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Abstract

Combined musculoskeletal and vascular injuries of the extremities are conditions in
which a multidisciplinary approach is a sine qua non to ensure life initially and limb
viability secondarily. Vascular injuries as part of musculoskeletal trauma are usually the
result of the release of a high energy load in the wound site so that the prognosis is
determined by the degree of soft-tissue damage, duration of limb ischemia, patient’s
medical status and presence of associated injuries. The management of these injuries is
challenging and requires a specific algorithm of action, because they are usually
characterized by increased morbidity, amputation rate, infection, neurological and
functional deficits, and they could be life threatening. Although vascular injuries are rare
and occur either isolated or in the context of major combined musculoskeletal trauma,
the high index of suspicion, imaging control, and timely referral of the patient to
organized trauma centers ensure the best functional outcome of the extremity in such
challenging cases. Even after a successful initial treatment of a combined trauma pattern,
long-term follow-up is crucial to prevent and detect early possible complications. The
purpose of this manuscript is to provide an update on diagnosis and treatment of
combined musculoskeletal and vascular injuries of the extremities, from an orthopedic

point of view.

1/21




INTRODUCTION

A complex extremity injury that, in addition to a fracture, dislocation or even crush,
involves a vascular injury represents a rare trauma pattern. It is a part of combined
extremity injury or mangled extremity, and an emergency condition in which
multidisciplinary approach is a sine qua non to ensure life initially and limb viability
secondarilyl!l. Historically, control of hemorrhage following trauma has been of interest
as vascular injury is a leading cause of death and disability. Moreover, limb salvage in
patients with combined musculoskeletal and vascular injuries is distinctly dependent on
the severity of soft-tissue injury, duration of limb ischemia and early, accurate diagnosis
and treatment of vascular damagel?l. The management of these injuries is challenging and
requires a specific algorithm of action, because they are usually characterized by
increased morbidity, amputation rate, infection, neurological and functional deficits, and
they could be life threatening.

The purpose of this review is to provide an update on diagnosis and treatment of
combined musculoskeletal and vascular extremity injuries, from an orthopedic point of
view. Combined injuries of the hand, despite possible vascular implication, are not
included to this update, due to unique characteristics requiring special treatment and

reconstructive pathway.

HISTORY

For many centuries, the manipulation of any hemorrhagic scenario, especially on the
battlefield, was controlled by compressive dressings, styptics, hot iron, raw ligature of
vessels and improvised tourniquetsl®l. The first arterial repair was performed by Dr.
Hallowell in 1759 at Newcastle upon Tyne in England and the case was reported by Dr.
Richard Lambert in 176114, At the end of the 19" century, in 1896, John B. Murphy carried
out an end-to-end anastomosis at Mercy Hospital in Chicago, followed in only one

decade by Alexis Carrel and Charles C. Guthrie who established other vascular operative
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techniques, thus providing a more refined approach in the management of vascular
traumal>7l. Since a dry and distinct surgical field is necessary for the management of a
vascular injury, the gradual widespread use of the tourniquet has greatly helped in the
development of surgical techniques. Johannes Friedrich August von Esmarch who was
one of the Bernhard von Langenbeck’'s assistants, developed in 1873 the famous
apparatus widely known as t smarch bandagel®’l. Ligations and amputations have
been common practice during the Balkan Wars (1911-1913), the First World War (1914~
1918) and until the end of World War II (1939-1945), when the use of effective antibiotics
and the presence of blood banking improved significantly vascular injury treatment
options10-12],

The time for the predominance of \ﬁcular repair over amputation was initially the
Korean War (1950-1953), in which amputation rate was about 13% compared to
approximately 49% that followed arterial ligation in World War II, and then the Vietnam
War (1955-1975)[813-15]. Over the years and reaching the Iraq war, the early amputation
rate was about 5%-10%[1617]. All the techniques of vascular rehabilitation and the
management algorithms of multiple-trauma patients have been further improved until
early 21st century (expanded Advanced Trauma Life Support protocol, utilization of
tourniquet, temporary intraluminal shunts, medical air evacuation, high quality intensive
care units, sophisticated pharmaceutical agents) and extended recording, statistical
analysis, long-term follow-up and publishing of data in recent decades both from the
battlefields (Iraq and Afghanistan) and the major urban centers provided significant help

in that directionl18-22],

EPIDEMIOLOGY

Trauma patterns and the incidence of vascular complications differ greatly between
urban centers and war zones, while the existing geographical distribution reflects the

impact of high velocity weapons, motor vehicle accidents, industrialization,
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socioeconomic status and increasing criminality(?>24]. Vascular injuries of the upper and
lower extremities following trauma are relatively uncommon and represent almost 2%-
3% of all civilian trauma including blunt, penetrating and gunshot injuriesi24. According
to Barmparas et all2] vascular trauma occurs in only 0.6% of all pediatric trauma patients
and in 1.6% of adults, predominantly young men (Figure 1).

In general, the amount of energy transferred on tissues during an injury increases
proportionally the possibility of vascular insult?¢l. In patients with severe crugh injuries
associated with extensive bone (segmental shaft fracture, floating joint) and soff-tissue
damage, the index of suspicion for associated arterial injury must be high. Closed
diaphyseal long bone fractures carry a reported risk of vascular injury of 0.1% but open
fractures have a 3.6-fold increase in the chance of vascular injury?7]. Five percent of open
fractures present with a vascular injury requiring repair (type Illc), with an amputation
rate of about 16% 28], Severe open tibial fractures are associated with a 9% incidence of
vascular injury, whereas knee dislocations, especially posterior, have been associated
with vascular injury in up to 16% (KD-IV > KD-V > KD-III according to Schenck
classification). Femoral and popliteal artery injuries are associated with a fracture in the
adjacent bone structures in a percentage of about 2% and injury of the brachial artery can
occur in 8%-12% of children suffering from a supracondylar humeral fracture, usually a

Gartland I1I fracturel?!.24.26,29],

DIAGNOSIS
Clinical presentation
Clinical diagnosis of combined vascular injuries in musculoskeletal trauma patients
represents the first challenging step in an overall demanding treatment
pathway. Physical examination is not always able to detect a limb-threatening injury in
the absence of obvious signs of vascular impairment!26l.

Given the fact that these injuries are in the context of major trauma, in polytrauma
patients, the initial approach is performed via the well-established Advanced Trauma Life

Support (ATLS) protocolsl®l. In case of major bleeding, direct pressure, potential
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tourniquet application and resuscitation are the initial actions according to ATLS
principles. After initial resuscitation and primary evaluation, a detailed clinical
examination with neurological and vascular status documentation, is performed during
the patient’s secorﬁary evaluation. In this step, palpation of distal pulses, extremity color
and temperature, time required for skin capillary refill in the distal digits, and sensory
and motor deficits are assessed, compared with the contralateral limb, and recorded.
Reassessment is required after any intervention, manipulation, or reduction maneuver to
exclude secondary provoked vascular injuryl®l. However, high index of suspicion and
low threshold for vascular imaging is required because vascular injury might be present
in the first place, with normal pulse palpation in a rate of 5%-15%32l.

To establish an objective approach and clinical criteria for further treatment, findings
of the physical examination are classified into hard and soft signs of extremity for
vascular injury (Table 1). Hard signs include massive bleeding, presence of rapidly
expanding hematoma, detection of one classic sign of arterial occlusion (6Ps:
pulselessness, pallor, paresthesia, pain, paralysis and poikilothermia), palpable thrill or
audible bruitP3l. The presence of hard signs has 92%-95% sensitivity for incidence of
vascular injuries requiring surgical intervention with a positive predictive value of
95 %3431, In these cases, immediate operative intervention - injury site exploration in the
presence of any hard sign - is strongly suggested by the literature without further delay
for addjtional advanced vascular imaging (CT or conventional angiography) (Figure
2)136371. Soft signs for vascular injury include history of arterial bleeding at the accident
scene or during transit to the hospital, proximity of penetrating or blunt injury to an
artery of the limb, small, no pulsatile hematoma over a named artery, and presence of

urological deficit affecting nerves with proximity to a named artery. In these cases,
incidence of vascular injuries ranges from 3% to 25%, depending on which one or which
soft sign C(ﬁ'lbi_nation exists (Figure 2)1383,

Besides physical examination, an arterial pressure index (API) or injured extremity
index (IEI) (analogous to the ankle-brachial index - ABI) should be performed. The

API/1El is the ratio of the highest systolic occlusion pressure in the injured extremity at
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the level of the dorsalis pedis, posterior tibial or radial/ulnar arteries divided by the
systolic pressure in a proximal vessel in an uninjured extremity (most often the brachial
artery)l041 Normal API values (> 0.9) are highly specific for exclusion of vascular injury
in cases of blunt and penetrating injuries, making further vascular imaging
unnecessaryl4243l, In cases with diminished peripheral pulses or API < 0.9 an imaging
study, typically arteriography, should be performed.

Special consideration is required in cases of older diabetic patients with pre-existing
peripheral vascular compromise, due to possible Monckeberg’s medial calcific sclerosis
with clinically false normal APl index of 21 [#]. Recent literature, however, demonstrates
high accuracy and good agreement of ankle-brachial index duplex ultrasonography in
patients with type 2 diabetes and peripheral artery diseasel*®l.

A specific, well known, clinical scenario is the knee dislocation and its association with
popliteal artery injury. In these cases, clinical examination should include assessment of
the stability of the knee joint, as laxity may suggest presence of a knee dislocation with
spontaneous reduction. For further advanced imaging, current literature data are
conflicting, with many authors advocating low threshold for vascular imaging in such an
injury pattern and others being against routine imaging after spontaneous or performed
reduction of a knee dislocation if normal pulses are present/3%46l,

Supracondylar fractures represent another well-known clinical scenario. These
actures are of the most common traumatic fractures seen in children aged 5-7 years,
with the urgency depending on whether the hand remains perfused or not, as rich
collateral circulation may be sufficient despite vascular injury. In the case of absent distal
pulses in supracondylar fractures of the humerus in children, the decision to explore is
based on quality of extremity perfusion rather than absence of pulse. Generally, a well-
perfused extremity is warm and pink in contrast to a poorly perfused extremity that is
cold and pale with an arterial capillary refill > 2 s. Some studies recommend ear%
aggressive surgical intervention for both patterns of vascular compromise in order to
prevent limb loss and serious long-term complications such as Volkmann's ischemic

contracturel21,24.2529]
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Imaging

Imaging modalities used in the diagnosis of vascular injuries in musculoskeletal
trauma include conventional angiography, computed tomography angiography (CTA)
and duplex ultrasound. Conventional catheter-based angiography provides accurate
diagnosis of arterial injuries, even in minor injuries such as intimal tears, after intra-
arterial or intravenous contrast agent injectionl748l. As conventional angiography has
several disadvantages such as cost, delay, need of specialized team, and possible renal
toxicity, it is currently preserved for intraoperative use and not for routine imaging at an
Emergency Department basis!?l.

Duplex ultrasound scanning (DUS) represents a combination of B-mode real-time
ultrasound and pulsed Doppler flow. DUS is accurate in assessing vascular injury with
reported sensitivity from 50% to 100% and specificity exceeding 95%[50511, 1t is also
noninvasive and cost-effective but can be time-consuming and significantly operator-
dependent. Therefore, many surgeons consﬁer it unreliable for the detection of vascular
injuries in extremity trauma. In contrast, it may have a role in the surveillance of known
vascular injuries in which nonoperative treatment has been selected!%2l.

CTA is established as the gold standard imaging method when dealing with vascular
injuries in the extremity traumal®-%l. CTA provides a rapid confirmation of the presence
and location of vascular injury with simultaneous detection of bone and soft-tissue
injuries/ defects, without being an interventional examination and with high cost-
effectiveness index!l. It can highlight radiological findings like hematoma, active
bleeding (contrast medium extravasation), arterial dissection, transection or occlusion,
pseudoaneurysm, arteriovenous fistulas, focal narrowing or spasm, as well as anatomical
variants of vascular origin like bifurcation with an hypoplastic posterior tibial artery or
popliteal artery trifurcation in the popliteal fossal>3l. The study has limitations in cases
with CT artifacts in the presence of foreign body such as metallic fragments at the study
field, suboptimal accuracy in poor timing of intravenous contrast agent administration

and the potential risk for renal damage from contrast medium!¥l. As mentioned above,
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presence of obvious hard signs dictates operative treatment on an emergency basis
without further imaging. However, trauma teams can consider the execution of CTA in
the case of hemodynamically stable patients despite hard signs for vascular injury, for
preoperative planning so as to avoid extended exploration intraoperatively and to
decrease surgical timel58l.

Magnetic resonance angiography seems to have limited role in the detection of vascular
compromise in trauma emergencies. CTA provides better spatial resolution and faster
isotropic image acquisition, is more readily available and avoids potential hazards of

prolonged imagingl*l.

TREATMENT

Initial management

As mentioned above, patients with combined musculoskeletal and vascular injuries are
approached in the first place according to ATLS principles, having in mind the “life over
limb” quote. Current universal guidelines for severely multiple injured patients agree on
the early administration of tranexamic acid (TXA) followed by Massive Transfusion
Protocol with packed red blood cells, fresh frozen plasma and platelets, as well as an
antifibrinolytic agent, to treat/prevent massive hemorrhage and trauma-induced
coagulopathyl60-621. Bleeding can be controlled by direct digital or dressing compression
and proximal tourniquet application, for a limited time, which is preserved for special
circumstances in hospital environment, where local hemorrhage cessation cannot be
achieved with other manipulations!®®. Patients with diminished peripheral pulses and
associated obvious gross limb deformity, such as displaced long bone fracture or joint
dislocation, should undergo immediate manipulation to restore limb axis realignment
and joint reduction respectively. The neurovascular status is consequently reassessed[®4l.
Reassessment is also required in cases of initial shock or hypothermia, after
patient’'s  resuscitation and rewarming, because vascular status under these

circumstances can be misleadinglé5l.
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Limb salvage versus amputation

A crucial question to be answered early after patient presentation and initial
resuscitation, is the one of limb salvage versus primary amputation, and in case of
amputation, the timing and level of amputation. This decision is usually hard for patients,
families and trauma surgeons. Patients in most cases are young and active with long
remaining working lifespan, not willing to integrate a major, permanent physical
modification. Surgical teams, however, usually experience amputation as a therapeutic
failure and sometimes multiple, complex salvage procedures are guided, with uncertain
outcome but with preservation of the patient’s body image, at least initially. Progress and
ongoing experience in microsurgical and reconstructive techniques provides wide range
of surgical options, but limb salvage choice with extended indications, has often
rerkable functional and emotional cost for the patientsll,

The Lower Extremity Assessment Project, a prospective multicenter study of patients
with severe lower extremity injuries, stated that these limb-threatening injuries are likely
associated with poor functional outcomes regardless of the choice between limb salvage
and amputation!®l. Analogous results were presented by MacKenzie et all*], in a series of
397 patients with severe lower limb trauma. The functional results were equally poor
after amputation and limb reconstruction, and the outcome scores indicated substantial
disability in 50% of patients.

Predictive factors for complications and poor outcomes in patients with combined
musculoskeletal and vascular injuries are evaluated by variable injury scoring systems
(MESS, NISSSA, LSI, PSI and HFS) including extensive soft-tissue injury, presence of
open fracture, ischemic period exceeding 6 h, neurological deficit and other associated
major injuries!® 7%, MESS (Mangled Extremity Severity Score) is predictive of amputation
but its clinical validity is still in debate. MESS has been devised as a treatment decision
aid; a score of = 7 points usually indicates the d for primary amputation!7ll. In 1994,
McNamara et all”l proposed the NISSSA score (Nerve Injury, Ischemia, Soft tissue injury,
Skeletal injury, Shock and Age of the patient), which had the additional component of

nerve injury - especially the loss of plantar sensation - apart of the bone and soft tissue
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injury components. Both scores were highly predictive of amputation, but the NISSSA

had better_sensitivity (81.8% wvs 63.6%) and specificity (92.3% vs 69.2%) compared to
MESSI72l. The Predictive Salvage Index (PSI) was proposed by Howe et all®’-72] in 1987,
with a reported sensitivity and specificity of 78% and %, respectively. The Limb
Salvage Index (LSI) was proposed by Russell in 1991 and although not utilized widely,
the score was found more predictable than the MESS, PSI, NISSSA, and HFS-97 when
assessing type III tibial fractures. Primary amputation is recommended after significant
distal trauma, extensive crush, severe nerve dysfunction, an ischemic limb with duration
exceeding 4 h of warm ischemia, segmental bone loss over one third of the length of the
tibia, muscle loss in more than two compartments, and severe open foot injuries/73l.
Besides injury characteristics, factors like non-Caucasian race, older age, female sex,
lower educational level, lower economic status, smoking, and poor reported pre-injury
general health condition, seem to play an important role in patients with less-than-

optimal resultslesl.

Amputation
Limb amputation is a realistic solution in an emergency and could be life-saving in the
setting of sepsis or ongoing bleeding in a hemodynamically unstable trauma patient, with
the advantages of shorter hospitalization, fewer secondary procedures, and faster
abilitation period. A published case series of nonsalvageable limb injuries reported
that a delay of up to 5 d can be tolerated without negative impact on stump infection risk,
giving the time for patient preparation and procedure planning on a semi-elective
basis[7l. It must be underlined that long-term costs of prosthetics could likely make
amputation an ultimately more expensive procedurel”l,

Amputation level, determined by the nature of injury, is another crucial point of
interest related with long-term functional outcome. It is well recognized that preservation
of the knee joint provides a significant functional advantage. With a stump of sufficient
length, the prosthesis has better support and less energy for movement is demanded!7¢l.

Transtibial amputees perform better than transfemoral or through-knee ones, with
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decreased rehabilitation timel?778l. However, the tissue condition after traumatic injuries
requiring below-knee amputation is not always adequate to provide a lengthy and
durable stump able to support a prosthesis, given the fact that at least 10 cm from medial
tibial plateau is recommended!(767?l. In such cases, composite flaps harvested from the
amputated limb and spare-part surgery concept may provide stump lengthening, thus

avoiding a more proximal amputation or the use of flap/50511,

Limb salvage

Preoperative planning: Patient’s clinical situation, other major trauma (trunk, visceral or
craniocerebral) than extremity injury requiring surgical treatment or nonoperative
surveillance and determination of the type of vascular injury, are factors considered when
proceeding to the operating theater. A necessary condition for fast and safe surgical
management includes grouping of injured tissues, planning of the procedure and
defining the appropriate equipment for successful cooperation between different
specialties. Furthermore, possible required equipment and devises should be confirmed,
including magnifying loupes and vascular surgery - microsurgical instrumentation,
external and internal fixation systems, and shunts.

In the presence of acute life-threatening injuries, like intracranial hematoma, thoracic,
abdominal or pelvic bleeding, team management with two operating teams should be
considered to manage the life-threatening injury, and control bleeding and re-establish
perfusion at the injured extremity. In such cases, temporary measures, such as external
fixation systems and intraluminal shunts, are the chosen treatment options following the

Damage Control Surgery principles[82-84],

Types of vascular injury: Vascular injuries include a variety of lesions from arterial
spasm to complete transection. Pre- or intraoperative accurate diagnosis of injury type is
crucial as it guides the treatment modality. Overall, vascular injuries include complete

wall defects with hemorrhage or pseudoaneurysm, intimal tears like disruption, flap or
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subintimal hematomas, complete transections with hemorrhage/ occlusion,
arteriovenous fistulas and vascular spasml[2164],

Regarding the injury mechanism, penetrating trauma is most associated with complete
transections, wall defects or secondary development of arteriovenous fistulas. Blunt
trauma, however, is usually associated with intimal defects or subintimal hematomas.
Arterial spasm can be a result of either blunt or penetrating injury, more commonly in
young patientsl65l,

Vascular injuries that are nonocclusive, like arterial spasm, intramural hematomas, or
intimal flaps have a satisfactory healing potential with nonoperative treatment, with
reported rates of 87%-95%[5580l. Single vessel occlusion located peripherally - distal to
knee/elbow - does not constitute risk for the viability of the limb. In these cases, in the
absence of mangled extremity or severe soft tissue damage, observation with close
clinical and imaging surveillance is a viable option. Other treatment options, besides
open vascular repair, have a role in selected, isolated traumatic aneurysms where
embolization can be performed[®l. Moreover, small pseudoaneurysms and intimal flaps
or tears can be amenable to endovascular treatments, placing endovascular stents or stent

grafts(87.58],

Operative treatment: Care should be taken from the operative team to establish the best
conditions required for major surgical intervention. An operative tourniquet can replace
the bleeding-control apparatus used at the emergency department. Skin aseptic
preparation and draping should encompass potential areas of distal and proximal
vascular control, fasciotomy sites and ipsilateral limb from groin to toenails for possible
greater or lesser saphenous vein retrieval5264. Adequate surgical approach is essential,
with proximal and distal extension of the injury zone, to control hemorrhage and
determine type and extend of arterial injury.

Sequence of intervention when orthopedic and vascular surgeons are implicated,
remains an area of relative debate, despite being reported that this surgical sequence

probably does not affect lower limb amputations rates!®!. Fracture reduction and fixation
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offers a stable skeletal “scaffold” for subsequent vascular repair (Figure 3). Vascular
repair decreases warm ischemia time of the affected extremity(26:%]. Ischemia is crucial
and determines the sequence of surgical intervention, with 6 h generally being the cutoff
time interval for higher limb salvage rates(8%91l. It must be underlined that ischemia time
is never accurate and in most cases is underestimated by patient, relatives, ambulance
crew or other healthcare professional. As a general rule, in cases with cold ischemia
(pulseless limb with no capillary refill) and in patients with prolonged period of warm
ischemia (present capillary refill), vascular intervention should be performed first so as
to restore perfusion as soon as possible via temporary intraluminal vascular shunt
insertion[®492%l_ Fracture fixation can be performed first when there is no evidence of cold
or prolonged warm ischemia, especially in concomitant presence of unstable,
comminuted fracture pattern.

Concerning operative treatment of coexisting fracture, the dilemma between
temporary versus definitive fracture fixation turns towards temporary external fixation
by most authors, in order to offer prospective for bone defect management and avoid
infection, “second hit” phenomenon related to coagulopathy, systematic inflammatory
immune system response and fat/ pulmonary embolism/*-%I. Bone transport as well as
induced membrane or Masquelet technique are options for large, segmental bone
defects(®7-99],

Regarding operative options for vascular injury manipulation, they include direct
repair - anastomosis, vein patch angioplasty, bypass anastomosis with interposition graft
placement, endovascular stents, and temporary intraluminal vascular shunts.

In cases of small lacerations, lateral angiorrhaphy with or without vein patch
angioplasty is adequate as repair option. Injuries involving complete artery transection
are addressed with central and peripheral debridement till healthy intima followed by
end-to-end anastomosis(!?101 [f the anastomosis is not free of tension, a substitute
conduit must be interposed. Conduit of choice for the most cases of peripheral vascular

injuries is the autogenous reversed saphenous vein graft from the contralateral, uninjured
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lower limb with the alternatives of cephalic or basilic upper limb veins and synthetic
grafts(100,102],

A keynote step in the operative treatment pathway of vascular injuries is the early
recognition of patients indicated for temporary intraluminal shunt insertion, rather than
definitive vascular repair and prior to bone stabilization. These indications include
critically injured patients as part of damage control surgery, Gustilo IIIC open fractures,
prolonged ischemia period, need for distal perfusion while another complex
revascularization procedure like extra-anatomical bypass is performed and prior to
replantation perfusion of an amputated upper extremity part{103.104],

Vein injuries and possible repair are usually addressed with less caution, in the
presence of arterial injuries that are limb threatening. Peripheral vein ligation rarely
consists a threat for limb salvage, but increases postoperative swelling and venous soft-
tissue hemorrhage, having transient adverse effects on arterial inflow and leading to
increased morbidity and infection risk. Operative options for peripheral venous repair
include venous patch angioplasty, thoracostomy tubes as intraluminal venous shunts, or
interposition graft placement from contralateral greater saphenous vein, common
feoral vein, or axillary vein[105].

j ured structures are identified from superficial to deep layer, based on the knowledge
of the cross-sectional anatomy, and reconstruction starts from the deeper layer. Nerves
are repaired after bone and vascular structures followed by muscle and tendons, which
are the last to be reapproximated. Careful documentation by photos and/or video is
mandatory, not only to accuraEly define the postoperative rehabilitation protocol, but
for medicolegal purposes too. Tension-free nerve restoration is advocated, as neuroma
formation is a common complication when nerve repair is performed incorrectly or under
tension. Soft tissue coverage is the last stage that will ensure the rapid healing of the
tissues. Decision for coverage should be taken in conjunction with reconstruction
surgeon, including muscle flap transportation or extra-anatomical bypass graft

fashioning101.105106],
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The use of negative pressure wound therapy as an alternative treatment of soft tissue
defects, seems to improve angiogenesis, regulate perfusion, and promote local
microvascular maturation. However, its use is limited and its efficacy and superiority
over conventional dressing is questionable according to current multicenter randomized
control trials and to Wound management of Open Lower Limb Fractures (WOLLF)

study[107-109],

Secondary procedures: Cases with combined musculoskeletal and vascular injuries
almost never have a unique surgical intervention. Second look for surgical site infection,
soft-tissue viability and confirmation of vascular perfusion is routinely performed 24-48
h after initial surgery. The fasciotomy incision closure is performed after 7-10 d in case
of optimal postoperative findings. At the same time, definite skeletal stabilization should
be performed (external to internal fixation modification or unilateral external fixation
system conversion to circular frame/hybrid fixation system) to minimize the risk of

surgical site infection after the definite treatment, in case of preceding pin track infection.

COMPLICATIONS

mpartment syndrome - fasciotomies
Compartment syndrome is defined as the increased pressure within a closed fascial
space, leading to reduction of capillary perfusion to less than required level for tissue
viability, well recognized as cause for poor limb functional outcomel'10111], Tt is the result
of external compression or fascia closure and after increased compartment pressure in
cases of ischemia-reperfusion, fractures, soft-tissue contusion, and venous outflow
obstruction. In this concept, situations like crush injury, significant limb swelling,
combined arterial and venous injuries requiring simultaneous clamping, need for
arterial/venous ligation, early thrombosis of vascular repair, ongoing
hypotension/ continuing resuscitation and delayed treatment with no arterial perfusion
for 4-6 h, determine high-risk patients for compartment syndrome development after

combined trauma. Early clinical findings related to compartment syndrome are pain on
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passive movement of the involved compartments’ muscles and patients” pain considered
out of proportion to the injury, while classical 6 Ps (pulselessness, pallor, paresthesia,
pain, paralysis, poikilothermia) are frequently not present in trauma patients with
possible altered mental status and associated injuries and represent late signs of
established compartment syndrome on the injured extremity(110l.

Fasciotomies performed concomitantly with limb revascularization are associated with
a four-times decrease in eventual amputation. There are also trauma surgeons who
routinely perform prophylactic fasciotomies in the presence of high-risk scenarios('2.
This established intraoperative choice is possibly the reason for the low incidence of
compartment syndrome after peripheral vascular injuryl!!ll. Moreover, this approach
may lead to possible conversion of a closed to open fracture, wound management related
complications, altered sensation and chronic limb painl'3l. Still, these potential risks are
easily overcome when there is a high chance of developing compartment syndrome and
early fasciotomies should be considered in cases of revascularization following vascular

trauma, multiple fractures or dislocation and /or multiple arterial injuriesl21.112].

Infection

In addition to the basic complication of the already-mentioned compartment syndrome,
bone and soft-tissue infection following combined musculoskeletal and vascular injuries,
represents the major cause for late extremity amputation/!'4177], Gustilo et allll8],
classifying open fractures reported an infection rate as high as 42% associated with
vascular damage requiring repair (Gustilo IIIC fractures). Moreover, infection seems also

being related with vascular thrombosis(119],

Nonunion

Vascular compromise, which often indicates the release of high energy in the fracture
area, is a well-established predictive indicator for a nonunion in Gustilo-Anderson grade
IIIC injuries'2l. Moreover, the coexistence of even a subclinical compartment syndrome

appears to delay or prevent the process of long bones unionl!211,
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Secondary amputation

Secondary amputations can be expected in 5.5%-28% of Gustilo type IIIC open tibial
fracturesl'212], The main reasons for secondary amputation include delayed
revascularization, lack of adequate collateral blood flow, extensive soft tissue necrosis,

infection, distal thrombosis, or postoperative arterial disruption(124l.

Venous insufficiency
There is increasing evidence that primary or secondary venous insufficiency, particularly
in the setting of combined peripheral arterial and venous injuries, may impair the chance
of limb salvage. A proposed benefit to venous patency is that maintaining adequate
venous drainage of an injured extremity can minimize extremity swelling, hemorrhage,
and compartment syndrome. Feliciano argued that these acute benefits are an indication
for immediate venous reconstruction, even if the fate of the repair will likely be to
thrombose later 1192, Other local vascular complications such as arterial disruption,
pseudoaneurysm and emboli may result in a vicious circle of both regional and systemic

adverse effects, like myocardial infarction, respiratory distress due to pulmonary

embolism, acute renal failure, etcl1251,

LONG TERM FOLLOW-UP

Even after a successful initial, multidisciplinary-guided treatment of a combined
musculoskeletal and vascular injury, long term follow-up is crucial to prevent and detect
early possible complications. This follow-up evaluation is performed by both orthopedic
and vascular surgeons, with additional consultation from reconstructive surgeons, if
necessaryl'?l, Alternatively, orthopedic surgeons with microsurgical background and
competence can follow these patients, as they can solely perform all-around surgery for
these combined injuries. Postoperative evaluations can be delayed in cases of segmental
fractures, associated bone loss, or infection. In case of team management, the vascular

surgeon will evaluate the arterial perfusion and venous flow and determine the shift from
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E’ophylactic thromboprophylaxis to antiplatelet agents 3-6 mo postoperatively. The
vascular repair should be followed with ABI testing as well as graft duplex scan.

In addition, the continuous cooperation with the radiologists, physiatrists and
physiotherapists at the follow-up period ensures rapid recovery without serious
complications, or their detection and management in a timely manner. Finally, due to the
functional impairment frequently left after these complex injuries, long-term

psychological support is often necessary.

BISCUSSION

Limb salvage in patients with combined musculoskeletal and wvascular injuries is
distinctly dependent on the severity of soft-tissue injury, the duration of limb ischemia
and the early, accurate diagnosis and treatment of vascular damage. In general, the
amount of energy transferred on tissues during an injury increases proportionally the
possibility of vascular insultl?®l, In patients with severe cr injuries associated with
extensive bone (segmental shaft fracture or floating joint) and soft-tissue damage, the
index of suspicion for associated arterial injury must be high. Closed diaphyseal long
bone fractures carry a reported risk of vascular injury of 0.1% but open fractures have a
3.6-fold increase in the chance of vascular injuryl?l. It is therefore clear that the basic
principle of early detection of a potentially catastrophic vascular lesion in orthopedic
trauma must be secured in advance with the high degree of suspicion on the part of the
surgeon.

The level of alertness is always determined by (1) the pattern of the injury (open or
closed, fracture or dislocation, single or multiple injury, calibration of injury scores); (2)
the anatomical area of the injury (open tibial fractures, knee dislocations and
supracondylar elbow fractures in children of type III due to Gartland classification have
rates of concomitant vascular injuries > 10%)[212426.2829; and (3) the type of arterial lesion
that the literature correlates with specific trauma patterns. Vascular injuries that are
nonocclusive, like arterial spasm, intramural hematomas, or intimal flaps have a

satisfactory healing potential with nonoperative treatment, with reported rates of 87%-
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95%. Therapeutic choices usually consist in monitoring the patient during follow-up, by

means of physical examination and ultrasound scan. Single vessel occlusion located
peripherally - distal to knee/ elbow - does not constitute a risk to the viability of the limb.
In these cases, in the absence of mangled extremity or severe soft tissue damage,
observation with close clinical and imaging surveillance is a viable option[5>86].

A fundamental dimension of the successful outcome of combined orthopedic and
vascular injuries is the speed and accuracy of patient management. Most of the time lost
in the treatment approach of the injured patient, after the arrival to the trauma center,
concerns the definite diagnosis of the vascular injury and the decision-making procedure.
Orthopedic pathology is defined in the majority of cases with a simple x-ray (usually
already done in primary or secondary survey). The presence of hard signs has 92%-95%
sensitivity for incidence of vascular injuries requiring surgical intervention with a
positive predictive value of 95% %%, In these cases, immediate operative intervention -
injury site exploration in the presence of any hard sign - is strongly suggested by the
literature without further delay for additional advanced vascular imaging (CT or
conventional angiography)P637l. Rapid decisions are ensured by the use of trauma
classifications which assist the surgeons’ judgment in adjunct to clinical evaluation and
facilitate in-depth guidance of patients and their families prior to definitive surgical
treatment. Predictive factors for complications and poor outcomes in patients with
combined musculoskeletal and vascular injuries are evaluated by variable injury scoring
systems (MESS, NISSSA, LSI, PSI and HFS)[6970],

It is also necessary in the future to establish common action protocols between
orthopedic, vascular and general surgeons, and for each tertiary trauma center to have a
clearly defined action protocol that will be applied in the same way each time and will be
included in the training program of young doctors.

As a general rule, in cases with cold ischemia (pulseless limb with no capillary refill)
and in patients with prolonged period of warm ischemia (present capillary refill),
vascular intervention should be performed first so as to restore perfusion as soon as

possible via temporary intraluminal vascular shunt insertion. Fracture fixation can be
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performed first when there is no evidence of cold or prolonged warm iﬁhemia, especially
in concomitant presence of unstable, comminuted fracture pattern. Failure to perform
fasciotomies after revascularization of an acutely ischemic limb is the most common
cause of preventable limb loss. Finally, a bed in the intensive care unit ideally should be
reserved for early postoperative monitoring. Although open surgical repair has always
been the gold standard for treating vascular trauma, the application of endovascular
techniques should be a more beneficial future perspective according to specific

indications.

CONCLUSION

Although vascular injuries are rare, they may occur in the context of major combined
musculoskeletal trauma. The high index of suspicion, the imaging evaluation, and the
timely referral of these patients to organized trauma centers ensure firstly the survival of
the patient and the extremity and secondarily the best functional outcome in such
challenging cases. Vascular injuries as part of musculoskeletal trauma are usually the
result of the release of a high-energy load at the wound site so that the prognosis is
strongly determined by the degree of soft-tissue damage, the duration of limb ischemia,
the patients” general medical status and the presence of associated injuries. We therefore
consider that distinct guidelines and multidisciplinary team management are sine qua non
preconditions in dealing with combined musculoskeletal and vascular injuries of the

extremities.
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