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Abstract

High-energy ballistic and avulsive injuries to the face represent some of the most complex
challenges in modern reconstructive surgery. Since Robertson and Manson’s 1999 man-
agement protocol, extensive military experience and technological advancements have
transformed the treatment principles while preserving the core tenets of staged care. This
updated review synthesizes evidence from 36 studies published since 2000, encompassing
over two decades of global experience in both military and civilian trauma. Advances
in damage-control resuscitation, wound decontamination, and early skeletal stabiliza-
tion have improved survival and functional outcomes. Modern imaging—particularly
intraoperative CT and navigation—enables the precise verification of the reduction and
removal of retained fragments, while virtual surgical planning and patient-specific im-
plants allow the accurate restoration of facial buttresses. Early vascularized tissue transfer
has reduced contracture and infection rates. Adjuncts such as hyperbaric oxygen ther-
apy, permissive hypotension, and advanced hemostatic agents further optimize recov-
ery. The updated four-phase protocol—resuscitation, reconstitution, reconstruction, and
rehabilitation—emphasizes early definitive repair, multidisciplinary collaboration, and
the integration of digital planning. These refinements extend Robertson and Manson’s
foundational principles into the era of precision surgery, achieving superior aesthetic and
functional outcomes for patients with devastating facial injuries.

Keywords: ballistics; facial trauma; reconstruction; treatment protocol; avulsive facial
wounds; high-energy wounds

1. Introduction

In 1999, Robertson and Manson published the seminal paper “High energy ballistic and
avulsive injuries—a management protocol for the next millennium” [1]. More than a quarter of a
century has elapsed, with near-constant large-scale military conflicts in Afghanistan, Iraq,
Ukraine, and Gaza. Now is the time to revisit the protocol, highlighting the advances from
experiences gained in the interim. High-volume exposure to these injuries is historically
isolated with regional and national variances with regard to civilian trauma centers in coun-
tries where firearms are readily available, locations with civil unrest, or military medical
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providers. Often, practitioners may go through an entire career without managing these
injuries, while other surgeons may see these wounds on a weekly, or near-constant basis.

The head, face, and neck are, unfortunately, common battlefield injuries, comprising
over 20% of injuries in US and UK military personnel serving in Iraq and Afghanistan
and approximately 25% in Ukraine [2-5]. Improvements in body armor have allowed
personnel to recover from previously lethal torso trauma, but the face remains relatively
unprotected [6,7].

Robertson and Manson’s article describes these overlapping phases for the manage-
ment of high-energy ballistic and avulsive facial injuries [1]:

1.  Phase —Resuscitation: 3D CT scanning, and damage control including the excision
of the zone of tissue necrosis but with the judicious debridement of the zone of injury,
followed by serial wound re-exploration and debridement every 24-36 h;

2. Phase II—Wound stabilization and reconstruction of the functional units of the upper
and lower facial halves with unification at the Le Fort I level;

3. Phase III—Reconstruction of missing mucosal lining, bone, and cutaneous soft tissue,
ideally within 5-7 days of injury (to avoid scar contracture). The upper face may
be reconstructed with non-vascularized bone, whereas the lower face may require
free-tissue transfer. Once the reconstruction is stable, a secondary revision using local
tissue may be performed.

The original paper encouraged surgeons to move away from cautious traditional
methods of management, with delayed reconstruction, and, instead, favor treatment with
earlier internal fixation, while urging close attention to wound bed preparation so that early
reconstruction has a higher chance of success. High-energy ballistic injuries to the cran-
iomaxillofacial region create complex, contaminated composite defects with an evolving
zone of injury and high risk for infection, soft-tissue loss, and functional compromise. Con-
temporary management generally applies damage-control principles, early infection control
and wound optimization, and definitive reconstruction using modern fixation, microvascu-
lar techniques, and virtual surgical planning when appropriate. However, the literature
remains heterogeneous and largely limited to case series, with inconsistent definitions
and outcome reporting, leaving persistent uncertainty regarding the optimal timing and
sequencing of reconstruction, objective debridement endpoints, and comparative outcomes
across reconstructive strategies. This study addresses these gaps systematically, reviewing
current approaches using standardized categories for injury characteristics, reconstruction
timing, and complication definitions, and by proposing a pragmatic, reproducible decision
framework to guide clinical reporting and management.

2. Pathophysiology of the High-Energy Ballistic Wound

An understanding of the pathophysiology of ballistic injury, and the fact this entity
is not limited to injuries caused by firearms, is necessary to appreciate the design of the
study. All weapons causing the flight of one or more projectiles in a ballistic fashion
(i.e., moving solely under the influence of gravity after launch) may cause this injury
type. In a military setting, this includes shrapnel from artillery strikes, improvised
explosive devices, drones, rockets, and bombs. Such injury may be further compli-
cated by a superimposed blast injury. In a civilian setting, non-firearm ballistic injuries
have been reported from airbags, slingshots, propane tank explosions, nail-guns, and
crossbows [8-11]. Gunshot wounds are themselves a heterogeneous group of ballistic
injuries, and vary widely depending on the weapon, type of ammunition, composi-
tional makeup of the projectile, energy transfer, range, missile trajectory, and personal
protective equipment worn by the victim [12].
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The definition of a “high-velocity” ballistic wound is nebulous and was historically
characterized by the muzzle velocity of the weapon used. In American literature, a
high-velocity ballistic weapon is classified as having a velocity of 2000-3000 feet per
second, while, in British literature, it is classified as having a velocity of 1125 feet per
second, which is the speed of sound in air. The exact cut-off is perhaps academic, as
the offending weapon type is frequently unknown and energy transfer is subject to the
factors previously mentioned. Due to these and other variances and inconsistencies
with the definition, the word “velocity” should no longer be used to describe ballistic
wounds, and the terms “high-energy” and “low-energy” are more accurate in describing
wounding patterns. In broad terms, an injury resulting from a handgun is typically
accepted as being low-energy, with the exception of weapons that utilize higher-volume
propellant (Magnum) loads. In contrast, an injury resulting from a military or hunting
rifle would be considered high-energy. A hallmark of high-energy ballistic injury is
significant tissue avulsion or displacement, requiring more specialized treatment. On
the other hand, low-energy ballistic trauma can frequently be managed similarly to
blunt injury. Information about the characteristics of contemporary ballistic missiles,
including shotgun projectiles, is relevant to this topic but has been covered elsewhere
and is outside the scope of this paper [13,14] (Figures 1 and 2).

Photo Courtesy of D. Powers

Figure 1. Low-energy gunshot wound. Note the lack of significant soft-tissue disruption.

Ballistic wounds have been conceptualized as containing a zone of tissue loss, the
permanent cavity, and a zone of tissue injury, the temporary cavity (Figure 3). The tem-
porary cavity is further subdivided into an inner zone of extravasation/contusion and an
outer zone of concussion [14]. Tissue crush is responsible for the zone of loss, while tissue
stretch causes the zone of injury. The degree of damage in the zone of injury depends upon
the types of tissues in that area. Elastic tissues, such as muscle, are relatively resistant to
damage by stretch, whereas inelastic tissues, such as bone and, to a lesser extent, blood
vessels, are more prone to damage. In the days following the wound, the zone of injury
demarcates into necrotic tissue that becomes part of the permanent cavity, and healing
tissue that eventually recovers. There is controversy over the size of the zone of injury, as
the temporary cavity in ballistic gelatin is larger than has been observed in vivo [15-17].
This has led to a variety of myths, not least that the size of the temporary cavity may be
thirty times the size of the projectile, and that cell death can occur as much as 20 cm from the
edge of the bullet hole, requiring the debridement of this entire area. While these extreme
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contentions have been refuted, in the craniomaxillofacial region, the situation differs fur-
ther [18]. There is a relatively thin soft-tissue envelope overlying the facial skeleton, which
is generally less than the distance, approximately 25 cm, required for a full metal-jacketed
projectile to cause temporary cavitation [13]. Thus, for craniomaxillofacial injuries, the
extent of injury is primarily related to the characteristics of the tissues involved, the velocity
of the projectile at impact, and the degree of the yaw, deformation, and fragmentation of
the projectile as it travels through the tissues, and debridement can be much more judicious
than some authors have historically advised [15,19,20].

Photo Courtesy of D. Powers

Figure 2. High-energy gunshot wound with associated avulsive loss of soft tissue and bone.

For clarity, high-energy injuries are defined herein as ballistic trauma with significant
energy transfer resulting in comminution, avulsion, cavitation injury, or volumetric tissue
loss, regardless of projectile velocity. Since the original publication of the Robertson and
Manson article, numerous publications and advancements have occurred in the surgical
treatment of high-energy ballistic injuries to the craniomaxillofacial region. The purpose of
this study is to review the literature since the original presentation of this article to provide
an updated management protocol for treating high-energy ballistic and avulsive injuries to
the face, building upon the primary work of Robertson and Manson. The specific aim is
to provide an updated management protocol, contemporary to today’s technological and
surgical advances, thereby improving the treatment of patients with these injuries.
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Figure 3. (A) Ballistic representation of NATO 7.52 mm round fired from a rifle. Observe the
relatively consistent permanent cavity and laterally radiating temporary cavity, which begins to
develop at approximately 20 cm into the tissue as the projectile begins to tumble. This chart represents
the projectile not striking any hard structures causing deformation or alteration in trajectory. The
anatomic characteristics of the head and neck do not have more than 20 cm of soft tissue present
before encountering the bony skeleton, which would have a clinical significance with regard to the
temporary cavity should the projectile be of a trajectory to encounter only soft tissue and miss the
underlying facial bones. (B) Ballistic representation of a 7.52 mm soft-point (SP) round striking muscle
and bone. Note, as the projectile strikes the underlying structures, there is a tremendous increase
in the permanent cavity, as well as the temporary cavity, as the projectile deforms and fragments
because of the soft-tip construction. This deformation in the structural characteristic of the projectile,
and associated increase in the permanent and temporary cavities, greatly enhances the wounding
potential of this round. Modified From: Emergency War Surgery. 5th edition, Washington DC, USA
Government Printing Office, 2013.

3. Methods
3.1. Eligibility Criteria

Inclusion criteria included the following: human studies reported in randomized con-
trolled trials, cohort studies, case-control studies, and case series with five or more patients,
published in the English language, describing the management of gunshot wounds /ballistic
trauma, providing outcomes data related to postoperative complications and/or aesthetic
outcomes, published in the year 2000 or after.

Exclusion criteria include the following: non-English language papers, animal studies,
in vitro studies, publications before the year 2000, studies not separately reporting outcomes

https://doi.org/10.3390/cmtr19010014
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of ballistic trauma from other forms of trauma, reports with fewer than five patients,
literature reviews, letters to the editor, conference abstracts, review articles, and opinions.

Although the focus of this review is on high-energy ballistic and avulsive maxillofacial
trauma, the authors intentionally did not restrict the literature search to only those studies
explicitly labeled “high-energy.” This decision was made because the vast majority of
published ballistic facial trauma studies do not classify energy transfer in a standardized
manner, and many otherwise highly relevant investigations fail to distinguish between
high- vs low-energy mechanisms in their title, abstract, or methods. Restricting the search
solely to high-energy terms would therefore have excluded important cohorts that clearly
involved avulsive and high-energy ballistic injury patterns upon full-text review. To ensure
completeness, the authors applied high-energy inclusion criteria during the data extraction
and study selection phase, resulting in a final dataset that reflects the intended population,
even if initial abstracts did not explicitly use this terminology.

3.2. Information Sources and Search Strategy

The MEDLINE (Ovid), Embase (Elsevier), and Cochrane Library (Wiley) databases
were searched from 2000 to present using a mix of database-specific controlled vocabulary
terms and keywords searched in the title or abstract for literature on gunshot wounds
(including war, conflict, and regional injury terms) and craniomaxillofacial terms. An
experienced medical librarian (5.C.) devised and conducted the searches, with input on
keywords from the senior author (D.P.). Animal studies, editorials, letters, commentary,
conference abstracts, and articles not in English were excluded. The original searches were
conducted on 4 March 2024. The searches were independently peer-reviewed by a librarian
using a modified PRESS Checklist [21].

3.3. Selection Process

The search included studies published between 2000 and May 2025. All records were
imported into Covidence (Version 2668; Covidence, Melbourne, VIC, Australia). Primary
title and abstract screening were undertaken using the eligibility criteria below. Four
reviewers (M.K,, R.E., A.S,, and A.N.) independently screened titles and abstracts in the
Covidence systematic review screening software. A designated third-person arbitrator
resolved all conflicts. Titles and abstracts that met the eligibility criteria were retrieved and
assessed fully. Full-text studies were, once again, independently screened by two reviewers,
with any conflicts resolved by the designated third reviewer. Full-texts not meeting the
eligibility criteria at this stage were recorded and excluded.

3.4. Data Collection Process and Items

Study identification, screening, and selection followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. All citations retrieved
from the database search were imported into Covidence for deduplication, independent
screening, data extraction, and review management. Discrepancies at any stage were
resolved through consensus with a third reviewer. The PRISMA flow diagram (Figure 4)
summarizes the number of records identified, screened, excluded, and included, with
reasons for exclusion documented at the full-text review stage. A standardized data
extraction template was developed a priori. The following data items were collected from
each eligible study:
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Figure 4. PRISMA Diagram of Research Study Protocol.

Study characteristics: Authors, publication year, country/region, study design, and
setting (civilian vs battlefield);

Population details: Sample size, age when available, and mechanism and energy
profile of ballistic injury;

Injury characteristics: Anatomic location(s), presence of avulsive defects, and re-
tained projectiles;

Management variables: Timing of intervention (categorized as immediate <48 h,
early <30 days, delayed >30 days, or not reported), fixation/reconstruction techniques,
and use of image guidance or patient-specific hardware;

Outcomes: Bony union, soft-tissue healing, complications (e.g., infection, and flap
failure), and aesthetic and functional results when reported.

These data elements were selected to directly address the review objectives related to

timing and methods of reconstruction in high-energy ballistic and avulsive craniomaxillo-

facial trauma. When timing variables were not explicitly reported, studies were included

for qualitative outcome assessment but excluded from quantitative timing analysis.
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4. Results

A total of 6626 unique citations were identified after the removal of duplicates

(Figure 4). Following the title and abstract screening and full-text review in Covidence,

36 studies met the eligibility criteria and underwent data extraction (Supplementary Table S1).

The included studies comprised 3 cross-sectional studies, 10 retrospective cohort studies,

1 retrospective case—control study, 11 case series, 2 randomized controlled trials (RCTs),

and 9 retrospective chart reviews. The mean age of the patients, when reported, ranged

from 16.5 to 53 years. The firearms included handguns, pistols, assault rifles, shotguns, and

improvised or homemade weapons. The differences between this study and the findings of

the original Manson and Robertson article are summarized in Table 1.

Table 1. Modern Protocol vs. Robertson & Manson Original Guidance.

Domain

Robertson & Manson
(Historical Standard)

Current Updated Protocol

(This Paper) Evolutionary Rationale

Timing of Reconstruction

Emphasized early
definitive repair, but in
practice, delays common
due to evacuation + wound
care limitations

Consistently supports early
reconstruction
(<10-14 days) when
physiologically stable

Modern systems shorten
evacuation — reduce
contracture + complexity

Phases of Care

3-Phase approach:
(1) Stabilization,
(2) Reconstruction,
(3) Revisions

Reorganization mirrors
contemporary trauma
surgery: <C>ABC, damage
control resuscitation,
soft-tissue envelope
preservation

4-Phase model: (I) Damage
control, (II) Reconstitution,
(IIT) Definitive
reconstruction,
(IV) Rehabilitation

Soft-Tissue Management

Debridement emphasized,
but limited by
imaging + vascular
assessment

Serial debridement + navi-
gation-guided
“zone-of-injury” definition,
protect viable envelope

Better imaging = less
unnecessary tissue sacrifice

Hard-Tissue Stabilization

Traditional hardware;
staged grafting commonly
required

External fixation
optimized, then rigid
fixation with modern

precision implants

Technology — faster
definitive stabilization with
fewer secondary surgeries

Use of Free Tissue

Often delayed
(weeks-months) to reduce

Early free flaps are safe and

preferred — reduce Flap survival now >95% in

Transfer failure risk contracture and revisions high-energy trauma
.. . Widespread CT, 3D Allows accurate buttress
Navigation & Virtual . photogrammetry, . .
. Not available . reconstruction even in
Planning additive-manufactured

. . avulsive injuries
implants, navigation

Airway Management

Surgical airway recognized
but not heavily
emphasized in algorithm

Surgical airway early in
anterior mandibular
injuries; combat airway
data incorporated

Combat evidence —
<C>ABC / MARCH
prioritization

Nutrition Strategy

Recognized but not
highlighted as early
determinant of success

Aggressive early Catabolism delays wound
nutrition + enteral access healing — worsens
as Phase I/1I priority outcomes

Setting Differences

Primarily civilian
environment

Recognizes differences in
EMS, resource availability,
evacuation

Dual-path algorithm:
civilian vs. battlefield
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Table 1. Cont.

Robertson & Manson Current Updated Protocol

Domain (Historical Standard) (This Paper) Evolutionary Rationale
PTSD and
Psvchological Outcomes Rarely addressed in Routine mental health appearance-related distress
y 5 protocol surveillance introduced known and high
prevalence

Function and closure Appearance, identity, and ~ Survivorship — long-term

Patient Expectations rioritized quality of life explicitly quality of life primary
P included driver
Ethics & Transparency Not routinely stated Explicit image publication =~ Modern research standards

consent & editorial guidance

The timing of intervention was codified as per Vaca et al., with immediate debride-
ment and definitive reconstruction being performed within 48 h of injury, early definitive
reconstruction occurring within 30 days of injury, and delayed definitive reconstruction
performed past 30 days of injury [22]. Of the studies originating in the Middle East,
two of the eight advocated for immediate intervention, while two of the eight studies
reported early reconstruction [23-26]. One study advocated for delayed reconstruction;
Guerrier et al. reported a range of 45 days to 10 years as they reconstructed mandibular
defects using iliac crest bone grafts [27]. Three of the eight studies did not report their
timing of intervention [18-30].

Twelve studies were set in the United States and had various intervention timings.
Three studies involved immediate surgical intervention, and four studies were performed
within one week of injury (early surgical intervention) [31-37]. All other studies did
not report the timing of surgical intervention [38—41]. One study advocated for a staged
treatment protocol, initially debriding and stabilizing the fracture, and then following up
with secondary, definitive procedures, such as fracture repair with bony reconstruction [42].

Out of the five studies in Turkey, one advocated for immediate debridement and
reconstruction with a plate, then staged reconstruction [24]. Another study utilized free
flaps performed within two months for all patients [43]. Lastly, Vayvada et al. compared
immediate to delayed reconstructive free flap treatment and reported lower infection, lower
scarring rate, and fewer deformities from tissue contraction in the immediate reconstruction
cohort [44]. Two studies did not report any intervention timing for the repair of military
maxillofacial injuries [45,46].

Rana et al. and Channar et al. both advocated for the early definitive repair of
mandibular fractures, with open reduction and internal fixation (ORIF), reporting better
outcomes due to improved bone stabilization, good functional and aesthetic results, and
a low complication rate [47,48]. Siddiqui et al., despite not reporting the timing of their
intervention, advocated for ORIF as well, instead of maxillomandibular fixation (MMF),
due to the improved healing [49]. However, Muddassar et al. reported higher infection
rates with ORIF but a lower non-union rate; this study did not report the timing of their
intervention [50]. Two other studies set in Pakistan did not report the timing of the
intervention [51,52].

Jose et al. and Jeyaraj et al. both advocated for immediate, definitive reconstruction
for isolated maxillofacial injuries [53,54]. When comparing patients treated with early,
aggressive, surgical intervention through ORIF to patients managed conservatively with
delayed repair, early repair showed better healing and less complex surgical revisions.

Grobe et al. utilized image guidance to remove surgical projectiles and utilized early
definitive reconstruction. While the timing of intervention was not recorded, the immediate
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reconstruction of defects was reported as being as functionally and aesthetically effective
as routine reconstruction procedures. Image guidance reportedly lowered complication
rates, such as significant bleeding, soft-tissue infection, and nerve damage [55]. Xing et al.
also studied image guidance for endoscopic projectile removal and reported improved
wound healing with similar findings to Grobe et al [56]. Wei et al. reported improved
outcomes when patients received debridement and the removal of foreign bodies under
stereotactic or neuronavigational guidance within 8 h of injury. Immediate removal was
found to protect tissue, stop bleeding, and improve aesthetics [57].

Fifteen studies reported no definitive timing of the intervention. Out of the studies
that reported the timing of reconstruction, 10 of the 20 (50%) advocated for immediate
intervention, 8 of the 20 (40%) advocated for early intervention, and 2 (10%) reported data
from delayed intervention. Two of the three studies advocating delayed reconstruction were
from the Middle East (Turkey and Iraq), whereas seven of the eighteen studies advocating
immediate or early definitive reconstruction were from the United States. Of the studies
that reported the setting of the injury, self-inflicted injuries were responsible for 5.0%
(109 of 2169) of wounds, military injuries for 40.2%, and civilian non-self-inflicted injuries
for 54.8%.

5. Discussion

This protocol update is based on a systematic narrative review of predominantly Level
MI-IV evidence in combination with the senior authors” and co-authors’ clinical experience
in both civilian and battlefield settings. Where possible, recommendations are supported by
published data; in areas where the literature is sparse or heterogeneous, they represent the
expert consensus derived from contemporary practice in high-volume craniomaxillofacial
trauma centers and military medical systems. Recommendations were categorized as
evidence-supported (Level III); case-series-supported (Level 1V), with the appropriate
citation of the published work; or experience-informed, where higher-level data were
unavailable, reflecting the ethical and logistical constraints of ballistic trauma research.

5.1. Phase I—Resuscitation and Damage Control Surgery
5.1.1. Bleeding

At the turn of the millennium, it would have been unthinkable in a discussion of
resuscitation to consider bleeding in advance of airway management, but 21st-century
battlefield experience determined catastrophic hemorrhage to be the most common cause
of potentially survivable combat death, and, thus, ABC evolved to <C>ABC (Catastrophic
Hemorrhage—Airway, Breathing, Circulation) or MARCH (Massive Hemorrhage, Airway,
Respiration, Circulation, Hypothermia, and Head Injury) in battlefield resuscitation algo-
rithms [58-63]. This change is gradually being reflected in civilian major trauma protocols,
focusing on exigent volume replacement in concert with airway securement [64].

With the recognition of the role of catastrophic hemorrhage in avoidable deaths came
a resurgence in tourniquet use in the extremities, but, for head and neck hemorrhage,
these are clearly unsuitable [65] A renewed imperative in research for agents to arrest
junctional hemorrhage has yielded advances in topical hemostatic agents, with chitosan-
based (HemC0n®, Tricor Biomedical, Portland, OR, USA, and Celox Rupid®, Med Trade
Products Limited, Crewe, UK) and kaolin-based (QuikClot Combat Gauze®, Z-Medica,
Wallingford, CT, USA) products being adopted for use by a range of military combat and
medical forces, with a proven record of establishing hemostasis on critically wounded
personnel in combat operations [66,67]. This record of success has resulted in the expansion
of this material to civilian pre-hospital use, and hemostatic products are reportedly now
carried by 47% of Emergency Medical Services [68-70] (Figure 5).
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Photo Courtesy of D. Powers

Figure 5. Hemostatic gauze used to control bleeding from transected lingual artery after a self-inflicted
gunshot wound.

Trauma-induced coagulopathy (TIC) is present in 1 in 4 major trauma patients at ad-
mission and is associated with a three-to-fivefold increase in mortality [71-73]. Historically,
INR > 1.5 and platelets < 100,000 puL have been used to define the presence of coagulopathy;
however, these tests have a prolonged laboratory turnaround time; therefore, newer tests
have been developed. Thromboelastography (TEG) and rotational thromboelastometry
(ROTEM) have shown promise and have been used to reduce hemorrhage and guide
massive transfusion in cardiovascular surgery and liver transplantation. More recently,
these tests have also been applied to trauma [74]. Tranexamic acid is a synthetic antifibri-
nolytic drug that inhibits the degrading action of plasmin on fibrin clots. Its effectiveness
at reducing mortality in trauma patients has been proven in both military and civilian
settings [75,76]. It has been shown to reduce blood loss irrespective of the type of surgery,
and, for this reason, has become widely incorporated into both trauma and elective surgery
protocols [77-79].

The last two decades have seen a paradigm shift in the type of fluid used for trauma
resuscitation. For the initial resuscitation fluid, there has been a widespread shift from
colloid to crystalloid, but the benefits of limiting even this administration have been
recognized [80]. The goal currently is permissive hypotension, in an effort to minimize
exsanguination and the early transfusion of blood products. A similar transition has been
underway for the transfusion of blood products, from component therapy in unbalanced
ratios, to a 1:1:1 transfusion ratio, and, more recently, to the use of warm, fresh whole
blood [81]. Once again, this latter advance came as a product of war, with an improvement
in 30-day survival noted in patients with combat-related traumatic injuries who were
treated with whole blood [82]. This survival benefit has since been successfully applied
to civilian major trauma in a growing number of centers, with the use of whole blood as
an adjunct to component therapy improving survival within 5 h of ED presentation and
lowering the risk of mortality by 37% at 24 h [83].

There is a 10-50% incidence of major vascular injury in facial gunshot wounds [84].
Hence, the above measures may be a means of increasing patient survival, enabling patients
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to reach the operating room for the vascular control component of damage control surgery.
Damage control resuscitation, however, continues throughout, and consultation with the
anesthetic and hematology teams will inform ongoing blood product use. At the same time,
the surgeon identifies and controls the source, or sources, of bleeding.

Consensus Recommendation: The contemporary management of ballistic craniomax-

illofacial trauma should prioritize catastrophic hemorrhage control as the initial resuscita-
tive step, reflecting the evolution from traditional ABC algorithms to <C>ABC/MARCH
principles derived from battlefield experience. The early use of topical hemostatic agents,
balanced or whole-blood-based damage control resuscitation, viscoelastic-guided correc-
tion of trauma-induced coagulopathy, and the timely administration of tranexamic acid
are recommended to reduce preventable mortality and enable definitive surgical hemor-
rhage control. These measures should be integrated into civilian trauma protocols through
coordinated multidisciplinary resuscitation extending from the prehospital setting to the
operating room.

5.1.2. Airway

Airway obstruction was the third leading cause of potentially survivable combat death,
after hemorrhage and tension pneumothorax, in the US Special Operations Forces [58].
High-energy penetrating head and neck injuries have a close association with airway embar-
rassment. In Brennan et al.’s 2011 review of 196 trauma patients with airway compromise
during Operation Iraqi Freedom, 186 airway interventions were surgical airways, 68% of
which were considered potentially lifesaving [85]. The most common (75%) etiology of
airway compromise was penetrating face and neck trauma. While, occasionally, avulsive in-
jury to the neck can expose the larynx, resulting in a traumatic laryngostomy, in which case
the optimal initial treatment is to sit the patient forward to allow secretions to drain away
from the exposed airway, more commonly, airway stabilization in the form of endotracheal
intubation or tracheostomy is required.

Keller et al. reviewed 239 combat maxillofacial injuries sustained either through a
blast or gunshot between 2004 and 2010 in Iraq and Afghanistan, and found that 19.3%
underwent tracheostomy, the majority within 48 h of injury [86]. Injury by a gunshot
mechanism was associated with an increased need for tracheostomy (p = 0.03). After
adjusting for the injury severity and mechanism of injury, military personnel with a facial
fracture had higher odds of undergoing tracheostomy (OR 4.1, 95% CI 1.3-13.2) [86].

Consensus Recommendation: Given the high incidence of airway compromise in bal-

listic craniomaxillofacial trauma and its association with preventable mortality, early and
proactive airway management should be a priority following hemorrhage control. High-
energy penetrating injuries to the face and neck warrant a low threshold for definitive
airway stabilization—often via early tracheostomy—particularly in gunshot-related facial
fractures, where delayed airway intervention is associated with increased risk. Multidisci-
plinary trauma teams should anticipate airway deterioration and intervene early to ensure
safe resuscitation and operative management.

5.1.3. Eyes

The comprehensive management of ocular injuries is beyond the scope of this article,
but injuries to the orbits should be assessed in Phase I, and sight-saving interventions
made as necessary. The evaluation will involve the clinical assessment of retrobulbar
hemorrhage and its timely treatment via lateral canthotomy and cantholysis [87]. Globe
luxation injuries should be managed acutely by gently returning the globe to the orbit
via the techniques described in the literature, followed by the placement of tarsorrhaphy
sutures to maintain its position [88,89] (Figures 6A,B, 7 and 8). Traumatic luxation injuries
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carry a poor prognosis for vision, but functional recovery has been reported up to a week
post-luxation [88]. Open globe injuries merit specialist ophthalmological management. In a
permissive environment, primary surgery should ideally take place within 24 h, but, for a
polytrauma patient in an austere environment, achieving ophthalmic surgery within this

timeframe is likely to be unrealistic [89-92].

\

A) R @

Figure 6. (A) and (B) Globe subluxation associated with bitemporal injury from self-inflicted gun-
shot wound.

Figure 7. Canthotomy and reduction of the subluxated globe.

Consensus Recommendation: In ballistic craniomaxillofacial trauma, orbital injuries

should be identified and addressed early during Phase I evaluation, with priority given to
sight-saving interventions such as the prompt recognition and decompression of retrobulbar
hemorrhage and the appropriate acute management of globe luxation. While definitive
ophthalmologic repair—particularly for open globe injuries—should ideally occur within
24 h in permissive settings, management strategies must remain adaptable in remote
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or polytrauma environments, emphasizing timely stabilization, the protection of ocular
structures, and early specialist consultation when feasible. In an austere environment,
medical personnel should have additional training in the management of ocular injuries,
specifically the capacity to perform orbital decompression.

Figure 8. Globe after reduction and stabilization of reinsertion with tarsorrhaphy sutures.

5.1.4. Infection

The urban myth that a bullet is a sterile projectile has been roundly disproven [93]. All
battlefield and ballistic injuries should be considered contaminated, and, if encountered
in a setting of warfare, when combined with the patient’s compromised nutritional state,
likely sleep deprivation, and high-stress environment, predispose patients to a high rate
of infection [94]. Oral and maxillofacial surgeons pioneered the pulsed lavage of wounds
during the Vietnam War, and this has since become a conventional strategy in the extremities
and torso; however, its use by civilian head and neck surgeons is rare [95]. While there has
been some caution regarding the potential of high-pressure lavage to seed bacteria into
deeper tissues, its overall effectiveness at significantly reducing surgical site infections is
undisputed [96-98]. Successful use at low to medium settings during military deployments
indicates the acceptance of this treatment modality in the combat care protocols of military
healthcare organizations [99,100]. Following their experience in Operation Iraqi Freedom,
Will et al. recommended a regimen of high-volume lavage followed by the temporary
packing of deep wounds with a single length of iodoform gauze. The surgeon must bear
in mind that, frequently, these packs may not be removed until the patient arrives at the
next level of care, and marking the date/time of placement is recommended [94]. Marking
the dressing change in a civilian setting also eliminates confusion with the provider and
nursing staff turnover and clinical-shift differentials (Figure 9).
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Figure 9. Marking of wound dressing to alleviate confusion of treatment personnel for the date and
time of treatment.

The infection of wounds with multi-resistant staphylococci, enterococci, and clostridia has
been a frequent feature of recent wars. Acinetobacter baumanii infection characterized injuries
from Iraq and Afghanistan and a similar picture has emerged from Ukraine [101,102]. At
the point of arrival at the next level of care, the removal of packs and a “second look”
procedure for further irrigation and judicious debridement are mandatory, rather than
performing immediate primary closure [94,103]. This process should be repeated every
24-36 h until the wound bed is considered clean.

Consensus Recommendation: All ballistic craniomaxillofacial wounds should be con-

sidered contaminated and managed with an infection-mitigation strategy that emphasizes
early, aggressive irrigation and staged debridement rather than primary closure. High-
volume, low- to medium-pressure pulsed lavage followed by temporary wound packing is
recommended to reduce the bacterial burden, with the clear labeling of dressings to ensure
the continuity of care across treatment settings. Given the high incidence of multidrug-
resistant organisms in ballistic injuries, mandatory re-exploration with repeat irrigation
and judicious debridement at subsequent levels of care is essential until a clean, viable
wound bed is achieved. Based on the customary bacterial contaminants isolated in ballistic
injuries in a civilian or military environment, the initial prophylaxis recommendations
would consist of cefazolin, ampicillin/sulbactam if the respiratory sinuses are involved,
or clindamycin. In circumstances where surgical therapy may be delayed, consideration
should be given to ertapenem or moxifloxacin.

5.1.5. Transition to Phase II

After Phase I treatment, the patient should have a secure airway in place, with no
ongoing hemorrhage, and with ballistic wounds that have undergone judicious decontami-
nation/debridement, irrigation, and packing. The patient should be physiologically stable
or improving following resuscitation efforts, with the correction of biochemical abnormal-
ities, and antimicrobial coverage. Ballistic injuries sustained in an austere environment,
such as a theater of war or remote hunting location, may require additional considerations
of “packaging” the patient for transport by off-road, sea, or air. For panfacial or polytrauma
patients, this often means a pre-emptive tracheostomy [94]. Once the patient is ready for
Phase II treatment, if a tracheostomy is not already in place and is not deemed necessary in
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the foreseeable future, a submental intubation provides a low-morbidity alternative route
for the endotracheal tube, allowing for full surgical access to the mandible and midface
should the naso-endotracheal intubation be contraindicated.

5.2. Phase II—Wound Stabilization and Reconstitution

7

Phase II treatment involves wound stabilization and reconstitution. “Reconstitution,”
rather than “reconstruction,” is the term used to imply the use of existing local tissues to
rigidly stabilize the buttresses of the facial skeleton and maintain the soft-tissue envelope,
rather than the imported tissues of the next “reconstructive” phase.

5.2.1. Stabilization of the Wound Bed

The management of the wound bed that commenced in Phase I continues into Phase II,
and irrigation and debridement should be performed every 24-36 h until the wound is
clean on review. At this point, the best available closure that does not significantly distort
the soft tissues is accomplished. Areas that cannot be closed are left packed in anticipation
of Phase III (Figure 10A,B).

Photo Courtesy of D. Powers

[\

(B)
Figure 10. (A) Soft-tissue wound from improvised explosive device with defect that is not amenable

to immediate reconstruction secondary to associated tissue injury to surrounding tissues. (B) Same
wound after temporizing with a wound dressing.

Many patients will have already undergone cross-sectional imaging by this phase,
but this is likely to be a low-resolution trauma scan evaluating the cervical spine and
cranium. Contemporary computed tomography (CT) scanners can perform “fine cuts” with
a thickness of 0.625 mm, allowing for reformatting into a high-resolution 3D digital model
that aids in an enhanced understanding of the spatial relationships of craniomaxillofacial
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injuries and retained projectiles. Imaging may be combined with appropriate software
to allow the use of intraoperative navigation, which facilitates the subsequent treatment
stages. If such a scan is not already available, it is prudent to obtain one before embarking
on further treatment. Three-dimensional printing has come of age in the 21st century,
and several military authors have championed the benefits of stereolithographic models
derived from digital imaging and communication in medicine (DICOM) data obtained
during CT scans to both facilitate treatment planning and allow faster operating through
the pre-adaptation of plates [4,99] (Figure 11).
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Figure 11. Pre-bending of plates to fabricated stereolithography model to assist with anatomic
reconstruction of the injured, contralateral zygomatic complex.

Consensus Recommendation: The Phase II management of ballistic craniomaxillofa-

cial injuries should focus on wound stabilization and skeletal reconstitution using available
local tissues, with continued serial irrigation and debridement every 24-36 h until a clean
wound bed is achieved. Definitive but conservative closure should be performed only
when it preserves the soft-tissue envelope and skeletal buttresses, while unresolved defects
are temporized in anticipation of later reconstruction. High-resolution CT imaging, with
the optional use of three-dimensional modeling and navigation when available, is recom-
mended at this stage to optimize spatial understanding, facilitate plate adaptation, and
improve efficiency and accuracy in subsequent reconstructive phases.

5.2.2. External Fixation

While external fixation has fallen out of favor for low-energy ballistic injuries, military
experience has proven it to be expeditious in managing high-energy and avulsive mandibu-
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lar injuries as it allows the stabilization of the bone fragments and the maintenance of the
soft-tissue envelope dimensions, thereby minimizing scar contracture [12] (Figure 12).

Figure 12. External fixation of a comminuted mandibular fracture from a gunshot wound.

Consensus Recommendation: The use of external fixation can be a valuable resource

for the management of ballistic injuries, specifically as a temporizing measure prior to
definitive reconstruction. Care should be taken when utilizing this modality for avulsive
wounds as irreversible scar contracture can occur in the region of hard tissue loss. The
clinical adaptability of this treatment modality affords for non-conventional uses, such as
external fixation being utilized to perform the immobilization of the maxillomandibular
complex for the stabilization of corticocancellous graft placement when the patient is
missing stable dentition by securing the zygoma to the mandible. Additionally, the cross-
face soft-tissue projection of a comminuted zygomaticomaxillary complex has also been
successfully utilized with external fixation.

5.2.3. Internal Fixation

By the mid-to-late 1980s, internal fixation had evolved from management with stainless
steel wire to utilizing titanium plates and screws. This evolution has continued, and the
DICOM data obtained following a contemporary CT scan can be used for the fabrication of
additively manufactured custom titanium hardware with high flexural strength. Custom
hardware may provide greater certainty in the spatial reconstitution of bony buttresses,
but this requires additional design and manufacturing time. Although relatively costly
compared with stock hardware, this cost may be offset by a reduced operating time [104]
(Figure 13A,B).

Consensus Recommendation: Patient specific implants, if available, provide a near-

anatomic reconstruction of the hard tissue after avulsive tissue loss. This, in turn, allows for
a more natural soft-tissue reconstruction for patient aesthetics. Stereolithographic models
of the patient’s deformity provide similar benefits for the adaptation of stock surgical
hardware to the patient’s specific injury pattern.
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Figure 13. (A) Milled plate for mandibular reconstruction of gunshot wound. (B) Intraoperative
computed tomography scan verifying anatomic placement.

5.2.4. Nutrition

High-energy injury to the head and neck will frequently disrupt the functions of
mastication and deglutition, if, indeed, the patient is conscious to attempt these. Increas-
ingly recognized is the contribution of optimal nutrition to wound healing [105]. The
early establishment of a feeding route (orogastric, nasogastric, percutaneous gastrostomy;
or parenteral) is crucial to prevent the patient from entering a catabolic state. A Nutri-
tional Medicine consultation will enable the tailoring of nutritional input to the patient’s
specific needs.

Consensus Recommendation: In patients with ballistic craniomaxillofacial injuries,

the early assessment of masticatory and swallowing function and the prompt establish-
ment of a reliable enteral or parenteral feeding route are essential to prevent catabolism
and support wound healing. Nutritional management should be initiated early through
multidisciplinary collaboration, with specialist nutritional consultation to individualize
caloric and protein requirements during the acute and reconstructive phases of care.

On completion of Phase II, the patient should have a clean wound bed free from
necrotic or infected tissue. A high-resolution CT scan should be available to allow further
study of the patient’s injuries and, if necessary, the fabrication of custom hardware. The pa-

https://doi.org/10.3390/cmtr19010014


https://doi.org/10.3390/cmtr19010014

Craniomaxillofac. Trauma Reconstr. 2026, 19, 14 20 of 39

tient should have an established route to safely meet their nutritional requirements without
compromising orofacial healing. As anatomically accurate as possible, the patient’s facial
buttresses, occlusion, and soft-tissue envelope dimensions should have been reconstituted
with internal or external hardware, even if avulsive or segmental defects remain.

5.3. Phase III—Reconstruction
5.3.1. Bony Reconstruction

Acceptable soft-tissue vascularity is critical for bone survival, and this, in turn, is
predicated on the preceding phases, which optimize the wound bed. In the midface and
upper face, where necessary, small bone gaps may be filled with non-vascularized bone
grafts. Cranial bone grafts are often readily available within the operative field and have
been demonstrated to have excellent survival rates, even when exposed to the sinonasal
tract, as long as they are covered with healthy soft tissue [106].

In the mandible, the union of bone fragments in continuity is generally successful
if they are rigidly fixated and the surrounding soft tissue can be primarily closed [12]. It
can be problematic to attain reliable soft-tissue closure in the anterior mandible when
there has been a loss of the genial tubercles, as the pull of the genioglossus muscle
(e.g., upon swallowing) tends to cause the wound to reopen. For segmental defects,
whether vascularized or non-vascularized bone grafts are used depends on the length of
the defect and the quality of the surrounding tissues. Generally, mandibular defects longer
than 5-6 cm may benefit from vascularized bone transfer, even when the surrounding soft
tissues appear to be in good condition. If the injury has avulsed a significant area of the
floor of the mouth and mandible, vascularized tissue is essential [84].

Early intervention is preferred with regard to bony reconstruction. The definitions of
immediate definitive reconstruction being performed within 48 h of injury, early definitive
reconstruction occurring within 30 days of injury, and delayed definitive reconstruction
performed past 30 days of injury can confuse the operative surgeon regarding timing [22].
While the definition of “early” varies in the literature, reconstructive care should be pursued
as soon as the patient is stable for surgery with definitive bony stabilization and soft-tissue
support provided within 14 days of the injury to prevent irreversible scar contracture.
As previously noted, among the selected studies for this paper reporting timing, 10 of
20 (50%) supported immediate (<48 h) and 8 of 20 (40%) supported early (<30 days) defini-
tive intervention once physiologically feasible [21-26,31-37,42,43,47,49,53,54,57]. Only
2 (10%) reported delayed reconstruction, which was associated with increased soft-tissue
contracture and more complex revision surgery [27,44].

Consensus Recommendation: Early definitive bony reconstruction within 10-14 days

leverages the window during which the soft-tissue envelope remains extensible and re-
gional vascularity favors graft/flap perfusion. Delays beyond this period increase scar
contracture, distort facial buttresses and occlusion, and complicate both surgical access
and aesthetic outcomes. Non-vascularized bone grafts are appropriate for small defects in
the craniofacial skeleton when covered by healthy soft tissue, whereas mandibular defects
exceeding 5-6 cm or associated with significant floor-of-mouth loss generally warrant
vascularized bone transfer.

5.3.2. Cranial Vault and Frontal Sinus

Ballistic injury to the frontal sinus represents a high-energy pattern frequently as-
sociated with comminution, heavy contamination, evolving tissue devitalization, and
intracranial communication, requiring the modification of traditional frontal sinus fracture
algorithms. While cranial vault and frontal bone reconstruction historically relied on stock
titanium mesh, materials currently used for reconstruction include patient-specific PEEK
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and custom perforated titanium, and porous polyethylene resulting in a reduction in ero-
sion through the overlying soft tissues by the implant. Contemporary management remains
driven by posterior table involvement, frontal sinus outflow tract (FSOT) injury, and the
presence of a cerebrospinal fluid (CSF) leak, but ballistic mechanisms lower the threshold
for definitive sinus elimination strategies [107]. Early priorities include multidisciplinary
evaluation, thin-cut CT imaging, meticulous debridement, and secure separation of the
intracranial and sinonasal compartments. In cases of significant posterior table disruption,
dural violation, or persistent CSF leak—common in ballistic trauma—cranialization with
complete mucosal removal, FSOT obliteration, and vascularized tissue interposition are
widely favored. Anterior table repair is reserved for selected cases once intracranial safety is
achieved. Staged reconstruction is often appropriate given contamination and the evolving
zone of injury, with long-term surveillance required to mitigate late complications such as
mucocele formation and chronic infection.

Ballistic craniomaxillofacial injuries involving the anterior and middle skull base are
frequently associated with traumatic brain injury, dural disruption, and cerebrospinal fluid
(CSF) leak, necessitating early multidisciplinary management. High-energy mechanisms
produce cavitation, contamination, and an evolving zone of injury, lowering the threshold
for aggressive intracranial-sinonasal separation compared with blunt trauma. Thin-cut
CT imaging is essential for identifying posterior table disruption, pneumocephalus, in-
tracranial hemorrhage, and dural violation. A persistent CSF leak, significant posterior
table comminution, or intracranial communication commonly favor cranialization with
complete mucosal removal, frontal sinus outflow tract obliteration, watertight dural repair,
and vascularized tissue interposition, most often with a pericranial flap. Endoscopic skull
base repair may be selectively used in stable patients with localized defects, but ballistic
contamination and complex fractures frequently necessitate open approaches [107]. The
early control of CSF leakage reduces the risk of meningitis and intracranial infection, while
staged reconstruction is often appropriate given tissue viability concerns and associated
brain injury.

Consensus Recommendation: Ballistic injuries involving the cranial vault and frontal

sinus should be managed using a protocol that prioritizes early multidisciplinary assess-
ment, thin-cut CT imaging, meticulous debridement, and the secure separation of the
intracranial and sinonasal compartments. Given the high incidence of posterior table
disruption, dural violation, and a CSF leak in ballistic mechanisms, a lower threshold for
definitive sinus elimination—most commonly, cranialization with complete mucosal re-
moval, FSOT obliteration, watertight dural repair, and vascularized tissue interposition—is
recommended, with staged reconstruction favored in the setting of contamination, evolving
tissue devitalization, and associated brain injury.

5.3.3. Free-Tissue Transfer

Composite free-tissue transfer may be necessary in order to reconstruct areas of both
hard and soft tissue that have been avulsed or lost due to infection and necrosis. In Phase III,
this should be in the context of stabilized facial buttresses and preserved overall soft-tissue
envelope dimensions. Although importing distant tissue to the facial region may result
in a compromised aesthetic outcome due to skin color and quality mismatches, restoring
continuity and soft-tissue linings takes precedence, with local tissue held in reserve for
secondary reconstruction (Phase IV).

Success in surgical free-tissue transfer has improved exponentially over the preceding
decades, and the current expectation is for flap survival rates of over 95% [84]. The increased
flap survivability has been a result of improvements in preoperative optimization, surgical
technique, salvage procedures, and the employment of technology such as implantable
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Doppler probes, indocyanine-green laser-assisted fluorescence angiography, and near-
infrared spectroscopy non-invasive flap oxygen saturation monitoring. As the volume
and reliability of free-tissue transfer surgery have increased, the overall surgery time
has been reduced, allowing surgeons to explore procedures such as innervated free flaps
and concomitant dental implants [107-109]. Free flaps, conducted with virtually planned
patient-specific osteotomies and cutting guides, are now readily available in high-volume
centers, achieving near-anatomic reconstruction [110].

The complex, or avulsive, wound resulting from high-energy ballistic injury histori-
cally meant that free-tissue transfer was attempted only after complete soft-tissue healing
had occurred and staged reconstructive surgery could take place in a sterile environ-
ment [111,112]. However, this cautious approach provides time for the scar contracture of
the surrounding soft-tissue envelope, which irreversibly compromises the final functional
and aesthetic result. With modern free-tissue transfer techniques, it has become possible to
reliably import vascularized hard and soft tissue into a hostile wound environment, which
permits the reconstruction of avulsed tissues before scar contracture can occur [112].

Futran et al. reported a series of 49 patients who underwent the early definitive
management of severe facial trauma utilizing free-tissue transfer [84]. Forty of the included
patients had injuries resulting from gunshot wounds, twenty-six of which were self-inflicted.
They note a nearly 10% rate of return to the operating room for neck exploration in this
series of patients (compared with a rate of 4.2% in their wider series of 932 free flaps), and
attribute this to the degree of tissue disruption, wound contamination, and inflammation
resulting from the ballistic trauma [84]. Nevertheless, despite—and, perhaps, owing
to—the increased take-back rate, they reported the survival of all 54 flaps used in their
series. Futran et al. favored the fibula flap for mandibular reconstruction, and the scapula
flap for midface defects, reserving composite radial forearm flaps for anterior maxillary
defects or to augment the mandibular bone when no segmental defect was present [84]
(Figure 14).

@ B

Figure 14. (A) Virtual surgical planning of mandibular reconstruction with a fibula microvascular
flap. (B) Clinical photograph of insertion of the fibula with skin island to simultaneously reconstruct
the associated soft-tissue defect.

Consensus Recommendation: Composite free-tissue transfer is recommended in Phase

II for ballistic craniomaxillofacial injuries with an avulsive loss of both hard and soft tissues
once the facial buttresses are stabilized and the soft-tissue envelope is preserved. Modern
microsurgical techniques permit reliable early definitive reconstruction in contaminated or
hostile wound environments, allowing the restoration of continuity and function before
scar contracture occurs, with vascularized tissue prioritized over aesthetic considerations
and local tissues reserved for secondary refinement. When performed in experienced,
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high-volume centers, free-tissue transfer—often aided by virtual planning and patient-
specific guides—achieves high flap survival rates despite the increased re-exploration risk
in ballistic wounds.

5.3.4. Face Transplantation

The concept of transplantation is, perhaps, the ultimate reconstructive procedure for
restoring the integrity, appearance, and, potentially, function of the face following severe
avulsive trauma. The first face transplant was reported in 2005 by a team in France [113].
To date, 50 partial and full-face transplants have been reported worldwide [114]. However,
this treatment is not without significant technical, ethical, immunological, and psychosocial
challenges, as well as a 22% long-term mortality rate from infection, malignancy, im-
munosuppression, non-compliance, and suicide [115]. Indications for face transplantation
include extensive craniofacial defects not amenable to conventional reconstruction involv-
ing mid- and central aesthetic facial units and/or key anatomical and functional structures
(e.g., orbicularis oculi and/or orbicularis oris muscles) [116]. It is self-evident that achieving
success in such a procedure requires careful patient selection, highly skilled microvascular
and reconstructive teams, and a well-established, multidisciplinary transplant team.

Consensus Recommendation: Facial allotransplantation should be considered a highly
selective, last-resort reconstructive option for patients with devastating ballistic craniofacial
injuries that are not amenable to conventional autologous reconstruction, particularly
when central aesthetic units or critical functional structures are irreversibly lost. Given
the substantial technical complexity, lifelong immunologic risk, psychosocial burden, and
associated long-term mortality, this intervention should be reserved for carefully selected
patients and performed only in specialized centers with established multidisciplinary
transplant expertise and a long-term follow-up infrastructure.

5.3.5. Nerve Injuries

Nerve injuries are common in ballistic craniomaxillofacial trauma and result from
direct transection, cavitation, ischemia, and secondary fibrosis, often producing more
severe and unpredictable deficits than blunt mechanisms. The early documentation of
neurologic function and high-resolution imaging are essential, as management is guided
by deficit completeness, suspected transection, anatomic location, and associated skeletal
and soft-tissue injury. Suspected facial nerve transection, particularly along extratemporal
trajectories involving the parotid, cheek, or temporal bone, warrants a low threshold for
early exploration and repair, as the literature consistently demonstrates superior functional
outcomes when tension-free neurorrhaphy or interposition grafting is performed within
72 h to 7 days, and preferably before 3 weeks, to minimize fibrosis and motor endplate
degeneration [117,118]. When primary repair is not feasible, nerve transfers or dynamic
reanimation are typically considered within 6-12 months to optimize recovery. Trigeminal
sensory nerve injuries (infraorbital, mental, and lingual) may be observed when partial
or improving; however, complete disruption or persistent neuropathic pain may justify
microsurgical repair, ideally within 3-6 months, before irreversible central sensitization
occurs [119]. In contrast, for optic nerve injury associated with orbital apex or skull base
ballistic trauma, the current evidence does not support routine high-dose corticosteroids or
optic canal decompression, with management instead focused on the urgent treatment of
reversible causes such as orbital compartment syndrome and the stabilization of associated
cranio-orbital injuries [120].

Consensus Recommendation: Ballistic craniomaxillofacial nerve injuries should be

managed with early standardized neurologic documentation and high-resolution imaging,
followed by timely, anatomy-specific intervention based on deficit severity and suspected
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transection. Suspected facial nerve transection warrants a low threshold for early explo-
ration and primary repair or grafting—ideally within 72 h to 7 days (and preferably before
3 weeks)—with nerve transfers or dynamic reanimation considered within 6-12 months
when primary repair is not feasible; trigeminal sensory nerve injuries may be observed if
improving but should undergo microsurgical repair within 3-6 months when complete dis-
ruption or refractory neuropathic pain persists. Routine high-dose corticosteroids and optic
canal decompression are not recommended for traumatic optic neuropathy; management
should prioritize the urgent treatment of reversible causes, such as orbital compartment
syndrome, and the stabilization of associated cranio-orbital injuries.

5.3.6. Transition to Phase IV

Bony and overlying cutaneous defects should ideally be reconstructed within
10-14 days of injury to prevent wound contracture and excessive scarring [99]. This is
a slightly more permissive timescale than that originally advocated by Robertson and
Manson, based on the somewhat extended repatriation times contained within the recent
military literature from Iraq and Afghanistan. Breeze and Bryant advocated a balanced
approach in terms of the timing of definitive reconstruction, with the cleanliness of the
wound bed after serial debridement balanced against the increasing potential for scar
contracture with unduly delayed intervention [3].

The preceding phases of careful decontamination/debridement, accompanied by the
frequent irrigation of the wound bed, followed by the reconstitution of the facial buttresses
and soft tissues, and early free-tissue transfer, permit a single healing period for the injury
and reconstruction. If conducted successfully, the postoperative facial proportions will
be similar to the premorbid proportions, there will be an oral seal, and sufficient bone
in an anatomically correct configuration will be present to allow implant placement and
oral rehabilitation.

5.4. Phase IV—Secondary Reconstruction and Rehabilitation

Although these items are typically addressed during the final phase of injury man-
agement, the negative and positive impacts on function must be considered throughout
therapy, as they represent the ultimate goals of surgical reconstruction.

5.4.1. Oral Rehabilitation

A return to a functional and cosmetically acceptable dentition is often the patient’s
most pressing concern following the early recovery from a devastating facial injury. Fortu-
nately, the last quarter-century has yielded significant improvements in both the means
and speed of dental rehabilitation. Limited mouth opening may be present at this stage
due to a combination of the injury and treatment (e.g., prolonged maxillomandibular
fixation), and therapy should be instituted as soon as the surgeon is confident that it will
not compromise healing. Not only does trismus impact the patient’s quality of life, but it
also limits surgical access for intraoral procedures. Powers et al.’s protocol for physical
therapy in injured soldiers returning from Operation Iraqi Freedom and Enduring Free-
dom involved mandibular range-of-motion exercises followed by use of the TheraBite®
(Atos Medical, Malmo, Sweden) device in refractory cases [99]. Their TheraBite® protocol
consisted of seven mandibular stretches, each held at the maximum opening for seven sec-
onds, repeated seven times per day (7-7-7 protocol), until the patient achieved a maximum
interincisal opening greater than 35 mm or no further improvement was observed. For
this to be successful, a diligent and compliant patient is required. If recalcitrant temporalis
muscle fibrosis is present, coronoidectomies followed by further brisement procedures
are indicated.
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If implants are not already present in the allotransplanted tissue, all-on-four protocols
have been developed to allow so-called “Jaw in a Day” reconstruction. If there is insufficient
bone for conventional dental implants, zygomatic and pterygoid implants may be an
alternative. Suppose the available bone is entirely unsuitable for endosseous implants. In
that case, a recent advance is the additively manufactured patient-specific bone-anchored
subperiosteal implant, which has provided new hope for oral rehabilitation in patients with
bone depletion [121,122] (Figure 15A,B).

(A)

®

Figure 15. (A) Virtual model of a patient who lost the majority of his mandible secondary to an

explosive blast. The osseous reconstruction was accomplished with a fibula osteocutaneous graft and
the dental rehabilitation was planned with a patient-specific bone-anchored subperiosteal implant.
(B) Clinical photograph of the insertion of the prosthesis with the attached mandibular denture.
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Consensus Recommendation: Oral rehabilitation should be initiated early once skele-

tal and soft-tissue healing permit, as the restoration of functional dentition is central to
quality of life following ballistic craniomaxillofacial injury. The early institution of mandibu-
lar range-of-motion therapy is recommended to address trismus and facilitate subsequent
intraoral access, with an escalation to adjunctive devices or surgical release when con-
servative measures fail. Contemporary implant-based strategies—including immediate
full-arch protocols, alternative anchorage such as zygomatic or pterygoid implants, and
patient-specific subperiosteal implants—should be considered within a multidisciplinary
framework to achieve timely, stable, and functional dental rehabilitation.

5.4.2. Aesthetic Management

Once the objectives of Phase III have been achieved, the secondary revision of bulky
or color-mismatched cutaneous tissue can be performed. There are several options for
this, but locoregional tissue rearrangement often provides the best skin color and quality
match. Menick, for instance, routinely revises his free-tissue transfer nasal reconstructions
with a forehead flap [123]. The cutaneous portion of a color-mismatched free flap can be
secondarily excised and replaced with local tissue to optimize aesthetics, or an alternative
option is cosmetic tattooing, in order to more closely simulate the shade of the adjacent
tissue [124-126].

Suppose avulsive injuries to the ears or nose have not been amenable to local or
distant tissue reconstructive procedures. In such cases, excellent aesthetic results can
be achieved with the input of a skilled maxillofacial prosthetist and an implant-retained
prosthesis. For tissue volume deficiencies, patient-specific onlays can now be fabricated
in a range of materials (e.g., porous polyethylene, polyether ether ketone (PEEK), and
titanium), which can be employed as an adjunct to symmetrize the volume as needed. The
use of high-resolution DICOM data in the fabrication of these can be employed to mirror
the uninjured side onto the injured side and construct an implant to compensate for the
difference [127]. If the volume deficiency is primarily due to a lack of soft rather than hard
tissue, fat transfer may be beneficial in ameliorating this deficit, as well as improving the
quality of the overlying skin [128,129].

The dermabrasion of scars 4-6 weeks after soft-tissue closure or scar revision is benefi-
cial in levelling the skin and improving cosmesis [99]. Intradermal triamcinolone is effective
in reducing hypertrophic scarring, as is topical silicone sheeting [130,131]. Scarring result-
ing from ballistic and blast injuries is frequently associated with the adverse tattooing of
the skin due to penetration with small metallic fragments. Gray-blue pigmentation may be
treated using the pulsed dye laser (595 nm, a yellow light laser) on a monthly basis, with
8-10 applications. The Q-switched laser may also be effective in disrupting fragments of
copper, zinc, graphite, and other metals through photo-acoustic shattering. Powers et al.
also recommend the Ng-YAG (1064 nm) infrared laser and the red Alexandrite laser
(755 nm) as beneficial for reducing adverse tattooing [99].

As part of the Phase IV aesthetic optimization, the patient should be referred to a
professional cosmetologist and counseled regarding hairstyle, makeup, and eyewear in
order to enhance the positive aspects and camouflage the negative aspects of the final
reconstruction [84].

Consensus Recommendation: Aesthetic optimization following ballistic craniomax-

illofacial reconstruction should be pursued in a staged, secondary manner once functional
stability is achieved, prioritizing locoregional tissue rearrangement to improve skin color,
texture, and contour match. Adjunctive strategies—including patient-specific onlays, fat
transfer, prosthetic rehabilitation, scar modulation, laser therapy for traumatic tattooing,
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and cosmetologic support—play an essential role in refining outcomes, managing disfigure-
ment, and enhancing patient confidence and social reintegration during Phase IV recovery.

5.4.3. Psychological Management

Facial appearance is closely tied to identity, self-perception, and attractiveness.
Faces play a central role in human interaction, first impressions, non-verbal communi-
cation, and assumptions about personality. Every ballistic injury should be considered
life-changing—in terms of function, appearance, and psychological impact. In a US study
of fatal civilian firearm injuries, 62% were suicides, 35% homicides, and 2% unintentional
firearm deaths. In contrast, for non-fatal civilian firearm injuries, 72% were related to as-
sault, 17% were unintentional, and 5% were related to self-harm [132]. Actualized self-harm
implies a pre-existing psycho-morbidity, while being a victim of an assault or unintentional
firearm injury exacts a psychological toll. Bisson et al. found 12/43 (27%) of all facial
trauma patients (including non-ballistic) to be suffering from post-traumatic stress disorder
(PTSD) 7 weeks after their facial injury; this was corroborated by Lal et al. who showed
that symptoms persisted in 10% at 6—-12 months post-injury [133,134]. Other reviews point
toward a significantly increased prevalence of PTSD, anxiety, and depression in facial
trauma patients, particularly in victims of assault [135,136].

Tsur et al. examined a military cohort with traumatic maxillofacial injuries sustained
in non-military and military circumstances [137]. They found military maxillofacial trauma
(gunshot and shrapnel injuries) to be associated with a significantly higher rate of PTSD
(30%) compared with trauma sustained in non-military circumstances (14%). This finding
corroborated the results from studies in other anatomical regions that report a correlation
of PTSD with military injuries and injury severity [138,139].

The stigma of disfigurement can cause difficulties in maintaining self-esteem, building
self-confidence, and coping with the unsolicited negative reactions of others [136]. Changes
to the face are particularly noticeable to the affected person and to observers, with symmet-
rical, ‘average’ faces (those with less extreme characteristics) widely perceived as the most
attractive, and those individuals being treated as more popular, brighter, kinder, more so-
cially skilled, more likeable, and morally better than less attractive individuals [140,141]. In
an experiment using retouched photographs, people with abnormal faces (due to congenital
deformity or post-traumatic scars) were rated as significantly less honest, less employable,
less trustworthy, less optimistic, less effective, less capable, less intelligent, less popular, and
less attractive than the same people with atraumatic/non-pathologic facial appearances,
irrespective of the evaluator’s educational level, sex, or age [142].

The importance of a good aesthetic outcome following facial trauma is, hence, difficult
to overstate. Attaining such an outcome, however, particularly after injuries involving
avulsion of tissues, is a significant challenge and almost invariably requires multiple
procedures. Futran et al. reported an average of eight surgical procedures being required
when nasal tissues were involved in the injury [84]. The patient’s and family/friends’
expectations should be managed early on in this regard, with the senior authors” (P.M. and
D.P.) standard practice being to clearly articulate that this will be a life-changing injury,
ultimately requiring between 8-12 surgical procedures over the course of many months, or
years, to reach the final result.

Consensus Recommendation: Ballistic craniomaxillofacial injuries should be managed

with early and ongoing psychological assessment and support, recognizing that these in-
juries are inherently life-altering and carry a high risk of PTSD, anxiety, depression, and
psychosocial impairment, particularly in assault- and combat-related contexts. Psycho-
logical care—including early mental health consultation, screening for self-harm risk, and
longitudinal support—should be integrated alongside surgical management, with the clear,
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realistic counseling of patients and families regarding the prolonged reconstructive course
and anticipated functional and aesthetic outcomes to optimize long-term recovery and
quality of life.

5.4.4. Other Considerations
Hyperbaric Oxygen Therapy (HBOT)

The zone of injury in a high-energy ballistic wound may be attenuated by HBOT,
reoxygenating the microcirculation. While not a new therapy, evidence in the literature
remains limited and indirect [143,144]. Although it is possible to treat patients with HBOT
in dedicated facilities, in most locations, this is logistically impossible.

Retained Fragments

Fragments from bullets are often retained after injury, as dissecting out each fragment
usually carries more immediate risk than leaving them in situ. Complications arising from
retained fragments depend, in large part, on their location, but include infection, sponta-
neous migration, embolism, arthritis, and lead toxicity [145]. Most general indications for
prophylactic removal—bullets that are intra-articular, intra-bursal, or on a weight-bearing
surface such as the palm or sole of the foot—do not apply to the head and neck [146].
Retained fragments located in soft tissues become enclosed by avascular scar tissue, reduc-
ing the risk of infection and heavy metal absorption. Lead is highly soluble in synovial
fluid, however, and a bullet retained in an articular space can result in both local and sys-
temic effects. Lead poisoning (plumbism or saturnism) is a rare, but reported, occurrence
from fragments retained in the head and neck [146,147]. However, if a pseudocyst forms
around the bullet fragments rather than scar tissue, this may permit the release of lead by
macrocytic phagocytosis, which can then be absorbed into the bloodstream [148].

Lead toxicity can be difficult to diagnose due to its vague symptoms and insidious
onset. The Centers for Disease Control and Prevention halved the threshold for an elevated
venous blood lead level (BLL) in adults to 5 ng/dL [149]. Symptoms typically occur at a
BLL of >24 pg/dL, and include headache, fatigue, nausea, abdominal pain, constipation,
forgetfulness, irritability, depression, and mood change [148,149]. Toxicity is positively
correlated with the number of retained fragments, the presence of bony fractures, the
duration of bullet retention, and the formation of pseudocysts [148].

In recent years, there has been an increasing call for BLL monitoring in gunshot
wound patients with retained bullets or fragments. A suggested protocol is monitoring at
3-month intervals for the first year. If the BLL is elevated (according to the CDC’s criteria),
the removal of the retained fragment is recommended, as this has been shown to reduce
BLLs even decades after the GSW incident [150,151]. Morbidity associated with access for
removal can be reduced by utilizing the aforementioned technological adjuncts, including
up-to-date cross-sectional imaging and surgical navigation systems, to locate fragments
and foreign bodies precisely. If there is concern about BLLs being acutely elevated during
the procedure, chelation therapy can be initiated.

Consensus Recommendation: Retained ballistic fragments in the craniomaxillofacial

region should generally be left in situ unless they pose a specific risk, as routine removal
often carries greater morbidity than observation. Indications for intervention include
fragment-related infection, migration, neurovascular compromise, symptomatic pseu-
docyst formation, or evidence of lead toxicity, with serial blood lead level monitoring
recommended—particularly in patients with multiple retained fragments or associated
bony injury. When removal is indicated, contemporary imaging and intra-operative nav-
igation techniques should be employed to minimize surgical morbidity, with chelation
therapy considered in cases of significant or rising lead burden.
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5.5. Complications

In the complex, contaminated wounds resulting from high-energy ballistic trauma,
complications should be regarded as an expected—though undesirable—component of
treatment rather than a failure of care. Reported complication rates vary widely according
to the mechanism, energy transfer, and wound location. Peled et al. described a 22% compli-
cation rate (wound infection and flap dehiscence) in Israeli soldiers with high-energy facial
injuries [152]. Kihtir et al. reported wound-healing complications in 39% of patients with
low-energy gunshot wounds traversing the oral cavity [153], while close-range shotgun
injuries to the face have been associated with infection rates approaching 100% [154]. These
figures underscore the hostile biologic environment in which reconstruction must occur
and highlight that even meticulous technique cannot completely eliminate adverse events.

In response to these challenges, Shvyrkov advocated radical primary surgical de-
bridement (RPSD) during the Russian-Afghanistan War, reporting a tenfold reduction in
soft-tissue infection from a previously documented 47.6% complication rate [155]. However,
such aggressive debridement risks the excessive loss of viable facial soft tissue, forcing
compromises in projection and contour for primary closure or necessitating large rotational
or microvascular flaps that may adversely affect both function and aesthetics. For this
reason, neither of the senior authors (P.M. and D.P.) has adopted RPSD for ballistic injuries,
and this approach is not reflected in the recent United States Military Clinical Practice
Guidelines or in the experience of Peled et al. with Israeli casualties [152,156,157].

Consistent with Robertson and Manson’s original counsel, wound infection, dehis-
cence, or localized breakdown should be viewed as manageable setbacks rather than
catastrophic failures that threaten the long-term outcome [1]. Within the framework of
this four-phase protocol, careful staged debridement, the preservation of potentially viable
tissue, the maintenance of facial buttresses and soft-tissue envelope dimensions, and early
definitive reconstruction are prioritized. This philosophy accepts a certain rate of short-
term wound complications in exchange for maximizing the patient’s ultimate functional
and aesthetic result.

Future Directions and Research Priorities

To advance the evidence-based management of ballistic craniomaxillofacial trauma,
priority areas include the following:

e A multicenter civilian registry development with standardized outcome reporting,
with national military collaboration to this registry;

A comparative evaluation of immediate versus delayed free-flap reconstruction;

The validation of civilian adaptations of <C>ABC protocols;

A high-resolution quantification of soft-tissue envelope dynamics after injury;

Outcomes-based timing studies for airway, nutrition, and navigation-guided debridement.

Robust prospective data are needed to refine timing guidance and quantify the long-
term functional and psychosocial impact of early versus delayed reconstruction. It is
imperative for both the civilian and military communities to facilitate this data acquisition
and honestly share the functional and aesthetic outcomes of their treatment.

6. Study Limitations and Risk of Bias

The overall quality of the evidence was low to moderate. Most studies were single-
center, retrospective cohorts or case series with heterogeneous patient populations, mecha-
nisms of injury, and reconstructive resources. The timing of intervention and definitions
of complications were inconsistently reported, and the follow-up duration varied widely.
These factors introduce selection and reporting biases and limit the direct comparison
across studies.
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Consequently, the recommendations presented in this protocol reflect a synthesis of
the available evidence and expert consensus derived from high-volume civilian trauma cen-
ters and battlefield experience. The expert consensus was developed through an iterative
review of contemporary literature, historical war surgery doctrine, and collective clinical
experience managing ballistic craniomaxillofacial injuries across diverse care environments.
Areas of agreement were identified by comparing independently reported management
strategies and outcomes, with emphasis placed on principles and interventions that demon-
strated a consistent application across multiple institutions and practice settings. Practices
supported only by isolated experience or lacking reproducibility were intentionally de-
emphasized. Given the ethical and logistical constraints that limit high-level comparative
trials in ballistic trauma, this consensus-based approach provides pragmatic, experience-
informed guidance while acknowledging the need for ongoing refinement as higher-quality
data emerge. Where evidence was limited, the recommendations were anchored to damage-
control principles, anatomic reconstruction priorities, and risk mitigation strategies that
have demonstrated durability across both civilian and military trauma systems.

7. Conclusions

Hippocrates famously commented that “War is the only proper school for a surgeon”,
and, since the publication of Robertson and Manson’s original paper, there have been a
range of surgical advances directly attributable to battlefield experiences in the last quarter
century, as well as one of the senior author’s own personal knowledge of combat surgical
procedures in an austere environment during his prior military career (D.P) [158]. Although
technology and surgical success rates have improved significantly since 1999, the central
tenets of Robertson and Manson’s protocol remain essentially unchanged. The excision of
necrotic tissue followed by the serial debridement and repair of the bony buttresses of the
face remains the foundation on which successful further reconstruction depends [1].

What has evolved most strikingly is the manner in which these foundational steps
are now executed. The widespread availability of intraoperative imaging—including
portable CT, cone-beam CT, and image-guided navigation—permits the real-time verifi-
cation of anatomic reduction, the retrieval of retained ballistic fragments, and the con-
firmation of hardware placement. This technology reduces intraoperative uncertainty;,
decreases the likelihood of secondary revisions, and improves the accuracy of skeletal
reconstruction [159,160].

In parallel, patient-specific implants (PSIs) produced via virtual surgical planning and
additive manufacturing have transformed the reconstructive paradigm. Ballistic injuries
are often characterized by irregular comminution and tissue loss that make stock implants
inadequate. With PSIs, implants can be precisely designed using pre-injury imaging or
contralateral templates, thereby restoring buttress integrity, orbital volume, and mandibular
continuity with high accuracy [159,160]. When combined with intraoperative imaging, PSIs
have shortened operative times, optimized functional outcomes, and improved aesthetic
restoration [161,162]. These advancements are summarized in a recommended treatment
flow chart, identified as Table 2.

Although many contemporary advances in ballistic craniomaxillofacial trauma
management rely on resource-intensive technologies, several high-impact interventions
have demonstrated effectiveness across lower-f care environments. Large multicenter
trauma trials evaluating early tranexamic acid administration illustrate how inexpen-
sive, protocol-driven interventions can significantly reduce mortality, reinforcing the pri-
macy of physiology-based damage-control principles over technology dependence on
hemostatic dressing agents [163]. Foundational surgical practices—including early air-
way protection, hemorrhage control, meticulous debridement, infection prevention, and
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staged reconstruction—remain the primary determinants of outcome in ballistic injuries.
Advanced strategies such as virtual surgical planning, navigation, and patient-specific
implants may be selectively adopted in low-resource regions through tiered, regional-
ized models using open-source planning platforms and the low-cost three-dimensional
modeling or utilization of stock facial skeletal models as templates for anatomically design-
ing stock reconstructive plates. Standardized definitions and outcome reporting further
support reproducibility and incremental adoption as resources evolve.

Together, these innovations represent a natural extension of Robertson and Manson’s
principles into the modern surgical era: maintaining the primacy of debridement and facial
bony buttress repair while executing these steps with unprecedented precision. As such,
the management of ballistic injuries to the head and neck now reflects both the enduring
lessons of history and the transformative potential of contemporary surgical technology

[Figure 16].
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Table 2. Summary of Evidence and Consensus Recommendations by Phase of Management.

Representative

Civilian vs.

Phase Evidence Available Quantitative Consensus. Battlefield
(Level) . g Recommendations .
Findings Variations
Tracheostomy .
o required in ~19% of <C>ABC Battlefield: early
I. Resuscitation . . C whole blood;
& Damage Control II-1v combat maxillofacial ~ prioritization; whole Civilian: EMS
trauma; TIC in 25%  blood when feasible s
. variability
major trauma
External f1xat1(?r1 Preserve bone/soft .
Sy useful for avulsive : Austere settings may
II. Stabilization & . o tissue envelope; .
i HI-1v mandible; navigation : require prolonged
Reconstitution sequential o
reduces . temporization
o debridement
complications
survivgei;féi/p' carl Definitive bony stabi-  Battlefield delays
ITI. Reconstruction II-I1I o €AY lization <10-14 days often due to
free flap reduces . SR
if stable evacuation timelines
contracture
IV. Secondary Multiple revisions Esthetic revision, Higher PTSD
Reconstruction & I-1v typically required; oral rehab, prevalence with
Rehab ~27% PTSD early psychosocial support military trauma
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