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Abstract Mangled describes an injury caused by cutting,

tearing, or crushing, which leads to the limb becoming

unrecognizable; in essence, there are two treatment options

for mangled upper extremities, amputation and salvage re-

construction. With advances in our understanding of human

physiology and basic science, and with the development of

new fixation devices, modern microsurgical techniques and

the possibility of different types of bony and soft tissue

reconstruction, the clinical and functional outcomes are

often good, and certainly preferable to those of contempo-

rary prosthetics. Early or even immediate (emergency) com-

plete upper extremity reconstruction appears to give better

results than delayed or late reconstruction and should be the

treatment of choice where possible. Before any reconstruc-

tion is attempted, injuries to other organs must be excluded.

Each step in the assessment and treatment of a mangled

extremity is of utmost importance. These include radical

tissue debridement, prophylactic antibiotics, copious irriga-

tion with a lavage system, stable bone fixation, revascular-

ization, nerve repair, and soft tissue coverage. Well-planned

and early rehabilitation leads to a better functional outcome.

Despite the use of scoring systems to help guide decisions

and predict outcomes, the decision to reconstruct or to

amputate still ultimately lies with the surgical judgment

and experience of the treating surgeon.

Introduction

Mangled is the descriptive term for an injury caused by

cutting, tearing, or crushing, resulting in a limb becom-

ing unrecognizable. A mangled extremity usually results

from major trauma and often combines significant inju-

ries to three or four of the tissue types (bone, skin,

arteries, nerves) [1]. A search of the literature, however,

has found that the term “mangled” has also been used

to describe severe mutilating injuries, open fractures,

blast injuries, and complete or incomplete amputations

(Fig. 1). To elaborate, a search of Pubmed under the

keyword “mangled” found 137 articles: 41 containing

“mangled” in the title, five pertaining to the upper limb

and nine to the lower limb); and 82 articles relating to

blast, severe and vascular injuries, total or partial ampu-

tations, and renal failure secondary to trauma.

Most mangled injuries occur following high energy trau-

ma and can be associated with other life threatening injuries,

thus one should initially abide by the golden “life before

limb” mantra before contemplating any reconstructive

surgery [2–4].

Despite advances in microsurgical techniques, the

treatment of severely injured limbs remains a great

challenge to the reconstructive surgeon. Limb salvage

can be difficult in its own right, and the restoration of

good limb function can be an even greater challenge

[5–10]. However, limb salvage should be attempted

where possible, and at the very least the salvage of as
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much viable tissue as possible [11]; in preference to an

amputation, which is associated with persisting pain in

around 30–79 % of patients [4]. Though cheaper than

staged, sometimes unpredictable, surgical reconstruc-

tions, modern upper limb prosthetics fail to give the

same satisfactory functional and aesthetic results com-

pared with those used in the lower limb (and direct

comparisons show that upper limb reconstructions are

superior to prosthetics [12–14]. Prosthetic devices can-

not substitute even a moderately functional hand and its

sensitivity [15]; and a “bad hand” is still functionally

better than a “good upper limb prosthesis”; 30 % of

patients even stop using their prostheses altogether [4].

Several scoring systems have been devised in order to

assist in the surgical decision making process in lower limb

salvage, though there are only few for the upper limb

[16–21]. These scoring systems are difficult to use when

deciding on the definitive treatment of a mangled upper

extremity, and do not predict functional outcomes [23].

Hence, the decision to reconstruct or to amputate still com-

monly lies with the surgical judgment and experience of the

treating surgeon [23–25].

General considerations

These complex injuries are accompanied by significant tis-

sue damage with tissue ischaemia, vascular impairment and

thrombosis, and are associated with high levels of infection

[5, 24]. Patient factors are also important, and functional

outcomes depend on the patient age, general health status

(the coexistence of peripheral vascular disease, diabetes

mellitus, atherosclerosis), patient psychology and expect-

ations, and the use of steroids and other immunosuppres-

sants [8, 14, 24]. One should base the treatment plan on the

expected levels of function one might obtain after surgery

and rehabilitation.

The initial assessment

A thorough history is obtained, providing information re-

garding the circumstances, mechanism, sites and timing of

the injury (the how, when and where). Most upper limb

mangled injuries occur following high energy trauma and

can be accompanied by life threatening injuries [18, 24];

these are dealt with first.

Fig. 1 A case of complete

upper extremity amputation.

After the replantation

transpositional latissimus

pedicle functional flap was

done in order to obtain elbow

flexion. Even after the proximal

level replantation a good nerve

recovery with reasonable

function is possible
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The mechanism of the injury commonly dictates the

patterns and anatomical levels of the trauma. Distal, sharp

(clean) injuries have a better prognosis than, proximal trac-

tion, torsional, and crush injuries [10, 14]. Though this

might appear obvious, some studies have not found any

statistically significant correlation between these character-

istics and patient outcomes [26]. Knowledge of any associ-

ated machinery can also indicate patterns of damage (e.g.

avulsion, crush, degloving, incising injuries). Chemical and

thermal injuries can result in more extensive tissue damage

[24]. Knowledge of where the injury took place is also

helpful as some locations are associated with higher levels

of contamination (e.g. farms) and industrial locations can

involve chemical damage, burns, and high pressure injection

injures [27–29].

Tissue ischaemia time is also an extremely important

factor. Ischaemia leads to various metabolic changes and

the release of oxygen free radicals, and patients can have

serious systemic reperfusion injuries following surgery [8].

Infection risk greatly increased after six–12 hours of cold

ischaemic time; muscles are intolerant of a warm ischaemic

time of more than four to six hours (12 h of cold ischaemia),

though the hand and digits can “survive” up to the 24 hours

of cold ischaemia [13, 30]. Wei even reported a successful

digital replantation after a cold ischaemia time of 94 hours

[31]. There is also a greater risk of compartment syndrome

early in the post injury period, and one must have a low

threshold for performing fasciotomies [32].

A careful clinical examination of the injured extremity is

performed. Particular attention is given to the limb vascu-

larity, skeletal stability, motor and sensory deficit, and soft

tissue and skin loss [14, 33, 34]. The vascular status is

assessed through peripheral pulses, skin color, temperature

and capillary refill [24]. Pulse oximetry is readily available

in emergency rooms and can be helpful; Doppler ultrasound

and arteriography is of the limited value in this context [32].

Skeletal injuries are assessed clinically and with plain radi-

ography (tangential and traction radiographs of the whole

extremity). Nerve injures are evaluated through assessing

residual motor function and any sensory loss; nerve

injuries are common in sharp, incising injuries, and

can be easy overlooked. The full extent and degree of

tissue destruction (the zone of injury) is only ever

definitively verified after the initial surgical debridement

and complete wound exploration, where all these tissues

are directly assessed [35, 36].

Treatment

The initial management of the mangled limb should follow

the Advanced Trauma Life-Support (ATLS) guidelines

which aim to resuscitate and stabilize the patient and address

any immediately life threatening injuries [14, 37].

Following the primary survey one can then hone in on the

mangled limb. Any bleeding from the injured limb must be

controlled with pressure and a compressive dressing, or,

failing this, a tourniquet until the bleeding vessels can be

identified and repaired, or the limb revascularized. When a

mangled extremity is ischaemic for long periods then one

should use carotid vascular shunts to the brachial, radial or

ulnar arteries (after the removal of distal segment thrombotic

masses) [38]. Where there has been an amputation, the

amputated part must be cooled (to prolong its potential

ischaemic time; this can be up to six hours for large muscle

masses). Cooling is achieved by wrapping the part in saline-

soaked gauze and then kept in a plastic bag with iced water

at 4 °C. Any skeletal deformity, malalignment of dislocation

should be reduced; this too can improve the peripheral

circulation. After bacterial culture swabs are taken from

the damaged tissue, one can administer antibiotics and tet-

anus prophylaxis. A combination of first generation cepha-

losporins for not less than five days and aminoglycosides

are used; high-dose penicillin and metronidazole should be

used where there is suspicion of an anaerobic bacterial

contaminant [39].

Operative treatment begins with copious irrigation and

preferably with a jet or pulsed lavage; this helps to remove

foreign material and frees the devitalized from the healthy

tissues. This is followed by radical wound debridement

removing all obviously dead/devitalized tissue as one might

approach a tumor excision [11]. It is seldom possible to

debride all necrotic tissue at the initial surgery and often

second and third look debridement surgery is necessary at

24 and 36 hours [40–42]; one should bear in mind that no

amount of irrigation can replace debridement. Debridement

should be done under tourniquet control so as to have better

visualization and avoid iatrogenic injury [14, 35]. Nerves

should be preserved wherever possible, while other devas-

cularized tissues including bone and muscle (and even in-

jured blood vessels) should be excised. At this stage one can

also decompress the fascial compartments, particularly in

the forearm and hand, where appropriate [32, 35].

The next step is to stabilize the fractures, as skeletal

stability forms a solid base for all the other tissue recon-

structions. External fixation is the method of choice for most

severe open fractures, though other fixations systems in-

cluding rigid internal fixation (for long bone fractures of

the humerus, radius and ulna) (Fig. 2) [5, 24] or supplemen-

tation with K-wire fixation (particularly with phalangeal,

metacarpal and carpal bone injuries, can also be appro-

priate, because metal, per se, is not the cause of infec-

tion. Plating of the long bones can also facilitate any

necessary bone shortening procedures, and in cases

where the bones are shortened to allow for direct pri-

mary end-to-end anastomoses and grafting of injured

vessels and nerves.
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The humerus can be shortened up to 5 cm, and the

forearm up to 4 cm [29, 43]. Axelrod’s work strongly sup-

ports bone shortening, with good to excellent published

results using the Chen Criteria [26]; however, excessive

bony shortening leads to muscle deficiency/mechanical in-

sufficiency (particularly in the forearm) and is not possible

with some injury patterns (such as Monteggia and Galeazzi

fractures) [5]. Larger bone defects, greater than 4 cm,

necessitate primary bone grafting from the iliac crest.

Defects larger still, longer than 6 cm, require vascularized

fibula grafts.

Intra-articular fractures must be if possible anatomically

reduced and stabilized, the goal being to enable early joint

motion, while also allowing the capsule and ligaments time

to heal. The joints must be covered with a well vascularized

soft-tissue envelope [44]. In cases with severe comminution,

one may use a bridging external fixator (across the wrist,

MCP and IP joints); mini external fixators are advisable for

mangled injuries involving the first web space to prevent the

development additional contractures [30]. Alternatively, pri-

mary allograft or joint prostheses can be a treatment option

for the larger upper joints (elbow and shoulder). Stability is

more important (than mobility) in the wrist, and primary

fusion may be the best option. [45].

Vascular reconstruction is performed after the fractures

have been stabilized. In multiple level injuries one generally

starts by repairing the more proximal vascular injury, and

then working distally. Temporary shunts with heparinized

plastic tubes are utilized (before definitive revascularization)

if the ischaemia has been prolonged (greater than

trimmed back to healthy viable tissue and undergo primary

repair, without tension. Vein grafts can be used where there

is doubt about vessel viability or tissue tension, and there is

no place for the use of artificial grafts. Reversed saphenous

vein grafts are most commonly used. Smaller diameter vein

grafts can be obtained from the dorsum of the hand, super-

ficial forearm veins and from the “spare parts” in the muti-

lated extremity [46]. Longer defects can be spanned with a

peroneal artery graft. Veins should also be reconstructed

wherever there is suspicion of inadequate venous drainage.

Tendon repairs and musculotendinous reconstructions are

addressed next. Early primary tendon restoration is prefera-

ble, and early protected motion/dynamic immobilization is

vital to preserve tendon function and prevent scar tissue

adhesions; this is particularly important with flexor tendons.

The flexor tendons should be repaired directly where possi-

ble; however, where there is a tendon defect or tissue

Fig. 2 A case of the severe

distal forearm injury. After the

revascularization, tendon

reconstruction a free omental

flap was done. A very good

functional result was obtained
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destruction, one should use a graft such as the palmaris

longus. Tendon transfers and transpositions can be done at

a later stage [6], and side-to-side tenodeses can also yield

good results. However, passive or active silicone tendon

rods should be used to reduce the problems associated with

scar tissue when one needs to perform delayed or staged

reconstructions [25]. Where there is very severe muscle

destruction, one may need to perform free microsurgical

functional muscle transfers; gracilis and latissumus dorsi

are the most commonly used grafts [9].

Nerve reconstruction is probably the most unpredictable

surgical stage. A meticulous surgical repair is of the utmost

importance; however, the functional results depend on a

variety of other non-surgical factors including the age of

the patient, the level of the injury (the more proximal the

more unpredictable), and the degree of tissue damage (it can

be extremely difficult to macroscopically distinguish be-

tween axonotmesis and neurotmesis, and even the degree

of nerve gap). Nerves should be repaired acutely to avoid

the technical problems of scar tissue formation encountered

with secondary reconstructions. Care should be taken to

orient the nerve fascicles and surgeons should use a micro-

scope or surgical loupes. One must avoid tension at the

repair site, at all costs. Small nerve gaps can be resolved

by mobilizing the nerve ends, through proximal nerve trans-

positions, or by using bridging veins, nerve conduits, sili-

cone and absorbable tubes [47–49]. Although the epineural

microsurgical suture is mostly performed, there is also the

proposition for microsurgical interfascicular nerve grafting

when there are larger gaps [50]. Primary nerve transfers can

be performed in multiple nerve injuries, for example an

anterior interosseous nerve transferred to the motor ulnar

nerve, or the sensory branch of the radial nerve transferred

to the digital nerves for the first two digits (thumb and index

finger). Alternatives methods such as an “end-to-side” anas-

tomosis (where the distal stump of injured nerve is sutured

to an adjacent intact major nerve) can be used as a last resort

if the laceration is greater than 15 cm.

Despite the long-held belief that wounds associated with

severe open fractures should be left open, the concept of

early coverage of soft-tissue defects is becoming increasing

widely accepted [11, 40, 44, 51, 52]. It is very important to

get good biological wound coverage with well-vascularized

tissue (preferably muscle flaps) as soon as possible (prefer-

ably during the first 72 hours, even if there is a positive

wound culture [51]; and particularly in the mangled upper

extremity [42]. These muscle flaps cover and protect the

bones, joints, tendons, vessels, and nerves and bring vascu-

larity, oxygenation, biological agents, immune elements and

antibiotics to the zone of injury; all of which help to combat

infection, reduce morbidity and reduce the times to healing.

Wounds must never be closed tightly, due to the risks of

ischaemia and wound dehiscence, and temporary and loose

wound closures are sometimes necessary in burns, high-

pressure injection and crush injuries [41].

The choice of graft is determined by the size and

location of the defect and follows the “reconstructive

ladder” principles [53].

The mangled hand deserves special attention, and, as

Sterling Bunnell famously said, “when you have nothing,

a little is a lot” [10, 54, 55]. Thus, even in the extremely

injured limb there is functional benefit if prehension and

sensation is restored. The functional outcome depends on

the preservation and restoration of mobile and functioning

musculo-tendinous units and any tissue coverage must be

stable and not restrict the range of motion. It must also be

sensate and cosmetically acceptable; therefore, fascial or

thin muscle flaps are preferable to bulky musculocutaneous

flaps on the palmar/volar aspect of the hand. One should

also consider the basic rules regarding the bones and joints.

The length of the bones is not so important, but motion must

be preserved in certain joints, DIP joints and the thumb IP

joint can be fused, but not the PIP joints. The MCP needs

35° of motion, but it is also better to have a stable/fused joint

than a painful and unstable joint [30].

Postoperative rehabilitation

Following surgery one must protect the reconstructed limb

while also allowing early motion to promote tendon gliding

and to prevent joint contractures and tissue oedema. One

should adopt a patient-specific approach to meet each indi-

vidual’s needs, paying attention to the type and extension of

the injuries, and the stability of the bony and other recon-

structed tissues [56]. Rehabilitation is divided into different

stages; early-protective, immediate-mobilization, and late-

strengthening, and consists of static and dynamic bracing,

physical therapy and occupational therapy. Patients also

benefit from psychological support and social assistance as

post-traumatic stress disorder (PTSD) and depression is

common following these catastrophic injuries [55].

Complications and secondary surgery

The most common and serious complications include deep

infection, osteomyelitis, loss of tissue flaps, reflex sympa-

thetic dystrophy, and vein graft thrombosis [14, 19, 38].

Some authors have reported having to perform secondary

reconstructions for failed primary procedures in 45 % of

hand and digital replant patients [57]. Secondary procedures

can include simple adhesiolysis, tenolysis, capsulotomies,

Z-lengthening of contracted scars, local flaps, nerve graft-

ing, and tendon transfers [58, 59]. The absence of the thumb

can be overcome by pollicization of the second digit or

through the Morrison procedure [60]. The thumb can also

be elongated with an external fixator and distraction [37].
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Hand and composite tissue transplants hold some promise

and are likely to yield better future results [4]

Despite the severity of tissue damage presented by the

mangled upper limb, we have seen that reasonable and good

functional outcomes can be obtained but the function result

can never match the function of uninjured upper limb.

Maybe in the future the functional results can be improved

with the advanced technique of cadaveric tissue transplant,

better immunosuppression drugs, or by use of the new more

sophisticated prosthesis such as bionic hand [61–67].
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