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Management of traumatic skull base fractures and associated complications pose a
unique reconstructive challenge. The goals of skull base reconstruction include
structural support for the brain and orbit, separation of the central nervous system
from the aerodigestive tract, volume to decrease dead space, and restoration of the
three-dimensional appearance of the face and cranium with bone and soft tissues. An
open bicoronal approach is the most commonly used technique for craniofacial
disassembly of the bifrontal region, with evacuation of intracranial hemorrhage and
dural repair performed prior to reconstruction. Depending on the defect size and
underlying patient and operative factors, reconstruction may involve bony reconstruc
tion using autografts, allografts, or prosthetics in addition to soft tissue reconstruction
using vascularized local or distant tissues. The vast majority of traumatic anterior
cranial fossa (ACF) injuries resulting in smaller defects of the cranial base itself can be
successfully reconstructed using local pedicled pericranial or galeal flaps. Compared
with historical nonvascularized ACF reconstructive options, vascularized reconstruction
using pericranial and/or galeal flaps has decreased the rate of cerebrospinal fluid (CSF)
leak from 25 to 6.5%. We review the existing literature on this uncommon entity and
present our case series of n=6 patients undergoing traumatic reconstruction of the
ACF at an urban Level 1 trauma center from 2016 to 2018. There were no postoperative
CSF leaks, mucoceles, episodes of meningitis, or deaths during the study follow-up
period. In conclusion, use of pericranial, galeal, and free flaps, as indicated, can provide
reliable and durable reconstruction of a wide variety of injuries.

Injury to the upper third of the craniofacial skeleton can have  injury resulting in traumatic brain injury (TBI).! Further
devastating consequences, particularly with intracranial stratification of head injuries reveals a 12% rate of skull base
extension. Of the 30 million trauma-related hospital visits  fractures, most commonly encountered after motorized vehi-
reported annually in the United States, 16% relate to head  cle collisions or other blunt trauma.'~> These injuries carry
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significant morbidity including infection, fistula, injury to the
cranial neurovasculature, and cerebrospinal fluid (CSF) leak,
occurring in nearly 25% of cases.> While minor fractures may
obviate surgical intervention, major trauma with potential for
adverse functional and/or aesthetic outcomes often require
interdisciplinary operative collaboration between neurosur-
gery, otorhinolaryngology, and plastic surgery.

Management of skull base fractures and associated compli-
cations pose a unique reconstructive challenge. While endo-
scopic techniques have gained popularity in recent years for
resection of tumors of the cranial base, posttraumatic recon-
struction often requires an open approach, which is historically
linked to high rates of morbidity and mortality.*> As stated by
Pusic et al, the goals of skull base reconstruction include: (1)
structural support for the brain and orbit, (2) separation of the
central nervous system (CNS) from the aerodigestive tract, (3)
lining for the nasal cavity, (4) reestablishment of the nasal and
oropharyngeal cavities, (5) volume to decrease dead space, and
(6) restoration of the three-dimensional appearance of the face
and cranium with bone and soft tissues.® Depending on the size
of the defect and extent of injury, this may require pedicled local
muscle flaps and/or fascial flaps with free tissue transfer.
Reconstruction requires extensive knowledge of the anatomic
relationships of the skull base to the underlying meninges and
neurovasculature, as well as the variety of available treatment
modalities.

Anatomy and Classification

The anterior cranial fossa (ACF) contains the frontal lobes of
the cerebral cortex and is comprised of the orbital portion of
the frontal bone, the cribriform plate of the ethmoid bone,
and the anterior portion of the body and lesser wing of the
sphenoid bone (~Fig. 1A-C).”'® The frontal bone separates
the intracranial contents from the frontal sinus and orbital
roof, while the cribriform plate separates the intracranial
contents from the ethmoid sinus. Open approaches to the
ACF often traverse the middle cranial fossa, which includes
the sella turcica, tuberculum sellae, and clivus, among other
associated structures.

Multiple neurovascular structures course within and
through the ACF. The median ridge of the cribriform plate—
termed the crista galli—forms the anterior attachment of
the falx cerebri, which contains the superior sagittal sinus.
The cribriform plate contains the olfactory groove supporting
the olfactory bulb, as well as multiple neural perforations
through the bony structure which transmit olfactory nerves
(CN 1) into the sinonasal cavity. The anterior and posterior
ethmoidal foramina transmit the anterior and posterior
ethmoidal neurovascular structures. At the articulation of
the ethmoid and frontal bones, the foramen cecum transmits
the nasal emissary vein to the superior sagittal sinus. Bounded
laterally by the lesser wings of the sphenoid, the optic canal
carries the optic nerve (CN II), the ophthalmic artery, and
associated sympathetic fibers into the orbital cavity. The
sphenoid also forms the borders to the superior and inferior
orbital fissures, which transmit the oculomotor (CN III), troch-
lear (CN VI), ophthalmic division of trigeminal (CN V1), and

Shakir et al.

lesser wing of sphenoid

body of sphenoid

orbital roof

frontal sinus

crista galli

cribriform plate

ethmoid sinus
superior orbital fissure

inferior orbital fissure P

Fig. 1 Anatomic representation of the anterior cranial fossa (ACF).
(A) Cross-sectional three-dimensional representation of ACF anatomy.
(B, C) 3D computed tomography head of a patient with a gunshot
wound to the R temple resulting in injury to the ACF (green).

abducens (CN VI) cranial nerves in addition to the superior and
inferior divisions of the ophthalmic vein.

Trauma from anteriorly or laterally directed forces may
cause bony fracture of the ACF. A classification schema
proposed by Archer et al characterized fractures of the
ACF according to extension of the defect past the frontal

Archives of Plastic Surgery ~ Vol. 49 No. 2/2022 © 2022. The Korean Society of Plastic and Reconstructive Surgeons. All rights reserved.

175



176  Anterior Cranial Base Reconstruction in Complex Craniomaxillofacial Trauma

Fig. 2 Surgical approach to the anterior cranial fossa. Schematic
representation of frontal craniotomy and frontal bandeau (blue) used
to access the anterior cranial fossa after standard bicoronal scalp
incision.

sinus: Class I fractures are limited to the anterior and
posterior tables of the frontal sinus; Class II fractures
extend through the ethmoid; and Class III fractures further
extend through the frontal bone, orbits, orbital roof, and
sphenoid.® Alternatively, Yano et al proposed a classification
of ACF defects based on anterior and/or middle cranial fossa
involvement with further subclassification as either (1)
localized, (2) horizontal extension, or (3) vertical exten-
sion.'® Greater traumatic extension of the ACF defect (i.e.,
higher classification) is increasingly associated with CSF
leak. Orbitocranial involvement and extension of the defect
horizontally into the orbital roof or vertically into the
sinonasal cavity are also associated with higher morbidity
and mortality.%1°

Surgical Approaches

In the management of traumatic ACF fracture, an open
bicoronal approach is the most commonly used technique
for craniofacial disassembly of the bifrontal region, with
evacuation of intracranial hemorrhage and dural repair
performed prior to reconstruction.>®'! The bicoronal
transfrontal technique employs an anterior approach,
with elevation of a subgaleal or subperiosteal scalp flap
to the periorbital rims. This is followed by frontal crani-
otomy, exposing the sinonasal cavity, epidural space, and
intracranial anterior fossa compartment (~Fig. 2).'""13
Bicoronal scalp incision must be planned to preserve and
maximize the use of local flaps (e.g., pericranial, galeal),
while preserving adjacent vasculature for potential free
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flap recipient anastomosis."* As a modification to the
classically described straight-line pretrichial bicoronal
incision, we advocate for a modified zigzag incision
beginning immediately above the helical root and veering
posterior to avoid injury to the superficial temporal
vessels. This approach maximizes exposure of the frontal
bone and preserves local vascularized pedicled flap
options, such as the pericranial and galeal flaps.'? Trans-
frontal exposure, however, offers limited access to the
sphenoid bone and requires extensive frontal
lobe retraction, which may result in brain contusion
and increased risk of meningitis. Various modified
approaches have consequently been developed.

The basal subfrontal approach combines additional
osteotomies with the frontal craniotomy to mediate
removal of the supraorbital bar, thereby mitigating
some of the limitations associated with the transfrontal
approach.'™'> The planned craniotomy extends through
the anterior and posterior tables of the frontal sinus. In
defects involving the orbits or cribriform plate, additional
nasal osteotomies may be performed along the nasola-
crimal suture lines. The roof and lateral walls of the orbits
may be removed with dural dissection and orbital osteot-
omy.'”-'® The basal subfrontal approach to the ACF offers
minimal brain retraction by providing wider floor expo-
sure, but may result in worse structural outcomes due to
extensive skeletal involvement, which may increase the
risk for osteomyelitis.'>1®

Based on Paul Tessier’s description of the frontal bandeau,
the subcranial (i.e., Raveh) approach allows for removal of the
frontal bone and supraorbital bar in continuity while avoid-
ing transfrontal incisions.!” Ravel’s approach involves sub-
galeal elevation of a pretrichial bicoronal scalp flap beyond
the supraorbital ridges anteriorly and to the temporalis fascia
laterally.g’1 1.15.16 Osteotomies are made through the anterior
and posterior walls of the frontal sinus, the proximal seg-
ment of the nasal bone, and the medial wall of the orbit. The
fronto-naso-orbital segment is extracted en bloc, followed by
bilateral sphenoidotomy and ethmoidectomy, providing ACF
exposure.1 >.16 Hemicoronal, supraorbital, and temporal inci-
sions have also been described in the literature, but are less
frequently used.'13-1® Additional access incisions may in-
clude existing scars, lacerations from large scalp wounds, and
neurosurgical incisions from concurrent hematoma
evacuation.

Reconstructive Options

Prerequisites for successful ACF reconstruction include (1)
separation of the intracranial contents from the nasopharynx,
the paranasal sinuses, and the orbit, (2) watertight dural
reconstruction, and (3) support of the brain tissue.'® Recon-
struction of bony and soft tissue defects requires highly
vascularized tissue that will achieve these reconstructive
goals. Historic neurosurgical reconstruction of skull base
defects has involved various nonvascularized tissues including
fascia lata, muscle, and fat, and synthetic materials including
cellulose or dura allograft—all of which may lead to tissue

Archives of Plastic Surgery ~ Vol. 49 No. 2/2022 © 2022. The Korean Society of Plastic and Reconstructive Surgeons. All rights reserved.



Anterior Cranial Base Reconstruction in Complex Craniomaxillofacial Trauma

ACFRECONSTRUCTION

Subdural/ epidural

hematoma? Dural injury?

ICH evacuation

Autologous Pericranial flap

Alloplastic

Laterally-based

Shakir et al.

Soft tissue Bony reconstruction

reconstruction

Large. complex

defect Autologous

Moderate defect

Free flap Prosthetic

Anteriorly-based

Fig. 3 Algorithmic approach to anterior cranial fossa (ACF) reconstruction. Initial patient presentation requires emergent evaluation by
neurosurgery to determine acute need for evacuation of intracranial hemorrhage and/or subsequent dural repair. Subsequent reconstruction of
the ACF defect depends on the specific soft tissue and bony deficit. To hermetically seal defects of small to moderate sizes, a pericranial or galeal
flap may be utilized. Larger defects or complex defects requiring multiple tissue types may require sophisticated free tissue transfer including
chimeric flap options. Bony reconstruction of ACF defects may be performed using autologous sources such as split cranial bone graft (preferred)
or prosthetic materials including titanium mesh. Together, the ACF reconstruction aims to provide structural support to the brain while
separating the intracranial and extracranial contents to prevent ascending infection.

necrosis, CSF leak, and infection.'® The introduction of local
and free vascularized tissues has dramatically reduced the
resultant morbidity and mortality previously associated with
these defects.!~22

We generally adhere to the simplified algorithm for
ACF reconstruction proposed by Georgantopoulou et al,
in which defect size and patient factors dictate reconstruc-
tive options (~Fig. 3).'* The central tenet to this approach
is that patients presenting with communication of intra-
and extracranial contents undergo some form of vascular-
ized tissue reconstruction. Mitigating factors include
previous radiotherapy which may require reconstruction
with distant vascularized free tissue transfer, or previous
cranial surgery which may preclude pericranial-based
reconstruction. Secondary options include galeal or thin
free flaps to reconstruct moderately sized defects, while
free tissue transfer is indicated for reconstruction of larger
defects.

Bony Reconstruction

Bony reconstruction of ACF defects remains somewhat contro-
versial. For small to moderate defects up to 30 cm?, Yamamoto
et al argued against vascularized or nonvascularized bony
reconstruction, as they observed increased postoperative
infectious complications in their 10 patient case series likely
related to dead space creation.'® Instead, they advocated for

vascularized soft tissue reconstruction with a flap of sufficient
volume to mitigate CSF leak, infectious, and brain herniation
concerns. Snyderman et al further substantiated these claims
by suggesting bone grafts may delay healing by hindering
coaptation of the dura to the overlying vascularized soft tissue
reconstruction.?> Nevertheless, large bony defects of the cranial
base with comminuted fractures require reconstruction with
rigid materials to prevent brain herniation (i.e., meningoence-
phalocele) and/or pulsatile exophthalmos. Bone grafts, most
commonly split-thickness cranial bone, is advocated; however,
harvesting and fixating split-thickness cranial bone requires
familiarity with technique and may be time-consuming.?*?°
Allografts, bioengineered implants including porous polyeth-
ylene, and titanium mesh are alternative options and offer
availability, easy contouring, and stability. These may be useful
adjuncts if viable autograft options are limited or in situations
where the defect is too large to fill with autograft
alone.5-20-26-30 These avascular tissues may pose a higher
risk of postoperative infection, but concomitant use of vascu-
larized soft tissue augmentation with a pericranial flap, for
example, may lessen these complications.3’ For complex
defects requiring vascularized soft tissue and bone, there
may be an indication for chimeric free flaps using rib, scapula,
both rib and scapula, or ilium."3? In these high-risk situations,
bone may be used for separation, muscle for fill, and skin for
coverage. Additionally, vascularized duraplasty may be per-
formed using serratus anterior fascia, for example, as a
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Fig. 4 Pericranial and galeal-based muscle flaps. (A) Schematic representation of local flap options for anterior cranial fossa (ACF)
reconstruction. (B) A conventional anteriorly based pericranial flap elevation (arrow). (C) Given the zone of injury to the central forehead,
laterally based pericranial flap were elevated (arrows) in this specific case. (D) Elevation (arrow) and inset of a right-sided galeal-frontalis flap.

component of the chimeric flap. It is essential to ensure that
direct communication with nonvascular allografts or implants
and sinuses be prevented to mitigate infectious risk. To further
separate the intra- and extracranial contents and risk for
ascending infection, the frontal sinuses are typically cranial-
ized, nasofrontal ducts plugged with bone graft or autologous
fat, and sinuses covered with a pericranial flap. Rigid fixation
using plates and screws further stabilizes the skeleton in its
normal position.

Local Vascularized Options

The vast majority of traumatic ACF injuries resulting in smaller
defects of the cranial base itself can be successfully recon-
structed using local pedicled pericranial or galeal flaps. These
local pedicled options may obviate the need for distal pedicled
or free tissue flaps in the absence of significant skin defects.®?°
Typically based anteriorly on the deep supraorbital and supra-
trochlear vessels, the pericranial flap can be used for soft tissue
reconstruction of the entire ACF and can be readily accessed
during bicoronal transfrontal exposure.>> When anterior
vascularity has been compromised, wide temporally based
pericranial flaps supplied by the superficial temporal artery
may also be used. We prefer the pericranial flap for its easy

access, wide surface area, significant length, and reliable
vascularity. The pliability of the pericranial flap offers excellent
reconstruction of dural defects, as well (~Fig. 4).%'° The galeal
flap, which is thicker yet equally pliable, may be anteriorly
based (galeofrontalis), posteriorly based (galeo-occipitalis), or
laterally based (galeotemporalis) off the superficial temporal
vessels (=Fig. 4). The posteriorly based galeal flap cannot
reliably reach the ACF, but anteriorly or laterally based flaps
serve as durable, pedicled options for reconstruction. Some
authors have advocated for the use of bipedicled galeal flaps
based on bilateral superficial temporal vessels to avoid the
inherent midline watershed zone of unipedicled flaps.'
Variations of the galeal flap, which include the galeotemporalis
muscle flap, may augment defects that require greater bulk to
fill dead space. Supplied by branches of the external carotid,
the galeotemporalis muscle flap may be harvested with an
osseous component to provide vascularized autologous bony
reconstruction. Similar to the galeal flap, however, it has
limited mobility and cannot adequately reconstruct midline
or paramedian defects.'>**3* Harvest of the galeofrontalis or
galeotemporalis flaps may lead to poor cosmesis with donor
site concavity. With all local pedicled flaps, we utilize fibrin
glue to provide a watertight seal of the reconstructed cranial
base.
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Free Tissue Transfer

In cases with extensive skin and soft tissue involvement,
most commonly in the setting of cancer resection rather
than trauma, distant pedicled or free flaps may be uti-
lized.®-27-2%:31 Djstal pedicled flap options include pectoral,
trapezius, latissimus dorsi, and sternocleidomastoid flaps.
Free flap reconstruction provides reliable, robust soft tissue
to seal the dura, obliterate dead space, cover exposed
cranial bone, and provide cutaneous coverage for skin or
mucosa.® Commonly utilized free flaps include the rectus
abdominis, latissimus dorsi, anterolateral thigh, and the
radial forearm flaps. When harvested as a chimeric flap for
complex wounds requiring multiple tissue types, these
flaps may be utilized for bony separation, soft tissue bulk,
coverage, and lining. In general, free flaps are less restricted
than distant pedicled flaps in which the distal most aspect is
the least reliable portion, yet where viability is the most
vital.>> However, their use necessitates careful dissection
and preservation of adjacent vasculature to serve as recipi-
ent vessels for anastomosis, which may be challenging in
the traumatic setting.

Complications and Postoperative
Management

Compared with historical nonvascularized ACF reconstruc-
tive options, vascularized reconstruction using pericranial
and/or galeal flaps has decreased the rate of CSF leak from 25
to 6.5%.3¢ Predictors of CNS complications include prior
radiotherapy and dural/brain invasion.® The most common
early postoperative complications (< 4 weeks) include CSF
leak (7.1%), flap loss (4.3%), and facial nerve weakness (1.4%),
while later complications include fistula (4.3%), intracranial
abscess (1.4%), and other infections (1.4%).3” Neligan et al
argue that free tissue transfer for large defects of the ACF
further reduce CNS complications.?®

Postoperatively, patients are managed in the neurosurgical
intensive care unit (NICU) and monitored for changes in
mental status, hemodynamic concerns, and infection. Anti-
biotics are continued for approximately 5 to 7 days and
typically consist of intravenous ampicillin/sulbactam or oral
amoxicillin/clavulanic acid. Postoperative management often
contrasts from conventional free flap management of recon-
structive patients. Perioperative care provided in the NICU
avoids vasodilation and liberal fluid resuscitation, avoids
opioids to prevent hypercapnic-induced cerebral vasodilation,
and utilizes diuretics and corticosteroids—factors that are
essentially at the opposite end of postreconstructive care
spectrum.14 Regardless, free tissue transfer outcomes
are largely unaffected.'*

Functional Outcomes

Overall, the prognosis of skull base fractures remains
guarded and generally varies according to presenting symp-
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tomatology. A range of injuries can be associated with high
impact trauma to the cranial base often stemming from
motor vehicle accidents (MVAs), blunt trauma, or ballistic
projectiles. Initial impact invariably leads to TBI and may
additionally result in facial paralysis, cranial nerve pathol-
ogy, paresthesia, CSF fistula, anosmia, and vestibuloco-
chlear or ocular complications. Depending on the severity
of the injury, the potential for recovery to the preinjury
state is limited. For example, fracture through the cribri-
form plate may disrupt olfaction, as anosmia is one of the
most common complications of ACF trauma. Once lost, the
prognosis for return varies from 10 to 30%.3 In our experi-
ence, however, for patients who incur isolated ACF injury
without concurrent brain or cranial nerve injury, quality of
life following reconstruction has been excellent with most
patients returning to their vocations.

Case Series

As outlined, there are many clinical decision points in ACF
reconstruction, and consequently there are few consensus
statements regarding surgical technique and flap options to
guide management. = Table 1 presents a review of the existing
literature related to traumatic reconstruction of the anterior
cranial base,'"14:20.26.28-30 The pybMed, MEDLINE, EMBASE,
Scopus, Cochrane Central Register of Controlled Trials, and
clinicaltrials.org were searched systematically for all English
studies published in any time frame reporting operative out-
comes following primary or secondary traumatic anterior cra-
nial base reconstruction. Additionally, we present our case
series of n=6 patients undergoing traumatic reconstruction
of the ACF at an urban Level 1 trauma center from 2016 to 2018.
Surgical technique, treatment outcomes, and complications are
reviewed (=Fig. 5). Females comprised 50% of the study
population with patient age ranging from 23 to 79 years
(=Table 2). Etiology of traumatic injury to the ACF included
self-inflicted gunshot wound (2/6), MVA (2/6), assault (%),
and other (%). Presenting Glasgow Coma Scale was 6/15 (range
3-14) (~Table 3). Intraoperatively, all patients were noted to
have dural injury with % actively leaking CSF. Dural reconstruc-
tion, which was performed by the neurosurgical team, utilized
dural allograft in all cases. Bony reconstruction was performed
in all cases using split cranial bone graft with rigid fixation to the
surrounding craniofacial skeleton. Soft tissue reconstruction
was performed using local pericranial flaps (3 anteriorly based,
% laterally based). All exposures occurred through a standard
bicoronal zigzag scalp incision at the level of the ears. The mean
length of follow-up was 12.4 months, during which time %
patients developed an intracranial abscess with pulsatile ex-
ophthalmos successfully salvaged with a galeal-frontalis flap
and % patients represented with a persistent bony defect
without brain herniation that was successfully managed with
a polymethylmethacrylate cranioplasty at the 12-month post-
operative time point (~Table 4). There were no postoperative
CSF leaks, mucoceles, episodes of meningitis, or deaths during
the study follow-up period.
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Fig. 5 Complex anterior cranial fossa (ACF) reconstruction following gunshot wound (GSW). (A) An 18-year-old male presenting after GSW to
the right temple resulting in blast injury to the ACF. (B) Exposure of the ACF defect after frontal craniotomy (star). (C) The resultant small bony
defect was reconstructed using splint cranial bone graft (star). (D) Bone “slurry,” an anteriorly based pericranial flap, and a polymer-based sealant
(blue) provided a hermetic seal, separating the intracranial and intranasal contents. (E) The patient is shown 5 months postoperatively,

recovering well.

Conclusion

Traumatic ACF reconstruction requires a team approach to
provide dural reconstruction, separation of the intracranial
contents from the aerodigestive tract, and prevent brain
herniation. Depending on the defect size and underlying

patient and operative factors, reconstruction may involve
bony reconstruction using autografts, allografts, or prosthet-
ics in addition to soft tissue reconstruction using vascular-
ized local or distant tissues. Use of pericranial, galeal, and
free flaps, as indicated, can provide reliable and durable
reconstruction of a wide variety of injuries.
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Table 2 Demographics

Shakir et al.

Table 4 Postoperative outcomes

Abbreviation: GCS, Glasgow Coma Scale.
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Demographic characteristics Postoperative outcomes
| n(%) | n(%)
Sex Length of follow-up
Male 3 (50) Mean (mo) 7.7
Female 3 (50) Range 2.8-12.4
Age (y) CSF leak (%) -
Mean 38.1 Infection (%) 1(17)?
Range 23-79 Mucocele (%) -
Mechanism of injury Bony defect (%) 1(17)°
Gunshot 2 (40) Death (%) 1(17)¢
Motor vehicle accident 2 (40) Abbreviation: CSF, cerebrospinal fluid.
Assault 1017 Intracranial abscess successfully managed with R-sided galeal frontalis
hi i muscle flap.
Heavy machinery accident 1(17) bMethylmethacrylate cranioplasty 1 year postoperatively.
“‘Withdrawal by family secondary to other injuries.
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