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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
activity, participants will be able to:

m Describe the role of diagnostic imaging
in the management of frostbite.

m Recognize characteristic findings of
frostbite at radiography, conventional an-
giography, multiphase bone scintigraphy,
and SPECT/CT.

m Discuss how SPECT/CT can be used
to demarcate the interface between viable
and nonviable tissue.

See www. rsna.orgleducation/search/RG.

Frostbite is a localized cold thermal injury that results from tissue
freezing. Frostbite injuries can have a substantial effect on long-
term limb function and mobility if not promptly evaluated and
treated. Imaging plays a critical role in initial evaluation of frostbite
injuries and in monitoring response to treatment. A multimodality
approach involving radiography, digital subtraction angiography
(DSA), and/or multiphase bone scintigraphy with hybrid single
photon emission computed tomography (SPECT)/computed to-
mography (CT) is often necessary for optimal guidance of frostbite
care. Radiographs serve as an initial survey of the affected limb and
may demonstrate characteristic findings, depending on the time
course and severity of injury. DSA is used to evaluate perfusion of
affected soft tissues and identify potential targets for therapeutic
intervention. Angiography-directed thrombolysis plays an essential
role in tissue preservation and salvage in deep frostbite injuries.
Multiphase bone scintigraphy with technetium 99m-labeled di-
phosphonate provides valuable information regarding the status of
tissue viability after initial treatment. The addition of SPECT/CT
to multiphase bone scintigraphy enables precise anatomic localiza-
tion of the level and depth of tissue necrosis before its appearance
at physical examination and can help uncover subtle findings that
may remain occult at scintigraphy alone. Multiphase bone scin-
tigraphy with SPECT/CT is the modality of choice for prognos-
tication and planning of definitive surgical care of affected limbs.
Appropriate use of imaging to direct frostbite care can help limit
the effects that these injuries have on limb function and mobility.

©RSNA, 2016 » radiographics.rsna.org

Introduction
Frostbite is a localized cold thermal injury that results when
tissues are exposed to temperatures below their freezing point
(typically —0.55°C) for a prolonged period (1). Frostbite has his-
torically been most frequently reported among military personnel
and in countries with extreme environments (1-3), although the
rise in popularity of winter sports has contributed to a substantial
increase in civilian cases (4,5). Frostbite may also occur in the
industrial setting from accidental exposure to refrigerant chemi-
cals or dry ice, as well as in households from misuse of cold packs
or fire extinguishers (6). The vast majority of frostbite occurs in
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TEACHING POINTS

B The primary role of imaging in frostbite injuries is to help define
the precise severity, depth, and extent of tissue injury to better
direct nonsurgical and surgical treatment. Imaging also plays an
important role in monitoring response to frostbite treatment.

B Radiographs primarily serve as an initial survey of the affected
limb(s) and as an adjunct to the physical examination. In acute
frostbite injuries, radiographs are useful for identifying occult
traumatic injuries or radiopaque foreign bodies whose presence
may be masked by frostbite-related anesthesia or cognitive im-
pairment. In the later stages of injury, radiographs can be used
to evaluate the progression of gross soft-tissue and bone chang-
es and to examine for evidence of tissue or bone infection.

B Digital subtraction angiography (DSA) is the diagnostic imag-
ing modality of choice for patients who present within 24 hours
of deep (third- or fourth-degree) frostbite injury and have sus-
pected vascular compromise. The primary role of DSAis to help
evaluate vessel patency, identify potential targets for thrombol-
ysis, and monitor response to thrombolytic treatment. DSA can
also provide limited information regarding perfusion of affected
soft tissues for prognostication and surgical planning.

B Multiphase bone scintigraphy plays a key role in evaluating
the depth of injury after initial nonsurgical and interventional
treatment of frostbite injuries. Bone scintigraphy provides es-
sential information regarding microvascular and bone perfu-
sion and can demarcate the level of bone necrosis for surgical
planning. For patients who undergo thrombolysis and are
under consideration for surgery, this information can corrob-
orate and enhance the macrovascular and soft-tissue informa-
tion provided at angiography.

B SPECT/CT can be used to define the exact level of bone ne-
crosis in frostbite injuries, which is critical for surgical planning
and limiting surgery-related tissue loss. The status of the small
digits and the tips of the distal phalanges, which is often dif-
ficult to assess at multiphase bone scintigraphy, is easily evalu-
ated at SPECT/CT. SPECT/CT may also help uncover subtle
findings that can be missed at scintigraphy alone, leading to a
more accurate diagnosis.

the feet and hands (>90%), but it is occasion-
ally seen affecting the face (principally the
nose, cheeks, and ears), perineum and buttocks
(areas in direct contact with cold surfaces), and
male genitalia (in runners and Nordic skiers)
(5,7).

Alcohol consumption and psychiatric illness are
the most common risk factors for frostbite injuries
(2,8).Vehicular accidents and vehicular failure
frequently result in accidental cold exposure in
cold climates (9). Illicit drug use, homelessness,
smoking, immobilizing traumatic injury, and sys-
temic diseases such as peripheral vascular disease,
diabetes mellitus, and Raynaud phenomenon also
predispose individuals to frostbite (2,4). Frostbite is
more likely to occur in males and in adults aged 30—
49 years, presumably because of increased occu-
pational exposure to cold and increased risk-taking
behavior (1,6). Individuals of African American or
Pacific Islander descent may be more susceptible to
frostbite injuries than individuals with lighter skin
tones (2,10).
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Frostbite occurs in four interconnected pro-
gressive pathophysiologic phases that are depen-
dent on the rate and duration of freezing, rate
of rewarming, and anatomic extent of exposure
(5). During the prefreeze phase, tissue cooling
leads to local vasoconstriction and ischemia,
with the resulting neuronal effects of hyperes-
thesia and paresthesia (11). During the freeze-
thaw phase, intracellular ice crystals cause direct
damage to cell membranes, while extracellular
ice crystals alter oncotic pressures, leading to
electrolyte shifts, intracellular dehydration, and
cell death (12,13). The body initially responds
to tissue freezing with alternating cycles of
vasodilation and vasoconstriction (the “hunt-
ing reaction”), which lead to cycles of partial
thawing and a prothrombotic microenvironment
(4,5,12). During the vascular stasis phase, local
vasoconstriction persists, and hypoxia and aci-
dosis damage the endothelium and promote co-
agulation and interstitial edema (7,11). Finally,
hypoxia, endothelial injury, and local thrombosis
lead to the late ischemic phase, in which in-
flammatory mediators such as prostaglandins,
thromboxanes, bradykinins, and histamine trig-
ger additional vasoconstriction, platelet aggrega-
tion, and vessel thrombosis (7,11,12). Because
these inflammatory mediators peak during
rewarming, cycles of refreezing and rewarming
can worsen the extent of tissue loss (4,7,11).
Therefore, initial frostbite treatment is targeted
at restoring perfusion to the affected limb(s) and
limiting tissue loss after rewarming.

Cold injuries have a spectrum of clinical pre-
sentations that range from frostnip and pernio
(chilblain) to frostbite. Frostnip is the earliest
manifestation of cold injury and is character-
ized by temporary pallor and numbness without
tissue freezing or loss (11,14). Pernio is a milder
form of cold injury than frostbite, is caused by
repetitive damp cold exposure at nonfreezing
temperatures, and is characterized by pruritic
and/or painful inflammatory lesions (14). Frost-
bite manifests with tissue freezing, discoloration,
and complete anesthesia. Severe pain may occur
with rewarming. Clinically, frostbite injuries
are divided into tiers or degrees of injury that
follow the classification scheme of thermal burn
injuries (Table 1). However, this resemblance
is superficial, and treatment differs significantly
between the two types of injuries (16). Unlike
burn injury, frostbite evolves slowly and causes
substantial local ischemia in addition to direct
cellular damage (17). Because frostbite lesions
may appear similar early in their disease course
and may change in appearance after rewarming,
classification is best applied after rewarming is
completed (2,11). The two-tier approach is most
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Table 1: Two- and Four-Tier Classification of Frostbite According to Clinical Manifestations

Two-Tier Category and Clinical Manifestations

Four-Tier Category

Superficial
or necrosis

containing clear or milky fluid
Deep

edema, hemorrhagic blisters with some necrosis

extensive necrosis

Partial-thickness skin freezing, erythema and hyperemia, mild edema, no blisters

Full-thickness skin freezing, erythema, substantial edema, superficial blisters

Skin and subcutaneous tissue freezing, blue or black appearance, substantial

Freezing extending through subcutaneous tissue into muscle, tendon, and bone;
deep red and mottled appearance with eventual gangrene; minimal edema;

First or second degree
First degree

Second degree

Third or fourth degree
Third degree

Fourth degree

Sources.—References 2, 4, 11, 15.

appropriate for use in the field, while the four-
tier approach is generally applied in the hospital
setting (11).

Because frostbite injuries can have long-term
implications for limb function and mobility, early
evaluation and treatment are critical to outcome
success. The primary role of imaging in frostbite
injuries is to help define the precise severity,
depth, and extent of tissue injury to better direct
nonsurgical and surgical treatment. Imaging also
plays an important role in monitoring response to
frostbite treatment.

Radiography

Radiography is often the first imaging modality
used to evaluate frostbite injuries. Radiographs
primarily serve as an initial survey of the affected
limb(s) and as an adjunct to the physical exami-
nation. In acute frostbite injuries, radiographs are
useful for identifying occult traumatic injuries
or radiopaque foreign bodies whose presence
may be masked by frostbite-related anesthesia or
cognitive impairment. In the later stages of injury,
radiographs can be used to evaluate the progres-
sion of gross soft-tissue and bone changes and to
examine for evidence of tissue or bone infection.

Radiographic findings of frostbite can be
divided into three overlapping stages according to
the time elapsed since the original injury (Table
2). In superficial injuries, initial radiographs may
be normal or show mild soft-tissue swelling, with
findings returning to normal days to weeks after
healing occurs (18-20). With deeper injuries,
initial radiographs may exhibit marked soft-tissue
swelling with tissue distortion and atrophy in areas
affected by gangrene and necrosis (Fig 1a). When
the hand is affected, there may be relative spar-
ing of the thumb due to protection from exposure
when clenched in the palm (18).Weeks to months
after the initial injury, osteopenia and periostitis

may be observed in affected bone as an indirect
sign of bone viability (18-20). After deep frostbite,
involved bone can develop acroosteolysis, sclerotic
foci at the ends of involved bone, early asymmetric
osteoarthrosis, and/or periarticular erosions (Fig
1b) (19-21). In children, epiphyseal fragmentation
and/or premature epiphyseal fusion with resulting
chronic deformities have been reported to occur
months to years after injury (12,22).

Although several acute and chronic changes
can be observed on radiographs obtained after
frostbite injuries, the radiographic manifestations
of frostbite are nonspecific. There may be discrep-
ancies between the clinical presentation and the
extent of radiographic findings at all stages (20).

Angiography
Digital subtraction angiography (DSA) is the diag-
nostic imaging modality of choice for patients who
present within 24 hours of deep (third- or fourth-
degree) frostbite injury and have suspected vascular
compromise. The primary role of DSA is to help
evaluate vessel patency, identify potential targets for
thrombolysis, and monitor response to thrombo-
lytic treatment. DSA can also provide limited infor-
mation regarding perfusion of affected soft tissues
for prognostication and surgical planning.

Early thrombolytic therapy can reverse the
microvascular thrombosis induced by frostbite
injuries, thereby reestablishing distal perfusion
and limiting tissue loss (3,23). Although the use
of intra-arterial thrombolysis for treatment of
frostbite injuries is relatively new, early investiga-
tions into its benefits have thus far been promis-
ing (3,24-28). A retrospective comparative study
by Bruen et al (29) demonstrated a significantly
lower amputation rate of 10% among patients
with severe frostbite who received intra-arterial
tissue plasminogen activator (tPA), compared
with an amputation rate of 41% in patients who
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a. b.
Figure 1. Right toe frostbite in a 55-year-old man. (a) Initial dorsoplantar radiograph shows soft-tissue ir-
regularities of the first, second, and fifth toes without underlying bone changes. (b) Dorsoplantar radiograph
obtained 4 months later at follow-up shows progression of the first and second toe soft-tissue defects and a new
periarticular erosion of the distal first proximal phalanx (black arrowhead). Note the interval healing of the soft
tissue of the fifth toe, with new subtle osteopenia of the fifth distal phalanx (white arrowhead).

Table 2: Radiographic Stages of Frostbite Injuries

Stage and Time Frame

Radiographic Findings

Intermediate: weeks to months after
injury Periostitis

Late: months to years after injury

Early: immediate to weeks after injury May be normal, depending on injury severity
Soft-tissue swelling
Tissue atrophy and distortion in severely affected areas
Subcutaneous emphysema
No bone or joint changes

Bone demineralization

Acroosteolysis

Sclerosis at ends of involved bone
Asymmetric early osteoarthrosis of the affected limb
Small periarticular erosions

In children, epiphyseal fragmentation and/or premature fusion with
resulting deformities

Sources.—References 12, 18-22.

did not. In the largest and most recent analy-

sis to date, Gonzaga et al (30) reported a digit
salvage rate of 68.6% in severe frostbite cases
after administration of intra-arterial tPA, which
increased to 98% for digits that demonstrated
complete vascular reperfusion at final angiogra-
phy. Simultaneous administration of a vasodilator
and anticoagulation therapy are used as adjunc-
tive treatments to reduce vasospasm, prevent
new thrombi, and halt extension of existing clots
(30). Thrombolysis is unlikely to benefit patients
who present more than 24 hours after injury, use
methamphetamines, or have evidence of multiple

freeze-thaw-refreeze injuries (24,29,30). An algo-
rithm for management of frostbite with angiog-
raphy and thrombolytic therapy according to the
available literature is provided (Fig 2).

Catheters are typically inserted into a single
brachial or femoral port, and the thrombolytic
agent and vasodilator are infused coaxially into
the involved limb(s) proximal to the antecubital or
popliteal fossa to minimize local vasospasm and
include proximal origins of outflow vessels (30).
Initial DSA will demonstrate impaired perfusion
with lack of distal blush in affected digits and/
or abrupt cutoffs in vessels that are completely
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Frostbite Injury
<24 hours since onset
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Yes
Y
Are any of these symptoms present?
+ Noimprovement with rapid rewarming in tepid water (38°-42°C)
* Absent capillary refill in affected limb
« Absent Doppler pulses in affected limb
Yes No
Are any of the following present?
* Evidence of freeze-thaw-refreeze injury A 4
e Concurrent trauma General frostbite care
+ Neurological impairment (stroke, intoxication, delirium) e Wound care
* Recent hemorrhage or surgery (<48 hours) [————— Yes —»| ¢ Pain management
* Severe hypertension (SBP 2170 mm Hg, DBP 2110mm Hg) ¢ Adjunctive antibiotics
® Current methamphetamine use e Multiphase bone scan with SPECT/CT
+ Current pregnancy y Y
* Bleeding diathesis

No None

Diagnostic angiography
1. Arterial catheter placement via brachial or femoral artery
2. Evaluate for perfusion defect(s) in affected limb(s)

tPA discontinued
Perfusion defect(s)

Initiate intra-arterial thrombolysis

1. Papavarine infusion at 30 mg/h per affected limb

2. tPA bolus of 2-4 mg (dose divided by number of affected limbs)

3. tPA infusion at 1 mg/h (dose divided by number of affected limbs)

4. IV unfractionated heparin at 500 IU/h per affected limb titrated to
goal PTT of 50-70 seconds (continue for 72-96 hours)

Discontinue tPA if any of the following occur:
e Active bleeding

e Fibrinogen <150 mg/dL

e Hb (Hct) <7.0 g/dL (<21.0%)

* Platelets <100000/pL

e Complete restoration of perfusion

* Completion of 48 hours of therapy

Monitoring

1. Doppler pulse checks every 1 hour

2. Hb/Hct/Platelets/Fibrinogen/PTT every 6 hours
3. Repeat angiography every 12 hours

Y

Figure 2. Diagram shows an algorithm for management of frostbite with thrombolytic therapy. CT = computed tomography, DBP =
diastolic blood pressure, Hb = hemoglobin, Hct = hematocrit, /V = intravenous, PTT = partial thromboplastin time, SBP = systolic blood
pressure, SPECT = single photon emission computed tomography. (Data are from references 24,28-31.)

thrombosed (Fig 3). In more severe cases, occlu- at physical examination (Fig 4). Initial DSA may
sions in multiple proximal arteries may approxi- also uncover areas of impaired perfusion that do
mate the line of tissue demarcation demonstrated not appear necrotic at physical examination (Fig 5).
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Figure 3. Third-degree frostbite of the hands in an 18-year-
old man. (a) Dorsal photographs show bilateral digital edema
with mixed clear and hemorrhagic blisters throughout both
hands. (b) DSA images obtained at presentation show an
abrupt occlusion in the right fourth digit ulnar proper digital ar-
tery at the level of the distal interphalangeal joint (arrowhead)
and impaired perfusion of the tips of the right fourth digit and
left third digit. (c¢) DSA images obtained after 12 hours of con-
tinuous intra-arterial tPA infusion via the ulnar arteries show
improved distal perfusion bilaterally, with a short-segment per-
sistent occlusion in the right fourth digit ulnar proper digital
artery (arrowhead). The patient made a full recovery without
further intervention.

Figure 4. Fourth-degree frostbite of the left hand in a 45-year-old woman. (a) Dor-
sal photograph shows gangrene throughout the distal aspects of the second through
fifth digits. Note the sparing of the thumb. (b-d) DSA images obtained at presenta-
tion (b) and after 12 (c) and 36 (d) hours of continuous intra-arterial tPA infusion via
the ulnar artery show persistent occlusion of the second through fifth proper digital
arteries distal to the metacarpophalangeal joints. Note the vasospasm of the ulnar
artery at 12 hours (arrowhead in c), which complicates interpretation of the distal per-
fusion defects. The patient ultimately underwent amputation of the second through
fifth digits through the mid proximal phalanges.
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Figure 5. Third-degree frostbite of the right foot in a 45-year-old woman. (a) Dorsal photograph shows diffuse swelling of the
midfoot and toes, with both clear and hemorrhagic blisters. (b) DSA image obtained at presentation shows occlusion of the first
through fifth digital arteries. (c, d) DSA images obtained after 12 (c) and 36 (d) hours of continuous intra-arterial tPA infusion via the
tibioperoneal trunk show restoration of perfusion in the first and second toes, with continued diminished perfusion of the distal third
through fifth toes. The patient’s foot ultimately healed without surgical intervention.

Sequential DSA is then performed at 12-hour
increments for up to 48 hours to monitor response
to treatment (1,28,29). Increments of 24 hours
for a total of up to 72 hours have also been used
(1,4,30). Subsequent DSA may demonstrate
marked improvement in distal perfusion (Fig 6),
although the persistence of perfusion abnormali-
ties or even persistent occlusion in proximal ves-
sels does not necessarily indicate complete tissue
loss. The minimum of a partial response, as indi-
cated by return of vascular flow beyond the next

(32,33), but unlike conventional angiography, MR
angiography has no therapeutic potential. MR
angiography may have limited clinical utility in
helping to define persistently occluded vessels and
demarcate the soft-tissue ischemic border in pa-
tients who present more than 24 hours after injury
(32).The therapeutic relevance of this information
beyond what can be provided at multiphase bone
scintigraphy with SPECT/CT is uncertain.

Multiphase Bone Scintigraphy

joint level for at least one digit, can be expected to
occur in the vast majority of patients (30). Throm-
bolysis is terminated if perfusion is restored to
all distal digits, improvement has not occurred at
successive DSA, or complications of thrombolytic
therapy develop. Anticoagulation therapy is con-
tinued after termination of thrombolysis to prevent
recurrent thrombosis (30).

Magnetic resonance (MR) angiography has
been reported as a noninvasive alternative to DSA
for evaluating vessel patency in frostbite injuries

Multiphase bone scintigraphy plays a key role in
evaluating the depth of injury after initial non-
surgical and interventional treatment of frostbite
injuries. Bone scintigraphy provides essential
information regarding microvascular and bone
perfusion and can demarcate the level of bone
necrosis for surgical planning. For patients who
undergo thrombolysis and are under consideration
for surgery, this information can corroborate and
enhance the macrovascular and soft-tissue infor-
mation provided at angiography.

Figure 6. Third-degree frostbite of the toes in a 22-year-old man. (a) Dorsal photographs show bilateral diffuse discoloration of the
toes and hemorrhagic blisters. (b) DSA images obtained at presentation show absent perfusion beyond the distal interphalangeal
joints bilaterally. (c) DSA images obtained after 24 hours of continuous intra-arterial tPA infusion via the popliteal arteries show near-
complete resolution. (d—f) Multiphase technetium 99m (**"Tc) labeled-methylene diphosphonate (MDP) bone scintigraphic images
of the feet obtained 1 month later because of persistent superficial wounds show preserved uptake throughout both feet in the plan-
tar blood flow phase at 35 seconds (with toe and heel markers) (d), soft-tissue phase (without markers) (e), and 4.5-hour delayed
phase (without markers) (f). Note the nonuniform uptake on the delayed phase image, with areas of increased uptake within the
heels, medial midfeet, and first toes that correspond to areas of hyperemia on the blood flow and soft-tissue phase images. (g) Fused
SPECT/CT image shows preserved tracer uptake throughout both feet. The patient made a full recovery without tissue loss or surgery.
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Multiphase bone scintigraphy is indicated
in patients who present with second-, third-, or
fourth-degree frostbite injuries (2,15). The scan
should be performed 2—4 days after the original
injury, or after angiography is completed in
patients who undergo intra-arterial thrombolysis
(34-38). A repeat scan at 7-10 days after injury
can then be performed as warranted before
surgical resection to evaluate interval change in
areas of questionable uptake identified at the
prior scan (34,35). By using this approach, the
approximate level of amputation can be ac-
curately predicted in up to 84% of cases at the
initial scan, weeks before the demarcation of
viable and nonviable tissue is clearly apparent
at physical examination (34,36,39). Specific-
ity increases at subsequent scanning as ongoing
healing and necrosis resolve areas of question-
able uptake (34,35). If feasible, débridement of
blisters should be undertaken before scanning to
limit false-positive results caused by pooling of
tracer within blisters during the soft-tissue phase
(34,35). However, the optimal management of
frostbite-related blisters (especially hemorrhagic
blisters) is controversial and is best left to the
treatment team’s discretion (11). The first imag-
ing study can provide all information necessary
for surgical excision in patients with severe
injuries who develop infection or sepsis or who
cannot wait for subsequent imaging (34,35).

Although protocols vary among institutions,
multiphase bone scintigraphy for frostbite is usu-
ally performed after intravenous administration
of 740-1110 MBq (20-30 mCi) of **™T'c-labeled
diphosphonates (MDP, hydroxymethylene diphos-
phonate, or pyrophosphate) (34—36,39-44). Tech-
netium 99m-labeled pertechnetate has also been
used with similar results but has been less widely
investigated and does not provide critical informa-
tion regarding bone viability (45,46). Planar blood
flow phase images are first acquired at 1-3 frames
per second for 60 seconds after injection, which
provides information regarding macrovascular per-
fusion to the affected limb. Next, planar soft-tissue
phase images (also commonly referred to as blood
pool phase images) are acquired in 3—5-minute in-
tervals for up to 10 minutes after tracer injection.
Soft-tissue phase images enable evaluation of the
soft tissues and microvascular perfusion. Delayed
phase images, which demonstrate bone perfusion
and viability, are then acquired 2—4 hours after
tracer injection. For best results, the affected limb
should be flat while in contact with the detector,
although limited mobility due to extensive injury
may make acquisition in ideal imaging planes
difficult. Cobalt markers applied to the tips of the
phalanges and the heels of the feet can improve
localization of findings (34). Use of a gamma cam-

radiographics.rsna.org

era equipped with a low-energy high-resolution
collimator will aid acquisition of the highest-reso-
lution images (47).

Technetium 99m-labeled diphosphonates
bind to bone through physicochemical adsorp-
tion (chemisorption) to the hydroxyapatite
structure of bone tissue (47-49). The tracer is
located primarily within the blood and vascu-
lar compartment during the blood flow phase
(49-51). Soft-tissue phase images are obtained
during the major shift of tracer from the blood
to the extracellular space by passive diffusion
through the capillaries (49-52). Delayed phase
images are then acquired after sufficient tracer
has reached its target and is bound to viable
bone (49-51). It is important to recognize that
regional blood flow is a prerequisite for tracer
uptake in bone (53). This accounts for the lack
of osseous radiopharmaceutical tracer uptake on
delayed phase images in frostbite injuries (54).
Patients with peripheral vascular disease or low
cardiac output may exhibit diminished osseous
uptake on initial delayed phase images (50,51).
In these cases, late delayed phase images ob-
tained 18-24 hours after tracer injection may
better elicit the osseous findings, after adequate
uptake in bone and sufficient clearance from
soft tissues has occurred (51,55).

Various uptake patterns may be present at
multiphase bone scintigraphy after frostbite
injuries, depending on the depth and extent of
injury (Table 3). Normal uptake and distribu-
tion of tracer on blood flow, soft-tissue, and
delayed phase images can be seen if the injured
tissue remains completely viable or after a
complete response to thrombolytic therapy (56).
Increased activity on blood flow and soft-tissue
phase images and normal to mildly increased
uptake of tracer on delayed phase images are in-
dicative of reactive hyperemia and inflammation
from superficial tissue ischemia without infarc-
tion (Fig 6) (36,40,43). Absent or diminished
tracer on blood flow and soft-tissue phase im-
ages and visible but possibly diminished uptake
in underlying bone on delayed phase images
are indicative of tissue ischemia or hibernating
tissue but do not necessarily indicate irrevers-
ible soft-tissue loss if seen early in the treatment
course (36,46,56). Reactive hyperemia may be
observed proximal to areas of absent soft-tissue
phase uptake (36). Finally, absence of uptake in
all phases indicates deep-tissue and bone necro-
sis and necessitates definitive surgical treatment
(Fig 7) (36,56). Increased tracer uptake on de-
layed phase images indicates rebound hyperemia
and increased bone turnover and may be seen in
a periarticular distribution similar to that seen in
complex regional pain syndrome (Fig 7d) (41).
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Table 3: General Patterns of Tracer Uptake at Multiphase Bone Scintigraphy of Frostbite Injuries

Tracer Phase

Blood Flow Soft-tissue Delayed Significance Treatment
Normal Normal Normal Complete tissue viability Routine wound care
Increased Increased Normal to Reactive hyperemia from reversible Routine wound care
mildly soft-tissue ischemia; bone is viable
increased
Absent or Absent or Normal to If early after injury, deep soft-tissue Routine wound care
diminished diminished mildly ischemia (or hibernating tissue)
decreased If late after injury, deep soft-tissue Possible tissue débride-
infarction ment if findings persist
Reversible bone ischemia
Absent Absent Absent Deep soft-tissue and bone infarction Aggressive early débride-

ment, tissue salvage
with flap transfer, or
amputation

Sources.—References 36, 40, 43, 46, 56.

determining the need for surgical intervention.

Note.—Although altered uptake may be seen in all three phases, the delayed phase is the most important for

Delayed phase images are the most important
for determining the ultimate extent of frostbite
injury and guiding surgical management (36).

SPECT/CT
SPECT/CT is a newer technology that com-
bines the functional information from scintigra-
phy regarding bone perfusion and uptake with
the anatomic information derived from CT. The
addition of SPECT/CT to multiphase bone
scintigraphy greatly improves surgical planning
for deep frostbite injuries by enabling precise
anatomic localization of functional information
(31,57). SPECT/CT is performed immediately
after acquisition of delayed phase images during
bone scintigraphy. At our institution, the af-
fected limbs are secured with towels and wraps
before scanning to minimize potential move-
ment during acquisition and subsequent image
misregistration. The feet are typically positioned
in plantar flexion, while the hands are positioned
with the fingers extended and are spread either
adjacent to the hips or above the head, depend-
ing on patient mobility and comfort. Images
are acquired with a hybrid gamma camera with
in-line CT capabilities (Symbia T6; Siemens
Medical Solutions, Malvern, Pa). SPECT is
performed using a 64-step (20 seconds per stop)
360° noncircular orbit with reconstruction in a
128 x 128 matrix using a three-dimensional or-
dered-subset expectation maximization (OSEM)
algorithm. Low-dose nonenhanced CT is then
performed, with images reconstructed at a sec-

tion thickness of 5 mm in a 256 X 256 matrix.
A CT-based attenuation correction algorithm is
applied. Coregistered planar and three-dimen-
sional images are viewed side by side by using

a localizer tool or are viewed in graded blended
fusion mode with proprietary software (Med-
View; MedImage, Canton, Mich). The patterns
and significance of tracer uptake at SPECT/CT
correlate with those observed at delayed phase
bone scintigraphy (Table 3).

SPECT/CT can be used to define the exact
level of bone necrosis in frostbite injuries (Figs 7,
8), which is critical for surgical planning and lim-
iting surgery-related tissue loss. The status of the
small digits and the tips of the distal phalanges,
which is often difficult to assess at multiphase
bone scintigraphy (34,36), is easily evaluated at
SPECT/CT. SPECT/CT may also help uncover
subtle findings that can be missed at scintigraphy
alone, leading to a more accurate diagnosis (Fig
9). Clear demarcation of the level of tissue loss
occurs at SPECT/CT well before its appearance
at physical examination (Fig 10). This enables
earlier surgical planning and intervention and
in turn may contribute to lower risk for super-
infection or sepsis, shorter hospitalization, and
earlier rehabilitation (15,34). Use of SPECT/CT
during initial multiphase bone scintigraphy may
minimize the necessity of performing follow-up
examinations because fewer ambiguities arise re-
garding the status of affected areas. When follow-
up scans are warranted, areas of absent osseous
tracer uptake initially observed do not regain
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Figure 7. Fourth-degree frostbite of the hands in a 55-year-old man. (a) Dorsal photographs show gangrene involving all digits of
both hands. (b—d) Multiphase *"Tc-MDP bone scintigraphic images of the hands show absent tracer uptake throughout the bilateral
phalanges in the palmar blood flow phase at 80 seconds (with markers delineating the distal aspects of the fingers) (b), palmar soft-
tissue phase (without markers) (c), and 4-hour delayed phase (with markers) (d). Note the increased tracer uptake at the metacar-
pophalangeal joints proximal to the level of necrosis on the delayed phase image. (e, f) Fused SPECT/CT images of the right (e) and
left (f) hands show absent tracer uptake distal to the metacarpophalangeal joints bilaterally, with the exception of increased uptake in
the left second and third proximal phalanges. SPECT/CT enables delineation of the precise level of tracer cutoff. The patient ultimately
underwent amputation of the bilateral thumbs at the level of the mid proximal phalanges and total amputation of the other fingers.

viability on subsequent images (Fig 11). Multi- Surgical options after multiphase bone scintig-
phase bone scintigraphy with SPECT/CT may raphy with SPECT/CT include early amputation
also be used to evaluate response to treatment in or limb salvage with débridement and flap transfer

cases of questionable tissue viability (Fig 6). (31,34,56). The combination of the soft-tissue
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Figure 8. Fourth-degree frostbite of the feet in a 65-year-old woman. (a) Plantar photographs show gangrene of
the bilateral toes and superficial necrosis of the bilateral midfeet and heels. (b—d) Multiphase *"Tc-MDP bone scin-
tigraphic images with toe markers (arrowheads) show absent tracer uptake distal to the midfoot bilaterally in the
plantar blood flow phase at 30 seconds (b), soft-tissue phase (c), and 4-hour delayed phase (d). Note that the level
of deep tissue injury is greater than what might have been predicted at physical examination. (e, f) Fused SPECT/
CT images show absent tracer uptake at the level of the mid metatarsals in the right foot (e) and just proximal to
the metatarsophalangeal joints in the left foot (f). The patient subsequently underwent bilateral amputation of the
feet, with full-thickness graft reconstruction at the same levels.
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Figure 9. Fourth-degree frostbite of the feet in a 46-year-old man with a
history of congestive heart failure. (a) Dorsal photographs show bilateral
toe gangrene, which is more extensive in the right foot. (b-d) Multiphase
#mTc-MDP bone scintigraphic images with toe and heel markers show
absent tracer uptake beyond the right midfoot in the plantar blood flow
phase at 100 seconds (b), soft-tissue phase (c), and 5.5-hour delayed
phase (d). Note absent tracer uptake in the left fourth and fifth toes (ar-
rowhead in c) on the soft-tissue phase image. Also note the lack of os-
seous uptake on the delayed phase image in d, a finding attributed to
a combination of impaired local delivery of tracer and the patient’s low
cardiac output. Late delayed phase images should be obtained 18-24
hours after tracer injection if osseous uptake is absent on initial delayed
phase images. (e) Fused SPECT/CT image of the feet obtained 24 hours
after tracer administration delineates the level of tracer cutoff in the right
foot as just distal to the tarsometatarsal joints. (f, g) Three-dimensional
lateral (f) and two-dimensional dorsoplantar (g) SPECT/CT images show
that tracer uptake is also absent in the left fourth and fifth toes (arrow-
heads). The patient subsequently underwent a right below-the-knee am-
putation and left fourth and fifth toe amputations.

:,’ “ c'-: g

“ieA

information provided at multiphase bone scintig-
raphy and the detailed and anatomically localized
osseous information provided at SPECT/CT guides
the treatment team toward the surgical approach
that will enable the minimal amount of tissue loss
and maximal functional capacity after recovery.

Conclusion
Frostbite injuries can result in substantial long-term
functional morbidity if not promptly evaluated and

treated. It is impossible to assess the extent and
depth of frostbite-induced tissue loss at clinical
examination alone. Therefore, imaging plays a criti-
cal role in assessing frostbite injuries and guiding
appropriate nonsurgical and surgical care. Although
radiography and angiography-directed thrombolysis
are important in initial evaluation and treatment of
frostbite injuries, multiphase bone scintigraphy with
SPECT/CT is the modality of choice for prognosti-
cation and planning of definitive surgical care.
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Figure 10.
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Fourth-degree frostbite of the right hand in a 65-year-old woman. (a) Palmar photograph obtained at bone scintigraphy

shows tip gangrene of all digits. (b—d) Multiphase *"Tc-MDP bone scintigraphic images show absent tracer uptake within the distal sec-
ond, third, and fourth digits and absent tracer uptake distal to the fifth digit metacarpophalangeal joint in the palmar blood flow phase
at 120 seconds (b), soft-tissue phase (c), and 3.5-hour delayed phase (d). Note the preservation of tracer uptake throughout the thumb.
(e—g) Fused SPECT/CT images of the right hand (obtained in different projections) show the exact level of bone necrosis within the
right second, third, fourth, and fifth digits, with preserved uptake throughout the thumb. (h, i) Palmar (h) and dorsal (i) photographs
obtained 1 week after bone scintigraphy demonstrate the level of tissue loss previously defined at SPECT/CT.
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