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Frostbite: diagnosis, treatment, prognosis, and future 
directions
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Abstract

From cold-weather training to deployments in high altitude and arctic conditions, frostbite injury and its sequelae 
remain a serious concern in military operations. Frostbite harms tissue in two distinct ways. The first involves ice 
crystal formation within tissue, resulting in mechanical damage and ischemia. The second occurs secondary to 
the inflammatory and prothrombotic state caused by reperfusion from rewarming frozen tissue. Frostbite injuries 
can be classified in a number of ways, but no perfect system exists. Initial work-up and diagnosis are primarily 
clinical. However, in equipped treatment facilities, advanced imaging modalities such as technetium-99m (99mTc) 
bone scintigraphy, magnetic resonance angiography, single-photon emission computed tomography/computed 
tomography (SPECT/CT), and more can play a role in diagnosis and treatment. In resource-constrained environments, 
such as the deployed setting, management should involve an algorithmic approach. After concurrent hypothermia 
and/or trauma have been evaluated for and treated, active rewarming should take place so long as there is no risk 
of refreezing. During re-warming, surgical consultation and evacuation considerations should be considered. Once 
evacuated to a definitive treatment facility, thrombolytic as well as other therapies may be indicated. Unless there 
is evidence of severe damage or infection, surgical management is typically delayed until injury margins are fully 
demarcated. Longer-term prognosis is dependent on severity, with deeper injuries often resulting in longer hospital 
stays, more amputations, and chronic disability. Looking forward, future frostbite research should aim to bridge field 
and hospital care with the goal of minimizing tissue loss and accelerating functional recovery.
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diabetes, who have reduced thermoregulatory efficiency [5]. 
Frostbite is also frequently observed among individuals 
experiencing homelessness and in those exposed to prolonged 
outdoor activities, such as mountaineering [6].

Frostbite remains a signif icant concern in militar y 
operations, particularly during cold-weather training or 
deployments in high-altitude and arctic environments. 
Military personnel are often exposed to extreme conditions 
for prolonged periods, increasing the risk of cold-induced 
injury [7]. Frostbite should be separated from non-freezing 
cold injury (NFCI), which is another class of local tissue 
damage caused by sustained exposure to low temperature. 
NFCI develops from prolonged exposure to cold above 
freezing, leading to vascular and nerve injury without actual 
tissue freezing. Frostbite typically causes rapid tissue damage, 
while NFCI develops gradually and often results in long-term 
neuropathic or circulatory sequelae, without causing rapid 
tissue damage like frostbite [8]. Clinical reports from military 
settings indicate that frostbite most often occurs during 
extended field exercises, static guard duty, and operations in 

Background
Frostbite is a condition in which prolonged exposure to cold 
temperatures (below 0 °C/32 F) causes an injury resulting 
in tissue damage, starting superficially with the skin and 
potentially spreading deeper to blood vessels, muscles, 
tendons, and even bone [1]. Injury occurs when tissue cools, 
intracellular and extracellular ice crystals form. Further harm 
ensues with the inflammation and vessel coagulation that is 
associated with rewarming. Blisters and swelling are commonly 
seen following rewarming. Gangrene, where affected tissue 
withers and turns black, can also occur [2] (Fig. 1). Sometimes, 
even bones and tendons freeze. Thus, severe frostbite can result 
in severe injuries leading to significant morbidity and loss of 
function from distal extremity amputation [3,4]. Vulnerable 
populations include infants, young children, older adults, and 
patients with impaired circulation from conditions such as 
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Fig. 1　The illustration on the left depicts changes in skin pathology and clinical appearance as frostbite severity increases.
Frostnip (a mild form of cold injury) involves reversible vasoconstriction and numbness; superficial frostbite shows extracellular 
ice crystals and clear blister formation; deep frostbite demonstrates microvascular thrombosis, hemorrhagic blisters, and necrosis. 
Color coding indicates pathology: blue=vascular compromise, red=inflammation, black=necrosis. The panel on the right shows how 
frostnip, superficial frostbite, and deep frostbite correspond with the classification systems

mountainous or subzero climates. The toes, fingers, and ears are 
most commonly affected, with many cases progressing to full-
thickness injury [9,10]. Outcomes are frequently worsened by 
delays in medical attention, particularly in austere or resource-
limited environments. Military case series have reported 
high rates of digital amputations, persistent pain syndromes, 
and long-term neurovascular complications among affected 
personnel [11]. In addition, operational and logistical factors, 
such as the weight of cold-weather gear, restricted mobility, 
and the demands of mission-critical tasks, can limit both 
effective thermal protection and timely treatment [11]. These 
military-specific challenges underscore the importance of early 
recognition, rapid rewarming strategies, and the integration 
of robust frostbite prevention protocols into training and 
operational planning [12].

Approaches to treat and prevent cold-induced injuries 
have co-evolved alongside contemporary understanding 
of the underlying biology and physics of the environment. 
Limitations in scientific knowledge of the time applied to 
battlefield medicine have historically challenged operational 
readiness, tactical mobility, and the long-term health of 
soldiers. For example, Napoleon Bonaparte’s Surgeon General, 
Dominique Jean Larrey, described slow rewarming of limbs 
as well as the rubbing of snow or ice on limbs. His frostbite 

treatment strategies were based upon an understanding of 
physiology at the time and continued to be applied for many 
years [13]. Such treatment guidance was followed in American 
military conflicts, including the Civil War, which documented 
44 frostbite-related amputations. Cold, slow restoration of heat 
to injured limbs persisted as accepted treatment through World 
War I [14].

Studies demonstrating the advantages of rapid warming 
emerged during the 1930s in Russia, but western physicians 
were not aware until their translation in World War II [15,16]. 
The shift from slow, passive rewarming to rapid rewarming in 
warm water became one of the most important turning points 
in modern frostbite management. This change was driven 
primarily by laboratory and clinical research in the 1960s, 
particularly the work of Dr. William J. Mills [17], showing that 
rapid rewarming resulted in substantially better outcomes. 
Management of frostbite as a treatable hazard of winter warfare 
was tested within the global theatre of operation. The prospect 
of conflict in mountainous regions brought frostbite to the 
forefront of military medicine. Training exercises of the 10th 
Mountain Division in preparation for deployment to Italy in 
the Apennine Mountains recorded 195 cases of frostbite [18]. 
Impacts were felt not only in ground operations in austere 
terrain but also in flight operations. Missions carried out at 
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7600 m above sea level ranged from –30 to –43 °C. Among 
the 8th Air Force, the prevalence of high-altitude frostbite 
outweighed injuries incurred in actions against the enemy, with 
troops removed from duty for weeks at a time [19]. 

The American military within the modern era has benefitted 
from air superiority, robust medical support, and ongoing 
scientific advances, thus limiting the operational impacts of 
frostbite injury. A retrospective review of cold weather injury 
sustained during Operations Enduring Freedom and Iraqi 
Freedom found only two service members hospitalized for 
frostbite [20]. 

This review will detail advancements in the diagnosis and 
treatment of frostbite stemming from these historical lessons in 
the context of a modern military application. Additionally, this 
review will examine factors impacting prognostic outcomes 
of frostbite injury and areas where further development may 
occur. 

Diagnosis
Pathophysiology
The pathophysiology of frostbite evolves through distinct but 
overlapping phases. In the prefreeze phase, vasoconstriction 
reduces peripheral blood flow to preserve core temperature, 
while increased blood viscosity and progressive tissue cooling 
contribute to numbness and pallor. During the freeze-thaw 
phase, ice crystal formation induces cellular dehydration and 
mechanical disruption, and subsequent rewarming triggers 
reperfusion injury through the generation of reactive oxygen 
species (ROS) and an inflammatory cascade characterized 
by edema and increased vascular permeability [21]. In the 
vascular stasis phase, endothelial injury promotes vascular 
leakage and microvascular thrombosis, resulting in impaired 
perfusion and progressive tissue hypoxia. In advanced 
cases, these processes culminate in the late ischemic phase, 
where irreversible necrosis and gangrene may occur, often 
necessitating amputation and carrying a risk of systemic 
infection [22].

Recent studies have expanded the understanding of frostbite 
pathophysiology by identifying key molecular and cellular 
mechanisms that drive tissue injury and repair. Cold-induced 
vasoconstriction and endothelial injury have been shown to 
initiate nitric oxide dysregulation, endothelin-1 upregulation, 
and activation of mitogen-activated protein kinase-driven 
inflammatory pathways, which increase inflammation, reduce 
blood flow, and worsen frostbite injury [23,24]. At the same 
time, tiny blood vessels clot (microvascular thrombosis) and 
tissues stop getting enough oxygen, causing severe hypoxia 
[25,26]. Low oxygen levels stimulate hypoxia-inducible factor-

1α (HIF-1α) signaling that activates angiogenic, apoptotic, 
and metabolic responses, which try to repair damage and 
restore blood flow. However, in severe frostbite, this signaling 
can also contribute to cell death and tissue loss [27,28]. 

When keratinocytes are exposed to the extreme cold of 
frostbite and then rewarmed (freeze-thaw injury), several 
damaging changes occur inside the cells, including cytoskeletal 
disruption, mitochondrial dysfunction, and activation of stress-
response pathways. Cytoskeletal disruption affects cell shape, 
stability, and movement, whereas mitochondrial dysfunction 
reduces energy supply and increases stress. Activation of stress-
response pathways such as nuclear factor kappa-light-chain-
enhancer of activated B cell, caspases, and β-catenin signaling 
triggers inflammation, drives apoptosis, and promotes tissue 
repair, respectively [29].

Furthermore, key proinflammator y cytokines, such 
as interleukin-1β and tumor necrosis factor-α, worsen 
endothelial injury by promoting inflammation and reducing 
blood flow [30]. During rewarming, growth factors, including 
vascular endothelial growth factor, platelet-derived growth 
factor, and transforming growth factor-β, facilitate keratinocyte 
migration and re-epithelialization. However, these regenerative 
processes are often impaired in deeper frostbite due to 
persistent ischemia and inflammation [30,31]. Together, these 
cellular and molecular insights highlight that frostbite recovery 
is an active, tightly regulated biological process. Building 
on this knowledge, molecular targets, such as modulation 
of β-catenin signaling, antioxidant pathways, and cytokine-
directed therapies, may offer opportunities to improve frostbite 
outcomes.

Classifications
The diagnosis of frostbite is primarily clinical, based on 
careful examination of the affected area. Initial assessment 
includes visual inspection and palpation to evaluate skin color, 
temperature, and texture, as well as the presence of clinical 
signs such as erythema, pallor, blisters, or tissue induration. 
Symptom assessment is also essential, with attention to pain, 
numbness, tingling, and the degree of sensory and motor 
impairment [32]. These findings guide the classification of 
frostbite according to injury morphology, symptomatology, 
and pathophysiology outcomes [32]. Understanding different 
classification systems can help to guide prognosis and 
treatment strategies (Fig. 1 and Table 1).

Morphologically, frostbite has been categorized into 
four degrees of injur y based on depth of injur y, signs 
and symptoms, and predicted outcomes. This 4-degree 
classification system is primarily based upon findings during 
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and after rewarming. First-degree frostbite is superficial, 
presenting with reduced sensation, erythema, and burning 
after rewarming, and typically heals without sequelae. Second-
degree frostbite involves the dermis, characterized by clear 
blisters and pain with rewarming, and may result in lasting 
cold sensitivity. Third-degree frostbite extends through the full 
thickness of the skin and presents with blue-gray discoloration 
and hemorrhagic or clear blisters. Fourth-degree frostbite 
involves deeper tissues such as muscle, tendon, and bone, and 
presents with blue-gray discoloration and insensate tissue 
after rewarming. Damage to growth plates may also occur in 
fourth-degree frostbite, which is associated with necrosis of 
underlying structures and a high risk of amputation [32,33] 
(Fig. 1 and Table 1).

The Cauchy classification of frostbite is based on early 
clinical findings observed after rewarming, including the 
presence and type of blisters, tissue color, and edema, and is 
used to predict the depth of injury and risk of tissue loss. It is 
divided into four grades: grade 1 involves erythema and mild 
edema with no blisters; grade 2 presents with clear blisters 
and partial skin necrosis; grade 3 features hemorrhagic blisters 
and deeper tissue involvement; and grade 4 represents full-
thickness injury with a high risk of amputation [34].

The pathophysiological classification categorizes frostbite 
according to the underlying tissue damage mechanisms. 
As depicted in Fig. 1, superficial frostbite affects only the 
epidermis and possibly the superficial dermis, with largely 
reversible injury, whereas deep frostbite involves full-thickness 
skin, subcutaneous tissue, and sometimes underlying muscle, 
tendon, or bone, often associated with vascular thrombosis and 
a higher risk of tissue loss [35] (Fig. 1 and Table 1).

Imaging modalities
One of the major challenges in managing frostbite is accurately 
assessing the depth and extent of tissue injury while preserving 
as much limb length as possible. Amputation is often required 
for cases of deep tissue necrosis; however, traditionally, it can 
be delayed for weeks to months until full tissue demarcation 
is apparent [36]. Recent advances in imaging have created 
opportunities to guide earlier surgical decision-making, 
potentially improving salvage and functional outcomes. 
Techniques such as technetium-99m (99mTc) bone scintigraphy, 
magnetic resonance angiography (MRA), and single-photon 
emission computed tomography/computed tomography 
(SPECT/CT) provide functional and anatomical insights 
to identify necrosis and inform debridement or amputation 
timing [36]. Radiography detects severe bone involvement, 
Laser Doppler imaging (LDI) assesses vascular patency, and 
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infrared thermography non-invasively identifies perfusion 
deficits [37]. Utilization of these tools improves diagnostic 
accuracy, surgical planning, and outcomes, as described in the 
paragraphs below.

Bone scintigraphy with 99mTc is used to assess blood flow 
and bone viability, and integration with SPECT/CT enhances 
spatial localization. A retrospective study of 92 severe 
frostbite cases demonstrated that 99mTc scintigraphy accurately 
delineated zones of perfusion loss, helping in the prediction 
of eventual amputation and enhancing the classification of 
injury severity [38]. Another study employing SPECT/CT 
imaging confirmed that this technique not only improved the 
localization of viable vs. non-viable tissue but also provided 
additional prognostic information, allowing for earlier 
decision-making about surgical intervention [39].

Conventional catheter-based angiography visualizes arterial 
flow in real time, detecting occlusions or delayed perfusion 
in frostbitten extremities. In a clinical series of 62 patients, 
angiographic assessment was paired with intra-arterial 
thrombolytic therapy, showing that targeted reperfusion 
significantly reduced amputation rates compared with 
historical controls [40]. Additional studies reinforced these 
findings, demonstrating that thrombolytic treatment guided by 
angiographic perfusion mapping salvaged digits that otherwise 
would have progressed to necrosis [41,42]. More recently, 
a protocolized approach incorporating angiography with 
adjunctive iloprost demonstrated improved phalangeal salvage 
rates and functional recovery, suggesting standardized, imaging-
guided reperfusion protocols may optimize outcomes [43].

Magnetic resonance imaging (MRI) and MRA provide 
detailed soft-tissue and vascular imaging without radiation 
exposure. A case report demonstrated that MRI can define 
the depth of frostbite injury, visualizing edema, necrosis, 
and microvascular disruption noninvasively. Although not 
widely used, MRI offered superior delineation of viable versus 
necrotic tissue compared with clinical examination, suggesting 
a role in selected cases where surgical decision-making is 
complex [44].

Indocyanine Green Fluorescence Angiography (ICG-FA)/
Fluorescence Microangiography (FMA)-based imaging uses 
a fluorescent dye that binds plasma proteins and emits near-
infrared light, allowing real-time visualization of tissue perfusion 
at the bedside. An emergency department case report showed 
that fluorescence microangiography could immediately detect 
areas with compromised flow in frostbitten digits, correlating 
well with eventual tissue outcomes [45]. Similarly, other studies 
have demonstrated that ICG-FA can predict which tissues would 
recover or progress to necrosis, aiding early decisions about 

thrombolytic therapy and surgical planning. These findings 
correlate with clinical salvage rates, making ICG-FA/FMA a 
promising point-of-care adjunct [46,47].

LDI measures cutaneous microcirculatory perfusion 
using Doppler-shifted laser light, generating high-resolution 
perfusion maps. A clinical case report demonstrated that LDI 
identified areas of severely reduced blood flow in frostbite 
injury earlier than visible skin changes appeared [48]. These 
perfusion maps helped predict which tissues were likely to be 
salvageable, highlighting the value of LDI as a noninvasive tool 
for early prognosis in frostbite patients [48].

Thermal imaging detects infrared radiation from the 
skin surface to assess temperature and perfusion. In a rabbit 
frostbite model, thermography accurately distinguished viable 
from non-viable tissue, supporting its diagnostic potential [49]. 
Clinically, thermography and Dynamic Infrared Thermography 
with rewarming tests have been used to monitor microvascular 
recovery, demonstrating a noninvasive ability to identify 
ischemic areas at risk for necrosis and to complement clinical 
staging of frostbite injuries [50].

Management
Recommendations on prevention as well as f ield and 
definitive management of frostbite injuries are discussed in 
the subsequent paragraphs. Frostbite avoidance strategies are 
touched upon because injury prevention reduces suffering 
and minimizes healthcare costs. Next, a general algorithmic 
approach to field treatment is provided based upon current 
military treatment guidelines and additional considerations 
(Fig. 2). Finally, definitive management, including thrombo-
lytic therapy and surgical intervention, is discussed. Although 
this section is framed around the management of frostbite in 
soldiers, the treatment phases and pharmacologic interventions 
it describes are equally applicable to civilian practice.

Prevention 
Prevention measures involve minimizing risks from the two 
broad categories of environmental and personal health-
related factors. Reducing environmental risk factors includes 
minimizing cold exposure duration, appropriate use of cold 
weather gear, avoidance of wet extremities or constrictive 
clothing, and use of supplemental oxygen in severely hypoxic 
conditions, such as at altitudes greater than 7500 m [51]. 
Health prevention measures include ensuring adequate 
hydration and nutrition, as well as avoidance of substances that 
can impair perfusion, such as tobacco products. Additionally, 
“numbness” can serve as a harbinger of frostbite, so self-checks 
or medic inspections should regularly be performed when 
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Fig. 2　Overview of field treatment of frostbite injury

operating in cold environments [51,52].

Field treatment of frostbite 
Despite prevention efforts, frostbite injury can still occur. 
The first step in field treatment of a soldier with a suspected 
frostbite injury is to evaluate them for the presence of 
hypothermia and/or other life-threatening injuries, such as 
concurrent trauma. These conditions must be treated first [52]. 
This trauma evaluation should occur in a warmer environment, 
if possible, and any wet or constricting articles of clothing or 
jewelry should be removed [53]. 

Once the above evaluation is complete, the risk for refreezing 
needs to be assessed before initiating rewarming of the affected 
extremity. This decision point is crucial in the field treatment 
process as thawing and refreezing lead to the greatest tissue 
damage and worse outcomes [54]. If there is risk of refreezing, 
the extremity should remain frozen, if possible, and no active 
rewarming should take place [51,52,54]. Depending on the 
operational environment, risk-benefit analysis may be needed 
when weighing the potential to exacerbate tissue injury from 
ambulation on a frozen extremity [51]. For both ambulation 
and evacuation, the patient’s extremity should be padded, 
splinted, bandaged with dry dressings, and protected from any 
heat sources that would slowly rewarm the extremity [51,52].

If there is no risk of refreezing, the standard is to initiate 
treatment with rapid rewarming. Rapid rewarming helps to 
restore tissue perfusion, and the use of a water bath is the 
preferred method [52,53]. The extremity should be immersed 

in a bath of gently circulating water at 40–42 °C. Extremities 
should remain immersed until they become flushed, soft, 
and pliable, with the typical timeframe of 15–30 min. Warm 
water should be replenished as needed during the process. A 
thermometer should be utilized as reduced effect is seen with 
cooler bath temperatures, and burns can be seen in cases of 
hotter temperatures [52-54]. If a thermometer is not available, 
the caregiver can place their hand in the water for at least 30 s 
to determine an adequate temperature that will not burn the 
patient [51]. 

Due to the severe pain associated with the rewarming 
process, use of a non-steroidal multimodal pain regimen 
including non-steroidal anti-Inflammatory drugs (NSAIDs), 
narcotics, and/or ketamine is recommended. If possible, 
electrolytes should be monitored every 6 h until normalization 
due to the risk of electrolyte abnormalities and rhabdomyolysis 
[52]. Consideration of the evacuation of the soldier should 
occur concurrently with the above rewarming process. Although 
operative interventions are typically performed at more 
definitive treatment facilities, surgical consultation should be 
obtained as early as possible in the field [53].

The standard treatment, a warm water bath, is a form of 
active rewarming. Dry heating is not considered an acceptable 
alternative, although it may be the only viable option in austere 
conditions [51,53]. In general, rewarming over an open fire or 
high heat source should be avoided. Rubbing or massaging of 
impacted tissue should be avoided, as this could exacerbate tissue 
damage [51,53]. Additionally, vasoconstrictive medications for 
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the use of tobacco or nicotine-containing substances should 
be avoided. Tetanus booster should be administered based on 
immunization status. Photo documentation at the point of injury 
and after rewarming should be obtained, if possible [53].

Following rewarming , further f ield management is 
dependent on clinical judgement on the severity or estimated 
depth of tissue involvement. Because many frostbite injuries 
have a similar clinical appearance upon initial presentation, 
severity cannot be assessed until after the above-described 
rewarming process is complete. Even following rewarming, the 
extent of injury is often not truly known until several weeks or 
even months later [54,55].

Definitive management
As previously mentioned, the four-degree classification 
of frostbite occurs retrospectively and is not fully known 
until well after field rewarming has completed [56]. Thus, 
determining whether the injuries are superficial or deep may be 
more clinically useful. First and second encompass superficial 
injury, and third and fourth degree likewise fall under 
deep injury. Notably, superficial injuries may also be found 
surrounding deeper injuries [57]. The subsequent paragraphs 
dive into greater detail of field treatment of superficial and deep 
injuries, as well as management guidelines at a more definitive 
facility [54,57]. 

Superficial injuries are less severe by definition and may not 
necessitate evacuation if there is no full-thickness involvement. 
These injuries can be treated with supportive wound care and 
symptom management. Local wound care typically involves 
twice daily changes of sterile nonadherent dressings and 
application of topical emollients every 6 h [52,54]. Soldiers 
may complain of persistent pain and hyperhidrosis and 
can usually be managed with NSAIDs and antiperspirants, 
respectively [52]. Deep injuries, on the contrary, should be 
evacuated for definitive treatment as soon as the operational 
environment allows. In the meantime, affected extremities 
should be dressed with a dry, sterile bandage, elevated, and 
protected from refreezing before and during evacuation [54].

Thrombolytic therapy and other post-rewarming treatment 
measures should be considered when a more definitive 
treatment facility is reached [52,53]. Tissue plasminogen 
activator (tPA) can be utilized in frostbite management, 
with the rationale for use being the drug’s ability to lyse 
microvascular thrombi [58]. Administration of tPA may be 
indicated if the following two criteria are met: the patient 
is within 24 h since frostbite injury onset, and they display 
evidence of vascular compromise [52,53]. Findings suggestive 
of circulatory compromise include decreased or absent pulses 

or Doppler signals, delayed capillary refill, and/or ischemic 
discoloration. Thrombolytic therapy is contraindicated if 
greater than 48 h have elapsed or if there is evidence of freeze-
thaw-freeze injury or in cases of bleeding risk, such as in the 
setting of concurrent trauma, hemorrhage, bleeding disorders, 
or recent surgery [52,53]. 

The current Joint Trauma System ( JTS) Clinical Practice 
Guidelines (CPG) recommendations for intra-arterial 
thrombolytic therapy are primarily based upon the findings 
from the 2007 and 2016 retrospective reviews conducted by 
Bruen et al. [40] and Gonzaga et al. [59], respectively. Both 
studies found that the timely administration of tPA resulted 
in improved perfusion and decreased amputations. The JTS 
CPG recommends a diagnostic arteriogram to assess for 
impaired perfusion in the tPA candidates. If perfusion is limited 
on arteriogram, a vasodilator, such as papaverine, can be 
administered intra-arterially to decrease local vasospasm [52,59].

Regarding specific tPA dosing, a 2–4 mg bolus should be 
followed by continuous infusion at a rate of 0.5–1.0 mg/h 
via intra-arterial brachial or femoral catheter sheath. In cases 
of bilateral extremity involvement, a rate of 0.5 mg/h in each 
catheter is recommended so that the total dose of 1 mg per 
hour is not exceeded. Intra-arterial heparin should also be 
initiated simultaneously at a rate of 500 U/h to prevent clot 
formation or further propagation. During tPA administration, 
diagnostic arteriograms should be obtained every 8–12 h 
to assess for perfusion improvement [52]. Serial labs of 
partial thromboplastin time (PTT), fibrinogen, hemoglobin/
hematocrit, and platelets should be obtained every 6 h. If 
fibrinogen levels fall below 150 mg/dl, tPA infusion should 
be discontinued. Thrombolytic therapy should also be 
stopped after 48 h of treatment or sooner if complications 
arise or complete perfusion is achieved. In such cases of 
revascularization, heparin should be continued for at least 72 h 
following cessation of tPA [40,52,59].

Systemic intravenous administration of thrombolytic 
therapy exists as an alternative for candidates, so long as the 
military treatment facility is equipped with Tc scanning to 
confirm impaired perfusion and assess treatment response 
[52]. The systemic dosing consists of a tPA bolus of 0.15 mg/kg 
intravenously followed by a continuous rate of 0.15 mg/(kg.h) 
up to a total dose of 100 mg over 4–6 h. Immediately following 
completion of intravenous, therapeutic heparin should be 
initiated for 3–5 d. Patients should then be transitioned to 
warfarin, which is continued for a 4-week duration [52,60].

Based upon their 2024 clinical practice guidelines 
from systematic literature evaluation, the American Burn 
Association (ABA) recommendations parallel aspects of 



8

Obaidi et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100007

the above-mentioned JTS guidelines [52,61]. For example, 
ABA also recommends early administration of thrombolytic 
therapy, but preferably within 12 h rather than 24 h. They also 
note that intra-arterial and intravenous routes of tPA delivery 
exist as options and do not recommend one over the other. 
The ABA differed, however, in that they were unable to provide 
recommendations for the use of vascular imaging studies, 
including angiography and scintigraphy, to guide initiation or 
administration of thrombolytic therapy. Authors discussed 
potential downsides of obtaining imaging before treatment, 
such as the risk of reaction to the dye and the risk of extending 
warm ischemia time and delaying definitive treatment [61]. 
Of note, ABA’s conclusion that no formal recommendations 
can be made is based upon only two low-quality retrospective 
studies that were found to be pertinent. Ultimately, clinical 
judgement should be used in deciding whether or not to obtain 
imaging before thrombolytic therapy, especially in soldiers 
who present several hours following injury [61]. 

Iloprost is an additional treatment measure to consider. 
Previously unavailable in the United States, the Food and 
Drug Administration (FDA) approved the use of intravenous 
iloprost for the treatment of severe frostbite to reduce 
amputation risk in February 2024 [62,63]. The drug is a 
prostaglandin analog that demonstrates several vascular-related 
functions, such as promoting vasodilation and inhibiting 
platelet activation [64]. Because of the vasoconstriction and 
microthrombosis that occur in frostbite injury, iloprost serves 
as a reasonable treatment option [65]. In Cauchy et al.’s [66] 
letter to the editor, the authors remarked on the drug’s efficacy 
following their randomized study with 47 adults with severe 
frostbite. They found that patients treated with aspirin plus 
iloprost had a statistically significantly lower amputation rate of 
0% compared with the other two treatment groups of aspirin 
plus buflomedil and aspirin plus iloprost plus fibrinolysis with 
rates of 60% and 19%, respectively. Additional case reports 
are also supportive of the benefit of iloprost in severe frostbite 
treatment [65,67,68]. One additional caveat is that there is not 
a plethora of high-quality evidence supporting iloprost use, as 
the available sources consist of a single 47-patient study and 
observational reports. Some practice guidelines, including US 
military guidelines, do not yet recommend vasodilators, as 
they were written prior to FDA approval [52,61,69].

Other inpatient treatment measures to consider in addition 
to thrombolytic therapy include symptomatic management, 
wound care, hydrotherapy, hyperbaric oxygen therapy, physical 
therapy, and operative intervention [52,53]. A nonsteroidal 
multimodal pain regimen is recommended while inpatient, 
with narcotics reserved for severe breakthrough pain, as 

pain typically subsides after 3 d. Scheduled NSAIDs, such 
as ibuprofen, can help to inhibit harmful prostaglandins and 
should be initiated in the field and continued until the frostbite 
wound is healed or surgery is performed. Ibuprofen can be less 
harmful to the gastrointestinal tract and is recommended to be 
taken at 400 mg every 6 h by mouth [52,53,69].

Daily wound care for thawed extremities should be 
performed while inpatient, as blisters and vesicles may 
form following rewarming. Blisters that are hemorrhagic 
in appearance should be left intact. Dressing changes for 
unroofed blisters primarily consist of loose, dry, sterile dressing 
wrappings with digits gently separated to prevent friction and 
further damage [54,69,70]. Additionally, topical application 
of aloe vera before dressing may help to limit tissue loss via 
reduction of prostaglandin and thromboxane formation based 
on observational animal models [61]. Other topical anti-
inflammatory agents may work in theory, but no literature was 
found studying or recommending gels or solutions other than 
aloe vera.

Once to twice daily hydrotherapy, or whirlpool therapy, can 
also be considered following resolution of edema [52,54,69]. 
Hyperbaric oxygen therapy may have some benefit in the 
treatment of frostbite injury, but data are limited [69]. If used, 
JTS CPG recommends starting 5–10 d after injury [40]. 
Providers should also consider physical therapy evaluation and 
treatment, particularly for help with joint mobility. Additionally, 
routine antimicrobials are not recommended [61,71].

Although surgical consultation should be initiated as 
early as possible, surgery should not be performed in the 
operational environment when there is the ability to evacuate 
patients. Unlike burns, early excision of tissue is not typically 
part of the treatment algorithm for frostbite. In some cases, 
operative intervention in the acute setting is necessary. If there 
are signs of concurrent infection or wet gangrene, surgical 
management with debridement or possible amputation 
should be conducted expediently for source control [72,73]. 
Additionally, fasciotomy should be performed in the acute 
setting if compartment syndrome develops from edema 
in the immediate period following thawing of tissue [73]. 
Early surgery may also be indicated in cases of severe tissue 
destruction, as seen in the thaw-refreeze course [52,54]. 

Soft tissue debridement usually takes place after injury 
margins are fully demarcated, which sometimes occurs several 
weeks later. Patients may even be discharged with a plan for 
readmission for definitive surgical management [72]. For tissue 
coverage and function restoration following debridement, 
skin grafts, local, and free flaps can be utilized. Such flaps 
and additional reconstructive interventions, including digit 
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transposition, may be necessary depending on the injury 
location on the hand or foot [70]. Again, reconstructive 
measures are typically delayed, often taking place several weeks 
following injury. 

Prognosis
The predicted course following frostbite injury is dependent 
on the severity of tissue involvement. This section will discuss 
the clinical recovery timeline, complications, and factors 
influencing the prognosis of frostbite injuries.

As mentioned previously, pain during rewarming of 
superficial injuries is expected to be transient and mild. In the 
first few days following rewarming, common findings include 
edema, vesicle formation, and hyperhidrosis with associated 
desquamation around 5 d later. Sensation will be intact, and 
pain is expected to improve after 3 d, but throbbing, shooting, 
burning pain may occur and can persist over several weeks [57]. 
Vesicles seen in second-degree frostbite typically become dry, 
black, and hard 2 weeks after onset and generally peel away at 3–4 
weeks. Overall, if appropriate care is received and the dermis is 
spared, healing is common, and prognosis is excellent [56].

Compared with superficial injuries, the clinical course of 
deeper injuries typically includes longer hospital stays, greater 
tissue loss, and chronic disability. More severe pain upon 
rewarming is expected with deeper injuries, and findings after 
rewarming can include edema, cyanosis, blister formation, and 
soft, boggy, non-blanchable skin appearance that can also be 
mottled [74]. The edema of proximally involved areas will later 
demarcate between viable tissue and full-thickness injuries 
[56]. Blisters can be left in place and are expected to slough 
off 7–10 d later. Some blisters may rupture and can be treated 
with the wound care mentioned previously [5]. In cases of 
deeper injury, eschars may become apparent and subsequently 
debrided at 2–8 weeks post-onset. Mummification of 
extremities or digits becomes apparent around two weeks 
post-injury. Throbbing, shooting pains, and aching can be 
expected during mummification, but it is otherwise minimally 
painful. Neuropathic pain can be seen following amputation or 
mummification of digits [56].

The average hospital stay for frostbite in the United States 
is estimated to be 9 d [54,72]. Longer hospitalization or 
unplanned readmissions can also occur due to frostbite-related 
complications, such as nonhealing wounds, osteonecrosis, and 
infection, such as cellulitis or osteomyelitis [72]. The average 
hospital stay in such readmissions was found to be 34.7 d, but 
patients also had several socio-economic factors that would 
place them at higher risk of readmission compared to an active-
duty soldier [72]. Regarding long-term sequela, neuropathy 

can be associated with both superficial and deep frostbite 
injuries. Specific examples include chronic dysesthesia, 
chronic pain, hyperhidrosis, vasospasm, and decreased nerve 
conduction velocity [4]. Other sequelae include contractures, 
increased cold sensitivity, chronic ulceration, and arthritis, 
which present similarly to osteoarthritis [4,5]. 

Overall factors or findings that can lead to more severe 
injuries include harsher environmental conditions, health 
status at the time of injury, prolonged time until rewarming, 
thaw refreeze course, frankly frozen tissue upon initial 
presentation, and certain physical exam findings following 
rewarming [34,54,56,75]. Environmental conditions that 
predispose injury include lower absolute temperatures, higher 
altitudes, longer exposure time, wind chill, and increased 
humidity [55,76]. Health aspects that increase risk of frostbite 
and may prolong recovery include preceding dehydration or 
malnutrition, prior history of frostbite injury, tobacco use, 
alteration due to poor mental health or intoxication state 
contributing to prolonged exposure, and pre-existing state of 
or abnormal peripheral circulation [53,58]. Prolonged time 
before rewarming can lead to greater amputation risk, but the 
thaw-refreeze course leads to multiple cycles of tissue injury 
and is related to worse outcomes [4,52,77]

The presence of the following after field rewarming is 
indicative poorer prognosis: skin remains cool, digit numbness 
or lack of pain upon rewarming, cyanosis, or hemorrhagic 
blisters [70]. Although the superficial vs. deep clinic 
classification system can be more clinically relevant than the 
four-degree system, such early clinical assessments seem to 
have poor prognostic utility on tissue viability [55,56]. The 
frostbite classification scheme proposed by Cauchy et al. [34] 
may have better prognostic value, as it notes that more 
proximal cyanosis, including the presence of hemorrhagic 
blisters, correlated with a higher amputation rate. Although 
it has not been prospectively validated, several civilian pre-
hospital frostbite protocols utilize the Cauchy et al. [34] 
grading system [51,53,55]. 

Future directions
Over the last 10 years, therapeutic advances have been made 
with the early use of fibrinolytic agents, such as tPA, to 
reduce the incidence and morbidity associated with distal 
extremity tissue loss [78,79]. The vasodilator drug iloprost 
has been used with some success, as described earlier [80,81]. 
The use of other vasodilators such as buflomedil (since 
withdrawn from the market) and reserpine has been explored 
in the management of frostbite, but supporting clinical data 
are very limited and of low quality [82]. Pentoxifylline, a 
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hemorheologic agent that improves blood flow by decreasing 
blood viscosity and increasing red blood cell flexibility, has 
shown some promise as an adjunctive therapy in animal 
studies and human observational reports [83]. However, 
large, controlled, randomized trials demonstrating clear 
efficacy are still lacking. Additionally, off-label administration 
of botulinum toxin has emerged as a potential therapeutic 
approach for patients with frostbite sequelae, with reported 
benefits including improved peripheral blood flow and 
reduced cold sensit iv ity and neuropathic pain [84]. 
Furthermore, non-pharmacologic adjunctive treatments such 
as hyperbaric oxygen therapy (HBOT) and nerve blocks have 
been proposed. HBOT may improve healing outcomes by 
enhancing oxygen delivery to damaged tissues and reducing 
edema. In frostbite management, HBOT involves breathing 
100% oxygen at increased pressure in a hyperbaric chamber, 
with optimal timing occurring early in the rewarming process 
[85]. While HBOT shows promise, more research is needed, 
as most available evidence comes from animal studies and 
small clinical series. 

However, all these interventions have significant limitations. 
They are administered systemically over several days, which is 
not feasible in austere environments. Systemic administration 
frequently fails to achieve therapeutic drug concentrations in 
frostbite-affected tissues owing to impaired microcirculation 
[78]. Furthermore, prolonged systemic use may induce adverse 
side effects, thereby restricting its applicability in remote or 
resource-limited environments [86]. Surgical interventions, 
typically reserved for severe cases, are delayed until tissue 
demarcation is complete, thereby prolonging recovery and 
increasing the risk of infection [79]. Consequently, a localized, 
sustained drug delivery platform capable of providing high 
therapeutic concentrations directly to the affected area while 
minimizing systemic side effects, particularly in field care or en 
route settings, would be advantageous in the management of 
frostbite.

Research is essential to advance both the scientif ic 
understanding and clinical care of frostbite, and the development 
of robust, reproducible animal models is key to this effort. 
A well-designed model that allows precise quantification of 
tissue histology, healing dynamics, and tissue loss following 
frostbite could significantly accelerate research and drive 
innovation in both prevention and treatment strategies. 
Such models would also provide a rigorous framework for 
evaluating the efficacy of existing interventions, ensuring 
that clinical practices are grounded in solid evidence [87]. 
Moreover, by enabling detailed investigation of underlying 
pathophysiolog ical  mechani sms,  such as  apoptosi s , 

microvascular injury, and the role of ROS, preclinical models 
can help identify novel therapeutic targets and inform the 
rational design of future therapies [88,89]. 

Although several animal models of frostbite have been 
developed, relatively few are well-established and clinically 
relevant [90]. Auerbach et al. [91] developed a mouse model 
designed to quantify affected skin surface area, histology, 
healing rate, and skin loss. In this model, frostbite injuries were 
induced by applying frozen magnets (–78.5 °C) to the dorsal 
skin, either as a continuous 5-minute freeze or as three repeated 
cycles of 1-minute freezing followed by 3-minute thawing. 
The authors were able to demonstrate full-thickness skin 
necrosis, inflammation, and healing with neovascularization. 
Ummadisetty et al. [92] induced frostbite in the hind paws of 
rats by using a –20 °C deep-freeze magnet. They performed 
various behavioral assays and demonstrated that frostbite 
injury exhibited significant mechanical, thermal, and cold 
hypersensitivity in rats. Junila et al. [93] developed a rabbit ear 
model of frostbite injuries. Frostbite was induced using a liquid 
nitrogen-cooled glass bottle, and thermography was used to 
track thermal changes over time. Initially, the frostbitten area 
appeared warmer than the surrounding tissue, progressing to 
diffuse cold spots at one week and a well-demarcated cold area 
by three weeks. Furthermore, Schoning et al. [94] produced 
frostbite lesions in Hanford miniature swine by exposing them 
to –75 °C air for varying durations. Serial biopsies over two 
weeks revealed a progression of microscopic changes: early 
keratinocyte vacuolation, pyknosis, and cell individualization; 
intermediate degeneration and microabscess formation; 
and late necrosis and epithelial regeneration. Similarly, 
Rothenberger et al. [95] used Göttingen minipigs to develop a 
reproducible platform for studying frostbite pathophysiology. 
In their model, frostbite injuries were inflicted on the abdomen 
using an aluminum frozen with liquid nitrogen to –196 °C.

A limitation of many frostbite models, particularly in large 
animals, is that injuries are often induced on the dorsum 
or abdomen, whereas frostbite in humans typically affects 
the toes, fingers, ears, nose, and other extremities. Although 
porcine skin closely resembles human skin, models with dorsal 
frostbite do not fully replicate the clinical scenario. Another 
limitation of current models is that frostbite is typically 
induced through direct contact with extreme cold, similar to 
contact burns, whereas in real life, frostbite develops gradually 
over time.

Accurate diagnostics are important and will help providers 
make decisions when planning treatment. Therefore, 
integration of artificial intelligence (AI) into clinical decision-
making could play an important role in the future management 



11

Obaidi et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100007

of frostbite. AI systems have already been applied to improve 
diagnostic precision, risk stratification, and treatment 
planning across multiple fields, including radiology, oncology, 
neurology, and critical care [96]. A recently published study 
introduced an AI-based system for classifying thermal burn 
depth using multimodal imaging (digital photographs and 
ultrasound tissue doppler imaging) integrated within an 
electronic medical record framework. The system was able to 
distinguish first-, second-, and third-degree burns with 84% 
accuracy [97]. Because imaging modalities such as SPECT/
CT are commonly used for frostbite diagnostics and surgical 
planning, AI integration could further enhance accuracy and 
ultimately improve healing outcomes.

Limitations
This article has limitations worth noting. First, the supporting 
literature is primarily retrospective studies and case reports. 
Such studies can be subject to missing data, selection bias, 
confounding variables, and lack of generalizability in the 
case of small sample observational reports. The field lacks 
randomized controlled trials, which impairs the strength of 
clinical recommendations. Second, this article does not employ 
a formal evidence grading system to assess the quality of the 
studies cited. Regarding field treatment recommendations, the 
article primarily relies on information from the most current 
JTS CPG and Emergency War Surgery book, which are a mix of 
evidence and expert opinion based on [52,54]. Utilizing these 
sources from 2017 and 2018, respectively, is limited in that 
they may not be the most up-to-date with civilian equivalent 
guidelines. Regarding management recommendations, the 
two military sources above are referenced in addition to other 
literary sources, including civilian guidelines, retrospective 
studies, and observational studies. Use of a grading system to 
assess the quality of evidence for the variety of source types 
mentioned would likely help to improve clinical decision-
making, and is once again a limitation of this article. 

Conclusions
Frostbite results from prolonged cold exposure, leading to 
tissue injury. It remains a significant concern in military 
operations, particularly during cold-weather training or high-
altitude deployments [5]. Management begins with accurate 
diagnosis: although imaging modalities such as radiography, 
MRI, and bone scintigraphy can provide additional insight 
in select cases, clinical examination remains the primary 
method for assessing injury and guiding classification. After 
rapid thawing, pharmacologic interventions are employed 
to enhance circulation. Early tissue excision is avoided, and 

surgical management, when necessary, typically involves 
delayed amputations [98,99].

The future of frostbite management lies in early, precise 
diagnosis, targeted pharmacologic and regenerative therapies, 
and technologies that bridge field and hospital care, with 
the ultimate goal of maximizing tissue salvage, minimizing 
amputations, and accelerating functional recovery. Achieving 
this will require research using relevant preclinical models.
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