist the maxillofacial surgeon achieve good
results in cases of complex secondary orbital
reconstruction [30, 31]. However, patient selec-
tion is key to determine whether secondary orbital
repair can improve patient symptoms. Although
secondary orbital reconstruction has been tradi-
tionally associated with higher rates of complica-
tions, these emerging technologies are leading to
improved outcomes with more consistent results.
That being said, patients should be cautioned
regarding the possibility of persistent symptoms.
Older studies suggest that some degree of
improvement is achievable in 50% of patients
with improvements in enophthalmos and hypo-
globus after secondary correction without the use
of these technologies [32]. Ongoing, long-term
studies will determine the efficacy of these emerg-
ing technologies in improving patient results.
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Fig.6.4 (a) 24 year M with history of a two-wall fracture
who presented with diplopia with extreme downgaze; (b,
¢) axial CT scans showing original medial and floor frac-
tures including the medial transition zone; (d, e) post-
operative axial CT scan showing implant malposition; (f,
g) use of software to mirror the shape of the uninjured left
orbit to create the shape of the right orbit; red figure des-
ignates the position of the original implant; (h) superim-

posed customized designed implant on old abnormally
positioned implant; (i) patient-specific implant designed
by mirroring from the opposite on injured side; (j, k) post-
operative axial CT scan showing good anatomical posi-
tioning of patient-specific implant; (I) old orbital implant
vs. new patient-specific implant; (m) intraoperative navi-
gation showing the predicted and actual implant position
showing accurate intraoperative placement of new implant
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Fig. 6.4 (continued)

of orbital floor fractures. JAMA Facial Plast Surg.
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Computer-Assisted Surgery
in Mandibular Reconstruction

Manuel Picén, Jorge Nunez,
and Fernando Almeida

7.1 Introduction

The mandible is a special U-shaped bone which
constitutes the skeletal frame of the inferior third
of the face. It may be affected by tumors, trauma,
inflammatory diseases, and radiation or pharma-
cologically induced avascular necrosis. Mandible
defects, frequently combined with soft tissue
defects, can be complex and difficult to repair.
Main objectives of mandibular reconstruction are
the restoration of the mandibular continuity and
facial contour, reconstruction of the soft tissues
including oral mucosa and skin closure as well as
to provide a functional dental rehabilitation [1].
The use of free vascularized fibula flap remains
the gold standard for the restoration of large man-
dibular defects [2]. Other free vascularized flaps
less frequently used are the iliac crest free flap for
shorter bone defects [3] or the chimeric scapular
free flap for complex combined osseous and soft
tissues defects [4].

This surgical procedures are technically
demanding because of the need to transform the
long straight fibular bone into a three-dimensional
(3D) structure that fits into the defect matching
the original mandibular conformation as closely
as possible, which requires the creation of spe-
cific angulations different for each patient. This
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process is accomplished by performing osteoto-
mies in the fibular flap being difficult to deter-
mine the exact location and angulation of them.
Even more, the fixation of the different mobile
fibular fragments is also difficult and the whole
process becomes tedious and time consuming.
The traditional approach as described in the
literature [5-7] starts with the preplating proce-
dure. The plate is molded on the buccal surface of
the mandible. Then, it is placed across the entire
defect and is secured to the bone on each side of
the resection lines. The native mandible is used
as a template while molding the titanium plate
which ensures good three-dimensional (3D)
reproduction of the preoperative conditions. The
plate is placed along the inferior border of the
mandible and is fixed with three or more bicorti-
cal screws in each mandible segment. Then the
plate is removed and the mandibular resection is
performed. Usually following a “two-team
approach,” the fibula flap is raised. The fibula is
osteotomized at a back table in order to shape it
properly to achieve matching the original man-
dibular conformation with maximal bone con-
tact. Finally, the fibular bone fragments are fixed
lingually to the reconstruction plate and inset
between the mandible segments to fill the defect
and the microvascular procedure is performed.
According to the literature [8], the preplating
technique although being a highly subjective pro-
cedure, can be accurate when the external corti-
cal bone of the mandible is not affected but in
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those cases when the vestibular cortical mandi-
ble is involved by the tumor or, even more, in
secondary reconstruction cases when a mandibu-
lar segment is lacking, this vestibular preplating
technique is not possible. Although there are dif-
ferent techniques that can be used like reposi-
tioning of the segments with intermaxillary
fixation, they are difficult and very long time
consuming. Furthermore, the traditional tech-
nique as previously reviewed, is experience-
dependent, requires intraoperative trial and error
and is difficult to carry out for the less-experi-
enced surgeon. In these situations, computer-
assisted surgery can help the surgeon to overcome
the referred problems and pitfalls.

7.2  Computer-Assisted Surgery:

Surgical Techniques

Computer-assisted surgery (CAS) refers to a pro-
cess including virtual surgical planning,
computer-aided design and modeling/rapid pro-
totyping or computer-aided manufacturing
(CAD/CAM) which can also be associated with
intraoperative navigation.

7.2.1 Virtual Surgical Planning
High-resolutions computed tomographic scans
(I-mm fine cuts) of the maxillofacial skeleton
and donor site (lower extremities, iliac crest, or
scapular bone) are obtained and shared with the
biomedical engineer. Using any of the different
software programs disposable at the market,
three-dimensional reconstruction of both, maxil-
lofacial skeleton and bone donor site, are
obtained. A web-based teleconference is held
between the biomedical engineer and the surgical
team. Coordinating efforts for the planning is
relatively simple, as each user is granted remote
access to the planning session by means of
conference-call and computer link-up. A typical
planning session lasts approximately 30 min or
less. Ideally, biomedical engineers could be part
of the team in house.

Directed by the surgical team, virtual resec-
tion is performed to get appropriate surgical mar-
gins. Then, virtual reconstruction of the defect is
performed by superimposing the patient’s own
three-dimensional fibula 3D images (or other
donor bone: iliac crest or scapula) onto the man-
dibular defect performing the adequate osteoto-
mies in order to recreate the mandibular original
contour through a trial and error process, opti-
mizing the number and cutting plane of the oste-
otomies and bone flap segments lengths while
ensuring bone-to-bone contact. With these data,
3D models of the neomandible and cutting guides
for the bone flap preparation and mandibular
resection are manufactured. When this technique
was firstly described, a standard mandibular tita-
nium plate was prebent preoperatively over the
manufactured neomandible model using a plate-
bending template as a guide. Today, last genera-
tion software and 3D printing technology, allows
to design in the virtual model a custom-made per-
sonalized plate perfectly adapted to the bone of
the neomandible which can be directly manufac-
tured from the virtual model as a patient-specific
implant, thus avoiding the necessity of printing
the mandibular models to shape the plate.

To increase the accuracy and facilitate the pro-
cess, the same holes used to fix the cutting guides
to the mandible and to the bone flap are later used
to fix the personalized reconstruction plate.
Personalized reconstruction plates avoid the risk
of weakening the plate and early fracture at the
bending sites.

The process previously described refers to pri-
mary reconstructive procedures when reconstruc-
tion is performed immediately after resection. In
case of secondary procedures when the mandible
is previously lacking and the remnant mandible is
out of its normal position because of the fibrosis
and scar retraction, the resected mandible cannot
be used as a model. In these situations, the first
step in the virtual planning process is to set the
remnant mandible in its right place using the con-
dyle fossa and maxillary arch as a reference.
Then, mirroring the contralateral mandible, the
new mandible is virtually created and the bone
flap adapted to the defect.
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As mentioned previously, the fibular flap is
the work-horse in mandibular reconstruction,
but in some circumstances, other bone flaps are
used: iliac crest and scapular bone free flaps.
The process described is the same for these
three flaps with the only difference that the
design of the bone flap cutting guides has to be
adapted to the special anatomic conditions of
any of them. Special mention has to be made to
the necessity to take in account that the surgical
guides cannot be fixed directly to the bone sur-
face in the anatomical areas where the vascular
pedicle lies in the soft tissues attached to the
flap, which has to be considered in the design of
the cutting guides.

7.2.2 Surgical Technique

Whenever it is possible, the surgery proceeds
with a two-team approach. The cutting guides are
secured to the mandible and the osteotomies are
performed with a reciprocating saw guided by the
cutting slots. It’s advisable that the slots are man-
ufactured in some metal material, so that the oste-
otomies effectively replicate the virtually planned
mandibular osteotomies, avoiding wrong ways
through the deformation of the soft material of
the guides.

The fibula is concurrently dissected and iso-
lated on its vascular pedicle. The cutting guide is
secured to the fibula with unicortical screws.
Guide placement can be adjusted according to
perforator vessels location if a skin island is
required. Orienting the vascular pedicle and
lengthening the pedicle by subperiosteal dissec-
tion of the fibula is an important aspect of virtual
planning in order to adequately design of the
anastomosis to avoid the use of vein grafts in the
neck. With the pedicle protected by a small mal-
leable retractor, cutting guide-directed osteoto-
mies are performed with a reciprocating or an
oscillating sagittal saw, depending on the sur-
geon’s preference. The fibular fragments are then
fixed to the personalized reconstruction plate in
situ, using the holes previously drilled for the cut-
ting guides. The neomandible shape is confirmed

and the vascular pedicle is divided. The neoman-
dible/personalized reconstruction plate is trans-
ferred as a unit and secured to the mandibular
remnant at its predetermined optimal position.
This maneuver is greatly facilitated using again
the holes already drilled to secure the mandibular
cutting guides, once these are retrieved after the
mandibular osteotomies have been performed.
After bone fixation, microsurgical anastomosis is
completed followed by soft-tissue insetting
(Fig. 7.1).

The process is the same for iliac crest free flap
(Fig.7.2).If ascapular bone flap is used (Fig. 7.3),
the two-team approach is frequently not possible,
thus increasing the surgical time.

Once the surgical process is completed, the
reconstruction is evaluated and compared with
the virtual plan by superimposing the postopera-
tive three-dimensional computed tomographic
scans onto the virtual model.

7.3  Benefits and Disadvantages

of VSP with CAD-CAM

The application of the most recent technological
refinements including virtual surgical planning
(VSP) with computer-aided design-computer-
aided modeling (CAD-CAM) in the management
of surgical ablative procedures of the craniofacial
skeleton and subsequent reconstruction, repre-
sents a major advance in terms of shortening the
operation time and achieving a precise bone-to-
bone contact, as well as shows excellent func-
tional and aesthetic results [9-11]. Unlike the
traditional techniques of reconstruction based on
the surgeons’ clinical experience in which man-
ual cutting and modeling of the free osseous flaps
and bending the fixation plate was a laborious
task with an unpredictable outcome, the use of
preoperative surgical simulations with 3D tech-
nology, VSP and CAD-CAM with osteotomy
guides and prebent or customized reconstruction
plates increases operative efficiency and reduce
total operative costs [12—15].

The introduction of the prefabricated surgical
osteotomy guides based on 3D CT images of the
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Fig. 7.1 Mandibular myxoma. Treatment with virtual
surgical planning and reconstruction with microvascular-
ized fibular flap. (a) Facial 3D CT. Multi-loculated left
jaw image. (b) Facial 3D CT. Planned mandibular resec-
tion. (¢) Facial 3D CT. Planned mandibular resection with
cutting guides. (d) Leg 3D CT. Fibula cutting guides for
jaw reconstruction. (e) Facial 3D CT. Planned final result.
(f) Intraoperative image. Planned mandibular resection by
intraoral approach. (g) Intraoperative image. Surgical
specimen. (h) Intraoperative image. 3D model of cutting

guides on fibula. (i) Intraoperative image. Fibula modeled
as planned with the fixation plate. Pedicle still non-
sectioned. (j) Facial 3D CT. Postoperative result with the
fibula reconstructing the jaw. (k) Clinical image. Dental
implants insetting for oral rehabilitation. (I) Clinical
image. Vestibuloplasty and skin graft to improve periim-
plant tissue. (m) OPG. Final result. (n) Clinical image.
Final result with prosthesis implant supported for oral
rehabilitation
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Fig. 7.1 (continued)



70

M. Picén et al.

Fig.7.1 (continued)

patient can be highlighted as one major advance
related to the use of this technology. As described
by Hirsch et al. [16], the cutting guides are
designed for the mandibular resection and for the
design and execution of the fibular osteotomies.
After the virtual osteotomies are performed, the
cutting guides are manufactured including slots
delimiting the appropriate lengths along the man-
dible and the osseous flap in order to achieve an
accurate bone alignment in the neomandible with
minimal need for adjustments from the preopera-
tive plan. Some articles have estimated the vari-
ability between the ablation phase and the bone
reconstruction within the range of 1.5-2.5 mm in
comparison with the preoperative surgical plan
[17-19]. The accuracy of the reconstruction in
terms of excellent apposition of bone segments
and occlusion stability was confirmed by super-
imposing the preop CT scan with a postoperative
CT scan.

Another major benefit of the preop VSP with
CAD-CAM is the reduction in flap ischemia
time attributed to the possibility of performing
the shape of the fibula flap and fixing the
reconstruction plate prior to pedicle divisién
[20]. In a systematic review and meta-analysis
accomplished by Tang et al. [21], VSP was asso-
ciated with significantly decreased intraopera-
tive time and ischemia of the flap reducing the
number of overall complications. Kédridinen
et al. [22] reported a mean ischemic time using
CAD-CAM technology of 99 min in contrast
with the 120-180 min when using the conven-
tional techniques. Therefore, lengthy ischemic
procedures lead to negative implications on flap
outcomes with increased rates of partial flap
loss.

One of the major drawbacks with the CAD-
CAM technology could potentially be if a neces-
sity of changing the surgical plan arises
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Fig. 7.2 Mandibular ameloblastoma. Treatment with vir-
tual surgery planning and reconstruction with microvascu-
larized iliac crest flap. (a) OPG. Ameloblastoma. Osteolytic
right mandibular lesion. (b) Facial 3D CT. Planned jaw
resection. (¢) Facial 3D CT. Planned mandibular resection
with cutting guides. (d) Iliac CT. Cutting guides designed
in the iliac crest for mandibular reconstruction. (e) Planned
final result. (f) Intraoperative image. Mandibular resection
by a combined intraoral and conservative lateral cervico-
facial approach. (g) Intraoperative image. Surgical speci-

men. (h) Intraoperative image. Cutting guides placed on
iliac crest. (i) Intraoperative image. Iliac crest flap placed
as planned for mandibular reconstruction. (j) Facial 3D
CT. Postoperative result with the iliac crest flap recon-
structing the jaw. (k) Clinical image. Dental implants
insetting for oral rehabilitation. (I) OPG. Final result. (m)
Clinical image. Final result. Oral rehabilitation with
implant supported prosthesis. (n) Postoperative intraoral
image. Patient occlusion
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Fig. 7.2 (continued)
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Fig. 7.3 Secondary mandibular reconstruction. Treatment
with virtual surgical planning and reconstruction with
microvascularized scapular flap. (a) OPG showing second-
ary anterior mandibular defect after squamous cell carci-
noma resection. Bridging plate exposed. (b) Facial 3D
CT. Planned mandibular preparation with cutting guides.
(¢) Scapular 3D CT. Cutting guides on scapula for man-

dibular reconstruction. (d) Facial 3D CT. Planned final

result. (e) Intraoperative image. Scapular flap. (f)
Intraoperative image. Mandibular stumps exposure through
a cervical approach. (g) Intraoperative image. Scapular flap
harvesting with stereolithographic cutting guides. (h)
Intraoperative image. Mandibular reconstruction with scap-
ula flap as planned. (i) Clinical image. Final result
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Fig.7.3 (continued)
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intraoperatively during the mandibular resection
procedure. During VSP the limits of the tumor
are visualized on the 3D model and the length of
bone resection is planned [23]. The boundaries of
mandibular involvement in cancer or osteoradio-
necrosis (ORN) resection are estimated preopera-
tively by the clinical examination, CT and/or
MRI and may differ during surgery. Also, due to
arapid cancer growth or a delay between the pre-
operative diagnostic and planning procedures
and surgery, intraoperatively a bigger resection
could be considered. Intraoperative histologic
techniques to check the resection margins are
currently being researched [24, 25].- Namin et al.
[24] found a 12% of patients (6 of 51) with cancer
positive findings on intraoperative bone marrow
cytologic evaluation beyond the margins of the
original bone resection because of occult cancel-
lous tumor bone invasion after the mandibulec-
tomy. This high rate of bone invasion wouldn’t
had been detected if only preoperative imaging
without intraoperative cytologic evaluation had
been performed. According to the oncological
guidelines, tumor-free margins of at least 10 mm
of erosive bone defects are required. Patel et al.
[26] reported a difference of 45% in 5-year
disease-specific survival between patients with
and without positive bony margins and stressed
the importance of clear bony margins in SCCa of
mandible.

This condition can force to modify the size of
mandibular resection during the surgery and
leads the prototyped and/or prefabricated surgi-
cal devices (cutting guides and prebent recon-
structive plate) to be inadequate for reconstruction
with the consequent loss of money and subopti-
mal outcomes in functional, aesthetic, and locore-
gional control of tumor. Ramella et al. [27]
introduced the concept of “triple-cut CAD-
CAM” planning that consists in manufacturing
customized osteotomies cutting guides for the
mandible and the donor bone (usually fibula) that
includes different cutting levels (3 per side and
distances from 5 to 10 mm) to change the oste-
otomy dimensions planified preoperatively

according to the histologic bone margins found
during the surgery and adapt the reconstructive
plate to different scenarios. This modification in
the polyamide osteotomy guide by inserting two
additional cutting levels on each side, permits
two additional mandibular resections from 5 to
10 mm wide until tumor-free margins are
obtained and in accordance with this, modified
the size of the fibula segment for reconstruction
while maintaining the prefabricated CAD-CAM
reconstructive plate.

The increment of production costs with the
use of preoperative CT guided planning and man-
ufacturing prebent reconstruction plates and oste-
otomy guides, has been criticized. This negative
point of additional expense is clearly offset by
predictability of surgical outcome, decreased
ischemia time and total intraoperative time that
minimize the rates of flap failure, general medi-
cal complications, and patients morbidity while
increasing operative efficiency [12, 28, 29].
In-house 3D printing can contribute to minimize
expenses through the “low cost” production of
models which can aid to study the case and to
shape preoperatively standard fixation plates
although patient-specific implants cannot be
developed.

7.4 New Perspectives

VSP with CAD-CAM and surgical navigation
have become currently a “gold standard” method
applied in complex craniomaxillofacial recon-
struction not only in mandibular reconstruction
but in other areas as reviewed in this book, such
as head and neck mid-facial oncologic resection
and reconstruction, orthognathic surgery, maxil-
lofacial trauma, TMJ reconstruction, and skull
base surgery. The benefits of this new technology
are well noticed in terms of improving surgical
accuracy, shortening of ischemia and total surgi-
cal time, and decreasing operative costs and com-
plications in comparison with the traditional
(handmade) technique [10, 14, 30].
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However, in oncologic reconstruction includ-
ing soft tissues and some cases of maxillofacial
trauma, especially when free composite flaps
are needed, missing dots are identified in virtual
and surgical phases of computer-aided mandib-
ular reconstruction like the possibility of an
accurate soft tissue resection and reconstruction
planning. Software that could include the soft
tissue in the 3D model should be available in
order to better define the vascular pedicles, the
different components of the free flap including
skin, intermuscular septum, bone, muscle, loca-
tion of the nutrient vessels supplying the
osteoseptocutaneous skin paddle to set the right
position of the osteotomies without jeopardiz-
ing the vascularization. Also the cross-section
topography of bone to determine the ideal bone
segment for dental implants and surgical plan
flexibility should be better defined. All this
points are important issues to be considered in
future software programs [31].

7.5 Surgical Navigation
in Mandibular

Reconstruction

Intraoperative navigation has improved the accu-
racy of maxillofacial reconstruction as well as
preventing damage from vital structures in com-
plex reconstructions. Neurosurgery was the first
discipline to adopt intraoperative navigation for
the technology’s ability to minimize trauma and
surgical damage to the brain [32, 33]. In recent
years, surgical navigation systems have been
widely used in clinical practice as an outcome of
medical imaging and image processing technolo-
gies in the medical field [34]. The basic princi-
ples on which intraoperative navigation is based

are widely described in the surgical navigation
chapter, focusing this chapter on the importance
of the application of navigation in mandibular
reconstruction.

Navigation has improved the reliability and
results in maxillofacial reconstruction, providing
real-time information to the surgeon. Recent stud-
ies reported the reliability and precision of surgi-
cal navigation applied to maxillary resection and
reconstruction although navigation technology is
not so frequently applied to mandibular surgery.
As mentioned previously in this chapter, one of
the greatest challenges in mandibular reconstruc-
tion is to accurately shape and fix vascularized
bone flaps so that the symmetry and function of
the face are restored optimally. The problem of
the use of intraoperative navigation in the surgical
treatment of the mandible is that it is a moving
structure. In order to perform the navigation of
lower jaw, three methods have been described
according to the literature. The first is based on
the use of maxillo-mandibular fixation to immobi-
lize the jaw. The second and most used is based on
the centric occlusion of the teeth by using special
templates or dental splits in order to attach the
lower jaw to the skull to control mobility. The jaw
is placed in a reproducible position that allows its
synchronization. A third method is to install a spe-
cial square sensor on the jaw, thereby allowing
surgeons to track the position of the mandible
optically and to compensate for its continuous
movement during surgery [35]. Intraoperative
navigation has been proposed combined with or
as an alternative method to the use of CAD/CAM
3D printed cutting guides in mandibular recon-
struction with free flaps. This method provides
another means to ensure operative planning suc-
cess if 3D printing is not available, too time con-
suming, or cost prohibitive [36] (Fig. 7.4).
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in Reconstruction of the Maxilla
and Midface Utilizing Computer-
Assisted Surgery: Technology,
Principal Consideration,

and Clinical Implementation

Majeed Rana and Max Wilkat

Introduction: Defects
of the Maxilla

8.1

Defects of the maxilla and the midface have a
spectrum of etiologies. Besides trauma and con-
genital deformities, neoplasia in need of resection
are the most common causes [1]. These defects
are accompanied by several impairments in func-
tion and aesthetics [2]. With the loss of the max-
illa there is an oroantral communication which
makes the normal act of swallowing impossible.
With the loss of the upper teeth speaking and
chewing is impaired. Without the boney support
of the maxilla the midface especially the upper lip
and the cheek area is hollow, patients are disfig-
ured impairing their social life and contact behav-
ior up to psychological illnesses. For these reasons
a reconstruction “true to original” is an objective
to strive for in the treatment of defects of the max-
illa and the midface.

A classical approach to rehabilitation is the
manufacturing of a defect prosthesis [3]. Via
impression taking a model of the resection cave
is produced which serves for the manufacturing
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process of an obturator to close the oroantral
communication after resection of the maxilla.
The obturator can be extended into a defect pros-
thesis after settlement of the wound conditions.
The production process is well established, wide-
spread available and in particular involves a con-
tainable expenditure and a comparatively small
exertion for the patient. Disadvantageously,
defect prosthesis might suffer from a bad reten-
tion depending on the individual anatomy of the
resection cave and remaining neighboring teeth,
thereby limiting oroantral seal, chewing abilities
and patients’ comfort. That’s why this mode of
rehabilitation should be limited to the elderly,
severely ill, or palliative patients who could not
bear elaborated reconstruction surgery [3].

The more superior restoration of maxillary
defects aiming for results closer to “restitutio ad
integrum” rather than “restitutio ad reparationem”
is nowadays provided by reconstruction with
autogenous tissue [4]. Small defects can be cov-
ered with local tissue in form of pedicled flaps
such as buccinator or temporalis flap [5]. Large
defects need to be treated by transplantation of
autologous microvascular grafts to restore the lost
hard and soft tissues [6, 7]. The introduction of
computer-assisted surgery facilitates these exten-
sive tissue transplantations and offers a precision
unknown until then allowing a reconstruction
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“true to original” within an even shorter surgery
duration [8-11].

Surgical reconstruction can be performed pri-
marily, which is always to favor, if the underlying
disease allows it. Secondary reconstruction is
applicable as well, for example in cases of defects
after ablative tumor surgery of an infiltrative
expanding, locally advanced malignancy and still
pending of final pathohistological results regard-
ing RO-status. However, in cases of impaired
dimension of the midface after resection of the
zygomatic bone or lost support of the bulbus after
resection of the orbital floor one should recon-
struct primarily—at least temporarily preserving
the dimensions of the lost structures via applica-
tion of PSIs until complete reconstruction via tis-
sue transfer can be performed.

8.2  Virtual Planning

Three-dimensional virtual surgical planning
(3DVSP) is based upon three-dimensional imag-
ing data sets of computed tomography (CT) and
magnetic resonance imaging (MRI) of the defect
site as well as a CT angiography of the graft har-
vest site. While CT scans offer a high resolution
of the hard tissue as well as the soft tissues, MRI
scans can depict soft tissues even better. New
software applications allow matching the data
sets to combine the advantages of both imaging
techniques enhancing the image quality. On the
basis of these 3D data sets, virtual planning of
resection and reconstruction can take place
(Figs. 8.1 and 8.2). As discussed in other chap-
ters, firstly, segmentation of the local bone and
neighboring anatomical structures is performed
visualizing the defect size as well as the needed
bone graft as a three-dimensional object.
Segmentation steps can be carried out semi-
automatic saving time for the surgeon during
planning procedure [12]. On the basis of this
planning, the suitable kind of microvascular
graft can be chosen and virtually be transplanted.
During this step the intersegmental cutting of the
graft to suit the defect size can already be per-

formed. The unaffected side can serve as a tem-
plate during virtual reconstruction to achieve a
facial symmetry and can easily be mirrored to
the defect site [13, 14].

The use of virtual planning also helps to simu-
late an accurate dental alignment and prosth-
odontic rehabilitation after tumor resection and
reconstruction [15]. Through prosthodontic-
driven backward planning, the original intermax-
illary relationships and lateral and sagittal
position of the maxilla can be reproduced. In this
way, the virtually reconstructed bony segments
are placed in a position that later facilitate dental
implant insertion and a correct occlusion for full
dental rehabilitation.

In the virtual planning phase, all aspects for a
reconstruction “true to original” come into con-
sideration and all available solutions can be exer-
cised completely non-invasive and without
wasting valuable surgery time leading to the best
possible result for the patient. Virtual planning
can be demonstrated to the patient and with the
help of virtual reality devices patient education
might be even more vivid and comprehensible in
future leading to full transparency of therapy
plans for the patient [16, 17].

8.3 CAD/CAM of Patient-Specific

Implants (PSI)

The traditional process of free-handed intraoper-
ative plate bending and segment fixation is time
consuming, unprecise and prone to errors. The
use of computer-aided design/computer-aided
manufacturing (CAD/CAM) techniques may aid
the surgeon to efficiently and accurately perform
3D reconstructions [18, 19].

A good pre-surgical virtual planning and
design of the patient-specific implants has numer-
ous advantages over the traditional methods [20].
The PSI is designed in a way that the tumor
resection boundaries are directly coded on the
reconstruction plate. This eliminates the use of
additional resection guides, which can be cum-
bersome to place and may lead to inaccuracies in
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Fig. 8.1 Complete set for computer-assisted secondary
reconstruction of the left maxilla with free fibula flap.
During the virtual reconstruction, two segments (green and
blue) of the distal fibula have been transferred to restore
the maxillary arch and the crista zygomaticoalveolaris on
the left side. The left orbital floor has been reconstructed
before using a patient-specific implant made of titanium.
For graft fixation at the recipient site, a patient-specific
reconstruction plate has been designed with 14 screw
holes. For each of the 14 screw holes, a suitable screw of
defined length and diameter is designated for bicortical

fixation at the skull and monocortical fixation at the fibula
segments. Two drill guides define the positioning of the
screw holes for the PSI at the anterior right maxilla and the
left upper lateral orbital rim. The harvesting guide includes
cutting edges indicating the osteotomy lines and drill holes
for the placement of screws in the harvested fibula seg-
ments. The main vessels of the lower limb are depicted in
red. In the upper right a 3D-reconstruction of the datasets
of a postoperative CT scan is depicted illustrating the
reconstruction true to the virtual planning illustrated on the
upper left
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Fig.8.2 Case of an advanced Ewing sarcoma of the right
maxilla: resection virtual planning. Virtual planning
allows the segmentation of volumes which define a patho-
physiological, anatomical, or functional unit. The extent
of the Ewing sarcoma involving the right and left maxilla,
the right nasal cavity, and the right orbital floor is seg-
mented in brown. The planned resection area is segmented
in blue. The left and right orbita are segmented in green.
Resection guides (red) are designed to fit at the resection
borders at the right and left zygomatical bones. Along the
segmented green right orbital floor a patient-specific
PEEK implant (pink) is designed to reconstruct the orbital
floor after resection. A reconstruction plate (purple) for

case that the tumor resection extends up to com-
plex anatomical areas which is frequent in case of
midfacial resections. Furthermore, the exact
number, position, and angulation of the screw
holes on the PSI can be determined [21, 22]. This
is beneficial to obtain a good retention for the

preserving the sagittal dimension of the midface has been
shaped to reach from the right to the left zygomatical bone
for fixation after resection. The resection preparation is
depicted in the lower left consisting of the complete max-
illa with the right nasomaxillary and zygomaticomaxillary
buttresses. The intraoperative situs after resection via
transoral and bicoronal approach is illustrated in the lower
right. Transorally visible, the PEEK implant and the
reconstruction plate are already in place. A navigation tri-
pod fixed to the upper left skull facilitates the matching of
the virtual planning with the intraoperative situs via an
infrared camera. This allows a navigated resection and an
intraoperative control of the positioning of the PSIs

customized reconstruction plate but also to avoid
interference with important anatomical structures
such as the teeth. Designing the PSI-reconstructive
plate in a “wrap-around”-fashion provides posi-
tioning guidance, perfect adaption and stability
for the bony segments [23]. This is a crucial
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aspect, when comparing PSIs to traditional tech-
niques, where intraoperative manual plate bend-
ing is an inevitable process that can be difficult
and very time consuming. Frequent and extensive
plate bending might be required in complex
reconstructions, thus leading to mechanical
weakness, decrease of strength and stability, and
an increased risk of plate fracture in areas of high
biomechanical loading. Finally, the use of virtual
planning and PSIs eases the accurate fitting and
fixation of the flap into the defect and therefore
significantly reduces the ischemia time as
compared to the traditional method [21, 24]. This
has been shown in several comparative studies
and is a powerful argument for its use, especially
with less experienced microsurgeons.

The abovementioned virtual planning is
exported as stereolithographic files (STL files for-
mat) and forwarded to the medical engineers to
manufacture the individual cutting guides and the
customized reconstruction plate/patient-specific
implants (PSI) via selective laser melting (SLM).
An example of a patient-specific reconstruction
plate with drill guides is depicted in Fig. 8.1.

Microvascular Grafts
Suitable for Computer-
Assisted Reconstruction
of the Maxilla

8.4

Surgical resections for conditions such as malig-
nant and benign tumors, osteomyelitis, osteora-
dionecrosis, or medication-related osteonecrosis
of the jaw (MRONIJ) may result in complex max-
illary defects. Adequate functional and aesthetic
reconstruction of the maxilla usually requires
microvascular free tissue transfer via fibula, iliac
crest or scapula flaps [25, 26]. All of these three
microvascular bone grafts are compatible with
the workflow of computer-assisted surgery as
presented above.

The primary goal is to restore the maxillary arch,
facial support and masticatory function. This is
achieved by reshaping and positioning of the oste-
otomized bone tissue of the flap in a way that the

original position and outer contour of the maxilla
can be re-established. The contour of the bony seg-
ments is maintained by fixation with mini-plates or
a reconstruction plate which can be designed as a
patient-specific implant according to the principles
mentioned above. Based on angiography of the
donor site, the ideal section of the donating bone is
identified and virtually adjusted until it fits the
defect and the original dental profile. Harvesting
guides are designed and superimposed on the donor
site to incorporate a maximum amount of cutaneous
perforators on the skin island. Cutting edges in these
guides are designed to indicate the planned osteot-
omy lines, drilling holes are added to facilitate the
correct positioning of the reconstruction plate at the
harvested bone segments even before the nutrifying
vessels are cut, thereby shortening the ischemia
time and overall surgery duration. Examples of har-
vesting guides are depicted in Fig. 8.3.

8.4.1 Free FibulaFlap

The free fibula flap (FFF) that can be harvested as
0Sseous, Mmyo-0sseous, Or osteo-cutaneous is con-
sidered a suitable graft for the reconstruction of
segmental and composite maxillectomy defects
[27-29]. Its versatility, predictability, shape, and
good cortical bone quality favor its use for later
dental implant placement and full oral rehabilita-
tion [30]. Advantages of the fibula transplant over
the iliac crest and the scapula lie in the longer seg-
ments available for harvesting allowing the recon-
struction of a hole maxilla. Moreover, the long
vessel pedicle eases the anastomosis at cervical
vessels. Donor site morbidity is normally low and
there are no serious impairments of the lower limb
after surgery. Because of the distance between
donor and recipient site, there is enough space for
a two-team approach reducing surgery duration.
A complete reconstruction plan with the needed
PSI, drill and harvesting guides is illustrated in
Fig. 8.1. A case of a 42-year-old male patient with
a keratocyst of the right maxilla and computer-
assisted secondary reconstruction with a fibula
transplantation is depicted in Fig. 8.4a—c.
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Fig. 8.3 Examples of different harvesting guides virtually
designed for scapula (upper line), iliac crest (lower left),
and fibula (lower right). After identifying the needed bone
segments (single- or multi-segmental) at the donor site
(colored in green and blue at a right scapula depicted in the
upper left as an example), harvesting guides can be
designed virtually. There are different shapes of harvesting

8.4.2 Microvascular lliac Crest

The assets of a microvascular iliac crest transplan-
tation are found in the good bone quality and geo-
metrical height of the bone level which facilitates
later implantation for dental rehabilitation [31-33].
On the downside of this graft, there is a limitation
to the length, which does not offer the reconstruc-
tion of the full dental arch. Moreover, the anasto-
mosis of the pedicle vessels is more intricate. First,
pedicle vessels are shorter limiting the possibilities

guides individually fitted for the specific patient. Design of
harvesting guides should include surfaces, landmarks and
small drilling holes that ensure a secured and reproducible
positioning, cutting edges along the desired osteotomy
lines and guided drilling holes for later screw application
that automatically fit the screw holes of the PSI

of anastomosis localizations. Second, the trans-
plant can be harvested as a myo-osseous or myo-
osteo-cutaneous transplant: The more tissue one
harvests the more one is advised to prepare two
pedicle vessels for anastomosis as just one nitrify-
ing vessel might not be sufficient within this trans-
plant. However, iliac crest bone can be harvested as
free bone graft without a microvascular pedicle.
This should be limited to smaller defects and to
cases of recipient sites without previous contami-
nation, inflammation, or radiation.
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Fig. 8.4 (a) Case of a 42-year-old male patient with a
keratocyst of the right maxilla. Extra- and intraoral clini-
cal pictures show no sign of the displacing growth of the
keratocyst, which has completely suspended the right
maxillary sinus. CT images show that the cyst reaches out
to the nasal cavity and to the right orbital floor having
started to resorb its thin bone layer, which supports the
right bulbus. A 3D-reconstruction of the skull shows the
parts of the facial skeleton segmented and displayed in
blue, which are involved in the keratocyst’s extent; a PSI
has been designed (displayed in pink color), which serves
for the reconstruction of the orbital floor after the planned
resection of the keratocyst. The intraoperative image
shows the view from intraorally through the resected kera-
tocyst/right maxillary sinus area onto the partially
removed right orbital floor which has been reconstructed
by the implanted PSI. Via navigation probe and infrared
camera, the surgeon can control the positioning of the PSI
intraoperatively. (With permissions of Brainlab AG). (b)
Case of a 42-year-old male patient with a defect of the
right maxilla after resection of a keratocyst: early second-
ary reconstruction with PSI and microvascular fibula flap.

Matching 3D-reconstruction of the facial skull after
(beige) and before (blue) resection of the keratocyst
allows virtual designing of an PSI mesh (purple) re-estab-
lishing the outer contour of the original right maxilla. Left
fibula can be virtually transplanted with the vessel pedicle
(red) and cut into segments to fit the original shape of the
right maxilla. Intraoperatively after skin marking and sur-
gical exposure of the left fibula, cutting the fibula seg-
ments and their fixation to the PSI are facilitated by the
combined cutting/drilling guides, which are manufactured
to translate the virtual planning into reality during surgery.
(c) Case of a 42-year-old male patient after early second-
ary reconstruction with PSI and microvascular fibula flap
of a defect of the right maxilla after resection of a kerato-
cyst. Clinical photographs of the patient from different
angles show the facial symmetry especially in the region
of the facial wall of the maxillary sinus which could be
restored except for a slightly sunken right upper lip due to
the still missing support of the lateral teeth. Intraoral pho-
tographs show a viable and adequately healed transplant
ready for dental rehabilitation as the final step to conclud-
ing reconstruction
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Fig. 8.4 (continued)
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Fig. 8.4 (continued)
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8.4.3 Free ScapulaFlap

The free scapula flap is a suitable graft for
reconstruction of maxillary and midface defects
[34, 35]. Although the bone of the lateral mar-
gin can be small in dimension compared to the
other flaps presented above, the soft tissue coat
can be harvested with a variable quantity
adapted to the present defect. Moreover, the
harvested soft tissue offers a flexibility in terms
of positioning facilitating replacement of extra-
oral skin as well as intraoral mucosal surface
defects. As such, it can be for example used for
covering the defects in case of a required exen-
teration of the orbital cavity accompanying the
maxillary resection. The donor site can be
closed primarily due to mobilization of sur-
rounding tissue. A disadvantage in usage of the
scapula flap is the requirement of an intraopera-
tive change of positioning. This makes a two-
team approach impossible lengthening the
surgery duration. A guided harvesting of a
scapula flap is illustrated in Fig. 8.5.

Evaluation of Reconstruction
Result

8.5

Due to swelling of the soft tissue and an opera-
tion situs partially not accessible to direct vision,
a correct translation of the virtual planning into
the surgical reality can be hard to be evaluated
clinically [36, 37]. Therefore, intraoperative nav-
igation can be applied [38]. Insertion of naviga-
tion markers in form of screws or dental splints
previously to taking the pre-operative 3D imag-
ing data sets allows the intraoperative matching
of virtual planning environment to the real clini-
cal situation via infrared camera system and a
navigation tripod temporarily fixed to the skull
(see Fig. 8.2). Thus the virtual plan can be evalu-
ated for its correct surgical realization in real
time ensuring high precision reconstruction “true
to planning.” Postoperative CT scans compared

to the virtual planning via matching can enhance
the evaluation of the reconstruction result even
further [39].

8.6  Virtual Reality

In the context of virtual planning and computer-
assisted surgery, new advances concerning the
use of virtual reality and augmented or rather
mixed reality are being made in the field of oral
and maxillofacial surgery [16].

Virtual reality describes a computer-gener-
ated three-dimensional environment presented to
the viewer. Concerning the way of possible
interactions with multi-sensual feedback of the
virtual environment, it can be described as non-
immersive to fully immersive [40]. The above
presented procedures of virtual planning and
computer-assisted designing (CAD) of PSIs are
in a way a version of a non-immersive virtual
reality being displayed on a computer monitor
and allowing the interactions via the computer
mouse.

A step further to immersiveness is achieved by
VR headsets, which present two slightly different
video signals to each eye for a three-dimensional
impression and integrates head movements into
these signals. This immersive display of a virtual
reality without sophisticated methods of interact-
ing with it is used for presenting intricate head
and neck anatomy during medical education [41,
42]. Moreover by scanning not only the hard tis-
sues via CBCT but also the soft tissues with the
facial surface via stereophotogrammetry and the
use of sophisticated planning software, pre- and
postoperative simulations of the patient’s face for
orthognathic and reconstructive surgery can be
presented to the patient via VR headsets [43—45].
This offers a more immersive impression of a
simulated surgery result to the patient which may
lead to an improved patient education followed
by a better compliance and adherence to postop-
erative behavior instructions [17].
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Fig. 8.5 Harvesting of a free scapula flap with the help of
a harvesting guide. Virtual model of a scapula with the
bone segment desired for transplantation in green and the
accordingly designed harvesting guide in grey. Surgical
flap harvesting is demonstrated at a body donor as
depicted in the lower pictures. Once the lateral margin of
the scapula is prepared, fitting of the virtually designed

harvesting guide can take place to define the osteotomy
lines. Osteotomy is performed along the cutting edges.
The lateral margin of the scapula can be harvested along
with a variable amount of soft tissue. Transplantation
takes place after the bone transplant has been fixed to the
patient-specific reconstruction plate and the recipient site
has been prepared
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Fig. 8.6 The virtual planning of a PSI for reconstruction
of the orbital floor can be visualized three-dimensionally
by augmented reality. (With permission by Brainlab AG,
Munich, Germany). The segmented left (light green) and
right (dark green) orbital cavities are designed to recon-
struct the left orbital floor with a PSI (red) after the resec-

An even more immersive virtual reality is
offered by integration of possibilities of interaction
via tracking of hand or eye movements and giving
haptic feedback to the performed interactions.
Those technologies are currently used in different
scenarios for surgical training [46—49].

M. Rana and M. Wilkat
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tion of the segmented tumor (brown) has taken place. This
virtual planning can be demonstrated three-dimensionally
for medical educating purposes or during the education of
the patient leading to a more immersive and comprehen-
sible experience facilitated by augmented reality devices

Augmented reality or mixed reality takes
place when you superimpose the display of a vir-
tual reality or aspects of a virtual reality on to the
real environment using semitransparent VR
headsets [50] (see Fig. 8.6). In oromaxillofacial
surgery, systems are in development that allow
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the projection of critical anatomical structures
within the hard tissues such as the greater palatine
foramen with its emerging vessels and nerves or
the mandibular canal containing the inferior alve-
olar nerve into the surgeon’s view of the opera-
tion situs [51]. This technique may help the
surgeon to preserve these structures during sur-
gery. While there are some studies about phantom
operations, few first clinical studies in the field of
orthognathic surgery and dental implantation
yield promising results so far [52-54].
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9.1 Introduction
The cranio-orbital region is a complex anatomi-
cal area delimited by the frontal bone, the orbits,
and the anterior skull base as well as the anterior
and lateral aspects of the middle cranial fossa.
This area includes structures of great importance
such as the brain, vascular structures like the
internal carotid artery and the cavernous sinus,
the cranial nerves including the olfactory nerves,
the optic nerves and chiasm, and the orbital con-
tents with the eye globes, extraocular muscles, fat
and the lacrimal gland. A wide variety of primary
or secondary benign and malignant tumors of
epithelial or mesenchymal origin can affect this
area and spread through the anatomical spaces to
affect the different structures of the region. The
most frequent type of tumors affecting this region
are squamous cell carcinoma (SCC), adenocarci-
noma, different types of sarcoma, meningioma,
and osteoma [1]. Fibro-osseous lesions, inflam-
matory processes, and traumatic injuries can also
cause defects in this area. Major cosmetic and
functional impairment can result after surgical
treatment of lesions affecting this region, thus
requiring reconstruction.

Treatment of tumors of the cranio-orbital
region is a challenge for the surgeon. The com-
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plex anatomy of this region offers a limited
access and reduced visualization. Moreover, a
complete exposure of the surgical site is often
difficult to achieve, thus endoscopic accesses to
the skull base have been introduced although
open approaches are still necessary in many situ-
ations. Appropriate presurgical evaluation and
planning of the surgical resection and the recon-
structive approach must be carefully designed in
order to obtain a favorable oncologic result with
a good aesthetic and functional outcome. A pecu-
liarity of skull base surgery is the need of provid-
ing a hermetic sealing in order to isolate the
intracranial structures from the upper aerodiges-
tive tract. Reconstruction of the resulting defects
must be carefully planned in order to avoid severe
complications such as cerebrospinal fluid (CSF)
leak and meningitis.

Traditionally, surgical planning was based on
two-dimensional (2D) imaging for treatment
planning of a three-dimensional (3D) patient with
less predictable results, mostly based on the sur-
geon’s experience since Cushing in 1938 and
Dandy in 1941 firstly described a combined
transcranial-facial access to approach orbital
tumors and Smith referred in 1954 the first com-
bined craniofacial resection in a patient affected
by a malignant tumor arising in the frontal sinus
[2]. Computer assisted 3D planning techniques,
computer-aided design of the reconstruction and
manufacturing of patient-specific implants (CAD/
CAM procedures) as well as surgical navigation
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constitute a major advance in the treatment of
tumors affecting the craniofacial region providing
the possibility of an accurate planning of the
tumor resection as well as performing complex
three-dimensional reconstructions with highly
predictable postoperative results. Navigation
allows the surgeon to visualize in real time the
actual position in the surgical field in relation with
essential anatomical structures such as the optic
nerve or the cavernous sinus, thus increasing
safety of the procedure which is a critical concept
in cranio-orbital surgery [3].

The conceptual basis for these techniques has
been previously described in other chapters of
this book. It is necessary to remark that although
an accurate 3D planning and computer assisted
surgery improve predictability and precision of
the procedure, the technical complexity and addi-
tional cost could be a major drawback [4].

9.2  Surgical Anatomy

Knowledge of the craniofacial anatomy is essen-
tial when planning the surgical treatment of
tumors affecting this area and the reconstruction
of the defect. The cranio-orbital region includes
the upper third of the face and the upper portion of
the middle third of the face. It is a protective struc-
ture for the brain and the eye and its bony frame-
work also provides the support for the overlying
soft tissue. The anterior skull base forms the floor
of the anterior cranial fossa and roof of the orbits.
It extends from the posterior wall of the frontal
sinus anteriorly to the posterior border formed by
the lesser wing of the sphenoid bone posteriorly.
Medially, the floor of the anterior cranial fossa is
formed by the roof of the nasal cavity and eth-
moid sinus. Laterally, the roof of the orbit, formed
by the orbital plate of the frontal bone, constitutes
the largest surface of the anterior cranial fossa [5].
The middle cranial fossa is a butterfly-shaped
depression of the skull base, narrow medially and
wider and deeper laterally. The medial portion
presents the chiasmatic groove, the tuberculum
sellae and sella turcica, the carotid grooves and
the clinoid processes. The chiasmatic groove ends
bilaterally at the optic foramen, with the optic

nerve and ophthalmic artery passing into the
orbital cavity (Fig. 9.1).

The orbits are conical structures with an
irregular pyramidal shape, perforated by foram-
ina and fissures. They contain the eyeball and
optic nerves, extraocular muscles, the lacrimal
gland, vessels, nerves, fat, and fasciae. The four
walls of the orbit are curvilinear in shape in
order to maintain the projection of the ocular
globe and to cushion it when affected by blunt
forces. The apex and margins or base of the pyra-
mid of the orbits are composed of thick bone,
whereas the walls are thinner. The orbit is a well-
designed and protective structure, which shields
the eye. It is composed of seven bones. The lat-
eral wall is formed by the greater wing of the
sphenoid, the frontal bone, and the zygomatic
bone. The floor is formed from the sphenoid, the
orbital process of the palatine bone, and the
orbital process of the maxillary bone. The medial
wall is formed from the lesser wing of the sphe-
noid, the ethmoid bone, the lacrimal bone, and
the frontal process of the maxilla. Finally, the
roof of the orbit is formed from the sphenoid and
the frontal bones [1].

Fig. 9.1 Skull base: intracranial view. (1) Anterior skull
base, (2) middle cranial fossa
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Important vascular structures of this region
include the carotid arteries and the vertebrobasi-
lar system. The cavernous sinus is a dural venous
sinus located bilaterally on either side of the sella
turcica in the middle cranial fossa. The cavernous
sinus houses the cavernous portion of the internal
carotid artery and is crossed by important nerve
structures on their way to the orbit: the abducens
nerve or cranial nerve VI (CN VI) and the carotid
plexus (post-ganglionic sympathetic nerve fibers)
course through the cavernous sinus while through
the lateral wall of the sinus travel the oculomotor
nerve (CN III), the trochlear nerve (CN 1V), and
the ophthalmic and maxillary branches of the tri-
geminal nerve (V1 and V2). The superior orbital
fissure is the communication between the cavern-
ous sinus and the apex of the orbit. It is straddled
by the tendinous ring of Zinn which is the com-
mon origin of the four rectus muscles (extraocu-
lar muscles). The abducens nerve (CN VI), the
inferior ramus of the oculomotor nerve (CN III),
and the inferior ophthalmic vein enter the orbits
through the medial portion of the superior orbital
fissure; the superior ramus of the oculomotor
nerve (CN III), the trochlear nerve (CN 1V), the
ophthalmic branch of the trigeminal nerve (V1),
and the superior ophthalmic vein enter through
the lateral portion of the fissure. The inferior
orbital fissure lies in the floor of the orbit and it is
bounded superiorly by the greater wing of sphe-
noid, inferiorly by the maxilla and orbital process
of the palatine bone, and laterally by the zygo-
matic bone. It opens into the posterolateral aspect
of the orbital floor and it is crossed by the zygo-
matic and infraorbital branches of the trigeminal
nerve, the infraorbital artery and vein as well as
ganglionic branches from the pterygopalatine
ganglion to the maxillary nerve.

The pterygopalatine fossa is a small space of
the cranial base located between the maxillary
bone anteriorly, the pterygoid process posteri-
orly, and the orbital apex superiorly. It is of great
importance in cranial base surgery as it is a neu-
rovascular crossroad of the nasal cavity, mastica-
tory space, orbit, oral cavity, and middle cranial
fossa and therefore constitutes a pathway for the
spread of neoplastic processes. The pterygopala-
tine fossa communicates laterally with the infra-

temporal fossa via the pterygomaxillary fissure
and anteriorly with the orbit via the inferior
orbital fissure. It also communicates medially
with the nasal cavity via the sphenopalatine fora-
men (crossed by the sphenopalatine artery, the
nasopalatine nerve, and the posterior superior
nasal nerves); posteriorly and superiorly with the
Meckel cave and cavernous sinus via the foramen
rotundum (crossed by the maxillary nerve -V2-);
posteriorly and inferiorly with the middle cranial
fossa via the vidian canal (crossed by the vidian
nerve); posteriorly and medially with the naso-
pharynx, via the palatovaginal canal (crossed by
the pharyngeal nerve and the pharyngeal branch
of the maxillary artery); and inferiorly with the
palate via the greater and lesser palatine canals.

The infratemporal fossa lies posterolateral to
the maxillary sinus below the skull base, between
the pharyngeal sidewall and the ramus of the
mandible. It communicates with the temporal
fossa via the space deep to the zygomatic arch,
with the pterygopalatine fossa via the pterygo-
maxillary fissure, and with the middle cranial
fossa via the foramina ovale and spinosum. It
contains the medial and lateral pterygoid mus-
cles, the temporalis muscle, the maxillary artery
and its branches, the pterygoid venous plexus, the
mandibular nerve and its branches (including the
lingual nerve), the chorda tympani nerve and the
posterior superior alveolar nerve of maxillary
nerve [6].

9.3 Tumors of the Cranio-orbital
Region: Principles

of Treatment

Management of tumors involving the fronto-
orbital and temporal region depends on histology,
location, staging, resectability, reconstructive
options, and patients’ compliance. Surgical exci-
sion of tumors in this region is challenging
because of the complex anatomy and limited
access of this area as well as the lack of visibility
of the surgical field that may lead to difficulty in
identifying anatomical landmarks during the sur-
gical procedure. A multidisciplinary approach is
necessary requiring a careful presurgical planning
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with clinical examination, imaging techniques
including computed tomography (CT) scan
and magnetic resonance imaging (MRI) as
well as angiography if indicated. Radiological
evaluation of the craniofacial skeleton should
be performed with a submillimeter data set,
reconstructed in the axial, coronal, and sagittal
planes [7].

Treatment of benign tumors is based on con-
servative resection or enucleation while in malig-
nant tumors a complete surgical en bloc resection,
usually followed by adjuvant radiotherapy or
chemoradiation, has proven to show the best out-
comes [1]. Neoplasms arising in this area are fre-
quently originated in deep anatomical spaces
such as the sinonasal tract, the posterior orbit or
intra-cranially and can grow to a considerable
size before any symptoms are noticed, leading to
a delayed diagnosis. Surgical resection can there-
fore be extensive and carry a high risk due to the
involvement of critical structures at the orbit or
cranial base. Complete en bloc resections can be
difficult to achieve in these situations, with a rate
of positive margins in SCC of the sinonasal tract
between 10 and 63% [8-10].

Assessment of resectability or technical abil-
ity to obtain clear margins according to the
NCCN Guidelines [11] includes the preoperative
evaluation of potential gross extension of the
tumor to the skull base especially with involve-
ment of the cavernous sinus, involvement of the
pterygopalatine fossa, encasement of the internal
carotid artery defined as tumor surrounding the
artery by 270° or greater and/or direct extension
to prevertebral fascia or cervical vertebrae. In
selected cases, depending on the type of tumor,
some of these sites of involvement could be con-
sidered as non-absolute contraindications and the
widest possible resection should be performed
combined with postoperative radiation/chemora-
diation therapy.

Surgical approaches to the craniofacial region are
summarized in Table 9.1. Endoscopic approaches
can provide a safe trans-nasal approach to anterior
skull base tumors especially located in the midline
[12]. In extended tumors, especially malignancies
affecting the orbit, facial skin, and skull base, an
open approach is still frequently required. In
order to avoid facial skin incisions in case of

Table 9.1 Surgical approaches to the craniofacial region

» Endoscopic approach

* Coronal approach, frontal craniotomy

e Lateral approach (temporal-orbito-zygomatic
approach)

* Anterolateral approach
(fronto-temporal + orbito-zygomatic)

* Combined approaches: transoral/transfacial:
mandibulotomy, midfacial translocation

orbital exenterations associated with skull base
or midfacial resections, we have introduced a
combined coronal-transconjunctival approach,
which allows to expose the whole frontal-
orbital and midfacial skeleton by associating a
coronal approach with a perilimbic-transcon-
junctival incision, preserving the conjunctival
sac [13].

9.4  Principles of Craniofacial

Reconstruction

Reconstruction of the cranio-orbital region is
challenging. Reconstructive goals in this area
should include:

— Repair of dural defects and interposition of a
barrier of viable tissue between the intracranial
contents and the sinonasal tract in order to avoid
complications like CSF fistula or meningitis.

— Restoration of facial harmony. To restore the
three-dimensional appearance of the face,
reconstruction of the craniofacial bony archi-
tecture will be required in case of anatomic or
functional deformity. Restoration of soft tis-
sue bulk in order to achieve an acceptable aes-
thetic contour is also required.

— Repair of facial skin defects after resections of
cutaneous tissue. Extensive craniofacial resec-
tions of tumors including the eyelids or nose can
require the reconstruction of these anatomical
structures. Total amputation of the eyelids is fre-
quently associated with exenteration.

— Orbital repair: Filling of the orbital cavity and
coverage of the defect is necessary after exen-
teration while an accurate orbital wall recon-
struction providing support to the eye globe
must be provided in case of eye preservation.



9 Computer Assisted Surgery and Navigation in Cranio-orbital Resection and Reconstruction 101

As discussed in other chapters, the ultimate
goal in orbital reconstruction is to restore form
and function through correctly re-establishing
the 3D architecture of the orbital frame and
orbital volume [14]. Achieving these objec-
tives, in case of preservation of the ocular
globe, helps to prevent complications such as
enophthalmos and dystopia, extraocular mus-
cle restriction, and diplopia. Postsurgical
enophthalmos and diplopia as a result of inac-
curate restoration of orbital anatomy are rela-
tively frequent after complex reconstruction.
These complications are most commonly due
to enlargement of the bony orbit volume espe-
cially in patients with complex orbital injuries
involving the deep orbit posterior to the equator
of the globe. When the orbit anatomy is dis-
rupted, loss of anatomical references can make
difficult the accurate positioning of bone grafts
or mesh plates to repair the defect. In these sce-
narios, an adequate preoperative planning and
intraoperative computer assisted surgery with
navigation adds accuracy, safety, and predict-
ability to implant positioning [14].

The different reconstructive options which
can be used to repair craniofacial defects in order
to achieve the mentioned goals are summarized
in Table 9.2. Dural tears have to be sutured in
order to prevent CSF leaks. Adhesive sealants
can also be used. In large dura tears or when a
portion of dura is missing and cannot be sutured,
an onlay or suturable dural graft using biological
or synthetic dural substitutes may be preferable
to the use of pericranium or fascia lata (Fig. 9.2).
Local and regional flaps like the galeal-pericranial
flap or the temporalis muscle flap can be used to
cover moderate bone defects in order to seal the
skull base or to fill the orbital cavity after exen-

Table 9.2 Skull base reconstruction techniques

¢ Dural repair
 Local flaps (galeal-pericranial flaps)
« Skull base endoscopic reconstruction

Different options: pericranial scalp flap, synthetic
dural substitute, fat grafting, nasoseptal flap (Hadad
flap)

* Regional pedicled flaps (temporalis muscle flap)

* Osseous reconstruction

* Massive resections: free microvascular flaps

teration. Pericranial flaps and the nasoseptal flap
vascularized by the sphenopalatine artery (Hadad
flap) can also be used in endoscopic endonasal
skull base procedures [15].

Repair of bone defects at the skull base and
craniofacial region requires a careful evaluation
of the cosmetic and functional impact. Defects
without aesthetic or functional significance do
not need any bone reconstruction once a satisfac-
tory stability for the intracranial content after
dura repair and sealing with a galeal-pericranial
flap has been achieved (Fig. 9.2). Bone remodel-
ing to improve the facial contour can be an option
in some cases of fibrous dysplasia. Significant
craniofacial defects with anatomic deformity in
the cranio-orbito-facial region or functional con-
sequences, require an accurate repair of bone
defects in order to restore the facial contour and
to protect vital structures like the brain or the eye
globe. Bone reconstruction in this area can be
accomplished by using bone grafts or alloplastic
materials. Split calvarial bone grafts have been
used for bone reconstruction in the cranio-orbital
region but show disadvantages like the limited
source of bone, the unpredictable resorption of
the bone graft, and potential infection leading to
graft loss. Reconstruction with alloplastic
implants avoids morbidity at the donor site and
its use has become the standard for the repair of
bone defects in this area. Although controversy
remains and a variety of materials such as tita-
nium, polyethylene, hydroxyapatite, poly-DL-
lactic acid (PDLLA), calcium phosphate, and
polyether-ether-ketone (PEEK) have been pro-
posed to reconstruct defects of the craniofacial
region, titanium meshes seem to be particularly
adequate for reconstructing the orbital walls after
tumor resection or large orbital fractures [16].
Polymers like PEEK show a combination of
strength and excellent biocompatibility and can
be tailored to fit to the exact shape and size of the
defects affecting the cranial vault and orbital
rims. Outcomes of craniofacial reconstruction
with PEEK implants are satisfactory although
complications like infection or wound related
problems have been reported [17, 18]. Coverage
with a galeal-pericranial flap could contribute to
avoid implant-related complications such as
exposure of the material.
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Fig. 9.2 Adenocarcinoma of the lacrimal gland with  orbital exenteration, skull and dural resection. (d) Dural
intracranial and cutaneous involvement. (a) CT imaging reconstruction. (e) Rectus abdominis free flap. (f)
showing extensive orbito-cranial bone destruction. (b, ¢)  Postoperative image of the patient. No bone reconstruc-
Composite cranio-orbital resection including facial skin, tion has been performed
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Fig. 9.2 (continued)

Finally, in case of massive resections in the
craniofacial region, microvascular flaps will be
required to repair wide defects affecting the skull
base, facial contour, and large skin areas.
Microvascular free flaps can provide a reliable,
well-vascularized barrier to separate the intracra-
nial and the extracranial spaces, sufficient bulk to
obliterate the dead space after resections of large
tumors as well as cutaneous coverage for the skin
or mucosal lining, thus helping to prevent com-
plications like CSF fistula or infection [19].
Selection of flap depends on the anatomical
structures, the size and type of tissues to be
restored, and the surgeon’s experience. The rec-
tus abdominis, the anterolateral thigh (ALT), and
the osteocutaneous fibula free flaps are frequently
used in skull base reconstruction since all have a
long vascular pedicle in order to perform the
microvascular anastomosis at the cervical level if
the superficial temporal vessels are not available.
Subscapular system flaps including the scapula
or the latissimus dorsi can be raised as chimeric
flaps to repair complex composite defects [20]
(Figs. 9.2 and 9.3).

9.5 Virtual Planning: Computer-

Assisted Surgery

Introduction of computer-based technology led
to a major change in craniofacial surgery.
Computer-assisted 3D planning techniques,
computer-aided design of the reconstruction and

manufacturing of 3D models, surgical guides and
patient-specific implants as well as surgical navi-
gation have contributed to make oncologic
cranio-orbital surgery more accurate and reliable.
Furthermore, these innovative technologies have
enabled an optimal reconstructive surgery in the
craniofacial region [21].

9.5.1 Computer-Aided Presurgical

Planning

Preoperative planning of the ideal reconstruction
should be performed together with the resection
planning in the craniofacial region. As mentioned
before, the incorporation of digital imaging
modalities such as 3D CT and MRI, angiography,
etc. facilitates the full comprehension of the com-
plex 3D anatomy of this region and the relation of
the tumor with vital structures such as the inter-
nal carotid artery [3, 4]. In skull base surgery,
preoperative planning allows to determine tumor
resection margins and to outline anatomical
structures and operative landmarks before sur-
gery. Preoperative virtual surgery can be per-
formed in the computer including the design of
computer-generated cutting guides (Fig. 9.4).
The surgical guides can be printed to be placed in
the surgical field in order to transfer the virtual
design of the craniofacial osteotomies to the
patient. 3D printed surgical cutting guides must
fit in a precise position in order to achieve intra-
operative accuracy although intraoperative fitting
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Fig. 9.3 Young patient affected by chondrosarcoma
involving the upper maxilla, orbit, infratemporal fossa,
and skull base with foramen rotundum and vidian canal
infiltration. (a) MRI imaging, axial view. (b) Avoiding
midfacial incisions: coronal approach combined with
perilimbic-transconjunctival and lip split-mandibulotomy

approach. (¢, d) Subcranial navigation assisted skull base
resection. (e) Surgical specimen: en bloc extended maxil-
lectomy with orbital exenteration. (f) Reconstruction with
a chimeric dorso-scapular flap including the tip of the
scapula and a latissimus dorsi free flap. (g) Facial postop-
erative aspect with temporary eye prosthesis
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Fig. 9.3 (continued)

of the guides could be difficult in some regions
such as the infratemporal fossa. Non-printed vir-
tual guides combined with navigation to transfer
the virtual planning to the patient during surgery
can also be used.

Planning of the resection should be followed
by the virtual design of the reconstruction includ-
ing planning of bone flaps or alloplastic implants
geometry. Virtual presurgical reconstruction
enables to obtain symmetry of the cranio-orbital
region by segmentation and virtual mirroring of
the contralateral side. A 3D model of the skull
including the planned bone reconstruction can be
printed in order to perform the preoperative bend-
ing of the fixation plates or titanium meshes
although patient-specific implants (PSI) such as
customized titanium meshes, fixation plates, or
PEEK implants designed for orbital and skull
base reconstruction can be manufactured directly

based on the ideal virtual reconstruction.
Customized implants can be designed to repair a
pre-existing surgical defect in case of secondary
reconstruction or a virtual defect in cases of vir-
tual planning of primary resection and immediate
reconstruction. Presurgical fabrication of the
implants according to the size and shape of the
defect allows shorter operating time with quick
and easy positioning and good cosmetic results
[22] also avoiding donor site morbidity [23].
Patient-specific PEEK implants in the cranio-
orbital region are accurate in complex orbito-
fronto-temporal reconstruction [24], although
they are not an option in the growing patient.
PEEK implants offer excellent biocompatibility
and good mechanical strength as mentioned
before. Since this material is radiologically trans-
lucent, it does not produce artifacts and permits a
good imaging follow-up in either CT scan or
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Fig. 9.4 Intraosseous meningioma of the left sphenoid
bone affecting the lateral wall of the orbit and extended to
the temporal bone. (a) CT views with 3D reconstruction.
(b-d) Virtual resection and design of a PEEK specific
implant to repair the defect. A zygomatic osteotomy is

planned to approach the tumor. (e, f) Virtual and 3D
printed cutting guides. (g) Orbito-cranial resection. (h)
PEEK implant placed to cover the defect. (i) Postoperative
view of the patient showing excellent aesthetic result
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Fig. 9.4 (continued)
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MRI [23]. Another advantage of PEEK implant is
that they can be drilled to precisely fit in the sur-
gical defect if necessary (Figs. 9.4, 9.5 and 9.6).

9.5.2 Value of Navigation
in Craniofacial Oncologic
Surgery

Image-guided navigation has many potential
applications in surgery, especially in areas of
complex anatomy where precision is required
such as the craniofacial region [25]. Intraoperative
navigation in head and neck oncologic surgery
can help to provide safer margins of resections
and a more precise intraoperative orientation in
order to respect vital structures. Navigation can
also assist to perform an accurate reconstruction.
Concerning tumor resection, navigation
assisted surgery can precisely locate tumors and
vital structures [26], helping the surgeon to assess
the resection margins during tumor excision which
is critical in complex anatomical areas. Safety of
the resection is improved due to the intraoperative
control of the anatomical relations of the tumor
with vital structures such as the internal carotid
artery, the optic chiasm, or the cavernous sinus.
Current computer-based technology also allows
for a preoperative volumetric virtual planning of
the resection margins using the anatomical land-
marks on CT scan. The volumetric tumor resection
planning combined with a navigation guided
resection taking in account the planned margins
instead of the lesion appear to contribute to an
improvement in the control of surgical margins in
extended tumors involving the deep anatomical
spaces related to the midface [27] (Fig. 9.7).
Navigation has also a value in craniofacial
reconstructive surgery. Intraoperative navigation
is a very useful tool to check the osteotomy

design or the situation after placement of
implants/grafts in relation with the preoperative
planning, thus being a valuable tool in the intra-
operative assessment of the accuracy of the
reconstruction and the correct restoration of anat-
omy, volume, and contour [28] (Fig. 9.5).
Navigation also helps the surgeon in an inverse
way to transfer the 2D virtual planned surgery of
the screen to the 3D reality in the operating room:
after the preoperative planning of the resection in
the craniofacial region and manufacturing of a
patient-specific implant according to the planned
resection, the digital data including the virtual
planning of the resection and implant placement
can be downloaded into the navigation system,
thus allowing for an accurate intraoperative navi-
gation assisted design of the resection in the
patient during the surgical procedure according
to the previous planning and a quick and precise
implant placement [23] (Figs. 9.4 and 9.6).

9.5.3 Intraoperative Imaging

Although there are limited data available,
advances in intraoperative imaging technology
have contributed to a better evaluation of com-
plex craniomaxillofacial trauma providing imme-
diate information about the positioning of the
bony fragments allowing the surgeon to check
intraoperatively the results of the treatment, as it
has been pointed out in other chapters of this
book. Currently available intraoperative imaging,
including CT and MRI, can be considered in
oncologic and reconstructive craniofacial surgery
not only as a tool to check the accuracy of the
reconstruction but also to confirm whether the
extent of the resection performed includes the
previously planned margins especially concern-
ing the bone structures [29] (Fig. 9.8).

»

>

Fig. 9.5 Giant fronto-ethmoidal osteoma with right orbital extension. (a) Facial preoperative aspect of the patient.
Proptosis and inferior displacement of the globe. (b, ¢) CT Axial projection and 3D CT imaging. (d-g) CAD/CAM
surgical planning. Virtual resection of the tumor. Mirroring of the contralateral side and design of customized titanium
mesh to repair the defect. (h, i) Anterior approach: Frontal craniotomy and supraorbital bar osteotomy to access the
anterior skull base. (j-1) Navigation assisted tumor excision and placement of the titanium implant to repair the orbital
walls defect. (m) Repositioning of the bone fragments. Miniplate fixation and coverage with a pericranial flap. (n)
Aspect of the patient 9 months after operation showing good postoperative evolution. (0) Control CT. No tumor relapse.

Correct implant positioning
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Fig. 9.5 (continued)

»
'

Fig. 9.6 Relapsing fronto-orbito-zygomatic intraosseous meningioma with extension to the infratemporal fossa. (a)
CT imaging: coronal view. (b) Surgical planning. 3D reconstruction showing the extraosseous component of the tumor
with intraorbital and infratemporal extension. (c—f) CAD/CAM virtual planning of extended craniofacial resection and
design of a patient-specific PEEK implant. (g, h) Navigation assisted transfer of the surgical planning into the surgical
field. Design of the cranial osteotomies according to the preoperative planning. (i, j) PEEK implant placed in the surgi-
cal defect. Covering the implant with a galeal/pericranial flap while the temporalis muscle is filling the infratemporal
and retro-orbital spaces
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Fig. 9.7 Clear cell carcinoma of the orbit. (a) Axial CT
showing extensive orbital involvement. (b) Volumetric tumor
resection planning. The tumor is marked in red and the
planned surgical margins in green. (¢, d) Navigation assisted
orbito-cranial resection including exenteration. Accurate sur-

gical margins can be checked intraoperatively according with
the previous planning. (e, f) Microvascular rectus abdominis
muscle free flap raised to cover the defect. A barrier of well-
vascularized tissue is established between the upper airway
and the cranial cavity. (g) Final aspect of the patient



9 Computer Assisted Surgery and Navigation in Cranio-orbital Resection and Reconstruction 113

Fig. 9.7 (continued)

in Brainlab system

Fig.9.8 Intraoperative CT control of meningioma resec-  Intraoperative CT after resection shows remnant affected
tion in the temporal regién of the skull base. (a, b) areas pending of excision. Once identified, resection can
Resection planning identified as the green object. be completed under navigation
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9.6 Conclusion

As a complex anatomical area, the cranio-orbital
region has the singularity that structures of vital
importance are comprised in close proximity: the
skull base and anterior and middle cranial fossa
with the optic chiasm, internal carotid artery and
cavernous sinus on the inside. Moreover, this
region of the face is an area of mayor aesthetic
importance, responsible of a great part of a
human’s social function. So not only life is at risk
when this region is surgically violated, but also the
individual’s visual and social functions. Computer
assisted surgery including preoperative planning
of tumor excision and reconstruction, design and
manufacturing of 3D models or patient specific
implants, navigation and digital intraoperative
imaging open a new world helping the surgeon to
enhance safety of tumor resection as well as to
obtain an optimal aesthetic and functional result.
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Base Reconstruction

10

E. Belli, A. Kapitonov, and M. Zappala

10.1 Introduction

The application of endoscopic surgery was first
theorized by Bozzini in the early years of the
nineteenth century, and the endoscope became a
valuable instrument in the surgeon’s hands only
after the modification performed by Hopkins in
the 1950s [1] and subsequently made popular by
Carl Storz.

In the second half of twentieth century thanks
to Messerkingler’s monumental work, endos-
copy was finally applied to managing sinonasal
inflammatory pathologies. The real revolution
was to try to restore normal ventilation in the
diseased sinuses, so the type of surgery changed
dramatically from a non-functional to a func-
tional technique.

With the development of endoscopic tech-
niques in 1981, Wigand first performed an endo-
nasal endoscopic closure of an iatrogenic fistula
after a sphenoethmoidectomy [2].

This crucial event was a turning point in the
development and the application of endoscopic
techniques for skull base reconstruction and for
the treatment of endocranial lesions.

Endoscopic techniques have undergone sig-
nificant advancement in the last three decades.
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With the development of angled endoscopes,
high-definition monitors, frameless navigation
systems, high-resolution imaging and the
improvement of anatomic knowledge, it is now
possible not only to treat inflammatory sinonasal
disease but also to manage sinus and skull base
tumours [3-5], to perform orbital decompression
[6, 7], to approach the orbital apex, clivus [8, 9]
and pituitary gland [10] and to repair CSF leaks
and meningoencephaloceles [11, 12] (Figs. 10.1
and 10.2).

These approaches allow good visualization of
difficult-to-access locations with decreased mor-
bidity and shorter recovery periods when com-
pared with standard open approaches [13].

10.2 Skull Base Reconstruction

The standard endoscopic surgical treatment of
skull base lesions can be described by three fun-
damental steps: approach, resection and
reconstruction.

One of the most challenging steps of skull
base defects reconstruction after tumour resec-
tion is effective watertight repair. This provides
a barrier between the contaminated extracranial
spaces and the sterile intradural compartment
that assure an adequate dural seal. An unsuc-
cessful reconstruction may lead to significant
complications: meningitis, cerebrospinal fluid
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Fig. 10.2 Tatrogenic skull base fracture. (a) Preoperative
CT scan WHITE ARROW Ilatrogenic cranial base frac-
ture. PnE pneumocephalus, (b) CBD cranial base defect,

(CSF) leak, brain herniation and tension pneu-
mocephalus [14].

Nowadays, endoscopic endonasal approach
(EEA) has become the standard for the care of
the majority of anterior cranial fossa CSF leaks
[12, 15].

Current
include:

and frequent repair techniques

e Purely endoscopic approach:
— Free autografts
— Synthetic dural replacement grafts
— Vascularized intranasal flaps
Random flaps
Pedicle flaps
e Transcranial endoscopically assisted approach:
— Pericranial flap

endoscopic view, (c¢) control CT scan 2 years after the
fracture repair blue arrow repaired fracture

10.2.1 Free Autografts

Autologous tissues represent the first options for
skull base reconstruction, and these include free
mucosal graft, fat/dermal fat graft, fascia lata and
bone graft.

Free mucosal grafts may be taken from the
septum, inferior or middle turbinate, but the last
site is the most preferred considering that the
middle turbinate is typically removed during
standard endoscopic approaches to the skull base.

These types of graft are used as an onlay graft
to seal small site defects, and it is of primary
importance to ensure that the graft is applied with
the mucosal side out to prevent mucocele.

The fat grafts typically harvested from abdom-
inal adipose tissue provide a suitable subdural
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inlay to fill cavities after tumour removal [16].
Dermal fat grafts represent a valid alternative
because of its characteristics. Dermis permit bet-
ter manipulation of the operating site and the
laminal surface makes it more suitable for conse-
quent multi-layered reconstruction.

Fascia lata represent a durable onlay material,
easy to harvest but characterized by major draw-
backs due to possible wound-related issues espe-
cially in physically active patients.

Bone grafts can be used when is needed for
rigid repair mainly in obese patients who have a
higher risk to develop brain or meningeal hernia-
tion over time [17, 18].

Platelet-rich fibrin is a concentrated suspen-
sion of growth factors found in platelets, which
act as bioactive surgical additives that are applied
locally to induce wound healing [19] (Fig. 10.3).

10.2.2 Synthetic Dural Replacement
Grafts

This kind of grafts may be used in inlay or onlay
technique. In the inlay technique, it can be placed
in the epidural plane (between dura and skull
bone) or in the subdural plane (between brain and
dura), and in both techniques, it should be placed
up to 10 mm beyond the dural margin to prevent
CSF leakage, and it could be surrounded by
another onlay graft or flap.

Fig. 10.3 The last step of multilayer reconstruction with
PRF membrane

When it is used as onlay graft, complete
removal of underlying mucosa should be done to
prevent any mucocele formation.

The selection of the type and brand is to sur-
geon’s discretion. The main advantage of this
grafts is the absence of the associated morbidity
of the donor site [16].

10.2.3 Vascularized Flaps
The most frequently used flaps are here described.

10.2.3.1 Intranasal Vascularized Flaps
Since 2006 the Hadad-Bassagasteguy flap [20]
(nasoseptal flap) has become the contemporary
strong point of endoscopic repair of large skull
base defects, drastically improving postoperative
CSF leak rates (Figs. 10.4 and 10.5).

The NSF is composed of mucoperiosteum and
mucopericondrium and characterized by consis-
tent vascularity (superior septal artery, terminal
branch of internal maxillary artery), long and
robust pedicle, ease to harvest and good adapt-
ability [21].

Careful elevation of this flap permits to obtain
up to 25 cm? of vascularized tissue that is supe-
rior to any other local flap.

To tailor this flap, the inferior turbinates are
outfractured bilaterally, and the ipsilateral middle
turbinectomy can be performed. To harvest this
flap, three cuts in the nasalseptal mucosa should
be made. The first superior cut begins along the

Fig. 10.4 Scheme of nasoseptal flap. NS nasal septum,
SSA superior septal artery
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Fig. 10.5 Nasoseptal flap, schematic endoscopic view.
IT inferior turbinate, MT middle turbinate, SS sphenoid
sinus, C choana, NS nasal septum

sphenoid bone and continues along the septum
anteriorly, below the cribriform plate to preserve
the olfactory epithelium [20, 21].

The second inferior incision is performed
from the superior margin of the choana, then it
goes across to the posterior margin of the vomer
and along the junction of the septum and the
nasal floor, and it could be modified by extending
the cut laterally to include the nasal floor to
obtain a larger flap. Careful attention must be
paid to not damage the soft palate.

The two previous incisions are connected
anteriorly by a vertical incision. It can be
extended anteriorly up to the mucocutaneus
junction.

The flap is carefully dissected from the under-
lying bone or cartilage preserving the posterior
vascular pedicle, and it is placed in the nasophar-
ynx or ipsilateral maxillary sinus to prevent dam-
age during the surgical procedure. Finally, the
flap is gently applied directly on the dura or over
a fat graft. To fix the flap, biologic glue is used
and a nasal packing is applied to compress the
flap against the defect.

Contraindication to the surgical choice of this
flap includes previously surgery of septum, sphe-
noid or pterygopalatine fossa and tumour herein
located.

Fig. 10.6 Scheme of anterior pedicled lateral nasal wall
flap. AEA anterior ethmoid artery, NS nasal septum, /T
inferior turbinate, MT middle turbinate

Thanks to the introduction of nasoseptal flap
the postoperative CSF leak rate has been reduced
to less than 5% [22].

When the use of nasoseptal flap is inappropri-
ate for insufficient blood supply (previous septo-
plasty, skull base surgery or functional sinus
surgery), other local pedicle flaps should be
addressed.

One of such options can be anterior pedicled
lateral nasal wall flap (Fig. 10.6). A mucoperi-
osteum flap of lateral nasal wall vascularized by
the anterior ethmoid artery. Anterior incision
extents from the caudal part of nasal bones
towards the head of the inferior turbinate, the
posterior incision follows the superior aspect of
the inferior turbinate up to its posterior extent and
continues medially the floor of the nose [23].

This flap is suited to cover anterior skull base
defects and frontal sinus posterior table defects
[21, 24].

Posterior pedicled middle turbinate flap is
supplied by a branch of the sphenopalatine artery
(Fig. 10.7). The use of this flap is limited by its
small dimension, arc of rotation and its technical
difficulty in harvesting. In the author’s experi-
ence, after removing osteo-cartilaginous struc-
tures, the whole turbinate can be rotated laterally
basing on sphenopalatine artery and middle tur-
binate’s mucosa.

It has to be considered as an alternative for
small fovea ethmoidalis, planum and sella defects
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Fig. 10.7 Scheme of posterior pedicled middle turbinate
flap. SpA branch of sphenopalatine artery, /7 inferior tur-
binate, MT middle turbinate

especially when nasoseptal flap cannot be per-
formed [24].

10.2.3.2 Extranasal Vascularized
Flaps

Before the endoscopic era, different regional myo-
cutaneous flaps were used to repair CFS leaks,
dural and skull base defects. Some of these tech-
niques have been modified for endoscopic surgery.

Zanation introduced the use of the pericra-
nial flap for endoscopic anterior skull base
reconstruction [25]. The blood supply is based on
supraorbital and supratroclear artery. This flap is
an excellent alternative in case of tumour inva-
sion of nasal septum or if the nasoseptal flap is
impossible to use. This flap is harvested by per-
forming 2-cm midline incision and 1-cm lateral
portincision along the coronal plane. Supraorbital
and supratroclear arteries should be identified
using a Doppler scan. Once performed a subga-
leal careful dissection, periostium is separated
from the calvarium. A 1-cm transverse glabellar
incision is performed to dissect down to the peri-
osteum of the nasion. The flap is transposed in
the nasal cavity through a bony opening in drilled
nasion. Nevertheless, according to the authors,
traditional coronal incision and frontal osteotomy
are more frequently indicated when wide skull
base defects must be addressed by transcranial
nasoendoscopic approach (Fig. 10.8).

The use of pericranial flap is convenient in
case of defects anterior to the sella turcica [26].

10.2.4 Synthetic Absorbable
Sealants and Glues

Despite the adopted surgical option absorbable
glues and sealants assure the firmness of the mul-
tilayer sandwich. The general rule of the use of
this resorbable materials is that none of them
must be placed underneath the graft.

10.3 Selection of Reconstruction
Options

The selection of specific endoscopic reconstruc-
tive techniques is tailored upon many factors
such as [27]: the site, the size and the shape of the
skull base defect, the quality of the surrounding
bone and remaining dura, the amount of CSF
leak (high-flow, low-flow, no flow), the individ-
ual anatomy of the nasal septum and lateral nasal
wall, previous history of surgery, trauma or radia-
tion therapy, and the expected need for adjuvant
radio- or chemotherapy.

Concerning the practical choice of the spe-
cific reconstructive option probably the most
important guiding factor is the CSF leak type.
CSF leak can be classified into three main types:
no leak, low flow, high flow (the defect commu-
nicates with the ventricle or cistern) [16]. In
cases in which no intraoperative CSF flow was
noted, the outcomes were excellent regardless of
whether the cranial base defect was repaired or
not [28].

According to the author, it is of great help the
use of simple synthetic graft placed epidural or
subdural that can be strengthened with the addic-
tion of an autograft.

According to literature in case of low-flow
CSF leak, there is no difference whether multi-
layer non-vascularized or vascularized grafts are
used [16].

Higher flow leaks were repaired with greater
success rates when vascularized tissue and multi-
layer repair were used as reported by Patel et al.
[29] and Soudry et al. [28].

There are several independent factors that
help the surgeon to choose the suitable
technique.
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Fig. 10.8 Transcranial endoscopically assisted pericra-
nial flap harvesting. PF pericranial flap. (a) yellow line
pericranial flap green line multilayer blue arrow flap rota-

As claimed by Harvery et al. [30], vascular-
ized flaps were associated with a lower rate of
postoperative CSF leaks when compared with
free tissue grafts in the reconstruction of large
dural defects.

Regarding the site of the skull base defect, there
is no clear differences between vascularized and
non-vascularized reconstruction techniques except
the tuberculum sella and the clivus. Resection of
lesion in these areas leads to a higher risk of high-
flow CSF leak; therefore, the defect may benefit
more from vascularized flap reconstruction.

Specific disorders such as meningiomas, cra-
niopharyngiomas, Cushing disease and obesity
increase the risk for postoperative CFS leaks, and
the use of vascularized flap for skull base recon-
struction should be strongly considered.

tion blue star bone opening, (b, ¢) pericranial flap harvest-
ing, intraoperative view, (d) endoscopic view of the
pericranial flap

Another key point is the need for future or the
history of radiation therapy. In these cases, the
use of vascularized flap is indicated because it
seems that vascularized tissues are more likely to
resist the long-term effects of radiation [16].

10.4 Lumbar Drain

Nowadays, the indication for perioperative
placement of a lumbar drain (LD) is not clear
because it has not been shown to reduce postop-
erative CSF leak rate. However, it has been evi-
denced that LD may be advocated as a first line
treatment in postoperative persistent CSF leak.
In the case of failure of LD management, surgery
is required [28].
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10.5 Clinical Consideration
on Radiotherapy in Skull
Base Surgery

Neo-adjuvant and adjuvant radiotherapy is an
important step in the management of malignant
skull base tumours. Radiation is usually per-
formed postoperatively, and it may be combined
with chemotherapy.

In general, skull base could receive 70-76 Gy
in fractions of 1.8-2 Gy with low risk of
osteonecrosis.

In case of malignancies, the timing of RT
application is crucial for survival improvement.
As soon as surgical field is adequately healed, the
RT should be started.

Since vascularized flap techniques assure an
adequate and fast healing, the earlier delivery of
radiation is possible.

Frequent endoscopic postoperative examina-
tion is fundamental for detecting satisfactory
healing of the wound in order to schedule the
early start of RT [31, 32].
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11

and Monitoring of Free Flaps

J. Collin and R. Fernandes

11.1 Preoperative Assessment

11.1.1 Clinical

Preoperative assessment for any type of surgery
will, of course, include a thorough clinical evalu-
ation of the patients and their suitability to
undergo the proposed procedure with an accept-
able level of risk relative to the expected benefit.
Free-tissue transfer increases the operative time
in almost all cases, and in patients with signifi-
cant comorbidity, it may be prudent to consider
more expedient reconstructive options utilizing
local or regional pedicled flaps. In terms of fac-
tors directly affecting the risk of free-flap failure,
those commonly acknowledged include opera-
tive time, increasing age, female gender, obesity,
malnutrition, nicotine use, anaemia, previous
irradiation, diabetes mellitus and systemic vascu-
lar disease [2, 3]. Atherosclerosis affecting the
donor or recipient vessels is more likely with
many of these risk factors, which increases the
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technical difficulty of free-flap reconstruction
and the associated complication rate.

Previous surgery, injury or neurovascular defi-
cit determined from the clinical history and exam-
ination may preclude the harvest of certain flaps.
The patient’s employment and recreational inter-
ests can also affect the choice of donor site. There
are now myriad reliable options for free tissue
transfer, and the reconstructive surgeon should
consider carefully which donor site(s) will pro-
vide the best balance of functional and cosmetic
reconstruction with lowest risk of flap failure.

11.1.2 Radial Flap Assessment

The modified Allen’s test, originally devised by
Edgar Van Nuys Allen [4] to examine for poor
vascular supply distal to the wrist, has been
adapted to determine if collateral ulnar artery
supply is adequate for harvest of the radial artery
without causing ischaemia of the hand:

1. The hand is elevated, and the patient is asked
to clench their fist.

2. The ulnar and the radial arteries are occluded
with three digits of each of the examiners
hands (this will also occlude any significant
palmar carpal branch of the radial artery with
an abnormally proximal origin [5]).

3. The patient fully opens and clenches again to
exsanguinate the hand.
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4. Still elevated, the patient’s hand is then partially
opened (hyperextension of the hand and wide
separation of the fingers can lead to a false-pos-
itive result by occlusion of the transpalmar arch
[6]) and pallor should be observed.

5. Ulnar pressure is released while radial pres-
sure is maintained, and the colour should
return within 6 s, particularly to the thenar
eminence. If this is not observed, the test is
considered positive or abnormal.

The predictive value of a normal (negative)
Allen’s test is 0.8%, and therefore, no further pre-
operative investigations are necessary with this
finding. The predictive value of an abnormal
(positive) test is only 53%, however so does not
necessarily preclude radial artery harvest. In such
cases, photoplethysmography of the thumb can
be assessed with and without occlusion of the
radial artery. Alternatively, or in addition, duplex
ultrasonography studies of the upper limb vascu-
lature can be obtained.

11.1.3 Fibular Flap Assessment

Palpation of pulses at the ankle can determine
suitable vasculature for harvest of a fibular
flap. This can be supplemented with Doppler
pulse assessment, which can also be used to
identify perforating arteries that would support
a cutaneous paddle. More recently, thermal
imaging (Fig. 11.1) has been used to identify

Fig. 11.1 Thermal image demonstrating perforating ves-
sels supplying skin over the lateral aspect of the thigh
after application of an ice pack

perforating arteries to guide free-flap skin pad-
dle design [7]. Some surgeons may be happy to
rely on clinical examination alone if distal
pulses are palpable [8], requesting contrast
studies only in cases of abnormal pulses or pre-
vious serious lower leg trauma. The majority of
clinicians, however, prefer some form of vas-
cular imaging to reduce the potential risk of
lower limb ischaemia particularly as the pero-
neal pulse can mimic posterior tibial and dor-
salis pedis pulses.

11.1.4 Radiological Assessment

For many years, conventional digital subtrac-
tion angiography (DSA) was considered the
gold standard in preoperative assessment of the
fibular flap, largely to exclude significant ath-
erosclerosis and peronea magna. Conventional
angiography is invasive, with risks of renal
ischaemia, groin or retroperitoneal heamatoma,
pseudoaneurysm, thromboembolism and inti-
mal damage. For these reasons, the first-line
imaging modality of choice is either computer-
ized tomography angiography (CTA) or mag-
netic resonance angiography (MRA). The
former also provides bone data for use in vir-
tual surgical planning (VSP) of osseous flaps,
while the Ilatter avoids radiation exposure.
There is still a role for conventional angiogra-
phy, however, where detailed delineation of
vessels is required due to equivocation over
potential flow limiting lesions. CTA often
requires substantially more contrast than an
equivalent conventional DSA, and in densely
calcified vessels, can struggle to distinguish
opacified lumen from calcified atheromatous
plaque. MRA has neither of those problems, but
is prone to exaggerate vessel narrowing, and is
therefore less accurate in quantifying the degree
of stenosis.

CTA of the head and neck can also be used to
help identify the presence of suitable recipient
vessels when considering free-flap reconstruction
in a previously operated and/or radiotherapized
patient [9, 10]. Magnetic resonance angiography
(MRA) can be used to assess the leg vasculature
in place of CTA prior to fibular flap harvest. As
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with CTA, it is less invasive than digital subtrac-
tion angiography (DSA), but also has the benefit
of avoiding radiation exposure. Patients with fer-
rous implants or foreign bodies may be precluded
from MRI, and those with claustrophobia may
not tolerate traditional narrow scanners, however.
MRA is able to provide imaging equivalent in
quality to tibioperoneal trunk DSA for the pur-
pose of excluding vascular variations or periph-
eral vascular disease [11] and has been validated
in fibular flap assessment [12]. Furthermore,
MRA has been shown to be capable of evaluating
septocutaneous perforators for composite fibular
flap planning [13, 14]. With increasing resolution
of newer scanners, MRA has the potential for
evaluating vasculature for perforator harvest sites
throughout the body.

Colour duplex ultrasound examination can be
used as an alternative to contrast angiography for
fibular flap assessment; however, it has no stan-
dard of reference, and is therefore rather subjec-
tive, while it does not generate data of use to the
surgeon to guide dissection intraoperatively.
Furthermore, additional imaging is still neces-
sary to assess bony volume, provide data for VSP
and exclude unidentified previous trauma.

11.2 Intraoperative Assessment

11.2.1 Clinical

Most surgeons will rely on their clinical assess-
ment of intraoperative flap perfusion by evaluat-
ing colour, capillary refill time, turgor and
bleeding of the flap margins. Obviously, this is
highly subjective, dependent on the surgeon’s
experience and limited to the period between
completion of the anastomosis and the end of sur-
gery. A double-forceps ‘strip test’ is usually per-
formed to confirm venous outflow from the flap
downstream of the anastomosis using two pairs
of micro-forceps, although this manoeuvre will
only differentiate ‘some flow’ from ‘no flow’.
One animal study showed that even with up to
95% thrombotic reduction of the lumen, almost
50% of the anastomoses were classified as fully
patent using this method [15].

11.2.2 Fluorescent Angiography

In view of the indistinct threshold between clini-
cally adequate but decreased perfusion, and that
which will lead to postoperative flap necrosis, a
method that quantifies perfusion and also differ-
entiates between arterial and venous compromise
is of great benefit. Intraoperative angiography
can help provide this information, affording visu-
alization of arterial and venous flow, and soft tis-
sue perfusion (Fig. 11.2). The drawbacks of
traditional contrast angiography include the
requirement for radiographers, bulky equipment
and the additional radiation exposure to staff and
patients. Fluorescein arteriography has been used
mainly experimentally in free-flap surgery, but is
extravasated quickly and can only delineate very
superficial vasculature [16]. Indocyanine green
near-infrared fluorescent angiography provides
an attractive alternative to radiopaque contrast
and fluorescein.

The technique involves peripheral intravenous
administration of indocyanine green (ICG), a
water soluble tricarbocyanine dye that has a long
established role in measuring cardiac output,
liver function and ocular choroidal angiography.
ICG absorbs near-infrared light maximally at
805 nm and has peak fluorescence at 835 nm
in vivo. Absorption of these wavelengths by der-
mal chromophores like haemoglobin and water is
low; therefore, intravascular ICG can be visual-
ized with a near-infrared light and suitable cam-

Fig. 11.2 Indocyanine green angiography demonstrating
good perfusion of a supraclavicular island flap after rais-
ing and prior to inset
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era up to 2 cm from the surface. This makes the
deep dermal plexus readily apparent, compared
with fluorescein imaging that is limited to the
superficial dermis. Furthermore, ICG binds large
plasma proteins (B-lipoprotein) that keep the dye
in the intravascular compartment by preventing
capillary exudate, while its short half-life of
3—4 min permits sequential perfusion monitor-
ing, as previous boluses will not obscure subse-
quent imaging. ICG undergoes biliary excretion
via the liver, and adverse reactions are extremely
rare [17]. Pregnancy, hepatic impairment, urae-
mia and previous history of anaphylaxis with
intravenous contrast are contraindications. The
usual dose for perfusion imaging is within the
range of 0.1-1 mg/kg, and toxicity is not seen
below 5 mg/kg [18]. As well as a lower risk of
contrast-related side effects, there is no radiation
exposure to the patient and staff as with tradi-
tional angiography.

Near-infrared video cameras for ICG angi-
ography include the SPY Elite (LifeCell
Corporation), IC View and PDE systems
(Pulsion Medical Systems and Hamamatsu
Photonics). This technology can also be inte-
grated into the optical path of surgical micro-
scopes to permit micro-angiography of vessels
less than 1 mm in diameter. During harvest,
ICG angiography can provide information about
the distribution of blood flow to a flap and the
extent of tissue supplied by the vascular pedicle.
This information is especially important when
raising extended flaps for large, complex recon-
structions. ICG angiography has also been shown
in experimental and clinical studies to have a
high sensitivity in identifying perforators and
their supplied territory for use in perforator flaps.
Although perforator flaps have many advantages,
the high variability in perforator vessel anatomy
and territories they supply means that verification
of these prior to flap harvest with ICGA poten-
tially increases the reliability and success rate
while decreasing harvest time.

ICG angiography allows objective assessment
of anastomotic patency—the primary determi-
nant for initial microvascular free-flap survival,
at the earliest stage before the patient leaves the
operating theatre. Confirmation and quantifica-

tion of both arterial and venous flow can be
obtained. Furthermore, adequacy of blood supply
to all regions of the flap can be assessed after
insetting when parts may have become kinked or
compressed. This final assessment of perfusion
can be helpful in avoiding partial flap necrosis
[19]. ICGA is also useful when undertaking flap
salvage surgery to identify the cause and location
of the vascular compromise, be it due to throm-
bosis, arterial spasm, kinking or external com-
pression of the vascular pedicle, hematoma and
vasospasm. Early or small microvascular throm-
botic occlusions are hard to confirm with subjec-
tive clinical assessment; therefore, surgical
exploration is almost always undertaken and
often re-anastomosis performed. In large flap
salvage series, microvascular thrombosis is only
found in approximately half of cases [20]. This
means that potentially around 50% of cases are
subjected to unnecessary surgical exploration.
The use of ICGA to determine first if re-
exploration is required, and then intraoperatively
to identify if re-anastomosis is needed, may pre-
vent potentially harmful surgery and unneces-
sary manipulation of the microvascular
anastomosis when vascular flow is actually pres-
ent. In summary ICGA requires minimal equip-
ment and peripheral administration of safe
contrast agent without radiation exposure to pro-
vide extremely helpful quantitative information
pre, intra and post-operatively to help reduce par-
tial flap necrosis and need for re-exploration in
microvascular and also pedicle flap reconstruc-
tion. Presently the cost of the imaging equipment
is the only significant drawback, and hopefully,
this will continue to decrease with time [21].

11.3 Postoperative Monitoring

Rates of free flap failure due to postoperative vas-
cular compromise are around 2-5% [22, 23] with
over 95% of failures occurring within the first
72 h following surgery. In these cases, the chance
of successful salvage is highly time dependent
[24, 25]. The gold standard for monitoring of
flaps is still clinical assessment, and this incurs
minimal expense with negligible discomfort and
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risk to the patient. Most institutions will have a
protocol for assessment of flap colour, capillary
refill, turgor and sometimes surface temperature
1-4 hourly within the first 24—48 h, when the risk
of vascular complications is greatest and the
chance of salvage best. Pin-prick bleeding and
scratch bleeding time can also be tested; how-
ever, some clinicians would prefer not to injure
the flap in any way. The emphasis on appearance
and in particular the hue of the flap as a guide to
perfusion means that high colour rendering index
LED light sources have been advocated when
examining flaps postoperatively [26]. If clinical
assessment is to be relied upon alone, then admis-
sion to a high or medium dependency unit is
helpful to ensure adequate staffing to carry out
the checks at the required frequency. Clinical
monitoring is therefore labour intensive, largely
subjective, dependent on the experience of the
observer and intermittent in nature.

Obviously clinical assessments are only pos-
sible where there is a visible skin paddle. If this is
not the case, then a strong argument can be made
for using internal monitoring devices. While
there is evidence to show that they work and
some indications that flap salvage rates improve
compared with other series, there have been no
randomized controlled trials to date [27].
Noninvasive techniques include hand-held acous-
tic Doppler ultrasound, infrared thermography,
polarized spectral imaging and laser Doppler per-
fusion imaging. Invasive techniques include
implantable Doppler probes, micro-dialysis and
venous pressure measurements. No one system
has been universally adopted.

11.3.1 Thermal Assessment

Some clinicians have used thermistor or thermo-
couple probes to provide continuous monitoring
of flap surface temperature [28, 29]. A drop of
around 3 degrees relative to adjacent native skin
is suggestive of arterial occlusion, whereas
smaller drops of 1-2 degrees can be due to venous
compromise [30]; however, there is a delay in
temperature change following vascular obstruc-
tion, and the technique is not suitable for intra-

oral or buried flaps. Thermal imaging has been
employed for monitoring of flaps with an exter-
nal cutaneous component, noting the position of
perforators identified preoperatively [31]. This
technique is intermittent and relatively subjective
in nature though.

11.3.2 Doppler Assessment

11.3.2.1 Acoustic Doppler Probes
Acoustic Doppler probe assessment can be used
as an adjunct to clinical examination of a skin
paddle. It can also be a reliable means of assess-
ing perfusion of buried flaps with a superficially
lying pedicle. Obviously, some care is needed to
ensure the probe is not detecting a native vessel
and therefore providing false reassurance. Often
the surgical team will denote the correct position
for Doppler examination of the pedicle with an
ink or suture marking the overlying skin. In these
cases flow can be confirmed through the pedicle,
however this does not necessarily mean that there
is perfusion of the entirety of the flap.

11.3.2.2 Colour Duplex
Ultrasonography

A refinement of the Doppler principle is colour
duplex ultrasonography. This adds visual repre-
sentation of flow velocity to the acoustic Doppler
signal, with different velocities assigned different
colours displayed on a viewing monitor. Again,
this is noninvasive and can be useful in the assess-
ment of buried flaps. There is much greater
expense compared with hand held probes due to
the equipment and personnel required. Each
examination may require the involvement of an
ultrasonographer, radiologist, and the microvas-
cular surgeon, which currently makes frequent
observations in the postoperative period unfeasi-
ble. Instead it has mainly been used an adjunct to
other monitoring techniques, particularly for
buried flaps when there is suspicion of vascular
compromise [32-35].

11.3.2.3 Implantable Doppler Probes
The implantable Doppler probe was first
described in 1988 by Swartz for monitoring of
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buried free flaps [36]. It became commonly
known as the Cook-Swartz probe and is now in
widespread use. The device consists of a piezo-
electric crystal mounted to a silicone cuff that can
be attached to the pedicle artery and/or vein to
convert small changes in pressure into electrical
current. Wires extend transcutaneously to con-
nect with a device that converts the electrical cur-
rent to an audible tone, comparable with a
standard acoustic Doppler. This arrangement pro-
vides continuous information about intravascular
flow through the pedicle. An instant alert to vas-
cular compromise in theory allows a quicker
return to theatre and increased chance of flap sal-
vage. A systematic review and meta-analysis of
flaps for head and neck, breast and extremity
reconstruction in 2016 provided evidence to sup-
port this, with significantly greater flap salvage
rates and overall flap success rates when an
implanted Doppler was employed compared with
clinical monitoring alone [37]. Furthermore, the
majority of the positive benefit is observed in
head and neck reconstruction [38]. However, this
meta-analysis also identified an 8-17% false-
positive rate, and therefore, a significant number
of patients were subjected to the risks of surgical
exploration unnecessarily [37]. These false posi-
tives are due to either malfunction or malposition
of the probe [39, 40], so the former may improve
with further refinement, and the latter with opera-
tor technique and experience. Eventually, wire-
less probes could help reduce dislodgement in
the future too [41]. Obviously, the use of implant-
able Doppler probes has a cost implication, with
each probe costing around 250-300 Eur. This has
to be balanced against the potential reduction in
flap failures but also the false positives leading to
unwarranted exploration. Implantable Doppler
probes only detect flow within the pedicle, and
this does not necessarily correlate with perfusion
of the entire flap.

11.3.2.4 Laser Doppler Assessment

Laser Doppler flowmetry uses the Doppler shift
of laser light reflecting from blood flow as
opposed to sound in acoustic Doppler probes and
was first shown to be of potential use in free-flap

monitoring in 1982 [42]. Laser Doppler flow
assessment is a noninvasive and reliable method
for assessing tissue perfusion, but is affected by
ambient conditions, fluid accumulation under the
probe and motion of the patient and even staff
within the room. Patient respiration or muscle
contraction can lead to falsely elevated values
being measured [43]. Despite this limitation, it
permits continuous flow monitoring and has led
to improvement in flap salvage and overall suc-
cess rates in some series [43].

Laser Doppler perfusion imaging and laser
speckle analysis expands on this method to pro-
vide a two-dimensional image of tissue perfusion.
A near-infrared laser beam scans over the skin
surface of the tissue, penetrating from 0.5 to 2 mm
to assess the Doppler shift of reflected light from
the blood in the microvasculature. The perfusion
measured can be displayed numerically or as a
colour-coded image overlayed onto an image
taken simultaneously by a digital camera. This
has been shown to aid both planning and monitor-
ing of non-buried flaps by identification of areas
of poor perfusion [44, 45]. It is as yet unable to
prove continuous monitoring due to slow acquisi-
tion speeds [46]. The imaging device is the size of
a large video camera, easy to use, and although
the initial cost is around 70,000 Eur, the only con-
sumable is a sterile cover. Intraoperatively, it can
be used to guide final flap design after anastomo-
sis and may prove to be a valuable modality for
postoperative monitoring for non-buried flaps.

11.4 Other Monitoring Methods

Other methods for free-flap monitoring that have
been reported in small studies include continuous
bedside photoplethysmograph waveform moni-
toring [47], technetium-99m sestamibi scintigra-
phy [48] perfusion-weighted magnetic resonance
imaging [49] and microdialysis to assess flap
capillary glucose and lactate levels [50, 51].
While these show some promise, further evi-
dence of improvement in outcomes is required,
ideally in the form of clinical trials, before they
can be recommended for widespread use.
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11.5 Summary

With the large number of free flaps currently
described, it is helpful to have reliable methods
to help guide the choice of reconstruction for a
particular head and neck defect in a particular
patient. MRA and thermal imaging assessment
are likely to be of increasing utility in the near
future in this respect as they are noninvasive,
and the latter easily repeatable with a hand-
held device. ICG angiography has become a
great asset in intraoperative assessment of
free-flap perfusion and guidance of design as it
demonstrates whole-flap perfusion, rather than
simply flow at the pedicle. The current evi-
dence base shows both ICG angiography and
laser Doppler assessment of tissue perfusion to
be of benefit in improving flap survival. The
threshold measurements for viable and non-
viable tissue still need clarification for both of
these techniques however. It may be that the
future ideal monitoring protocol may be a
combination of two or more of the methods
described in this chapter that will provide con-
tinuous assessment of whole-flap perfusion
and reliable, timely indication of when salvage
surgery is required.
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12.1 Introduction

New technologies have totally changed the way
we plan surgeries in the cranio-maxillofacial
area. In the 3D printing era, customized implants
are gaining more and more popularity, and its
use in maxillofacial surgery is currently widely
spread. Temporomandibular joint (TMJ) replace-
ment has suffered as well the impact of these
new technologies. New materials and patient-
specific implants provide us much better pros-
thesis design, with a more accurate surgery and
better outcomes in terms of pain, function, and
esthetics. New technologies combining 3D
imaging, CAD/CAM procedures, and navigation
can make possible nowadays to approach com-
plex TMJ reconstruction cases with a high suc-
cess rate (Fig. 12.1).

Despite these advantages, there is still contro-
versy in the management of TMJ pathology.
Furthermore, all the new developments should be
studied long term and properly tested.
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12.2 History: Materials

History of alloplastic TMJ reconstruction is
based on the evolution of the different materials
used along the years. Most of these materials
has been abandoned since many reports pub-
lished related problems such as foreign body
reaction, heterotopic bone formation, and mate-
rial fragmentation. On the other hand, TMJ
prosthesis evolution has followed for many
years the wrong trail of the design and materials
used by orthopedics in other joints like the hip,
whose load and biomechanics are not compara-
ble to the TMJ.

Currently, three main factors have contributed
to achieve more efficient design in the TMJ
prosthesis:

— Better knowledge of the TMJ biomechanics

— Better materials (more resistant and long-term
stable new alloys and polymers)

— CAD-CAM technology that allow to custom-
ize the prosthesis to each single situation

The first published case reporting an alloplas-
tic reconstruction of the TMJ was in 1840 by the
neurosurgeon John Carnochan who used a piece
of wood for keeping the gap in a joint after an
ankylosis resection surgery [1]. The first materi-
als had an interpositional function after ankylo-
sis, condylectomy, or discectomy surgery. Among
the multitude of materials used in the past, we
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Fig. 12.1 (a) Meningioma affecting the temporal bone.
Virtual planning of the resection including the glenoid
fossa and the mandibular condyle. (b) Resection planning
downloaded into the navigation system including the cut-

should notice ivory, rubber, gold foil, stainless
steel, etc. [2].

However, the real boost of the TMJ prosthesis
starts in the middle of the last century with the
reports published by some authors; In the 1960s,
Robinson publishes stainless steel implant fixed
with screws, covering the articular fossa and
eminence. Later, this author changed the steel
for a silastic sponge (polysiloxane). Silastic was
first time used as joint replacement material in
1968, but its use was discontinued some years
later (in 1993) because of instability and the pro-
duction of foreign body reaction. Silastic parti-

ting guides. (¢) Navigation-assisted resection. (d) Patient-
specific implant to repair temporal defect including the
TMI. Intraoperative view

cles were even found in histologic study of the
regional nodes [3].

In 1963, Christensen published an implant
made out of Vitallium (Cr-Co alloy). It was a
stock of 44 preformed plates according to the
anatomical variations of the fossa and eminence
facilitating the surgeon to select the best “fit
stock” implant. Two years later, this author pub-
lished the first total joint replacement using a
ramus component made out of vitallium with a
covering of polymethylmethacrylate (PMMA)
for the condylarhead [4]. Polymethylmethacrylate
used by Christensen for the condylar head, or by
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others authors as a cement to get a better
prosthesis fixation to the bone, was also aban-
doned because of its complications such as frag-
mentation with significant breakage and tissue
reaction to wear debris, surrounding tissue infil-
tration by non-polymerized material, or burning
of the tissue secondary to the heat that produced
during the polymerization process [5].

In 1972, Kent introduced a new material
Teflon (polytetrafluoroethylene) which posteri-
orly turned in the most unpopular. In the first
design, Teflon covered the condylar head, and
lately, it was used for the fossa component as
well. The material could be enforced with carbon
fiber or with aluminum oxide (Proplast I and II)
[6]. Teflon was first used with great expectations
but also was abandoned in the 1990s due to the
adjacent tissue swelling produced by the material
fragmentation related to chronic loads, severe
bone resorption, and chronic swelling. FDA
made a safety alert in 1990 to US oral and maxil-
lofacial surgeons, who were asked to re-examine
all patients treated with Proplast or Teflon [7] and
finally withdrew Teflon for this purpose.

Since the end of the 1970s until the half of
1980s, several modifications concerning the
materials and the prosthesis component design
were made; Kiehn, Raveh, Morgan, House,
Kummoona, Sonnenburg, etc. reported their
results using new materials. Teflon in the articular
surface was replaced by a ultra-high molecular
weight polyethylene (UHMPE). The high-density
polyethylene showed much better biomechanical
qualities and a long-term less wear.

In 1989, Techmedica developed a total pros-
thesis by using first time CAD-CAM technology.
A stereolithographic model was printed, and
then, a preformed fossa (titanium mesh coated
with UHMPE) and ramus (titanium with a vital-
lium condylar head) were created [8, 9].

Walter-Lorenz developed a stock prosthesis
including three different kinds of fossa coated
with UHMPE and three different sizes of ramus
made out of vitallium and Ti plasma spray for the
surface. Long-term studies in a large number of
patients lead 10 years later to the FDA approval

for these prosthesis [10]. In 1997, Wolford and
Mercuri designed the TMJ Concepts system.
Multicentric studies endorsed this system and
showed better results in terms of mandibular
function, mouth opening, pain decreasing, as
well as better quality of life.

In 1996, Chase reinvented Christensen’s pros-
thesis, replacing the PMMA condylar head with a
Cr-Co condylar head, creating a “metal on metal”
system. This and other systems called “metal on
metal” have been subjected to study showing
some related problems: cyclic loading of the
fossa could lead to micro-motion, fretting corro-
sion, fatigue, and even fracturing of the fossa,
material fatigue, hypersensibility to the metal
(elevated body levels of Cr and Cb), etc. [11].

In summary, the evolution of the alloplastic
prosthesis has been based on a trial-error pro-
cess. Despite promising short-term results, the
long-term evolution has led to give up some sys-
tems. Changes in materials and designs over time
can explain why certain systems failed, whereas
others are still used today with good long-term
results [2].

Some important criteria should be kept in
mind in order to select a material to be implanted
in the patient bone [12-14]:

1. The material must be biocompatible.

2. Proper fixation to the bone is needed.

3. Osseointegration of the ramus component of
the prosthesis.

4. Stiff enough to prevent micromotions, but the
elastic modulus must be comparable to that of
bone to prevent the shielding of the underly-
ing bone from forces on the implant.

5. The wear resistance of the material (a material
with a low wear resistance will develop wear
debris).

The future will be based on the development
of new coatings and alloys (f-titanium, alumina-
toughened, zirconia, etc.), providing implant
systems with an elastic modulus closer to bone,
with better wear properties and better biocom-
patibility [15].
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12.3 CAD-CAM Technology
and Autogenous TMJ
Reconstruction

12.3.1 Indications

Although alloplastic implants offer advantages
over autogenous replacement of the TMIJ, such as
avoiding donor site morbidity, decreasing surgi-
cal and anesthetic time, and allowing for earlier
physical rehabilitation, indications for an autolo-
gous reconstruction of the TMJ currently still
exist. Growing patients is one of the main indica-
tions of this kind of reconstruction due to two
main reasons:

1. Mandible bone grows up to 16—18 years old,
and the new joint should potentially grow with
the child (Fig. 12.2).

2. Life expectancy of a child is higher than those
of an adult, and a not-yet resolved problem is
related to the average lifetime of an alloplastic
TMIJ prosthesis.

The most common indications for a TMJ
reconstruction in childhood are [16]:

— Ankylosis (secondary to a condylar fracture or
an ear infection)

— Rheumatoid diseases

— Congenital aplasia/hypoplasia (hemifacial
microsomy)

One of the main advantages of using an autol-
ogous graft or flap for the TMJ reconstruction is
to permit an adaptative growth or remodeling of
the new joint [17].

Fig. 12.2 (a) Postoperative panoramic radiography of a
5-year-old female with a costochondral graft after a TMJ
ankylosis resection. (b) Seven years follow-up radiologi-

12.3.1.1 Technical Options
Several techniques have been historically used
for an autogenous reconstruction of the TMI:

Sliding ramus osteotomy
Costochondral graft
Sternoclavicular graft
Osteogenic distraction
Vascularized free flaps:

— Fibula flap

— Second metatarsal free flap

hAEE Rl .

Some of these techniques are rarely used now-
adays, but some others are still popular. Osteogenic
distraction and vascularized free flaps are in fact
the workhorse for autogenous TMIJ reconstruc-
tion. Both techniques can clearly benefit from
CAD-CAM technology [18]. The use of free flaps
is discussed in the mandibular reconstruction
chapter.

12.3.2 Distraction Osteogenesis
in TMJ Reconstruction
Technique

Some congenital malformations with a pro-
gressive facial asymmetry and malocclusion
like the hemifacial microsomy (HFM) are
potential candidates to undergo a mandibular
distraction, especially those cases with a
Pruzansky II in which remains recognizable
condyle and fossa. The aim of the osteogenic
distraction is to lengthen the mandibular ramus
allowing the condyle to reach the fossa, thus
correcting the asymmetry and also improving
the occlusion.

cal control. Notice the growth of the graft comparing with
the immediate postop panoramic
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The use of computer-assisted surgery in osteo-
genic distraction can be considered in:

Preoperative virtual planning: A thin-cut
craniofacial CT is performed, and then fused

with the intraoral dental scan (Fig. 12.3a—d).
DICOM files are uploaded to a specific soft-
ware in order to plan the virtual surgery. Next
step is to decide the distraction vector which is

Fig. 12.3 (a) Preoperative aspect of a 4-year-old male
with a right HFM. (b) Occlusion prior to the surgery.
Inferior incisor midline deviated to the right with a left
open bite. (¢) Preoperative CT, lateral view: TMIJ hipopla-
sia (Pruzansky IIb). (d) Preoperative CT, frontal view:
Severe chin deviation to the right coincident with the den-
tal midline deviation. (e) STL file with distractor device
placed in the desired position to achieve the planned vec-

tor. (f) Measurements of the mandible virtual movement
and the gap created in the osteotomy. (g) Virtual design of
the ramus osteotomy avoiding the second molar bud. (h)
Customized cutting and drilling guide placed in the outer
cortex of the ramus with a dental reference. (i) 2 months
postop radiological control. (j) Sixmonths postop facial
appearance. Notice the improvement of the facial symme-
try (k) Final occlusion
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Fig. 12.3 (continued)

defined by the pin distractor location and the
osteotomy design. A STL file with the distrac-
tor device is also uploaded to the software
(Fig. 12.3e).

The planning software allows us to stablish
the vector of the distraction regarding the neces-

sary mandible movement. The osteotomy and the
position of the distractor device can be virtually
designed (Fig. 12.3f) [19]. The osteotomy height
and angulation is stablished according to the vec-
tor but also avoiding the teeth and the inferior
alveolar nerve (Fig. 12.3g).
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3D printing: A cutting and a drilling guide is
designed to assist the surgeon to perform the
osteotomy and the holes for the pins according to
the virtual plan [20]. Mandibular ramus surface
lacks anatomical landmarks, so the location of
the guide could be difficult to establish. At this
point, a dental reference is very helpful to ensure
the right position of the customized guide
(Fig. 12.3h).

12.3.2.1 Surgical Technique

The technique may vary according to the type of
distractor to be used. In our hands, the simple the
vector and the distractor, the better outcome and
easy management. By using an extraoral distrac-
tor, the surgical approach is limited to an intra-
oral incision to expose the ramus in order to
perform the osteotomy. Pins of the distractor are
placed through a transbuccal way being inserted
in the holes previously drilled with the custom-
ized guide. Finally, an intraoperative activation is
made to ensure the correct movement of the
distractor.

12.3.2.2 Follow-Up
There are no variations in the phases and rhythm
of distraction. Radiological recordings are made
to analyze the gap created and to ensure the cor-
rect distraction process (Fig. 12.3i). Pins are
removed without need of anesthesia within
6-8 weeks after finishing the distraction.
Orthodontic support is helpful in the manage-
ment of these patients, not only during the dis-
traction but also in the consolidation phase. In
order to keep the new occlusion, elastics are often
placed for several weeks (Fig. 12.3j, k).

21-23]. Indications and contraindications of this
type of reconstruction can be seen in Table 12.1.
Custom and stock prosthesis are available, and a
comparison between both the systems can be
seen in Table 12.2. Two established systems have
been approved by the United States Food and
Drug Administration (FDA): TMJ Concepts
custom-made prosthesis (Ventura, California)
and the Zimmer Biomet stock prosthesis
(Jacksonville, Florida) which is available world-
wide. Long-term data outcomes on these two

Table 12.1 Indications and contraindications for allo-
plastic total TMJ reconstruction

Indications

Congenital and developmental disorders (condylar
agenesis, condylar hyperplasia)

Neoplasia

Severe degenerative disease
Severe inflammatory disease
Posttraumatic deformities

Ankylosis

Previous failed autogenous reconstructions
Previous failed alloplastic reconstructions
Contraindications

Growing patients (relative)

Uncontrolled systemic disease
Psychiatric instability
Active infection

Allergy to prosthetic components

Uncontrolled parafunction

Table 12.2 Comparison between stock and custom-
made total TMJ prostheses

Stock prosthesis

Custom-made prosthesis

Make fit Made to fit
Lower cost Higher cost
Shorter treatment Longer treatment
timeframes timeframes

124 AlloplasticTMJ
Reconstruction

12.4.1 Indications

The history of alloplastic TMJ reconstruction has
been surrounded by noteworthy controversy as
reviewed previously in this chapter; however,
they currently represent a safe and predictable
way to restore the TMJ and its surroundings [10,

Removal of bone

No or minimal removal
of bone

More difficult to obtained
primary stability

Easier to obtain primary
stability

Potential micromovement

No micromovement

Placement versatility

Less placement
versatility

Potential for longer
surgical time

Potential for less
surgical time

Limited use for large or
difficult anatomical defects

Great for large or
difficult anatomical
defects
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systems represent the bulk of the knowledge on
alloplastic TMJ reconstruction (TMJR); how-
ever, emerging new systems globally are provid-
ing further scientific contributions. Advances in
3D printing have allowed the inception of some
of these systems, and like all new technologies,
new questions have arisen about the safety of 3D
printed metallic medical devices especially con-
sidering the complex history of alloplastic TMJ
replacements. The use of 3D printed metallic
devices bring important biomechanical concerns
that need further research:

1. Porosity control. The more pores are in the
material, lower the density, making it more
prone to fracture under loading.

2. Density control. While operating under cyclic
stress, density will determine whether or not
the part will fail under pressure.

3. Residual stress control. Variable thermal
changes during 3D printing can lead to resid-
ual stress resulting in potential deformation of
the device.

4. Cracking and warping. It occurs when the
melted metal cools down after printing.
Cracking may also occur if the powder mate-
rial was not properly melted.

5. Post processing surface roughness. 3D
printed devices are commonly printed with
rough surfaces that require additional post-
processing that could damage the integrity of
the device.

With regard to the issue of wear with 3D
printed TMJ replacements, it depends on the
bearing surface materials. Most of the 3D printed
TMJ devices have all-titanium alloy ramus/con-
dyle components which in orthopedic hips and
knees joint replacements are not utilized as tita-
nium alloy has poor wear properties when func-
tioning against polyethylene. However, we seem
to be able to get away with that bearing coupling
for TMJR due to the exponentially lower func-
tional loads presented to the TMJ (Mercuri, per-
sonal communication). How these 3D printed
TM]J devices will perform long-term has yet to be
determined. Characteristics of some of world-
wide systems are illustrated in Table 12.3 [24].

For the purpose of this chapter, our discussion
is based on our experience with the TMJ Concepts
custom-made prosthesis and the Zimmer Biomet
stock prosthesis as examples of both approaches
to TMJ alloplastic reconstruction. Diagnosis and
management protocols of the primary process for
which the alloplastic TMJ replacement is indi-
cated is outside of the scope of this chapter. At
the same time, it is important to remind the read-
ers that due to the intricate nature of these etio-
logic factors, ancillary techniques such as virtual
surgical planning, preoperative embolization,
ultrasonic osteotomes, 3D printing cutting
guides, and intraoperative imaging and naviga-
tion are to be considered [25-33] (Fig. 12.4).

12.4.2 Stock vs Custom-Made
Prosthesis

12.4.2.1 Stock Prosthesis

Stock prosthesis concept is based on a stock
device in which the patient has to “make fit” to
the prosthesis. In the above-mentioned Zimmer
Biomet system, the mandibular ramus compo-
nent is made of a cobalt-chrome alloy with a
roughened titanium plasma coating on the host
bone side. It comes in three different lengths: 45,
50, 55 mm; two widths: standard and narrow; and
two different condylar angulations: straight and
off set. It has a fossa component made completely
of ultra-high molecular weight polyethylene with
a standard base with a flange that varies in three
sizes (small, medium, large) (Fig. 12.5). This
component has the potential disadvantage that to
be adapted it requires the removal of bone from
the eminence and glenoid fossa to create a flat
surface (Fig. 12.6). On the other hand, the system
has the great advantage that it is readily available
to use without any manufacture delays. Advances
in planning and surgical technique with this type
of prosthesis have been reported in the literature.
Virtual surgical planning has been done by incor-
porating a virtual model of the stock TMJ pros-
thesis allowing the creation of cutting and
positional guides to help with the placement of
the prosthetic components [34-39]. Modifications
of the surgical technique include fossa bone graft
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Fig. 12.4 Preoperative virtual planning of a 48-year-old
female with severe right TMJ ankylosis showing. (a)
Frontal view 3D CT scan reconstruction showing a large
right TMJ ankylotic mass with mandibular asymmetry.
(b) Posterior view 3D CT scan reconstruction showing
the relation of internal carotid (fuchsia) and maxillary
(red) arteries with the ankylotic mass. Proposed osteoto-
mies marked in gray. Case will require preoperative
embolization. (¢) CT scan view showing the proposed

osteotomies to create the necessary space for a custom-
made TMJ fossa prosthesis. (d) Lateral view 3D CT scan
reconstruction showing the final gap arthroplasty with a
virtual fossa and condyle. A sagittal osteotomy has been
done on the left side to properly reposition the mandible
into the correct occlusion. (e-g) Frontal and lateral
views 3D CT scan reconstruction of the proposed anky-
lotic mass osteotomies
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Fig. 12.4 (continued)

to stabilize the fossa component, salvage of the
residual disk, and harvesting of fat from the retro-
mandibular approach [40, 41].

Studies by Abramowicz and Brown have dem-
onstrated that stock prosthesis could have been
utilized in a great variety of situations in which
custom-made prosthesis were done. Still, stock
prostheses have the disadvantage that they have a
limited application in patients where a substantial
vertical and/or horizontal mandibular movement

is indicated (concomitant correction of dento-
skeletal deformities) or in cases with a significant
congenital or acquired deformity or loss of the
native anatomy [42, 43].

12.4.2.2 Custom-Made Prosthesis

A customized TMJ prosthesis has the distinct
characteristic that it is a “made to fit” device that
allows for great versatility in complex TMJ
reconstructions [44]. Efforts to classify extended
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Fig. 12.5 Zimmer
Biomet stock TMJ
prosthesis. Note that the
fossa base is flat and has
the same size; what
changes is the size of the
flange. Standard (larger
foot plate) and narrow
mandibular components

Fig. 12.6 Flatten mandibular fossa after removal of emi-
nence with a power rasp. Site prepared for a stock fossa
component

alloplastic TMJ/mandibular reconstructions have
been described in the literature [45, 46]. The
mandibular component of the TMJ Concepts
prosthesis has a body made of machined alloyed
titanium with a condylar head of chrome-cobalt-
molybdenum (Cr-Co-Mb) alloy. The fossa com-
ponent has a titanium mesh backing with an
ultra-high molecular weight polyethylene articu-
lating surface (Fig. 12.7). The biggest disadvan-
tage of this prosthesis is the time required for its
construction.

The process for construction of this type of
device starts with a thin-cut maxillofacial CT
scan that is used for the construction of a virtual
model. If necessary, in selective cases such as

concomitant correction of dentoskeletal deformi-
ties, neoplasm resection, and pathological or
traumatic reconstruction, virtual surgical plan-
ning is then performed [47-51]. A stereolitho-
graphic model is then constructed. This model is
then further studied to determine if any osteoto-
mies are to be made to achieve the necessary
clearance to the placement of the prosthetic parts.
A minimum 13-15 mm of clearance is necessary
between the lowest portion of the mandibular
eminence to the sigmoid notch. A wax-up is done
in the stereolithographic model. The prosthesis is
then manufactured after the surgeon has approved
the prosthetic design.

12.4.3 Computer-Assisted Surgery

The use of computer-assisted surgery in alloplas-
tic TMJ reconstruction has the following steps:
Preoperative virtual planning: By obtaining
a thin-cut maxillofacial CT scan and dental
records (intraoral scan), a virtual hybrid model
can be fabricated in which accurate bony and
dental surfaces can be obtained. This model will
allow for better visualization and understanding
of defects, neoplasms, deformities, or discrepan-
cies for which the alloplastic TMJ replacement is
indicated. Once proper analysis and diagnosis
have been done, a virtual surgical planning can
be carried out. Virtual condylectomies are done
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Fig. 12.7 TMJ Concepts custom-made prosthesis: man-
dibular fossa component. (a) Titanium mesh that articu-
lates with bone from the mandibular fossa. (b) Lateral
view of the fossa. Note the posterior ledge in the block of

to assure the proper space required for the pros-
thesis components. Cases of dentoskeletal defor-
mities have the occlusion and the jaws moved to
their ideal position. Neoplasms, bony ankylosis,
or failed previous reconstructions can be virtually
resected. Cutting guides and positional aides can
be designed. Although not available in the USA
due to FDA regulations, a virtual TMJ prosthesis
can be incorporated or designed to reestablish the
lost anatomy.

3D printing: Virtual hybrid, dental, verifica-
tion, or any other kind of anatomical model can
be printed to aid at the time of surgery. Splints,
cutting, and positional guides could also be
printed in different types of materials that range
from plastics to metal. Additionally, as described
before, new emerging systems are able to 3D
print alloplastic TMJ replacements (Fig. 12.8).

Virtual intraoperative navigation: Once the
preoperative virtual planning was defined, the
digital information can be exported to a naviga-
tor. With the virtual intraoperative navigator, sur-
geons can establish a comparison between the

the ultra-high molecular weight polyethylene. Mandibular
component (¢) Front view. Polished surface. (d) Coronal
view. Note the significant angle between the ramus and
the condyle. (e) Back view. Unpolished surface

images on the monitor’s screen and the actual
bone.

Validation of the techniques: Postoperative
imaging is obtained and fused to the preoperative
virtual plan to determine the level of accuracy of
the procedure.

12.4.4 Surgical Technique

The need of one or two reconstructive stages as
well as the different surgical sequences for the
placement of the prosthesis depends on the pri-
mary process for which the alloplastic TMJ
replacement is indicated as well as surgeon’s
preference and experience. The basic technique
consists of:

1. Nasal intubation. The size, position, and
lack of mobility of the mandible put this
patient population on a higher risk for a dif-
ficult airway. Preoperative discussion of the
airway requirements with the anesthesia
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Fig. 12.8 Sequela of osteomyelitis after orthognathic procedure. Virtual planning of a custom-made TMJ prosthesis

team is therefore of paramount importance.
Advance techniques such as awake nasofi-
beroptic or retrograde intubation should be
required.

. Establishment of maxillomandibular fixa-

tion. Depending on the case and surgeon’s
preference, the establishment of maxillo-
mandibular fixation could be done prior to
prepping and draping the patient. This will
decrease the chance of saliva contamination
by minimizing the need of intraoperative
intraoral maneuvers. In certain circum-
stances such as bony ankylosis cases, the
establishment of MMF is not done until the
mandible has been released. Furthermore,
some surgeons will wait until the condylec-
tomy has been carried out to put the patient
in MMF.

. Sterile prep and drape. Sterility is extremely

important to avoid contamination and poten-
tial infection of the prosthesis. The patient is
instructed to wash their hair the day of sur-
gery. The external auditory canals are checked
preoperatively to rule out any ear infections.
The patient is then prepped and then draped

in standard sterile fashion avoiding, if possi-
ble, having residual hair in the surgical field.
The mouth, the nose, and the endotracheal
tube are isolated by covering them with trans-
parent dressings. An ear wick with antibiotic
ointment is placed in the external auditory
canal. Antisialagogues should be considered
as an adjuvant to decrease the salivary flow
while performing the surgery.

. Mandibular fossa approach. The mandibu-

lar fossa approach is done via a preauricular,
endaural, or modifications to these approaches.
The approach depends on the primary etiol-
ogy to which the reconstruction is indicated,
the size of the fossa prosthesis to be utilized,
and surgeon’s preference. Skin is incised, dis-
section is carried out through the different lay-
ers until the zygomatic arch is reached. Care
is taken to avoid injury to the temporal branch
of the facial nerve which runs in the temporo-
parietal fascia, subperiosteal dissection is
performed exposing the lateral border of
mandibular fossa and eminence. Medial dis-
section of the fossa is not done until the con-
dylectomy is done.
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5. Neck approach. The neck approach also

depends on the primary etiology for the
TMIJ alloplastic reconstruction, size of the
mandibular/ramus prosthetic component,
and surgeon’s preference. Approaches vary
from standard sub- or retromandibular to
facelift, parotidectomy or even apron type
of approaches.

. Communication of both approaches. Once
the fossa and the mandibular ramus have
been exposed, through the neck approach,
blunt dissection is carried out with a long
clamp such as tonsillar clamp until both
approaches are communicated. A Penrose
drain can be placed to help with retraction of
the tissues in between both approaches.

. Condylectomy with or without coronoid-
ectomy. Condylectomy can be carried out in
two different manners: (1) Through the pre-
auricular region, in this method, the man-
dibular condyle is cut using a fissure bur or
piezosurgery. Additional removal of bone
inferiorly in the ramus can be performed by
manipulating the mandible posteriorly and
superiorly, allowing exposure of the bone to
be cut through the preauricular region. It is
important to mention that using this tech-
nique means that the patient is not placed in
maxillomandibular fixation until the condy-
lectomy is done. If necessary, a coronoidec-
tomy can be carried out through this
approach. (2) Through the neck region, in
this technique, an oblique cut is done from
the sigmoid notch to the posterior border of
the mandible with an angled oscillating saw.
Similarly, the coronoid is cut by doing an
oblique cut from the sigmoid notch to the
anterior border of the ramus. Using this pro-
cedure in ankylosis cases requires a com-
bined method: the inferior cut is done
through the neck as described above, then
the condylar head is cut into smaller pieces
through the preauricular region.

. Fossa preparation and placement of the
fossa component. With the condyle
removed, the mandibular fossa and eminence
are easily accessible. Any soft tissues cover-
ing these surfaces is excised as well as any

10.

residual remnant of the articular disk.
Typically, a medial bleeding is expected after
removal of the disk, but it is easily controlled
with local hemostatic agents. Cases with a
custom-made fossa rarely require removal of
bone. Cases with a stock fossa are the oppo-
site and most certain will require some bone
removal. The most typical approach is to use
a power rasp to flatten the bone to provide
the proper primary stability to the fossa
implant (Fig. 12.6). An elegant modification
of this technique includes the use of the emi-
nence as a graft in the mandibular fossa.
Once primary stability of the fossa implant
has been corroborated, the implant is fixated
with at least four screws (Fig. 12.9).
Preparation and placement of the man-
dibular condyle component. In cases of
stock prosthesis, the angle region where the
masseter muscle attaches and the most supe-
rior portion of the posterior border of the
mandible just shy from the condylectomy are
commonly areas that need to be flattened to
provide primary stability to the mandibular
component. The narrow mandibular compo-
nent has the advantage in comparison to the
standard component that it fits very well pos-
teriorly to the inferior alveolar nerve avoid-
ing a potential injury while securing the
prosthesis (Fig. 12.10). The ramus rarely
needs bone removal; when using a custom-
made prosthesis, still some surgeons opt to
flatten the mandibular ramus in the stereo-
lithographic model. This is done to allow
more versatility of placement specially in
cases in which a dentoskeletal deformity is
to be corrected, and no proper dental records
were available due to the patient’s inability
to open their mouth.

Condylar position. The condylar head
should be placed centered on the fossa bear-
ing in the medial/lateral direction and seated
in the most posterior portion of the fossa, in
the case of the custom-made prosthesis
against the posterior ledge (Fig. 12.11). To
facilitate this placement, the vertical position
of the prosthesis is achieved by securing one
of the superior screws of the mandibular
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Fig. 12.9 TMJ Concepts instrumentation, prosthesis, and
sequence of placement. (a) TMJ instruments, fossa
pusher, mandibular component clamp, fossa seater, drill
trocar. Once the fossa is placed: (b) The fossa pusher is
used to adapt the fossa prosthesis flange to the zygomatic
arch. (c) The fossa seater is used to push the fossa superi-

component first. Next, the inferior portion of
the prosthesis is slightly rotated anteriorly to
allow seating to the condylar in the most pos-
terior position. This position is then secured

orly avoiding any gaps between the prosthesis and the
mandibular fossa. (d) Both instruments are used together
to place the screws. (e) Mandibular component clamp
helping to stabilize the prothesis to the ramus. (f) Drill
trocar use the protect the surrounding soft tissues and to
help the proper angulation of the drill bit

with the placement of another screw in the
anterior/lower portion of the prosthesis. If
indicated, fat grafts can be implanted around
the condylar head.
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Fig.12.10 (a) Typical areas of interference (angle region
and posterior border closer to the mandibular osteotomy)
for the placement of the stock mandibular component. (b)

11. Check occlusion. Maxillomandibular fixation
is released. Occlusion is checked. Maximum
interincisal opening is recorded and if this is
limited, considered further dissection of the
medial pterygoid muscles or coronoidecto-
mies if they were not done previously.

12. Closure. The wounds are copiously irri-
gated, and layered closure is achieved. The
external auditory canals are inspected to rule
out any unnoticed perforations, and the
patient is placed on guiding elastics.

In bilateral cases, both joints are accessed
and prepared before the placement of the pros-
thesis, as this will facilitate their placement.
Needleless to say sterility is paramount to avoid
contamination and potential infection of the
prosthesis [52].

Narrow mandibular component nicely adapted behind the
infraalveolar nerve

12.4.4.1 Postoperative Care

of Alloplastic TMJ
Reconstruction

The postoperative care should focus in avoiding
dislocation. Head dressings or guiding elastics
can be used for this purpose. Physical therapy
with a TheraBite or similar device must start as
early as possible. One week of antibiotics is rec-

ommended, and diet is advanced as tolerated [53].

12.5 Outcomes
and Complications

Long-term outcome studies with the described
custom-made and stock prosthesis have shown
that they are safe and predictable option when
alloplastic reconstruction of the TMJ is indicated.
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Improvements of quality of life, with increase of
mandibular range of motion, improvement of
diet, and decrease of pain have been reported in
the literature [3, 8, 10, 54—66] (Figs. 12.12, 12.13,
and 12.14).

Intraoperative complications are rare and
include excessive bleeding that requires intraop-
erative embolization, external auditory canal per-
foration, inability to properly place the prosthesis.
Immediate postoperative complications include
TMIJ dislocation, malocclusion, permanent or
temporary injury to the temporal branch and/or
marginal mandibular nerves. Infections could
occur within days of implantation or years after
surgery. They are difficult to diagnose and to
treat. The literature reports an incidence that
ranges from 1.6 to 4.5% for TMJ alloplastic pros-
thesis infections (Fig. 12.15). True mechanical
hardware failure due to wear or broken compo-
nents is rare and is more common to encounter
heterotopic bone formation (2%) or patients with
hyper sensibility to metals. Several protocols for
the management of these complications have
been reported in the literature [67-76].

Fig. 12.11 Clinical picture of the proper placement of
the fossa and the condylar head within the fossa in a supe-
rior and posterior position touching the posterior ledge

»
»

Fig. 12.12 TMJ reconstruction using stock TMJ prosthesis. A 48-year-old female involved in a motor vehicle collision
in which she sustained a mandibular symphysis and bilateral subcondylar fractures. She was treated with open reduction
and internal fixation of the symphysis fracture and closed reduction with 4 weeks of maxillomandibular fixation (MMF)
for the subcondylar fractures. As soon as she was released from MMEF, she developed a significant malocclusion with
retrusion of her mandible. After significant physical therapy, neither her occlusion nor mandibular position changed. She
was referred to the author for further evaluation and treatment 6 months after her original injury. After clinical and radio-
graphical evaluation, it was determined that the patient had mandibular retrognathia and widening with subsequent mal-
occlusion due to loss of vertical support from the subcondylar fractures and the improperly reduced symphysis fracture.
Due to the small size of the condyles and location of the fractures, a decision was made to reconstruct the area with
alloplastic TMJ prostheses. Stock Zimmer Biomet prostheses were selected because the patient did not want to wait
several months for a custom-made prosthesis to be manufactured. An additional mandibular midline osteotomy was also
indicated to properly reestablish the width of the mandible. (a, b) Posttraumatic preoperative frontal and lateral clinical
views showing mandibular retrognathia. (¢) View of the posttraumatic occlusion showing a significant Class II malocclu-
sion. (d, e) Posttraumatic panoramic and lateral cephalometric radiographs showing small and malpositioned bilateral
condyles and mandibular retrognathia. (f=h) Posttraumatic 3D CT reconstructions showing the small, malpositioned
bilateral condyles as well as widening of the mandible due to the improper reduction. (i, j) Postoperative frontal and
lateral clinical views showing a normal mandibular position. (k) View of the postoperative occlusion showing a normal
occlusion. (I, m) Postoperative panoramic and lateral cephalometric radiographs showing narrow Zimmer Biomet TMJ
prostheses, new mandibular symphysis hardware, and normalized anteroposterior position of the mandible
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Fig. 12.12 (continued)
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Fig. 12.12 (continued)
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Fig.12.13 Combined orthognathic and TMJ reconstruction
using custom-made TMJ Concepts prosthesis. A 29-year-old
male with a history of idiopathic condylar resorption result-
ing in a significant dentoskeletal discrepancy (anterior open
bite with mandibular retrognathia). After clinical and radio-
graphical evaluation, a decision was made to perform a coun-
terclockwise rotation of the maxillomandibular complex by
doing a combined orthognathic (Le Fort I, genioplasty) and a
custom-made alloplastic TMJ reconstruction. (a, b)
Preoperative frontal and lateral clinical views showing sig-
nificant mandibular retrognathia. (¢) Preoperative view of the
occlusion showing an anterior open bite. (d) Preoperative
panoramic radiograph showing severely reabsorbed con-

dyles. (e) Preoperative lateral cephalometric radiograph
showing an anterior open bite, mandibular retrognathia and
small airway. (f) Pre and postoperative views of the virtual
surgical planning showing the counterclockwise rotation of
the maxillomandibular complex. (g, h) View of the custom-
made prostheses. (i, j) Postoperative frontal and lateral clini-
cal views showing significant improvement of facial
harmony. (k) Postoperative view of the occlusion showing
correction of the anterior open bite. (1) Postoperative pan-
oramic radiograph showing proper placement of the custom-
made TMJ prostheses. (m) Postoperative lateral
cephalometric radiograph showing correction of the dento-
skeletal discrepancy and improvement of the airway size
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Fig. 12.13 (continued)
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Fig. 12.14 Reconstruction of the base of the skull and
mandibular defects with a custom-made TMJ prostheses.
A 66-year-old female with a long history of failed TMJ
surgeries that included a Kent-Vitek prostheses. She had
them replaced with bilateral total TMJ Christensen pros-
thesis in the early 1990s. She presented to our clinic due
to pain increase, worse dysfunction, and a new right pre-
auricular cutaneous fistula. After clinical and radio-
graphical evaluation, it was determined that the patient
had bilateral TMJ prostheses failure with the right pros-
thesis displaced into the middle cranial fossa. A neuro-
surgical consultation was obtained. A decision was made
to approach the case in two stages. The first stage con-
sisted in a join approach with neurosurgery with removal
of bilateral TMJ prostheses with exploration of the mid-
dle cranial fossa defect. Counterclockwise rotation of
the mandible stabilized with modified Gunning splints.
The second stage consisted of placement of the extended
TMIJ custom-made prosthesis to cover the base of the
skull defect and to reconstruct the TMJ and missing
mandible. (a—c¢) Preoperative imaging demonstrating
bilateral TMJ Christensen prostheses failure with the
right prosthesis displaced into the middle cranial fossa.

(d, e) Preoperative 3D CT scan reconstructions demon-
strating the failed hardware with resulting mandibular
retrognathia. (f) Preoperative lateral clinical picture
showing mandibular retrognathia and the area of the pre-
auricular cutaneous fistula. (g) Intraoperative view of
the failed right TMJ prosthesis. (h) Modified gunning
splints in place. (i, j) Postoperative 3D CT scan recon-
structions demonstrating the removal of the hardware
and the new position of the mandible being held by the
gunning splints. (k, 1) Right lateral view of the stereo-
lithographic model showing the base of the skull defect
and the custom-made prosthesis. (m, n) Left lateral
view of the stereolithographic model showing the zygo-
matic arch defect and the custom-made prosthesis. (0)
Intraoperative view of the right base of skull defect. (p)
Right custom-made. TMJ prosthesis in place. (q) Left
custom-made TMJ prosthesis in place. (r) Postoperative
coronal CT scan view demonstrating the coverage of the
base of the skull defect by the fossa prosthesis. (s)
Postoperative panoramic radiograph showing proper
placement of the bilateral custom-made TMIJ replace-
ments. (t) Postoperative lateral clinical picture showing
normalize mandibular position
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Fig. 12.14 (continued)
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Fig. 12.14 (continued)
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Fig. 12.14 (continued)

Fig. 12.15 Infected prosthesis. (a) Clinical view of a fistula in the anterior portion of the external auditory canal. (b)
Axial CT Scan view demonstrating the fistula. Note the emphysema in the fossa region
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Marta Redondo, Ana Isabel Romance, and
Gregorio Sanchez-Aniceto

13.1 Introduction

Computer-assisted surgery in cranio-maxillofacial
pediatric reconstruction can help us to reduce
operating time, predict and avoid possible compli-
cations, and obtain more accurate and predictable
results. However, there are some disadvantages
such as the learning curve, the pre-operative work,
time burden, and high cost.

In this chapter, we will go through the most
common craniofacial deformities that affect the
pediatric population, checking how we can
improve our results with the help of new tech-
nologies. Also an update on the impact of the new
technologies in the reconstruction of the mandi-
ble in pediatric patients will be included.

13.2 Craniosynostosis

Simple craniosynostosis demands corrective sur-
gery for functional and esthetic outcomes.
Although there are many surgical techniques
described for their correction, most of them
involve cranial vault expansion and improve the
skull morphology and symmetry. However, our
results may vary due to different reasons such as
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2D planning inaccuracy, surgeon’s experience,
and subjective assessment or the inability to eval-
uate our results intraoperatively.

For the more complex cases, there are some
tools available to achieve more predictable results.
Although hand-made templates have been used
during many years, the biggest change has come
with virtual planning. Average cranial vault mod-
els appropriate for each age have been designed in
a way that we can overlap them to our patient’s
skull and virtually plan the osteotomies to be per-
formed and remodeling to be done so as to adapt it
to the norm. For that purpose, a recent CT scan
from the patient is needed. Cutting and positioning
guides can be obtained from our planning software
and used during surgery to show us where to make
the osteotomies and where to place the bone seg-
ments obtained [1] (Figs 13.1 and 13.2).

Intraoperative navigation can also be used to
check that we achieve our goals, both in primary
and secondary cases of craniosynostosis.
Figure 13.3 shows the preoperative planning with
Brainlab® software of the ideal position of the
cranial vault and orbits in a case of plagioceph-
aly, the intraoperative control under navigation,
and the postoperative control.

In recent years, augmented reality (AR) has
become more popular and has already arrived to
the medical field. Although this tool has not been
included in the current practice yet, one of its
multiple applications could be craniofacial sur-
gery, where it can be used to overlay the deep
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Fig. 13.1 Virtual planning in patient with complex craniosynostosis for secondary surgery. (a) Preoperative frontal and
superior view of the asymmetric skull. (b) Cutting guides designed. (¢) Final position of bone segments
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Fig. 13.1 (continued)

Fig. 13.2 Cutting guides placed during the surgery

anatomic structures in the surgical field in real
time. In craniosynostosis surgery, it has been
employed after the virtual planning to mark the
osteotomies and accurately position the bone
segments to make sure the plan is fulfilled. With
AR, the surgeon is able to see the virtual image
overlaid to the patient in real time.

Han et al. conducted a study using AR in seven
plagiocephaly patients. CT scans were performed
postoperatively to judge the surgical outcomes.

They conclude that the AR system can be applied
to plagiocephaly procedures contributing to
obtain reliable and accurate results via a precise
osteotomy [2].

13.3 Multiple and Syndromic
Craniosynostosis

It is not uncommon for these patients to undergo
more than one surgical procedure during their
growing period. Frequently when they need a
monobloc or midface advancement, because of
their condition and previous procedures, patients
affected by syndromic cranyosinostosis usually
present with an abnormal cranial vault, multiple
bone defects, and presence of osteosynthesis
material. Even a ventriculoperitoneal shunt
(VPS) can be present. Fixation of a rigid external
device for a monobloc or midface distraction can
lead to serious complications such as VPS mal-
function or infection, cranial vault fracture or
brain damage. Custom designed and printed rigid
external devices (KLS martin®) that will specifi-
cally fit in the patient avoiding bone defects, VPS
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Fig. 13.3 Nine-month-old plagiocephaly. (a) Preoperative plan remodeling the skull vault and the supraorbital bandeau
with Brainlab® software. (b) Intraoperative navigation to check our results. (¢) Pre- and postoperative pictures of the patient
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and adapting to the altered anatomy, can prevent
complications related to the placement and fixa-
tion of the device [3, 4]. Preoperatively, a cus-
tomized star-shaped plate is designed, and we
can also predict the length of the screws to be
used according to the bone thickness (Fig. 13.4).

If additional procedures like orbital dysto-
pia correction are needed, a virtual planning
and preparation of 3D printed cutting and posi-
tioning guides can also be produced if needed
(Fig. 13.5).

13.4 Clefts

Technological advancements can also be useful
in the management of patients with cleft lip and
palate. Zheng et al. [5] obtained very good results
applying 3D printed molding plates with a nasal
hook for the presurgical nasoalveolar molding
using a laser scanning machine.

Distraction osteogenesis of the maxilla is not
unusual in cleft patients when a big advancement
is needed and scarred soft tissues can lead to a
relapse. For this purpose, internal distraction
devices can be designed with custom-made plates
and cutting guides, as well as pre-bent plates for
surgery, using a stereolithographic model of the
patient.

Fig. 13.4 (a) Custom-made rigid external device with
star-shaped plate in patient with Crouzon syndrome and
several previous surgeries. (b) Lateral radiograph in con-

13.5 Mandibular Deformities
13.5.1 Mandible Distraction

In the pediatric population, mandible distraction
can be indicated in multiple syndromes or condi-
tions being the most common Pierre Robin
sequence, craniofacial microsomia, or Treacher
Collins syndrome. Some cases may need unilat-
eral and other bilateral distraction, and the vec-
tors may vary depending on the abnormal
anatomy and functional requirements of the
patient. In the most complicated cases, due to the
severity of mandible hypoplasia, the sequelae of
previous interventions, or even the teeth buds, a
3D virtual plan can help to design the osteotomy
and the distraction vector (Fig. 13.6).

13.5.2 Mandible Reconstruction
and Orthognathic Surgery
in Pediatric Patients

On many occasions, patients with unilateral or
bilateral mandible hypoplasia will need an orthog-
nathic surgery procedure at the end of skeletal
growth in order to achieve functional occlusion,
facial harmony, symmetry and to increase upper
airway volume. 3D planning in orthognathic

solidation phase. (¢) Pre- and postoperative results. (c/)
Frontal view. (c2) Lateral view
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Fig. 13.4 (continued)
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Fig. 13.5 (a) Syndromic craniosynostosis needing design and bone thickness analysis. (¢) Positioning guide
monobloc advancement and correction of right orbital —for the correction of the orbital asymmetry. (d) Pre and
dystopia and retrusion. Observe the VPS, bone defects  post top view

and altered anatomy. (b) Custom-made star-shaped plate
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Fig. 13.5 (continued)

surgery has been a common practice for the past
10 years, and it has proven to be significantly bet-
ter than 2D planning, especially in facial asymme-
tries and in syndromic patients, where we can plan
and predict our results in a far more accurate way.

In severe mandibular malformations, recon-
struction of the temporomandibular joint (TMJ)
can be needed in addition to the orthognathic pro-
cedure. Use of bone grafts or microvascular flaps
for TMJ reconstruction in children have been
indicated by different authors, although in recent
years there is a rising trend to use TMJ prostheses
[6]. This tendency is based on the more predict-
able and stable functional and esthetic results that
can be achieved using TMJ prosthesis while

avoiding donor site morbidity. Due to the abnor-
mal anatomy of these patients with the absence of
established pattern, which leads to a great vari-
ability, the gold standard in TMJ reconstruction
should be the use of CAD/CAM-customized
TMJ prosthesis (Fig. 13.7).

Complex asymmetries frequently need a genio-
plasty which can also be planned virtually. Use of
CAD/CAM cutting guides and customized fixa-
tion miniplates can contribute to a more predict-
able result in these situations. Genioplasty can be
postponed as a second operation in cases of TMJ
reconstruction in order to avoid communication of
the intraoral approach with the prosthesis and to
obtain more accurate final results (Fig. 13.8).
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Fig. 13.6 Patient suffering right unilateral craniofacial
microsomia. (a) Stereolithograpihc model of the skull
where we plan the osteotomy and shape the distraction

13.5.3 Mandible Defects After Tumor
Resection

Tumor resection in pediatric patients is not as
frequent as in adults, but in these cases mandi-
ble can need to be repaired. Indication of a
bone graft or a microvascularized flap will

device. Notice the teeth buds. (b) Cutting guide for the
surgery. (¢) Intraoperative picture after the internal device
is fixed

depend on the size of the defect and the age
and characteristics of the pediatric patient. In
these situations, virtual planning of the resec-
tion and reconstruction can contribute like in
adult patients to achieve a better and more pre-
dictable outcome, while reducing intraopera-
tive time (Fig. 13.9).
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Fig. 13.7 (a) Patient with craniofacial microsomia, who  Notice we know the length of the screws so as not to dam-
had undergone mandible reconstruction with fibula flap  age teeth or nerve canal. (d) Pre- and postoperative occlu-
and posterior distraction osteogenesis (b) Orthognathic  sion. (e) Pre- and postoperative frontal view of the patient.
3D plan. (¢) TMJ prosthesis design (TMJ Concepts®).  (f) Immediate postoperative OPG
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Fig. 13.7 (continued)
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Fig. 13.7 (continued)

Fig. 13.8 (a) Virtual plan for genioplasty with cutting and TMJ reconstruction with custom-made prosthesis. (b)
guide and a patient-specific plate in girl with craniofacial ~ Virtual plan and surgery. Notice the proximity of the oste-
microsomia who had undergone an orthognathic surgery — otomy to the mandible component of the prosthesis
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Anterior

Fig. 13.9 (a) Ten-year-old patient with aggressive juve-
nile ossifying fibroma. Virtual design of the cutting guides
to resect the tumor using Materialise® software. (b) Cutting
guides for the fibula flap. (¢) Design of the fibula flap
placed with a “double barrel” technique for better esthetic

and functional outcomes facilitating the dental rehabilita-
tion in the future. (d) Postoperative OPG. Titanium plates
were previously bent over a stereolithographic model of
the reconstructed mandible
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Fig. 13.9 (continued)

13.6 New Technologies
in the Management
of Fibrous Dysplasia

When complete resection of the pathological
bone is not possible in cases affected by fibrous
dysplasia because of the location or the severe
sequelae that would cause a complete resection,
remodeling of the excess of bone till symmetry is
achieved can be performed. For this purpose, pre-
vious planning with the navigation software
designing a mirror image of the healthy side can
be done in order to design the surgical objective.
Intraoperative navigation can contribute to check
if the planned goal has been achieved (Fig. 13.10).

Finally, concerning the use of the new tech-
nologies in pediatric malformations of recon-
struction, it is also interesting to mention that 3D
surface imaging with stereophotogrammetry
has become more popular in the last years espe-
cially for soft tissue analysis. This technique in
some occasions can be a less invasive alternative
than a CT for postoperative control (Fig. 13.11).

As a final thought, in a world where we are
often overwhelmed by the many options that new
technologies bring us, we should always apply
common sense and use them in an efficient way
to optimize our resources. Never forget as Albert
Einstein once said, “The human spirit must pre-
vail over technology.”
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Fig. 13.10 (a) Teenage girl with fibrous dysplasia affect-
ing the right side. (b) Mirroring of the healthy side, which
is our goal for the affected site. Virtual plan using

Fig. 13.11 3D surface imaging using Vectra® Camera of
a patient with syndromic craniosynostosis

Brainlab®. (¢) Postoperative CT showing better symmetry
after remodeling of the lesion
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New Developments in Facial Nerve

Repair and Regeneration

Federico Biglioli

14.1 Introduction

Facial paralysis is a devastating pathology, affect-
ing 1/65 people during their lifetime. Most of the
cases are unilateral, while bilateral ones are rare,
generally related to Moebius syndrome, neuro-
logical pathologies, brain surgery complications.

The great part of patients suffer of Bell’s palsy,
a frequent condition probably due to herpes virus
infection or physical distress. The majority of
Bell’s palsy population recovers completely, while
30% has residual deficits of different entity, and
less than 1% never recover. That implies a great
number of people needing treatment to improve
their situation. Other causes of paralysis are malig-
nant tumors of the parotid gland and benign lesions
of the facial nerve canal, cranial base and neuro-
surgical procedures, developmental and congeni-
tal cases, traumas, ictus, cerebral hemorrhages,
and several neurological conditions.

Facial palsy carries a great degree of psycho-
logical suffering because of the evident worsen-
ing of the aspect. Among functional deficits, lack
of corneal lubrication is the most serious one,
often leading to reduced visual acuity because of
cornea thickening. Other clinical aspects are
summarized in Table 14.1.
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Table 14.1 Monolateral facial palsy deficits

Morphological

Functional

Asymmetry of the
face

Absence of blinking leading
to corneal lesions

Loss of forehead
wrinkles

Partial/complete reduction of
lacrimal glad production
leading to corneal lesions

Eyebrow ptosis

Upper visual field

constriction
Partial covering of the | Reduced nasal breathing
pupil by the upper lid
Lagophthalmos Phonatory deficits
Ectropion Masticatory deficits and

Flattening of cheek biting
naso-labial sulcus
Cheek tissues ptosis
Medial collapse of the
nasal wing

Asymmetry of the oral
rhyme

Smoothing of neck
wrinkles

14.2 Clinical Examination

Anamnesis must evaluate general conditions, pos-
sible neurological causes or other clinical situa-
tions that could cause the facial nerve deficit
(tumors, metastasis, trauma, others). It is funda-
mental to assess timing of onset of the paralysis.
If it takes place in less than 72 h, given the exclu-
sion of a cerebral accident, the most probable
cause is Bell’s palsy. A cerebral CT scan is gener-
ally accomplished, but it may also be postponed
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3 months only for those who do not show any
clinical sign of recovery. For those with a slow
onset of the paralysis, along several months, the
presence of a malignant lesion of the parotid
gland or a benign lesion of the facial nerve canal
must always be ascertained. If a neurological dis-
ease is ruled out, ecographies and MRI of the
parotid gland must be repeated several times up to
2 years in order to find a possible malignant lesion
binding the nerve in the parotid gland or a little
benign lesion growing into the facial nerve canal
determining its compression. Moreover, a high-
definition CT scan with contrast may individual-
ize a little neuroma/schwannoma of the facial
nerve or the geniculate ganglium determining
compression of the VII cranial nerve (cn).

The facial nerve function must be evaluated
precisely, paying attention to any detail. It must be
assess the orientation and the position of natural
wrinkles, their number, depth, and direction,
because that is related to mimetic muscles tone at
rest. The examination may proceed top to bottom:
first is evaluated the front, then the eyebrows,
upper lids, orbital rim, lower lid, cheek and naso-
labial sulcus, nasal ala (generally collapsed medi-
ally because of trasversus nasi deficit), oral rim,
chin, submandibular area, and neck. All those tis-
sues are collapsed, much more in older and skinny
people, generally less in fat ones because denser
tissues tend to mantain their appearance. Children
generally do not have an evident deficit of the
symmetry at rest because of their tonic and elastic
tissues. For those with a paralysis lasting several
months to years, orbicularis oris atrophy is par-
ticularly evident at the lateral third of the lips.

The second part of examination must rule out
any detail of movements. It is fundamental to lis-
ten what the patient knows about the condition,
because her/his attention to particulars is often
high and may direct out attention to little but sig-
nificant signs of reduced facial nerve function.

Watching the patient while talking let us
observe eyelids blinking (often inhibited while
staring at him/her during examination) and lip
movements. We may then ask the patient to pro-
duce several preordinate movements, with differ-
ent efforts: upper eyebrows elevation, lid closure,
smiling, kissing (it is also important to observe

mentalis muscle function), and lower teeth
exposure (to ascertain depressor angulis oris,
depressor labii, mentalis, and platisma function).

14.2.1 Documentation
and Classification

The face at rest and during all movements must
be recorded by pictures and videos. The last ones
being more reliable of the dynamic part of the
examination. Photographic documentation of the
patient has absolutely to be dated and repeated
over time in order to better understand variations
of facial nerve function.

Patient may be classified according to several
classifications going from famous House—
Brackmann system, to Sunnybrook and others [1,
2]. All have pros and odds; those classifica-
tions have the advantage to be very well known
but miss to consider some details. The biggest
lack for a surgeon is that they apply better to a
facial paralysis but are poorly fitted for a post-
surgical patient evalutation. Objective classifica-
tion systems well fitted for those patients have
been proposed, but the lack of uniformity limits
partly their spread among the scientific commu-
nity [3]. In order to overcome that problem, the
eFACE classification system taking account of all
facial districts at rest and during movements has
been developed [4]. That may be applied eas-
ily to pre- and postoperative situations and its
rapid spread among surgeons is fundamental to
compare results and speak a common language
[5]. The main criticism to this classification is the
absence of evaluation of movements according to
emotions (ex. smiling because of a joke). The use
of motor sources other than the facial nerve stim-
ulates cerebral adaptation with different timing
and end-levels for each patient [6]. For example,
when utilizing the masseteric nerve, smiling
needs to be coupled at the beginning to clenching
the teeth. After this first period, smiling may be
produced voluntarily by giving an impulse differ-
ent from clenching the teeth, just by willing to
smile. The next step is an automatic smile,
without the need to give a voluntary impulse to
the muscles. That is often called spontaneous in
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scientific literature, confusing it with a smile
given involuntarily during an empathic moment
or laughing because of fun: let us call the last that
“emotional” smiling. While the cerebral adapta-
tion may reach the goal of automatic smiling,
emotional smiling is a chimera if a neural source
other than the facial nerve is used.

Exercising with the guidance of a dedicated
physiotherapist helps much to obtain cerebral
adaptation, but it is extremely rare to observe an
emotional laugh and almost impossible to see an
empathic smile (because due to a lighter neural
stimulus). Indeed that is achievable with discrete
consistency by facial reanimation surgery, but
only utilizing the branch of contralateral healthy
facial nerve for zygomatic muscles. The stimulus
may be driven from one side of the face to the
other via a cross-face sural nerve graft.

14.3 Treatment

Facial palsy treatment is very specific and
requires a dedicated team including microsur-
geon, neurologist, physiotherapist/speech thera-
pist, psychologist as the main professionals.

14.3.1 Physiotherapy

The goal of physiotherapy during the period of
recovery after a facial paralysis is to favor the
spontaneous processes of functional recovery of
the nerve by implementing the function of
mimetic musculature, expressiveness, inside of a
communicative dimension [7, 8]. It therefore
includes functional exercises aimed at smile
recovery, and manual treatment of muscles and
connective tissues to increase vascularization and
trophism. Patients are also encouraged to exer-
cise alone at home.

It is important that the patient activates a
motility linked to the stage of neuronal recovery
achieved. Therefore, during the first phase of
complete denervation, when voluntary muscle
contraction is not yet present, it is advisable to
avoid stimulating facial activity pending the
appearance of the first movements.

Bearing in mind that every action needs a mul-
tisensory integration and the brain conceives
movement not in terms of activation of single
muscles, but rather as a set of finalized gestures,
it is more effective to reproduce gestures that imi-
tate certain expressions rather than aimless. In
fact, the observation of an action is the basis of
learning through imitation.

In the event that functional recovery presents
the typical defects such as paresis, hypertone at
rest and synkinesis, exercises are aimed at cor-
recting them by promoting brain adaptation, the
correct recruitment of the musculature, and limit-
ing the evidence of the acquired defect.

It is advisable to avoid intense voluntary con-
tractions and electrostimulation to inhibit and
control synkinesis and hypertone at rest. So the
patient must accomplish exercises to increase the
perception of direction and amplitude of move-
ments. Other practice is done to release muscular
tension, while some exercises are intended to
raise awareness of the key points of the face like
eyes and corner of the mouth. Finally, some exer-
cises enhance recognition of shapes, sizes, and
surfaces, comparing the right and left sides.

Decontracting massages promote muscle
relaxation, but their result is limited by the re-
establishment of the contracture if the basic sig-
nal of the facial nerve is not corrected by the use
of botulinum toxin or appropriate microsurgical
techniques.

It is important that during the voluntary move-
ments, the healthy contralateral part does not pre-
vail, which would inhibit the correct recruitment
of the fibers reinnervated on the paralyzed side. It
is therefore necessary to educate the patient to
have the right timing, pulling the corners of the
mouth during smiling. Therefore, if the paretic
movement is not still particularly evident, the
patient is taught to reduce the same movement on
the sound side to reach a better dynamic symme-
try. Obviously that is not sufficient to restore the
fullness of mimicry, but still favors the camou-
flage of the acquired deficits.

In operated patients, physiotherapy is aimed at
optimizing the use of what has been done in the
operating room. For example, if the masseteric
nerve is the new motor source to smile, special
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exercises are devised to promote cerebral adapta-
tion in order to obtain the fullest and most natural
result possible. Patient must carry out the
exercises daily at home and monitor every little
improvement with videos and photos and func-
tional skills, to quantify progress. Rehabilitation
is however very long and the alternation of peri-
ods of improvement to periods with no apprecia-
ble results is expected. During this period, the
patient must be followed and supervised at least
once every month in order to increase control of
the movements and avoid being demoralized.

It is therefore essential to provide psychologi-
cal support at all stages of the treatment. A higher
mood helps the synergy between physiotherapist
and patient to obtain greater results. When self-
confidence is increased by a good static and
dynamic appearance, the patient feels more moti-
vated to perform facial movements in an open
environment, without feeling embarrassed like
when suffering from paralysis and self-inhibiting
their mimicry. As a matter of fact, an improvement
in the esthetic aspect and in the execution of the
movements is a stimulus to use the musculature
again and, therefore, to exercise it more. Each
patient has his own personality and it is therefore
important that the physiotherapist develops an
empathic relationship to encourage collaboration.

Finally, it is fundamental that physiotherapist
and surgeon have a full harmony and exchange of
informations to know exactly what has been done
in the operating room and to improve the reha-
bilitative potential.

14.3.2 Botulinum Toxin Treatment

Botulinum neurotoxin A (BTX A) is a valid tool
in the treatment of light to medium abnormal
facial movements following spontaneous recov-
ery of facial paralysis [9]. The toxin is extracted
and purified from various toxins produced by the
bacterium Clostridium and used to treat several
pathologies where it is useful to inhibit synaptic
cholinergic transmission and reduce muscular or
neurovegetative hyperactivity.

In case of erroneous recovery from facial
paralysis, BTX A is injected on the affected side
to partially correct erroneous movements related

to synkinesis phenomena, due to an anomalous
regrowth of axons through the facial nerve
branching (aberrant re-innervation). Even the
contralateral healthy side must sometimes be
treated to simultaneously reduce mirror move-
ments and achieve dynamic facial symmetry.

The inhibitory action of botulinum toxin on the
neuromuscular plaque is reversible and has an
action duration of 3—-6 months; it then tends to
decay by the action of the regeneration of neural
arborizations. New synaptic buttons take place
from the neighboring terminations to those
blocked by BTX A, leading to the restoration of
nerve transmission and the consequent recovery
of muscular function. The administration of the
toxin may be done under electromyographic con-
trol (EMG) or, in some cases, ultrasound (EcoTG).
The scrupulous EMG analysis of the single sub-
muscular units and the identification of hyperac-
tivity allow to be very selective in the inoculation
of the muscles to be treated by utilizing cannula
needle electrodes connected to an electromyo-
graph; sometimes, the association of EMG and
high-frequency probes EcoTG can be useful in
the evaluation of anatomical variants or residual
muscular trophism. The toxin can be injected with
micro-doses to reduce muscle hypertonicity or to
partially antagonize the most evident synkinesis.
Micro-doses may also paralyze the muscle depres-
sor of the lower lip (DLL) on the healthy side to
symmetrize it when the DLL of the paralyzed side
does not recover spontaneously.

Experience in the field of neurology and
esthetic medicine may give an extra gear in the
use of botulinum toxin dedicated to the treatment
of facial paralysis.

14.3.3 Facial Reanimation Surgery

Reanimation surgery requires a deep knowledge
of the matter, a microsurgical training, and the
ability to apply several different techniques
because the treatment must be individualized
obligatorily.

There are three important key points to take
into account while treating facial palsy: timing of
intervention, the combined use of static and
dynamic procedures, and the mixture of quantita-



14 New Developments in Facial Nerve Repair and Regeneration 185

tive stimuli (powerful ones, given by the
masseteric, hypoglossus, deep-temporalis, spinal
nerves, and others) with qualitative stimuli (the
natural ones, driven by the homolateral or the con-
tralateral facial nerve branches). All technical
solutions should be chosen according to the defi-
cits and desires of the person, sometimes devising
individual solutions. Moreover, it is important to
remember that surgery is a handiwork, and results
may be different when the same techniques are
applied by different surgeons.

Immediate Facial Nerve
Reconstruction

There are clinical situations requiring immediate
facial nerve repair: those are typically related to
severing of the trunk or its branches because of a
trauma or during surgery. The last one being a
decision made to obtain a radical resection of a
tumor or due to an unintentional cut [10].

If the nerve is simply cut without loss of sub-
stance, the two extremities may be repaired
accomplishing a direct neurorrhaphy under
microscope magnification [11]. After gently jux-
taposing the two neural stumps, the epineural
layer is sutured tension-free by few 10/0 or 11/0
non-reabsorbable stitches. The spontaneous axo-
plasmatic fluid will then be able to accomplish
partial neural repair. Its rate of progression is
considered to be 1 mm per day, but it slows down
significantly at the anastomotic site. The exact
speed of the fluid cannot be predicted, and it
seems to vary according to age, quality of the
neurorrhaphy, vascularization of the recipient
site, axonal count of the donor nerve and others.
At the end, a great discrepancy of time for the
onset of first mimetic muscle contraction is
observed, generally between 2 and 8 months.
Neural repair continues up to several years, the
main part being among the first 24 months. The
result is generally high quality though never
equal to prior to facial nerve severing.

This type of repair might not be suited for
injuries of the intracranial course of the facial
nerve; its structure at this site is more similar to
toothpaste than to a peripheral nerve, making
microsurgical reconstruction less effective.

If a part of the facial nerve is missing, a direct
neurorrhaphy of the two stumps is impossible

14.3.3.1

and a cable graft must be utilized. Autologous
nerve grafting is the gold standard, the two most
common sources being the suralis and the great
auricular, though several others might be used
whether being sensitive or motor nerves; the most
commonly used graft sources are the great auric-
ular nerve, the sural nerve, the medial and lateral
antebrachial cutaneous nerves, the cervical
plexus branches, and the superficial radial nerve
[12—-14]. Choosing which nerve to harvest is
related to the caliber and length of the branch of
the facial nerve to reconstruct and the donor site
morbidity.

At present, autologous nerve graft is the gold
standard. Because of the importance to obtain the
best functional recovery, cryopreserved or decel-
lularized nerves, and collagen tube substitutes are
not the first reconstructive choice for facial nerve
reconstruction.

Finally, there are two typical situations
requiring the sacrifice of all extra-cranial facial
nerve branching: surgical removal of a malig-
nant parotid tumor involving the facial nerve
and extended parotidectomy to treat pleomor-
phic adenoma recurrences after several prior
surgeries. In those cases, it is mandatory to
reconstruct immediately the facial nerve to
obtain the best facial palsy correction [15]. In
fact, immediate facial nerve reconstruction
leads to the best functional result compared to
delayed reconstructions, because of a higher
axonal regenerative potential and because the
mimetic muscles are subjected to a short non-
stimulated period reducing their degeneration
toward fibrous-fatty metaplasia. It is advisable
to add a fascia lata graft set from the nasolabial
sulcus to the infraorbital rim to suspend soft
tissues of the middle third of the face because a
perfect tone at rest of mimetic muscles after
the reconstruction is not guaranteed. Also, in
case of failure of neural regeneration through
the grafted nerve, the soft tissues suspension
allows at least to obtain a good symmetry of
the face at rest.

If postoperative radiotherapy is expected
because of treating a high-grade tumor, its nega-
tive influence on a traditional nerve graft is con-
troversial [16]. Several authors assert that positive
results may be obtained also in those cases with



186

F. Biglioli

traditional nerve grafting [17]. In order to improve
the chances of a good recovery of facial nerve
function, some authors proposed the use of free
vascularized nerve flaps, eventually coupled with
a cutaneous component of the flap [18-20]. On
the contrary, most of authors agree on utilizing a
traditional nerve graft to substitute facial nerve
branching with several options: sural nerve, lat-
eral antebrachial cutaneous nerve, medial ante-
brachial cutaneous nerve, the nerve to the vastus
lateralis, and the great auricular nerve [17, 21].
The most utilized donor nerve, the suralis, carries
an undeniable drawback: there are one, at the
most two, significant lateral branches. That limits
the number of distal facial nerve branches to be
reconstructed, also antagonized by an evident
mismatch of caliber between the suralis and distal
facial nerve branches. On the contrary, the caliber
of the suralis and that one of the trunk of the facial
nerve are similar, matching easily for a good neu-
rorrhaphy. The second must-used graft is the great
auricular nerve: it has few very tiny distal branches
and its caliber is considerably lesser than the trunk
of the facial nerve, making its use relatively inad-
equate for facial nerve branching substitution. Its
popularity for this purpose is due mainly to its
contiguity to the parotid gland and low morbidity
of harvesting. On the contrary, its presence closer
to the tumor might suggest not to use it because of
oncological reasons.

The most fitted nerve for substituting facial
nerve branching is the thoracodorsal nerve [22,
23] because its branching is really similar, and
calibers of the trunk and distal branches of the
two nerves coincide much (Scheme 14.1,
Figs. 14.1 and 14.2). Up to eight distal branches

Fig. 14.1 The facial nerve branching reconstructed by
the thoracodorsal nerve

Scheme 14.1 The thoracodorsal nerve (green) harvested (a) to substitute the entire extracranial facial nerve branch-
ing (b)
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Fig. 14.2 Good symmetry of the face of the patient and
good ability to smile 12 months after surgery and radio-
therapy ended

of the facial nerve may be reconstructed. During
surgery, the facial nerve trunk and its branches
are easily identified dissecting tissues by spread-
ing the tips of the scissors parallel to facial nerve
branches at the periphery of the parotid margins.
The facial nerve trunk is identified in a traditional
manner at the exit from the stylomastoid fora-
men. At the end of oncological resection the
microsurgical reconstruction takes place, utiliz-
ing 10/0 or 11/0 sutures for the neurorrhaphies.
By this way the loss of axons is reduced, because
of almost perfect matching of all anastomotic
sites.

In case the trunk of the facial nerve is not
available for neurorrhaphy because of its inva-
sion by the tumor, the masseteric nerve may be
used as motor source with very good results. If an
extended parotidectomy is performed, including
also the skin or the mandibular bone, the lateral
thoracic wall allows to add other tissue compo-
nents from the same site to make a composite

reconstruction: in this case one or two ribs and a
myocutaneous free-flap based on the latissimus
dorsi and the thoracodorsal vessels may be har-
vested together with nerve [24]. Although rib has
demonstrated to be effective for mandibular
reconstruction even in case of postoperative
radiotherapy if coupled with a vascularized latis-
simus dorsi flap, other options to be taken into
consideration is the vascularized scapular border
[25]. That is surely more difficult to be utilized as
a part of a chimeric reconstruction.

In spite of the neural choice of reconstruction,
physiotherapy is advocated to better functional
result. Physical therapy is even more necessary if
the masseteric nerve is utilized as motor source
instead of the facial nerve trunk.

Other adjunctive procedures as fascia lata sus-
pensions, upper lid lipofilling, and cross-face
nerve grafting may be added simultaneously or
later to enhance functional and esthetic
outcome.

14.3.3.2 Recent Paralysis Treatment
When paralysis does not solve spontaneously or
an immediate reconstruction of the facial nerve
has not been provided during surgery, facial rean-
imation must take place. Depending on the pres-
ence of viable mimetic muscles, we deal with two
different situations: recent paralysis, requiring a
new neural input, and long-standing ones, where
extinguished muscles must be substituted [26].

The time limit between the two groups is gen-
erally 18-24 months after the onset of palsy,
when the absence of neural input leads to an irre-
versible fibrotic metaplasia of mimetic muscles.
If a subclinical neural stimulation is still present,
the time limit may extend; if a previous palsy hap-
pened, the limit may shorten. An accurate elec-
tromyographic evaluation ascertains muscle
status in each specific area and muscle group of
the face: front, upper, and lower eyelids, zygo-
matic muscles, upper lip levator muscles,
orbicularis oris muscle, depressor of the lower lip
muscles, platisma. Viable muscles produce fibril-
lations at EMG, while fibrotic ones no.

Timing to decide when to give up waiting for
a spontaneous recovery of the nerve must be clear:
if after 8 months there is no evidence of
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movements, facial reanimation must take place
because the possibilities to register a good facial
nerve functional recovery droop down to null! If
after 8§ months some movements are present, wait-
ing is mandatory up to 18 months. At that time,
microsurgery and ancillary procedures may be
taken into consideration if deficits are evident.

If a recent paralysis is diagnosed, a new neural
input must be given by anastomosing a new neu-
ral source to the extracranial facial nerve. EMG
has also the aim to map exactly the status of
potential neural sources to be used.

Neural sources are divided into quantitative
and qualitative (Table 14.2). A quantitative source
gives a powerful neural input, it may convert its
original function into the new one by a phenom-
ena called cerebral adaptation, but almost never
converts its function into the perfect one. A typi-
cal example is the masseteric nerve changing its
function from biting to smiling: immediately
after the onset of first smiling movements, gener-
ally 3-5 months after the reanimation procedure,
the patient must clench the teeth to produce a
smile. Cerebral adaptation generally takes in few
months, leading to smiling without the need
to clenching the teeth. After few other months,
patients do not have to think about giving a spe-
cific stimulus because it all happens automati-

Table 14.2 Neural sources

Qualitative

Homolateral facial n.
trunk (powerful—correct
stimulus but leading to
several synkinesis)
Homolateral facial n.
branches (ideal—seldom
available)

Quantitative

Masseteric n. (optimal for
movement restitution—
easy for anastomosing)

Deep temporalis n.
(optimal for movement—
difficult for
anastomosing)
Hypoglossus n. (optimal
for muscle tone at rest—
poor for movement
reinstitution)

Contralateral facial n.
branches (ideal—via
cross-face nerve
grafting—Ilacking of
power)

Spinal n. (optimal for
muscle tone at rest—poor
for movement
reinstitution)

Others

cally. Cerebral adaptation process is facilitated
by exercising with a dedicated physiotherapist.
Laughing because of a funny emotion is a
completely different matter, almost impossible to
obtain by utilizing the masseteric nerve as motor
source. A little empathic smile, involuntarily pro-
duced while talking to someone, is an even more
difficult goal to reach. In fact that is given by a
much lighter stimulus, and only facial nerve
branches for the zygomatic muscles are involved
in those situations. All those findings are easily
found recording patient face while watching a
funny movie or during a relaxed meet up [6].
The only nerve sources able to give the correct
natural stimulus are facial nerve branches: the
zygomatic muscle branches for smiling, the orbi-
cularis oculi branches for blinking, etc. We con-
sider those as the qualitative sources. As restitutio
ad integrum is nowadays a mirage, the two main
functional goals of facial reanimation are blinking
and smiling recovery. The first one to give health
to the cornea, the second one because it is the
main communicative facial movement. So, only
reconstructing precisely the branches for the orbi-
cularis oculi and for the zygomatic muscles
ensures this goals. Exaggerating this concept,
even the homolateral facial nerve trunk is partially
incorrect, because its stimulus will not be selec-
tive as that given by the single branches of the
facial nerve. As an example, blinking stimulus is
given by specific axons normally concentrated
into the branches for the orbicularis oculi: if the
trunk of the facial nerve is used as the proximal
motor nerve of the neurorrhaphy, the axons for
blinking will spread all over the distal facial nerve
branches, with low possibilities to produce blink-
ing. Instead, if a branch for the orbicularis oculi is
anastomosed to a severed branch with the same
function, the axons leading to blinking will reach
their target! Considering a stronger stimulus like
smiling, driven by much more branches in the
midface, the lack of selectivity of the trunk is par-
tially hidden because a high number of axons will
reach the zygomatic muscles anyhow, producing a
natural smile at the right time. Though so, other
muscles will involuntarily be activated contempo-
rarily, producing a synkinetic movements in the
whole face. So, the trunk of the facial nerve
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provides the correct stimulus only partially because
not enogh selective.

Given that the correct stimulus to facial move-
ments is guaranteed only by facial nerve branches,
contralateral ones must be taken into consider-
ation if the homolateral are not available. In this
case, a long nerve grafting might by-pass the gap
with a cross-face positioning. The donor branch
must ideally contain a minimum of 900 axons
[27, 28] and should be cut at the anterior margin
of the parotid gland in order to avoid an evident
deficit in the donor side. If two cross-face grafts
are planned, one significant facial nerve branch
must be left intact between the two, to avoid a
facial nerve deficit in the donor site. The classical
nerve graft is the suralis because of its length,
constant anatomy, and low morbidity. It is set
reverse to avoid wasting axonal ingrowth through
its few lateral branches. After several months
(generally between 6 and 12), the axonal ingrowth
through the nerve graft reaches its distal end. If a
distal neurorrhaphy has been done at the time of
grafting, a scar might partially obstacle axonal
growth through it. Results are much more guar-
anteed if a two times procedure is choosen,
accomplishing the distal neurorrhaphy only after
complete axonal ingrowth. That is easily checked
by the Tinel’s sign: a little nip over the distal end
of the graft evokes tingling at the anastomotic
site.

Unfortunately, in spite of a two-times proce-
dure, the quantity of axons arriving via the cross-
face nerve craft is generally insufficient to produce
the full movement. Because of that, mixing quan-
titative stimuli to qualitative ones ensures the best
facial reanimation (Table 14.2).

Characteristics of quantitative motor sources
help much to decide the better surgical strategies.
Particularly the masseteric nerve has proven to be
best for movement replacement and lesser to
recover a good tone at rest [29, 30]. The opposite
is true for the hypoglossus nerve.

Triple innervation (Scheme 14.2, Figs. 14.3,
14.4,14.5, 14.6, 14.7 and 14.8) provided by mas-
seteric, hypoglossus, and contralateral facial
nerve is nowadays the most complete reinnerva-
tion technique proposed till now [31]: it utilizes
two quantitative stimuli given by the masseteric

Scheme 14.2 Triple innervation technique. The masse-
teric nerve (blue) provides stimulus mainly to eyelid clo-
sure and smiling. Thirty percent of the hypoglossus nerve
(orange) is utilized to guarantee a healthy tone to the
mimetic musculature of the lower third of the face. Two
cross-face suralis nerve grafts (red) convey the qualitative
stimuli of the contralateral facial nerve for blinking and
emotional smiling

nerve and part of the hypoglossus nerve, plus
qualitative stimuli coming from two contralateral
facial nerve branches [32, 33]—one branch to
recover blinking and one for smiling. Generally,
static procedures are added to better the symme-
try: a fascia lata graft from the nasolabial sulcus
to the infraorbital margin corrects the middle
third soft tissue ptosis and a small lateral tarsor-
rhaphy adjusts lagophthalmos. Adding 2 ml lipo-
filling to the upper lid gives immediate corneal
relief and better final blinking restitution.

Lower lip paralysis is particularly evident dur-
ing talking and smiling. That is partially reduced
by a reconstituted good muscle tone and an artifi-
cial contralateral depressor labii inhibition (by
botulinum toxin injection or marginal mandibulae
severing). The hypoglossus side-to-end neuror-
rhaphy ensures good recovery of the muscle tone.
Severing completely the hypoglossus nerve leads
to unacceptable speech, chewing, and swallow-
ing deficits. Instead, utilizing only 30% of its
fibers allows to obtain a good tone at rest of the
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Fig. 14.3 Patient affected by a recent facial paralysis.
Appearance of the face at rest prior to triple innervation.
During surgery, a fascia lata graft is added to enhance
symmetry at rest, and 2 ml lipofilling of the upper lid is
accomplished to improve blinking

lower third of the face without any advisable
functional drawback.

According to the two-times concept, distal
ends of the two cross-face grafts are accom-
plished 8-12 months after the main surgery.
During the second operation, little deficits might
be corrected by ancillary procedures.

Once there was the credo that two different
neural sources would have thwarted cerebral
adaptation, making it difficult to utilize them. As
soon as double innervation has been utilized [34,
35], the opposite has proven to be true, leading to
much better results. Triple innervation is the nat-
ural evolution of this concept and the number of
neural sources could be extended in the future.

If a total parotidectomy has been done without
any attempt to reconstruct the facial nerve simulta-
neously, but mimetic muscle fibrillations are
detected at EMG, facial nerve branching

Fig. 14.4 Appearance of the face during smiling prior to
triple innervation

Fig. 14.5 Patient affected by a recent facial paralysis.
Appearance of the face and eyelid closure prior to triple
innervation
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Fig. 14.6 Appearance of the patient at rest, 8 months
after surgery

Fig. 14.7 Smiling, 8 months after surgery

Fig. 14.8 Eyelids closure, 8 months after surgery

reconstruction by a thoracodorsal nerve grafting
might be accomplished. At the same time, an early
re-opening of the oncologic field might be risky
for residual tumor unaware spreading. Moreover, a
quick and high-grade fibrosis of muscles and soft
tissue could have taken place if postoperative
radiotherapy has been delivered to the patient.

In those cases, it might be chosen to obtain a
very guaranteed static rehabilitation with a lesser
dynamic expectation. The temporalis muscle ten-
don is identified and rotated medially through the
nasolabial sulcus by cutting the coronoid process
with a piezoelectric device [36]. A small graft of
fascia lata helps distributing better the suspension
to all the sulcus. By doing so, the parotid region
is left completely untouched. The temporalis
muscle, partially devascularized by previous
external carotid artery cut and radiotherapy, is
left in place without any adjunctive reduction of
its vascular flow. The quantity of smiling recov-
ery is less than what is obtainable with thora-
codorsal nerve grafting but static symmetry is
much guaranteed and oncological safety justifies
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this technical solution. Corneal protection is
obtained by lateral tarsorrhaphy and upper lid
lipofilling, described in the following section.

14.3.3.3 Long-Standing Paralysis
After a medium period of 18-24 months, the
mimetic musculature is irreversibly changed into
fibrotic-fatty tissue and a new neural stimulus
would be waisted without any possibility to
obtain a visible result [37]. So, facial muscle
function has to be substituted, having the realistic
goal of focusing on eyelids blinking and smiling
as for recent facial paralysis reanimation. Soft
tissue ptosis must be addressed at the same time.
Before deciding the technique to be proposed to
the patient, an accurate anamnesis and a thorough
examination of the possible neural sources must
be accomplished by EMG. If, for example, the
homolateral trigeminus is impaired, a one-time
gracilis free-flap may not be proposed because
the masseteric nerve is not viable, nor a tempora-
lis muscle flap will produce any movement. If a
contralateral neurinoma of the VIII cn is pres-
ent but does not cause any facial nerve deficit, it
is improvident to use the contralateral facial
nerve source by a cross-face nerve grafting
because it could be impaired in the near future.
Several techniques are devised to replace eye-
lids closure, missing actually to correct the main
functional problem, that is, the lack of eyelid lubri-
cation. That is caused by the loss of blinking,
sometimes associated to a reduction of lacrimal
gland production because of the damage of its
innervation due to facial nerve severing. Blinking
takes place 10—19 times a minute [38], and it is the
natural way to distribute the lacrimal secretion
from the gland to the puncta, protecting the cor-
nea. Spontaneous eyelid closure is seldom utilized
to improve the cornea status, mainly to antagonize
a situation of great sufferance of it, surely with
incomparable lesser frequency than blinking. So,
blinking is much more important to be replaced
than voluntary eyelids closure and techniques
ignoring that, as temporalis flap rotation, fail to
correct the main functional problem [39].
Blinking is accomplished by a spontaneous
relaxation of the upper lid levator, immediately

followed by the contraction of the orbicularis
oculi. That process takes few milliseconds. As
the first muscle is innervated by the healthy III
cn, during facial paralysis only the orbicular
oculi contraction is inhibited because depending
on the VII cn. The transposition of a platisma
graft into the upper lid and its direct neurotization
several months after a cross-face grafting proce-
dure has the aim to restore orbicularis oculi func-
tion but fails in half of the cases to obtain the
goal. That gives reason of its rare use [40].

The most common surgical solution utilized to
eyelids closure is the simple procedure of inset-
ting of a plate into the upper lid [41]. This surgi-
cal procedure fails to correct blinking because the
weight applied, generally 1.4 g, is calculated to
let the levator open up the eyelids during vision,
allowing at the same time to close the eyelids
during voluntary relaxation of the levator muscle.
This action takes up to several seconds. In order
to guarantee the vision, levator muscle remains
full contracted to counteract the weight of the
plate, de facto never relaxing spontaneously. By
doing that, both muscular actions of blinking are
inhibited: levator relaxation by its continuous
contraction and orbicularis oculi by facial nerve
impairment. The extension of this concept is that
a lighter upper lid weight, insufficient to obtain
eyelids closure, leads to a lesser contraction of
the levator muscle. That allows to increase upper
lid lowering during blinking, adding efficiency to
it. Gold lid plate has several disadvantages and
has been unpleasant esthetically because much
visible throughout the skin, in addition to being
frequently dislocated and extruded. Most of all,
patients often refer discomfort related to the pres-
ence of the plate. Utilizing a titanium plate,
heavier and consequently smaller, reduces those
drawbacks but does not clear them completely.

The best option is to make a 2 ml/1.6 g lipofill-
ing of upper lid: the initial weight decreases
much during the first 2 months because of spon-
taneous partial self-reabsorption. The exact resid-
ual weight is impossible to be established, but
what is important is that patients refer much com-
fort related to the procedure and increase of
blinking is evident. Fifteen percent of patients
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still feel discomfort after the first procedure, and
a second lipofilling may be repeated easily under
local anesthesia. If the quantity of fat injected
leads to an unacceptable upper lid ptosis during
day-vision, some fat may be taken out under local
anesthesia: that is a very rare event.

Lengthening of upper lid levator muscle acts
in a similar way to lipofilling, increasing its
relaxation action during blinking, but requires a
higher surgical skill [42].

Often lids rehabilitation requires correction of
lagophthalmos, by a small lateral tarsorrhaphy
and sometimes a canthopexy. Several other
options may improve the morphological and
functional results.

Correction of the lower two-thirds of the face
ptosis is fundamental and may be obtained by
fascia lata grafting, deep face lifting, and tempo-
ralis tendon suspensions [43]. Fascia lata has the
big advantage that may be coupled with free-flap
surgery, contemporarily increasing static symme-
try, and recovering smiling function. Other
quicker static techniques carry on several compli-
cations: suture threads suspension cut through
soft tissues, losing their function in a short period.
On the other side, alloplastic strips are easily felt
by patients, became often visible throughout the
skin, until they get extruded. Finally, reabsorb-
able threads lose quickly their positive action.

Smiling recovery may be obtained by mastica-
tory muscles transposition and free-flap surgery.
The first one is nowadays concentrated into tem-
poralis flap use with several variants. The most
common being temporalis lengthening myo-
plasty in two different variants [44, 45]. The tem-
poralis muscle is innervated by the V cn so,
unless it was damaged together with the VII cn, it
is available for reanimation surgery. Strongest
points of the procedure are a quick and easy oper-
ation, without any microsurgical step, which
makes it suitable by all reconstructive surgeons.
On the contrary, trigeminus innervation, as exten-
sively debated for recent facial reanimation,
almost nerve activates because of emotions. The
quantity of smiling is often null to little, surely
much less than what registered with free-flap
transposition. Instead, suspension given to soft
tissues by the temporalis tendon is the best among

static remedies. That explains why the visual
impression of smiling replacement is much
higher than real: a more symmetric start leads to
a higher corner of the mouth position at the end
of smiling. So, in spite of a little movement, the
smile looks lesser asymmetric and the final result
is fairly good. An efficient variant of the tempo-
ralis flap harvesting with less extensive surgery is
by catching the lower tendon through the inci-
sion of the nasolabial sulcus, avoiding muscular
body exposure. A little graft of fascia lata is nec-
essary to better distribute its insertion to sulcus.
Taking account of pros and odds makes this flap
a good choice for older people who desire an
immediate result, one surgery, with little surgi-
cal discomfort.

A more complete result can be obtained using
a muscular free-flap. That might be accomplished
in one-time surgery or in two operations. Two-
step surgery is the most utilized technique: a
cross-face nerve graft is anastomized on the
healthy semi-face to a branch of the facial nerve
for the zygomatic muscles. After 6-12 months,
when the Tinel’s sign is positive, the muscular
free-flap is transposed and its motor nerve anas-
tomized to the distal end of the suralis graft. By
utilizing this procedure, the most qualitative neu-
ral source is utilized, assuring a very spontaneous
smiling. On the contrary, accomplishing two neu-
rorrhaphies and utilizing such a long graft, gives
variability to final obtainable contraction of the
flap. Most popular muscular free-flaps are latis-
simus dorsi, gracilis, and pectoralis minor: none
of them proving to be better than the other [46,
47].

One of the most utilized one-step procedure is
the latissimus dorsi transposition [48, 49]: that
flap allows also to make a two-bellies smiling
reanimation for those rare cases having a full-
dental smile [50]. The advantages are obvious:
less hospitalization, reduced psychological effort
and shorter recovery time for the patient. On the
contrary, the quantity of axons reaching the flap
may be reduced because tracing the thoracodor-
sal nerve up to 15 cm in order to reach the contra-
lateral side of the face for anastomosing requires
severing of collateral branches. Incoming axons
may be wasted through those branches. Another
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very common technique is the transposition of a
gracilis free-flap innervated by the masseteric
nerve. Because of the anatomy of the proper
motor nerve of the gracilis without collateral
branches and the powerful axonal sprouting of
the masseteric nerve, the contraction of the flap is
much more consistent [51, 52], although it lacks
of emotionality. In order to overcome this prob-
lem, mixing the quantitative stimulus of the mas-
seteric with the qualitative stimulus driven by a
cross-face nerve graft led to the conception of
double innervated gracilis free-flap (Scheme
14.3, Figs. 14.9, 14.10, 14.11, and 14.12) [53,
54]. The procedure may be accomplished in one
time, but grafting the suralis nerve 6—12 months
prior to the main surgery leads to better percent-
ages of emotional smiling recovery.

Static suspensions must always be added to
smiling reanimation surgery [55]. That may be

Scheme 14.3 Gracilis free-flap with double innervation.
The power of contraction is provided by the masseteric
nerve (green), while smiling according to emotions
depends on the contralateral facial nerve stimulus, via a
cross-face nerve graft (blue)

easily accomplished by setting under the free-flap
a fascia lata graft, anchoring it cranially to the
infraorbital rim and caudally to the same stitches
utilized for the free-flap at the nasolabial sulcus.

Fig. 14.9 Patient affected by a 5-year-long paralysis.
Preoperative appearance of the face at rest

Fig. 14.10 Preoperative appearance of the face of the
same patient during smiling

Fig. 14.11 Static symmetry of the face one year after
surgery
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Fig. 14.12 Symmetric smile one year after surgery

Other reanimation targets as eyebrows
elevation or lower lip movements are very diffi-
cult to be obtained and realistic goals are sym-
metrization of static and camouflage of
the deficient movement. The front paralysis may
be addressed by suspending the eyebrows in sev-
eral ways and reducing contralateral movement
by botulinum toxin injection.

Atrophy of the lower lip may be hidden by
lipofilling, but it is impossible to reproduce its
complex movement during talking with current
techniques, the best being contralateral lower lip
depressor treatment by botulinum toxin [56]. By
doing that, asymmetry of the lower lip during talk-
ing and smiling is hidden. The contralateral margi-
nalis mandibulae branch may be severed under
local anaesthesia to obtain a long-term
similar result.

Several other secondary surgeries help much
to improve results, the main ones being nasala-
bial sulcus revision, free-flap debunking, and
repositioning [57].

Bilateral facial palsy is fortunately rare,
mainly related to extended brain disease or neu-
rosurgery complications. Another etiology relates
to Moebius syndrome, a particular malformation
including several cranial nerves impairments. In
those cases, the donor nerves to reanimate the
face are reduced, and the contralateral facial
nerve is not available. That leads necessarily to
lower facial reanimation expectation, with less
natural appearance of the movements. Eyelid
reanimation follows the path of monolateral
facial palsy, while smiling surgery may choose
among one of the two: bilateral temporalis flap

rotation or double gracilis free-flap transplantation
[58]. Both solutions have pros and odds, the
microsurgical option being the most utilized
worldwide.

14.4 Paresis - Synkinesis - Mimetic
Muscle Contracture

Facial paresis differs from paralysis because of
the presence of a reduced movement. This par-
ticular clinical condition may be congenital or
may be caused by an incomplete recovery from
various types of facial paralysis (it accounts for
30% of Bell’s palsy cases) [59, 60]. Flaccid pare-
sis (FP) differ from non-flaccid ones (NFP)
because the last ones are accompanied by hyper-
tone/contracture of mimetic muscles at rest
because of an augmented facial nerve stimulus.
Synkinetic movements are often present in those
cases, due to an erroneous path of reinnervation
of mimetic muscles. Substantially some of the
axons directed toward a specific muscle compart-
ment grow into a different facial nerve branch
from the original one. The result is an involuntary
unpleasant synkinetic movement during the vol-
untary one: for example, eyelids closure while
smiling and vice versa.

Treatment of FP requires often a static correc-
tion by fascia lata suspension plus an increased
neural stimulus: that might be provided by adding
end-to-side the masseteric nerve axons with or
without contralateral facial nerve ones via a cross-
face nerve graft. If the paresis is high graded, free-
flap surgery might be more indicated.

Possible treatments of NFP are physiotherapy,
botulinum toxin injections, and microsurgery.
Physiotherapy is efficient in low-severity cases,
reducing contractions by specific massages (but
the effect is temporary) and teaching how to
lower the evidence of synkinesis by avoiding
wide movements. The same has to be done on the
healthy side to symmetrize facial mimicry.
Specific exercise have the aim to increase muscle
force, trying to camouflage the paresis; that is the
less efficient part of the treatment.

Botulinum toxin injections are particularly effi-
cient to reduce hypertone at rest. Their use is
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particularly delicate because an excessive dosage
might cause a temporary paralysis, while an under-
dosage does not reach the desired effect. EMG and
ecographic guidance helps the precision of treat-
ment. Little results may be reached also on synki-
nesis, but it must be remembered that the toxin
inhibits the neuromuscular junction. So, in order
to reduce synkinesis, the toxin also reduces the
desired movement. As an example, synkinetic
smiling during eyelids closure might be reduced at
the price of lowering it also during a correct stimu-
lus. Surgical proposal to reduce synkinesis is typi-
cally related to selective neurectomies and
myectomies [61, 62]. Those are particularly effi-
cient to increase smiling when applied to block the
depressor angulis oris (DAQO) and upper platisma
activation during smiling. Because of those two
muscle contraction counteracts of the zygomatic
muscle complex, their inhibition allows to reach a
much more complete smile.

If paresis, synkinesis, and hypertone at rest are
contemporarily present, the pathological neural
stimulus must be substituted by a healthy mix of
quantitative and qualitative stimuli (Fig. 14.3) [63].
The masseteric nerve is anastomized end-to-end to
the facial nerve branch for the paretic musculature
in order to provide the correct muscle tone at rest
together with a powerful movement when required.
A cross-face sural nerve graft is added by an end-to-
side neurorrhaphy (an end-to-end is accomplished
on the healthy side to guarantee a full axonal
ingrowth) to obtain a natural stimulus. By doing so,
the synkinetic movement is elided because of a new
axonal pathway. As an example, a typical eyelid
closure-smiling synkinesis might be considered:
when the stimulus is given to the orbicularis oculi,
contemporary smiling does not take place anymore
because the axons for the zygomatic muscles do not
belong to the pathological facial nerve but to the
masseteric nerve and the cross-face nerve graft.
Moreover, muscles contracture is solved because of
the healty masseteric nerve input, wich also leads to
powerful movement.
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15.1 Introduction

Robotic-assisted surgery (RAS) became a reality
in 1985, when the PUMA 560 robotic arm was
first used for precision needle placement for neu-
rosurgical biopsies. Around that time, under a
Small Business Innovation Research contract from
the National Aeronautics and Space Administration
(NASA), Computer Motion, Inc. began develop-
ing the AESOP endoscope robotic arm, which was
cleared foruse by the Food and Drug Administration
(FDA) in 1994. The AESOP platform was then
taken a step further by adding two robotic arms
capable of carrying out surgical procedures under
the control of a surgeon operator. This system,
known as the ZEUS Robotic Surgical System,
received FDA approval in 2001 [1].

Concurrent to the development of the ZEUS
system, Intuitive Surgical, Inc. was developing a
competing robotic technology. Early systems
were named Lenny (short for Leonardo) and
Mona, the latter being used in the first robotic-
assisted general surgical procedure, a cholecys-
tectomy in 1997. Intuitive named Mona’s
successor da Vinci, and this more-capable robotic
system was granted FDA approval for general
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surgery procedures in 2000 [2]. Since then, the da
Vinci has been embraced by numerous surgical
specialties, including urology, gynecologic
oncology, general surgery, cardiothoracic surgery
and head and neck surgery. Since its approval in
2009 for resection of T1 and T2 oropharyngeal
tumors, use of da Vinci robotic systems for tran-
soral robotic surgery (TORS) was rapidly adopted
throughout Head and Neck Surgery programs in
the USA [3].

15.2 Advantages of Robotic
Surgery

Robotic surgery offers a number of technical
advantages over conventional surgery. Possibly
the most unique benefit of RAS over other meth-
ods is high-definition three-dimensional optics
that provide outstanding clarity and magnifica-
tion. Another important advantage is the reduc-
tion of physiologic hand tremor. The ability to
preserve depth perception with 3D optics, as with
the da Vinci system, offers a substantial benefit
over endoscopic techniques. The benefit of high-
definition visualization, combined with the
reduction of hand tremor, may be particularly
advantageous for microsurgical procedures.

As with endoscopic techniques, RAS allows
for minimally invasive surgical approaches.
However, the dexterity of robotic instrumenta-
tion, such as the da Vinci EndoWrist® instruments
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which provides 7 degrees of freedom (the same
as the human wrist) and 90° of articulation,
allows for movements that are not possible with
conventional endoscopic surgery. This versatil-
ity of movement has facilitated minimally inva-
sive approaches to common head and neck
procedures such as thyroidectomy, parathyroid-
ectomy, and sleep apnea surgery [4]. Further,
robotic instrumentation is capable of and is par-
ticularly appealing from a reconstructive surgery
perspective.

15.3 Limitations of Robotic
Surgery

A commonly cited disadvantage of robotic sur-
gery is the upfront costs of the robotic system and
maintenance, as well as the cost per case. The
impact of this may be offset in instances where
improved outcomes or safety can be demon-
strated. Further, in the case of TORS with or
without flap reconstruction, there is evidence that
RAS may reduce costs compared with traditional
open surgery, and even compared with definitive
chemoradiation in select cases [5-7].

Another limitation of some robotic systems is
the lack of haptic feedback. This may be espe-
cially relevant to microsurgery, where excess
forces could cause vessel tearing or breakage of
microsuture. While this has been cited as a draw-
back to RAS, several groups have argued that
visual feedback can compensate for lack of hap-
tic feedback and that visual feedback is in fact
more important than tactile feedback in tradi-
tional microsurgery [8]. Nonetheless, robotic
systems can generate excessive forces and the
lack of tactile feedback can lead to bending of
needles, particularly when handled by two
robotic arms at the same time [9]. At least four
new robotic systems have actually incorporated
haptic feedback in various forms, including the
Flex (Medrobotics Inc., Raynham, MA),
Senhance Surgical Robotic System (TransEnterix,
Morrisville, NC), Versius Robotic System
(Cambridge Medical Robotics, CMR Surgical,
Cambridge, UK), and the Yomi dental implant
robot (Neocis, Miami, FL) [10, 11].

Other potential disadvantages include the
steep learning curve and interruptions in work
flow, including the additional time required for
robotic setup and converting between RAS and
conventional surgery at different points in the
procedure [12].

15.4 Applications of Robotic-
Assisted Surgery in Head
and Neck Reconstruction

15.4.1 Oropharyngeal
Reconstruction

Traditionally, surgical access to oropharyngeal
cancers required highly invasive approaches such
as a lip split with mandibulotomy or transcervical
pharyngotomy. While these approaches carry
substantial morbidity [13, 14], reconstruction of
the resultant defect is fairly straightforward,
given the wide exposure that is obtained [15].
Transoral resection offers an alternative approach
that is substantially less invasive; however, access
to the oropharynx is limited with conventional
instrumentation. RAS has largely solved the
problem of transoral surgical access to the oro-
pharynx. While TORS utilization has expanded
rapidly in the USA [3], adoption in Europe has
been relatively slow, likely due to widespread
and decade-long history of transoral laser micro-
surgery for oropharyngeal and laryngeal cancers
in the region [16]. However, as advances in tech-
nology that allow for deeper, more versatile
robotic access such as the da Vinci SP (Intuitive
Surgical Inc., Sunnyvale, CA; Fig. 15.1) and Flex
(Medrobotics Inc., Raynham, MA; Fig. 15.2)
become available, the shift toward RAS in head
and neck surgery has potential for further expan-
sion. Both of these systems employ a single port
mechanism with a drivable robotic camera, elim-
inating the need for straight-line transoral access.

For oropharyngeal cancer cases requiring
reconstruction after TORS, robotic instrumenta-
tion affords the same advantages concerning
access, visualization, and dexterity as it does for
the oncologic resection, which has particular util-
ity for regional or free flap inset.
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Indications

de Almeida et al. proposed an algorithm to
determine which defects require reconstruc-
tion after TORS [18]. They suggested that
defects lacking adverse features such as
exposed carotid artery, pharyngocervical fis-
tula, or a >50% soft palate defect could be left
to heal by secondary intention or managed
with primary closure or local flaps. For defects
with any of these adverse features, they rec-
ommended reconstruction with regional or
free flaps. In our institution, post-TORS
defects without these adverse features are gen-
erally managed with secondary healing; how-
ever, RAS has proven useful for flap inset in

Fig. 15.1 (a) da Vinci SP system with three arms and fully wristed camera deployed. Courtesy of Intuitive Surgical.
(b, ¢) SP system in use for transoral robotic surgery [17]

cases requiring vascular coverage or closure
of pharyngocervical fistula. Reconstruction of
soft palate defects involving more than 50% of
the antero-posterior dimension are best treated
with robot-assisted flap reconstruction to pre-
vent nasal emission speech and nasal regurgi-
tation of food.

Use of RAS for immediate reconstruction
after TORS oropharyngectomy seems a natu-
ral application of the technology, as in this
scenario the robot, instrumentation and sup-
port staff are already present in the OR for the
ablative procedure. Numerous case series
have demonstrated the feasibility of robot-
assisted flap inset in the oropharynx and
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Fig. 15.2 (a) Surgeon positioning the Flex robotic sys-
tem for transoral robotic surgery. (b) Flex system in use
for vocal cord resection. (¢) Flex robotic system with cen-

hypopharynx [19, 20]. Additionally, several
authors have described RAS for raising local
and regional flaps including superior constric-
tor musculomucosal flaps and facial artery
musculomucosal flaps [21, 22].
— Technique: Flap Inset

In some cases, particularly when there is a
pharyngocervical communication post-TORS
and concomitant neck dissection, there may
be access for inserting a flap through the pha-
ryngeal defect distally and through a standard
oral cavity approach proximally. However,
many cases may benefit from use of the surgi-
cal robot. A particular example is for coverage
of the carotid artery. In this case, a pharyn-
gotomy is still required for passage of the vas-
cular pedicle, but this opening can be
minimized by robotic suturing from within the
pharynx, which may reduce the risk of leak-
age of pharyngeal contents. Transcervical
inset of a flap to close a small pharyngotomy
or fistula oftentimes requires expanding the
defect for sufficient access. Creating a water-
tight suture line can be difficult at the level of

tral camera and two instrument arms displayed. Courtesy
of Medrobotics Corporation

the lingual gutter or superior hypopharynx as
these areas are difficult to visualize via stan-
dard transcervical or transoral approaches.

The setup for RAS flap inset is the same as
for TORS resection (Fig. 15.3). Using a Feyh-
Kastenbauer, Dingman, or Crowe-Davis
retractor, the robot is positioned at a 45° angle
toward the head of the patient. Two needle
driver instruments are loaded onto the robot,
and a 0 or 30° scope is loaded, depending on
the angle of view necessary. The operator then
uses the robotic arms to suture the flap to the
oropharyngeal defect, and the assistant can cut
sutures when appropriate under direct visual-
ization. It is important to properly orient the
flap and pass the pedicle into the neck prior to
docking the robot. Once engaged, the field of
view is magnified, and re-positioning the entire
flap may be challenging.
Functional Outcomes

There are currently no data we are aware of
that compare outcomes of robot-assisted free
flap reconstruction with conventional free flap
reconstruction, and such a comparison would
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be unlikely to show objective differences in
outcomes as these are simply differences in
instrumentation to perform the same proce-
dure. However, outcome data for free flap
reconstruction after TORS, with or without
robotic-assisted inset, is available, as are some
comparisons with conventional mandibulot-
omy and free flap reconstruction.

Fig. 15.3 (a) Positioning the robotic arms of the da Vinci Si system. (b) FK-WO retractor in position for view of the
oropharynx. (¢) Surgeon console in use. (d) Assistant at the head retracting and suctioning as needed

A retrospective study by Al-khudari et al.
reported the rate of G-tube dependence in
patients who underwent TORS oropharyngec-
tomy. Nine of their patients underwent robot-
assisted free flap reconstruction owing to large
defect size or need for great vessel coverage.
Six (80%) of these patients required a G-tube,
and four (44%) remained G-tube-dependent at
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1 year. There was no comparator arm of flap
reconstruction of conventional mandibulot-
omy or lateral pharyngotomy approaches;
however, other reports of open flap recon-
struction of oropharyngeal defects have shown
long-term G-tube dependence rates of 9-65%
[15, 23-25].

One group ostensibly reported superior
swallowing and speech outcomes for robot-
assisted flap inset vs. a standard technique in
patients receiving radial forearm free flaps for
oropharyngeal reconstruction [26]. However,
the “conventional surgery” comparison group
underwent lip split and mandibulotomy, which
oddly seemed to be for reconstructive access
rather than ablation, and this represents a tre-
mendous confounder to their analysis. Further,
only one patient in each arm actually had a
tumor originating in the oropharynx; all other
patients had oral cavity primaries, which in
our practice do not require lip split or man-
dibulotomy and are reconstructed using con-
ventional free flap inset.

Biron et al. performed a case—control
study of radial forearm free flap reconstruc-
tion following either TORS or open mandib-
ulotomy approach for oropharyngeal cancer
[5]. They found significantly decreased hos-
pital stay and decreased estimated total cost
in the TORS group, and no significant differ-
ence in operating time. There were fewer
adverse events overall in the TORS group,
though the study was not powered to com-
pare rates with those of open surgery. They
concluded that free flap reconstruction may
potentially decrease costs associated with
resection of advanced oropharyngeal tumors
and provides better cosmesis and a less inva-
sive approach.

The overarching theme in the available
literature regarding robot-assisted oropha-
ryngeal flap inset is that robotic instrumen-
tation to maneuver within the tight confines
of the oropharynx is well-established in
oncologic surgery, and this utility can
be extended to reconstructive procedures
(Figs. 15.4 and 15.5).

15.4.2 Robot-Assisted Flap Harvest

Muscle flaps and adipofascial flaps are well-
established in the reconstruction of craniomaxil-
lofacial defects [27-29]. As these flaps do not
require a skin paddle, RAS may facilitate mini-
mally invasive approaches to the harvest, with the
goal of minimizing the associated scar. Two
recent studies demonstrated the feasibility of
robot-assisted flap harvest, each procedure using
only three small incisions. Selber et al. used the
da Vinci robot to harvest eight latissimus dorsi
muscle flaps, two of which were free flaps used
for scalp reconstruction [30]. Pedersen et al. then
demonstrated intraperitoneal robot-assisted har-
vest of ten rectus abdominus muscle flaps, four of
which were free flaps used for extremity recon-
struction [31]. All flaps were completely viable
following harvest, and none required conversion
to open technique. Ibrahim et al. later found that
RAS rectus abdominus harvest resulted in
reduced postoperative pain, shorter hospital stay,
and accelerated functional recovery compared
with an open approach, though these findings
were anecdotal and not quantified [32].

In addition to reducing the extent of scar
through minimally invasive approaches, some
RAS systems have the capability to assess flap
perfusion and assist in identifying vessels. The
Firefly® feature of newer da Vinci systems uses
near-infrared fluorescence that can assess tissue
perfusion using intravenous indocyanine green
(ICG) (Fig. 15.6). The applications of this ICG
fluorescence for reconstructive flap surgery and
surgical treatment of lymphedema have been
widely reported [33], and this may further expand
the utility of RAS reconstructive surgery.

15.4.3 Robot-Assisted Microsurgery

Robot-assisted surgery has been explored for the
completion of pedicle dissection and microvas-
cular anastomosis. Potential advantages of RAS
for microsurgery include reduction of physio-
logic tremor, motion scaling, and high-definition
3D magnification. Numerous preclinical and
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clinical studies have demonstrated the feasibility
of RAS microsurgery including vascular anasto-
mosis [34-36].

The advantages of scalability of movement
and high-definition optics may find particular
applicability in the field of supermicrosurgery.
Lymphovenous anastomosis is increasingly used

in the treatment of severe lymphedema of the
extremities, and this technique has recently been
applied for the treatment of facial lymphedema
[37, 38]. However, performing surgery at sub-
millimeter scale requires extraordinary precision.
Robotic systems have the capability of translat-
ing large movements into very small movements

Fig. 15.4 (a) Preoperative MRI showing a right-sided
squamous cell carcinoma of the right tonsillar fossa. (b)
Hypermetabolic activity of the oropharyngeal tumor on
PET/CT. (c¢) Intraoperative view following neck dissec-

tion and isolation of the great vessels. (d) Transcervical
pharyngotomy. (e) Free flap design and inset for complex
oropharyngeal reconstruction. (f) Postoperative appear-
ance after complete healing
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Fig. 15.5 Flexible laryngoscopy showing healed radial
forearm free flap for reconstruction of a large defect fol-
lowing TORS radical tonsillectomy

as well as filtering physiological tremor, poten-
tially improving surgical precision beyond the
limits of human manual dexterity.

15.4.4 Transoral Robotic Cleft
Surgery

Recently, Nadjmi used the da Vinci robot to per-
form modified Furlow palatoplasty on 10 patients
with cleft palate. They found that RAS provided
enhanced dexterity and precision, with excellent
visibility and relatively easy soft tissue handling

and intraoral suturing. They found that surgery
was significantly longer with the robotic system
and that introduction of a third robotic arm was
not possible due to space constraints intraorally
[39]. Two preclinical studies have since corrobo-
rated the feasibility and potential advantages of
RAS cleft palate surgery [40, 41].

15.4.5 Craniofacial Reconstruction

In 2008, the ROBODOC® became the first (and
currently the only) robotic surgical system
cleared by the FDA for orthopedic surgery. This
programmable, fully automated robotic system
uses technology akin to CAD/CAM manufactur-
ing processes to perform the bone-milling and
implant placement portions of total hip arthro-
plasty based on preoperative computed tomogra-
phy imaging. Clinical trials using the ROBODOC
showed improved implant fit and alignment of
robotically placed hip prostheses compared with
the conventional technique [42].

Applications of similar technology for cranio-
maxillofacial surgery have recently been investi-
gated in preclinical studies. Using a commercial
industrial robot, Sun et al. tested the feasibility of
a fully automated process for creating the oste-
otomies for a mandibular sagittal split, first using
3D printed mandibular models, and then in
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Fig. 15.6 da Vinci Firefly® near-infrared fluorescence activated around the renal hilum. Courtesy of Intuitive Surgical

animal experiments [43]. They found that the
process was possible; however, there was roughly
1.5 and 2.75 mm error in the phantom and animal
experiments, respectively. The larger error in the
animal experiments was partially attributed to
soft tissue interference.

Two similar studies by Kong et al. and Zhu
et al. evaluated RAS for fibular reconstruction of
the mandible [44, 45]. Their workflow included
preoperative CT, virtual surgical planning, intra-
operative navigation, and automated robotic
positioning of the fibular segment into the man-
dibular defect. With the fibula held in position by
the robot, the surgeon then proceeded with fixa-
tion to complete the reconstruction. Both studies
found a mean deviation of roughly 1.5 mm from
the preoperative plan in phantom models and ani-
mal surgery.

The success of the ROBODOC system in
orthopedic surgery is proof-of-concept for the use
of automated robotics in osseous surgery. With
advancement of this technology and the develop-
ment of dedicated instrumentation for craniomax-

illofacial surgery, there great potential in the fields
of orthognathic surgery, pediatric craniofacial sur-
gery, and craniomaxillofacial trauma surgery.

15.4.6 Dental Reconstruction

In 2017, Neocis received FDA 510(k) approval
for its Yomi dental implant robot, the first and
only application of robotics in dentistry and den-
tal implant surgery. Unlike surgical robots used
in head and neck soft tissue resection and recon-
struction, the Yomi incorporates computer aided
surgical simulation (CASS) into its software plat-
form, allowing surgeons to digitally plan and
simulate dental implant placement using patient-
specific computed tomography (CT) data.
Though this is common in implant dentistry,
Yomi’s robotic hardware uses this data to assist
the surgeon in positioning the implant drill and
burr over the desired osteotomy site in the oral
cavity. Once the desired coordinates match the
planned position and angles, the robot arm is
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locked in the x and y axes, allowing the surgeon
to drill only to the desired and predetermined
depth of the osteotomy.

As with other robotic platforms, the major
advantage lies in removing human error
including inaccurate and imprecise osteotomy
creation. It is unclear whether robot-assisted
dental implant surgery will have major indica-
tion advantages over readily available guided
implant surgery using CASS and 3D printed
guides, or real-time dynamic navigation. Data is
currently limited on whether or not this approach
is advantageous in the scope of dental recon-
struction and rehabilitation, and no long-term
data on implant success rates, restorability, or
adverse outcomes are available at this time.
According to a January 2020 press release by
Neocis, 1000 dental implants were placed under
robotic guidance in 2019 [46].

15.5 Conclusions

Over the last decade, transoral robotic surgery
(TORS) has become a fixture in the therapeutic
arsenal of many head and neck surgery programs
within the USA [3]. TORS allows for minimally
invasive access to the upper aerodigestive tract,
particularly for tumors of the oropharynx, for
which surgical resection would otherwise require
considerably more invasive approaches. However,
the capabilities of robot-assisted surgery for head
and neck reconstruction are just beginning to be
realized. Robotic surgery has the potential to
improve upon current surgical techniques, poten-
tially improving reconstructive precision and
allowing for the advancement of minimally inva-
sive approaches that would otherwise not be pos-
sible. Further, the development of instrumentation
and end effectors specific to microsurgery may
expand the field beyond what is currently possi-
ble with conventional techniques. With the recent
arrival of new and unique robotic systems into
clinical practice, the applications of RAS for
head and neck reconstruction are sure to expand
and have marked impact on the field in the years
to come.
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Reconstructive Options
in the Vessel-Depleted Neck: Past,

16

Present and Future Strategies

Andreas M. Fichter and Klaus-Dietrich Wolff

Introduction: Definition
and Development
of the Vessel-Depleted Neck

16.1

The routinely performed neck dissection has
improved the disease-free survival in oral cancer
patients [1]. However, during this intervention,
arterial and venous blood vessels are ligated and
are lost as potential recipient vessels for micro-
surgical procedures. While after tumour resection
and selective neck dissection potential recipient
vessels in the ipsilateral neck can be missing in
39% of cases [2], practically no suitable vessels
remain after radical or modified radical neck dis-
section [3].

Adjuvant (chemo)radiation has also improved
disease-free survival in head and neck cancer
patients [4], but is also associated with adverse
side effects, particularly to the cervical tissue.
Severe fibrosis, scarring and loss of tissue planes
are unpleasant accompanying symptoms in the
neck region and may lead to complications like
wound healing disturbances and osteoradione-
crosis that may require additional surgery [5-7].
Radiation therapy also evokes endothelial
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changes like intimal fibrosis which can lead to
atherosclerosis and activate the coagulation cas-
cade [8-10]. The resulting increased risk of
thrombosis [10, 11] is held responsible for a sig-
nificantly higher complication and failure rate
after free flap transfer in irradiated patients [10].
Tumour recurrence and surgery- or radiation-
related complications like fistulae, extensive
wound healing disorders and osteoradionecrosis
but also the patients’ wishes to improve quality of
life may require additional surgical steps [12].
Due to fibrosis and excessive scarring, tissue lay-
ers can be hard to discern and accidental vascular
injury can lead to a high risk of potential life-
threatening bleeding in the pre-treated neck [3,
13]. With each additional intervention, the risk
for therapy-related complications rises and
patients end up in a vicious circle that will leave
7% of them completely devoid of potential cervi-
cal recipient vessel [14]. This medical condition
is referred to as vessel-depleted (VDN) or frozen
neck (Fig. 16.1) [14, 15]. Frequently, microvas-
cular transplants of undamaged tissue quality are
the last chance to provide functional reconstruc-
tions in areas of disrupted anatomy. However, in
the absence of adequate recipient vessels, micro-
vascular transfer can only be achieved through
detours—or not at all. Therefore, knowledge of
past, present and future therapeutic strategies is
important to achieve stable situations even in the
most extreme cases.
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Fig. 16.1 Clinical image of patient with vessel-depleted neck. Patient suffering from vessel-depleted neck after radia-
tion therapy and multiple surgeries for oral cancer and therapy-related complications. (a) En face view, (b) profile view

16.2 Therapy Options
in the Vessel-Depleted Neck

Due to the complexity of the deformity, treatment
of patients with vessel-depleted neck is highly
individual. For most reconstructive problems in
this patient collective, microvascular transfer is
the most reliable option, but this option may not
be possible in the absence of adequate recipient
vessels. In many cases, the use of flaps with long
pedicles, the choice of more distant recipient ves-
sels or the interposition of vein grafts will help to
facilitate successful free flap transfer. When all
microvascular endeavours fail, it might make
sense to go down a rung or two on the reconstruc-
tive ladder or switch to a more conservative treat-
ment concept, accepting a long healing process
and inferior functional outcome.

16.2.1 Microvascular Options
in the Absence of Local
Recipient Vessels

In highly pre-treated necks, the standard vascular
network used for microsurgical reconstructions

defined by branches of the external carotid artery
and the jugular vein is inaccessible. Surgical
exposure of recipient vessels in a field of
radiation-induced skin damage, scar contraction
and disrupted anatomy is a highly demanding
challenge with a risk of uncontrollable bleeding,
consecutive wound healing disorders and aggra-
vation of functional impairment. Nevertheless,
microvascular reconstructions still outplay most
alternative options with regard to success rate and
functional outcome, and all options to achieve
microvascular tissue transfer should be exploited.
In the following section, we aim to discuss the
most favoured options for vessel anastomosis and
transplant selection in the VDN.

16.2.1.1 The Ideal Recipient Vessels

The vessels most commonly used in head and
neck reconstruction are branches of the ipsilat-
eral external carotid artery and internal jugular
vein or the external jugular vein [15, 16].
Following repetitive surgery and radiation ther-
apy, this standard vascular network for microsur-
gical anastomoses is often inaccessible. In the
field of radiation (Fig. 16.2), surgical exposure of
recipient vessels is highly demanding due to skin
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Fig.16.2 Anatomy of potential donor arteries in the head
and neck area. The most common arteries used for micro-
vascular reconstructions are branches of the external
carotid artery like the superior thyroid, facial and occa-
sionally the lingual artery. If these vessels are missing, the

damage, scar contraction and a disrupted anat-
omy [3]. Disturbed wound healing, aggravation
of functional impairment and, most importantly,
vascular damage can occur when accessing the
neck. The carotid artery often lies quite superfi-
cially and is scarred to the skin, evocating a
potential risk of uncontrollable, potentially life-
threatening bleeding. Therefore, alternative solu-
tions for reliable microvascular anastomosis are
vital for successful reconstruction. The ideal
alternative vessels should fulfil three qualifica-
tions: (1) the vessels need to be of reliable ana-
tomical appearance, length and calibre as there is
little or no room for alternatives in cases of fail-
ure, (2) surgical exposure of the recipient vessels
should not cause any further damage to the pre-
treated neck and (3) the vessels should lie in a
non-irradiated part of the body [12].

16.2.1.2 Alternative Recipient Vessels
The most commonly used arteries for reconstruc-
tions in the VDN are (in order of frequency): the

transverse cervical, thoracoacromial or internal mammary
artery can be used. Important muscles of the neck are
shown hatched: SCM sternocleidomastoid muscle, tran-
sected, OMO omohyoid muscle, DIG anterior belly of the
digastric muscle

internal mammary artery (28%), the transverse
cervical artery (15.9%), the superficial temporal
artery (14.9%), arteries from the contralateral
neck (14.5%), the thoracoacromial artery
(10.7%), the supraclavicular artery (10.4%) and
the external carotid artery above the facial artery
(2.4%) [12]. The dorsal scapular artery, the inter-
nal carotid artery, the inferior thyroid artery, the
arterial pedicle of a previous microvascular flap
anastomosis and the use of a wrist-carrier (radial
artery) are described in case reports [12]. In the
following text, the most common and most
important alternative vessels are discussed, and
an algorithm for finding adequate vessels is pro-
vided at the end of the chapter.

Vessels in Proximity to the Defect Area

External Carotid Artery

Even if all major branches of the external carotid
artery are lacking, the cranial portion of the
external carotid artery (above the facial artery)
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still provides a high calibre and high blood flow.
The vessel lies within the field of radiation and
vessels access can be very demanding and risky
in the frozen neck. The accessible part of the
artery is located underneath the posterior belly of
the digastric muscle and is found by following
the external carotid artery upwards above the
branch of the facial artery. Anastomosis can at
times be challenging because of the high location
of the vessel and the interference by the mandi-
ble. Vessel geometry requires bending the vessel
anteriorly and may lead to kinking after anasto-
mosis, but this is rarely a problem due to the high
flow of the artery. Despite numerous ipsi- and
contralateral collaterals, this procedure should
only be performed at one side of the neck to avoid
trophic impairment of the facial skin and poten-
tial necrosis of the tongue.

The Contralateral Neck

If the ipsilateral neck is depleted of suitable ves-
sels located in proximity to the defect area, the
major external carotid branches of the contralat-
eral neck are an option, offering the same advan-
tages of the ipsilateral major external carotid
branches like good calibre and blood flow.
Depending on the type of defect and intended
reconstruction, the contralateral neck often lies in
proximity to the defect area, i.e. in multi-
segmented mandible reconstructions. In these
cases, access to the contralateral neck is required
anyway, making the contralateral neck vessels
attractive for microvascular reconstruction.
However, radiation changes usually affect the
contralateral neck as well and after bilateral neck
dissection, this pool of alternative vessels may be
depleted as well [14, 15]. If flaps with long pedi-
cles or interpositional vein grafts are required to
bridge the distance between recipient vessel and
defect area, the risk of flap failure is increased
due to venous thrombosis or compression of the
pedicle by the scarred integument when crossing
the mid-line [17-21].

Common Carotid Artery and Internal Carotid
Artery

End-to-side anastomoses to the common and
even internal carotid artery have been described,

using balloon shunts to bridge the proximal inter-
nal carotid artery and the common carotid artery
in an effort to minimize cerebral ischaemia time
during anastomosis [22]. Preoperative internal
carotid artery balloon test occlusion is mandatory
to reduce the risk of cerebral stroke. Even suc-
cessful end-to-side flap transfer to the internal
carotid artery was described in one case [22].
However, the risks disqualify this technique from
becoming a routine procedure.

Pedicle of a Second or Previous Flap

The pedicle of a previous flap can be used as blood
supply for a new flap, as long as it is not obliter-
ated and still provides enough blood flow. Although
trophic impairment of the previous flap is unlikely
due to rapid autonomization [23, 24], there have
been reports of flap loss after transecting the sup-
plying artery even years after the first surgery, in
particular in jejunal flaps [25-27]. Preparation of
the pedicle of a previous flap is usually demanding
due to heavy scarring and radiation-induced
changes. This is especially true for the veins.

If more than one flap is raised during the same
operation, the number of required recipient ves-
sels can be reduced by connecting the second flap
to the pedicle of the first flap (end-to-side or
using a side branch) [15]. Alternatively, two flaps
can be connected in a serial way, meaning that
one flap is daisy-chained to the distal artery of a
‘flow-through’ flap [28, 29]. However, both tech-
niques still rely on the presence of a local recipi-
ent artery. Serial anastomosis implies that
ischaemia of the first flap will result in the loss of
both flaps.

‘Pedicle-sharing’ should therefore always be
performed knowing that, if everything goes
wrong, the patient will not only lose one but two
flaps and might end up with severe functional
impairment.

Small, Less Common Local Vessels

Complex reconstructions in the central midface
can sometimes be achieved using small, less
common arteries like the facial artery with an
intraoral approach, the angular and the major
occipital artery [20]. Vessel preparation and
anastomosis require special supermicrosurgical
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instruments and high magnification [20]. Due to
their small calibre and blood volume, these
vessels are primarily suited for low-volume
reconstructions [20].

Distant Vessels

If no suitable vessels in proximity to the defect
area can be located, more distant areas have to be
considered. Vessels in these areas are usually
located outside the direct field of radiation and
previous surgeries, making access to the vessels
easier and less risky. The distance between recip-
ient vessel and defect area, however, has to be
bridged using either flaps with a long pedicle or
interpositional vein grafts, potentially increasing
the risk for flap failure [16-21]. For the vessels to
reach the defect area, a risky neck access or at
least tunnelling of the irradiated integument of
the neck is still required in most cases.

If all branches of the external carotid artery are
lacking, the superficial temporal [30] and branches
of the subclavian artery [14, 15] can be recom-
mended for microvascular reconstructions.

Superficial Temporal Artery

For upper midface reconstruction, the superficial
temporal artery can be an easily accessible ves-
sel as long as it remained unaffected of previous
irradiation. The superficial temporal artery arises
from the external carotid artery and runs preau-
ricularly towards the scalp (Fig. 16.2), between
the temporal and temporoparietal fascia. It can be
detected by palpation or Doppler probe. The
artery has a calibre of 1.8-2.7 mm, while the
comitant vein has a slightly larger calibre of 2.1—
3.3 mm but is very fragile, hard to dissect and
lacks in 15% of cases [30]. Vessel geometry is
unfavourable for caudally directed vessel con-
nections and may lead to kinking [30]. The tem-
poral artery is also known to be susceptible to
vasospasm. Since the achievable pedicle length is
limited, the indication spectrum is usually lim-
ited to defects of the scalp and upper two thirds of
the face [16]. Despite these potential pitfalls, the
temporal vessels have been successfully used for
intraoral reconstructions in the VDN [31]. Even
multi-segmented  mandible  reconstructions
become possible using just a preauricular access,

making these vessels an attractive alternative if a
risky cervical access is preferred to be avoided in
the irradiated patient [30].

The Subclavian/Brachiocephalical System

Branches of the subclavian artery, such as the
thyrocervical trunk with its transverse cervical
artery and inferior thyroid artery or the supracla-
vicular artery, constitute advanced alternatives.
The transverse cervical artery (= A. transversa
colli) and accompanying vein are missing in 6%
and 12% of cases, respectively [15]. Despite their
location in the field of irradiation and scarred tis-
sue, Urken considered the transverse cervical
vessels as ‘the best-recipient vessels’ for head
and neck reconstruction because the axis of the
vascular pedicle lies in a longitudinal direction to
the head and neck and provides ideal flow and
blood pressure characteristics [32]. Critical eval-
uation of the defect location is necessary as areas
above the mandible often require interposition
vein grafts due to limited pedicle length. Pedicle
length can be increased by dissecting the vessels
laterally, but this comes at the cost of calibre.
Furthermore, if dissection is carried out beneath
the clavicle or far deep into the supraclavicular
fat pad, thoracic duct injuries can occur.

The internal mammary (= internal thoracic)
artery is the most frequently used alternative ves-
sel in the VDN (28%) and the only alternative
that follows all three principles for ideal recipient
vessels mentioned above [12]. The artery derives
from the subclavian artery, whereas the accompa-
nying vein drains into the brachiocephalic vein
[16]. Parasternally, both vessels run caudally on
the underside of the sternum and the upper six
ribs. Due to their location, vessel access is
demanding [16] and usually requires the osteot-
omy of one or two ribs to mobilize the vessels
[33]. Anastomosis is complicated by the patient’s
respiration [33]. Pneumothorax, thoracic duct
injury, neuralgia, herniation and chest wall defor-
mities have been described as serious risks dur-
ing vessel access [3, 16]. Furthermore, the cardiac
status of the patient has to be considered as
bypass surgery with an internal mammary graft is
a contraindication for vessel dissection. Apart
from losing a potential donor vessel for coronary
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bypass surgery, the tedious venous preparation
[33], short vessel length and long, subcutaneous
run of the pedicle risking compression are addi-
tional drawbacks of this approach. Moreover, in
most cases, interpositional grafts are required.
For these reasons, the internal mammary vessels
should be considered a final resort if no other
suitable vessels can be located.

The inferior thyroid artery deriving from the
thyrocervical trunk is usually of inferior calibre
and only plays a subordinated relevance in head
and neck reconstructions. The same applies for
the supraclavicular artery which is a descendent
from the transverse cervical artery and represents
the pedicle of the supraclavicular island flap.

Thoracoacromial System

Further caudally, the thoracoacromial artery
derives from the axillary artery and divides into
four separate branches: the pectoral, clavicular,
deltoid and acromial branch [16]. The accompa-
nying veins drain into the external jugular or sub-
clavian vein [16] and are inexistent in 12% of the
cases [15]. The thoracoacromial system has been
successfully used to provide blood supply for
microvascular flaps [34].

While the thoracoacromial artery with a cali-
bre of 1.2-2.4 mm usually matches the calibre of
the donor vessel, the calibre of the individual
branches often lies below 1 mm [34]. If either the
pectoral branch or the thoracoacromial artery
itself are used as recipient vessels, the blood sup-
ply to the pectoralis major flap is cut, which
means closing the door on an important back up
procedure (‘safety net’) reserved for desperate
cases when all microvascular procedures have
failed. Another major restriction is the frequent
need of an interposition graft due to the caudal
location of this vascular network [14].

Venous Options

According to the current literature, the veins
most commonly used for microvascular anasto-
mosis in the VDN in the absence of branches of
the internal jugular vein are the cephalic vein
(25.9%), the internal mammary vein (24.4%), the
superficial temporal vein (15.4%), the supracla-

vicular vein (9.3%), the transverse cervical vein
(8.3%), the thoracoacromial vein (4.9%) and the
external (2.2%) or internal jugular vein (1.2%)
[12]. In most cases, the most obvious option for
venous drainage is to use the accompanying vein
of the arterial branch as practiced for the internal
mammary, thoracoacromial, transverse cervical
and superficial temporal veins. However, these
veins are often inconsistent.

End-to-Side Anastomosis to the Internal

Jugular Vein

The venous phase of a preoperative CT scan is
helpful to assess the patency of the internal jugu-
lar vein, which can be obliterated following sur-
gery and/or radiation therapy due to thromboses
and is completely missing after radical neck dis-
section. Provided adequate outflow, an end-to-
side anastomosis to the internal jugular vein
should be considered. However, careful micro-
surgical planning of location and size of the inci-
sion in the internal jugular vein is mandatory to
avoid kinking or collapse of the donor vein due to
an unfavourable entry angle.

Transposition of the Cephalic Vein

If cervical veins are absent or venous drainage is
poor, the cephalic vein usually provides a reliable
outflow. The cephalic vein runs from the dorsal
part of the thumb along the radial flexor tendons
towards the elbow, and along the biceps brachii
muscle into the clavipectoral triangle between the
major pectoral and deltoid muscle, and it drains
into the axillary vein [14]. This long vein can be
dissected either solely for venous transposition or
with a pedicle vessel of a semi-free radial forearm
flap [28, 35]. Its numerous advantages have been
described extensively and include a consistent
anatomy in a non-irradiated graft area, as well as
a sufficient calibre. Moreover, the pedicle drains
into a high-flow and low-pressure system that
bears little risk for stasis and thrombosis [14-16,
35, 36]. Attention has to be paid in terms of kink-
ing and compression of the vein, especially where
it crosses the clavicle. Nevertheless, the cephalic
vein is a safe and feasible option for venous drain-
age in the VDN and is considered a ‘lifeboat for
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head and neck free-flap reconstruction’ [37]. The
cephalic vein is also essential for the Corlett loop
[38] (see next section).

Interpositional Vein Grafts, Loops

and Shunts

If the pedicle length is too short to bridge the gap
between recipient vessel and defect area, vein
grafts can be interposed between donor and
recipient vessel [17]. The most commonly used
interpositional vein grafts are the saphenous
vein and the cephalic vein [16, 39].

Temporary arterio-venous loops or shunts are
an alternative bridging technique. A long vein
graft is harvested, and each end is sutured to the
artery and vein of a free flap, respectively. In the
next step, this ‘loop’ is pulled through a subcuta-
neous tunnel to the recipient vessels where the
loop is transected and the newly generated artery
and vein are sutured to their respective recipient
vessel. The Corlett loop [38] is a different
approach to facilitate a vessel connection by
interposing the cephalic vein between the contra-
lateral external carotid artery (end-to-side or via a
side branch) in a first step. In a second step, the
vein is transected distally and the free end is
sutured to the flap’s artery. The distal segment of
the vein, draining into the axillary vein, is sutured
to the flap’s vein.

The additional harvesting procedure and asso-
ciated donor site morbidity as well as the fact that
twice as many anastomoses have to be conducted
leads to an extended operation time. The higher
number of anastomoses and often required sub-
cutaneous tunnel under an irradiated integument
are also associated with a fourfold higher risk of
thrombosis and flap failure when using vein
grafts [16-19, 21]. Therefore, other options like
the use of flaps with longer pedicles or alternative
vascular networks should first be considered
before deciding to use vein grafts.

Vessel-Sparing and Vessel-Sharing
Techniques

Patients with a history of previous surgery and
radiation therapy are likely to require future free
flap reconstructions due to complications (infec-
tions, radiation ulcer, fistula, etc.) or recurrent

cancer. Progressive vessel-depletion following
each therapeutic intervention evokes a vicious
circle that in turn leads to therapy-related compli-
cations, requiring additional interventions. To
slow down this spiral, vessel-sparing and vessel-
sharing techniques during neck dissection and
microvascular interventions can help to reduce
trophic impairment to the facial and cervical skin
and preserve potential future recipient vessels.
End-to-side anastomosis to large calibre vessels
(i.e. internal jugular vein) is often more challeng-
ing then end-to-end anastomoses, but has similar
success rates.

As described above, if more than one flap is
raised, the pedicle of a first flap can be used to
connect a second flap to spare local recipient ves-
sels. This can be achieved either by using a side
branch of the proximal artery or the distal end of
the artery of the first flap as recipient vessel. If
the flaps are connected in a serial fashion, the first
flap becomes a ‘flow-through’ flap. The concept
of flow-through flaps can also be applied to spare
recipient vessels if only a single flap is raised by
interposing the flap between the two ends of a
transected recipient artery. Soutar et al. [40]
established a blood flow between the external
carotid artery and the distal facial artery by inter-
posing a radial forearm flap. Apart from the radial
forearm flap, numerous flow-through flaps have
been described [22], mostly for the treatment of
ischaemic foot. Venous flow-through flaps,
based on a single flow-through vein, are yet
another option in regions with limited arterial
vascular supply [41]. Safak and Akyurek [29]
describe successful reconstruction of a patient
with severe burns in the neck and chest area using
a cephalic vein-based venous flap from the
anteromedial upper arm. The main disadvantage
of venous flaps is the high failure rate of up to
40%, especially when used for intraoral recon-
structions [42, 43]. If no arterial vessels with suf-
ficient arterial outflow can be located, reverse-flow
arteries might be an alternative. Due to countless
collaterals, the distal facial artery provides 76%
of the systemic blood pressure and was success-
fully used as recipient vessel for perforator flaps
[23]. Calibre (1.3 mm) and close proximity to the
defect area are ideal for short-pedicled perforator
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flaps. However, in the irradiated patient,
paramandibular scarring will impede identifica-
tion and preservation of the distal vessel stump.
Moreover, calibre and flow of the distal facial
artery may be too low for larger reconstructions.

16.2.1.3 Algorithm for Locating
Recipient Vessels

Based on our experience, the following algorithm
for locating adequate recipient vessels in the
VDN can be recommended (Fig. 16.3). Although
few or no potential recipient vessel will meet all
recommended criteria, choice of vessels should
always be carried out for each individual patient
with the criteria for ideal recipient vessels in
mind: (1) reliable anatomical appearance, length
and calibre, (2) prevention of further damage to
the pre-treated neck and (3) location outside the
field of radiation [12].

ARTERY

Ipsilateral branch of
A. carotis externa

not available

16.2.1.4 Considerations for Flap
Choice

A plethora of different flaps described today usu-
ally offers a number of different possibilities for
defect coverage with comparable aesthetic and
functional outcome. If a flap with a long pedicle
is raised, the contralateral neck side or distant
ipsilateral recipient vessels can be reached with-
out the need for interpositional vein grafts [2,
16].

The most common flaps used in the VDN are
the anterolateral-thigh (ALT) flap (25.8%), the
radial forearm flaps (23.7%), flaps from the trunk
(DIEP, TRAM, FRAM) (9.4%), the supraclavic-
ular island flap (9.1%) and the free fibula flap
(8.2%) [12]. The main concern when harvesting a
flap in this patient collective is the unconditional
need for success. Apart from defect configuration
and required amount and composition of tissue,

VEIN

Ipsilateral branch of
V. jugularis interna
or V. jugularis externa

A. carotis externa

A.and V. temporalis sup.

not available

Contralateral branch of
A. carotis externa
without vein graft

A. transversa colli

not available

2nd flap? |

Side branch of 2nd flap
or
pedicle of presvious flap

vein graft to
contralateral side

V. transversa colli

not available

Contralateral branch of
V. jugularis interna
or V. jugularis externa
without vein graft

Transposition of
V. cephalica

not available

2nd flap? |

Side branc(f)\rof 2nd flap vein graft to

pedicle of presvious flap contralateral side

not available

A. and V. thoracoacromialis
or major branch

not available

A.and V. thoracica interna

Fig. 16.3 Algorithm for locating alternative vessels for microvascular reconstruction in the vessel-depleted neck.

Modified and extended based on Hanasono et al. [8]
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criteria for flap choice should therefore include
reliability of the flap, personal experience and
skills of the surgeon and required pedicle length.
Reliable transplants of predictable surgical rou-
tine are of first choice, whereas functional and
aesthetical aspects play an inferior role compared
to primary surgery. Detailed description of all
possible flaps is beyond the scope of this chapter,
but due to its extreme pedicle length, the reverse-
flow thoracoacromial artery-based scapula flap is
worth mentioning here. For the interested reader,
a comprehensive overview of the most commonly
used free flaps in the VDN is provided by
Frohwitter et al. [12].

Reverse-Flow Thoracodorsal, Artery-Based
Scapula Flap

Jacobson et al. [14] describe a technique to pro-
long the pedicle length of an existing osteomyo-
cutaneos flap model (scapula flap) to facilitate
reconstructions without the need for interposi-
tional vein grafts. The thoracodorsal artery is
raised together with the distal portion of the sub-
scapular artery and its descending circumflex
scapular artery. In contrast to the conventional
scapula flap based on the circumflex scapular
artery, in this model, the thoracodorsal artery is
used as arterial donor vessel with a reverse flow:
The blood flows reversely through the thoracodor-
sal artery to the subscapular artery, which is
ligated, and enters the flap through the circumflex
scapular artery. This way, very long pedicle
lengths can be achieved. For venous anastomosis,
vein grafts are often required [16]. Alternatively,
transposition of the cephalic vein should be con-
sidered. However, harvesting the thoracodorsal
artery means losing a potential ‘safety net’ flap
for neck and lower face reconstructions: the (ped-
icled) latissimus dorsi flap [14].

16.2.2 Microvascular Options
Without Anastomosis
in the Head and Neck Region
16.2.2.1 The Principle of Ischaemic
Preconditioning
Especially in the irradiated wound bed, transfer
of well-vascularized is imperative to avoid wound

healing disorders, fistulae and surgical re-
interventions. Even towards the end of the middle
ages, long before the invention of the operating
microscope, techniques for transferring vascular-
ized tissues were known and are based on a step-
wise tissue transfer, temporarily preserving the
original blood supply. A prerequisite for these
procedure to work is rapid autonomization of the
transferred tissue in the wound bed [24, 44, 45],
which means that the transferred tissue has to
revascularize in the wound bed and become inde-
pendent from its original blood supply. Hypoxia
constitutes a strong promoter of angio- and vas-
culogenesis [46], and revascularization follows a
hypoxia-gradient directed from well-perfused
towards less-perfused tissues [47]. Unfortunately,
ischaemia-induced necrosis often develops more
rapidly than angiogenesis promoted by hypoxia
[48]. In compromised wound beds (i.e. irradiated
neck), the hypoxia-gradient might even be
reversed, promoting a spread of the vascular net-
work from the flap to the surrounding tissues
instead of the other way around. In this scenario,
the flap would likely remain dependent on its
original blood supply. Using the principal of
ischaemic conditioning, however, the hypoxia
gradient can be redirected towards the flap by
reducing flap oxygenation levels below the levels
of the surrounding tissues, potentially risking
hypoxic injury to the transferred tissue.

16.2.2.2 Tubed Flaps

Almost 500 years ago, the Italian plastic surgeon
Gaspare Tagliacozzi [49] described a technique
to transfer compound tissues without anastomo-
sis for nasal reconstruction using a tubed upper
arm flap. The upper arm was fixed for several
weeks to the head using a custom-made hooded
leather west, until revascularization of the trans-
ferred tissue had occurred from the surrounding
tissues and the pedicle could be transected.
Today, tubed flaps are of historical relevance [50]
but might be considered for small-volume recon-
structions in desolate cases of VDN. Due to tro-
phic impairment following radiation therapy,
revascularization of transferred tissue may take
longer in an irradiated wound bed, but does seem
to occur eventually [24, 51]. Tubed flaps also
build the intellectual base for the carrier flap,
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which allows transfer of microvascular flaps
without local vessel connections.

16.2.2.3 The Carrier Flap Technique

The carrier flap is the link between historic meth-
ods for tissue transfer and modern microvascular
techniques. Like with its historical predecessor,
the tubed flap, tissue transfer can be achieved
without anastomosis in proximity to the defect.
The radial artery is used as a wrist carrier as tem-
porary blood supply for one or more microvascu-
lar free flaps. The flap(s) can then be used to
reconstruct defects in the head and neck area
without local vessel access. As with the tubed
flap, the patient’s arm is fixed to the head for sev-
eral weeks until revascularization in the recipient
wound bed has occurred and the wrist carrier can
be ligated. Wolff et al. [24, 51] describe complex
soft and hard tissue reconstructions using serial
(flow-through) double flaps consisting of an ALT
and a free fibula flap for mandible and lower face
reconstructions in a patient with VDN. After 18
days, the wrist carrier could be safely ligated.
Due to the high operative expense, risk of rupture
of the pedicle, inconvenient dressing changes,
high donor site morbidity and mandatory immo-
bilization of the shoulder, which can lead to
shoulder stiffness, the carrier flap is considered a
reserve procedure [20].

16.2.2.4 Extracorporeal Perfusion
of Microvascular Free Flaps
We know from animal experiments and organ
preservation studies that living tissues can be
vitally stored for several days using extracorpo-
real perfusion [52-57]. While perfusion-based
organ preservation has since become a routine
clinical procedure, extracorporeal perfusion of
free flaps has only recently been demonstrated in
the clinical setting to bridge the time to anasto-
mosis in an effort to salvage extremity replants
[58] or critically perfused free flaps [59, 60].
Instead of using a wrist carrier as blood sup-
ply, free flap perfusion can be maintained tempo-
rarily using an extracorporeal perfusion device
until revascularization from surrounding tissues
has occurred [61], theoretically paving the way to
free flap transfer without any kind of anastomo-

sis. Following the above-mentioned principle of
ischaemic conditioning, even in irradiated wound
beds, rapid revascularization of voluminous com-
posite free flaps was observed and free flaps sur-
vived after cutting off the original blood supply
2-3 weeks after transfer [24, 51, 61, 62]. Based
on this observation it seems feasible to apply a
temporary extracorporeal flap perfusion in
patients suffering from vessel-depleted neck, pre-
irradiation, severe atherosclerosis or other condi-
tions associated with a high perioperative risk
during free tissue transfer. Preliminary animal
experiments have shown promising results [41],
and only recently, the first clinical cases with suc-
cessful flap transfer using an extracorporeal per-
fusion system for reconstructions of the lower
face in patients with VDN have been reported
[61-63]. The necessity for continuous monitor-
ing of an immobilized and sedated patient on the
ICU, continuous (24 h) surveillance of the extra-
corporeal membrane oxygenation by a trained
physician, high blood loss due to the fact that the
venous return is often not reinfused for risk of
systemic infection, significant tendency for local
oedema formation, partial or total flap necrosis
and infection of the perfusate are common risks
associated with this procedure in its current form
[7,61,63].

To make the clinical application more feasi-
ble, we have since switched to a simplified,
blood-saving, intermittent one-way perfusion
using a modified commercial extracorporeal
membrane oxygenation system for paediatric
lung perfusion [63]. With this setup, successful
transfer of primarily thinned ALT flaps to the
irradiated neck was performed. Monitoring of
both patient and perfusion system was reduced,
and patients were able to ambulate on the ward
between perfusion cycles. However, decreasing
the complexity of the system also led to a higher
risk of wound infection and partial or complete
epithelial loss and even subtotal flap loss [63].
When using extracorporeal flap perfusion, a deli-
cate balance between a hypoxia-promoted revas-
cularization within a tolerable time frame on the
one hand, and a perfusion high enough for crucial
parts of the transplanted tissues to survive on the
other hand has to be found, respecting the vary-
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ing ischaemia tolerance of different tissues. It
should therefore not surprise that extracorporeal
flap perfusion is usually associated with inferior
results in comparison with conventional micro-
surgical techniques, especially in its early stage
of development.

Extracorporeal free flap perfusion is an inno-
vative, but still challenging procedure. In com-
parison with conventional microsurgical tissue
transfer, no vascular preparation and microanas-
tomoses have to be performed and operation time
is drastically reduced. As of today, however, this
technique is still highly experimental, and results
are still inferior to conventional microsurgical
techniques. Therefore, extracorporeal flap perfu-
sion should be considered a reserve procedure
and should only be performed in select cases in
specialized centres.

16.2.3 Down the Reconstructive
Ladder

Transfer of compound and bulky, well-
vascularized tissue is a prerequisite for functional
recovery and long-term success in patients with
VDN, which is why microvascular reconstruc-
tions are still the first choice in this patient collec-
tive. However, if all microvascular endeavours
fail or if the patient’s general health status pro-
hibits lengthy operations, one has to consider
stepping down one or two rungs on the recon-
structive ladder, gradually accepting inferior
functional outcome.

16.2.3.1 Pedicled Myocutaneous

Flaps

Pedicled regional muscle flaps, like the pectora-
lis major and pedicled latissimus dorsi or the
pedicled trapezius flap, can also provide healthy,
vascularized tissues from non-irradiated regions
of the body [64]. Pedicled flaps can be quickly
raised and require no microvascular anastomo-
ses, making them ideal for patients in bad general
health. Representative of this group of flaps, the
pectoralis major flap as an important ‘safety net’
flap for difficult cases, is discussed in more detail.

The pedicled myocutaneous pectoral muscle
flap was first described in 1979 [65] and served as
a ‘working horse’ flap in reconstructive head and
neck surgery for decades [66]. The major pecto-
ral muscle consists of a clavicular and a sternal
part, perfused by branches of the thoracoacromial
and lateral thoracic artery, respectively [66]. The
flap with its large skin island and sufficient vol-
ume is considered very reliable and versatile and
is often used for contouring the neck, covering
the large cervical vessels and covering intraoral
and through-and-through defects as a solid alter-
native after free flap loss [66]. It can also be com-
bined with a rib graft but this is not recommended
in the irradiated neck [13]. The fixed position and
restricted pedicle length and rotational axis limits
the applicability of this flap to the neck and lower
face [67]. Trophic impairment of the skin island
is commonly observed, resulting in a consider-
ably high complication rate, especially after radi-
ation therapy [67, 68]. Especially the coverage of
exposed osteoradionecrotic bone and the combi-
nation with reconstruction plates seem to be
problematic [64, 69]. The combination with a
reconstruction plate cannot be recommended
[64] and functional and aesthetic outcome is usu-
ally inferior in comparison with microvascular
reconstructions [70, 71], which is of special
importance in female patients due to a distortion
of the breast [68].

16.2.3.2 Locoregional
Fasciocutaneous Flaps

Local random pattern flaps and free skin grafts
are not recommended in the irradiated integu-
ment because of a high risk of failure [13].
However, a number of locoregional, primarily
axial pattern fasciocutaneous flaps exist that still
play a role for reconstructions in the previously
operated, irradiated neck even in the age of
microsurgery [72, 73]. The most commonly used
representatives of this group are the deltopectoral
flap [73], the fasciocutaneous temporal muscle
flap and the supraclavicular island flap.

The deltopectoral or ‘Bakamijan’ flap, a thin,
pliable fasciocutaneous flap based on perforators
from the internal thoracic artery, perfectly
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matches the colour and texture of the cervical
skin [73]. The donor site is located at the anterior
aspect of the shoulder and upper chest wall and
thus usually lies outside the field of radiation in
an aesthetically favourable location [64]. The flap
is suited for reconstructions of the lower face,
oral mucosa, cheek and neck and can be com-
bined with the major pectoral flap for complex
reconstructions like through-and-through defects
[73]. Functional deficits in the donor region are
minimal, but primary closure is not possible and
requires skin grafting [73]. Today, the deltopec-
toral flap has lost its status as a ‘working horse’
flap but remains a valuable option as a salvage
technique after free flap loss in the VDN [74].

The supraclavicular island flap has recently
relived a revival in popularity [12]. Based on the
supraclavicular artery, a branch from the trans-
verse cervical artery, skin islands from the supra-
clavicular and shoulder region of up to 25 x 10 cm
can be harvested with the option to primarily
close the donor site [72]. The flap is used for
reconstructions of the lower third of the face, the
oral cavity and the pharynx [64, 75] and has also
proven a valuable alternative in the VDN [76].
However, the low pedicle length (1-7 cm) and
anatomical variability of the supraclavicular
artery limit the application spectrum. The supra-
clavicular artery can be missing after level V
neck dissection and preoperative radiological
imaging of the vessels in cases of radical neck
dissection, and radiochemotherapy is frustrating
[77]. With complication rates of up to 38% [76,
78], the supraclavicular island flap can therefore
not be recommended after level V neck dissec-
tion [64]. Nevertheless, the flap offers extraordi-
narily well-fitting tissue for head and neck
reconstruction with regard to texture and skin
quality and may be used as a free or pedicled flap.

The myocutaneous platysma flap with com-
plication rates of around 40% after neoadjuvant
chemo- or radiation therapy is considered unreli-
able [79-81]. Other locoregional flaps occasion-
ally used in previously operated and irradiated
patients are the temporal muscle flap, the tongue
flap, the cheek flap, the lateral neck flap, the sub-
mental island flap and the facial artery musculo-
mucosal (FAMM) flap (64, 72, 82-84].

The main disadvantage of all locoregional
flaps is their lack of bulk, making them unsuited
for complex, multi-layered defect coverage.
Bone defects cannot be bridged with fasciocuta-
neous flaps alone and a combination with recon-
struction plates is prone to fail due to the lack of
a soft tissue. A combination with pedicled muscle
flaps may provide enough soft tissue coverage in
these cases.

16.2.3.3 Alternative and Additional
Surgical Techniques

Tissue expansion using subcutaneous expanders
with increasing volumes to expand the local skin
provides healthy, well-vascularized tissue and
has been used by some authors to treat radiation
ulcer [13]. Although at least two operative steps
are required for implementation and explanation
and reconstruction, operation time and donor
morbidity can be drastically reduced in compari-
son with free flap surgery [13]. Due to anatomical
limitations for tissue expansion in the head and
neck area and due to a lack of bulk of the
expanded tissue, the field of application of this
method in the VDN is limited. However, combi-
nation with other techniques, i.e. locoregional
flaps from the shoulder/chest wall might be an
option in select cases.

Reaching the bottom of the reconstructive lad-
der, when all reconstructive endeavours have
failed, stabile wound conditions can be achieved
by way of secondary wound healing given enough
time and accepting considerable functional and
aesthetic impairment. The process of secondary
wound healing can be dramatically accelerated
using vacuume-assisted closure (VAC) therapy.
The principle of this therapy is to distribute a suc-
tion effect evenly onto the wound surface using a
porous sponge to provoke wound granulation and
contraction and insure continuous wound drain-
age [85]. VAC therapy is contraindicated in
proximity to large blood vessels (cave: irradiated
vessels!) and malign tumour wounds, and the
decision to use this technique in the irradiated
neck should therefore be made with great caution
and consideration.

In cases of therapy-resistant through-and-
through fistulae or osteoradionecrosis of the
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lower jaw, removal of parts of the jaw resulting in
soft tissue collapse can be a method of last resort
to achieve soft-tissue coverage. In most cases,
stability of the lower face and posterior airway
space are maintained due to severe paramandibu-
lar scarring, and patients are often able to breathe
without tracheostoma. However, swallowing and
speech are usually drastically impaired, and
patients end up with a bird-like profile due to the
missing mandible, known as the Gump Deformity.

Despite immense progress in the field of tissue
engineering in the past decades, this technique is
still experimental and the transfer of large, vascu-
larized tissues to a compromised wound bed is not
yet possible and would also require the presence
of local recipient vessels [39, 86].

16.3 Treatment Algorithm

Despite the progressive development in medical
research, an evidence-based algorithm for recon-
structive techniques in patients with VDN cannot
be provided. The presented flowchart (Fig. 16.4)
is based on our personal experience and the
review of the literature and can serve as a general
guideline. The complexity of reconstructive
problems in the VDN demands highly individual
solutions that are prone to surgical revision.
Often, expectations of both patient and surgeon
must be lowered in advance with regard to func-
tional and aesthetic outcome. As mentioned pre-
viously in this chapter, although access to local
recipient vessels in irradiated areas is demanding

Reconstructive algorithm for the treatment of complex in patients with vessel-depleted neck

Complex
No reconstruction required?
(Mandible reconstruction,
through-and through
defects)

Yes

( CT or MR Angiography )

Vessel-depleted neck?

Microvascular transfer

Yes
Alternate vessels?

Accept steady state/
conservative wound management

Fig. 16.4 Algorithm for the treatment of complex defects
in the vessel-depleted neck. Treatment of the vessel-
depleted neck is highly individual, and the depicted algo-

No
Low High
Upthe Compliance?
Reconstructive Ladder
Pedicled muscle flap
Follow the principles
,,replace like with like*
and ,, Keep it simple*. Deltopectoral flap
Down the
uctive Ladder
Local flaps A combination of different .
reconstructive techniques Carrier flap
can be considered.
V.A.C. therapy
Gradually accept inferior
functional outcome. failure or
not possible

Consider
experimental treatment
i.e. extracorporeal perfusion

rithm should only be interpreted as a rough guideline to
help in the decision-making process
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and risky, microvascular reconstructions are still
the method of choice for the treatment of com-
plex defects, as this technique provides healthy,
well-vascularized tissue with enough bulk. If
adequate local recipient vessels can be located or
distant recipient vessels reached with a long ped-
icle, free flaps still have a higher success rate than
most other techniques in the VDN. If microvas-
cular transfer is not feasible, the carrier flap tech-
nique might be considered as an alternative
method to deliver high amounts of soft and hard
tissue without relying on local blood supply.
However, a high amount of compliance from the
patient is required. If all microvascular tech-
niques fail, the reconstructive ladder can be
descended rung by rung, gradually accepting
inferior functional outcome. As a means of last
resort, experimental treatment options like extra-
corporeal free flap perfusion may offer accept-
able outcomes in select patients but should only
be performed in specialized centres.

16.4 Conclusion

This chapter comprises a magnitude of options
for challenging surgical solutions. However, the
final decision of the reconstructive option is
highly individual and based on the patient’s con-
dition and the individual skills of the surgeon.
With complication rates of 34.5%, reconstruction
in this patient collective demands highly individ-
ual solutions that are prone to surgical revision.
Due to the complexity of the deformity and due
to the fact that present concepts like free flaps
may not be suitable, the knowledge of past con-
cepts is just as important as continuous ongoing
scientific effort in finding new ways for treating
this deformity.
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17.1 Introduction

Is it possible to have an objective position when it
comes to the indication for vascular composite
allotransplantation of the face, the face graft as a
reconstructive procedure for extensive disfigure-
ment 15 years after the first was performed [1],
and with the experience of more than 40 other
officially reported cases?

This was also the conclusion of the XIIIth
conference of the International Society of
Vascularized Composite  Allotransplantation
(ISVCA) held in Salzburg in 2017 and reported
in the Journal of Transplantation [2].
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We would have to analyze each clinical case,
determine all scientific assessment measures,
and apply them all to each situation, knowing
that methods and ideas have changed since the
beginning and that cultural attitudes and behav-
ior in different countries could vary radically.
Moreover, the aesthetic dimension of this type
of vascularized composite allotransplantation
(VCA) is clearly of great importance, adding
subjectivity and a double look of the patient
himself and the medical staff.

A recent work in sociology reported on the
large differences between the two sides of the
channel, probably a consequence of their First
World War experiences [3]. A similar report
was published by the Chauvet Group (including
psychologists, psychiatrists, sociologists, and
medical doctors) about the differences in deci-
sion-making and analyses depending on teams
and continents [4].

This inability to reach a consensus on a face
transplantation viewpoint could also be an oppor-
tunity to ignite discussions [5] and continue
research by the involved face transplant teams.
Face transplantation should still be considered an
experimental work and not thought of as outbid,
as it is all too often referred to in papers [6]. It
should involve critical thinking from different
perspectives. Some could object that it is a biased
inside opinion; nevertheless, many questions are
technical. There is currently no team actively and
successfully involved in this field of face VCA
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who has no close links with immunologists, psy-
chologists and philosophers. Techniques cannot
break free from whom mastered them, the
patients themselves, and the conditions of the
procedures as a whole.

All these aspects should be addressed individ-
ually in sections.

17.2 Retrospective Analysis
of Vascularized Composite
Allotransplantations (VCA)

of the Face

Despite the existence of the international registry
for VCA [7], it is very difficult, if not impossible,
to obtain a detailed report for each face transplant
performed in the world. Some scientific journals
are not fair and regularly accept reports by some
teams and refuse others, even though these pub-
lishers are responsible for the validity of results
and available data.

The exact number of face transplants is not
precisely known. More than 40 are identified, but
there are probably more. Their geographic distri-
bution was reported in a paper published in 2018
[8]. It points out the difficulty in following up
patients due to the distance between the centers
and their home. In the USA, it is sometimes more
than 2000 km between them, and we know about
the Chinese patient living far away in the moun-
tains, more than a 2-day journey from the Xi’an
hospital.

Many teams have performed only one face
VCA. They claim to be “inexperienced,” either in
Europe or the USA. We might wonder about the
reason for which they attempted this experiment,
yet never performed it again. Only two teams
(Boston and Paris) have taken the challenge of
managing more than seven cases each.

At least 7 of 40 patients have died: one in the
early postoperative period, 6 weeks after the
transplant procedure due to infection; one
11 years after the transplant; one Spanish case
due to the bad immunologic status (indication
after previous malignant tumor exeresis context),
one did a new suicide and four because of sec-
ondary malignant complications under immuno-

suppressive treatments. Three chronic rejections
have been reported of whom one could be
re-transplanted.

These data could be cautiously compared with
those of organ transplantation. The mean success
time for cardiac transplantation is about 12 years,
with no clear determination of the etiology of
death. The same thinking should apply to VCA
regarding chronic rejection and treatment adher-
ence, or chronic rejection and death.

In a paper in the British Medical Bulletin,
Maria Siemionov [9], who had extensive exper-
tise in experimental works on VCA, performed
the first face VCA in the USA, then gave an
optimistic overview of the face transplant
10 years later (2016) on aesthetic and func-
tional aspects. She reported: “the functional
aspects were surprising, and most patients
recovered their daily activities and were satis-
fied with their new faces.” Breathing and feed-
ing are now possible to do naturally, but speech
is rather difficult for many transplanted patients
(lip mobility is usually insufficient and some
words cannot be clearly pronounced). Eyelid
closure, despite a recent paper by Rodriguez
[10], is not well recovered, exactly as is known
in palliative surgery for cases of facial palsy
rehabilitation.

Is it actually possible to analyze and judge the
aesthetic result? In indications for trauma cases,
the result after face transplantation should be
compared with the face before the trauma, cer-
tainly, illusory. The aesthetic result will be ana-
lyzed in terms of the quality of integration of the
transplant into the face (shape and color), the
slight visibility of the scars, and symmetry. We
could imagine that, for this reason, some face
transplants are extended beyond the defect area.

Would it be possible to consider aesthetic
results when the patient was transplanted because
of von Recklinghausen’s disease or disfiguring
vascular malformations with disfigurement even-
tually ending in a monstrous face? In the end,
each harmonious face would be broken by an
unsightly imposter.

The author’s optimism should also be tem-
pered by the request for secondary surgical pro-
cedures needed to improve these types of results.
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In a paper by Rodriguez in 2016 [11], the
author reported a partial distribution of the topog-
raphy of facial defects and studied their etiolo-
gies. At that time, there were 37 cases. Lips and

Fig. 17.1 Evolution of the third VCA patient performed
in Amiens in 2012 after arteriovenous malformation
removal (two times surgery). Initial aspect of the patient
with high blood flow arterial malformation 22 years of
evolution, highly risk because of daily bleeding, no social
life, and many embolization and local surgery

noses were always involved. The extension of the
transplant was regularly and progressively
performed from the center outward to reach the
full face for his last case. Deep reconstruction
involved only the nose and maxillary bones, with
some extension to the orbit. The tongue was par-
tially included in two cases, and entirely in
another. Obviously, for aesthetic reasons, no half-
face transplants were involving only one profile.

Indications for previously performed face
transplants included 40% due to sequelae from
ballistic trauma, usually with severe sequalae
from the surgery. Thirty percent were burn cases
(thermal or chemical etiologies). The other etiol-
ogies were animal wounds, neurofibromatosis,
and vascular malformations (Figs. 17.1, 17.2,
17.3,17.4, and 17.5).

There was a real concern among the teams
when the first chronic rejection effects occurred.
Of course, it was also question raised when for
example in one patient who re-attempted suicide.
Perhaps it is the reason why the number of face
transplants is now stagnant.

The initial hope, almost enthusiastic, led to a
real awareness of the complexity of the proce-
dure whose success depends on, beyond the skill-
ful hands of the surgeon, the unknown power of
long-term immunosuppressive treatment and
unmastered nerve regeneration. Paradoxically,
this period is continuously energized by numer-
ous papers and research works on extending
transplantation procedures to other skeletal areas
and sensory units!

Fig. 17.2 Modelization of the VCA (mandible maxilla, tongue, soft tissue, and skin)
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Fig. 17.3 DAY 2 posttransplant

Fig. 17.4 Year 2 posttransplant

Fig. 17.5 Year 8 posttransplant

17.3 Progressive Extension
of Face VCA

At the end of the twentieth century facing a par-
ticular treatment deadlock, the willingness to go
forward and innovate allowed several reconstruc-
tive surgeons to perform a face graft. The exam-
ple of the hand transplant has existed since 1998,
erasing the taboo of skin immunogenicity, which
was solved. The hand is part of the history of
reconstructive surgery: one more time re-
implantation preceded transplantation.

Of course, one could use the same argument
regarding the process applied to the face, when
a partial face re-transplantation was reported in
India after a trauma [12]. Two other clinical
cases of partial face transplants had been
reported before the first official one in 2005, but
were highly controversial from an ethical point
of view. Further condemnation was expressed
by the scientific community for ear and scalp
allotransplantation after a melanoma defect in
China and a tongue replacement for cancer sur-
gery in Vienna. Malignancy of the tumors was a
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clear contraindication for immunosuppressive
treatment and for transplantation as well. The
two patients died in less than 1 year after
surgery.

Independent of the experimental models per-
formed and studied by Siemionow [13], face
transplantation was, at that time, thought to be
more of a morphologic restitution than functional
rehabilitation. Face shape and function are obvi-
ously linked. Yet, it was considered more as a
concept of covering reconstruction just for skin
replacement, as for burn patients although, in
despite the remarkable results of the case of
Rodriguez [14], the indication for burn cases
could only remain in certain conditions. The face
allotransplant initially included the surface, then
over the years, it was extended to deep tissues
including tongue and neck structures for better
function and morphological rehabilitation. This
was completely natural because of the type of
defects themselves: ballistic trauma cases or even
electrical burns with complete destruction of the
skeletal component of the inferior third of the
face as well.

The spatial position of the occlusion plane is
actually the key point of functional rehabilitation
in terms of mastication. It is easy to understand
that the occlusal dimension could only be
compromised by the obvious difference between
the maxillary bone of the donor and the recipient.
The mandibular bone section should be adjust-
able using the sagittal split surgical procedure.
The nasal spine projection verification is a prior-
ity to avoid a secondary new osteotomy as
reported by Rodriguez, who performed a Le Fort
3 osteotomy 1 year post transplant [15].

On that point, digital technologies could be
used to guide spatial positioning, but the problem
of the data acquisition from the donor, analysis,
and work in such a short time could be incompat-
ible with the requirements of the transplantation.
Regarding the extension of the transplant, either
spread out or deep, it can be considered that any
anatomical element dependent on one branch of
the carotid artery or the external artery itself
could support a transplant. Thinking in this way,
some authors have imagined a transplant that
includes the frontal vault and orbital rims. The

solution of extending the transplant to the whole
bone structure, the skin, all muscles, and all other
anatomical elements could allow a risk of real
resemblance between the donor and recipient’s
appearance, which had always been denied
before then.

After it was proved that transplantation of the
face could properly, though imperfectly, restore
sensitivity and motricity, it was very exciting to
extend the indication to the other senses. In 2016,
the Department of Plastic Surgery in Pittsburg
published an interesting anatomical study on a
conceptual model of an intraorbital transplant
(eye, muscles, and all anatomical elements of the
orbit) [6]. A first intranasal endoscopic approach
allowed an ethmoidal resection with a sphenoidal
osteotomy to access the optical canal. Then, a
pteryonal approach was described to perform a
retro-dissection of the optical nerve and those of
oculomotricity. After retraction of the frontal and
temporal brain lobes, the internal carotid and its
relation to the chiasma was exposed. Without
completely detailing the procedure here, they
mention ligating the internal carotid on both sides
of the beginning of the ophthalmic artery. The
vascular anastomosis could then be done using a
double venous shunt with facial vessels. The
nerve sutures should be done using a termino-
terminal technique.

This anatomical model should raise some
questions, especially as it was repeated in an
extensive way to the whole orbit, including the
lacrimal gland by Siemionov [16], requiring a
double arterial revascularization.

At this experimental stage, and because there
are only anatomical dissections on the reported
paper, only one question comes to mind: Who
can claim to restore vision through this “simple”
anatomical replacement? Is it not only light per-
ception, but also a completely utopian dream of
opening and closing the eyelids and restoring
oculomotricity? Some such unthinking nonsense
has already been highly mediatized [17].

More wisely, contrary to the ideas above,
Rodriguez [18] proved that it is possible to restore
a certain degree of eyelid occlusion after trans-
plantation. To succeed, it is very important to
understand and see the dissection way of the
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recipient site, with respect to the tarsal cartilage,
the levator muscle of the upper-eyelid, and
Mueller’s ligament.

There is no organ without function. If the face
is an organ, the proof is in its transplantation,
where it restores the destroyed shape, it only
rehabilitates a part of its function. It is also true
for the tongue, the larynx, and the hands.

But the face is also the place for concentration
of sensation. Although it was possible to restore
taste for our patient without the tongue (the
motricity remained poor), a simple nerve suture
could not pretend to restore visual function and
motor coordination.

17.4 Immunologic Aspects of VCA
Acute and Chronic Rejection,

Re-transplantation

After the success of the first kidney transplant
(the donor was a homozygotic twin) at a time
when the HLA system was not yet described (it
would be in 1958 by J. Dausset), Joseph Murray
stated that no transplant with cutaneous tissue
could be tolerated because of skin immunoge-
nicity. The first hand VCA in 1998 completely
disconfirmed this principle. Immunosuppressive
treatment was usually the same as that used for
organ transplants. It is also the same rule for
face VCA, with the same secondary effects due
to the drugs (e.g., renal insufficiency,
diabetes).

In 2016, in the paper entitled “Ten years after
face transplantation” [19], M. Siemionov reported
the immunologic complications of face
VCA. When there were no hyperacute rejection
episode, for each face transplant, there were
always several acute rejection episodes with clin-
ical signs such as edema, red skin transplant,
small cutaneous nodes, or papules. Histologically,
lymphoplasmocytic infiltration was noted, either
in skin and/or mucosae. In 2007 the Banff clas-
sification appeared, describing four grades (I-IV)
[20]. The readjustment of the initial treatment,
some local uses of tacrolimus, or corticosteroids
and possibly phototherapy succeeded in treating
these rejection episodes in a few weeks. An acute
rejection episode could occur early, after some

weeks. These episodes are closely linked to non-
adherence to the treatment.

Conversely, immunotherapy could bring with
it metabolic, infectious, or tumoral complica-
tions. It could also lead to renal insufficiency on
different levels for numerous studies, viral (CMYV,
herpes virus), bacterial, or mycotic infections,
often with possible systemic medical treatments.
Epstein—Barr virus transmission from the donor
to the nonimmunized recipient patient was
responsible for the development of a severe
B-cell lymphoma.

In 2015, 10 years after the first face transplant,
the patient developed partial vascular ischemia of
the transplant skin [21]. The context was very
specific. Initially, there was the hypothesis of
potential chimerism due to stem cell infusion
from the donor at the time of the VCA. In fact,
nothing like this occurred. She presented the
expected rate of rejection episodes. At that time,
the benefit of the sentinel flap (transplant of a
vascularized flap from the donor used to perform
biopsies, avoiding facial scars) was evident
because of the reaction on the vascular pedicle,
which led to the diagnosis. On the face, several
ischemic, then necrotic skin areas appeared and
led to new lip reconstruction. In addition, it
should be known that the patient had developed
uterine epithelioma many years before the face
transplant which requested surgical treatment as
well as anaplastic cell lung carcinoma around
2015, again benefiting from surgical treatment.
We knew for some time about her regular nonad-
herence to treatment. The question of chronic
rejection disease was reported by Kanitakis in a
paper in 2016 [22].

It is clearly this chronic rejection disease which
also occurred for hand VCA that led to questions
about face VCA relevance. In fact, the question
addresses the possibility of accepting that, as with
heart transplants, composite tissue transplants
(non-vital) could be considered for a limited
12-year time period. Another possible alternative
could be performing a re-transplantation. For the
face, only one re-transplantation appeared to have
been done, performed by the Paris team. It is, of
course, also very interesting in terms of discus-
sions in surgical and philosophical fields about
the problem of time dimension.



17 Face Transplantation

233

17.5 Psychological Background

Before its realization the question was raised of
the psychological background of a potential
recipient patient for a face transplant because of
the idea of living with a part of someone else’s
face. The unthinkable became a potential reality.
Some literature references, often arising from
science fiction or humor had already been avail-
able on this topic. Strangely, their thinking never
dealt with the previous history of disfigurement
of patients, a subject that was largely analyzed in
the years following the First World War. The one
benefit of this question was to encourage philo-
sophical reflection on the tolerance of the other, a
situation which is, in our case, forced upon us by
immunology.

In November 2012, the American Society of
Transplantation, probably due to the unfortunate
failure of the first-hand VCA, suggested creating
a discussion group on the psychological dimen-
sion of hand VCA, which quickly extended to
other composite transplants. This group was
named the Chauvet Group in reference to the
handprints that adorn a French prehistoric cave.
In 2014, for the first time in France, a meeting of
the Chauvet Group was held and reported in the
Journal of Transplantation [22]. The ideas con-
centrated on these points:

— Assessment in terms of self-image, psycho-
logical status, trauma history, and ability to
adhere to the treatment before transplantation.

— Environment and support from loved ones.

— Postsurgical observation to detect signs of
complications, psychological problems, and
deterioration of quality of life.

— Support of the medical and surgical teams.

— Discussion on the benefit-risk balance.

— Different aspects and control of the media and
communication around the patient.

— Partnership with the ethics committee and
compliance with regulations regarding con-
sent and information.

— Requirements for developing objective means
of evaluation of the aesthetic and functional
results and improvement of quality of life
after transplantation.

Even if all these considerations should be clar-
ified, they have already been transferred to face
and other types of VCA. The Chauvet Group now
meets every 2 years.

Although it is now clearly recognized that the
psychological background should be considered
in all pre-, per-, and postoperative periods, play-
ing a real role in the selection of the patients, the
Chauvet Group pointed out some differences
dependent on cultural attitudes and behavior.
These differences are not only found between the
two sides of the Atlantic but also between the dif-
ferent teams themselves. Surprisingly, tobacco
use is considered to be a contraindication for
VCA transplantation, not only because of its
harmful effects on health status (e.g., microcircu-
lation, lung capacity, increased cancer risk) but
more because of the addictive aspect. In a way, a
face transplantation can be considered another
form of addiction, because of the requirements of
a continuing immunosuppressive regimen.

The Journal of Psychosomatic Research [23]
reported the experience of psychiatrists follow-
ing the six face transplant cases of the Paris—
Mondor team. Between 2000 and 2009, 20
disfigured patients were evaluated. Ten were
positively selected after a psychiatric assessment.
Seven were transplanted and three were not
because of organic impairments. One of the seven
patients died from severe sepsis and cardiac fail-
ure at 63 days post-transplant, and a second
patient died more than 3 years later by suicide.

In the psychological field, the follow-up was car-
ried out by interviews with patients and quantitative
assessments (short 36-item health survey form, or
the Mini-International Neuro psychiatric Interview
[MINTI]). Four of six patients suffered from postop-
erative delirium tremens syndrome, certainly due to
addiction which was never reported. The patients
who were psychologically frail before the trans-
plant showed no improvement, in contrast to the
two cases with von Recklinghausen’s disease. As a
consequence, the authors questioned the indication
for VCA for patients with disfigurement due to a
suicide attempt.

This retrospective analysis could also explain
the relative stagnation of VCA throughout the
world.
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Finally, without returning to the ethical
debates which occurred after the first face VCA,
other discussions from different perspectives in
related papers (Sociology [24] and Philosophy
[25]) have explained differences due to geo-
graphic distribution of countries or places where
face transplants have or have not been
performed.

17.6 Conclusion

Allotransplantation of composite tissue of the face
had the great advantage of integrating maxillofa-
cial surgeons into the community of transplant sur-
geons. In doing so, they discovered new worlds,
new cultures, and most of all immunology.

This transplant led them to reconsider anat-
omy and to explore other dimensions of surgical
management. It was an invitation to meet with
psychiatrists and to hold debates on philosophy
and ethics. From this point of view, facial VCA is
not only a technical improvement, but is also a
complete form of management of the reconstruc-
tion of the disfigured face as a whole.

Because face VCA imparts the surgeon with
new responsibilities, it should remain a con-
trolled experimental field. Of course, reflection
should focus on technical points, and each facial
VCA indication carries with it a duty to be inno-
vative. We should be careful not to fall into the
trap of unreasonable indications. The literature
has reported on possible sensory recovery which
currently is still a utopian dream.

Considering the possibility of performing face
transplants in children is more relevant because
of the encountering a very severe even rare cra-
niofacial malformation, a disfiguring benign
tumor, or a severe vascular facial malformation.
Two papers have reported on this subject with
comparable conclusions. The first was from the
Cleveland team who consider indications prema-
ture because of the consequences of immunosup-
pressive treatment. Similarly, and for numerous
reasons, we have the same view, though there are
some experimental works on newborn hand
transplants. Nonetheless, agenesis of the face
does not exist.

On facial transplantation: “Knowledge is com-
ing, questions remain.”

References

1. Devauchelle B, Badet L, Lengele B, Morelon E,
Testelin S, Michallet M, et al. First human face
allograft: early report. Lancet. 2016;368(9531):203-9.

2. Weissenbacher A, Cendales L, Morelon E, Petruzzo
P, Brandacher G, Friend PJ, Gorantla V, Kaufman
C, Krapf J, Scott Levin L, Vrakas G, Schneeberger
S. Meeting report of the 13th congress of the inter-
national society of vascularized composite allotrans-
plantation. Transplantation. 2018;102(8):1250-2.

3. Le Clainche-Piel M. Ce que charrie la chair. These
de doctorat en sociologie présentée le 28 mai 2018 —
Ecole des hautes études en sciences sociales.

4. Jowsey-Gregoire SG, Kumnig M, Morelon E, Moreno
E, Petruzzo P, Seulin C. The Chauvet 2014 meet-
ing report: psychiatric and psychosocial evaluation
and outcomes of upper extremity grafted patients.
Transplantation. 2016;100(7):1453-9.

5. Ibid 2.

6. Davidson EH, Wang EW, Yu JY, Fernandez-Miranda
JC, Wang DJ, Richards N, Miller M, Schuman JS,
Washington KM. Total human eye allotransplantation:
developing surgical protocols for donor and recipient
procedures. Plast Reconstr Surg. 2016;138:1297-308.

7. Petruzzo P, Dubernard JM. The international registry
on hand and composite tissue allotransplantation. Clin
Transpl. 2011:247-53.

8. Riftkin WJ, Manjunath A, Kimberly LL, Plana NM,
Kantar RS, Leslie Bernstein G, Rodrigo Diaz-Siso
J, Rodriguez ED. Long-distance care of face trans-
plant recipients in the United States. J Plast Reconstr
Aesthetic Surg. 2018;71:1383-91.

9. Siemionow M. The miracle of face transplantation
after 10 years. Br Med Bull. 2016;120:5-14.

10. Grigos MI, Leblanc E, Rifkin WJ, Kantar RS,
Greenfield J, Diaz-Siso JR, Rodriguez ED. Total
eyelid transplantation in a face transplant: analysis
of postoperative periorbital function. J Surg Res.
2020;245:420-5.

11. Sosin M, Rodriguez ED. The face transplantation
update: 2016. Plast Reconstr Surg. 2016;137:1841-50.

12. Shanmugarajah K, Hettiaratchy S, Butler PE. Facial
transplantation. Curr Opin Otolaryngol Head Neck
Surg. 2012;20:291-7.

13. Siemonov M, Gozel-Ulusal B, Engin Ulusal A, et al.
Functional tolerance following face transplantation in
the rat. Transplantation. 2003;75:1607-9.

14. Sosin M, Ceradini DJ, Hazen A, et al. Total face,
eyelids, ears, scalp, and skeletal subunit transplant
cadaver simulation: the culmination of aesthetic, cra-
niofacial, and microsurgery principles. Plast Reconstr
Surg. 2016;137:1569-81.

15. Mohan R, Fisher M, Dorafshar A, Sosin M, Bojovic
B, Gandhi D, Iliff N, Rodriguez ED. Principles of



Face Transplantation

235

16.

17.

18.
19.
20.

21.

face transplant revision: beyond primary repair. Plast
Reconstr Surg. 2014;134:1295-304.

Siemonow M, Bozkurt M, Zor F, Kulahci Y, Uygur
S, Ozturk C, Djohan R, Papay F. A new composite
eyeball-periorbital transplantation model in humans:
an anatomical study in preparation for eyeball trans-
plantation. Plast Reconstr Surg. 2018;141:1011-7.
Canavero S, Ren X. Advancing the technology for
head transplants: from immunology to peripheral
nerve fusion. Surg Neurol Int. 2019;10:240.

Ibid 10.

Ibid 9.

Cendales L, Kanitakis J, Schneeberger S, et al. The
Banff 2007 working classification of skin-containing
composite tissue allograft pathology. Am J Transplant.
2008;8:1396-400.

Morelon E, Petruzzo P, Kanitakis J, Dakpe S, Thaunat
O, Dubois V, Choukroun G, Testelin S, Dubernard
JM, Badet L, Devauchelle B. Face transplantation:

22.

23.

24.
25.

partial graft loss of the first case 10 years later. Am J
Transplant. 2017;17:1935-40.

Kanitakis J, Petruzzo P, Badet L, Gazarian A, Thaunat
O, Testelin S, Devauchelle B, Dubernard J-M, Morelon
E. Chronic rejection in human vascularized compos-
ite allotransplantation (hand and face recipients): an
update. Transplantation. 2016;100(10):2053-61.
Lemogne C, Bellivier F, Fakra E, Yon L, Limosin F,
Consoli SM, Lantieri L, Hivelin M. Psychological and
psychiatric aspects of face transplantation: lessons
learned from the long-term follow-up six patients. J
Psychosom Res. 2019;119:42-9.

Ibid 3.

Moulin AM. Archaism and modenity: imagination
and reality of the transplantation between orient and
occident. p. 27-34. Transplanter: book edited by
Hermann 2015, coordinated by B. Devauchelle and
E. Fournier.



	Preface
	Contents
	Contributors
	1: Fundamental Concepts in Regenerative Medicine: Structural Fat Grafting (SFG) and Platelet-Rich Plasma (PRP)
	1.1	 Introduction
	1.2	 Platelet-Rich Plasma (PRP)
	1.2.1	 Physiology and Platelet Function
	1.2.2	 Methods of PRP Preparation
	1.2.3	 Classification of Platelet Concentrates
	1.2.3.1	 P-PRP (Pure Platelet-Rich Plasma)
	1.2.3.2	 L-PRP (Leukocyte and Platelet-Rich Plasma)
	1.2.3.3	 P-PRF (Pure Fibrin Rich in Platelets)
	1.2.3.4	 L-PRF (Platelets Rich in Fibrin and Leucocytes)


	1.3	 Adipose Tissue and Different Approaches
	1.3.1	 Lipofilling or AT Graft: An Advanced Therapy
	1.3.1.1	 Macrofat
	1.3.1.2	 Microfat
	1.3.1.3	 Nanofat
	1.3.1.4	 Vascular Stroma Fraction (VSF)
	1.3.1.5	 Stem Cells of Adipose Tissue


	References

	2: New Developments and Biomaterials in Reconstruction of Defects of the Alveolar Ridge in Implant Surgery: Part 1—Biomaterials
	2.1	 Introduction: Bone Biology and Healing Process
	2.2	 Bone Grafts
	2.3	 Biomaterials and Scaffolds
	2.3.1	 Natural-Origin Biomaterials
	2.3.2	 Synthetic Biomaterials

	2.4	 The Impact of the New Technologies on CaP Matrix
	2.5	 Conclusion
	References

	3: New Developments and Biomaterials in Reconstruction of Defects of the Alveolar Ridge in Implant Surgery: Part 2—Zygomatic Implants
	3.1	 Introduction
	3.2	 Indications of Zygomatic Implants
	3.3	 Treatment with Zygomatic Implants: Planning of the Surgical Technique
	3.3.1	 Surgical Technique: Preoperative Planning
	3.3.2	 Surgical Guides
	3.3.3	 Prosthodontic Procedure

	3.4	 Contraindications
	3.4.1	 Paranasal Sinuses Infection or Chronic Sinusitis
	3.4.2	 Incorrect Dental or Prosthetic Rehabilitation at the Mandible
	3.4.3	 Insufficient Zygomatic Bone Volume

	3.5	 Complications
	3.5.1	 Paranasal Sinusitis and Oral Fistula
	3.5.2	 Fracture of the Zygomatic Bone
	3.5.3	 Ocular Complications
	3.5.4	 Cutaneous Fistula

	3.6	 Conclusions
	References

	4: Principles of Navigation
	4.1	 Introduction
	4.2	 History
	4.3	 Technology
	4.4	 Indications
	4.5	 Workflow
	4.6	 Postoperative
	References

	5: Computer-Assisted Surgery and Intraoperative Navigation in Acute Maxillofacial Trauma Repair
	5.1	 Introduction
	5.2	 The Algorithm of Computer-Assisted Reconstruction of the Facial Skeleton
	5.2.1	 Diagnosis and Analysis
	5.2.2	 Planning and Simulation
	5.2.3	 Surgery
	5.2.3.1	 Intraoperative Navigation
	5.2.3.2	 Patient-Specific Surgical Implants

	5.2.4	 Validation and Quality Control
	5.2.4.1	 Intraoperative imaging
	5.2.4.2	 Postoperative Imaging
	5.2.4.3	 Image Fusion and Outcome Evaluation


	5.3	 Examples of Computer-Assisted Surgery in Acute Maxillofacial Trauma Repair
	5.3.1	 Isolated Fractures of the Zygomatic Arch (Fig. 5.5)
	5.3.2	 Fractures of the Zygomatico-orbital Complex (Fig. 5.6)
	5.3.3	 Orbital Wall Fractures (Figs. 5.7 and 5.8)
	5.3.4	 Complex Midface Fractures (Fig. 5.9)
	5.3.5	 Fractures of the Mandible: Condyle Fracture (Fig. 5.10)

	5.4	 Summary
	References

	6: Secondary Post-traumatic Orbital Reconstruction
	6.1	 Introduction
	6.2	 Anatomy
	6.3	 Goals of Secondary Reconstruction
	6.4	 Clinical Evaluation
	6.5	 Radiologic Evaluation
	6.6	 Indication and Timing for Secondary Orbital Repair
	6.7	 Surgical Approach
	6.8	 Surgical Technique: Computer-Assisted Surgical Planning
	6.9	 Surgical Technique: Intraoperative Navigation
	6.10	 Surgical Outcomes
	References

	7: Computer-Assisted Surgery in Mandibular Reconstruction
	7.1	 Introduction
	7.2	 Computer-Assisted Surgery: Surgical Techniques
	7.2.1	 Virtual Surgical Planning
	7.2.2	 Surgical Technique

	7.3	 Benefits and Disadvantages of VSP with CAD-CAM
	7.4	 New Perspectives
	7.5	 Surgical Navigation in Mandibular Reconstruction
	References

	8: Advances and Innovations in Reconstruction of the Maxilla and Midface Utilizing Computer-Assisted Surgery: Technology, Principal Consideration, and Clinical Implementation
	8.1	 Introduction: Defects of the Maxilla
	8.2	 Virtual Planning
	8.3	 CAD/CAM of Patient-Specific Implants (PSI)
	8.4	 Microvascular Grafts Suitable for Computer-Assisted Reconstruction of the Maxilla
	8.4.1	 Free Fibula Flap
	8.4.2	 Microvascular Iliac Crest
	8.4.3	 Free Scapula Flap

	8.5	 Evaluation of Reconstruction Result
	8.6	 Virtual Reality
	References

	9: Computer Assisted Surgery and Navigation in Cranio-orbital Resection and Reconstruction
	9.1	 Introduction
	9.2	 Surgical Anatomy
	9.3	 Tumors of the Cranio-orbital Region: Principles of Treatment
	9.4	 Principles of Craniofacial Reconstruction
	9.5	 Virtual Planning: Computer-Assisted Surgery
	9.5.1	 Computer-Aided Presurgical Planning
	9.5.2	 Value of Navigation in Craniofacial Oncologic Surgery
	9.5.3	 Intraoperative Imaging

	9.6	 Conclusion
	References

	10: Endoscopic Techniques of Skull Base Reconstruction
	10.1	 Introduction
	10.2	 Skull Base Reconstruction
	10.2.1	 Free Autografts
	10.2.2	 Synthetic Dural Replacement Grafts
	10.2.3	 Vascularized Flaps
	10.2.3.1	 Intranasal Vascularized Flaps
	10.2.3.2	 Extranasal Vascularized Flaps

	10.2.4	 Synthetic Absorbable Sealants and Glues

	10.3	 Selection of Reconstruction Options
	10.4	 Lumbar Drain
	10.5	 Clinical Consideration on Radiotherapy in Skull Base Surgery
	References

	11: Preoperative Assessment and Monitoring of Free Flaps
	11.1	 Preoperative Assessment
	11.1.1	 Clinical
	11.1.2	 Radial Flap Assessment
	11.1.3	 Fibular Flap Assessment
	11.1.4	 Radiological Assessment

	11.2	 Intraoperative Assessment
	11.2.1	 Clinical
	11.2.2	 Fluorescent Angiography

	11.3	 Postoperative Monitoring
	11.3.1	 Thermal Assessment
	11.3.2	 Doppler Assessment
	11.3.2.1	 Acoustic Doppler Probes
	11.3.2.2	 Colour Duplex Ultrasonography
	11.3.2.3	 Implantable Doppler Probes
	11.3.2.4	 Laser Doppler Assessment


	11.4	 Other Monitoring Methods
	11.5	 Summary
	References

	12: New Technologies and Reconstruction of the Temporomandibular Joint (TMJ)
	12.1	 Introduction
	12.2	 History: Materials
	12.3	 CAD-CAM Technology and Autogenous TMJ Reconstruction
	12.3.1	 Indications
	12.3.1.1	 Technical Options

	12.3.2	 Distraction Osteogenesis in TMJ Reconstruction Technique
	12.3.2.1	 Surgical Technique
	12.3.2.2	 Follow-Up


	12.4	 Alloplastic TMJ Reconstruction
	12.4.1	 Indications
	12.4.2	 Stock vs Custom-Made Prosthesis
	12.4.2.1	 Stock Prosthesis
	12.4.2.2	 Custom-Made Prosthesis

	12.4.3	 Computer-Assisted Surgery
	12.4.4	 Surgical Technique
	12.4.4.1	 Postoperative Care of Alloplastic TMJ Reconstruction


	12.5	 Outcomes and Complications
	References

	13: New Developments in Pediatric Cranio-Maxillofacial Reconstruction
	13.1	 Introduction
	13.2	 Craniosynostosis
	13.3	 Multiple and Syndromic Craniosynostosis
	13.4	 Clefts
	13.5	 Mandibular Deformities
	13.5.1	 Mandible Distraction
	13.5.2	 Mandible Reconstruction and Orthognathic Surgery in Pediatric Patients
	13.5.3	 Mandible Defects After Tumor Resection

	13.6	 New Technologies in the Management of Fibrous Dysplasia
	References

	14: New Developments in Facial Nerve Repair and Regeneration
	14.1	 Introduction
	14.2	 Clinical Examination
	14.2.1	 Documentation and Classification

	14.3	 Treatment
	14.3.1	 Physiotherapy
	14.3.2	 Botulinum Toxin Treatment
	14.3.3	 Facial Reanimation Surgery
	14.3.3.1	 Immediate Facial Nerve Reconstruction
	14.3.3.2	 Recent Paralysis Treatment
	14.3.3.3	 Long-Standing Paralysis


	14.4	 Paresis - Synkinesis - Mimetic Muscle Contracture
	Bibliography

	15: Robotic Surgery and Head and Neck Reconstruction
	15.1	 Introduction
	15.2	 Advantages of Robotic Surgery
	15.3	 Limitations of Robotic Surgery
	15.4	 Applications of Robotic-Assisted Surgery in Head and Neck Reconstruction
	15.4.1	 Oropharyngeal Reconstruction
	15.4.2	 Robot-Assisted Flap Harvest
	15.4.3	 Robot-Assisted Microsurgery
	15.4.4	 Transoral Robotic Cleft Surgery
	15.4.5	 Craniofacial Reconstruction
	15.4.6	 Dental Reconstruction

	15.5	 Conclusions
	References

	16: Reconstructive Options in the Vessel-Depleted Neck: Past, Present and Future Strategies
	16.1	 Introduction: Definition and Development of the Vessel-Depleted Neck
	16.2	 Therapy Options in the Vessel-Depleted Neck
	16.2.1	 Microvascular Options in the Absence of Local Recipient Vessels
	16.2.1.1	 The Ideal Recipient Vessels
	16.2.1.2	 Alternative Recipient Vessels
	Vessels in Proximity to the Defect Area
	External Carotid Artery
	The Contralateral Neck
	Common Carotid Artery and Internal Carotid Artery
	Pedicle of a Second or Previous Flap
	Small, Less Common Local Vessels

	Distant Vessels
	Superficial Temporal Artery
	The Subclavian/Brachiocephalical System
	Thoracoacromial System

	Venous Options
	End-to-Side Anastomosis to the Internal Jugular Vein
	Transposition of the Cephalic Vein

	Interpositional Vein Grafts, Loops and Shunts
	Vessel-Sparing and Vessel-Sharing Techniques

	16.2.1.3	 Algorithm for Locating Recipient Vessels
	16.2.1.4	 Considerations for Flap Choice
	Reverse-Flow Thoracodorsal, Artery-Based Scapula Flap


	16.2.2	 Microvascular Options Without Anastomosis in the Head and Neck Region
	16.2.2.1	 The Principle of Ischaemic Preconditioning
	16.2.2.2	 Tubed Flaps
	16.2.2.3	 The Carrier Flap Technique
	16.2.2.4	 Extracorporeal Perfusion of Microvascular Free Flaps

	16.2.3	 Down the Reconstructive Ladder
	16.2.3.1	 Pedicled Myocutaneous Flaps
	16.2.3.2	 Locoregional Fasciocutaneous Flaps
	16.2.3.3	 Alternative and Additional Surgical Techniques


	16.3	 Treatment Algorithm
	16.4	 Conclusion
	Bibliography

	17: Face Transplantation
	17.1	 Introduction
	17.2	 Retrospective Analysis of Vascularized Composite Allotransplantations (VCA) of the Face
	17.3	 Progressive Extension of Face VCA
	17.4	 Immunologic Aspects of VCA Acute and Chronic Rejection, Re-transplantation
	17.5	 Psychological Background
	17.6	 Conclusion
	References


