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1. Case Presentation and Introduction

1.1 Case Presentation

A 36-year-old male is brought into Emergency Department (ED) via helicopter after a motor
vehicle accident. He was an unrestrained driver whose car was struck by a truck and was
extricated from the scene within 20 minutes of first-responder arrival. Due to a Glasgow
Coma Score (GCS) of 3, he was intubated with inline stabilization of the neck and a C-collar
was placed. During intubation, there was blood seen in the posterior oropharynx. Large bore
intravenous access was obtained and 2 liters of normal saline was delivered en route. The
patient was hypotensive during transport and a phenylephrine infusion was initiated.

In the ED, the patient remained unresponsive with equal, but sluggishly, reactive pupils.
His vital signs were BP 70/46, HR 125 (normal rhythm), and SpO, of 90% on 100% FiO,
and initial labs revealed a hemoglobin (Hgb) of 6.5 g/dL and a hematocrit (Hct) of 19. A
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chest radiograph revealed a widened mediastinum and left hemopneumothorax and bedside
ultrasound exhibited the “bar code sign” and a “lung point” on the left chest. A left-sided
chest tube was placed with 500ml fresh blood evacuated in 10 minutes. Massive transfusion
protocol (MTP) was initiated and the patient received 4 units of packed red blood cells
(pRBC) and 3 units of fresh frozen plasma (FFP).

With transfusion ongoing, the patient was rushed to the operating room (OR) for a
thoracotomy to determine the source of bleeding where arterial and central access was
obtained. One-lung ventilation was achieved with a right-sided bronchial blocker to isolate
the left lung for surgery exposure. While the surgery team was attempting to achieve control
of ongoing patient bleeding, a thromboelastogram (TEG) revealed a prolonged R-time,
decreased a-angle, and decreased maximum amplitude (MA). Six additional units of pRBC,
6 units of FFP, and 1 unit of platelets were transfused.

After surgical control of bleeding, a follow-up arterial blood gas (ABG) revealed a pH of
7.15, PaCO, of 30, and PaO5 of 68 on 100% FiO, one lung ventilation. TEG revealed
improved R-time, a-angle, and MA, but significant fibrinolysis with an increased LY 30.
Tranexamic acid 1gm IV and 2 pools of cryoprecipitate were infused.

After surgery, the patient was transported to the intensive care unit (ICU) and continued on
invasive mechanical ventilation. His TEG and coagulation status (per laboratory analysis)
were near normal; however, he received active warming to treat a core temperature of 35° C.
The patient was extubated three days after ICU admission and discharged to a rehabilitation
facility two weeks later.

1.2 Introduction

In the case presentation, a young man suffered significant trauma in a motor vehicle
accident. His injuries were severe and required emergent surgery, massive transfusion

of blood products, advanced airway management, and treatment of coagulopathy among
many other clinical decisions. Trauma management remains heterogeneous due to variable
etiology, patient variables, including age, sex, co-morbidities, etc., and a host of other
factors. This can necessitate a variety of imaging modalities to evaluate damage, labs to
evaluate patient status, and strategies for surgical repair and patient resuscitation. The most
common types of trauma and their respective management necessities are listed in Table

. In the following sections, we provide a comprehensive review of evaluation, surgical
objectives, and resuscitation strategies for the critically injured patient. Additionally, we
discuss the use of whole blood versus component therapy for blood product resuscitation
and use of coagulation monitoring techniques. We believe these sections will provide
anesthesiologists with the necessary information to make informed clinical decisions
regarding the evaluation and resuscitation of injured patients.

2. Initial Evaluation and Damage Control Resuscitation

2.1 Initial Assessment

2.1.1 Assessment of Injuries (Primary Survey)—The initial assessment of
traumatically injured patients encompasses a structured approach (primary survey)
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to identify life-threatening conditions by adhering to the ABCDE sequence: airway
maintenance with restriction of cervical spine motion; breathing and ventilation; circulation
with hemorrhage control; disability and assessment of neurologic status; exposure/
environmental controll. The primary survey is based on the patient’s injuries and associated
mechanisms, is always performed with simultaneous resuscitation of vital functions, and
should be repeated frequently and whenever a patient’s status changes.

2.1.2 Trauma Airway Management (Difficult Airway Algorithm)—Upon initial
evaluation, the airway is rapidly assessed to ascertain patency, including signs of airway
obstruction by the ability of the patient to communicate verbally. However, particular
attention and repeated assessment are necessary to recognize progressive airway loss and
ensure early intervention. Although the jaw-thrust maneuver and naso- or oropharyngeal
airways can be helpful temporarily, a definitive airway should be established in patients
with non-purposeful motor responses, altered level of consciousness (GCS of <8), or if
there is any doubt about the patient’s ability to maintain airway integrity. A cervical collar
must be used to restrict cervical spine motion, yet when airway management is necessary,
the cervical collar is opened and a team member should manually protect the cervical
spine from excessive mobility. When endotracheal intubation is contraindicated or cannot be
accomplished, the threshold to perform a surgical airway must be low.

Despite the recent definition of “difficult airway” by the American Society of
Anesthesiologists (ASA), reflecting the traditional perceptions on airway evaluation and
management23, increasing evidence suggest that physiological derangements are associated
with increased peri-intubation complications, and patients should be also evaluated for a
physiologically difficult airway with the aim of preventing cardiovascular decompensation
and other complications®. Physiologic derangements can be due to traumatic injuries, pre-
existing disease, the effects of anesthetic agents, and positive pressure ventilation. In these
patients, improving peri-intubation oxygenation and hemodynamic stability is essential,
especially before the first intubation attempt®6.

2.1.3 Intravenous Access—Establishing intravenous access during the primary survey
is a prerequisite for the replacement of intravascular volume. In most patients, two
large-bore peripheral venous catheters are necessary for obtaining blood samples and
administering fluids, blood products, and other agents. When peripheral sites cannot be
accessed, central venous/intraosseous access, or venous cutdown may be used?. In addition
to venous samples, ABGs provide important information concerning the adequacy of
ventilation, oxygenation, and acid-base status.

2.1.4 Imaging / Ultrasound—Radiography can reveal potentially life-threatening
injuries that require treatment or further investigation and can provide information to guide
resuscitation, especially in patients with blunt trauma. Imaging can be performed in the
resuscitation area to avoid delays, even in pregnant patients when necessary, but should not
interrupt the resuscitation process.

The implementation of point of care ultrasound (POCUS) has significantly impacted
management of trauma patients. FAST or extended FAST (eFAST) are rapid bedside
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ultrasound screening techniques for quick detection of intraabdominal or intrathoracic
injuries”8. The presence of pathologic fluid on FAST indicates the need for surgical
intervention in hemodynamically unstable patients. Nevertheless, the quality of images
depends on clinician skill and experience, and can be compromised in obese patients, in
those with intraluminal bowel gas, and those with renal and pancreatic injuries®10,

CT is important for the timely diagnosis of traumatic injuries and to determine the most
suitable treatment. Currently, however, there is no agreement on an optimal CT trauma
protocol. Although the Advanced Trauma Life Support (ATLS) guidelines recommend CT
only if indicated, not by default, and on a selective basis, i.e., for specific body regions?,

the European Society of Emergency Radiology (ESER) guidelines distinguish patients in
categories and differentiate the approaches!!. Nevertheless, in patients without a definitive
diagnosis or in patients with severe multi-trauma, the ESER guidelines recommend a whole-
body CT after initial resuscitation12:13,

2.1.5 Hemodynamic Goals—Cardiovascular reserves vary with age and/or
comorbidities. Although most hypotensive patients present with tachycardia, others,
especially the elderly, may not exhibit this sign because of limited cardiac response

to catecholamine stimulation, adrenal insufficiency, and hypoglycemial#1°, Therefore, an
individualized approach should be used to correct inadequate perfusion and increase tissue
oxygenation. Maintaining venous return and cardiac output is crucial for recovery from
shock and vasopressor administration should be based on the patient’s hemodynamic
status. Taking into consideration the multiple causes of post-traumatic shock, a physiology-
guided strategy to maintain a balance between circulatory volume and vascular tone seems
prudent16.17.

2.1.6 ABC Score—The need for MTP can be assessed during the primary survey with
the use of the assessment of blood consumption (ABC) scorel8. The ABC is a well-validated
score that minimizes delays in MTP initiation and focuses on four immediately available
variables: penetrating mechanism; positive FAST; arrival systolic blood pressure (SBP) <

90 mmHg; and arrival heart rate 2120. The ABC score is recommended by the American
College of Surgeons Trauma Quality Improvement Program Massive Transfusion in Trauma
Guidelines as a required trigger for MTP activation18.

2.1.7 Baseline Labs—Laboratory tests that may be useful include hemoglobin or
complete blood count, ABG, central venous oxygen saturation, lactate, glucose, serum
electrolytes, creatine phosphokinase, coagulation profile including prothrombin time/
activated partial thromboplastin time, fibrinogen, urine examination for blood, beta human
chorionic gonadotropin to rule out pregnancy, viscoelastic hemostatic assays, and toxicology
screening9:20,

2.2 Massive Transfusion Protocol

Patients with severe injuries may develop refractory hemorrhage due to dilution of clotting
factors, hypothermia, and acidosis. Citrate in blood products may also lead to hypocalcemia-
induced coagulopathy. This subset of patients will require aggressive early hemostatic
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resuscitation and MTP. The latter includes administration of pRBCs, FFP, and platelets in a
balanced ratio?!.

2.2.1 Indications and Initiation/Timing—*Massive Transfusion’ refers to transfusion
of >10 units of pRBCs within the first 24 hours of admission. ‘Ultramassive transfusion’
has been defined as the administration of =20 U of pRBCs in 24 hours?2. Identification

of patients who may benefit from MTP can be challenging and several scores have

been developed to assist in decision making. Currently, the American College of

Surgeons Trauma Quality Improvement Program Massive Transfusion in Trauma Guidelines
recommend that triggers for the activation of MTP should include an ABC score

=2, blood transfusion in the trauma bay, persistent hemodynamic instability, or active
bleeding requiring interventionZ3. As both Hgb and blood pressure take time to decrease
after the onset of bleeding, initiation of a MTP protocol will be ultimately based on

clinical judgement, especially in patients with worsening hypotension and/or vasopressor
requirement. Appropriate ratios and types of blood products are described in Section 4.

2.3 Tenets of DCR

Damage control resuscitation (DCR) aims for early hemorrhage control, minimizing
operative time, and delaying definitive repair until the patient’s physiologic status

has normalized. The principles of DCR include rapid recognition of trauma-induced
coagulopathy and shock; permissive hypotension; rapid surgical control of bleeding;
prevention and treatment of hypothermia, acidosis, and hypocalcemia; avoidance of
hemodilution by minimizing use of crystalloids; and transfusion of pRBC, FFP, and platelets
with early use of coagulation factor concentrates?4. Transfusion strategies are discussed in
Section 4.

2.3.1 Rapid Anatomical Control—Competence in massive hemorrhage control is an
essential skill for all staff involved in providing trauma care. Massive hemorrhage may be
compressible or non-compressible. DCR includes three distinct phases: 1) a surgery limited
to control of the lesions and control hemostasis; 2) temporary closure to limit the risk

of abdominal compartment syndrome; and 3) pre-programmed re-operation within 24-48
hours. Damage control surgery should be applied only to the most seriously traumatized
patients along with ongoing resuscitation. When correctly applied, damage control surgery
can significantly improve patient survival rates.

2.3.3 Permissive Hypotension and Minimization of Crystalloids—Permissive
hypotension is the restriction of crystalloids and vasopressors to maintain a lower blood
pressure (SBP 80-90 mmHg) until bleeding is controlled to prevent dislodgement of clots
by high pressure of circulating volume and improve outcomes. Nevertheless, permissive
hypotension may worsen outcomes due to tissue hypoperfusion and is a temporary measure
that must be used until bleeding is controlled. In patients with severe traumatic brain injury
(TBI), a mean arterial pressure > 80 mm Hg is recommended to maintain cerebral perfusion
pressurel,
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An increasing amount of evidence suggests that excessive administration of crystalloids
increases the risk of dilutional coagulopathy, acute lung injury/acute respiratory distress
syndrome, hypothermia, infections, intraabdominal hypertension/abdominal compartment
syndrome, multiple organ failure, and death?>26, Indeed, the latest ATLS guidelines include
less stringent suggestions for crystalloid administration, recommending fluid resuscitation
with up to 1 L of warm saline in patients with class | or Il hemorrhage, while early
resuscitation with blood/blood products only is advised in patients with evidence of class

1 or greater hemorrhage?’. This is further supported by an analysis of 10-year trends in
crystalloid resuscitation reporting that the decrease in high-volume crystalloid resuscitation
parallels reduced mortality28,

2.4 Reversal of Anti-Coagulants

Prothrombin complex concentrates (PCC), primarily 4-factor-PCCs, are recommended for
reversal of vitamin K antagonist (VKA), while several guidelines support use of FFP for
VKA reversal in life-threatening hemorrhage only if PCCs are unavailablel®. Of note,

the majority of guidelines also recommend co-administration of vitamin K. Due to their
thrombogenic profile, activated PCCs and recombinant activated coagulation factor V1l
(rFV1la) are not indicated for VKA reversal, even in emergency bleeding situations29-30,

In patients under direct-acting oral anticoagulants (DOACS), most guidelines consider the
administration (off-label) of aPCC or 3-/4F-PCC administration in cases of serious or
life-threatening bleeding when specific reversal agents are not available3L. Although some
guidelines recommend the administration of rFVI1la for DOAC reversal, the associated

risk of thrombosis limits its use in patients when other hemostatic measures have been
ineffective®2. The use of FFP is not recommended for reversal as the volume of FFP required
for the inhibition of thrombin or Factor Xa would result in significant delays and can cause
adverse effects, such as fluid overload33. Furthermore, most guidelines recommend the use
of idarucizumab and andexanet alfa in patients with severe or life-threatening bleeding
events, or prior to emergency surgery34:35. However, andexanet alfa is not indicated for
edoxaban reversal and PCC is still recommended for this purpose36:37,

2.5 Acute Traumatic Coagulopathy

The recognition of acute traumatic coagulopathy (ATC) is extremely important for early
diagnosis and management. In many patients, coagulopathy is present even before the onset
of resuscitation and correlates with severity of trauma. Despite the lack of a universally
accepted definition, acute traumatic coagulopathy is indicated by prolongation of the
prothrombin time. Several mechanisms have been proposed to explain the development

of trauma-induced coagulopathy. Hyperfibrinolysis and coagulopathy seen in ATC are
mainly due to the effects of shock and direct injury on the endothelium38, Endothelial
thrombomodulin and tissue plasminogen activator are upregulated in response to tissue
hypoperfusion, which together with thrombin generated by tissue trauma, accelerate protein
C activation and hyperfibrinolysis3®40, These, together with glycocalyx degradation and
platelet and fibrinogen dysfunction eventually result in massive hemorrhage and increased
mortality40-43.
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3. Choice of Blood Product

3.1 Whole Blood Resuscitation

3.1.1 History—Fresh whole blood transfusion was first widely adopted by the military
during World War 1. It remained the mainstay of treatment during the war until blood
banks developed an improved fractionation process in the 1970s%. With the advancement
of blood bank capabilities, there was a shift to component therapy as the preferred method
of transfusion based on components' longer shelf life#>. This change in transfusion strategy
occurred without evidence to compare the efficacy and risks of whole blood compared

to component therapy in active hemorrhage and trauma patients*6. Apart from war,
component therapy also took hold in the civilian population, with specialties now able to
give specific components to correct patient pathology. The Red Cross began streamlining
component production and storage, thus focusing more on functional blood components,
which accelerated the abandonment of whole blood in the civilian population®’. During the
U.S. wars in Irag and Afghanistan, whole blood again made a resurgence as a treatment

on the battlefield and pre-hospital resuscitation. With exhausted supplies of components,
the military turned to "walking blood banks" and whole blood to help treat massive trauma
during wartime. Reviews of over 8,000 units of whole blood administered during that
period demonstrated equivalent, if not improved, outcomes in the treatment of massive
hemorrhage*’. With increasing evidence demonstrating that balanced resuscitation (1:1:1)
via component therapy is associated with better patient outcomes in the trauma population,
there is a renewed interest in using whole blood alone for hemorrhagic resuscitation4>48,

3.1.2 Whole Blood Storage—Whole blood has taken many shapes and is delivered
successfully, both warm and cold. The American Association of Blood Banks endorses

the use of low titer Type O Whole Blood as a universal donor. However, a variety of

whole blood is studied, from fresh warm blood used in military settings to cold-stored
blood O- or O+ of various titers used in civilian data**45. Whole blood is collected in
citrate-phosphate-dextrose-adenine solution and stored between 1-6° C for 14-21 days*®. A
single unit of whole blood contains 500cc and has a hematocrit of 38-50%, platelet count
of 100-400k, 100% coagulation factors, and 1000mg of fibrinogen#?. The use of whole
blood reduces the volume of additives needed and reduces the overall volume transfused.
Type O whole blood has universal red cell compatibility, but does not protect against donor
plasma anti-A or anti-B antibodies*’. Therefore, varying degrees of whole blood with low
anti-A and anti-B IgM titers have been used with many institutions defining /fow titer as less
than 1:256. Subsequent studies on whole blood with different titer levels did not show any
significant transfusion-related reactions or increased levels of hemolysis at 24 hours#>47,
Strandenes et al. utilized rotational thromboelastometry (ROTEM) to demonstrate that cold
storage of whole blood had preserved platelet-dependent coagulation function at two weeks
and fibrinogen-dependent coagulation function at 3.5 weeks*9. Most centers reserve group
O Rhesus (Rh) negative whole blood for women of childbearing age and utilize group O
Rh-positive with low titers for all males and females over 5047, Given concerns for donor
plasma ABO incompatibility and Rh alloimmunization, most centers restrict whole blood
transfusions to 2-4 units, with more recent data indicating safety up to six units*’.
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3.1.3 Whole Blood Advantages—Intraoperatively, whole blood offers several
advantages during massive resuscitation. It provides all components through a warmed
rapid transfuser utilizing the same intravenous access and improves the speed of delivery by
immediate arrival to the OR without a need for product thawing. Whole blood presents

a simplified product that allows clinicians to give a single unit rather than focus on
balancing pRBC, FFP, and platelets while checking each unit against the patient blood
type?*. This simplification and handling of fewer blood products should lead to a reduction
in administrative error.

3.1.4 Whole Blood Limitations—Despite its benefits, several limitations limit the
widespread use and acceptance of whole blood in civilian hospitals. The initiation of a
whole blood program to an existing blood bank can be very expensive and, on average,
adds an extra $170,000 in annual costs*>. While the military has streamlined the process,
many civilian facilities face logistical constraints regarding shipping, handling, and storing
conditions#. Most centers only validate the use of whole blood for 14 days, and very few
centers have adopted measures to centrifuge the unit on day 15 to salvage its components®>.
While all blood banks were affected by the COVID-19 pandemic, it was more challenging to
find suitable donors of whole blood given the combination of extensive donation limitations
and the need for the ideal candidate for O~ whole blood making up less than 5% of

the general populationt’. However, with research to further assess the risk of hemolytic
transfusion reactions and alloimmunization to the Rh antibody, the pool of available donors
may drastically increase.

3.2 Component Therapy Resuscitation

3.2.1 pRBC Definition and Storage—In contrast to whole blood therapy, component
therapy allows blood to be divided into separate components via differential centrifugation
and, subsequently, transfused individually. The three primary components are pRBC, FFP,
and platelets.

pRBC are the most used blood component in the United States. One unit is typically

350cc in volume and comprised of red blood cells (250cc), plasma (<50cc), white blood
cells, and CPDA-1 anticoagulant®®. One unit of pRBC is stored at 1-6° C and maintains a
hematocrit of 60-80%°L. Many centers in the U. S. leukoreduce each unit of pRBC to reduce
leukocytes to less than 5 x108 per unit to reduce the risk of alloimmunization and transfusion
reactions®2. One unit of pRBC will raise the Hct by 3% and the Hgb by 1g/dL, but must be
compatible with the patients' plasma ABO antibodies®.

3.2.2 FFP Definition and Storage—Utilized initially as a volume expander, FFP is
a mainstay for hemorrhage management and preventing coagulation abnormalities. FFP is
derived from a single unit of whole blood into a citrate-containing anticoagulant solution
and frozen within 8 hours. FFP is stored at temperatures between -18 and —30° C and
remains viable for up to one year. FFP must be ABO compatible, with AB being the
universal donor as it lacks both anti-A and anti-B antibodies. Each unit is approximately
250cc and contains all the necessary clotting factors, including up to 700 mg of fibrinogen
per unit>3. FFP must be used within 4 hours once thawed or factors V and V111 begin to
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decline®3. Providers give FFP in a balanced resuscitation for bleeding or a surgical setting
with an INR >1.6 or PTT >55. The initial dosing recommendations are 10 to 15cc/kg®3.

3.2.3 Platelet Definition and Storage—~Platelet concentrates are prepared from a unit
of whole blood or via apheresis. Once collected, platelets require storage at approximately
22° C, which facilitates the possible growth of bacterial contaminants. The volume of one
apheresed unit of platelets is approximately 200-400cc, whereas 4 to 6 units of platelets
from whole blood are pooled to equal the same amount®0. Platelets must be used within

five days, which frequently causes system-wide shortages. Dosing is 10-15cc per kg, raising
the platelet count by 30,000-50,000. Platelets must be ABO and Rh compatible with the
recipient.

3.2.4 Cryoprecipitate Definition and Storage—Cryoprecipitate, formulated to treat
hemophilia A in the 1950s, is how used to replenish fibrinogen in coagulopathic patients,
particularly in the trauma and obstetric setting®*. Prepared from FFP, cryoprecipitate
contains high concentrations of factor V111, factor XIII, and fibrinogen®. Cryoprecipitate

is prepared from a small pool of donors rather than administered as single units as each
unit is approximately 10-15 cc>4. Ten pooled units should replenish the fibrinogen level

by 65 to 70 mg/dL. Although hospital-specific, cryoprecipitate is typically indicated with a
fibrinogen level <150 mg/dL in the setting of acute bleeding or surgery.

3.2.5 Anti-Fibrinolysis Therapy—Aminocaproic acid and tranexamic acid (TXA)
target the fibrinolysis pathway, reducing the bleeding during trauma. There is an acute
imbalance between the coagulation cascade and fibrinolytic pathway in trauma patients,
often leading to an overall hyper-fibrinolytic state®>. Aminocaproic acid and TXA act to
block plasminogen’s lysine binding site irreversibly. Plasminogen is then unable to be
activated to plasmin, thus stopping fibrinolysis®®. Data has not indicated a detrimental
prothrombic effect in the trauma population. TXA in the trauma population was studied
explicitly in the CRASH-2 study and demonstrated significantly reduced bleeding rates with
no increase in thromboembolic events®®. Today, many institutions administer TXA in the
trauma population within three hours of injury and encourage continued monitoring of the
fibrinolysis pathway via TEG.

3.2.5 Balanced Transfusion Therapy—In trying to maintain a balanced resuscitation
via component therapy, many questions have arisen as to the appropriate balance of
components during the management of massive trauma. The Pragmatic, Randomized,
Optimal Platelet and Plasma Ratios trial (PROPPR) offers the best evidence of massive
transfusion component ratio. They compared the ratios of 1:1:1 and 1:1:2 in pRBCs: FFP:
platelets. While unable to find a statistically significant difference in mortality at 24 hours
and 30 days, Holcomb et al. did demonstrate that the 1:1:1 ratio achieved faster hemostasis
and fewer deaths due to exsanguination at 24 hours?1.

3.2.6 Other Individual Component Strategies—In Europe, there has been a push
for individual administration of clotting factors to assist in massive hemorrhage. While
beneficial in specific coagulation disorders, there may be limited use in the trauma
population as many patients in the initial hemorrhage have a global coagulopathy that is
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not factor specific. PCC may be the exception as it can provide a mixture of vitamin
K-dependent coagulation factors (factor 11, V11, IX, and X)33. Derived from FFP, the
concentrated nature of PCC results in 25 times higher clotting potential than plasma alone.
While there is good rationale for the addition of PCC to trauma resuscitation, more data are
required for its inclusion in component therapy in addition to FFP.

3.3 Early Identification of Blood Type

Early identification of blood type is essential to hemostatic resuscitation, but significant
delays may occur in administrating recommended treatment. Initiating DCR as early as
possible after severe trauma is pivotal for survival, but identification of trauma patients

who need MTP is a real challenge®6. Healthcare systems must notify the blood bank early
to avoid delays in delivery of blood products. However, in a patient without unexpected
antibodies, crossmatched erythrocytes can be available in about an hour after the blood bank
receives the sample, which can be lengthier in patients with a positive antibody screen®’. In
patients with severe shock, the risk of administering non-crossmatched erythrocytes is low
and outweighs the risks of waiting for crossmatched pRBCs, and thus, transfusion of the
former can be lifesaving®8.

3.4 Transfusion End Points

Targets of resuscitation must be individualized in the setting of MTP. In general, end-points
include MAP 60-65 mmHg (or higher in TBI); hemoglobin 7-9 g/dL; INR <1.5; fibrinogen
>1.5-2 g/L; PLTs > 50 K/uL; pH 7.35-7.45; core temperature >35 °C1.16,

3.5 Component Therapy Disadvantages

The delivery of blood components inherently comes with the risks of hemolytic reactions,
transfusion-related lung injury, bacterial contamination, virus transmission, and blood group
mismatch®?. While extensive measures are in place to minimize these risks, there are

more common intraoperative sequelae that require close monitoring during a massive
transfusion. Such abnormalities include citrate toxicity, hypothermia, acid-base balance, and
potassium derangements®?, Citrate comprises all forms of anticoagulant preparations for
blood component storage. Citrate's primary purpose is to prolong viability for each unit, but
when transfused will bind calcium /n vivo leading to hypocalcemia®®. While physiologically
unavoidable, close attention must be paid to calcium depletion during massive transfusion,
particularly when transfusing more than one unit every five minutes. Citrate undergoes
hepatic metabolism, and thus in hepatic failure or dysfunction, close attention should be
paid to calcium levels. With massive transfusion, all efforts to warm blood products and
fluids should be made prior to administration. Hypothermia from massive transfusion can
lead to worsening acidosis and leave the patient susceptible to malignant arrhythmias®.
Stored blood products are acidotic prior to administration due to citrate and accumulation
of metabolites®. During massive resuscitation, a well perfused liver will appropriately
metabolize both citrate and lactate to bicarbonate, leading to a compensatory metabolic
alkalosis. Furthermore, close monitoring of a patient's potassium levels is critical during
transfusion as extracellular potassium will accumulate in stored blood products. The rate of
product transfusion is positively correlated with risk of hyperkalemia so close monitoring is
key during massive transfusion.
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As with whole blood therapy, component therapy has several restrictions and limitations,
many of which are institution-dependent. As described, each component has a slightly
different storage modality which leads to the need for more storage space and different
protocols. With each unit separately transfused, there is a logistical burden placed on
in-room providers to check each unit with the patient's blood type and appropriately verify
the unit. pPRBCs and FFP are administered through a rapid infuser that likely will have

a warming mechanism, but the AABB recommends against the infusion of platelets and
cryoprecipitate through a warmer®®. Thus, at least two access points will need to be available
for blood product delivery. Moreover, there can be a delay for the proper thawing of FFP

and cryoprecipitate to be readily available for transfusion, which may prolong administration
time.

3.6 Institutional Variation

Significant differences in mortality have been demonstrated between Level | trauma
centers, which may be accounted for by transfusion practices®C. Significant variability

in the reporting of quality indicators has also been demonstrated, reflecting the lack

of international consensus and benchmarks. In order to understand trends in MTPs and
institutional variation, a standard and universally accepted definition of massive transfusion
is imperativeS?.

4. Determination of Coagulopathy

4.1 Point of Care Viscoelastic Tests of Coagulation

4.1.1 Viscoelastic Test Introduction—As our understanding of trauma-induced
coagulopathy (TIC) has improved, the need for a targeted, precise approach to trauma
resuscitation has become more apparent®2. Viscoelastic coagulation tests, such as TEG and
ROTEM provide real-time feedback to guide transfusion during massive trauma. These
point of care tests offer a visual representation of coagulation through three distinct phases
of the clot life-cycle: propagation, stabilization, and dissolution®3. Given the challenging
logistics of utilizing conventional coagulation assays (CCA) in a suitable timeframe, TEG
and ROTEM not only provide a rapid alternative assessment of coagulation, but also
improve survival when compared to CCA in severely injured patients receiving massive
transfusion®4. Both TEG and ROTEM have been increasingly incorporated into algorithms
to diagnose and treat bleeding in a variety of clinical applications, including massive
trauma®3.

4.1.2 Viscoelastic Test Introduction—Assessment of clot formation/dissolution
kinetics and strength for both ROTEM and TEG are measured via rotational force.
Specifically, a continuously applied rotational force is transmitted to an electromechanical
transduction system which produces a real-time display of clot dynamics®3. A similar
cylindrical cup containing 340 uL of whole blood is employed for each system. For TEG,
the cylindrical cup rotates 4° 45’ every five seconds through a pin on a torsion wire. As
viscoelastic clot strength increases, more rotation is transmitted to the torsion wire and
detected by the electromagnetic transducer. For ROTEM, the cylindrical cup remains fixed
while a ball-bearing suspended pin rotates 4° 75’ every six seconds through the application
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of a constant force. As viscoelastic clot strength increases, pin rotation is impeded. The
impedance is detected via a charge-coupled device image sensor system. The operating
characteristics of TEG and ROTEM are summarized in Table 11. Notably, a TEG device is
capable of analyzing two samples simultaneously, while a ROTEM device can analyze four
samples at once. Both devices are sensitive to vibration and must be maintained on a stable
surface.

4.1.3 Viscoelastic Test Process—Information regarding clot formation Kinetics,
strength, and dissolution are very similar between ROTEM and TEG. However, the two
tests use different nomenclature to describe the same parameters (Figures 1 and 2)%. The
time in minutes required for the tracing to reach an amplitude of 2 mm is defined as the
clotting time (CT) for ROTEM and reaction rate (R) for TEG. Similarly, the time necessary
for clot amplitude to increase from 2 to 20 mm is defined as clot formation time (CFT)

for ROTEM and kinetics time (K) for TEG. Angle (o) is measured by creating a tangent
line from the point of clot initiation (CT or R) to the slope of the developing curve. Peak
amplitude of the clot, a surrogate for clot strength, is defined as the maximum clot firmness
(MCF) for ROTEM and maximum amplitude (MA) for TEG. TEG assesses clot lysis at 30
minutes (LY30) by measuring the percent reductions in the area under the curve that occurs
30 minutes after MA is achieved. However, ROTEM assesses clot lysis index at 30 minutes
(L130) by measuring the percent reduction in MCF when amplitude is measured 30 minutes
after CT is detected.

4.1.4 Viscoelastic Test Transfusion Guidelines—In massive trauma, ROTEM and
TEG have become key elements of resuscitation algorithms to treat hemorrhage and mitigate
TIC. Transfusion of red blood cells can therefore be augmented with targeted transfusion

of additional component blood products by assessing the viscoelastic tracing produced in
real-time by ROTEM and TEG®4. Recently published algorithms are available to guide
transfusion of individual components .52 FFP should be considered when R>10 min (TEG)
or INTEM CT > 200 seconds (ROTEM). Fibrinogen (in the form of cryoprecipitate or
fibrinogen concentrate) should be administered for an a-angle<55° or K>3 min, or MA<20
mm (TEG); or an EXTEM a-angle<65°, EXTEM CFT>140 seconds, or a FibTEM MCF<10
mm (ROTEM). Platelets should be transfused when MA<50 mm (TEG) or when EXTEM
MCF<50 mm and FibTEM >10mm (ROTEM). In cases of hyperfibrinolysis (LY 30>8% for
TEG and EXTEM LI130<94% for ROTEM), tranexamic acid (TXA) should be considered
based on results from the landmark CRASH-2 trial®®.

4.1.5 Viscoelastic Tests in Clinical Practice—While we encourage the use of
ROTEM and TEG in clinical practice, we acknowledge they are not perfect assays.

When compared head-to-head against CCA such as partial thromboplastin time (PTT)

and international normalized ratio (INR) in trauma patients, viscoelastic assessments of
coagulation are sometimes inaccurate8’. Clinicians utilizing ROTEM or TEG—versus CCA
—may transfuse blood products excessively or when no longer indicated, increasing the risk
of adverse reactions®8. However, these pitfalls are largely outweighed by the advantages

for viscoelastic assays. ROTEM and TEG-guided massive transfusion improves survival
compared to CCA-guided resuscitation®4. Therefore, the precise accuracy of viscoelastic

Anesthesiol Clin. Author manuscript; available in PMC 2023 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galbraith et al.

Page 13

tests may be immaterial to the bleeding patient. In fact, patients who received TEG-
guided resuscitation received fewer plasma and platelet transfusions in the early phase
of resuscitation®4. TEG and ROTEM are point-of care tests which are usually available
for clinical interpretation much earlier than CCA. Ease of use, rapidity of results, speed
of interpretation, and improved survival are all advantages for viscoelastic assessments
compared to CCA. We therefore strongly encourage either TEG or ROTEM guided
resuscitation be employed during massive transfusion in trauma patients.

5. Whole Blood or Component Products — Which to Choose?

5.1 Historical Context

Transfusion with balanced blood components remains the standard of care within the

United States for patients with traumatic hemorrhagic shock?1-69, The transfusion of whole
blood, as an alternative to component therapy, has been utilized widely during military
conflicts since at least the World War 148, Due to logistical, standardization, and mechanistic
concerns, whole blood was rarely used for civilian trauma patients until the last decade?®.
However, whole blood transfusion has recently become more widespread during early
trauma resuscitation in civilian urban trauma populations’®. Recent retrospective studies
have determined that transfusion of whole blood is both safe and feasible; however
prospective trials comparing whole blood directly to component therapy are lacking’2.

5.2 Practice Heterogeneity

Currently, heterogeneity reigns supreme regarding the transfusion of whole blood. A recent
meta-analysis identified significant variations in both the storage of whole blood and the
definition of what constitutes whole blood transfusion#4. Some military settings employ
fresh warm blood, while civilian settings tend to utilize cold-stored O+ or O- blood.

Some whole blood units are leuko-reduced; others are not. For research purposes, whole
blood transfusion has been defined as patients exclusively receiving whole blood or those
who received mixtures of whole blood with other components. Ultimately, no significant
difference in 24-hour or in-hospital mortality was reported in the meta-analysis*4.

5.3 Whole Blood Advantages

Despite these findings, whole blood does offer some distinct advantages to component
therapy. The preparation and storage of whole blood may be more cost-efficient than similar
amounts of component products’2. Whole blood ensures a balanced transfusion strategy,
similar to the often-cited 1:1:1 ratio for component therapy?L. Furthermore, banking and
handling fewer blood products may lead to fewer administrative errors. In resource-limited
settings, transfusion of whole blood in hemorrhagic shock leads to fewer overall transfusions
and preservation of component products’3. These advantages have spurred calls for the
adoption of whole blood transfusion into massive transfusion protocol algorithms in the
United States and Europe.

5.4 Who Benefits?

Optimizing the patient populations most likely to benefit from whole blood transfusion
remains a topic of ongoing research. The European Society of Intensive Care Medicine
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(ESICM) 2021 clinical practice guidelines for transfusion strategies in bleeding critically

ill adults’# acknowledges ongoing investigations regarding whole blood but did not feel
sufficient evidence was available to make a recommendation. This gap appears to be closing
soon. More than 1,300 clinical trials investigating whole blood transfusion in trauma are
currently recruiting patients.

5.5 Timing Considerations

The timing of whole blood transfusion appears to be more uniform across clinical
settings. Whole blood is typically transfused ear/y in the resuscitation process, as soon

as massive bleeding or hemorrhagic shock are identified. One or two units of whole blood
are transfused, followed by standard component therapy with red blood cells, FFP, and
platelets’. However, massive transfusion of whole blood (greater than two units) is also
feasible and appears to be safe’®. The optimal time to switch from whole blood to a
component strategy, therefore, remains unknown.

5.6 Future Questions

While the transfusion of whole blood may prove beneficial for bleeding trauma patients,
further studies are required prior to changing clinical practice. Centers using whole blood
regularly are well equipped to answer several lingering questions. Who should receive whole
blood? How many units are appropriate? What is the optimal time to switch to a component-
based strategy? Finally, will whole blood decrease transfusion requirements and/or improve
patient-centered clinical outcomes? Rigorous clinical trials are required to address these
questions and provide clarity on the use of whole blood in trauma resuscitation.

7. Conclusions

In conclusion, we have provided a comprehensive examination of trauma, hemorrhage,
patient evaluation modalities, resuscitation strategies, and specific considerations for
products and tests available for appropriate patient resuscitation. Initial evaluation should
be focused on the best use of resources for to best care for the patient. Thereafter, any
surgical intervention should be dedicated to control of bleeding and resuscitation should
support end-organ function with prevention and/or treatment of acute blood loss anemia and
coagulopathy. As to appropriate blood product resuscitation, it is clear that use of whole
blood is returning in the military and some larger civilian medical centers. While whole
blood removes some problems with subsequent coagulopathy, it is a resource-intensive
process that is not achievable for every institution. Component therapy is a viable option for
the patient that produces good clinical outcomes with appropriate transfusion ratios and use
of viscoelastic techniques to guide therapy. Finally, our examination of this process leads

to many aforementioned questions that should be the focus of intense investigation for the
anesthesiologist including, but not limited to: which resuscitation strategy is best for the
patient in the short- and long-term? Will different resuscitation strategies cost more societal
resources than produce useful outcomes? Is starting with whole blood and converting to
component therapy beneficial to the patient?
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Synopsis

Massive trauma remains the leading cause of mortality among people <45 years-old.
Therapy has significantly improved in the last few decades and there are new, or renewed,
therapeutic strategies for these patients. In this review, we discuss the initial care and
diagnosis of trauma patients followed by a comparison of resuscitation strategies. \We
discuss various strategies including use of whole blood and component therapy, examine
viscoelastic techniques for management of coagulopathy, and consider the benefits and
limitations of the resuscitation strategies and consider a series of questions that will be
important for researchers to answer to provide the best and most cost-effective therapy
for severely injured patients.
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Key Points

1 Care of the trauma patient should focus on early detection, cessation of
surgical bleeding, and appropriate resuscitation.

2. Whole blood and component therapy transfusion are viable techniques to
support end-organ function.

3. Viscoelastic techniques are useful tools to prevent and/or treat coagulopathy.

4, While there are advantages and disadvantages to both whole blood and
component therapy, there is no clear consensus on the use of each therapy,
societal costs and patient benefit with either technique.
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Figure 1. Components of Rotational Thromboelastometry (ROTEM).
Representation of normal ROTEM evaluation of blood. Different analytic times, angles,

and components are listed with abbreviations defined in the figure. Previously published
materials that are unchanged from the source: “From Anderson L, Quasim I, Steven M, et al.
Interoperator and intraoperator variability of whole blood coagulation assays: a comparison
of thromboelastography and rotational thromboelastometry. J Cardiothorac Vasc Anesth.
Dec 2014;28(6):1550-7. doi:10.1053/j.jvca.2014.05.023; with permission”.
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Figure 2. Components of Thromboelastography (TEG).
Representation of normal TEG evaluation of blood. Different analytic times, angles,

and components are listed with abbreviations defined in the figure. Previously published
materials that are unchanged from the source: “From Anderson L, Quasim I, Steven M, et al.
Interoperator and intraoperator variability of whole blood coagulation assays: a comparison
of thromboelastography and rotational thromboelastometry. J Cardiothorac Vasc Anesth.
Dec 2014;28(6):1550-7. doi:10.1053/j.jvca.2014.05.023; with permission”.
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Traumatype, clinical consider ations and management options.

Listed are common types of injury and the appropriate clinical considerations and management options.
Abbreviations: Chest radiograph (CXR); ultrasound (US); computed tomography (CT); focused assessment
with sonography for trauma (FAST).

emoboli

TYPE OF TRAUMA | Considerations and possibilities Management options

Chest Possibilities of Pneumo/hemothorax, Rib fractures, Aortic | CXR, US, Chest CT, CT angiogram, Possible surgery
or cardiac injury

Abdomen Spleen, liver, kidney and intestinal/ omental injury. Also FAST, CT/A, surgery or careful observation with serial
aortic injury can occur, hemoperitoneum or perforation, CBC and lactate checks

Long bones Any long bones, pelvic or OMF fractures, possible fat Consider early stabilization and look out for blood loss

Retroperitoneum

Large vessels can bleed into a large potential space

CT scan early and CBC check, possible IR intervention

Neuro/spine

Fractures, contusions, bleeding and increased ICP.
Ligamental spine injuries equally dangerous, potential for
neurogenic shock.

Stabilization, CT scan immediately, observation,
surgery

Soft tissue Possible rhabdomyolysis Low threshold for suspicion, check CK and blood
gases. Follow renal function closely.
Blunt Motor vehicle injuries, Falls and crush injuries May present hemodynamic collapse late, consider

close observation

Penetrating

Gunshot injuries or knife trauma

Early intervention usually required

Blast injuries

Widespread soft tissue destruction, increased chances of
neuro, myocardial injuries.

Widespread damage and can be late presentations.
Often multi trauma with severe trauma.
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Table Il.

ROTEM and TEG Operating Characteristics.

Summary of operational considerations for each analytic method.

Cup Maotion
Pin Motion
Angle of Rotation
Detection Method

ROTEM
Fixed
Rotates
4°75’ [ 6 sec

Rotation Impedance

Temperaure Regulation  Heated Metal Block

Temperature Control

Cup Interior

30-40°C
Ridged (0.6-0.9mm)

TEG

Rotates

Fixed

4° 45’ [ 5 sec
Pin Transduction
Heated Cup
24-40°C

Smooth
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