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v

Blood and blood products have been experimented with and employed to treat clinical disease 
processes since the early 1600s. Today the indications for the therapeutic use of blood and 
blood products have expanded significantly. Recent outcome studies have found a wide range 
of beneficial indications for the use of blood or blood components. Today, in clinics and hos-
pitals worldwide, the patient’s own blood is harvested, and components are reinjected strategi-
cally to reduce inflammation and promote healing for a wide variety of clinical conditions.

The use and ordering of blood products based on clinical disease processes or procedural 
necessity can be a complex issue fraught with economic, physiologic, and religious matters. 
Knowledge of disease processes, patient risk factors, and modern-day testing specificity cre-
ates an ever-expanding knowledge base for the practicing clinician. A thorough understanding 
of standard practice involving appropriate testing, selection, and screening of donors, storage 
of blood products, compatibility testing, storage of donations, and clinical use indications are 
all requirements for today’s practitioner.

Regarding blood needs and blood supply, the American Red Cross states that someone 
needs blood in the United States every two seconds, and less than 38% of the population has 
the ability or is eligible to donate blood or platelets. It is critical for those having surgery, 
receiving cancer treatment, experiencing a chronic illness, or someone involved in a traumatic 
injury that an intact blood supply exists. In the United States alone, nearly 21 million blood 
components are transfused yearly.

This book was created under the leadership of Corey S. Scher, MD, Henry Liu, MD, Seth 
Perelman, MD, and Alan David Kaye, MD, PhD all of whom are my long-time esteemed col-
leagues and friends. Together they have worked tirelessly to recruit experts from diverse medi-
cal fields and professional disciplines to share their expertise and knowledge in the following 
chapters. Students and professional practitioners alike will be able to utilize the material in this 
book both in their medical practice and for continued education. It is my honor to introduce 
Essentials of Blood Products and my hope that the reader will take deep satisfaction in their 
efforts to create a timeless volume of information that will continue our shared commitment to 
the Hippocratic Oath: “To treat the ill to the best of one’s ability, to preserve a patient’s privacy, 
to teach the secrets of medicine to the next generation, and so on.”

President and CEO, Ochsner-LSU Health Shreveport Charles Fox, MD
Professor and Chairman
Departments of Anesthesiology and Pharmacology,
Toxicology, and Neurosciences
Louisiana State University School of Medicine-Shreveport
Shreveport, LA, USA
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The History of Blood Transfusion 
and Blood Management

Philip G. Boysen II and Douglas R. Bacon

 Introduction

Blood was mystery rather than science for thousands of 
years. Blood, and its function, was surrounded by religious 
beliefs, rituals, social customs, and human experiences. That 
blood was a “life force” was obvious. One had only to 
observe that when blood was drained from humans and ani-
mals, weakness and death followed as a result. In every lan-
guage, blood is used as a symbol for family relationships; 
being “related by blood” refers to the concept of family 
ancestry or descent, as opposed to related by marriage. We 
emphasize bloodlines when we speak of “royal blood,” or 
assert that “blood is thicker than water.”

Perhaps the most emphatic statement on the power of 
blood is made by William Shakespeare in his famous history 
play, Henry V.  King Henry is exhorting his outnumbered, 
undernourished, fatigued, and diseased soldiers to engage 
the French forces. He exclaims:

And Crispin Crispian shall ne’er go by,
From this day to the ending of the world,
But we in it shall be remembered-
We few, we happy few, we band of brothers,
For he today that sheds his blood with me
Shall be my brother; be he ne’er so vile,
This day shall gentle his condition;
And gentlemen in England now-a-bed
Shall curse themselves they were not here,
And hold their manhoods cheap whilst any speaks
That fought with us on Saint Crispin’s Day!

The absent historical fact in the play is that the English 
were trapped. Their retreat to Calais, the embarking point to 

return to England was blocked by the French. Their position 
was desperate. But the English had perfected the long bow, 
with spear-like arrows, allowing the English army to launch 
a hail of projectiles in rhythm to cut down the French before 
they were able to engage the battle line. The point is made 
that spilling blood in desperate battle brings the soldiers as 
close together as any family tie. For centuries humans really 
knew nothing about blood, how and where it was made in the 
body, the actual composition of blood, and its purpose. 
Accepting it as a life force led to the conclusion that drinking 
blood or rubbing it on the body would make one stronger. 
The stronger the animal or human from whence the blood 
came, the greater the effect. Spectators would rush the field 
of battle to drink the blood of wounded and slain gladiators 
to assimilate their courage and strength.

Notable cultural exceptions to the ingestion of blood are 
found in religious texts. In the Old Testament, Jewish dietary 
laws forbid consuming blood in even the smallest quan-
tity (Leviticus 17:13). Blood must be purged from meat by 
salting and soaking in water. However, the next statement 
(Leviticus 17:14) reasserts the life force of blood: “because 
the life of every animal in in its blood.” Similarly, consump-
tion of food that is contaminated with blood is contrary to 
Islamic dietary law. “Forbidden to you are dead meat, blood, 
the flesh of swine, and that on which hath been invoked the 
name of other than Allah.” (Qur’an sura Al-Maida 5:3).

 The Legacy of Hippocrates

The teachings of Hippocrates were viable for 2000 years and 
the basis of Western medicine [1]. His basic theory identified 
four “humors” operating in the body: health and wellness 
depended on these four humors operating in balance, a con-
ceptual humoral homeostasis. The four humors were blood, 
phlegm, yellow bile, and black bile. Hippocrates proposed 
that no single one of these humors were more important than 
the other. Well into the Renaissance period, the language of 
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humoral theory, sanguine, phlegmatic, melancholic, and cho-
leric, indicated which of these humors were out of balance, 
and the resulting personality and demeanor.

• Sanguine: cheerfully optimistic, hopeful, confident, even 
arrogant

• Phlegmatic: calm, or even an apathetic temperament
• Melancholic: gloomy, dejected, depressive personality
• Choleric: irritable, easily angered, and unpredictable

Given the physical state associated with the humors, early 
physicians concluded that the major function of blood was to 
control one’s mental state. Therefore, it followed that “bad 
blood” could be addressed by bleeding the patient to let the 
offending humor out of the body.

The ancient Greeks had a limited knowledge of anatomy. 
Advancing the science of anatomy and physiology would be 
in direct contradiction to the theory of Hippocrates. However, 
the legacy of Hippocrates is a positive one. He proposed a 
holistic view of medicine and the expectation that a physi-
cian should be selfless in the care of patients and hold to the 
highest ethical and moral standard.

 Antiquity and the Concept of Transfusion

In antiquity, the first “transfusionist” was Medea, a character 
in the epic poem by Ovid [2]. She is the protagonist in 
Metamorphosis, Book VII.  Medea is enjoined by her hus-
band Jason to rejuvenate his aging and failing father, Aeson. 
At first, he begs her to transfer some of his own life-years to 
his father, a plan which she rejects as offensive to the gods. 
Her plan is to drain the blood from Aeson and replace it with 
a secret potion. The ingredients are many and secret:

Meanwhile the strong potion in the bronze pot is boiling and 
leaping, and frothing white with swollen foam… and wherever 
the froth bubbled over from the hot pot and fell upon ground the 
earth grew green and flowers and grass sprang up. When she saw 
this Media unsheathed her knife and cut the old man’s throat; 
then letting the blood run out, filled his veins with her brew… 
his beard and hair lost their hoary gray and became black again; 
his leanness vanished, away went the pallor and look of neglect, 
deep wrinkles were filled out with new flesh, his limbs had the 
strength of youth.

Medea is described as moving round the “blazing altar” 
while dipping many cleft sticks in the dark pools of blood, to 
which she added a long list of additional ingredients includ-
ing animal organs and parts.

When the daughters of King Pelias heard of this achieve-
ment, they begged Media to similarly rejuvenate their father. 
Media used this art and sorcery as a method for murder. She 
scolded the daughters.

Why do you hesitate now, you laggards? Come now, draw your 
swords and let out his blood that I may fill his veins with young 
blood again!

The daughters set upon the father, their king, stabbing him 
repeatedly, but when the time came for the rejuvenation, 
Medea was nowhere to be found, and the two daughters real-
ized they had murdered their father.

 The Discovery of the Circulation

The physiology of blood and circulation was hampered by 
slow discovery of human anatomy, and incorrect assump-
tions. The first known treatise on circulation is found in the 
Ebers Papyrus, a book of medical knowledge written in the 
sixteenth century B.C. [2]. Although mainly concentrating 
on remedies and “prescriptions” of the day, it asserts the con-
nection of arteries to veins, but believed the circulatory sys-
tem carried air and not blood. Air entrained from the 
atmosphere was thought to enter both the lungs and the heart.

The circulation of vital fluids in the body was described in 
the Sushruta Samhita, sixth century B.C., describing the 
arteries as channels [3]. Sushruta also understood the valves 
of the heart had something to do with directional flow of vital 
fluids, but did not offer complete understanding of how that 
function was achieved. The concept of arteries, veins, and 
blood therein was misunderstood due to lack of anatomical 
study and cadaveric dissection. After death, the veins’ arter-
ies appear empty, and the assumption was made that in life 
arteries and veins carried air. Three specific errors, all pro-
posed by Aristotle, and physicians of his time, led to three 
misconceptions:

 1. Aristotle opined the arteries carried air not blood.
 2. Veins carried blood to the extremities, not from them.
 3. The interventricular septum separated right ventricle 

from left, but the septum had pores or perforations.

Greek physician Herophilus is the first true anatomist, 
and has been dubbed the “father of anatomy” [4]. As a young 
man, he emigrated to Alexandria, the most progressive city 
in the world during the reign of the Ptolemaic Pharaohs [5]. 
The city collected books as well as scholars of all sorts. With 
the death of Alexander the Great in 325 B.C., the leadership 
void was filled by one of his general who took the name 
Ptolemy, and his dynasty was in power from 305  B.C. to 
30  B.C.  During that time, all the Pharaohs took the name 
Ptolemy, and all the Ptolemaic queens regnant became 
Cleopatra, Arsinoe, or Berenice. Cleopatra VII was the last 
ruler of the dynasty when Romans captured the city in 
30  B.C.  During this period of academic enlightenment, 
Herophilus practiced dissection for an estimated 30–40 years. 
At some point, he was accused of vivisection of prisoners, 
but this was probably a false accusation. He still believed 
that the vascular system carried air not blood, and would 
have corrected that error in thinking had he been performing 
vivisection. With the passing of the Ptolemaic dynasty, 
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cadaveric dissection was abandoned for the next 1800 years, 
restarting in the middle of the sixteenth century.

The Greek physician Galen corrected the first error in 
thinking in the second century A.D. He established the fact 
that arterial blood was a brighter red color than the darker 
hue of venous blood. He established two separate functions 
for arterial versus venous blood, different and unrelated [6]. 
Venous blood, responsible for growth and energy, was cre-
ated from chyle in the liver. Arterial blood was created in the 
heart, and its function was to carry air. Blood flowed from 
the arterial and venous system to the periphery and all organs, 
there to be dissipated and not returned. Thus, the heart was 
not a pump, there was no venous return of blood to the heart, 
and the interventricular septum had pores to allow venous 
blood to pass from the left ventricle to the right ventricle.

The false assumption of pores in the ventricular septum of 
the heart was corrected by the Arabic physician Ibn al-Nafis 
in 1242 [7]. His manuscript was discovered in 1924 in the 
Prussian State Library in Berlin. In that document, he states:

…the blood from the right chamber of the heart must arrive at 
the left chamber, but there is no direct pathway between them. 
The thick septum of the heart is not perforated and does not have 
visible pores as some people have thought or invisible pores as 
Galen thought. The blood from the right chamber must flow 
through the vena arteriosa (pulmonary artery) to the lungs, 
spread through its substances, be mingled there with air, passed 
through arteria venosa (pulmonary vein) to reach the left cham-
ber of the heart, and there form the vital spirit…

So, the assumed perforation in the ventricle of the heart did 
not exist and blood went through the pulmonary circulation 
and parenchyma, and returned to the left side of the heart 
(Fig. 1.1). Ibn al-Nafis and his work were largely unknown 
for three centuries in Europe. It was again described in 
1552 in Spain, and in 1558 in Italy. During that same time, 
Andrea Cesalpino coined the term “circulation,” postulating 
that the arteries and veins were connected by a thin vascular 
network [8].

Finally, the English physician William Harvey put it all 
together [9]. In 1628, he published Exercitatio Anatomica de 
Motu Cordis et Sanguinis in Animalibus. The magnus opus, 
a book of 100 pages, was widely read and rapidly influenced 
thinking. He described the true function of the cardiac and 
venous valves, and asserted that the arterial pulsation is only 
due to blood. He did not mention the capillary system, the 
network connecting arteries and veins, and elucidated by 
Marcello Malpighi [10].

 The Cellular Elements of Blood

The microscope became available in the mid-seventeenth 
century, a Dutch biologist reported its use to study amphib-
ian blood in 1658, and with this instrument gave the first 

report describing the red blood cell [12]. Unaware of this 
report by Jan Swammerdam, the Dutch physician Anton 
von Leeuwenhoek made a second report 16 years later, in 
1674 [13].

Nearly 200 years later, the first microscopic description of 
the platelet was published in the journal Archiv fur mikrosco-
pische Anatomie. The journal was founded by the German 
anatomist Max Schultze 1865, and he published his work in 
the first issue of his own journal. In his investigation, he 
describes another component of blood which he dubbed 
“spherules,” later known as platelets. Further he noted these 
spherules often occurred in clumps and seemed to collect 
fibrous material [14].

Giulio Bizzozero developed a microscopic technique to 
examine red blood cells passing in single file in an amphib-
ian web using a live animal. He confirmed the description 
Schultze made of platelets and also confirmed their role in 
coagulation at a site of injury [15].

Blood
Air

Fig. 1.1 A representation of the pulmonary circulation as described in 
his writings c. 1236 A.D. [11]

1 The History of Blood Transfusion and Blood Management
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The work of Paul Ehrlich, German physician, was a giant 
leap forward for hematology. He developed dyes to stain blood 
smeared on a glass plate. With his dyes he not only garnered 
information on the red blood cell, but described the white 
blood cell, clearly showing the difference between lympho-
cytes and granulocytes [16]. He was awarded the Nobel Prize 
for these investigations. Finally, and much later, Dr. Max 
Perutz described the structure of hemoglobin in 1959 [17].

 The Royal Society Transfusion Experiments

The Royal Society was founded in London in 1661, obtain-
ing a Royal Charter in 1662 [18]. Among the early founders 
and participants were Thomas Willis, Christopher Wren, 
Richard Lower, Robert Hooke, Robert Boyle, Sir William 
Petty, Thomas Sydenham, and Samuel Pepys. Although 
other Europeans (Italian, French, and English) wrote about 
transfusion as a concept, the first documented transfusion 
belongs to Christopher Wren who employed an animal blad-
der and two quills to establish a circulatory connection. The 
knighted Sir Christopher Wren is better known for his contri-
butions to astronomy and architecture. Wren’s experiments 
were later described by Robert Boyle when he published 
“The Usefulness of Experimental Philosophy” in 1663 [19].

Another member of the Royal Society, Cornish physician 
Dr. Richard Lower, made a significant contribution of trans-
fusion science in February in the year 1665 [20]. He described 
the first animal to animal transfusion using a bled dog and 
transfusing blood from another dog. The first dog was bled to 
the point of being in extremis, then revived by blood transfu-
sion. He described his work in his book “Tractatus de Corde” 
published in 1669, his work previously having been read to 
the Royal Society by Robert Boyle [21].

Lower published the first description of direct transfusion 
from donor artery to recipient vein after he was unsuccessful 
in transfusing from vein to vein. This blood transfer failed 
due to clotting before it could be completed. Of further sig-
nificance is his ability to use transfusion to replace blood lost 
for whatever reason, in an era when blood transfusion was 
viewed as therapy for mental disorders.

Nevertheless, when Lower pushed his technique even fur-
ther to achieve transfusion from animal to man, he selected a 
mental patient for the procedure. Arthur Coga, a 32 year-old 
man, was suffering from anxiety and depression, apparently 
without benefit from any therapy (including presumably 
blood-letting). Lower enlisted Dr. Edmund King, a well- 
known surgeon, to establish the connection from the carotid 
artery of a sheep to one of Coga’s arms. The operation was a 
success, but the patient showed minimal or no improvement 
in his mental state. A second transfusion was scheduled but 
never took place.

A young French physician, Dr. Jean Baptiste Denys, in 
the employ of King Louis XIV, read of Lower’s experiments. 

He had been experimenting with animal to animal transfu-
sion with the cooperation with his own surgical associate, Dr. 
Paul Emmerz. He was asked to treat a 15-year old boy who 
had been suffering with fever for months, again with no 
improvement after being bled multiple times. In this proce-
dure, the boy was transfused 9 ounce of sheep blood, having 
been first bled by that same amount. Except for feeling local 
heat in his arm, the patient tolerated the transfusion but again 
with little apparent benefit. Denys is credited with perform-
ing the first animal to man transfusion in 1667 [22].

Denys continued to expand his transfusion practice using 
sheep’s blood so as not to transmit vices or passions from 
one human to another. He eventually became aware of the 
erratic behavior of Antoine Mauroy following a display of 
public nudity causing his wife to seek Denys in hopes of a 
cure by transfusion. Denys could not resist this challenge and 
transfused a small amount of calf blood to Mr. Mauroy, not-
ing no apparent complication or benefit. Within two  days, 
Mauroy transfused the man again resulting in what is now a 
classic description of a transfusion reaction including hema-
turia. Denys mistakenly mistook hemoglobinuria as proof of 
release of “black choler” and a positive sign that his brain 
would be favorably changed.

However, several months later, Mauroy was irrational and 
violent, and he was subjected to another transfusion. It was 
never performed as adequate blood flow could not be estab-
lished. Mauroy died the following evening. The medical 
community persuaded the widow to file charges against Drs. 
Denys and Emmerz. Many physicians of the day still refused 
to believe Harvey’s demonstration of blood circulation; also, 
the practice of the day continued to bleed patients to remove 
bad humors in the body. Denys filed his own lawsuit against 
the widow and had his day in court. He was acquitted when 
it was discovered that the man had died of arsenic poisoning 
and the widow confessed!

With his macabre ending came a serious and unfortunate 
outcome. The Faculty of Medicine of Paris issued a decree 
that transfusion could not be performed without the permis-
sion of a member of the Faculty, which would never be forth-
coming. Then in 1678, the French Parliament decreed that 
transfusion henceforth would be a criminal act. A year later 
the Royal Society in London followed suit, and wanted noth-
ing to do with the public outcry against the procedure. For 
the next 150 years, the practice of transfusion was prohibited 
by law in France and England.

 James Blundell and Obstetricians Revive 
Transfusion Medicine

James Blundell was the first to transfuse human blood (1818) 
and has been referred to as the father of modern blood trans-
fusion [23]. He was motivated to save women from fatal 
hemorrhage during childbirth. He also developed a science 
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of transfusion while reawakening interest in the technique. 
He had first repeated the experiments of Lower by transfus-
ing exsanguinated dogs. He established that transfusing 
blood from another dog to the exsanguinated dog was not 
accomplished without complications, and decided to investi-
gate human to human transfusion. He was the first investiga-
tor to wonder about availability of a suitable donor (in this 
case a dog) to accomplish an emergency transfusion [23].

Blundell was aware of the work of one of his contempo-
raries, John Henry Leacock who asserted that transfusion is 
life-saving in the face of acute blood loss, such as the bleed-
ing parturient or wounded soldiers, rather than transfusing 
for mental disorders.

Blundell had a mechanical mind, and in 1824, published 
a book introducing a device he called an “impellor” consist-
ing of a funnel to collect donor blood, a surrounding water 
bath to keep the blood warm, and tubing to push the blood 
into the patient. A subsequent invention, known as the 
“Gravitator” provided enhanced blood delivery [24]. An 
illustration published in 1829 shows a standing donor watch-
ing his blood flow into the Gravitator (Fig. 1.2).

In his reports, Blundell noted that some patients reported 
fever, backache, headache, and passed dark urine, presum-
ably due to transfusion with ABO-incompatible blood.

 The Legacy of Karl Landsteiner

Karl Landsteiner (Fig.  1.3) investigated the problem of 
blood incompatibility, working along the same scientific 
observations started by Blundell. When he began his work 
the issue of blood incompatibility was recognized between 
species, but not within any given species. Landois pub-
lished a manuscript, “Die Transfusion des Blutes” in 1875 
demonstrating that mixing blood from one animal with the 
blood of another species caused coagulation and lysis 

within minutes [25]. Then 25 years later, Landsteiner did 
similar experiments limited to human blood. He described 
his results when mixing red blood cells and serum in 22 
subjects. He made two important observations, the first 
being that clumping of the mixed blood was observed in 
some specimens but not in others (the blood mixed was 
“compatible”), and secondly that this was an immunologic 
phenomenon. He was able to identify three blood groups, 
A, B, and C [26]. The following year two of his students 
studied 4.155 patients who had no agglutinins in their own 
serum, but all three of the previously discovered blood 
types (group AB). Further they noted that isoagglutinins 
were present in healthy people and not associated with a 
disease state [25]. Written in German, Landsteiner’s work 
was not put into common practice until the 1920s. He 
received the Nobel Prize for his work in 1930 [27].

In that interim, other groups were duplicating his findings 
unknowingly. Moss described four groups also by naming 
them in reverse order: IV, III, II, I [28]. It took a meeting of 
the Congress of the International Society of Blood Transfusion 
in 1937 to adopt the ABO terminology. Genetic aspects of 
blood formation and blood inheritance were under investiga-
tion since the 1920s racial distribution of blood groups was 
documented during World War II in Germany [29]. Blood dis-
crimination followed as blood group A was determined to be 
of Aryan descent, and blood group was a marker for Jewish 
and Slavic descent. Similarly, in the United States, blood was 
segregated according to donor by the American Red Cross. 
Blood from black donors was not acceptable for pooled 
plasma from which albumin was derived. Such laws were in 
place in the United States until the late 1960s. In fact, in the 
1950s, a law was passed in Louisiana charging physicians 
with a misdemeanor if blood from a black donor was trans-
fused into a Caucasian without explicit and informed consent. 
The law remained in effect until it was repealed in 1983 [30].Fig. 1.2 Blood transfusion with the Gravitator, shown in Lancet (1828)

Fig. 1.3 Karl Landsteiner

1 The History of Blood Transfusion and Blood Management
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Another of Landsteiner’s students, Philip Levine began 
work with him in the Rockefeller Institute in 1925. Levine 
published a case report of a couple, both with blood group O, 
experienced a bleeding episode after the husband’s blood 
was transfused into the wife. The ensuing post-transfusion 
hemolysis was investigated by incubating the husband’s 
blood with the wife’s blood, which resulted in immediate 
agglutination. Levine then incubated the woman’s blood 
with 140 compatible samples of ABO blood. Agglutination 
was observed in 80 samples, thus demonstrating the pres-
ence of what came to be known as Rhesus antibodies [31]. 
The antibodies were so named due to previous work that 
Levine had performed with Landsteiner that had similar 
results and did involve Rhesus monkeys. Sir Ronald Fisher, 
a Cambridge geneticist, established the complexity of the Rh 
antibody describing several alleles, which he named C and c, 
D and d, E and e.

In the ensuing years, researchers discovered many new 
antigens in blood. Coombs developed the anti globulin test to 
identify new antigenic systems often named for the first 
patient who had those new antibodies [32]. Further progress 
was made when Morton and Pickles discovered that enzymes 
such as trypsin could be incubated with blood to enhance 
antigenic expression [33]. Coombs identified the Kell anti-
gens in a case of hemolytic disease of the newborn that could 
not be explained by the Rh antibody. Joseph Duffy (Fy) was 
a hemophiliac who received multiple transfusion and carried 
the gene. Mrs. Kidd (Jk) delivered a son, her fifth child, who 
had hemolytic disease of the newborn. An antibody in her 
blood agglutinated the blood of 146/189 donors [34].

 The Search for an Anticoagulant

Further limiting transfusion medicine was the vexing prob-
lem of blood coagulation, which resulted in the requirement 
of fresh blood for transfusion and donor and recipient in the 
same place and at the same time. An early approach to this 
problem was the arterio-venous anastomosis first described 
in 1913 by the French surgeon Alexis Carrel, a donor radial 
artery to recipient vein graft. Once again, the immediacy and 
emergency of the situation involved a mother who had deliv-
ered a baby with erythroblastosis fetalis. Carrel was rewarded 
the Nobel Prize in Medicine for his work [35]. However, the 
technique has definite limitations. Donor and recipient must 
be immediately present for the procedure. It is not possible to 
know how much blood is being transfused, or even to esti-
mate the volume. The blood vessels of donor and recipient 
could not be used a second time.

A second technique was simply to defibrinate the blood 
by collecting it into a reservoir and stir with a device to pro-
mote clotting, lift out the clot, and use the remaining fluid for 
transfusion. Prevost and Dumas used defibrillated blood to 

resuscitate animals that had been exsanguinated and reported 
their results in 1821 [36]. They also reported severe febrile 
reactions after the transfusion. What was needed was a third 
option, i.e., find a stable non toxic anticoagulated environ-
ment so that blood could be collected and stored for a pro-
longed period of time.

The British obstetrician Braxton-Hicks tested a phosphate 
of soda as an anticoagulant, but it proved to be a toxic 
medium [37]. Richard Lewinsohn experimented with sodium 
citrate at a concentration of 1%, noting that some laborato-
ries used it as an anticoagulant for specimens not collected 
for transfusion as the solution was also toxic. Lewinsohn 
continued his work, exploring the theory that a lower con-
centration of citrate might provide anticoagulation without 
ensuing toxicity [38]. Finally, in 1915, he published his 
results using 0.2% citrated solution with good anticoagulant 
effect and no toxicity even if 2500 cc of blood was transfused 
[38]. But the blood still had to be stored for only a short time. 
Adding dextrose to stored blood extended red cell survival to 
two weeks; acid-citrate-dextrose (ACD) improved red blood 
survival without effect of acid–base milieu in the recipient 
[39]. Citrate-phosphate-dextrose (CPD) extended red blood 
cell survival to 28 days [40, 41].

The ability to store blood in a non toxic solution and the 
ability to prevent coagulation were major achievements in 
the transition to blood management. Prior to that the blood 
service concentrated on enlisting donors who had been pro-
cessed and examined, and able to respond to the need for 
blood donation in short notice. The first blood service was 
established in 1921 by Percy Oliver, a civil servant working 
with the British Red Cross [42]. Establishing a list of pro-
spective donors was a slow process, but the need was evident 
in post-war England. There were few homes with phones, so 
the donors were summoned by police and escorted to the 
facility. The blood donor service expanded throughout the 
UK in spite of resistance by some physicians to use antico-
agulants, and the challenge of having to perform a surgical 
procedure to access the vascular anatomy. There were still 
deaths resulting from ABO incompatibility since blood typ-
ing was not widely available. The process of enlisting a panel 
of donors, in essence a “walking blood bank” continues to 
exist in the American military, and has recently been  activated 
by US Navy physician and corpsmen in a desert post [43]. 
Eventually, the term “blood bank” meant a physical space, 
not a living person. Dr. John Lundy at the Mayo Clinic initi-
ated blood banking in 1935 [44]. In 1937, Bernard Fantus 
opened a blood bank at the Hektoen Institute of Cook County 
Hospital in Chicago, storing refrigerated blood in bottles for 
10 days prior to infusion [45]. Whether blood is collected at 
the site of transfusion, or collected and stored for later use, a 
panel of donors is still a requisite.

The shortage of blood donors in Russia in the 1930s 
demanded a different approach and the result was the col-

P. G. Boysen II and D. R. Bacon
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lection of cadaveric blood [46, 47]. The premise was that 
rapid access to a trauma patient, and drainage of blood from 
a dead donor from the inferior vena cava would result in an 
adequate amount of blood for transfusion. Shamov reported 
transfusion of blood from trauma patients and patients who 
died from cardiac arrest in 2500 recipients with only seven 
deaths. In the United States, Dr. Jack Kevorkian (who later 
became famous for his work in physician-assisted suicide) 
reported similar results [48]. Other physicians collected and 
transfused placental blood, which was plentiful, but more 
likely to be infected prior to transfusion [49]. The establish-
ment of blood banks supplanted the use of these and other 
techniques [50].

 Fractionated Blood Products

The fact that blood contains cellular elements and platelets 
was well established. It wasn’t until 1940 that Professor 
Edwin Cohn, a physical chemist at Harvard Medical School, 
began to methodically search for other “fractions” in blood 
and plasma. His technique involved repeatedly exposing 
blood to ethyl alcohol. With each iteration of the experiment, 
he varied salt content, temperature, and pH [51]. The isolated 
fraction I contained mostly fibrinogen, fractions II and III 
were mainly globulins, and fraction V was albumin. The 
albumin-rich factor V was reported to restore circulation in 
accident victims with “circulatory collapse.” On December 
7, 1941 – the date of the Japanese attack on Pearl Harbor, 
albumin was immediately deployed to the base and infused 
into 84 victims, mainly burn injuries with reported improve-
ment enhancing survival. Albumin was introduced into clini-
cal medicine with no randomized clinical trials as would be 
required today [52].

Immunoglobulins in fractions II and III were employed to 
provide prevention infectious diseases including measles and 
Rh hemolytic syndrome [52]. The anti-Rh(D) given by IM 
injection in male volunteers coated Rh erythrocytes that had 
been previously injected. Subsequently a combined study 
between the United States and UK found efficacy in the pro-
tection of Rh-negative parturients [53].

Fractionation of blood and treatment of hemophilia is a 
crowning achievement in modern medicine. Before such 
treatment became available, young boys died prior to ado-
lescence [54]. Inbreeding of Royal families of Europe who 
carried the gene for hemophilia saw their line die out due to 
the disease. Up until the 1950s, bovine and porcine plasma 
were used to treat hemophiliacs since both were rich in the 
missing factor, or factor VIII [55]. Severe allergic reactions 
were noted with repeated exposure stimulating further 
research [56].

Dr. Judith Graham Poole of Stanford University discov-
ered cryoprecipitate in 1965 noting much greater clotting 
activity than plasma [57]. Stored in a refrigerator, it could be 
thawed and administered by a physician [58].

Dr. Kenneth Merle Brinkhous of the University of North 
Carolina at Chapel Hill discovered the factor VIII deficiency 
which was responsible for hemophilia in 1935. He later 
described von Willebrand’s disease [59]. Another form of 
hemophilia, deficiency of clotting factor IX was discovered 
in 1952 [60].

 Blood Management in the Modern Era

It took centuries to develop the concept and practicality of 
human blood transfusion as a means of treating anemia and 
blood loss rather than transfusing to treat mental disorders. 
Safe collection of blood, and storage for prolonged periods, 
prevention of coagulation, and the fractionation of non- 
cellular components led to the ability to “manage” the prod-
uct and extend the ability to treat more patients with a 
targeted approach to therapy. Subsequent acquisition of 
knowledge during the past 50 years has been impressive.

• 1967: Rh immune globulin was released as a commercial 
product

• 1969: Platelet storage at room temperature was reported
• 1970: Blood was collected only from volunteer donors
• 1972: Apheresis is introduced to extract donor platelets, 

returning the rest of blood
• 1981: Gay Related Immune Deficiency Syndrome (GRID) 

reported
• 1983: GRID, now AIDS virus isolated at Pasteur Institute 

in France
• 1985: ELISA test applied to blood donors to detect AIS 

virus
• 1987: Indirect screening for hepatitis B introduced
• 1990: Testing for Non A–Non B (now hepatitis C) 

introduced
• 1992: Donor blood now direct testing for HIV-1 and 

HIV-2 virus
• 1996: Testing for HIVp24 antigen introduced

In addition to addressing hepatitis A, B, C and AIDS, the 
technology is introduced to screen for and diagnose malaria, 
toxoplasmosis gondii, and cytomegalovirus. The search for a 
technique to perform “blood less” surgery has been partially 
achieved by autologous transfusion, a technology that 
retrieves the patient’s own blood during the surgical proce-
dure, processes it through a “cell saver” to be reinfused into 
the patient prior to the end of the procedure [61, 62].

1 The History of Blood Transfusion and Blood Management
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 The Future of Blood Management

Implementation of blood management has been made possi-
ble due to recent advances. The triggers for transfusion have 
been re-examined and are based on individual patient physi-
ology rather than absolute rules. Rapid assessment of clot 
formation and fibrinolysis is available using thromboelastog-
raphy leading to precise replacement of red blood cells, 
platelets, and blood products. The search for substitutes for 
hemoglobin and platelets continues. Genetic approaches 
have been under evaluation such as experiments with trans-
genic livestock and cultivation of stem cells to grow cellular 
components of blood. The Joint Commission offers certifica-
tion in blood management as a means of maximizing the 
benefit of the resources collected from volunteer blood 
donors. The search for a hemoglobin substitute continues. 
The need for blood and blood products, however, will con-
tinue for decades to come [63].
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Abbreviations

AABB formerly the American Association of Blood 
Banks

AIDS Acquired Immunodeficiency Syndrome
C:T ratio Crossmatch-to-transfusion (C:T) ratios
CJD Creutzfeldt–Jakob disease
DAT Direct antiglobulin test
EDTA Ethylenediaminetetraacetic acid
FDA Food and Drug Administration
FNHTR Febrile non hemolytic transfusion reaction
HDFN Hemolytic disease of the fetus and newborn
HLA Human leukocyte antigens
HPA Human platelet alloantigens
HTR Hemolytic transfusion reaction
MHC Major Histocompatibility Complex
NAIT Neonatal alloimmune thrombocytopenia
PRT  Pathogen reduction technologies
RBC Red blood cell
RhD D antigen of Rh blood group
TA-GVHD  Transfusion-associated graft-versus-host 

disease
TRALI Transfusion-related acute lung injury

 The ABO and Rh Blood System

The ABO antigens are recognized as the most clinically sig-
nificant blood group system. Two antigens, A and B, deter-
mine ABO typing. The presence or absence of these two 

antigens create the four common blood group phenotypes: A, 
B, AB, and O. These antigens are found on red blood cell 
membranes, lymphocytes, platelets, vascular endothelium, 
and a wide variety of other tissues. In predisposed type A, B, 
or AB individuals, antigens are secreted in body fluids, with 
the exception of cerebrospinal fluid [1]. Those with group O 
blood type produce a nonfunctional enzyme, which is 
responsible for the constitutive absence of A and B antigens. 
ABO phenotypes vary with race and ethnicity (Table 2.1).

Inversely correlated to the expression of A and B anti-
gens, are the expression of anti-A and anti-B antibodies 
(Table  2.2). Group A, B, and AB individuals express pre-
dominantly IgM antibodies. These antibodies are said to be 
“naturally occurring” because they do not require exposure 
to a reciprocal antigen for formation. For example, a group A 
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Table 2.1 ABO & RH phenotypes by race (%)

– O A B AB D Pos D Neg
White 45 40 11 4 83 17
Black 50 40 11 4 93 7
Hispanic 56.5 31 10 2.5 93 7
Asian 40 28 25 7 98 2
Donors 47 37 12 4 85 15

Adapted from Garretty et al. [5]
Decimals have been rounded to the nearest whole number

Table 2.2 ABO antigens and antibodies

Antigens on RBCsa

Antibodies in plasma/
serumb

InterpretationA B D Anti-A Anti-B
0 0 0 + + O Neg
+ 0 + 0 + A Pos
0 + 0 + 0 B Neg
+ + + 0 0 AB Pos

aForward/Front type: Patient RBCs with reagent antisera containing 
antigen antibodies
bReverse/Back type: Patient serum with reagent RBCs with known anti-
gens added
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individuals will produce anti-B antibodies in their serum as 
early as three months of age [2]. It is hypothesized that these 
naturally occurring antibodies are formed in response to 
environmental and gastrointestinal flora that form structures 
similar to the ABO antigens and elicit an immune response 
[2]. The anti-A and anti-B antibodies can agglutinate or 
cause red cell clumping at room temperature (20–24 °C) and 
can activate the complement cascade at 37 °C, causing red 
cell hemolysis.

In contrast, group O individuals express predominantly 
IgG anti-A and anti-B antibodies. Similar to IgM antibodies, 
these are capable of activating complement and causing 
hemolysis. Additionally, group O individuals possess IgG 
anti-A,B.  This unique antibody is believed to react with a 
common region on the A and B antigens of A, B, or AB indi-
viduals, leading to hemolysis [2]. Unlike IgM antibodies, 
IgG immunoglobulins can cross the placenta and are respon-
sible for the higher rates of hemolytic disease of the fetus and 
newborn (HDFN) seen in group O pregnant women (see 
Chapter 23).

The Rh antigens are the second most significant group 
after the ABO blood system. Originally discovered in 1939 
[1], the Rh group is composed of 61 different antigens. Of 
these, D, C, c, E, and e are known as the primary antigens. 
Rh genes are closely linked and inherited as a group on chro-
mosome 1. This system is considered to be the most immu-
nogenic of all the minor blood group antigens, with the 
D-antigen (RhD) being the most immunogenic and clinically 
significant of the group [3, 4]. “Rh-positive” and 
“Rh-negative” terminology is generally accepted as denoting 
the RhD antigen status of a patient. Using “RhD-positive” or 
“RhD-negative” terminology when referring to a RBC unit is 
more accurate.

Unlike ABO antibodies, anti-RhD antibodies require 
exposure to D-antigen for formation. They are predomi-
nantly IgG antibodies which can bind and agglutinate red 
blood cells, leading to extravascular hemolysis. RhD anti-
bodies do not typically activate complement. As with the 
ABO system, phenotype frequency varies by race and eth-
nicity. Overall, roughly 85% of individuals are classified as 
RhD-antigen positive [1, 5].

ABO group and RhD testing of donated blood is per-
formed after collection. Additionally, the  ABO group and 
RhD-negative status of all products containing red cells 
(RBCs, whole blood, and granulocytes) must be confirmed 
by the receiving hospital prior to use [2]. Testing consists of 
typing for antigens attached to the red blood cell membrane 
with antigen-specific reagent (forward type), as well as 
screening for suspended antibodies in serum or plasma with 
antigen-positive test cells (reverse type).

Similarly, prior to routine transfusion, a patient’s ABO 
and RhD type must be confirmed with forward and reverse 
typing. ABO type in this setting must be confirmed by two 

determinations prior to transfusion. A second determination 
can consist of comparison to previous records, testing a sec-
ond patient sample, or retesting of the same sample if the 
patient’s identity was verified with a validated process to 
reduce misidentification [6]. This check helps ensure that 
donor RBCs will be compatible with the recipient’s plasma 
to minimize the risk of life-threatening hemolysis.

A RBC unit is compatible if the ABO and Rh antibodies 
in the recipient’s serum will not react with antigens on the 
donor’s cells. For example, a group A recipient with anti-B 
antibodies in their serum would likely be compatible with a 
group A donor (same type) or with a group O donor whose 
red blood cells lack A and B antigens to be acted on by the 
anti-B antibodies. Group O red cells and platelets lack ABO 
surface antigens and are referred to as universal donor cells. 
Conversely, group O plasma containing IgG anti-A,B and 
IgM anti-A and -B is not compatible with Group A or B 
recipients. Group AB individuals lack ABO antibodies in 
their serum, making AB plasma products compatible with 
any blood group recipient. Group AB individuals can receive 
RBC-containing products from any ABO blood group 
(Table 2.3). Please note that these examples only hold true in 
the absence of recipient alloimmunization, further discussed 
below.

In the absence of a confirmed patient ABO typing during 
emergent situations, group O RBCs can be safely used. The 
RhD antigen status of products selected for emergent trans-
fusion may vary by patient type. Similarly, either group AB 
or A plasma products may be issued for transfusion in emer-
gency settings with unknown recipient ABO and RhD typ-
ing. These two notable exceptions to historic blood bank 
dogma are discussed below in the Inventory Management 
section.

 Other Blood Antigen Systems

Beyond ABO groups and the Rh system, over 350 additional 
RBC antigens have been identified [7]. Only some are con-
sidered clinically significant and capable of causing hemoly-
sis, HDFN, and reduced RBC survival [8]. Clinically 
insignificant RBC antigens have little to no clinical conse-

Table 2.3 Compatible recipients and donor units

Recipient 
ABO/Rh type

Compatible 
RBC units

Compatible 
platelet units

Compatible 
plasma unitsa

O - O − Platelets are not 
ABO or Rh 
matched

O, A, B, AB
A + O +, A + A, AB
B + O −, B − B, AB
AB + O +, A +, B +, 

AB +
AB

Adapted from Technical Manual, Nineteenth Edition
aPlasma does not need to be Rh matched
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quences when transfused to alloimmunized recipients. Red 
cell antibodies are typically IgG and are regularly screened 
for in standard patient antibody screen testing [6, 7, 9]. This 
testing uses recipient serum or plasma and watches for 
agglutination with screening red blood cells of known anti-
gen type. If a screening cell agglutinates with the recipient 
serum or plasma, additional work up is warranted to identify 
the specific antibody/antibodies. If clinically significant anti-
bodies are identified, the patient will need to receive cross-
match-compatible red blood cells that lack the corresponding 
antigen [6].

 The Human Leukocyte Antigen System

The human leukocyte antigen (HLA) system is encoded by a 
group of closely linked genes located on chromosome 6 in a 
region known as the major histocompatibility complex 
(MHC). HLA antigens have an essential immune function in 
the binding and presentation of antigens for T cell recogni-
tion [10]. Because we develop tolerance to our own HLA 
type, our immune system can identify non self cells within 
the body by their foreign HLA antigens [10]. For the pur-
poses of transfusion medicine, Class I and Class II are sig-
nificant for transfusion management.

Class I antigens are found on the surface of all nucleated 
cells in the body, including platelets, the products of nucle-
ated megakaryocytes. Immature nucleated RBCs also 
express HLA antigens. These are generally lost in maturation 
with the exception of Bennett-Goodspeed (Bg) antigens, 
Class I HLA antigens retained on mature red cell membranes 
[11]. Class II antigens are found on antigen-presenting cells, 
including B-lymphocytes, monocytes, macrophages, den-
dritic cells, and activated T-lymphocytes. Class I and II HLA 
antigens and antibodies are of particular importance when 
selecting appropriate platelet and plasma donor units.

Platelets carry Class I HLA antigens, in addition to ABO 
antigens and human platelet alloantigens (HPA). They do not 
express Rh or Class II HLA antigens. Given a short shelf life 
of 5–7 days and commonly limited inventory (see Chapter 3: 
Component Therapy), platelet units may be transfused with-
out matching for ABO, HLA, or HPA status. ABO, HLA, or 
HPA-incompatible units may be associated with a lower 
platelet number increases following transfusion, but this has 
not been shown to have a measurable impact on clinical 
bleeding [12]. As an exception to this rule, if a patient dem-
onstrates significant platelet transfusion refractoriness on 
two occasions and non immune mechanisms (e.g., fever, 
hypersplenism, or sepsis) are ruled out, HLA and HPA anti-
bodies must be considered [13]. HLA antigens are the most 
common cause of immune-mediated refractoriness [13]. 
Consulting with the Transfusion Medicine Service or blood 
bank can help clarify the need for additional HLA antibody 

testing and subsequent HLA-matched product requests in 
select individuals.

HLA antigens are also implicated in transfusion reac-
tions. Plasma products are a suspension of proteins, immu-
noglobulins, coagulation factors, and a multitude of other 
dissolved substances necessary for cellular metabolism. 
HLA antibodies may be included in this suspension, which 
can result in HLA antibody-mediated transfusion reactions. 
Transfusion of plasma-containing products, which may har-
bor HLA antibody, have the potential to cause transfusion- 
related acute lung injury (TRALI). Leukocytes with HLA 
Class I and II antigens are commonly found in cellular blood 
products, which have the potential to cause HLA-mediated 
febrile non hemolytic transfusion reaction (FNHTR), rare 
hemolytic transfusion reactions (HTR), potentially fatal 
transfusion-associated graft versus host disease (TA-GVHD), 
as well as TRALI [14, 15]. All transfusion reactions are 
described in greater detail in Chapter 12: Complications of 
Blood Transfusions.

In the event of a transfusion reaction, the transfusion must 
be stopped immediately and a workup is required [14]. The 
initial work up steps include checking all clerical work for 
errors, retyping the patient ABO, visually assessing for 
plasma discoloration indicative of hemolysis, and perform-
ing a direct antiglobulin test (DAT) [14]. The DAT can help 
distinguish immune from non immune-mediated hemolysis 
causes and is also used in HDFN and autoimmune hemolytic 
anemia workups. The DAT can determine if an individual’s 
RBCs are coated with immunoglobulin and/or complement. 
An appropriate specimen must be received in an ethylenedi-
aminetetraacetic acid (EDTA) tube, to chelate calcium from 
the sample and stop the in-vitro fixation of complement, 
which could cause a false-positive result. Unfortunately, 
there are many causes of a false-positive DAT (infections, 
high serum immunoglobulins, antiphospholipid syndrome, 
medications), and up to 15% of hospitalized patients with no 
signs of hemolysis will have a positive test [16]. A positive 
DAT is therefore not diagnostic of hemolytic anemia, but 
must be examined in the context of the patient’s diagnoses, 
medication history, pregnancy status, and transfusion his-
tory. If the work up rules out hemolysis, other etiologies 
must be investigated to classify the transfusion reaction [15].

 Alloimmunization

An alloantibody is an antibody produced to an antigen that 
an individual lacks [8]. Alloimmunization (alloantibody for-
mation) is a known complication of transfusion and trans-
plant therapy. Alloantibodies to cellular antigens can also be 
formed naturally during pregnancy and can put subsequent 
pregnancies at risk (see Chapter 23). Studies have demon-
strated that the risk of alloimmunization is dependent on a 
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number of factors including the number of red cell contain-
ing units administered, the health of the recipient, and recipi-
ent genetic factors [17, 18]. Once an alloantibody has been 
generated, recipients may be at risk for future platelet refrac-
toriness and transfusion reactions, described above.

Historically, the formation of an anti-D alloantibody has 
been considered the most concerning. D-antigens are highly 
immunogenic and anti-D antibodies can cause severe and 
potentially fatal hemolytic reactions. In the 1970s, it was 
demonstrated that 80% of healthy male volunteers formed an 
anti-D antibody when exposed to small doses of Rh-positive 
red blood cells [19]. The majority of hospitalized patients 
receiving red blood cell transfusions, however, are not 
“healthy.” Subsequent studies have demonstrated a much 
lower rate of alloimmunization, ranging 20–30% in non- 
immunosuppressed individuals and massively transfused 
recipients [20, 21]. Alloimmunization rates of less than 10% 
were identified in immunosuppressed patients, including 
those with hematologic malignancies, acquired immunodefi-
ciency syndrome (AIDS), or on immunosuppressive therapy 
[17, 22]. Decreased rates of alloantibody formation may be 
secondary to dampened responses to foreign antigens 
encountered in these states [9, 23].

Platelets differ from RBCs in that they express HPA anti-
gens, in addition to ABO and Class I HLA antigens. Exposure 
to foreign HLA and HPA antigens can lead to the generation 
of HLA and HPA antibodies. Class I HLA antigens are the 
most immunogenic platelet antigens. Of acute myelogenous 
leukemia patients transfused with platelets, 45% formed 
HLA antibodies [9]. Conversely, only 8% of recipients dem-
onstrated HPA antibodies following platelet transfusions [9]. 
Both types of antibodies can cause rapid clearance of trans-
fused platelets, decreasing or eliminating their therapeutic 
benefit. Some of these platelet antibodies are capable of 
crossing the placenta, leading to neonatal alloimmune throm-
bocytopenia (NAIT). Platelet units may also contain variably 
small quantities of suspended RBCs. Rarely, passively trans-
fused RhD-positive RBCs can cause anti-D antibody forma-
tion in RhD-negative individuals at a rate of less than 4% 
[24].

Chronically transfused patients pose a unique and difficult 
challenge to a transfusion service when considering alloim-
munization risk. Treatment of patients with both benign and 
malignant hematologic diagnoses may require frequent red 
blood cell or platelet transfusions, but repeated exposure to 
foreign red cell and platelet antigens may result in the forma-
tion of multiple red cell, HLA, and/or HPA alloantibodies. 
Beyond the aforementioned complications of alloimmuniza-
tion, finding compatible units for these patients may be diffi-
cult, leading to transfusion delays [9]. In these cases, providers 
must be aware that anywhere from hours to weeks may be 
required to obtain compatible RBC or platelet units. In some 
instances, nationwide donor searches are required.

 Inventory Management

Since 2010, the National Blood Collection and Utilization 
Survey has noted a decrease in both blood donations and 
usage [25]. Modern blood banking practice has evolved to do 
more with less, challenging historical concepts of unit 
selection.

 RBC Considerations

As our knowledge of alloimmunization and associated trans-
fusion reactions has increased, demand for the least immu-
nogenic blood products has increased. Universal RBC donor 
units were once identified as group O, RhD-negative 
(O-negative), but demands for this product have begun to 
outstrip availability [26]. In emergent situations requiring 
massive transfusion or large volume hemorrhage where the 
patient’s blood type is unknown, O-negative product is the 
preferred standard for initial resuscitation to reduce the risk 
of RhD-alloimmunization and likelihood of an anti-RhD 
hemolytic transfusion reaction. Additionally, O-negative 
RBCs are almost exclusively used in neonates secondary to 
typing, sampling, and name challenges; those with signifi-
cant alloimmunization; and in patients undergoing bone 
marrow transplant [26, 27]. Donor centers actively recruit 
group O donors, but D-negative individuals make up only 
15% of the Caucasian and 8% of the Black populations [1]. 
In 2014, only 8.2% of American blood donors were 
O-negative [28]. These numbers highlight the scarcity and 
finite availability of O-negative RBC units.

To balance high demands with decreasing supply, blood 
conservation strategies and blood management programs 
are being instituted across the United States. Blood manage-
ment programs are recommended by many professional 
societies and improve transfusion practices via evidence-
based guidelines [29, 30]. Implemented programs may 
include written policies and procedures to prevent unneces-
sary transfusions via restrictive RBC transfusion recom-
mendations (hemoglobin of <7.0  g/dL), lab-guided 
emergency transfusion protocols, or single unit orders with 
required interim RBC counts in the absence of a life-threat-
ening bleed [24, 26, 31]. These strategies have been shown 
to reduce product use by 40%, while reducing patient mor-
bidity and mortality [31, 32].

Strategies specific to conservation of O-negative units 
include transfusing this resource only to proven O-negative 
patients, using patient-specific criteria to switch from 
O-negative to O-positive product, adhering to restrictive 
transfusion thresholds, and limiting blood unit wastage [20, 
24, 26, 27] (Table 2.4). Inventory management is crucial for 
all patient types. Even in neonatal centers, where O-negative 
product is almost exclusively used, aliquots of the same RBC 
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unit can be used for multiple neonates. Additionally, during 
large trauma or emergent situations where ABO and RhD 
type are unavailable, many centers have protocolized the use 
of O-positive RBCs in men and women beyond childbearing 
age [26]. Delayed hemolytic reactions due to RhD- 
alloimmunization in these populations are extremely rare 
and pose limited risk to the patient [24, 26]. This approach 
reserves RhD-negative product for known RhD-negative 
individuals and young women of childbearing age without a 
known type, who would be at risk for potentially fatal HDFN 
during pregnancy if alloimmunized.

Individual patient factors can also be considered when 
allocating O-negative units. Even with young females, hos-
pital policies may advocate for switching to O-positive prod-
ucts during large volume resuscitations given local inventory 
and the patient’s likelihood of survival [24]. Additionally, 
intensive care units have been identified as a location where 
switching to O-positive RBCs may be beneficial in times of 
product shortage. These patients are less likely to be chroni-
cally transfused and may have shorter life spans, making 
RhD-alloimmunization less significant [26].

 Platelet Considerations

Various inventory management strategies have been imple-
mented to address platelet product shortages. Bacterial con-
tamination in platelets is a significant concern due to their 
room temperature storage (see Chapter 3). Accordingly, 
platelet shelf life was restricted to five days until 2016, when 

the US Food and Drug Administration (FDA) provided guid-
ance on improving platelet safety while extending apheresis 
platelet shelf life to seven days with the use of approved stor-
age containers, pathogen reduction technologies (PRT), and 
appropriate bacterial detection protocols (see Pathogen 
Reduction Technologies section below) [33]. These new 
guidelines have led to improved platelet availability and 
decreased outdating wastage [34].

Efforts to encourage responsible transfusion practices 
have also helped with shortages. Platelet transfusion thresh-
olds are generally well established and have resulted in 
decreased use over time, though variation exists between 
centers [35, 36]. Platelet doses necessary to maintain hemo-
stasis are controversial. Prophylactic administration of low-
dose platelets (1.1x1011–4.4x1011) had no effect on bleeding 
incidence when compared to more standard doses [37]. 
Based on this evidence, medical directors may routinely split 
apheresis-derived platelet units in certain clinical situations 
to better ration platelet inventory.

 Plasma Considerations

Plasma products present a unique challenge to inventory 
management. The universal plasma donor is group AB, rep-
resenting only 4% of the population [5]. Especially in the 
Level 1 Trauma Center setting, having immediately available 
thawed plasma for emergent resuscitation is a necessity. 
While AB plasma would be the optimal choice, many centers 
now provide group A plasma for initial resuscitation efforts 
secondary to inventory limitations. Despite the concern for 
potential acute hemolytic transfusion reactions between A 
plasma and non compatible B recipients, no increased mor-
tality or ABO-related acute hemolytic transfusion reactions 
have been reported with this change [38]. These outcomes 
are partially attributed to 85% of the population being com-
patible (either group O or A recipients) [5]. Additionally, 
recipients of massive transfusions are likely receiving high 
volumes of group O RBCs, which would not be affected by 
the transfused group A plasma anti-B antibodies [38, 39]. 
Furthermore, anti-B antibodies may be neutralized by 
secreted antigens in incompatible group B individuals [38]. 
Group A plasma is a safe alternative to group AB plasma 
during initial massive resuscitation while preserving group 
AB plasma inventory for other deserving patients in the hos-
pital [9, 14, 23, 39].

 Ordering Practices

Surgical service blood ordering practices are critical to 
inventory management in the hospital-based setting. Orders 
including:

Table 2.4 Transfusion threshold recommendations [52–54]

Product Indication
Recommendation to 
transfuse

Packed red 
blood cell 
unitsa

Hospitalized, 
hemodynamically stable 
adult

<7 g/dL

Orthopedic surgery
Cardiac surgery
Preexisting cardiovascular 
disease

<8 g/dL

Platelet 
unitsb

Hospitalized, 
hemodynamically stable 
adult

<10 x 109 cells/L

Elective central venous 
catheter placement

<20 x 109 cells/L

Diagnostic lumbar 
puncture or major elective 
nonneuroaxial surgery

<50 x 109 cells/L

Plasma 
(FFP) 
products

Trauma patients requiring 
massive transfusion

Suggested to give (no 
specific 
recommendations made)

aThese recommendations do not apply to those with acute coronary syn-
dromes or transfusion-dependent anemia
bNo official recommendations have been made regarding transfusion 
thresholds for those with intracranial hemorrhage
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• Type and Hold: Recipient ABO and RhD determined 
without antibody testing.

• Type and Screen: Recipient ABO, RhD, and antibody 
identification performed. No crossmatch performed on 
specific units, but compatible blood is available in most 
situations.

• Type and Crossmatch: Recipient ABO, RhD, and anti-
body identification performed. Units are removed from 
inventory and crossmatched to the recipient for 
compatibility.
A type and crossmatch order results in units being 

removed from inventory and assigned to a specific patient. 
These units are therefore unavailable in an emergency or for 
another patient. Over ordering of crossmatched products can 
result in inventory shortages and outdating of products that 
go unused. To mitigate these issues, crossmatch-to- 
transfusion (C:T) ratios are monitored, and a ratio > 2.0 sug-
gests excessive ordering of crossmatched blood [6]. 
Strategies to reduce this waste include policies for preferen-
tial ordering of type and screens and the development of a 
hospital-specific Maximum Surgical Blood Order Schedule 
for common procedures that sets the number of units to be 
designated based on the intervention.

By combining their knowledge of hospital usage patterns, 
component outdating, and distance from their supplier, each 
transfusion services must determine their blood supply 
needs. Inventory levels must meet routine daily needs, while 
maintaining enough product for emergency-related transfu-
sion requirements [6]. In particular, maintaining an adequate 
supply of O-negative RBCs (universal donor) for emergency 
procedures and rapidly expiring platelets levels remain daily 
challenges. Specialty products (e.g., cytomegalovirus nega-
tive, HLA-matched platelets) and modified products (e.g., 
leukoreduced, irradiated) requirements also need to be con-
sidered in terms of demand and supplier availability for 
delivery.

 Serologic Versus Computer Crossmatch

Crossmatching is required on any product containing ≥2 mL 
of RBCs [6]. Serologic crossmatch has traditionally been 
used to demonstrate ABO compatibility between a recipient 
and donor product unit. Following ABO and Rh determina-
tion, an antibody screen is completed on the intended recipi-
ent. A potentially compatible unit is then selected for 
transfusion by the blood bank staff. The recipient’s plasma is 
mixed with a red blood cell suspension made from donor 
unit. This mixture can then be examined for evidence of red 
blood cell clumping, indicating incompatibility.

Alternatively, an electronic records review or “computer 
crossmatch” can be used for the selection and verification of 
ABO-compatible RBC or whole blood products if the 
intended recipient has no current or historical clinically sig-

nificant antibodies [40]. If computer crossmatching is used, 
the system must be validated on-site to select only ABO- 
compatible products, recognize required donor and recipient 
data, verify correct data entry, and be capable of identifying 
and alerting the user to discrepancies between the unit label 
and confirmatory testing, as well as between donor and 
recipient ABO and Rh types [40]. Additionally, electronic 
crossmatching is not permitted if ABO typing discrepancies 
are present [41].

Advantages of the electronic crossmatch use include 
decreased sample volume requirements, decreased workload 
for the transfusion service, and improved blood inventory 
management [6].

 Emerging Infections

Beyond inventory concerns, modern transfusion medicine 
practice is also focused on the management of infectious dis-
ease risk. Transfusion-transmitted infections were described 
by the AABB in 2009 as “agents that pose a real or theoreti-
cal threat to transfusion safety, but for which existing effec-
tive interventions are lacking” [42]. Currently, the most 
dangerous emerging infections are those that have asymp-
tomatic infectious phases, making donor screening difficult 
[43]. Difficult screening strategies equate with increasing the 
risk of transmission. The emergence of new pathogens is 
unpredictable, but mathematical modeling predicts a new 
transfusion-transmissible infection will emerge every 
five years [44]. Commonly considered infections in transfu-
sion medicine are described below.

 Arboviruses

Mosquitoes transmit the majority of medically significant 
arboviruses. Symptomatology can range from asymptomatic 
to severely debilitating disease to lethal. These viruses are 
frequently initially asymptomatic, making donor screening 
difficult to impossible in the early stages of disease. 
Transfusion-transmission has been documented for multiple 
arboviruses including Dengue and Zika virus, both recog-
nized as emerging infection risks to the blood supply [43]. 
Unlike the majority of arboviruses that are unable to develop 
sufficient viremia within human hosts, these viruses main-
tain their viremia allowing for mosquito infection and con-
tinued spread in urban locations [45].

Dengue virus usually produces a self-limiting flu-like ill-
ness that rarely develops into life-threatening hemorrhagic 
fever. It can be transmitted by mosquitoes, blood transfusion, 
or solid organ transplant. There is currently no vaccine or 
treatment for infection, but symptomatology is usually 
asymptomatic to mild, and has not been demonstrated to be 
significantly different from non infected controls [42, 44]. 
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Currently, donated blood products are not screened for 
Dengue in the United States [46] nor most other developed 
countries due to the general mildness of disease. This may 
change over the coming decades as mosquito grounds expand 
and cases become more prevalent.

Like Dengue, Zika virus infection initially begins with an 
asymptomatic viremia that usually results in a mild flu-like 
illness. Infection can result in a Guillian Barre-like syndrome 
or can cause miscarriage or congenital defects of pregnancy 
[42, 47]. Transmission may occur via mosquito, sexual con-
tact, and blood transfusion. The FDA currently requires 
nucleic acid amplification testing (NAT) or the use of 
pathogen- reduced products in an attempt to limit the trans-
mission risk [46].

 Babesia Species

Babesiosis is a tick-borne protozoan illness endemic to the 
Northeastern and Midwestern United States [42]. Clinical 
manifestations range from asymptomatic to potentially fatal 
severe hemolytic disease. The most common species identi-
fied in the United States is Babesia microti. All known 
Babesia species can be transmitted through tick bite and red 
blood cell transfusion. The FDA recommends selective test-
ing of blood donations for Babesia parasites in endemic 
regions. RNA NAT donor screening assays are currently 
available for testing, but only identify a limited number of 
Babesia species, including B. microti [42, 46].

 Creutzfeldt–Jakob Disease (CJD)

CJD is a fatal neurodegenerative spongiform encephalitis 
resulting from abnormally folded proteins (prions). The 
majority of cases are due to sporadic mutations, with genetic 
and iatrogenic causes making up the remainder (6–16% of 
cases combined) [48]. Transmission has been identified in 
certain forms of transplant including corneal and human dura 
mater grafts, from the use of previously contaminated neuro-
surgical equipment or the use of human pituitary growth fac-
tor [7]. There have been no identified cases of CJD 
transfusion-transmission, but the risk remains theoretical 
[46]. Since 2000, the FDA has recommended permanent 
donor deferral based on risk factor screening for CJD as there 
are no commercially available tests or treatments [42, 48].

 Pathogen Reduction Technology (PRT)

The FDA recommends PRT to aid in the reduction of infec-
tious risk of some blood products. Blood donor screening 
and testing reduce the risk of transfusion-transmitted infec-
tions, but cannot address all asymptomatic yet viremic infec-

tion windows or screen for the disease in the absence of a 
developed test. It is also logistically and fiscally unrealistic 
to screen every donor unit for every known infectious risk 
[49]. PRT, however, reduces the need for extensive testing by 
eliminating bacteria and certain virus reproduction.

PRT uses a photochemical compound that is excited by 
light to cause nucleic acid cross-linking [50]. This cross- 
linking results in the inability of a pathogen to replicate. 
Babesia microti, Dengue, Zika virus, and other arboviruses 
are effectively inactivated using PRT, significantly decreas-
ing their transmission risk [44, 50]. This treatment is also 
effective in reducing the transmission risk of other known 
bacteria, viruses, and protozoa [44]. Additionally, the tech-
nology disables leukocyte proliferation, reducing the need 
for irradiation while still decreasing the risk of TA-GVHD 
[51]. This technology may allow for the discontinuation of 
some currently required infectious disease testing in the 
future, helping to offset the costs associated with pathogen 
reduction.

PRT is approved for use on plasma and platelet products 
in the United States. Technologies for red blood cells and 
whole blood unit pathogen reduction are currently in trials. 
PRT has been especially beneficial in reducing transmission 
risk in platelet products. Due to platelet storage conditions 
(20–24  °C with continuous agitation for 5–7  days (see 
Chapter 3), bacterial proliferation is a known hazard. 
Transfusion services are currently required to have methods 
to detect or inactivate bacteria for these reasons [6]. As an 
alternative, the FDA allows the use of PRT.

PRT does have its limitations. Prion diseases are not 
affected by nucleic acid cross-linking and PRT is not as 
effective at inactivating non-enveloped viruses [50]. PRT 
platelets have lower corrected count increments following 
transfusion, more frequent transfusion failures and platelet 
refractoriness, and more platelet transfusions required per 
patient with shorter transfusion time intervals in between. 
There were no differences found in significant bleeding or 
adverse outcomes however when comparing PRT to non-
PRT platelets [46].

 Conclusion

Blood banking and transfusion medicine is a complex and 
evolving discipline. Familiarity with red blood cell and 
human leukocyte antigen (HLA) systems is essential to 
understand the impact of alloimmunization in clinical set-
tings. Transfusion practices have adapted in an era of limited 
inventory. Blood donation campaigns have begun to target the 
younger generations, in an attempt to reinvigorate donors and 
protect long-term supplies, but an era of conservation and 
limited availability may be the new norm of modern blood 
banking. Clinicians who transfuse must be aware of modern 
transfusion topics to include evidence-based  transfusion 
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guidelines, shelf-life limitations, the use of O-positive red 
blood cells and thawed group A plasma in emergency transfu-
sions, platelet product splitting, the effect of ordering prac-
tices on product availability, and the potential impact of 
emerging infections and PRT on transfusion risk. As always, 
your clinical pathology and transfusion medicine colleagues 
remain an available resource in this changing field.
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Blood Component Therapy

Christine T. Vo and Pamela R. Roberts

 Introduction

In the United States, the US Food and Drug Administration 
(FDA) Center for Biologics Evaluation and Research sets the 
standards regarding collection of blood components and 
whole blood. All entities that collect, prepare, store, process, 
or distribute blood products must be registered with the FDA 
and inspected by them at defined intervals. Many institutions 
that collect or prepare blood products also get accreditation 
by the American Association of Blood Banks (AABB) since 
this organization sets standards that help maintain quality 
and safety of blood banking and transfusion practices. Other 
parts of the world have similar entities.

Combat history and related medical care during the last 
century contributed much of what we know about treatment 
of trauma and principles of resuscitation and contributed to 
blood banking technology. From the 1940s through 1960s, 
the military program mostly used whole blood. But follow-
ing the Vietnam War, interest grew in the civilian medical 
arena to conserve blood and focus on treating specific com-
ponent deficiencies resulting in the predominance of compo-
nent therapy in the 1970s–1990s [1–3]. Component therapy 
allowed longer storage times and lower rates of infection. By 
the mid-2000s, persistent coagulopathy was recognized as 
contributing to deaths from severe trauma. [4] In 2012, 
Pidcoke and colleagues published a large retrospective 
cohort study of patients injured in Operation Iraqi Freedom 
and Operation Enduring Freedom and reported that use of a 
1:1:1 ratio of red blood cells (RBCs), platelets, and fresh fro-
zen plasma conveyed a significant survival benefit as opposed 

to transfusion of then traditional large volumes of packed 
RBCs [5]. Over the last decade, clinical studies of improved 
outcomes with whole blood for hemorrhaging patients led to 
renewed interest in utilizing whole blood for transfusion of 
critically injured trauma patients or those with severe hemor-
rhaging. Massive transfusion strategies are covered else-
where in this book. This chapter will focus on specifics of 
blood components derived from blood donation.

 PRBCs

Provision of packed red blood cells (PRBCs) or red blood 
cell (RBC) units relies on donation of blood from volunteers. 
These donors first undergo screening of their medical history 
which specifically addresses risk factors for infectious dis-
eases or other complications. For example, women that have 
been pregnant should be screened as they may have devel-
oped HLA antibodies and therefore convey a risk of a recipi-
ent developing transfusion associated acute lung injury 
(TRALI). Then, all donated blood undergoes laboratory test-
ing for specific infectious organisms and viruses. Details of 
all elements of screening and laboratory testing are beyond 
the scope of this chapter, but have led to significant reduction 
of transmission of disease via blood transfusion. However, 
the risk of new emerging infections is a constant potential 
threat to our blood supply, as was seen most recently with 
Zika virus and West Nile virus.

Most commonly a unit of whole blood with a volume of 
500–600 mL is donated and undergoes routine centrifuga-
tion to separate it into components including RBCs, plate-
lets, and plasma. Alternatively, RBC units can be obtained 
via apheresis; in the United States, about 20% of RBC units 
are collected via apheresis [6]. For apheresis, a donor with an 
adequate hematocrit is connected to an apheresis machine 
which separates other constituents from the RBCs and 
returns the other cellular and plasma constituents to the 
donor. Typically, this type of apheresis will yield two units of 
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RBCs. However, some apheresis systems can collect a single 
unit of RBCs along with a unit of platelets and/or plasma. 
The number of RBCs in an RBC unit from donated whole 
blood will vary based on the donor’s hemoglobin level. In 
contrast, apheresis units are collected in a manner that pro-
vides more standardized numbers of RBCs per unit. Both 
types of RBC units provide sufficient RBCs for transfusion.

In the early 1960s, bags made of polyvinyl chloride 
became available for storage of blood products, permitting 
separation of collected products into components in a sterile, 
closed environment. The plasticizer used in bags for RBC 
storage is di-2-ethylhexylphthalate (DEHP) and it is key to 
preservation of the integrity of the RBC membrane during 
prolonged storage. It is believed that small amounts of DEHP 
leak into the stored unit but no deleterious effects of DEHP 
have been found from transfused RBCs in patients. That 
said, concerns of potential exposure to DEHP from other 
medical devices are extended to RBC recipients and in par-
ticular neonates who may be vulnerable to related adverse 
effects of DEHP or toxic metabolites. Due to these concerns, 
efforts are underway to develop an alternative plasticizer that 
is also capable of stabilizing red cell membrane integrity [7].

Preservation of blood requires an anticoagulant- 
preservative (A-P) solution. It was a major breakthrough in 
the 1940s when acid citrate dextrose was developed as the 
first A-P solution allowing storage for up to 21 days. Since 
then, other A-P solutions were developed: citrate phosphate 
dextrose (CPD) with 21-day storage, CDP-adenine with 
35-day storage, and current generation additive solutions 
with 42-day storage. There are several additive formulations 
used in the United States from different manufacturers 
denoted as AS-1, AS-3, and AS-5. A solution similar to AS-1 
is used in Europe and it is saline, adenine, glucose, mannitol 
(SAGM). These additive solutions maintain the pH and other 
essential parameters for RBC shelf life [6]. This has resulted 
in less loss of RBC units due to being outdated. Less additive 
is used than the volume of plasma that was removed result-
ing in a higher hematocrit and lower volume than in the orig-
inal unit of whole blood. See Table 3.1 for expected volumes 
and hematocrits of RBCs obtained from the methods 
described. Whole blood is collected into an anticoagulant 
solution and the additive preservative solution is added to the 
RBC units through an integral bag system soon after collec-
tion and component preparation. Apheresis-derived RBCs 
undergo similar procedures depending on the apheresis 
device.

Leukocytes are naturally collected along with other cel-
lular elements during blood donation. A unit of whole blood 
or packed RBCs has about 2–5 billion leukocytes and these 
are believed to convey risk of adverse effects such as human 
leukocyte antigen (HLA) alloimmunization, febrile nonhe-
molytic reactions, transmission of cytomegalovirus (CMV) 
or intracellular organisms, and potentially other immuno-
logic and inflammatory mediated events. Leukocyte deple-
tion or reduction refers to the process of filtering the blood to 
remove leukocytes and can be done before storage or at the 
time of transfusion. Leukoreduction prior to storage is pre-
ferred since it results in removal of more leukocytes as well 
as better quality control and standardization of the process. 
Such processes decrease the leukocyte load by approxi-
mately 99.9%, thereby significantly decreasing adverse 
events. Leukoreduction decreases the hemoglobin concen-
tration by up to 15%. Some clinical populations are at higher 
risk of leukocyte-related adverse reactions, so it is recom-
mended that they receive leukocyte-reduced blood compo-
nents when transfused [8] (See Table  3.2). Currently, 
universal leukoreduction is a standard practice in many 
developed countries. In the United States, more than 80% of 
institutions provide universally leukoreduced RBCs with an 
estimated 85% of these using pre-storage leukoreduction 
processes [6]. When ordering transfusions, one needs to be 
familiar with local processes such as leukoreduction so that 
ordering for at-risk patients is clinically appropriate. If RBC 
units are not universally leukoreduced, this should be specifi-
cally requested for selected patients. In general, pre-storage 
leukoreduction is preferable to bedside leukoreduction; bed-
side leukoreduction is preferable to transfusion of non- 
leukoreduced RBC units. Of note, leukoreduction techniques 
do not prevent transfusion-associated graft versus host dis-
ease (TAGVHD) since even a small number of cells can con-
tribute to this disorder. Susceptible patients should receive 
irradiated blood to prevent graft versus host disease.

Irradiation of RBC units prior to transfusion is sufficient 
to inactivate lymphocytes that can attack recipient cells in 
immunologically impaired individuals resulting in 
TAGVHD. All hematopoietic cells as well as other tissues 
can be targets of TAGVHD. Bone marrow aplasia as well as 
other fatal complications can occur from 

Table 3.1 Practical differences of RBCs from current common 
methodologies

Type of storage or additive Final volume (mL) Hematocrit (%)
CPD-adenine (CPD-A1) 225–350 65–80
AS formulations 300–400 55–65
Apheresis-derived 175–200 55–60

Table 3.2 Populations that should receive leukocyte-reduced blood 
components [8]

History of a previous febrile nonhemolytic transfusion reaction
Undergoing cardiac surgery [9]
Recipients or potential recipients of solid organ or hematopoietic cell 
transplants [10]
Acute leukemias and probably other malignancies
Chronically transfused
CMV seronegative at risk patients if they are not given seronegative 
components
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TAGVHD.  Randomized trials have not been performed to 
establish which patients must be given irradiated blood and 
recommendations are based on observational evidence and 
attempts to predict the degree of immunosuppression of pop-
ulations. Table 3.3 lists patient populations for which irradi-
ated components are recommended; some of these are 
lifelong needs while others may be time-limited [11]. In the 
United States, each hospital typically develops its own pol-
icy regarding which patient populations should be given irra-
diated products [12]. Society guidelines should be consulted 
for specific recommendations.

Cytomegalovirus (CMV) seronegative components have 
tested negative for the presence of CMV using antibody test-
ing. Enough units are typically tested for CMV so that an 
adequate supply of CMV-negative units is available to be 
administered to individuals at risk of clinically serious CMV 
infection (See Table 3.4). In the general adult population, at 
least 40% have been exposed to CMV; however, exposure 
varies geographically. Individuals that are immunocompe-
tent generally do not need CMV-negative blood as they can 
mount their own immune responses. However, immunocom-
promised individuals that are CMV-negative can develop 
serious CMV infections if given a unit of CMV-positive 
blood. Conversely, if they are already CMV-positive, they 
can likely receive CMV-positive units [6]. Of note, leukore-
duction is considered to be of equivalent safety to adminis-
tering CMV-negative components for individuals at risk of 
severe CMV infections and may be an alternative to transfu-
sion of seronegative units.

RBC units must be stored at controlled refrigeration tem-
peratures of 1–6 °C to preserve viability and prevent bacte-
rial growth. During transport between facilities such as from 

a blood collection facility to a hospital, temperatures of 
1–10 °C must be sustained. Similarly, during transport from 
a blood bank to a patient care area for transfusion, these 
same transport temperatures must be maintained. Changes to 
RBCs during storage include depletion of ATP, membrane 
changes, oxidative damage to lipids and proteins, leakage of 
potassium, and loss of the ability to change shape for flow in 
the microvasculature.

In the United States, RBCs can be stored up to 42 days; 
average storage of RBC units is estimated to be between 
15–19  days [6]. Numerous randomized clinical trials have 
evaluated whether longer storage times result in more recipi-
ent morbidity or not. These have demonstrated similar out-
comes from transfusion of fresh compared to longer or 
standard issue RBCs. These include the ARIPI trial (Age of 
Red Blood Cells in Premature Infants), the TOTAL trial in 
children (Tissue Oxygenation by Transfusion in Severe 
Anemia with Lactic Acidosis), the RECESS trial in cardiac 
surgery patients (Red Cell Storage Duration Study), and the 
TRANSFUSE trial (Standard Issue Transfusion versus 
Fresher Red-Cell Use in Intensive Care) [13–16]. 
Additionally, a meta-analysis by Alexander et al. also con-
firmed lack of clinical benefit of use of RBC units with 
shorter storage times [17].

RBC units can be frozen in 40% glycerol and are approved 
by the United States FDA and AABB to be stored at -80 °C 
for up to ten years. The major reasons for freezing RBC units 
is to maintain a supply of very rare blood group phenotypes 
(e.g., Bombay phenotype) or for those who have developed 
numerous alloantibodies directed against common RBC 
blood group antigens [18]. A randomized trial of 57 trauma 
patients comparing refrigerated RBC units to frozen then 
deglycerolized RBC units did not demonstrate significant 
differences in effects on hematocrit, thromboelastography 
parameters, or clinical outcomes [19]. However, preparing 
RBCs for freezing, thawing, then removing the glycerol is 
time consuming and thus delays transfusion as well as 
increases the costs, so is not utilized unless necessary.

Administration of RBC units should start with informed 
consent except in emergency situations where consent can-
not be immediately obtained. Care must be taken to assure 
the intended unit is given to the intended recipient to prevent 
transfusion reactions (e.g., acute hemolytic transfusion reac-
tions due to ABO mismatch). Data do not support routine pre 
medication with acetaminophen or antihistamines for pre-
vention of allergic transfusion or febrile nonhemolytic reac-
tions. The unit should be visually inspected for any 
abnormalities. RBC units must be transfused through a 170–
260 micron filter to remove clots or aggregates of cellular 
components. Patients at risk of hypothermia or those with 
autoimmune cold-induced hemolysis can receive blood 
warmed to near body temperature but no higher than 40 °C 
as heat can cause hemolysis.

Table 3.3 Populations that should receive irradiated blood compo-
nents [11]

Premature neonates and recipients of intrauterine or neonatal 
exchange transfusion
Recipients of autologous or allogeneic hematopoietic stem cell 
transplants
Individuals with any stage of Hodgkin lymphoma
Individuals receiving treatment with potent immune-suppressing 
therapies (e.g., some monoclonal antibodies, antithymocyte 
globulin); may include those with hematologic malignancies and 
non-Hodgkin lymphoma
Individuals at risk for partial HLA-matching with the donor due to 
directed donations, HLA-matched products, or genetically 
homogenous populations

Table 3.4 Populations that should receive CMV-negative blood com-
ponents if they are not CMV-positive

Low birth weight neonates
Pregnant women
HIV-infected individuals
Recipients of solid organ transplants
Recipients of hematopoietic stem cell transplants
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As a general rule, fluids containing calcium should not be 
administered through the same tubing concurrently with 
RBCs as the calcium may chelate the citrate and thus over-
come the anticoagulant effect of citrate and clotting may 
occur in the tubing. Compatible fluids for concurrent transfu-
sion include 0.9% sodium chloride, plasma, and albumin. 
Generally, use of Ringer’s lactate is prohibited as it contains 
calcium, although some have advocated it for emergency 
trauma cases due to immediate needs of therapy [6]. The 
safety of this practice has not been verified and we recom-
mend the safety of avoiding Ringer’s lactate in this circum-
stance. Dextrose containing intravenous fluids should not be 
administered through the same tubing concurrently as the 
dextrose can be taken up rapidly by the RBCs which will 
then uptake water and then lyse. When transfusing via a 
multi-lumen central line, other meds may be administered 
simultaneously via other lumens. When concurrently admin-
istered with RBC units, it can be challenging to distinguish 
potential adverse effects of medications versus transfusion 
reactions. If the same lumen is to be used for medications 
before or after a transfusion, the lumen should be flushed 
with normal saline both before and after a medication.

RBC units should be given at rates that are efficient but 
that do not increase risk of volume overload. Typically, a rate 
of 1–2 mL/min over the first 15 minutes followed by a faster 
rate as tolerated is adequate. One RBC unit should be trans-
fused over no more than 4 hours. For patients at higher risk 
of circulatory overload, slower rates using partial units may 
be indicated to avoid complications. Concomitant diuretics 
may be helpful in preventing circulatory overload in some 
patients.

Indications for RBC unit transfusions include symptom-
atic anemias and acute blood loss. Physiologic triggers 
include shock with marginal hemoglobin levels, orthostatic 
hypotension, and evidence of end-organ damage from inad-
equate tissue oxygenation to maintain vital organ function. 
For example, symptomatic anemia may manifest as dyspnea 
or fatigue with exercise. Anemia itself warrants investigation 
into its cause, so appropriate diagnostic studies and treat-
ment can be administered. Historically, RBC transfusion was 
guided by a “10/30 rule” which aimed to maintain a hemo-
globin of 10 g/dL and a hematocrit of 30%. Along with this 
goal, it was a historic standard practice to transfuse two or 
more RBC units per transfusion [20]. Over the last 20 years, 
clinical concerns of risks of transfusions led to recognition of 
the need to establish indications that provide greater benefit 
than risk to patients receiving RBC unit transfusions. 
Multiple randomized trials in varied populations demon-
strated either noninferiority or superiority of restrictive 
transfusion strategies (aimed for hemoglobin levels of 7–8 g/
dL) versus more liberal ones [21]. The Choosing Wisely 
Campaign started in the United States in 2012 and now 
includes participating clinical groups from over 20 countries 

on five continents. Single unit transfusions followed by reas-
sessment and treating iron deficiency anemia with iron 
instead of transfusion in patients that are hemodynamically 
stable are both strategies promoted in the Choosing Wisely 
recommendations from the American Society of Hematology, 
the AABB, and the Canadian Society for Transfusion 
Medicine [22]. Further, it is recommended that a restrictive 
threshold of 7–8 g/dL hemoglobin be used for most hospital-
ized stable patients without evidence of inadequate tissue 
oxygenation. For patients with pre existing cardiovascular 
disease, they note that evidence supports a threshold of 8 g/
dL. The recommendations also make the point that a deci-
sion to transfuse should include assessment of symptoms as 
well as hemoglobin level.

An international consensus statement recommends that 
anesthesia providers take a lead role with pre operative assess-
ment using strategies aimed at reducing need for peri opera-
tive transfusions starting with assessment and treatment of 
pre operative anemia. They even recommend delay of major 
non urgent surgery to allow diagnosis and treatment of ane-
mia and iron deficiency [23]. A recent meta-analysis by 
Chong et  al. compared studies using restrictive vs liberal 
transfusion strategies for critically ill vs surgical patients [24]. 
These authors reported that restrictive strategies led to better 
outcomes which included reduced risk of stroke, transfusion 
reactions, packed RBC exposure, hospital length of stay, and 
30-day mortality in critically ill patients. For surgical patients, 
the restrictive compared to a liberal strategy was associated 
with an opposite direction effect on mortality which was 
reported as a potentially increased risk or no difference 
between strategies. Both populations were exposed to lower 
RBC units with restrictive strategies. Caution should be taken 
at over extrapolation of this meta-analysis as future studies 
are required to target specific goals for different perioperative 
stages of care as well as varied surgical populations.

Improved donor questionnaires and sophisticated labora-
tory screenings for infectious diseases has significantly 
reduced infectious complications of transfusions. 
Noninfectious serious complications of blood transfusions 
are now more common than infectious ones [25]. Transfusion 
reactions include febrile, hemolytic, septic, allergic, urticar-
ial, and anaphylactic reactions. Other complications such as 
mistransfusion, TRALI, transfusion-associated circulatory 
overload (TACO), TAGVHD, alloimmunization, iron over-
load, and metabolic derangements to name a few. 
Complications of RBC transfusions are covered in detail 
elsewhere in this book. Some strategies to reduce complica-
tions are obvious such as avoiding unnecessary transfusions 
and others employ use of electronic systems to help assure 
patient identification and appropriate blood matching to the 
patient [26]. Appropriate use of RBC units and attention to 
details of administration are vital to provide safe delivery of 
this vital resource to patients.

C. T. Vo and P. R. Roberts



25

 Fresh Frozen Plasma

Fresh Frozen Plasma (FFP) is obtained from whole blood or 
apheresis donations using a centrifugal process. Citrate- 
containing anticoagulants and preservatives are added to 
whole blood prior to separation into its components to 
increase its shelf life and reduce biochemical changes. Blood 
separates into its components via centrifugation, with plasma 
precipitating to the top, leukocytes and platelets to the mid-
dle, and RBCs to the bottom. Essentially, platelet-rich plasma 
is expressed after the first centrifugation step. It is further 
separated into plasma and platelet concentrates with a sec-
ond, higher speed centrifugation. Within eight hours of col-
lection, plasma is immediately frozen to –18  °C or colder 
and stored for up to one year. FFP can be further processed 
to produce cryoprecipitate [27]. When plasma is frozen 
greater than 8 hours from collection, but less than 24 hours, 
this is termed plasma frozen within 24 hours of phlebotomy 
(PF24). The clinical efficacy of clotting factors in PF24 are 
similar to FFP except for a mild decrease in the labile clot-
ting factors VIII and protein C when thawed [28]. To prevent 
contamination, FFP is thawed at 33  °C and 37  °C in a 
vacuum- sealed overwrap bag. Once thawed, FFP should be 
transfused within four hours as long as maintained in tem-
peratures at approximately 22 ± 2 °C.  If transfusion is not 
going to be immediate, thawed FFP may be stored up to a 
maximum of 120 hours at 4 ± 2 °C [29].

Often, when clinicians order FFP, there is not a clear des-
ignation of the “type” of plasma being released from the 
blood bank. In fact, most plasma that is transfused is PF24 
and not actually FFP. Studies have shown that integrity of 
most clotting factors are maintained in PF24. However, the 
clinician should keep in mind that factor VIII is 15–20% 
lower in thawed PF24 compared to FFP but factors V, VII, 
and VIII decrease over time in thawed plasma [28, 30]. The 
drop in factor VIII can be greater than 50%, and the drop in 
factor V and VII can be by approximately 20% activity by 
day 5 [31]. FFP can also be processed with solvent deter-
gents or methylene blue to reduce pathogen contamination. 
But doing so results in loss of clotting factors and natural 
anticoagulants [32].

FFP contains the following: all coagulation factors 
except platelets, factors II, V, VII, VIII, IX, X, XI. FFP con-
tains fibrinogen (400–900  mg/unit), albumin, protein C, 
protein S, antithrombin, tissue factor pathway inhibitor, and 
vWF [33]. A standard dose of 10–20 mL FFP/kg (4–6 units 
FFP in adults) will raise factor levels by approximately 
20%. An increase of approximately 10% of several factors is 
enough to effect hemostasis. When accounting for fibrino-
gen levels of at least 75–100 mg/dL with no other inhibiting 
agent such as heparin, increasing coagulation factors to 
25–30% of normal is enough to obtain hemostasis. Infusing 
approximately one-fourth to one-third of the patient’s total 

plasma volume, or 10–15 mL/kg, should achieve this effect 
[34].

Fresh frozen plasma (FFP) is often used to treat condi-
tions in which a quantitative or qualitative deficit in coagula-
tion factors is present. This includes disseminated 
intravascular coagulation, severe liver disease, and massive 
bleeding/trauma. It can also be used in the reversal of vita-
min K deficiency and warfarin-induced coagulopathy if suf-
ficient time for vitamin K repletion is not an option. This 
could be due to urgent surgery in which massive blood loss 
is anticipated, trauma or hemodynamic instability. FFP may 
be indicated in rare coagulation disorders when a specific 
factor concentrate or recombinant product is not readily 
available.

Transfusion of any blood product is not without risks. 
ABO compatibility must be considered due to the presence 
of alloantibodies in plasma. Failure to screen for ABO com-
patibility could result in an acute hemolytic transfusion reac-
tion. Other reactions include allergy, anaphylaxis, TACO, 
and TRALI [35]. Common symptoms of transfusion reac-
tions are shown in Table 3.5. TRALI is now the leading cause 
of transfusion associated mortality in the United States, with 
FFP the most frequently implicated blood product [36]. 
Occurrence of infection is low but not zero. Processes to 
reduce these risks include nucleic acid testing, donor-retested 
plasma, or pathogen-inactivated/reduced plasma.

 Platelets

Platelets can be obtained from whole blood donations by two 
different methods. Platelet-rich plasma is preferred in the 
United States whereas the buffy coat method is primarily 
 utilized in Europe. To generate platelet-rich plasma, whole 
blood undergoes a low-speed centrifugation or “soft” spin 
that separates the RBCs from the platelet-rich plasma. The 
platelet-rich plasma then undergoes a higher centrifugation 
or “hard” spin to separate platelets from plasma. In the buffy 

Table 3.5 Transfusion reactions and associated signs and symptoms

Reaction Signs and symptoms
Acute hemolytic 
transfusion 
reaction

Jaundice, hemoglobinuria, hypotension, 
disseminated intravascular coagulation, feeling 
of impending doom, fever, and chills

Allergy Urticaria, hives, flushing
Anaphylaxis Dyspnea, wheezing, coughing, nausea/vomiting, 

hypotension, loss of consciousness, 
cardiopulmonary collapse

TACO Acute dyspnea, hypoxia, pulmonary edema, 
possible elevated systolic pressure, enlarged 
heart, increased BNP, significant response to 
diuretic

TRALI Sudden dyspnea, pulmonary edema, hypoxemia, 
bilateral pulmonary infiltrates, occurs within 
6 hours of transfusion
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coat method, whole blood is subjected to high-speed cen-
trifugation to separate red blood cells, plasma, and a buffy 
coat that contains mostly platelets with a small amount of 
RBCs and leukocytes. Buffy coats from 4–6 whole blood 
donations are then added to a unit of plasma from one dona-
tion. After that, a low-speed centrifugation yields platelet-
rich plasma which is then removed for potential transfusion. 
Platelets are obtained from whole blood or apheresis in a 
similar fashion to FFP.  Each donation of approximately 
500 mL of whole blood is collected in a citrate preservative 
solution within 8 hours of donation. From 500 mL of whole 
blood, approximately 5–7 × 1010 platelets are extracted as a 
volume of about 50 mL in 50–70 mL of plasma for a total 
volume of about 100–120 mL. The plasma helps maintain 
the pH greater than or equal to 6.2.

A single unit of platelets from one unit of whole blood is 
not enough to raise platelet counts to hemostatic levels in 
clinical practice. Typically, 4–6 units are pooled from multi-
ple donors to provide adequate platelet counts for clinical 
purposes. Alternatively, apheresis uses specialized equip-
ment that selectively removes plasma and platelets from a 
single donor and returns RBCs and leukocytes to the donor. 
This allows extraction of approximately 200 mL of platelets 
suspended in about 200 mL of plasma from one donor. A unit 
of pooled platelets or one unit of apheresis platelets is 
expected to raise the platelet count by approximately 30,000–
50,000/microL in a 70 kg adult. In an infant, administration 
of 10–15 mL platelets/kg should increase the platelet count 
by 50,000–100,000/microL.

Platelets are stored at room temperature (20–24 °C) with 
continuous gentle agitation to extend their clinical lifespan. 
Platelets that are cooled to 4 °C have shown poor survival 
due to an irreversible clustering of alpha subunits of glyco-
protein Ib on the platelet surface. Chilled platelets undergo 
rapid clearance by phagocytosis from the circulation when 
transfused. Once collected, platelets must be transfused 
within five days of collection. Once platelets are processed 
via pooling or washing, it must be transfused within 
four hours. A standard 170–260 micron filter should be used 
to transfuse platelets since a smaller filter could remove 
platelets from the transfusion. Caution should be taken to 
avoid infusing platelets through extreme heat (i.e., tempera-
ture greater than 43 °C) due to the risk of altering cytoskel-
etal membrane components and impairing aggregation [37]. 
There is not much data available to recommend for or against 
infusion through standard OR warming devices.

Platelet transfusion is indicated when platelet dysfunction 
exists or in the presence of significant thrombocytopenia. 
When a patient with thrombocytopenia is actively bleeding, 
transfusion to maintain platelet counts above 50,000/microL 
is recommended for most circumstances. Recommended 
platelet counts for safe performance of common periopera-
tive procedures are shown in Table 3.6. Platelets may also be 
transfused prophylactically in preparation for invasive proce-

dures. Platelet transfusion is contraindicated for both throm-
botic thrombocytopenic purpura and heparin-induced 
thrombocytopenia due to risk of further thrombosis and asso-
ciated morbidity [38].

Platelet transfusions have risks for complications. 
Bacterial contamination is highest with platelet transfusions 
compared to other blood components due to storage condi-
tions. The rate of bacterial contamination of platelets is 
approximately1:2000 as compared to RBC units at 1:30,000 
[42]. Because platelets contain plasma, the risks are similar 
between components with regards to TRALI, TACO, allergic 
and anaphylactic reactions. Post transfusion purpura is 
unique to transfusion of platelets or platelet containing prod-
ucts. Lingering leukocytes may cause febrile non hemolytic 
transfusion reactions, alloimmunization, and TAGVHD [43]. 
Although ABO compatibility does not apply to platelets, 
consideration should be given to RhD-negative women of 
childbearing age due to the risk for development of alloim-
munization to RBC antigens that are potentially present in 
platelet units. If ABO compatibility cannot be attained due to 
scarcity of resources, then Rho(D) immune globulin should 
be given after transfusion [44].

 Cryoprecipitate

Cryoprecipitate contains specific products from fresh frozen 
plasma. These include fibrinogen, factor VIII, factor XIII, 
von Willebrand factor, and fibronectin. Each unit of cryopre-
cipitate is expected to raise fibrinogen concentration by 
7–10 mg/dL. Cryoprecipitate is typically pooled to include 
either five or ten units. Normal fibrinogen levels range from 
150 to 400  mg/dL.  The minimum level of fibrinogen to 
maintain hemostasis is 100  mg/dL.  Although the recom-
mended goal is higher at 150–200  mg/dL for individuals 
with significant risks of bleeding, such as intracerebral hem-
orrhage [45].

Cryoprecipitate is prepared by thawing FFP at 4 °C to pre-
cipitate out the higher molecular weight proteins, called cryo-
proteins. The thawed and cooled FFP is then separated by 
centrifugal forces and after removal of the supernatant the 
cryoprecipitate is stored with a small volume of plasma  
at –20 °C [46]. One unit (~10–20 ml) of cryoprecipitate is 

Table 3.6 Recommended platelet counts for common perioperative 
procedures

Type of procedure
Pre-procedure platelet count 
goal/microL

Major surgery and/or actively 
bleeding

50,000 [39]

Neurosurgery, ocular, and 
cardiopulmonary bypass

100,000 [39]

Central line placement 20,000 [40]
Epidural placement 80,000 [41]
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produced from one unit of FFP (~250 ml). Cryoprecipitate 
can be stored for up to 12 months. It should be noted that 
cryoprecipitate cannot be derived from PF24 due to the 
decreased availability of labile clotting factors in PF24 as 
compared to FFP. In particular, factor VIII is mild to moder-
ately reduced in PF24. If transfusion is indicated, cryopre-
cipitate takes approximately 10–30  minutes to thaw. And 
once a unit has been thawed, it must be transfused within 
six hours. If pooled with other units, it must be transfused 
within four hours.

Administration of cryoprecipitate is indicated when a 
deficiency in specific clotting factors VIII, XIII, vWF, or 
fibrinogen exists. It is commonly used for acquired hypofi-
brinogenemia states instead of inherited deficiencies due to 
the availability and safety of commercial fibrinogen concen-
trates, recombinant or plasma-derived factor concentrates 
[47]. Currently, the use of fibrinogen concentrates is limited 
to inherited disorders in the United States. Factor VIII and 
von Willebrand’s factor are now produced as purified recom-
binant concentrates making cryoprecipitate dedicated to the 
treatment of hypo- or dysfibrogenemia, It was once thought 
of as a “last resort” to treat a trauma-induced coagulopathy 
but now is deployed as the desired first component to treat 
trauma resuscitative coagulopathy, especially in scenarios 
where whole blood is not utilized for massive transfusions. 
Fibrinogen levels are commonly low upon arrival to the 
trauma emergency room. Cryoprecipitate is a part of many 
massive transfusion protocols. Cryoprecipitate may also be 
used in patients with liver disease, disseminated intravascu-
lar coagulation, and uremic bleeding. The decision to replace 
fibrinogen with cryoprecipitate, fibrinogen concentrate, or 
FFP is based on clinical judgment and availability.

Risks associated with cryoprecipitate include potential 
pathogen transmission since viral inactivation can result in a 
significant decrease in available fibrinogen. ABO compati-
bility must be considered since it is suspended in plasma. 
The risks are similar to those with plasma, although likely 
lower depending on rate and volume infused. The process of 
thawing can be a problematic rate-limiting step, especially 
when massive bleeding necessitates expedient availability of 
blood components [46].
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The Coagulation System and Blood Clot 
Stability

Nikita Nayyar, Haig Mannasian, Longqiu Yang, 
and Henry Liu

 Introduction

Hemorrhage is a very common complication in periopera-
tive settings and other invasive procedures. This complica-
tion can be caused by various factors, usually by surgical 
technical difficulties and coagulation abnormalities [1, 2]. 
Reduction of surgery-related blood loss will be addressed 
in other chapters in this book. Here we will discuss normal 
coagulation system, coagulation regulations, and clot sta-
bility. The coagulation system is a series of enzymatic 
reactions that plays an important role in hemostasis and 
normal human life. Coagulation cascade is a very dynamic 
process that involves multiple enzymes that propagate to 
the clot formation [2]. A delicate balance between the 
coagulation system and the fibrinolytic system is critical in 
order to maintain a normal blood circulation. Hemostasis 
is to stop bleeding after an injury. It is categorized as pri-
mary hemostasis and secondary hemostasis [3, 4]. In pri-
mary hemostasis, the blood vessel contracts and platelets 
adhere to the site of injury. In a series of integrative reac-
tions, the platelets form a temporary hemostatic plug that 
prevents extravasation from the site of injury. The final 
step is secondary hemostasis [5]. In secondary hemostasis, 
the coagulation system is activated and a series of enzy-
matic reactions and a cascade of factor activations take 

place to form fibrin which subsequently reinforces the pri-
mary platelet plug [6].

Blood maintains its fluidity in the vascular system and 
its ability to clot when a blood vessel is damaged by vari-
ous etiologies. In 1905, Morawitz described the classic 
theory of blood coagulation (Fig.  4.1), in which he first 
described the conversion of prothrombin to thrombin and 
then the conversion of fibrinogen to fibrin, utilizing 
thromboplastin and calcium ions [7]. More intricacies and 
details of the coagulation cascade were discovered via 
clinical observations and experimental studies in subse-
quent decades. It was unveiled that there was an abnor-
mality in the blood of patients with hemophilia that leads 
to the prolongation of clotting time in 1936. Both in vivo 
and in vitro investigations led to the discovery of Factor 
VIII deficiency [8]. Furthermore, heparin and  antithrombin 
were discovered after multiple experiments looking into 
the coagulation of blood with enzymes derived from the 
livers of dogs [9]. Each of the new factors that were dis-
covered were given their own name by different research-
ers which led to enormous confusion regarding the 
interplay between various factors and their roles in coagu-
lation cascade. An international committee for the nomen-
clature of blood coagulation factors was established in 
1954 with a goal of creating common terminology for the 
known clotting factors at that time [10]. With the discov-
ery of procoagulants also came the discovery of antico-
agulants. The role of Protein C in anticoagulation was 
also discovered after significantly lower Protein C levels 
were found in a family with many members prone to 
thrombosis as opposed to normal Protein C levels in those 
without coagulation issues [11]. After the discovery of 
Protein C deficiencies, laboratory tests were developed 
and revealed that deficiencies in Protein S also lead to 
procoagulant tendencies [6, 12].

As our understanding of clotting factors deepened, 
adjustments to the classic theory were made and the role 
of the coagulation factors was more specifically defined. 
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The  waterfall hypothesis, which was developed in 1964 by 
Davie and Rantoff, provided a detailed schematic for the 
 interactions of the factors leading to clot formation and is 
the basis of coagulation cascade today [13]. As the roles of 
the various factors began to be better defined, the waterfall 
hypothesis has also been continually modified [6].

The coagulation cascade can be broken down into two 
pathways, the intrinsic pathway and the extrinsic pathway. 
The intrinsic pathway, so named because all of the compo-
nents in the cascade are found in plasma, it is triggered 
when plasma comes into contact with an artificial surface, 
such as a glass test tube. The extrinsic pathway requires 
blood to come into contact with an extrinsic molecule, 
 tissue factor, which then triggers the clotting cascade [3]. 
Both pathways are explained in greater depth in subsequent 
sections.

 Coagulation Factors and Their Functions

Most of the coagulation factors are zymogens which are inert 
precursors of enzymes. Zymogens are activated by limited 
proteolysis which results in active serine proteases with low 
inherent enzymatic activity. When these active proteases 
bind specific protein cofactors, the activity of the proteases 
increases significantly. The cofactors of the clotting cascade 
also circulate in the plasma as inert procofactors, which must 
be converted to active cofactors via proteolysis. So, both the 
enzymes and cofactors of the coagulation cascade require an 
activation process prior to exerting their biological effects. 
Once these enzymes and cofactors become active, they are 
appended with a lower case ‘a’ [14]. Table 4.1 lists all the 
coagulation factors currently known and their physiological 
functions (Table 4.1) [15].

Fig. 4.1 The classic theory 
of blood coagulation by 
Morawitz (1905) [7]

Table 4.1 Coagulation factors and their functions [15]

Factor 
number Coagulation actor name Biological function

Plasma concentration 
(mg/L)

Plasma T1/2 
(h)

I Fibrinogen Clot formation 3000 90
II Prothrombin Activates I, V, VII, VIII, protein C, platelet 100 65
III Tissue factor Cofactor of VIIa
IV Calcium Facilitates factor binding to phospholipids
V Labile factor/Proacclerin Cofactor of X-prothrombinase complex 10 15
VI Unassigned
VII Stable factor/Proconvertin Activates IX, X 0.5 5
VIII Antihemophilic factor A Cofactor of IX-tenase complex 0.1 10
IX Antihemophilic factor B/Christmas 

factor
Activates X: forms tenase complex with 
factor VIII

5 25

X Stuart-power factor Prothrombinase complex with factor V, 
activates II

10 40

XI Plasma thromboplastin antecedent Activates IX 5 45
XII Hageman factor Activates factor XI, VII, Prekallikrein
XIII Fibrin-stabilizing factor Cross-link fibrin 30 200
XIV Prekallikrein(F Fletcher) Serine protease zymogen 35
XV HMWK- (F Fitzgerald) Cofactor 150
XVI vWF Binds to VIII, mediates platelet adhesion 10 ug/ml 12
XVII Antithrombin III Inhibits IIa, Xa, other proteases 0.15–0.2 mg/ml 72
XVIII Heparin cofactor II Inhibits IIa 60
XIX Protein C Inactivates Va, VIIIa 0.4
XX Protein S Cofactor for activated protein C
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Thromboplastin (TF) is a glycosylated integral membrane 
protein and it is unique because it does not require activation. 
It functions as a receptor (for involved in inflammation, 
apoptosis, cell migration) and also as a cofactor for Factor 
VII/VIIa [3, 14]. It is expressed in many extravascular tissues 
as in the brain, heart, lungs, and kidneys. Furthermore, it can 
also be expressed on vascular endothelium in response to 
inflammatory stimulation, lipopolysaccharides in sepsis, 
adhesion molecules, and inflammatory cytokines. TF expres-
sion has also been found on some cancer tissues [14]. Factor 
VII/VIIa, Factor VII is synthesized in the liver. Factor VII 
contains a gamma-carboxyglutamic acid-rich (GLA) domain 
which allows calcium-dependent binding of Factor VII to 
membranes containing negatively charged phospholipids. 
Factor VII circulates in both active VIIa and inactive VII 
form in the blood. VIIa is not susceptible to most plasma 
protease inhibitors and has a half-life of 2 hours. Factor VII 
can be activated by IXa, Xa, XIIa, thrombin, plasmin, and 
TF:VIIa complex [3, 14]. TF:VIIa Complex can activate 
Factors IX and X, and it can be inhibited by Tissue Factor 
pathway inhibitor XII/XIIa (thrombin).

Thrombin is produced in the liver and is activated by kal-
likrein, plasmin, Factor XIIa. XII/XIIa activates Protein C, 
so thrombin can be both procoagulant and anticoagulant. 
PK/Kallikrein is produced in the liver and activated by XIIa. 
High-molecular-weight kininogen (HK) is synthesized in 

liver but also contained in granulocytes, platelets, and endo-
thelial cells. HK binds to cell surface in a zinc-dependent 
manner. HK activates Factor XII to XIIa.

 Normal Coagulation Cascade

Intrinsic pathway depends on the activation by a negatively 
changed surface and involves coagulation Factors XII, XI, 
IX, VIII, and V. The extrinsic pathway depends on the activa-
tion by TF and tissue factor (Factor III) and Factor VII. Both 
pathways converge on a common pathway to activate Factor 
X, which leads to the conversion of prothrombin (Factor II) 
to thrombin (IIa). This subsequently converts fibrinogen to 
form fibrin. The Partial thromboplastin time (PTT) can be 
used to assess the intrinsic pathway and the Prothrombin 
time (PT) can be used to assess the function of the extrinsic 
pathway. The three stages of coagulation are initiation, 
amplification, and propagation [2, 16], (Fig. 4.2).

The initiation phase begins with the exposure of TF to the 
blood by damage to or activation by the endothelium. TF 
then forms a complex with Factor VIIa on the surface of the 
cell membrane and activates the zymogens Factors IX and 
X. Activated Factor X then generates Factor IIa (thrombin). 
Tissue Factor pathway inhibitor neutralizes Factor Xa and 
TF:VIIa complexes. The duration of the initiation phase is 

Fig. 4.2 Coagulation 
pathways [2, 14]
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dependent on the balance between the concentration of 
TF:VIIa and tissue Factor pathway inhibitor [2, 17], 
(Fig. 4.3).

In the amplification phase, Factor IXa and Factor VIIa 
form an intrinsic Factor tenase complex (FIXa:FVIIa) in the 
presence of calcium. This process greatly enhances the pro-
duction of Factor Xa which significantly accelerates throm-
bin production. The prothrombinase complex (FXa:FVa) is 
also increased by its proximity to the tenase complex and the 
presence of calcium, resulting in more thrombin production. 
A positive feedback loop forms between the tenase and pro-
thombinase complexes to generate substantial quantity of 
thrombin to stabilize the newly formed clot [2, 17]. Thrombin 
also interacts with platelets via platelet receptor GPIb which 
allows interaction of other platelet components and activates 
GPIIb/IIIa receptor, further promoting platelet aggregation. 
Thrombin also increases Factor VIIIa by releasing it from 
vWF:VIII complex and also activates Factor XI to XIa. 
Subsequently, Factor XIa adheres to platelets and causes 
activation of the intrinsic pathway. The platelets in the hemo-
static plug are stimulated by both collagen and thrombin and 
then generate more thrombin by further activating tenase and 
prothombinase complexes. The main result of the amplifica-
tion phase is to generate as much thrombin as possible [2, 4, 
14, 18], (Fig. 4.3).

The propagation phase is the final step in stabilizing the 
clot. It involved the recruitment of all components, tenase 
complex, platelets, prothrombinase complexes, calcium to 
the phospholipid surface. Then platelets are activated by 
thrombin and the “thrombin burst” leads to the accelerated 
formation of fibrin from fibrinogen. These fibrin monomers 
form fibrin layers. Thrombin also activates Factor XIII to 
Factor XIIIa which then covalently crosslinks the fibrin 
strands to form a more stable fibrin network. Thrombin also 
activates thrombin-activatable fibrinolysis inhibitor which 

protects the clot from plasmin fibrinolysis [2, 4, 14, 18], 
(Figs. 4.3 and 4.4).

The intrinsic or contact pathway is generally activated by 
Factor XII. Contact of plasma with an artificial surface leads 
to activation of Factor XII to XIIa. Factor XIIa then activates 
Factor XI to XIa. Factor XIa activates Factor IX to IXa and it 
allows for the formation of tenase complexes with VIIIa. 
This then activates Factor X to Factor Xa. The generation of 
Factor Xa leads to the common pathway of thrombin genera-
tion and blood clot stabilization. The intrinsic pathway also 
produces bradykinin when kallikrein cleaves 
HK.  Subsequently, bradykinin binds to its receptors and 
results in vasodilation, increased vascular permeability, pain, 
and neutrophil activation [14, 18], (Fig. 4.2).

 Regulation of Coagulation

The coagulation cascade is regulated at every step in order to 
maintain a balance between procoagulation and anticoagula-
tion. The most important regulation mechanisms are multiple 
zymogens and cofactors requiring activation prior to exerting 
their effects. Tissue factor pathway inhibitor (TFPI) neutral-
izes Factor Xa and it inhibits the TF:VIIa complex. TFPI is 
primarily produced by the endothelium and it can also be 
found on platelets. When heparin is administered, the endothe-
lial form of TFPI is released [2, 14]. In mice whose TFPI have 
been knocked out, these mice do not survive, indicating that 
lack of TFPI is incompatible with life [19]. Endothelial cells 
secrete heparan sulfate which activates antithrombin. This 
antithrombin heparan complex can inhibit multiple coagula-
tion enzymes [2, 14]. When Protein C is activated by throm-
bin, Protein C inhibits the procoagulant functions of Factors 
VIIIa and Va. Protein C is vitamin K dependent. Protein S 
further supports the activity of protein C in inactivating Factors 

Fig. 4.3 Stages of 
coagulation [2, 14]
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VIIIa and Va. Deficiencies of both protein C and S will clini-
cally present significant prothrombotic conditions [19].

 Mechanisms of Clot Stability and Fibrinolysis

Precise regulation of clot stability is of paramount impor-
tance, as an insubstantial or excessively robust clot can lead 
to hemorrhage or thrombosis, respectively. The fundamen-

tal principle of clot stability is that it is a balance between 
clot formation and fibrinolysis. This balance can be skewed 
in either direction by a multitude of factors, including those 
molecular, metabolic, mechanical, and pharmacologic in 
nature. Furthermore, the processes of coagulation and fibri-
nolysis occur simultaneously in many clinical scenarios. It 
is necessary to first mitigate the inherent complexity of this 
topic by providing a global roadmap for how coagulation 
and fibrinolysis interrelate to afford hemostasis. We will 
then point to specific factors in this framework that influ-
ence clot stability, and fibrinolysis and its role in disease 
process. After the blood coagulation cascade is initiated 
and subsequently thrombin is activated, which then cata-
lyzes the formation of fibrin from its parent zymogen, 
fibrinogen. Fibrin creates a hemostatic milieu in the blood 
vessels due to its low solubility in the blood. The fibrin pep-
tides are then cross-linked at lysine residues by the action 
of Factor XIIIa in the process known as “polymerization”. 
Simultaneously, leukocytes, erythrocytes, and platelets 
assimilate into the fibrin cross- link network to enhance the 
structural integrity of the clots [20–22]. Once the injured 
tissue has healed, then the process of fibrinolysis begins to 
take effect. The core of fibrinolysis process is the enzyme 
plasmin, which is converted from plasminogen via tissue 
plasminogen activator (tPA) or urokinase- type plasmino-
gen activator (uPA) on the surface of the fibrin clot, and one 
of its main functions is to “dissolve” the fibrin clot through 
its serine protease activity [23, 24]. However, a fibrinolytic 
cross-talk mechanism may potentially bypass the require-
ment for their molecular co assembly on the same surface, 
plasmin can be formed by uPA [25].

 Factors Affecting Clot Stability

The stability of a clot is dependent on the structural integrity 
with which it was formed, as well as external factors. Fibrin 
fiber diameter and the specific geometry of the fibrin net-
work are the main determinants of clot stability [21]. Even 
the local blood flow rate in the vessel affects how fibrin net-
works are oriented as the thrombus forms [26]. Higher con-
centrations of thrombin also seem to have an impact on the 
quality of the fibrin structure [21]. Understandably, if the 
newly formed clot is loose and fragile to begin with, then it 
is more susceptible to fibrinolysis. Fibrinogen polymor-
phisms can also impact fibrin clot architecture and create a 
prothrombotic or antithrombotic state [27]. The biological 
environment in which the clot forms can also affect the vari-
ous reactions involved in forming and stabilizing a clot, 
including local calcium concentration, pH, and platelet count 
[21, 26].

Fig. 4.4 Regulation of coagulation cascade [2, 14]
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 Fibrinolysis: Regulation and Its Role in Disease 
Process

As above mentioned, plasmin is the primary molecular fac-
tor in fibrinolysis, and it is activated from plasminogen by 
either tPA or uPA.  The function of endothelial cells and 
monocytes that produce tPA and uPA, respectively have 
significant impact on the rate of fibrinolysis. Plasminogen 
activator inhibitor-1 (PAI1) is an important serine protease 
inhibitor (“serpin”) that protects against excessive fibrino-
lysis by inhibiting tPA and uPA and ultimately limiting 
their half- lives. Serpins are present in the blood in excess 
concentrations to ensure that tPA and uPA are rapidly neu-
tralized [28]. There is also thrombin-activated fibrinolysis 
inhibitor (TAFI), which is a nonserpin and is activated by 
thrombin as the name suggests [29]. TAFI serves as just one 
of the many molecular links between coagulation and fibri-
nolysis, illustrating the inter relatedness of the two 
processes.

Clinical applications of fibrinolysis in perioperative period 
are vast. The fibrinolytic system itself is usually subject to 
perturbations from the level of organ system functions (e.g., 
organ failure) to that of genetic polymorphisms (e.g., fibrino-
gen). These “acquired” disorders of fibrinolysis can be cate-
gorized into hyperfibrinolysis and hypofibrinolysis. Examples 
of acquired hyperfibrinolysis include disseminated intravas-
cular coagulation, coagulation factor deficiency secondary to 
chronic liver disease, and nephrotic syndrome [30, 31]. 
Examples of acquired hypofibrinolysis include multiple 
myeloma, antiphospholipid syndrome, and diabetes [30]. 
There are also pharmaceutical means of intentionally altering 
fibrinolysis to achieve a desirable clinical outcome, such as 
administering tPA in the setting of early ischemic stroke and 
tranexamic acid to prevent excessive bleeding in surgical pro-
cedures and in patients with hemophilia.

 Summary

Normal coagulation is a very dynamic process involving a 
series of enzymatic reactions. Activation of either intrinsic 
pathway or extrinsic pathway will lead to fibrin production and 
clot formation. Coagulation has three stages (initiation, ampli-
fication, and propagation). A delicate balance between clot for-
mation and fibrinolysis, which often occurs simultaneously, is 
critical to normal blood circulation and hemostasis. Coagulation 
system is regulated by ways of multiple zymogens and cofac-
tors all requiring activation prior to exerting their effects. And 
the clot stability is also regulated by numerous factors. The 
many steps in coagulation and fibrinolysis pathways also offer 
targets for pharmacological interventions.

References

 1. Levi M, Sivapalaratnam S.  Coagulation and anticoagula-
tion in the intraoperative setting. Transfus Apher Sci. 2019. 
pii: S1473- 0502(19)30106-5. https://doi.org/10.1016/j.tran-
sci.2019.06.013. PMID: 31307835.

 2. Adams RL, Bird RJ. Coagulation cascade and therapeutics update: 
relevance to nephrology. Part 1: overview of coagulation, thrombo-
philias and history of anticoagulants. Nephrology. 2009;14(5):462–
70. https://doi.org/10.1111/j.1440-1797.2009.01128.x. PMID: 
19674315.

 3. Boon GD.  An overview of hemostasis. Toxicol Pathol. 
1993;21(2):170–9. https://doi.org/10.1177/019262339302100209. 
Sage Publications. Thousands Oaks, CA.

 4. Bombeli T, Spahn DR. Updates in perioperative coagulation: physi-
ology and management of thromboembolism and haemorrhage. Br 
J Anaesth. 2004;93(2):275–87.

 5. Bhagavan N. Medical biochemistry. San Diego: Harcourt/Academic 
Press; 2006. p. 839–872i.

 6. Saito H, Matsushita T, Kojima T.  Historical perspective and 
future direction of coagulation research. J Thromb Haemost. 
2011;9:352–63.

 7. Morawitz P.  Die chemie der blutgerinnung. Ergebnisse der 
Physiologie. 1905;4(1):307–422. (translated text was: Beck EA. The 
chemistry of blood coagulation: a summary by Paul Morawitz 
(1905). Thrombosis and haemostasis. 1977 Jan;37(01):376–9.)

 8. Patek AJ, Stetson RP.  Hemophilia. I. the abnormal coagulation 
of the blood and its relation to the blood platelets. J Clin Invest. 
1936;15(5):531–42.

 9. Howell WH, Holt E.  Two new factors in blood coagulation—
heparin and pro-antithrombin. Am J Physiol-Legacy Content. 
1918;47(3):328–41.

 10. Wright HP.  Blood coagulation. Br Med J. 1955;2(4932):184. 
PMC1980349.

 11. Griffin JH, Evatt BR, Zimmerman TS, Kleiss AJ, Wideman 
C. Deficiency of protein C in congenital thrombotic disease. J Clin 
Invest. 1981;68(5):1370–3.

 12. Nixon RR, Cooper MR, Esmon CT.  Familial protein S defi-
ciency is associated with recurrent thrombosis. J Clin Invest. 
1984;74(6):2082–8.

 13. Davie EW, Ratnoff OD. Waterfall sequence for intrinsic blood clot-
ting. Science. 1964;145(3638):1310–2.

 14. Smith SA, Travers RJ, Morrissey JH.  How it all starts: ini-
tiation of the clotting cascade. Crit Rev Biochem Mol Biol. 
2015;50(4):326–36.

 15. https://www.researchgate.net/figure/Nomenclature-of-the-
coagulation-proteins-clotting-factors_tbl1_270005500. Accessed 
18 Aug 2019.

 16. Palta S, Saroa R, Palta A.  Overview of the coagulation system. 
Indian J Anaesth. 2014;58(5):515.

 17. Hoffman M, Pawlinski R.  Hemostasis: old system, new players, 
new directions. Thromb Res. 2014;133:S1–2.

 18. O’Donnell JS, O’Sullivan JM, Preston RJ. Advances in understand-
ing the molecular mechanisms that maintain normal haemostasis. 
Br J Haematol. 2019;186(1):24–36.

 19. Dahlbäck B. Blood coagulation and its regulation by anticoagulant 
pathways: genetic pathogenesis of bleeding and thrombotic dis-
eases. J Intern Med. 2005;257(3):209–23.

 20. Furie B.  Pathogenesis of thrombosis. ASH Education Program 
Book. 2009;2009(1):255–8. PMID: 20008207.

 21. Wolberg AS, Pieters M. Fibrinogen and fibrin: an illustrated review. 
Blood Rev. 2007;21(3):131–42. Res Pract Thromb Haemost. 2019 
Apr;3(2):161–72. https://doi.org/10.1002/rth2.12191. PMCID: 
PMC6462751.

N. Nayyar et al.

https://doi.org/10.1016/j.transci.2019.06.013
https://doi.org/10.1016/j.transci.2019.06.013
https://doi.org/10.1111/j.1440-1797.2009.01128.x
https://doi.org/10.1177/019262339302100209
https://www.researchgate.net/figure/Nomenclature-of-the-coagulation-proteins-clotting-factors_tbl1_270005500
https://www.researchgate.net/figure/Nomenclature-of-the-coagulation-proteins-clotting-factors_tbl1_270005500
https://doi.org/10.1002/rth2.12191


35

 22. Aleman MM, Walton BL, Byrnes JR, Wolberg AS. Fibrinogen and 
red blood cells in venous thrombosis. Thromb Res. 2014;133:S38–
40. https://doi.org/10.1016/j.thromres.2014.03.017. PMID: 
24759140.

 23. Chapin JC, Hajjar KA. Fibrinolysis and the control of blood coagu-
lation. Blood Rev. 2015;29(1):17–24. https://doi.org/10.1016/j.
blre.2014.09.003. PMCID: PMC4314363.

 24. Hajjar KA. The molecular basis of fibrinolysis. In:  Hematology of 
infancy and childhood, vol. 2; 1998. p. 1557–73.

 25. Dejouvencel T, Doeuvre L, Lacroix R, Plawinski L, Dignat-George 
F, Lijnen HR, et al. Fibrinolytic cross-talk: a new mechanism for 
plasmin formation. Blood. 2010;115(10):2048–56. https://doi.
org/10.1182/blood-2009-06-228817. PMCID: PMC2896557.

 26. Gersh KC, Edmondson KE, Weisel JW. Flow rate and fibrin fiber 
alignment. J Thromb Haemost. 2010;8(12):2826–8. PMCID: 
PMC3071618.

 27. Cooper AV, Standeven KF, Ariëns RA.  Fibrinogen gamma-chain 
splice variant γ′ alters fibrin formation and structure. Blood. 

2003;102(2):535–40. https://doi.org/10.1182/blood-2002-10-3150. 
PMID: 12663453.

 28. Travis J, Salvesen GS. Human plasma proteinase inhibitors. Annu 
Rev Biochem. 1983;52(1):655–709. https://doi.org/10.1146/
annurev.bi.52.070183.003255. PMID: 6193754.

 29. Broze GJ, Higuchi DA. Coagulation-dependent inhibition of fibri-
nolysis: role of carboxypeptidase-U and the premature lysis of clots 
from hemophilic plasma. Blood. 1996;88(10):3815–23. PMID: 
8916945.

 30. Cesarman-Maus G, Ríos-Luna NP, Deora AB, Huang B, Villa R, 
del Carmen CM, Alarcón-Segovia D, Sánchez-Guerrero J, Hajjar 
KA. Autoantibodies against the fibrinolytic receptor, annexin 2, in 
antiphospholipid syndrome. Blood. 2006;107(11):4375–82.

 31. Cucuianu M, Knauer O, Roman S. α2-Antiplasmin, plasminogen 
activator inhibitor (PAI) and dilute blood clot lysis time in selected 
disease states. Thromb Haemost. 1991;66(05):586–91.

4 The Coagulation System and Blood Clot Stability

https://doi.org/10.1016/j.thromres.2014.03.017
https://doi.org/10.1016/j.blre.2014.09.003
https://doi.org/10.1016/j.blre.2014.09.003
https://doi.org/10.1182/blood-2009-06-228817
https://doi.org/10.1182/blood-2009-06-228817
https://doi.org/10.1182/blood-2002-10-3150
https://doi.org/10.1146/annurev.bi.52.070183.003255
https://doi.org/10.1146/annurev.bi.52.070183.003255


37© Springer Nature Switzerland AG 2021
C. S. Scher et al. (eds.), Essentials of Blood Product Management in Anesthesia Practice, 
https://doi.org/10.1007/978-3-030-59295-0_5

Fibrinolysis, Antifibrinolytic Agents, 
and Perioperative Considerations

Aaron N. Primm

Abbreviations

A2AP Alpha-2-antiplasmin
ACT Activated clotting time
APTT Activated partial thromboplastin time
ATC Acute traumatic coagulopathy
BART Blood conservation using antifibrinolytics in a 

randomized trial
CABG Coronary artery bypass graft
CPB Cardiopulmonary bypass
CRASH Clinical randomization of an antifibrinolytic in 

significant hemorrhage
EACA Epsilon-aminocaproic acid
FDA Food and drug administration
GABA/A Gamma-aminobutyric acid type A
INR International normalized ratio
IV Intravenous
LY30 Lysis measurement 30 minutes
MATTERs Military application of tranexamic acid in 

trauma emergency resuscitation study
PAI-1 Plasminogen activator inhibitor-1
PAI-2 Plasminogen activator inhibitor-2
PATCH Prehospital antifibrinolytics for traumatic 

coagulopathy and hemorrhage
PPH Postpartum hemorrhage
RCT Randomized control trial
ROTEM Rotational thromboelastometry
SAH Subarachnoid hemorrhage
TAFI Thrombin-activated fibrinolysis inhibitor
TBI Traumatic brain injury
TEG Thromboelastography
THA Total hip arthroplasty
TKA Total knee arthroplasty
tPA Tissue plasminogen activator

TXA Tranexamic acid
ULTRA Ultra-early tranexamic acid after subarachnoid 

hemorrhage
uPA Urokinase plasminogen activator
WHO World health organization

 Introduction

Fibrinolysis is a process that works to limit clot formation 
and is tightly controlled by cofactors, receptors, and inhibi-
tors. Its actions are integrally counterbalanced by the coagu-
lation process, maintaining physiologic homeostasis and 
protecting against excessive clot formation or hemorrhage. 
When plasmin or plasminogen is produced in excess quanti-
ties through, for example, trauma and surgery, multiple 
inflammatory responses can be generated, leading to coagu-
lopathy and unwanted pathophysiology. To combat these 
unwanted events, clinicians have employed antifibrinolytic 
agents to reduce surgical blood loss, allogenic blood transfu-
sion, and other potential adverse outcomes. Of the antifibri-
nolytic agents, tranexamic acid has been the most widely 
studied and utilized and will be the focus going forward. 
This chapter will review fibrinolysis and its measurement, 
antifibrinolytic agents, and the role of tranexamic acid in the 
most studied perioperative settings.

 Fibrinolysis and Molecular Regulation

Fibrinolysis is an integral component of hemostasis that acts 
to regulate fibrin formation. Generally, hemostasis is the 
process of maintaining the integrity of the vascular system 
after damage [1]. Vessel wall injury and extravasation of 
blood from the circulation will trigger multiple processes to 
begin the repair. To do this, expressed tissue factor and cir-
culating platelets combine to achieve vascular hemostasis 
and thrombin is generated through the coagulation cascade 
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[2]. More specifically, after endothelial cell disruption, 
platelets are activated when they come in contact with 
 subendothelial matrix proteins such as collagen, fibronectin, 
and von Willebrand factor [3]. This activation exposes 
anionic phospholipids, which attract procoagulant proteins 
to the cell surface. A sequential series of enzymatic cleavage 
events lead to thrombin activation from its zymogen pro-
thrombin [4, 5]. Thrombin will catalyze the conversion of 
soluble fibrinogen to insoluble fibrin, and hence achieves 
hemostasis [4]. Fibrin will be cross-linked through Factor 
XIIIa, a transglutaminase, as more platelets, red blood cells, 
and white blood cells are incorporated for greater clot sta-
bility to resist fibrinolysis [6].

As the clot forms, the fibrinolytic system is activated to 
counterbalance the coagulation response at the site of injury, 
as well as throughout the body. Plasmin is formed on the 
surface of the fibrin clot, or cell surfaces, from plasminogen 
[7]. Plasmin is the primary fibrinolysin that is activated by 
two primary serine proteases, tissue plasminogen activator 
(tPA) and urokinase (uPA) (Fig. 5.1) [4]. Endothelial cells 
synthesize and release tPA, while uPA is made in macro-
phages, monocytes, and urinary epithelium. Both are cleared 
by the liver [8]. Plasminogen also exhibits positive feedback 
on its activation because plasmin increases activator activity 
by converting single-chain tPA and uPA to their two-chain 
counterparts [4]. In response to vascular injury, tPA and uPA 
are released in high concentrations, although they exist in 
plasma at a low, “surveillance,” concentration [9].

Plasmin is the key enzyme of fibrinolysis, acting to cleave 
fibrin and release fibrin degradation products. This action is 
facilitated by sites in the plasminogen molecule that can bind 
fibrin’s lysine residues [10]. However, plasmin can also be 
involved in multiple enzymatic pathways leading to worsen-
ing coagulopathy, bleeding, and inflammation [10]. Plasmin, 
especially when bound to the surface of macrophages, is 
critical in monocyte activation and inflammation. Activated 
plasmin conveys chemotaxis and actin polymerization in 
monocytes leading to cytokine release [11]. Also, plasmin 
can be generated from inflammation secondary to bacterial 
infection and exposure to lipopolysaccharide, which can 
contribute to disseminated intravascular coagulation and 
sepsis [12]. By whatever means, these actions can occur 
when plasmin is present in concentrations that exceed its 
physiologic inhibitors and is the basis for the use of antifibri-
nolytic therapy [10, 13]. Bursts of free plasmin lead to deg-
radation of coagulation factors like fibrinogen and factors V 
and VII. Additionally, the cleavage of glycoprotein Ib and 
IIb/IIIa receptors on platelets through fibrinolysis will hinder 
platelet adhesion and aggregation [14]. By all of these pro-
cesses, plasmin can bring on a serious pathophysiologic state 
that will lead to poor clinical outcomes if left unchecked.

Molecular inhibitors are vitally important in fibrinolysis 
to control any surplus of plasmin or plasminogen activator. 
Serine protease inhibitors form covalent complexes with cir-
culating plasmin and plasminogen activators, neutralizing 
their effects [15]. The most important serine protease inhibi-

Fig. 5.1 Schematic of hemostasis and fibrinolysis with inhibitors. 
After vessel wall injury (red dashed arrow), expressed tissue factor (TF) 
binds with factor VIIA, leading to the generation of thrombin and 
hemostasis. Thrombin will catalyze the conversion of soluble fibrino-
gen into an organized fibrin meshwork that will lead to clot formation. 
Thrombin also stimulates release of tissue plasminogen activator (tPA) 
from the endothelium (black dashed arrow) that will form a complex 
with plasminogen on the surface of fibrin to release active plasmin. 
Plasmin formation can also be achieved with urokinase plasminogen 

activator (uPA), which is released from macrophages, monocytes, and 
urinary epithelium. Plasmin will cleave fibrin to soluble fibrin degrada-
tion products. Tranexamic acid (TXA) and epsilon-aminocaproic acid 
(EACA) inhibit fibrinolysis intravascularly by competitive inhibition on 
plasminogen’s lysine-binding site. This prevents plasmin release and 
allows for a stable fibrin clot. Aprotinin reversible inhibits free plasmin. 
Fibrinolysis is inhibited by plasminogen activator inhibitors (PAI-1 and 
PAI 2), alpha-2-antiplasmin (A2AP), and thrombin-activated fibrinoly-
sis inhibitor (TAFI)
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tors are plasminogen activator inhibitor-1 (PAI-1), plasmino-
gen activator inhibitor-2 (PAI-2), and α2-antiplasmin 
(A2AP). A2AP acts to irreversibly inactivate plasmin by a 
suicide inhibition mechanism [15]. However, when plasmin 
is bound to fibrin, it is protected from this inhibition and can 
allow fibrinolysis [16]. PAI-1 and PAI-2 inhibit both tPA and 
uPA. However, PA-2 is only present in appreciable quantities 
during pregnancy [17]. C1-esterase inhibitor, 
α2-macroglobulin, and other aspects of the contact pathway 
of the coagulation cascade also represent less prominent 
non-serpin plasmin inhibitors.

Thrombin-activated fibrinolysis inhibitor (TAFI) is acti-
vated by thrombomodulin-associated thrombin. It is a car-
boxypeptidase that removes C-terminal lysine and arginine 
residues on fibrin. By doing so, it can decrease the number of 
available plasminogen-binding sites and help stabilize clots 
[18]. TAFI may play a key role in regulating the interplay 
between inflammation and coagulation [18, 19].

 Measuring Fibrinolysis

The development of methods to assess fibrinolytic activity 
has lagged behind the progress seen in coagulation testing, 
which is standardized for routine high-throughput screening 
[20]. Fibrinolysis, in normal blood and conditions, may take 
hours or days to develop and limits its clinical applications 
[21]. Coagulation reactions (international normalized ratio 
(INR) and activated partial thromboplastin time (APTT), for 
example) can take only seconds to minutes to run. To facili-
tate the assessment of fibrinolysis, one must add plasmino-
gen activators or remove inhibitors. However, this will limit 
the applicability to an in vivo scenario [20]. No “gold stan-
dard” assay exists to assess fibrinolytic activity, and the 
various methods available can be grouped according to a 
sample from whole blood, plasma, or euglobulin fraction of 
plasma [22].

Whole blood preparations are useful in that they can rep-
resent truly “global” activity, as the cellular components of 
blood have a significant impact on coagulation and fibrinoly-
sis [22]. These samples are often used perioperatively by 
point-of-care testing. However, this approach is limited by 
assay standardization, storage issues, the absence of endo-
thelium, and the inability to use the sample in other types of 
assays [22]. The most studied perioperative tool to measure 
fibrinolysis is thromboelastography. This test is performed 
with a thromboelastograph (TEG) or rotation thromboelas-
tometery (ROTEM) by measuring viscoelastic changes in 
whole blood over time with the addition of different activa-
tors like tissue factor and kaolin [22]. Thromboelastography 
can assess coagulation parameters but can also be modified 
to reflect any endogenous fibrinolytic activity. In ROTEM, 
maximal lysis reflects the percent decrease of maximal 

amplitude over time. Small decreases can be due to tapering 
of the clot, allowing additional rotation of the sample [10, 
22]. Maximal lysis of greater than 15% could indicate hyper-
fibrinolysis, whereas greater than 3% is an important bench-
mark to initiate antifibrinolytic therapy in trauma [23, 24].

TEG and ROTEM are the most frequently utilized tools to 
assess fibrinolysis in trauma patients and have become 
increasingly popular [25]. However, there is controversy 
regarding the need to assess fibrinolysis in these patients 
given the frequent use of pre-emptive antifibrinolytic therapy 
[10, 26]. Studies have suggested that they lack sensitivity to 
detect small changes in fibrinolytic activation, and there is 
questionable evidence to suggest that they would be helpful 
to guide antifibrinolytic therapy [10, 26].

Plasma turbidity methods rely on the measurement of 
changes in optical density after the initiation of coagulation. 
Fibrin formation and lysis are reflected by the optical density 
[18]. A common method utilized to measure fibrinolytic and 
coagulation activity is overall hemostasis potential. The 
assay relies on spectrophotometer readings in two sets of 
wells containing platelet-free plasma mixed with 
phosphatidylserine- containing phospholipids, calcium chlo-
ride, and tissue factor [22]. The other sample of wells has the 
addition of tPA. The readout will give an overall hemostasis 
potential and overall coagulation potential, allowing calcula-
tion of the overall fibrinolysis potential. Clot lysis time, the 
time from 50% of maximal clotting to 50% lysis, can also be 
obtained [27]. The overall fibrinolysis potential and clot lysis 
time can give insight for determining pro hemorrhagic and 
pro thrombotic states.

Lastly, the euglobulin fraction of plasma has been known 
for its strong fibrinolytic activity. It has greatly reduced 
amounts of PAI-1 with preserved levels of plasminogen acti-
vators when compared to untreated platelet free plasma [28]. 
This rebalanced plasminogen activator: PA-1 ratio allows the 
measurement of intrinsic fibrinolytic activity without exog-
enous activators [22]. The classic test is the euglobulin clot 
lysis time, which is a visual recording of the time it takes the 
euglobulin fraction to completely lyse [22].

 Antifibrinolytic Agents

By the 1950s, the amino acid lysine was known to inhibit 
the activation of plasminogen in vitro, but the effect was 
too weak to be clinically relevant. In efforts to reduce 
maternal deaths from postpartum hemorrhage, investiga-
tions in 1953 by a Japanese team showed several mercapto- 
and aminocarbonic acids had antiplasminic effect [29]. 
During this work, they showed that epsilon-aminocaproic 
acid (EACA) was a strong inhibitor of plasminogen. EACA 
had been used clinically before this time, but the antiplas-
minic effect was not potent enough and required large 
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doses. In 1962 a more potent compound was found: 
4-amino-methyl-cyclohexane-carbonic acid [30]. The com-
pound contains two stereoisomers of which the trans-form 
was discovered to be antifibrinolytic (trans-4-aminometh-
ylcyclohexanecarboxylic acid). This substance is now 
known as tranexamic acid (TXA) [31, 32]. EACA and TXA 
are synthetic lysine analogs that inhibit fibrinolysis by 
attaching to the lysine- binding site of the plasmin(ogen) 
molecule and displacing plasminogen from fibrin. TXA 
was found to be about 6–10 times more potent than EACA 
while also better tolerated [29]. Of countries that incorpo-
rate TXA into clinical  practice, the United States has most 
strongly adapted the use of EACA, likely related to costs 
and early availability [10].

Aprotinin is another antifibrinolytic which acts as a broad- 
spectrum protease inhibitor. First isolated in cow parotid 
glands in 1930, its first clinical use was in treating of hyper-
fibrinolytic conditions, notably pancreatitis [33]. In the early 
1980s, the Kirkland group in Alabama began using aprotinin 
in an attempt to attenuate the inflammatory response after 
protamine administration. The surgical field was found to be 
unusually dry after cardiopulmonary bypass (CPB), which 
led to a trial-and-error approach to developing aprotinin pro-

tocols and the further study of its interaction with the fibrino-
lytic system [34]. By 1993, aprotinin was approved by the 
FDA for use in coronary artery bypass grafting (CABG). 
Widespread use of aprotinin to reduce perioperative blood 
loss and transfusions also became popular in major orthope-
dic and hepatic surgery.

Other potential antifibrinolytic agents, not approved for 
clinical use, include nafamostat, MDCO-2010, and textili-
nins from Pseudonaja textilis [10]. The three clinically used 
agents will be reviewed as follows.

 Tranexamic Acid

TXA is a synthetic lysine analog with a molecular weight of 
157 Da that reversibly and competitively blocks the lysine- 
binding site on plasminogen, hence inhibiting fibrinolysis. 
Plasminogen is believed to have 4–5 low-affinity binding 
sites and one high-affinity binding site. TXA acts on the 
high-affinity binding site [35, 36].

The pharmacokinetics will vary based on the route of 
administration and overall renal function. TXA is produced 
under several brand names (see Table 5.1) and can be admin-

Table 5.1 Antifibrinolytic agents

Drug Tranexamic acid Epsilon-aminocaproic acid Aprotinin
Composition Synthetic lysine analog Synthetic lysine analog Naturally occurring polypeptide, 

isolated from bovine lung tissue
Molecular weight 157 Da 131 Da 6512 Da
Mechanism of 
action

Antifibrinolytic
Inhibits conversion of plasminogen to 
plasmin through reversible, competitive 
blockade of plasminogen’s lysine-binding 
site

Antifibrinolytic
Inhibits conversion of plasminogen to 
plasmin through reversible, competitive 
blockade of plasminogen’s lysine-binding 
site

Serine protease inhibitor
Reversible inhibition of free 
plasmin, trypsin, chymotrypsin, 
kallikrein
Inhibition of fibrinolysis,
Factor XIIa-mediated kallikrein 
activation, thrombin-induced 
platelet activation
Possible anti-inflammatory 
effects

Elimination Renal Renal Proteolysis, renal
Terminal 
elimination 
half-life

3 h 2 h 10 h

Select adverse 
effects

Possible thrombosis
Seizures

Possible thrombosis Possible thrombosis
Renal dysfunction

Prescription 
products (North 
America)

Cyklokapron (IV, oral)
Erfa-tranexamic (IV)
Lysteda (oral)

Amicar (IV, oral) Trasylol (IV)

Market approval USA
Canada
Europe

USA
Canada

Complete removal from market 
in 2008
Reintroduced in Canada in 2011 
and Europe in 2012
Select availability in United 
Kingdom, the Netherlands, 
Sweden, Canada
Still suspended in the USA

Abbreviations: IV intravenous
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istered intravenous (IV), intramuscular, oral, and topical. IV 
administration of a 10 mg/kg bolus gives a plasma concen-
tration of 10 mg/L [37]. Additionally, the half-life is about 
80 min with 30% renal elimination within the first hour, 55% 
by 3 h, and 90% by 24 h [38]. Oral TXA doses of 10–15 mg/
kg give a peak plasma concentration within 3 h [38]. In an 
in  vitro tissue study, it has been shown that 100  mg/L of 
TXA will reduce fibrinolytic activity by 98–100% [39]. TXA 
has little plasma-protein binding with minimal metabolism 
[36]. It passes through the placenta and equilibrates with 
fetal blood levels, with no adverse effects on the fetus. TXA 
is present in breast milk but at a concentration 100 times less 
than found in maternal blood, and does not have any effects 
on breast-fed babies [37, 40].

IV dosing can range from 0.5 to 25 g based on patient and 
clinical conditions and must be adjusted for renal insuffi-
ciency [10]. In earlier work, Nillson et al. describes a dose of 
10 mg/kg IV, 3–4 times hourly, in the treatment of systemic 
fibrinolysis with massive bleeding [37]. In a landmark study 
of TXA, the Clinical Randomization of an Antifibrinolytic in 
Significant Hemorrhage (CRASH-2) trial analyzed a group 
with major bleeding after severe trauma to receive a loading 
dose of 1 g IV followed by an infusion of 1 g over 8 h [41]. 
In pediatric (less than 12-years-old) trauma, an expert con-
sensus would dose TXA in a similar matter as adults at 
15 mg/kg (maximum 1 g) followed by an infusion of 2 mg/
kg/h for at least 8 h until bleeding stops [42].

For the treatment of heavy menstrual bleeding, the 
U.S. Food and Drug Administration (FDA) recommends oral 
TXA (Lysteda; Ferring-Parsippany, New Jersey) 1.3 g, three 
times daily for up to five days [43]. Several other European 
agencies have similar protocols for oral TXA. Oral TXA for-
mulation should be given 2 h before any indicated surgical 
procedure.

Side effects are uncommon, and TXA has had a strong 
safety record. Mild nausea and diarrhea have been observed 
in a high-dose trial of TXA, but improve with a diminished 
dose [44]. Macroscopic hematuria from the upper renal tract 
is often considered a contraindication to TXA due to the risk 
of clot burden and ureteral obstruction. There are reports of 
acute renal cortical necrosis with oliguria and renal failure 
caused by TXA [29]. Patients on estrogens that have addi-
tional risk factors for thrombosis should take caution; how-
ever, evidence is lacking. Absolute contraindications include 
hypersensitivity, active thromboembolic disease, and fibrino-
lytic conditions with consumption coagulopathy.

 Epsilon-Aminocaproic Acid

EACA is a synthetic, highly water-soluble crystal with a 
molecular weight of 131Da that acts as a lysine analog. Both 

EACA and TXA act to block the conversion of plasminogen 
to plasmin resulting in the inhibition of fibrinolysis. Its vol-
ume of distribution is about 30 L with IV dosing, and max 
serum concentrations are reached in 10 min [45]. The drug 
eventually distributes throughout both intravascular and 
extravascular compartments while penetrating blood and tis-
sues [46]. Total body clearance is 169 ml/min, and terminal 
half-life is about 2 h [47–49].

Studies evaluating IV EACA of 10  g or 100  mg/kg in 
humans produced an initial concentration of about 1.5 g/L 
that decreased to 35 mg/L within 3–4 h, with 80–100% elim-
inated by urine filtration [10]. Patients with renal failure have 
markedly decreased total body clearance, and only 25% can 
be removed via hemodialysis [50]. EACA undergoes rapid 
excretion in the urine and thus needs to be administered as an 
IV infusion to achieve therapeutic levels. Studies have iden-
tified that an EACA concentration of about 130 mcg/mL is 
required to inhibit systemic fibrinolytic activity. These stud-
ies recommend a dose of 0.1 g/kg bodyweight every 3–4 h or 
an initial loading dose of 10 g to be followed by a continuous 
infusion of 1 g/h [47–49]. EACA likely crosses the blood- 
brain barrier, but it is unclear whether it crosses the placenta 
or distributes in breast milk [46].

EACA is predominantly administered IV, with some case 
reports describing topical use [51, 52]. There are no standard 
guidelines for EACA dosing, and many dosing protocols 
have been developed for perioperative use. Like TXA, EACA 
has been studied most extensively in cardiac surgery. EACA 
protocols have shown reduced chest tube drainage following 
cardiac surgery, making EACA a preferred drug in many 
institutions in the United States [46].

Most safety concerns of EACA are based on the potential 
for promoting a prothrombotic state through action on the 
fibrinolytic pathway. Reports of adverse events are from iso-
lated case reports or low-powered studies. To date, no trial 
has been able to show a significant difference in thrombotic 
events when compared to TXA or aprotinin [46]. Caution 
should always be taken when considering the mechanism of 
the drug and any pre-existing patient coagulopathies. Overall, 
EACA is well tolerated.

 Aprotinin

Aprotinin is a naturally occurring 58 amino acid polypep-
tide, with a molecular weight of 6512  Da, isolated from 
bovine lung but currently manufactured by recombinant 
technology. It is a serine protease inhibitor with its antifibri-
nolytic effect via direct noncompetitive inhibition of plas-
min. The structure is similar to tissue factor pathway 
inhibitor, and its dosing is calculated in kallikrein-inhibiting 
units [10]. Aprotinin may falsely elevate or prolong partial 
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thromboplastin time and celite-activated clotting time (ACT) 
measurements. Therefore these should not be used to moni-
tor heparin anticoagulation during surgery. If ACT monitor-
ing is necessary after aprotinin administration, a minimal 
ACT of 750 s or kaolin-ACT of 480 s is recommended by the 
European Society of Anesthesiology task force [33].

Due to its nonspecific nature, aprotinin is also an inhibitor 
of trypsin, chymotrypsin, platelet protease-activated recep-
tor- 1, and kallikrein. The inhibition of protease-activated 
receptor-1 is a possible mechanism for stroke reduction dur-
ing cardiac surgery after aprotinin administration [10]. 
Additionally, aprotinin inactivates free plasmin but does not 
greatly affect bound plasmin. Aprotinin is renally excreted 
with a plasma half-life of 150 min and an elimination half- 
life of 5–10 h after lysosomal enzyme metabolization [53].

In the mid-2000s, concerning reports regarding the safety 
of aprotinin were widely published, which suggested multi-
ple adverse events and increase in 5-year mortality [46]. By 
2006, the FDA added renal dysfunction, stroke, graft occlu-
sion, and anaphylaxis to aprotinin’s list of safety issues [33]. 
Further research in 2007 gave conflicting evidence surround-
ing aprotinin’s safety but only cast doubt on the drug.

In 2008, the Blood Conservation Using Antifibrinolytics 
in a Randomized Trial (BART) was published [54]. This 
blinded, randomized controlled trial (RCT) compared apro-
tinin, TXA, and EACA in patients undergoing high-risk car-
diac surgery. The trial was stopped by the safety committee 
in October 2007 due to nonsignificant increased mortality 
associated with aprotinin. Results from BART, previous 
studies, and the FDA warning led to the withdrawal of apro-
tinin from the United States in late 2007 and from Canada 
and Europe in 2008. Subsequent criticism and reanalysis of 
the data eventually convinced Health Canada in 2011 to 
allow aprotinin for patients undergoing isolated CABG. The 
European Medicines Agency also lifted its suspension in the 
European Union in 2012 but enforced the establishment of a 
European registry for aprotinin use [55]. Aprotinin is cur-
rently available in the United Kingdom, the Netherlands, 
Sweden, and Canada.

 Perioperative Considerations

 Cardiac Surgery

Cardiac surgery is the most studied area in the fibrinolytic 
literature. TXA became key in antifibrinolytic therapy after 
its comparative safety was shown in the BART trial, and has 
been extensively examined in cardiac surgery, CPB, or off- 
pump [54]. TXA has been consistently shown to be effica-
cious in reducing blood loss and transfusion requirements 

during cardiac surgery. The Society of Thoracic Surgeons 
and the Society of Cardiovascular Anesthesiologists blood 
conservation guidelines strongly (class IA) recommend the 
use of TXA or EACA in cardiac surgery [56].

There is no optimal dose of TXA, and large variations in 
dosing recommendations have been cited. In a prospective, 
double-blinded dosing study on CPB by Horrow et al. [57], 
148 patients were given placebo, while five groups received 
TXA IV with a loading dose before incision (2.5–40 mg/kg) 
and followed by infusion of one-tenth the loading dose for 
12 h. A major finding was a significant reduction in chest 
tube drainage from the patients who received a 10  mg/kg 
loading with additional maintenance dose (now referred to as 
the “Horrow low dose” regimen). However, TXA did not 
change transfusion requirements. Increasing the dosage (20 
and 40 mg/kg bolus) did not provide additional reductions in 
bleeding. Fiechtner et al. [58] showed that a bolus 10 mg/kg 
dose followed by an infusion of 1 mg/kg/h gave a TXA con-
centration sufficient to inhibit fibrinolytic activity in  vitro. 
Dowd et  al. [59] calculated a bolus of 30 mg/kg TXA IV, 
followed by 16 mg/kg/h for 6 h, and 2 mg/kg added to the 
pump prime would get a 100% inhibition of fibrinolytic 
activity. Using this regimen, Sharma et al. [60] found that the 
mean plasma TXA concentration was consistently higher 
than the previously suggested threshold.

After FDA withdrawal of aprotinin in 2007 and the imple-
mentation of TXA during cardiac surgery, there were 
increased reports of postoperative generalized convulsive 
seizures in the absence of new ischemic lesions on brain 
imaging [10]. In retrospective analysis, it was found that 
patients were receiving doses of 100  mg/kg followed by 
20–50 mg/kg/h with a total dose up to 259 mg/kg during sur-
gery [61]. Given concern for seizure activity at these high 
doses, lower dose guideline modifications were made with 
30 mg/kg loading followed by 15 mg/kg/h plus 2 mg/kg in 
the CPB priming solution. It was recommended not to exceed 
a maximum TXA total dose of 100 mg/kg in patients over 
50  years old who underwent CPB open-heart procedures 
[62].

A recent, large RCT that gives the strongest evidence of 
the benefits of TXA in cardiac surgery is from Myles et al. 
[63]. The administration of a single initial bolus of 50 or 
100  mg/kg of TXA was associated with a decreased inci-
dence of transfusion of RBCs and other blood products and a 
reduction of redo surgery for major hemorrhage for tampon-
ade. The incidence of seizures was 0.7% with TXA-treated 
patients compared to 0.1% of patients given placebo.

TXA has also been specifically studied for use in off- 
pump CABG, with several studies showing a reduction in 
perioperative bleeding when compared to placebo without 
increased thrombotic complications [46].
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 Tranexamic Acid and the Risk of Seizures

Seizures are a major concern with the use of TXA as they 
have been an associated complication with cardiac surgery. 
A recent meta-analysis of 28 RCTs of TXA administration, 
in patients undergoing CABG, found an increase in the inci-
dence of postoperative seizures with a relative risk of 6.67 
[64]. The mechanism for the increased risk of seizures is 
unknown but may involve the competitive antagonism of 
TXA on hippocampal gamma-aminobutyric acid type A 
(GABA/A) and the glycine receptor [65]. TXA, GABA, and 
glycine have similar molecular structures. The proconvulsant 
properties of TXA are likely via direct effects on the central 
nervous system, as the application of TXA in experimental 
animal models will cause systemic, as well as intracranial, 
hypertension, and seizures [66]. Case reports have found that 
maximal TXA concentrations from the cerebral spinal fluid 
occurred after the termination of drug infusion [65]. EACA 
has not been known to cause seizure activity, although there 
is inadequate data.

The incidence of seizures associated with TXA is likely 
dose-related, particularly with doses greater than 50 mg/kg 
[67]. Studies have shown that predictors of seizure activity 
include: open chamber cardiac surgery, advanced age, female 
sex, redo surgery, ascending aortic disease, deep hypother-
mic circulatory arrest, cross-clamp time, chronic renal dys-
function, and TXA [68–71]. It has been speculated that 
cerebral emboli causing local blood-brain barrier distur-
bances leading to seizure activity could be an alternate or 
contributory mechanism for these findings. In other scenar-
ios, such as TXA loading in menstrual or traumatic bleeding, 
seizure activity is much less significant [10, 72].

Although shown to occur, the significance of seizures 
associated with cardiac surgery and TXA is not known. A 
Japanese database of pediatric cardiac surgeries showed a 
significant increase in the incidence of seizures (1.6% versus 
0.2%) in patients who received TXA but no difference in out-
comes [73]. In contrast, Myles et al. [63] showed an increased 
incidence of stroke and death associated with TXA. Overall, 
it is unclear if TXA is the direct cause of stroke after cardiac 
surgery or if it only enables other mechanisms to exert their 
effects on the central nervous system.

 Trauma, the Role of Fibrinolysis, and Traumatic 
Brain Injury

Trauma and traumatic bleeding is a leading cause of death 
and disability worldwide, with an estimated 400,000 deaths 
every year [74]. The past decade has seen the growing popu-
larity of utilizing antifibrinolytic agents in traumatic bleed-
ing after the CRASH-2 and Military Application of 
Tranexamic Acid in Trauma Emergency Resuscitation Study 

(MATTERs) trials [41, 75]. Based on findings in these land-
mark studies, TXA was added to the World Health 
Organization’s list of essential medicines.

The CRASH-2 trial was a randomized trial to evaluate the 
effects of TXA in 20,211 adult trauma subjects who experi-
enced or were at risk of significant bleeding. Subjects were 
randomized within 8 h of injury to 1 g IV over 10 min fol-
lowed by a 1 g infusion over 8 h, or matching placebo. The 
primary outcome was 28-day in-hospital mortality. All-cause 
mortality was 14.5% in the treatment group and 16% in the 
placebo group (RR 0.91, 95% CI 0.85–0.97, P  =  0.0035). 
Additionally, there was a reduction in risk of death due to 
bleeding of 4.9% vs. 5.7% (RR 0.85, 95% CI 0.76–0.96, 
P  =  0.0077). Other cardiothoracic and thromboembolic 
events were similar between the groups. There was no sig-
nificant difference in the number of transfusions or need for 
surgery. Post hoc analysis of the 35% of patients that died 
from bleeding suggested that the benefit of TXA was great-
est when injected within the first hour after injury. However, 
treatment that was started 3  h after injury paradoxically 
increased the risk of death from bleeding.

CRASH-2 was the first trial to demonstrate a mortality 
benefit using TXA in trauma, however, the results were con-
troversial considering these results were not obtained in the 
setting of an advanced trauma network [76]. There were con-
cerns about subjects being treated in facilities with limited 
resources, no protocols for identifying thromboembolic 
events, and no insight into the mechanism of TXA’s protec-
tive effect. More trials are being conducted to give answers 
to these lingering questions, including the Pre hospital Anti- 
fibrinolytics for Traumatic Coagulopathy and Hemorrhage 
(PATCH) trial [77].

The MATTERs trial was a retrospective observational 
study designed to evaluate TXA in combat injury and to 
assess the effects of its administration on total blood product 
use, thromboembolic complications, and mortality. In the 
patient group treated with TXA, there was an unadjusted in- 
hospital mortality of 17.4% vs. 23.9% in the nonTXA-treated 
group, as well as an independent association of TXA-treated 
patients with greater survival and less coagulopathy. 
Conflicting with the CRASH-2 study, MATTERs reported an 
associated increased risk of thromboembolic events in TXA 
subjects, however with further analysis, no association was 
found. Future studies will aim to clarify these findings.

The concept of acute traumatic coagulopathy (ATC) 
began to emerge in the literature after theorizing that another 
form of coagulopathy exists in patients, unrelated to fluid 
and blood product administration, related to tissue injury 
and bleeding [78]. During the response to traumatic injury, 
there arises a primary coagulopathy that has been associated 
with increased activated protein C. Shock and tissue injury 
results in a large tPA release from intracellular endothelial 
stores. A resultant sympathetic surge and  “endotheliopathy” 
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with glycocalyx damage further exacerbate coagulopathy 
and stimulate hyperfibrinolysis [79]. Additionally, the 
response is characterized by dysfibrinogenemia, endothelial 
dysfunction, and thrombocytopathia [80]. Hyperfibrinolysis 
has been identified as a significant contributor to mortality 
in adult trauma patients [76]. Although data suggests an 
important role of hyperfibrinolysis as a pathological cause 
of bleeding, there can be individual variability in 
fibrinolysis.

With this in mind several investigators have raised caution 
to the practice of giving TXA, or other antifibrinolytics, to all 
trauma patients due to the concern of fibrinolytic shutdown, 
or reduced fibrinolytic activity [81]. Giving TXA to these 
patients may cause unwanted thrombotic effects. In one 
study, Moore et  al. [81] describe three fibrinolytic pheno-
types: hyperfibrinolysis, physiologic, and shutdown. Using a 
TEG databank from trauma subjects presenting to the emer-
gency department over three years, they grouped subjects by 
lysis measurement 30 min after maximum amplitude (LY30, 
percent). The most common phenotype was fibrinolysis 
shutdown (46%), while hyperfibrinolysis (18%) indepen-
dently increased risk of mortality (OR 3.3, 95% CI 2.4–4.6, 
P < 0.0001). Acute blood loss was the leading cause of death 
in the hyperfibrinolysis group, while multiple organ failure 
was most common in fibrinolysis shutdown. Possible mecha-
nisms to explain these results have been put forward, but 
none have been proven in vivo [82]. There is ongoing debate 
concerning the relevance of fibrinolytic shutdown.

Traumatic brain injury (TBI) is a leading cause of death 
after trauma and commonly presents with coagulopathy. 
Coagulopathy is a poor prognostic indicator for patients with 
TBI and is associated with hemorrhagic injury and high mor-
tality [83]. Hyperfibrinolysis is also present in these patients 
with a mechanism likely similar to patients that present with 
other traumas. What is known is that patients with TBI will 
have increased release of tissue factor in the circulation from 
injured brain tissue, temporal changes in tPA and uPA, and 
depletion of antiplasmin [84]. Evidence of the efficacy of 
antifibrinolytics on TBI is lacking, but several trials are 
attempting to address this issue. CRASH-3: tranexamic acid 
for the treatment of significant traumatic brain injury, is esti-
mated to be completed in 2020 [85].

 Orthopedics

Antifibrinolytics have been studied extensively in orthopedic 
surgery, particularly in the most common procedures like 
total knee arthroplasty (TKA) and total hip arthroplasty 
(THA). During TKA, blood loss can be significant and under 
estimated, averaging between 762 and 1789  mL in the 
absence of TXA [86]. In a recent study, 25% of patients 
required red blood cell transfusion with a median of 2.2 units 

[87]. The total blood loss in THA averages 1600 mL, depend-
ing on surgical technique. About 30% of patients receive at 
least one blood transfusion with a median of 2.2 units [87].

Overall, TXA is efficacious in reducing perioperative 
blood loss and transfusion requirements over a range of pro-
cedures. Intraoperative dosing of TXA for joint arthroplasty 
varies greatly. Many centers administer 10–15 mg/kg TXA 
prior to the release of the tourniquet, or prior to skin incision 
for THA, followed by 1 or more repeat 10–15 mg/kg boluses 
3–8 h later. A 2015 meta-analysis of 2720 TKA and THA 
procedures found that TXA significantly reduced blood loss 
and transfusion requirements [88]. For both TKA and THA, 
the number of patients receiving at least one unit of packed 
red blood cells were decreased in the TXA group compared 
to the control group. These results have been supported in 
several studies involving TKA and THA patients [89, 90]. 
Having established the efficacy of TXA in major joint sur-
geries, Xu et al. [91] conducted a systemic review and meta- 
analysis of 211 publications to investigate the safety of 
different routes of TXA, with a secondary aim to identify 
the safest and most efficacious route of TXA. Studies were 
examined with drug administration via: IV, intra-articular, 
topical, oral, and their combinations. TXA via IV and topi-
cal had the lowest risk ratio (RR = 0.11, 95% CI 0.03–0.41) 
with all routes showing significantly lower transfusion rates 
compared to placebo.

Spine surgery has also been studied in single and multi-
level procedures. A 2015 meta-analysis with a total of 644 
patients concluded that TXA reduced intraoperative blood 
loss by 219 mL (95% CI −116 mL to −322 mL, P < 0.05) 
[92]. They did not find an associated increased incidence of 
pulmonary embolism, deep venous thrombosis, or myocar-
dial infarction. A more recent review and meta-analysis of 
TXA looking at blood loss and blood transfusion in multi-
level spine surgery showed a decrease in blood loss and 
transfusion compared to controls, as well as a higher hemo-
globin value post-surgery [93]. The RCTs in the analysis 
reviewed several different dosing regimens with many fol-
lowing 10–15 mg/kg TXA loading dose IV with an infusion 
of 1–2 mg/kg/h [93]. Recent studies show promising results 
utilizing high-dose TXA with a 50 mg/kg loading dose IV 
followed by an infusion of 5 mg/kg/h. Current literature and 
future studies in orthopedic surgery focus on the role of TXA 
in intertrochanteric fractures, total shoulder replacement, 
pediatrics, and topical TXA application.

 Liver Surgery and Transplantation

Patients undergoing hepatic surgery face a unique challenge 
due to potential alterations in hemostatic function leading to 
coagulopathy and excess bleeding. Hemostatic function is 
determined by a complex relationship between vascular 
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endothelium, platelets, coagulation, and fibrinolytic activity 
[94]. Patients with compromised liver function often have 
derangement in hemostasis and can develop a primary hyper-
fibrinolysis from the inflammation and trauma of surgery. 
Hyperfibrinolysis is particularly common during liver trans-
plantation [95]. Early reports of hyperfibrinolysis during 
transplant, diagnosed by thromboelastography, spurred the 
use of antifibrinolytics for treatment until reports gave con-
cern over increases in venous thromboembolism and mortal-
ity [10]. During hepatic transplantation, tPA levels increase 
during the anhepatic phase due to vascular trauma and 
reduced clearance. This perturbation is usually corrected 
after hepatic reperfusion, as PAI-1 is released and tPA is 
cleared.

RCTs have shown that TXA reduces blood loss and trans-
fusion requirements during orthotopic liver transplantation 
(OLT) by 30–40% compared to placebo [96]. Subsequently, 
most liver transplant centers have developed protocols that 
determine when TXA and other antifibrinolytics are appro-
priate during transplantation. TXA use is not universal due to 
lingering concerns about safety and thromboembolic com-
plications. Large-scale safety data exist for aprotinin but are 
lacking for TXA, particularly in subgroups that are low risk 
for blood loss or high risk for thromboembolic complica-
tions. Additionally, there has been great change in surgical 
and anesthetic technique for OLT over the last 15 years that 
may change blood management practices.

A propensity score matched study by Badenoch et al. [96] 
looked to describe the clinical use of TXA and to appraise 
effectiveness and safety. Data was collected from 1799 liver 
transplant patients and retrospectively analyzed using pro-
pensity matching to account for thrombotic risk and transfu-
sion confounders. In matched pairs, patients exposed to TXA 
received less red blood cell and fresh frozen plasma transfu-
sions. No difference in thromboembolic events were found 
between matched groups. They concluded that TXA is effec-
tive in modern clinical practice. However, the magnitude of 
effectiveness was reduced when compared to previous stud-
ies, possibly accounting for the improvements in modern 
practice.

The efficacy of TXA in hepatic resection is less studied. 
Resection is the optimal treatment for primary metastatic 
liver malignancies, benign liver tumors, and some biliary 
disease [94]. Like OLT, bleeding is a regular obstacle in 
hepatic resections and would seem amenable to antifibrinol-
ytic therapy. A prospective, randomized trial in 2006 found 
that TXA lowered blood loss and operative times in hepatic 
tumor resections [97]. In a 2016 prospective cohort study, 18 
patients undergoing major hepatic resection were sequen-
tially assigned to one of three cohorts: control, TXA dose I 
(1 g bolus followed by 1 g infusion over 8 h), and TXA dose 
II (1 g bolus followed by 10 mg/kg/h until the end of surgery) 
[94]. Blood samples were collected for TEG, coagulation 

components, and TXA concentration. They concluded that 
there was no thromboelastographic evidence of hyperfibri-
nolysis in these major liver resections and that TXA did not 
influence a change in systemic fibrinolysis. Further research 
is warranted in this area.

 Obstetrics

Postpartum hemorrhage (PPH) is an obstetric emergency and 
the leading cause of maternal death worldwide. At delivery, 
PAI-2 synthesis stops and tPA is rapidly increased, causing 
hyperfibrinogenemia to levels of 500–600 mg/dL [29]. Based 
on previous work, World Health Organization (WHO) guide-
lines recommend TXA in PPH if uterotonics fail to stop 
bleeding, or if bleeding is thought to be from trauma [98]. 
However, the efficacy of TXA in this scenario is uncertain, 
and a 2016 analysis of 26 RCTs was inconclusive due to poor 
study design and serious flaws [99]. Many of the studies used 
a 1 g IV dose of TXA before incision for cesarean section, or 
1 g IV after vaginal delivery.

A recent, large trial published in 2017 was able to add to 
our understanding of TXA in PPH [100]. The study aimed to 
analyze the effects of TXA on death and hysterectomy in 
woman with PPH.  Woman aged 16  years and older from 
193 hospitals in 21 countries were recruited after being diag-
nosed with PPH after vaginal birth or caesarean section. 
Subjects were assigned to either 1 g IV TXA or matching 
placebo, but if bleeding persisted or restarted within 24 h of 
the first dose, a second 1 g dose or placebo could be given. 
The composite primary endpoint was death from all-causes 
or hysterectomy within 42 days of giving birth. They found 
that death due to bleeding was significantly reduced in 
women given TXA, especially when given within 3 h of birth 
where deaths were reduced by nearly one-third. There were 
no significant differences in other causes of death between 
groups. Hysterectomy was not reduced with TXA, although 
it did substantially reduce the number of laparotomies to 
control bleeding. The composite primary endpoint of all- 
cause mortality or hysterectomy was not reduced with TXA.

 Subarachnoid Hemorrhage

When a patient suffers a subarachnoid hemorrhage (SAH), 
rebleeding is a significant cause of morbidity and mortality. 
Currently, the rate of rebleeding has decreased to about 15% 
due to more sophisticated endovascular and surgical tech-
niques early in the hospital course. The highest risk of 
rebleed is during the first 24 h after SAH, peaking in the first 
6 h. After rebleed, approximately 60% of patients will die, 
and another 30% will remain dependent for activities of 
daily living [101].
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The literature supports considering a short-course use of 
TXA to prevent rebleeding after SAH, with studies reporting 
a reduction in rebleeding by 35–40% [46, 102, 103]. 
However, these studies emphasized that outcomes were 
diminished by cerebral ischemia. A 2017 systematic review 
to assess the evidence for the role of TXA in the treatment of 
SAH and subdural hemorrhage found that TXA significantly 
reduced rebleeding in SAH patients and trended toward 
reducing mortality, but did not improve Glasgow Outcome 
Scale scores [104].

Initiated in 2013, the ultra-early tranexamic acid after 
subarachnoid hemorrhage (ULTRA) trial will aim to deter-
mine whether ultra-early and short-term administration of 
TXA (1 g bolus as soon as possible after randomization fol-
lowed by 1 g over 8 h infusion to maximum of 24 h), in addi-
tion to standard SAH management will lead to better 
functional outcome scores at six  months [105]. The TXA 
dose used in this trial will be lower than in previous studies 
in an effort to prevent delayed cerebral ischemia.

 Pediatrics

Antifibrinolytic drugs, particularly TXA, are effective when 
used in both adult and pediatric surgical patients. Prospective 
RCTs in children undergoing cardiac surgery, spinal fusion, 
and craniosynostosis repair have shown that IV TXA is 
effective in reducing blood loss and transfusions [106]. 
Although without significant evidence, TXA has been used 
clinically in major pediatric plastic and maxillary proce-
dures, organ transplantation, trauma, and major abdominal 
surgeries. Additionally, the WHO, American Society of 
Anesthesiologists, European Society of Anesthesiology, and 
Australian National Blood Authority have comprehensive 
blood management guidelines that suggest prophylactic 
TXA administration.

Pharmacokinetic studies over the past 10 years have elu-
cidated TXA dosing regimens for children. These regimens 
are mostly based on the assumption that plasma TXA con-
centrations should target between 20 and 100  mcg/
mL. However, these assumptions are based on in vitro mod-
els of fibrinolysis inhibition, and further studies are needed 
to validate this concept in vivo [106].

 Topical Tranexamic Acid

Given the potential benefits of decreased risk of adverse 
events compared to systemic TXA, there is increased interest 
in utilizing the topical form of TXA [107]. When applied 
topically, the plasma concentration of TXA is 90% less than 
when administered IV [36]. However, local tissue drug con-
centrations from the topical application may also increase 

the risk of adverse events. A previous Cochrane review, cov-
ering a wide range of procedures, concluded that locally 
applied TXA might reduce bleeding and transfusions, but 
had concerns about the lack of safety data [108].

A recent systematic review and meta-analysis were con-
ducted to evaluate the efficacy and safety of topically admin-
istered TXA [107]. A total of 67 studies were included, the 
majority of which evaluated orthopedic procedures. 
Administration of topical TXA, compared to placebo, sig-
nificantly reduced the odds of receiving a blood transfusion 
(OR 0.28, 95% CI 0.20–0.38; P < 0.001) and significantly 
reduced mean blood loss. When compared to IV administra-
tion, there was no difference in transfusion requirements or 
blood loss. There was also no difference in the odds of devel-
oping a venous thromboembolic complication between topi-
cal TXA and control groups, or the topical and IV groups. 
No major differences were found between topical and sys-
temic TXA concerning safety and efficacy. However, most of 
the included trials were not powered sufficiently to detect 
these differences. Besides orthopedic surgery, comparisons 
between systemic and topical TXA warrant further 
exploration.

 Conclusions

The antifibrinolytic agents, particularly TXA, have been 
studied widely in a variety of perioperative settings. Most 
concerns about potential thromboembolic events using the 
antifibrinolytics have not been seen in the literature, although 
many studies are underpowered to detect them. The efficacy 
of aprotinin has been shown in cardiac surgery, but early 
safety concerns shelved its use in the United States. The rein-
troduction of aprotinin in Europe, along with a large safety 
registry, will be closely examined. The three described anti-
fibrinolytics had shown reduced blood loss and transfusion 
rates in cardiac surgery, but concern over seizure activity in 
patients treated with TXA remain. Seizures in cardiac sur-
gery are likely related to higher dosages, and it will be 
important to investigate the real impact on outcomes. 
CRASH-2 was a landmark trial showing reduced mortality 
in patients treated early with TXA after traumatic injury. The 
controversy surrounding measuring fibrinolytic shutdown 
and its impact on therapy is an area requiring further work. 
Several on-going trials will further enlighten the use of TXA 
in trauma, including CRASH-3 for traumatic brain injuries. 
Orthopedic surgery has established the benefits of periopera-
tive TXA administration and continues to investigate alter-
nate routes of administration to improve safety. Liver 
transplant has clear reductions in blood loss with antifibrino-
lytic treatment, although the magnitude of such reductions 
may be explained by improved surgical and blood manage-
ment practices. There is no clear evidence for improved out-
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comes with TXA administration after SAH, and the results 
of the ULTRA trial are highly anticipated. Death due to 
bleeding is significantly reduced in women given TXA dur-
ing PPH, particularly within the first 3 h. Like adults, antifi-
brinolytic therapy is effective in pediatric surgery, but 
optimum dosages are still under investigation.
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 Introduction

Hypercoagulable states, sometimes referred to as thrombo-
philias or thrombotic disorders, are clinical conditions 
whereby individuals are predisposed to arterial and/or venous 
thromboembolisms [1]. Clinical manifestations of throm-
botic disorders can range from the asymptomatic to lethal; 
the causes of these manifestations may be complicated and 
multifactorial. Research over the last several decades has 
aided in identifying many of the risk factors associated with 
hypercoagulable states and has helped streamline chronic 
management of predisposed individuals. Acute management 
of these individuals, such as during surgery, poses a unique 
set of challenges for the anesthesia care team.

Individuals with hypercoagulable states are considered 
high risk for thromboembolic phenomenon in the periopera-
tive setting [2]. The occurrence of venous thromboembolism 
(VTE) in the non-surgical population is 1–2 out of 1000; this 
frequency increases anywhere from 10 to 25 out of 1000 
depending on the surgical procedure [3]. In addition, the 
administration of blood products, which may occur more fre-
quently during surgery, may increase VTE occurrence two 
fold to threefold when compared to bloodless surgery [4]. 
Special consideration and management need to be given to 
surgical patients that may receive blood products in the set-
ting of preexisting risk factor(s) for thrombotic disease.

 Hypercoagulable States

Hypercoagulable states have been described since 1856 
when Rudolph Virchow described a triad of conditions that 
promoted coagulation in the circulatory system [1]. The 
majority of these states can be classified into two groups: 

primary (congenital) and secondary (acquired); there are 
some conditions of mixed etiology that may fall into both 
categories or are of unknown etiology.

 Primary (Congenital) Hypercoagulable 
States

Primary hypercoagulable states are due to either (1) a defect/
deficiency of an antithrombotic protein or (2) an abnormally 
increased level of a prothrombotic clotting factor. The most 
common conditions are listed in Table 6.1.

 Antithrombin Deficiency

Antithrombin is a natural anticoagulant that inhibits throm-
bin (factor IIa), factor Xa, and other serine proteases in the 
coagulation cascade. Inherited antithrombin deficiency is 
estimated to occur in 1  in 2000–3000 individuals. It is an 
autosomal dominant disease with variable penetrance; labo-
ratory evidence does not necessarily lead to the development 
of VTE or require maintenance anticoagulant therapy. Type I 
Deficiency is the most severe and usually is the result of a 
quantitative deficit of Antithrombin; Type IIb deficiency is 
less severe and usually the result of a qualitative defect 
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Table 6.1 Primary hypercoagulable states (thrombophilias)

1. Decreased antithrombotic proteins
  (a) Antithrombin deficiency
  (b) Protein C deficiency
  (c) Protein S deficiency
2. Increased prothrombotic proteins
  (a) Factor V Leiden (activated protein C resistance)
  (b) Prothrombin gene mutation G20210A
  (c)  Increased levels of factors VII, XI, IX, VIII, von Willebrand 

factor
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within the structure of the Antithrombin protein. Other dis-
ease states may indirectly lower the concentration of anti-
thrombin; however, this is usually associated with 
abnormalities in other factors, thus making it more difficult 
to evaluate and manage these acquired deficiencies [1, 5].

Perioperative management of these patients can vary 
based on the complexity of the procedure, anticipated blood 
loss, and preexisting comorbid situations. As noted, the risk 
of deep vein thrombosis (DVT) can be as high as 3% in the 
general surgical population; the risk may be higher in patients 
predisposed to VTE secondary to a thrombophilia such as 
Antithrombin Deficiency. Preoperative and postoperative 
prophylaxis with unfractionated (UFH) or low-molecular-
weight heparin (LMWH) or Antithrombin concentrates may 
be absolutely indicated in this patient population except in 
trauma or non-trauma cases with significant anticipated 
blood loss – although the exclusion in the latter group is still 
under debate. Intraoperative management is usually routine 
and uneventful except in the setting of blood transfusions, 
most notably red blood cell (RBC) transfusions. Blood trans-
fusions may impair the balance between coagulation factors 
and the inflammatory cascade triggering a hypercoagulable 
state. While the exact mechanisms are unknown, it is clear 
that there is a dose response effect between the number of 
RBCs transfused and the risk of a VTE [6]. In the setting of 
a known thrombophilia, such as Antithrombin Deficiency, 
this can be problematic and potentially lethal. Consideration 
should be given to blood sparing techniques when possible 
as blood transfusions are not without risks. In patients that 
require blood transfusions, the use of Antithrombin 
 concentrates may be given to minimize the risk of a VTE.

 Protein C and S Deficiency

Protein C deficiency causes impaired deactivation of Factors 
Va and VIIIa, leading to increased production of thrombin and 
fibrin. Inherited deficiency is estimated at about 1 per 200–
500 in the general population and up to 15–30 per same num-
ber in patients with VTE. It is an autosomal dominant disease 
with variable penetrance and, like Antithrombin, may be 
divided into two general forms. Type I deficiency is charac-
terized by a quantitative reduction in Protein C with a pro-
portionate reduction in functional activity; type II deficiencies 
are due to a qualitative abnormality in Protein C with a vari-
able reduction in functional activity. Protein C deficiency 
may also be acquired in certain disease states such as liver 
disease, disseminated intravascular coagulation (DIC), and 
sepsis [1, 5].

Protein S deficiency causes decreased activity of activated 
Protein C, thus leading to increased production of thrombin 
and fibrin. Protein S and protein C work in concert as a natu-

ral anticoagulant system; Protein S serves as the binding pro-
tein for activated Protein C to form an anticoagulant complex 
on cell surfaces. Congenital Protein S deficiency (mild) is 
estimated to occur in 1 per 500 individuals; severe deficiency 
is rare, prevalence is unknown, and is associated with a myr-
iad of life-threatening symptoms from birth. It is an autoso-
mal dominant disease caused by a mutation in the PROS1 
gene. It has variable penetrance and may be divided into type 
I-III based on how the PROS1 gene mutation affects Protein 
S. Type I disease is characterized by a quantitative defect in 
both total and free Protein S, whereas type II is characterized 
by a qualitative defect with normal levels; type III has normal 
total levels, but low free protein levels. Types I and III are the 
most common and have similar symptomology. Acquired 
Protein S deficiency can occur to a lesser extent with liver 
disease, vitamin K deficiency, and pregnancy [1, 5, 7].

Perioperative management of these patients is based on 
the severity of the disease, complexity of the procedure, and 
comorbid diseases. The occurrence of VTE in protein C- 
and/or S-deficient patients is considered to be less than that 
of patients with Antithrombin Deficiency; however, the com-
bination of surgery and a preexisting protein C and/or S defi-
ciency is believed to increase one’s risks of perioperative 
VTE above the 3% occurrence rate of otherwise healthy sur-
gical patients. The mainstay of preoperative treatment is 
UFH or LMWH to reduce this increased risk [7]. In patients 
at higher risk – decreased ambulation, other comorbid dis-
ease states, anticipated RBC transfusion  – prophylactic 
administration of protein C concentrates and/or fresh-frozen 
plasma (no protein S concentrate exists) may be given to fur-
ther reduce the risk of VTE [2].

 Factor V Leiden (Activated Protein C 
Resistance)

Factor V is a protein of the coagulation system that once acti-
vated works in conjunction with activated Factor X to con-
vert prothrombin to thrombin. Factor V Leiden (FVL) is 
caused by a point mutation in the gene that renders the pro-
tein resistant to activated Protein C resulting in decreased 
breakdown of thrombin and an increased risk of VTE [1].

Heterozygous FVL is very common in individuals of 
Caucasian descent. It is present in about 5% of healthy indi-
viduals and up to 40–50% in individuals presenting with or 
for evaluation of VTE.  The homozygous form is rare, but 
carries a 10-fold increase in the risk of thrombosis. Most 
FVL patients are asymptomatic and usually require another 
“hit” or predisposing factor to present with a VTE [5].

Surgery and/or blood transfusions may be the other “hit” 
to increase the occurrence of VTE.  Standard perioperative 
VTE prophylaxis should be followed in these patients; 
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special considerations should be given to those patients with 
a previous history of VTE. No specific guidelines or recom-
mendations currently exist for blood transfusions in the 
 setting of FVL. As noted, most patients are asymptomatic 
even in the setting of blood product administration. In fact, 
current studies suggest a beneficial link between FVL and 
reduced blood loss in cardiovascular surgery. Those same 
studies have raised concerns about antifibrinolytic therapy 
and the increased potential for thrombosis in FVL patients.

FVL may also occur in pregnancy. Whether as a primary 
or secondary (acquired) condition, FVL is found in 20–45% 
of women with pregnancy-associated VTE.  Homozygous 
patients carry the highest risk of VTE during pregnancy 
when compared to heterozygous patients; the risk of throm-
bosis during pregnancy is almost 50% greater in FVL 
patients as compared to non-FVL patients [1]. Prophylactic 
anticoagulation is usually not recommended in patients with 
no previous history of VTE; anticoagulation is recommended 
in the setting of pregnancy, FVL, and previous VTE [3]. All 
patients should be counseled about the risks and benefits of 
these therapies during pregnancy. Additionally, high-risk 
patients should consider a 4- to 6- week course of anticoagu-
lation during the postpartum period. No current recommen-
dations exist for FVL, pregnancy, and blood product 
administration.

 Hyperhomocysteinemia

Homocysteine is an intermediary amino acid formed by the 
metabolism of methionine. Congenital alterations in this 
pathway, as well as acquired deficiencies in various vitamins 
and certain disease states, can produce elevated levels of 
homocysteine in the blood. Hyperhomocysteinemia may 
predispose individuals to arterial and venous thrombosis [5].

The incidence of hyperhomocysteinemia has been 
reported to be as high as 10%; however, the cause is multi-
factorial and varies greatly across different ethnicities and 
geographic regions. Homocysteinemia is suspected to 
cause endothelial dysfunction and promote an imbalance 
between procoagulant and antithrombotic activity; 
decreases in protein C activation, endothelial resistance to 
thrombosis, and nitric oxide may play a key role in this 
thrombotic disorder [8].

Perioperative management usually consists of standard 
DVT prophylaxis  – LMWH and placement of pneumatic 
lower extremity compression devices. In the patient with 
elevated homocysteine levels, administration of pyridox-
ine, methylcobalamin, and folic acid may help to reduce 
homocysteine levels and the risk of a thrombotic event. 
Maintenance of euvolemia and avoidance of nitrous oxide 
are also recommended for these patients. As noted, blood 

product administration carries its own risk of thrombosis; 
any treatment that lowers homocysteine levels should be 
considered for procedures where blood product administra-
tion is anticipated.

 Other Primary Hypercoagulable States

A number of other congenital thrombophilia exists such as 
Prothrombin Gene Variant, increased levels of specific coag-
ulation factors (VII, XI, IX, and vWF) and tissue plasmino-
gen activator deficiency [7]. Many of these other 
hypercoagulable states have a much lower occurrence rate 
(<2–3% incidence across all populations). Thus, studies and 
recommendations are limited regarding management of 
these disease states during surgery and in the setting of blood 
product administration. As always, treatment should be 
patient specific (Table 6.2).

 Secondary (Acquired) Hypercoagulable 
States

Secondary hypercoagulable states encompass a variety of 
conditions that may predispose individuals to thrombotic 
events. The pathophysiology of these states is usually 
complex, multifactorial, and poorly understood. Most indi-
viduals with acquired hypercoagulable states are at risk for 
both arterial and venous thrombosis due to suspected 
abnormalities in all parts of Virchow’s triad of thrombo-
genesis (Table 6.3).

Table 6.2 Relative risk – first episode of VTE – Inherited States

Risk factor Relative risk
Factor V Leiden
  Homozygous 25
  Heterozygous 5
Antithrombin deficiency 5
Protein C deficiency 3
Protein S deficiency 2
Hyperhomocysteinemia 2

Table 6.3 Secondary hypercoagulable states (thrombophilias)

1. Deficiency of coagulation inhibitors
  (a) Malignancy
  (b) Surgery
  (c) Immobilization
2. Increased prothrombotic proteins
  (a) Trauma
  (b) Pregnancy
  (c) Medications (OCP/HRT)
  (d) Antiphospholipid Syndrome

6 Hypercoagulation and Thrombotic Disorders
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 Pregnancy/Puerperium

Pregnancy and puerperium are well-recognized and well- 
studied hypercoagulable states. The risk of VTE during preg-
nancy/puerperium is six to eight times greater than in 
non-pregnant women; however, VTEs are still only seen in 
approximately 1% of pregnancies [1, 5]. The increased risk 
is present for 8–10 weeks postpartum and can present with 
life- threatening symptoms to both the mother and fetus [9].

The pathophysiology of hypercoagulability during preg-
nancy and the postpartum period involves a number of ana-
tomical, physiological, and biochemical changes that may 
predispose an individual to thrombotic events. There is an 
increased concentration of various factors within the coag-
ulation cascade, increased platelet count, and decreased 
fibrinolysis [10, 11]. This imbalance within the coagulation 
cascade coupled with stasis from a gravid uterus on lower 
extremity venous return increases one’s thrombogenic 
potential [12–14].

Concomitant genetic risk (primary), older age, previous 
VTE, higher parity, and preeclampsia are independent risk 
factors that may further increase one’s predisposition for a 
thrombotic event [1, 5, 15].

Diagnosis and management of VTEs in pregnancy can be 
challenging. Overlapping signs and symptoms as well as 
limited radiologic and laboratory testing can complicate 
timely diagnosis of a VTE. Previous history or high suspi-
cion of current VTE is to be treated with anticoagulation for 
up to 8 weeks postpartum [16, 17]. LMWH or UFH are the 
mainstays of therapy as they do not cross the uteroplacental 
barrier and allow for timely discontinuation for neuraxial 
anesthesia administration [18]. Warfarin is reserved for high-
risk cases due to its teratogenic effects and potential for fetal 
bleeding. Blood product administration should be judicious 
with reasonably high transfusion triggers, reserving adminis-
tration for the most high-risk patients (placenta accreta, 
severe anemia, DIC, etc.) [19–21].

 Oral Contraceptives and Hormone 
Replacement Therapy

The administration of estrogen is associated with a two fold 
to six fold increase in the incidence of VTE in individuals 
with no other predisposing thrombotic factors [22–24]. Use 
of oral contraceptive pills (OCP)/hormone replacement ther-
apy (HRT) is associated with increased levels of Factor VII 
and decreased activity of protein S and thrombomodulin 
[25]. Smoking, obesity, Polycystic Ovary Syndrome, older 
age, and immobilization, as well as a primary hypercoagu-
lable disease, may significantly increase the risk of VTE in 
the setting of OCP/HRT [26].

Individuals who are considered high risk for VTE or have 
previously had a VTE should be candidates for anticoagula-
tion while on OCP/HRT [27, 28]. Prophylaxis with either 
LMWH or UFH is recommended and the mainstay of treat-
ment. Blood product administration should be clinically 
indicated with reasonable triggers as no additional therapies 
exist to reduce the incidence of VTE from blood transfusions 
in the setting of OCP/HRT (Table 6.4).

 Antiphospholipid Syndrome

Antiphospholipid Syndrome (APS) is a thrombotic disorder 
mainly associated with auto antibodies toward plasma pro-
teins on the surface of phospholipids [5, 29]. Two main sub-
sets of auto antibodies exist in APS  – anticardiolipin and 
lupus anticoagulant associated with lupus erythematosus [7, 
30]. There are secondary states that may be acquired in the 
setting of infections, drugs, or collagen vascular diseases. 
Regardless of the etiology, venous or arterial thromboem-
bolic phenomenon may occur in up to one-third of individu-
als with APS [31].

Thrombosis often occurs at unusual sites and may present 
with a myriad of symptoms such as skin necrosis – livedo 
reticularis, acute renal failure, cerebrovascular pathology 
(strokes, ocular disturbances, etc.), or recurrent miscarriages 
[32]. APS is the most common cause of initial thrombosis in 
pregnancy when compared to other thrombophilias. 
Currently, no recommendations exist for anticoagulation in 
APS individuals with no history of thromboembolic phe-
nomenon [33]. Individuals with other risk factors or previous 
VTE should be placed on long-term anticoagulation therapy; 
patients with “high” APS antibody titers should also con-
sider long-term therapy even in the absence of VTE [34, 35]. 
The mainstay of long-term therapy is warfarin with goal 
INRs of 2–3; LMWH may be used in patients with allergies 
to warfarin [32, 36].

No current recommendations exist for blood product 
administration either. Individuals with APS may have a con-
comitant quantitative thrombocytopenia. Blood product 
administration should be based on reasonable transfusion 
triggers and the needs of the individuals.

Table 6.4 Relative risk – first episode of VTE – acquired states

Risk factor Relative risk
Pregnancy 4
Recent postpartum 14
OCP/HRT 3
Antiphospholipid antibody 9
Immobilization 10
Surgery 6

Data from Liem and Deloughery, Seminars in Vasc Surg 2008
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 Other Secondary Hypercoagulable States

Thromboembolic phenomenon may occur in individuals 
with gastrointestinal disorders such as inflammatory bowel 
disease and Behcet’s disease. Intestinal inflammation, which 
may occur cyclically in these disease states, may activate the 
coagulation system and increase the risk of thrombosis [5].

Nephrotic Syndrome may lead to an acquired Antithrombin 
III deficiency through the excess excretion of protein. 
Myeloproliferative disorders can create a myriad of acquired 
thrombotic disorders [37, 38].

Hemolytic diseases or diseases with abnormal RBCs, 
such as sickle cell disease, may lead to alterations in the 
surface of RBCs that promote increased thrombin 
formation.

 Summary

Hypercoagulable states, or thrombophilias, are disease states 
that predispose individuals to thrombotic phenomenon; these 
disease states are either congenital or acquired and may pres-
ent with no symptoms or be life-threatening. The occurrence 
of thromboembolic events is usually complex and multifac-
torial; laboratory testing and treatment will vary based on the 
severity of the disease and concomitant co morbidities. The 
administration of blood products increases the incidence of 
thrombotic events. While specific recommendations do not 
exist for blood transfusions in many of these disease states, 
caution and judicious practices should be used to minimize 
any risks for VTE in predisposed individuals.
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Diseases or Conditions of Platelet 
Disorders
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 Introduction

Platelets are small, anucleate cells circulating in the blood at 
concentrations of approximately 150,000–400,000/μL. They 
form from projections known as proplatelets off megakaryo-
cytes in the bone marrow. Thrombopoietin is important in the 
process of megakaryopoiesis and stimulation of other stems 
cells in the bone marrow [1, 2]. The typical lifespan of a 
platelet is 10 days before they are removed from circulation 
by the spleen [3]. Platelets primarily function in hemostasis. 
Platelets contain alpha granules and dense granules, which 
play major roles in coagulation. The alpha granules contain 
larger proteins (e.g., von Willebrand factor) while the dense 
granules contain small non-protein particles (e.g., ADP) [3]. 
Platelets are involved in inflammation and atherosclerosis 
related to their production of inflammatory mediators (e.g., 
thromboxanes) and aid in cancer progression by impeding 
the immune system. They may even be involved in the pro-
gression of Alzheimer’s dementia given their ability to carry 
amyloid precursor protein. Platelet dysfunction  has been 

noted in various other systemic diseases such as diabetes 
mellitus, liver disease, and renal disease, which can all lead 
to plasma membrane alterations that affect their function [4].

There are various inherited and acquired disorders associ-
ated with platelets. Inherited platelet disorders are typically 
rare compared to the acquired platelet disorders (with the 
exception of inherited versus acquired vWF disease) [1]. The 
inherited platelet disorders have increased in prevalence in 
part due to routine blood counts but are still often misdiag-
nosed as an acquired platelet disorder or are simply not clas-
sified, making accurate measurements of prevalence difficult 
[2]. These disorders can cause alterations in platelet number 
(quantitative) or function (qualitative). The qualitative 
changes involve impairment in platelet adhesion, activation, 
secretion, or aggregation. The quantitative changes can pre-
dispose to thrombosis or bleeding depending on the presence 
of thrombocytosis or thrombocytopenia, respectively. The 
bleeding from platelet disorders usually involves mucocuta-
neous bleeding, epistaxis, petechiae, and postsurgical bleed-
ing. This contrasts with the larger and deeper bleeds 
associated with hemophilia [1, 3]. Given that several genes 
involved with inherited platelet disorders (e.g., WAS, MYH- 
9, GP2B) are also utilized by other cell lines, multisystem 
disease is common with platelet disorders [2, 3].

Related to the systemic involvement of platelets in hemo-
stasis and the effects of other diseases on them, platelet dis-
orders are an important consideration for afflicted patients. 
Up to 25% of the population has thrombocytopenia, which 
can cause mild bleeding at platelet concentrations lower than 
100,000/μL [1]. Screening tools in the form of question-
naires have been utilized to screen for platelet disorders 
without significant success, deferring to the patient’s ability 
to recount a history of bleeding and multisystem involve-
ment as the primary screening modality [1, 3]. When  an 
inherited disorder is suspected, flow cytometry is commonly 
implemented, taking advantage of the fact that platelets do 
not contain DNA [4]. Various other tests are used to assess 
platelet function (e.g., Aggregation tests) [3]. Many different 
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drugs, foods, and supplements are known to affect platelet 
function (e.g., aspirin). Patients with platelet disorders must 
therefore be identified and educated on their bleeding risk 
and advised to avoid compounds which could increase their 
risk. The role of platelets should be carefully considered by 
the physician when evaluating patients. This chapter focuses 
on summarizing platelet disorders, as well as their diagnosis, 
management, and perioperative considerations, for the clini-
cal anesthesiologist. 

 Types of Disorders

Platelets play an important role in hemostasis, initiation of 
blood coagulation, and wound healing [4–7]. Disorders of 
platelet function, whether inherited or acquired, can range in 
clinical expression from asymptomatic to mild bruising, 
mild mucocutaneous bleeding, and even acute life- 
threatening bleeding [7–9]. Patients with platelet counts less 
than 150 × 103 per μL 10 but greater than 50 × 103 per μL 
may be clinically asymptomatic. As platelet count continues 
to decline, patients may experience petechiae, purpura, and 
ecchymoses. Severely low platelet counts can lead to bleed-
ing with minimal trauma and eventually spontaneous bleed-
ing [9, 10].

Platelet disorders encompass a vast spectrum of disease, 
varying from syndromes with abnormally decreased platelet 
numbers (thrombocytopenia), abnormally increased platelet 
numbers (thrombocythemia or thrombocytosis), or abnormal 
platelet function [6].

 Thrombocytopenia

Thrombocytopenia is a commonly encountered clinical 
entity with a multitude of potential etiologies, making diag-
nosis challenging [11–13]. Potential causes include decreased 
platelet production in the bone marrow, increased platelet 
destruction or consumption in the periphery, enhanced 
splenic sequestration, and hemodilution [14, 15].

Consumptive thrombocytopenic disorders involve 
increased consumption of platelets in the periphery, such 
as that which occurs in disseminated intravascular coagu-
lation (DIC), septicemia, and thrombotic microangiopa-
thies such as thrombotic thrombocytopenic purpura and 
hemolytic- uremic syndrome [15–17]. Platelet destruction 
often refers to the clearance of platelets via platelet-reac-
tive antibodies, alloantibodies, or drug-dependent antibod-
ies [15, 18, 19].

Several medications have the potential to lead to throm-
bocytopenia by either inducing destruction of platelets via 
antibody-mediated processes or inhibiting production of 
platelets in the bone marrow. Drugs with known potential for 

causing drug-induced thrombocytopenia include beta-lactam 
antibiotics such as penicillins and cephalosporins, vancomy-
cin, phenytoin, piperacillin, trimethoprim-sulfamethoxazole, 
sulfonamides, rifampin, quinine, quinidine, carbamazepine, 
abciximab, eptifibatide, and tirofiban; drugs with the poten-
tial for dose-dependent bone marrow suppression include 
valproic acid, linezolid, daptomycin, and gold compounds 
[20–29].

Heparin-induced thrombocytopenia (HIT) is a life- 
threatening condition related to heparin exposure caused by 
antibodies recognizing complexes of platelet factor 4 and 
heparin. These antibodies also activate platelets and lead to 
arterial and venous thrombosis which can be fatal in up to 
20% of untreated cases [30, 31].

Acquired causes of decreased bone marrow platelet pro-
duction include malignancies, chemical agents, or infectious 
agents [14]. Thrombocytopenia is a common finding in 
patients with solid tumors and may be related to several fac-
tors such as tumor infiltration of the bone marrow and spleen, 
chronic DIC, microangiopathy, alterations in cytokine pro-
files, and the use of chemotherapeutic agents [32, 33]. In 
patients with leukemias, impaired hematopoiesis, abnormal-
ities in hematopoietic cell morphology, and infiltration of 
bone marrow can lead to thrombocytopenia [34]. Chronic 
myeloid leukemia may be the cause of thrombocytopenia 
when neutrophilia is also present and infectious etiologies 
have been excluded [10]. Significant elevations in white 
blood cell counts accompanying thrombocytopenia may sug-
gest the presence of lymphoid malignancy [35].

If thrombocytopenia is present in the context of neutro-
philia, an infectious process should be considered [10]. 
Several infectious agents are associated with thrombocyto-
penia, with the most common mechanisms being immune- 
mediated destruction, bone marrow suppression, and 
consumption. Some viruses may influence platelet and 
megakaryocyte function and induce the generation of 
 antiplatelet antibodies [36]. Infection with viruses such as 
Epstein-Barr, mumps, rubella, parvovirus, varicella, and 
hepatitis C virus may lead to thrombocytopenia.

Thrombocytopenia has also been reported after Zika virus 
infection [37]. Since thrombopoietin is produced in the liver, 
any viral infection leading to severe hepatitis may potentially 
cause thrombocytopenia [38, 39]. In thrombocytopenia 
related to chronic hepatitis C infection, bone marrow inhibi-
tion, hypersplenism, and auto-immunogenicity are also con-
tributory factors [38, 40].

Mild platelet dysfunction has been associated with con-
sumption of several food products and supplements includ-
ing onion, cumin, turmeric, curcumin, clove, garlic, fish oil, 
and vitamin E, with possible etiologies related to decreased 
synthesis of thromboxane A2, decreased metabolism of ara-
chidonic acid, and inhibition of fibrinogen binding to plate-
lets [41–43].
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 Thrombocythemia and Thrombocytosis

Thrombocytosis, often defined as a platelet count greater 
than 450 × 109/L, has numerous potential causes which can 
generally be organized as spurious, reactive, or clonal in 
nature [44–46]. Reactive etiologies are the most common, 
comprising up to 97% of cases of thrombocytopenia [47, 
48]. Patients with thrombocytosis may be at risk of both 
thrombotic complications and paradoxical bleeding [46, 49, 
50].

A major branchpoint in the diagnostic evaluation of 
thrombocytosis involves determining whether a reactive or 
clonal process is taking place [46]. Common causes of reac-
tive thrombocytosis include infection, tissue damage, chronic 
inflammatory disorders, iron deficiency anemia, and malig-
nancy [46–48, 51].

After excluding reactive thrombocytosis, a clonal etiol-
ogy should be investigated. The most common clonal causes 
of thrombocytosis are essential thrombocythemia, CML, 
polycythemia vera, and primary myelofibrosis [46].

Spurious thrombocytosis occurs when non-platelet struc-
tures in peripheral blood, such as cryoglobulin crystals, cell 
fragments, or bacteria, are counted as platelets by automated 
blood counters. This can be avoided by evaluation of a 
peripheral blood smear [46].

 Inherited Platelet Disorders

Compared to acquired causes, inherited causes of platelet 
disorders are less frequent but often portend a higher ten-
dency for bleeding [52, 53]. Although rare, these inherited 
platelet disorders have contributed greatly to our understand-
ing of platelet function and hemostasis.

Inherited platelet disorders may affect the number of 
platelets or impair normal platelet functions such as adhe-
sion, receptor functionality, secretion, enzymatic activity, or 
signaling pathways [2, 54–57]. Inherited thrombocytopa-
thies are often organized into disorders of platelet adhesion, 
aggregation, and secretion, [2].

Oftentimes, the platelet phenotype can be of significance 
when evaluating differential diagnosis of thrombocytopenia. 
For example, Wiskott-Aldrich syndrome and X-linked 
thrombocytopenia may both lead to small platelet size [2, 58, 
59]. Alternatively, abnormally large platelets may be seen in 
disorders such as velocardiofacial syndrome, Mediterranean 
macrothrombocytopenia, platelet-type von Willebrand dis-
ease, May-Hegglin anomaly, Fechtner syndrome, Sebastian 
syndrome, or Epstein syndrome [2, 58, 60–64].

Bernard-Soulier syndrome and platelet-type von 
Willebrand disease are examples of disorders of platelet 
adhesion. Bernard-Soulier syndrome is an autosomal reces-
sive bleeding syndrome involving defects of the platelet gly-

coproteins Ib, IX, and V, which form a complex to aid in the 
adherence of platelets to the vascular endothelium via bind-
ing of von Willebrand Factor (vWF) [65, 66]. The syndrome 
is characterized by bleeding tendency, abnormally large 
platelets, and thrombocytopenia [53, 66]. Homozygous 
mutations typically manifest after birth with purpura, epi-
staxis, or gingival bleeding [53]. Bleeding tendencies have 
been reported in heterozygous individuals, but these patients 
more often remain asymptomatic [67, 68]. Platelet-type von 
Willebrand disease is a rare autosomal dominant disorder 
characterized by increased affinity for glycoprotein Ib for 
vWF, leading to abnormal enhanced binding of vWF by 
platelets [69–71]. Consequently, complexes of platelets 
bound to high-molecular-weight multimers of vWF are 
removed from circulation, leading to thrombocytopenia and 
decreased levels of vWF multimers [72]. Platelet-type von 
Willebrand disease and type 2B von Willebrand disease are 
very similar in clinical and laboratory findings, and diagno-
sis can be made using genetic analysis [70, 72]. The former 
disorder requires treatment with platelet transfusions, while 
the latter requires administration of exogenous vWF [71]. 
Due to misdiagnosis, the prevalence of platelet-type von 
Willebrand disease is likely underestimated [72–74].

Glanzmann’s thrombasthenia is a classic disorder 
affecting platelet aggregation. This is an autosomal reces-
sive syndrome affecting the quantity or quality of the αIIbβ3 
integrin (glycoprotein IIb/IIIa) present on platelets, which 
is involved in  platelet aggregation at the site of vessel 
injury [75]. The syndrome is characterized by a lack of 
platelet aggregation and commonly manifests at birth with 
bleeding symptoms such as purpura, epistaxis, and gingi-
val bleeding [75]. Glanzmann thrombasthenia should be 
suspected when mucosal bleeding is accompanied by lack 
of platelet aggregation in the presence of normal platelet 
count and size; the diagnosis may be confirmed via flow 
cytometry [53].

Inherited disorders involving the number, contents, stor-
age, or release of platelet granules belong to a heterogeneous 
group of disorders called storage pool disease (SPD). Alpha- 
SPD, or the gray platelet syndrome, is a deficiency involving 
alpha granules and their contents. Delta-SPDs involve abnor-
malities in the dense bodies, causing a deficiency of adenos-
ine diphosphate, adenosine triphosphate, and serotonin [8, 
76, 77]. The most commonly known delta-SPDs include 
Hermansky-Pudlak syndrome, Chediak-Higashi syndrome, 
and the Quebec platelet syndrome [8, 53, 78, 79].

Disorders of platelet membrane receptors affecting plate-
let extension and aggregation are a growing area of research 
[8]. Examples include defects in the P2Y12 receptor, which 
is necessary for adenosine diphosphate-induced platelet 
aggregation, defects in the glycoprotein VI platelet collagen 
receptor, thromboxane A2 receptor, and the epinephrine 
receptor [8, 80, 81].
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Several inherited platelet disorders involve abnormalities 
in platelet enzymes required for normal platelet function. 
Some examples include deficiencies in thromboxane A2 syn-
thase, cytosolic phospholipase A2, cyclooxygenase-1, pros-
taglandin H synthetase 1, lipoxygenase, glycogen-6 
synthetase, and enzymes involved in the metabolism of ade-
nosine triphosphate [56, 57].

 Diagnosis

Diagnosis of platelet disorders can be challenging. First, it is 
important to determine whether the patient has a bleeding 
disorder. Bleeding history is often highly subjective. For 
example, patients with hereditary bleeding disorders may 
have not experienced bleeding challenges, while patients 
without bleeding disorders may exaggerate their symptoms 
[82, 83]. Occasionally, it is difficult to discern profuse bleed-
ing from bleeding in the upper normal range. Secondly, man-
ifestation of bleeding disorders may be complicated by 
patients’ pathophysiological conditions and medication use. 
Patients without bleeding disorders are still predisposed to 
bleeding in medical conditions such as cancer, alcohol use 
disorder, liver disease, kidney disease, connective tissue dis-
orders, and hypothyroidism. Medications including but not 
limited to NSAID, aspirin, glucocorticoid, antibiotics, and 
SSRI also increase the risk of bleeding. Thirdly, when 
a  bleeding disorder is suspected, it is crucial to determine 
which component of blood clot formation has been impacted. 
Platelet dysfunction needs to be differentiated from coagu-
lopathy to insure efficacious treatment [84].

In the initial evaluation, physicians should obtain detailed 
personal bleeding and family history. These include the rea-
son for the visit, prior bleeding events, history of bruising or 
iron deficiency, outcome of bleeding challenges, bleeding 
episodes severe enough for surgical intervention, and men-
strual and pregnancy history in female patients [85]. Frequent 
mucosal bleeding is a sign of bleeding disorder. Excessive 
menstrual bleeding should raise suspicion because of the 
high prevalence of bleeding disorders (10–30%) in this pop-
ulation of women [85–89]. In contrast, if a patient did not 
require transfusion during past hemorrhagic trauma, major 
surgical procedures, or dental extraction, they are unlikely to 
have a bleeding disorder. Many institutions employ a stan-
dardized bleeding assessment tool (BAT) to evaluate the 
likelihood of bleeding disorders. BAT generates a bleeding 
score based on answers to questions about the frequency and 
severity of epistaxis, cutaneous bleeding, oral cavity bleed-
ing, and GI bleeding. A higher score indicates higher risk of 
bleeding disorder [90, 91].

If a bleeding disorder is suspected after initial history tak-
ing and targeted physical exam, a series of laboratory tests is 
usually employed to determine whether the abnormality is 
caused by platelet insufficiency/dysfunction (primary hemo-

static defect) or by coagulopathy (secondary hemostatic 
defect). Patients usually first receive tests including platelet 
count (normally 150−450 × 103/mL), morphology, activated 
partial thromboplastin time (30–40 seconds), and prothrom-
bin time (9.5–13.5 seconds). Abnormality in platelet count 
and/or morphology can be reviewed from complete blood 
count. Skin bleeding time test was previously employed to 
assess platelet disorders; however, it is no longer commonly 
used because the results are poorly reproducible. Platelet 
function analyzer (PFA-100), as a replacement to bleeding 
time, simulates primary hemostasis of blood vessels in 
response to shear stress and is particularly sensitive to defects 
in von Willebrand factor [84, 92]. Von Willebrand disease 
(vWD) is the most common inherited bleeding disorder. It 
can be diagnosed with PFA-100  in conjunction with vWF 
activity and vWF antigen levels. It should be noted that in a 
rare type 2N vWD, factor VIII levels may be very low and 
the PFA-100 is normal; in type 2B vWD, patients may have 
varying degrees of thrombocytopenia.

Although PFA-100 is a useful tool to detect vWD, it has a 
poor sensitivity to many other platelet dysfunctions. Instead, 
platelet aggregation studies using light transmission 
aggregometry (LTA) have been widely implemented used in 
the diagnosis of platelet disorders [84]. Platelet aggregation is 
triggered by the addition of agonists (e.g., ADP, collagen, epi-
nephrine, and thrombin), which causes the platelets to pre-
cipitate from solution. As a result, the turbidity of the solution 
decreases and allows increased  light transmission. Light 
transmission is proportional to the extent of platelet aggrega-
tion induced by an agonist [93]. Application of specific ago-
nists helps identify the underlying diseases. For example, in 
Glanzmann thrombasthenia due to defect in GPIIb-IIIa com-
plex, platelets will only agglutinate in response to ristocetin; 
in Bernard-Soulier syndrome caused by a defect in GPIb-IX 
complex, platelets will aggregate in response to thrombin, 
collagen, epinephrine, and ADP, but not ristocetin.

Upon observation of abnormalities in the tests mentioned 
above, further investigation, if available, can be conducted 
with fresh blood samples. However, these tests can be expen-
sive, time-consuming, and  produce results that are  depen-
dent on the age of the  samples. One example is flow 
cytometry with specific antibodies against important surface 
receptors (e.g., GPIIb/IIIa, GPIb/IX/V, GPIa/ IIa, and 
GPIIIb) and/or intra-platelet molecules that are crucial in 
aggregation signaling pathways. Flow cytometry provides 
both qualitative and quantitative analysis of platelet aggrega-
tion and thus helps to detect the specific defected molecules 
resulting in aggregation dysfunction [94]. Another example 
is transmission electron microscopy (TEM), which may be 
used to uncover the ultrastructure of platelet granules (alpha 
and delta granules) if a patient is suspected of having a plate-
let storage pool disease such as Chediak-Higashi syndrome 
or Hermansky-Pudlak syndrome [95]. Otherwise, these 
patients often present with normal platelet aggregometry and 
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PFA- 100 results. TEM also helps with diagnosis of the non- 
muscle myosin heavy chain 9 (MYH9)-related  disorders 
(i.e.,  May-Hegglin anomaly, Fechtner syndrome, Epstein 
syndrome, and Sebastian syndrome). Besides TEM, the con-
tent and secretion of platelet granules can also be evaluated 
by ELISA and luminometry based on release products such 
as platelet factor 4, PDGF, ATP/ADP, and serotonin [96]. 
Platelet adhesion and spreading disorders can be detected by 
adhesion and spreading tests, respectively. Surfaces made of 
different materials (e.g., collagen, fibrinogen, siliconized 
glass, and subendothelial matrix) serve to evaluate platelet 
adhesion function. Observation of platelet size and volume 
with light microscopy provides information about platelet 
spreading [84]. Finally, many platelet function disorders are 
inherited diseases. Therefore, genetic testing has been gain-
ing popularity in the diagnosis of known platelet function 
disorders [97].

 Management

There are several options to manage patients with platelet 
dysfunction disorders who have bleeding. This can vary 
from conservative management to drug therapy and platelet 
transfusions. Appropriate treatment depends on several fac-
tors including the causative agent, type of platelet disorder, 
severity of bleeding, and whether or not the patient is planned 
for an invasive procedure. A careful review of the patient’s 
medical history is tantamount toward treatment. In general, 
the initial approach should involve identifying and removing 
any extrinsic causes of the thrombocytopathy. This could be 
the removal of certain medications or alteration in a patient’s 
diet. In other cases, such as inherited or acquired platelet dis-
orders, response to treatment can vary. In this section, we 
will discuss management and treatment of bleeding compli-
cations in patients with platelet disorders.

 Desmopressin

Desmopressin is an analog to vasopressin. This medication is 
known to shorten bleeding time and decrease blood loss. 
Desmopressin induces the release of vWF from vascular 
endothelial cells which enhances platelet adhesion to the 
vessel walls [5]. It can be administered intravenously, subcu-
taneously, or as a nasal spray (Octostim) [53, 98]. The rec-
ommended parenteral dose is 0.3 micrograms/kilograms of 
body weight and the intranasal dose is 300 micrograms. It 
has been shown that desmopressin can shorten bleeding 
times in storage pool deficiencies among other thrombocyto-
pathies. However, desmopressin response can be limited 
especially for patients with Glanzmann thrombasthenia or 
Bernard–Soulier syndrome [53, 98]. Furthermore, desmo-
pressin does not shorten bleeding time in patients with 

thrombocytopenia. Because of this variation, it can be useful 
to give a trial dose. The side effect profile of this medication 
can vary and  includes headache, flushing, blood pressure 
changes, hypersensitivity reaction (bronchospasm, fever, 
rash), fluid retention, and/or hyponatremia, which could 
increase the risk of seizures [53, 98].

 Platelet Concentrates

Platelet  concentrates concentrations are generally reserved 
for patients who have a defect in the production or consump-
tion of platelets. Platelet concentrates are also used for 
patients who do not respond to desmopressin or those who 
experience severe bleeding complications after surgery/
trauma.

Considering this, there are specific indications to 
the use of platelet concentrates. Platelet transfusions should 
be given to patients who suffer from bleeding complications 
secondary to Glanzmann thrombasthenia or Bernard–Soulier 
syndrome [5, 53, 98]. These platelet disorders are generally 
not responsive to desmopressin. A second indication is emer-
gency therapy of bleeding for patients who have a defect in 
megakaryopoiesis or have an increase in platelet turnover 
secondary to DIC, liver disease, or immune thrombocytope-
nic purpura. A third indication is thrombocytopenia 
 postmassive blood transfusion. The final indication for plate-
let transfusion is prophylaxis in patients determined to have 
high bleeding risk preoperatively [53, 98].

One unit of platelets contains approximately 2–4 × 1011 
platelets and in a normal response  increases the platelet 
count by 20,000–30,000/μl in a 70 kg adult. For newborns 
and children, a 10 ml platelet concentrate/kg body weight is 
recommended. In general, patients can be given platelets 
prophylactically if their platelet count is below 5000/μl. 
However, if a patient has a superimposed qualitative defect, 
then platelet transfusion should be initiated at a platelet count 
above 20,000/μl [53].

 Recombinant Activated Factor VII (rFVIIa)

Recombinant activated Factor VII is used for bleeding that 
cannot be treated by conventional means. It has been reported 
to be effective in patients with Glanzmann thrombasthenia 
and Bernard-Soulier syndrome for treatment of bleeding and 
in surgical intervention. Poon et al. determined that giving 
prophylactic  rFVIIa was effective in 29 out of 31 patients 
with Glanzmann thrombasthenia  [53]. rFVIIa is a via-
ble  alternative for patients who previously developed anti-
bodies to platelet transfusions. In Europe, rFVIIa has been 
approved for patients with antibodies against GPIIb/IIIa and/
or HLA and for those patients who do not respond to platelet 
transfusion [53].

7 Diseases or Conditions of Platelet Disorders



62

Dosing includes a minimum of 3 bolus injections of 
80–120 μg/kg body weight every 1.5–3 hours until hemosta-
sis is achieved. This regiment has been shown to treat bleeding 
complications in patients with storage pool diseases, Bernard-
Soulier syndrome, and several acquired platelet disorders. A 
single bolus of 270 g/kg has also been shown to be effective. 
Prior studies indicate that rFVIIa can be effective even when 
platelet counts are below <20,000/μl. However, it is more 
effective with higher platelet counts. Frequent administration 
of rFVIIa  is recommended in  patients who are  less than 
12 hours from the onset of acute bleeding episode [5, 53].

 Antifibrinolytics

Antifibrinolytics such as aminocaproic acid and tranexamic 
acid are used to prevent further degradation of blood clots 
and therefore prevent rebleeding [98]. They are generally 
used to treat mucocutaneous bleeds, menorrhagia, or gastro-
intestinal bleeding. Antifibrinolytics combined with cryo-
precipitate is the preferred treatment of von Willebrand 
disease. It can be given orally with a regiment of 2–3 times 
per day at  a total of 1000–1500  mg daily. It can also be 
given intravenously or be made into a solution and placed 
on the mouth or nose. A known disadvantage to this medica-
tion is that it must be given frequently as bioavailability can 
be as low as 30% [98].

 Hormonal Therapy
Birth control pills can be an option to control bleeding espe-
cially in women with significant menstrual bleeding. Another 
option is an intrauterine device that releases progesterone. 
This has been effective in women with bleeding disorders 
who have heavy menstrual bleeding.

 Treatment of Nosebleeds

Nose bleeds can be treated by local measures. One method 
is to have the patient sit with their head tilted forward 
while pinching the soft part of their nose for 10 minutes 
until  the bleeding stops. Individuals can apply petroleum 
jelly or propylene glycol to prevent drying of mucous 
membranes. Fibrin sealants containing fibrinogen, throm-
bin, factor XIII, and aprotinin can be used if bleeding is 
prolonged [98].

 Bleeding Associated with Menstruation 
and Childbirth
Patients with heavy menstruation can use desmopressin, 
rFVIIa, and antifibrinolytics. These products are effective 
when used at the beginning and during each menstrual 

period. IUDs or birth control are used for long-term 
 management [98].

For women who are pregnant are recommended to discuss 
a delivery plan with their physician. Approaches to bleeding 
can vary and depend on the specific platelet disorder, the per-
son’s experience with past bleeding, and  whether delivery 
will be caesarian or vaginal. It is important to note that bleed-
ing risk is elevated right after delivery and several weeks 
postpartum.

 Dental Extraction

Individuals with platelet disorders undergoing dental extrac-
tion should be administrated desmopressin as part of their 
management. It should also be given to the patient prior to 
receiving a mandibular block which presents a bleeding risk. 
It is recommended that platelet function be corrected by des-
mopressin or another alternative before using performing 
a mandibular block. Antifibrinolytic therapy has been shown 
to reduce bleeding complications following tooth extraction 
and surgery. Timing is important when using these medica-
tions and should be initiated prior to surgery and continued 
for several days. Lastly, fibrin glue can be applied to the sur-
gical site intraoperatively [98].

 Medications to Avoid

Certain medications can cause platelet dysfunction and 
should be avoided if possible. Aspirin is commonly used as 
an antiplatelet medication. It irreversibly inhibits platelet 
cyclooxygenase impairing thromboxane A2. A dose of 
200 mg is known to double bleeding time and can produce 
effects for as long as 4–10  days. Other NSAIDS such as 
phenylbutazone, indomethacin, fenoprofen, and ibuprofen 
have also been implicated [5].

Warfarin or heparin is commonly used and may worsen 
bleeding in these patients. Heparin in particular can cause 
heparin-induced thrombocytopenia. Antibiotics that have also 
been implicated in disruption of hemostasis include carbeni-
cillin, ticarcillin, penicillin G, ampicillin, and cephalosporin.

 Nutraceuticals and Foods to Avoid

Patients with thrombocytopathies should avoid certain foods, 
additives, and herbal  products. These include alcohol, 
Chinese black tree fungus, ajoene (a component of garlic), 
feverfew, saw palmetto, and various plant barks.

There are several options for management of complicated 
bleeding in individuals who have platelet function disorders. 
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The approach depends on the offending agent (i.e.,  food, 
medications, etc.), the specific platelet disorder, severity of 
bleeding, and whether or not the patient is scheduled for an 
invasive procedure. Based on these factors, treatments can be 
conservative or may  require medications and/or platelet 
transfusions. It is important to know the indications as well 
as the side effects of these treatment options, especially of 
agents such as desmopressin. Most patients with a platelet 
dysfunction disorder will not require regular  treatment but 
may need medical management when determined to be at 
risk for bleeding complications.

 Intraoperative Considerations

 Type of Surgery and Prophylactic Treatments

Intraoperative bleeding disturbances can occur secondary 
to direct surgical manipulation of anatomy or due to hemo-
static abnormalities [99]. Hemostatic abnormalities can be 
present at baseline or arise as a consequence of physiologic 
and pharmacologic changes associated with the periopera-
tive period [99]. Baseline hematologic abnormalities, such 
as inherited platelet function disorders, present signifi-
cantly higher intraoperative bleeding risk than inherited 
platelet number disorders [100]. There does not appear to 
be a linear relationship between platelet count and risk of 
spontaneous surgical bleeding, making this serious compli-
cation difficult to predict [101]. The Surgery in Platelet 
Disorders and Therapeutic Approach (SPATA) study 
showed that type of disorder impacts surgical bleeding risk, 
with biallelic Bernard-Soulier syndrome being associated 
with the highest occurrence of perioperative bleeding [100]. 
Bleeding history and sex are also determining factors of 
surgical bleeding risk, with female sex being associated 
with higher bleeding frequency [100]. Cardiovascular and 
urological surgery is associated with the highest incidence 
of intraoperative bleeding [100]. Use of laparoscopic ver-
sus open approaches and prophylactic establishment of 
access with two large-bore intravenous catheters have been 
shown to decrease frequency of hemostatic complications 
even in high-risk surgeries. Interestingly, the SPATA study 
demonstrated that the use of pro-hemostatic treatments as 
pre-operative prophylaxis decreases bleeding frequency in 
patients with inherited platelet function disorders but not 
inherited platelet number disorders [100]. Considering the 
substantial perioperative bleeding risk associated with 
inherited platelet disorders alone, prophylactic pre-opera-
tive pro-hemostatic treatments appear to be vital to decreas-
ing bleeding incidence [100].

Traditionally, platelet transfusions have been used at 
the highest frequency in patients with established high 

bleeding risk [100]. While prophylactic platelet transfu-
sions have been shown to decrease rates of clinically sig-
nificant bleeding, they have not improved patient 
outcomes, decreased perioperative RBC requirements, or 
demonstrated overall mortality benefit [101]. Over time, 
platelet transfusions have been shown to be associated 
with significant negative outcomes such as higher rates of 
postoperative ICU admission and longer hospital stays 
[101]. In patients who experience acute spontaneous pri-
mary intracerebral hemorrhage while on antiplatelet ther-
apy, platelet transfusions were associated with enlargement 
of hemorrhage and increased rates of infection [101]. 
Platelets have the highest risk of bacterial sepsis of any 
blood product [101]. Platelet transfusion has also been 
associated with transfusion-associated acute lung injury, 
immunomodulation, post-transfusion purpura, and allo-
immunization [101]. These observations have paved the 
way for alternative prophylactic and reactive therapies 
such as desmopressin, antifibrinolytic agents (epsilon 
aminocaproic acid and tranexamic acid), procoagulant 
bypass agents (recombinant factor VIIIa and activated 
prothrombin complex concentrates), and thrombopoietin 
receptor agonists (romiplostim, eltrombopag, avatrom-
bopag, and lusutrombopag), whose mechanisms have 
been described above [101]. Of note, thrombopoietin 
receptor agonists are currently used  off-label except in 
patients with thrombocytopenia secondary to chronic liver 
disease [101].

 Anesthesia and Anticoagulation

It has been demonstrated that anesthetic agents have the 
capacity to influence hemostasis [99]. In vitro, ketamine 
dose dependently inhibits platelet aggregation via action on 
platelet inositol 1,4,5-triphosphate formation, guanosine 
5-triphosphatase activity, and calcium currents [99]. 
Inhibition by ketamine is most notable at doses that exceed 
concentrations used in clinical settings. This mechanism is 
important given that the specific effects of anesthetics on 
platelet function are poorly understood [99]. Anesthetic 
effects on platelets are difficult to evaluate because measure-
ment of platelet function proves challenging [99]. At present, 
techniques such as bleeding time, platelet aggregometry, and 
thromboelastography can be used for measurement of plate-
let function, but there is no gold standard for accuracy and 
ease of use [99]. To this extent, platelet aggregometry has 
shown that not only ketamine but the majority of anesthetic 
agents including halothane and sevoflurane inhibit platelet 
function [99]. Propofol has been consistently associated with 
significant platelet inhibition [99]. Unfortunately, there are 
no data indicating that any one general anesthetic regimen is 
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best for reducing perioperative bleeding [99]. So far, basic 
science reports have brought to the attention of clinicians the 
potential of hemostatic complications secondary to different 
anesthetics. Further investigation is needed to determine true 
clinical impact and the influences of genetic factors and peri-
operative conditions.

 Temperature Regulation and the Coagulopathy 
of Hypothermia

Intraoperative hypothermia can be caused by a combina-
tion of multiple factors occurring simultaneously [102]. 
Upon entering the operating room, low ambient tempera-
tures begin to externally cool the patient [102]. Following 
induction of anesthesia, the threshold at which the body 
perceives hypothermia drops from 37.5° to 34.5° [102]. 
Consequently, the body inappropriately initiates vasodila-
tion, decreasing core temperature, and redistributing heat 
to the extremities [102]. As heat is continually lost due to 
the cold ambient temperature of the operating room, sur-
face area of exposure during surgery is directly related to 
the amount of heat loss through convective and radiative 
pathways [103]. Heat loss further contributes to the 
depression of overall body temperature [103]. At approxi-
mately 34.5°C, the brain reinitiates thermoregulative con-
trol and induces vasoconstriction to protect against further 
core heat loss; however, this vasoconstriction occurs at 
the expense of the extremities, which continue to see 
decreasing temperatures [103]. Hypothermia can have a 
catastrophic effect on the coagulation cascade due to 
reflexive release of thromboxane A3 [104, 105]. This 
reversible impairment of platelet plug formation com-
bined with the reduced coagulation cascade enzyme activ-
ity seen in hypothermic patients increases bleeding risk 
[104, 105]. A lethal triad of hypothermia, acidosis, and 
coagulopathy is seen in patients with traumatic injuries—
in these cases the ineffectiveness of fibrinogen is explained 
through both hypothermia and acidosis mechanisms. 
Hypothermia prevents fibrinogen synthesis through a 
decrease in metabolic rate and acidosis causes an increase 
in degradation due to a pH that is incompatible with 
enzyme activity, together depleting the amount of fibrino-
gen available and causing coagulopathy [104, 105]. One 
meta-analysis showed that these mechanisms combine in 
hypothermic patients to cause a 20% increase in periop-
erative blood loss [106]. To combat hypothermia, upper 
and lower body forced-air warming devices for exposed 
skin and fluid warming devices for refrigerated blood 
product infusions should be liberally used to maintain 
normothermic temperatures that encourage adequate clot-
ting capacity [105].

 Postoperative Blood Loss and Transfusion 
Requirements

In the case of perioperative or postoperative blood loss, 
transfusion algorithms have been proposed to combat 
depressed clotting factors and hypovolemic shock without 
over-transfusing patients [105]. Intraoperatively, the most 
current transfusion protocol recommendations include send-
ing the following labs every 30 minutes: PT/PTT, fibrinogen, 
CBC, ABG, and ROTEM [105]. Recommendations also 
include correction of a hemoglobin less than 7 g/dL, a plate-
let count less than 50,000, a fibrinogen level less than 
200 mg/dL with a double dose given if the fibrinogen dips 
under 150 mg/dL, and a PT/INR greater than 150% of base-
line [105]. If more than four units of packed RBCs are 
required to restore the hemoglobin concentration, it is rec-
ommended to follow a balanced resuscitation protocol that 
provides balanced units of blood cells and plasma with added 
platelets and cryoprecipitate. This transfusion protocol is 
used  for non-traumatic patients and should not replace the 
accepted 1:1:1, pRBC:FFP:platelets protocol used in trau-
matic settings. These protocols offer more precise, guided 
treatments for non-traumatic settings of coagulopathic blood 
loss with the goal of replenishing the patient in a more bal-
anced, physiologic manner that includes transfusion of plate-
lets and fibrinogen more liberally than in other algorithms. 

The type of procedure must also be considered in choos-
ing a transfusion protocol; certain procedures inherently pro-
vide more coagulopathic risk [107]. When platelet count and 
function were examined in patients undergoing coronary car-
diac surgery,  platelet count and function were both found 
to decrease during cardiopulmonary bypass, which increased 
overall postoperative bleeding and transfusion requirements 
[107]. Due to the complexity of cardiac patients, an individu-
alized algorithm has been established that varies slightly 
from the above recommendations; the main differences here 
include more aggressive fibrinogen correction that is recom-
mended to occur before addressing other abnormalities 
[105].

 Summary & Conclusion

Alteration in platelet number and function affects the body’s 
clotting abilities. Platelet disorders can be inherited or 
acquired defects, which manifest as quantitative or qualita-
tive abnormalities. Increased platelets (thrombocytosis and 
thrombocythemia) will increase the chances of a clot form-
ing while decreased platelets (thrombocytopenia) will impair 
initial platelet plug formation. Altered platelet function with 
respect to adhesion, receptor function, secretion, enzyme 
activity, or signaling pathways can also contribution to dys-
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functional formation of the platelet plug. Without adequate 
formation of the platelet plug individuals tend to experience 
increased bleeding, purpura, epistaxis, and mucocutaneous 
bleeding. It is important to differentiate these signs from 
those of the coagulopathies so that a platelet disorder can be 
identified and adequate hemostasis can be promoted.

Evaluation for a platelet disorder typically starts with the 
history and physical exam. A bleeding assessment tool (BAT) 
may also be included to screen for a bleeding disorder. If a 
bleeding disorder is suspected, then more formal testing can 
be done. Initial workup typically involves a complete blood 
count and light microscopy to assess platelet count and mor-
phology. Coagulation studies are also ordered to evaluate for 
a coagulopathy. Bleeding time has been replaced by a plate-
let function analyzer to assess primary hemostasis. Other 
platelet disorders are typically tested for with light transmis-
sion aggregometry, which can detect platelet  aggregation 
when different agonists are added, allowing the evaluator to 
narrow down the defect. Different surfaces can be used to 
evaluate platelet adhesion to various molecules in the body. 
Flow cytometry allows the detection of specific receptor 
defects once a differential of  possible disorders has been 
established. Transmission electron microscopy, ELISA, and 
luminometry can all be used to assess platelet granules and 
secretion function. Finally, genetic testing can be pur-
sued when an inherited disorder is suspected. Determining 
whether or not a platelet disorder is present and achieving the 
diagnosis frequently requires a combination of any of these 
tests. The approach to making the diagnosis is highly depen-
dent on the given situation and the individual history of any 
given patient.

Once a platelet disorder has been discovered, manage-
ment involves removing any identifiable causes, if applica-
ble, and initiating treatment tailored to the given  etiology. 
NSAIDs, heparin, antibiotics, alcohol, and several foods and 
herbs can all be culprits that contribute to the manifestation 
of platelet disorders. Administration of desmopressin can 
cause vasoconstriction to limit blood loss and release stores 
of vWF in a deficient patient. It is also used for bleeding 
associated with menses, childbirth, and dental extraction. 
Desmopressin is not helpful in situations where the receptors 
are defective or in patients with thrombocytopenia. In these 
cases, platelet transfusion may be considered. Transfusion is 
also used in cases of massive loss of platelets, such as 
that seen in consumptive disorders, or occasionally in those 
determined to be at a high risk of perioperative bleeding. In 
cases where this is ineffective, or in cases where the patient 
has been sensitized due to previous  transfusions, recombi-
nant activated Factor VII has been shown to be effective. 
Antifibrinolytics have shown to be efficacious in mucocuta-
neous bleeds and vWD, but the main limiting factor for their 
use is the required frequency of dosing. Choice of treatment 

is largely based on clinical judgment stemming from factors 
identified during workup.

Platelet disorders are important to consider in the opera-
tive setting. Platelet disorders increase the risk of intraop-
erative bleeding, with qualitative disorders presenting more 
risk than quantitative disorders. Preoperative prophylaxis 
with desmopressin, antifibrinolytics, procoagulant bypass-
ing agents, and thrombopoietin receptor agonists can be 
used to reduce the risk of bleeding. Prophylactic platelet 
transfusions have fallen out of favor due to a high number of 
associated risks and limited benefit. The low transient tem-
perature of the operating room combined with lowered ther-
moregulative control secondary to  anesthesia can lead to 
perioperative hypothermia. Perioperative hypothermia 
affects the function of various coagulation enzymes and fac-
tors, which can lead to coagulopathy. These effects can be 
mitigated by using warming devices and warmed fluids as 
needed during the operation. Perioperative labs should be 
drawn every 30 minutes to monitor bleeding risk. Platelets 
can be given if concentrations fall below 50,000/μL or to 
maintain balanced physiology during larger blood transfu-
sions. The type of surgery, the patient’s history, and the situ-
ation surrounding the operation must all be considered by 
the clinical anesthesiologist and other members of the team 
when determining appropriate treatment for patients at risk 
of bleeding.
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 Introduction

Massive transfusion in an adult has commonly been defined 
as 10 or more units of packed red blood cells (RBCs) in a 
24-hour period, which almost replaces one blood volume 
based on the total blood volume of a 70-kg male [1]. Massive 
transfusion can also be defined if one of the following condi-
tions is satisfied: blood loss exceeding circulating blood vol-
ume within a 24-hour period; blood loss of 50% of circulating 
blood volume within a 3-hour period; blood loss exceeding 
150 ml/min; blood loss that necessitates plasma and platelets 
(PLTs) transfusion [2]. Hemorrhage is the main cause of 
death in major trauma patients surviving to the hospital 
admission [3]. In this review, we will discuss the indication 
of massive transfusion, components and strategies of a mas-
sive transfusion protocol (MTP), MTP for specific patient 
groups, and monitoring performance and outcomes.

 Indication of Massive Transfusion

Perioperative massive hemorrhage can be caused by various 
etiologies, as illustrated in Table 8.1.

 Trauma

Major Trauma is one of the leading causes of perioperative 
massive hemorrhage and hemorrhage is the main cause of 
death following major trauma in patients surviving to hospi-
tal admission with the highest incidence in 1–3 hours after 
admission [3]. Etiology of major trauma includes motor 
vehicle accidents, bullet injuries, blunt trauma injuries, fall 
from certain heights, glass injuries, blast injuries, etc. These 
traumatic injuries are potentially associated with major vas-
cular laceration(s) or organ rupture, leading to extensive 
blood loss. Most of the patients die on their way to the hos-
pital because of massive hemorrhage. Therefore, hemor-
rhage with hemorrhagic shock is still the leading cause of 
death in all major traumatic injuries worldwide [3].

 Surgical Procedures

 Liver Transplantation
In 1963, Starzl and colleagues performed the first liver trans-
plantation procedure in human being. The first five patients 
all died of bleeding complications [4]. Liver transplantation 
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Table 8.1 Etiologies of massive perioperative bleeding [80]

Category Etiologies
Surgical procedures Major hepatic surgery

Liver transplantation
Cardiac/major vascular surgery
Major cancer surgery
Spine surgery

Coagulation 
abnormalities

Acute traumatic coagulopathy
Clotting factor deficiencies
An undiagnosed inherited bleeding 
disorder
Dilutional coagulopathy

Obstetric diseases Abnormal placentation
Uterine atony
Embryonic emboli-associated DIC
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has usually been associated with massive bleeding and 
requires a considerable amount of blood transfusion. The eti-
ologies of liver transplantation-associated bleeding can be 
multifactorial including preoperative liver failure, cirrhosis, 
cholestasis, and splenomegaly; intraoperative transaction of 
the fragile collateral vessels, release of heparin-like factors 
from the allograft, coagulopathy; and postoperative leaking 
at vascular anastomosis, graft-versus-host disease, thrombo-
cytopenia, and coagulopathy [5]. Intraoperative 
 management-related issues such as massive volume load and 
subsequent hypothermia & hypocalcemia secondary to 
citrate toxicity can also significantly worsen the pre-existing 
coagulopathy, thus further increase the perioperative hemor-
rhage [6]. Excessive blood loss and a large quantity of blood 
transfusion during orthotopic liver transplant are unfortu-
nately associated with significantly decreased graft survival 
and markedly increased episodes of sepsis and prolonged 
ICU stay [6]. In principle, the degree of hemorrhage can be 
estimated based on the severity of preoperative liver disease 
and coagulation function, quality of the donor’s liver, recipi-
ent’s overall clinical status, and surgical skills and experi-
ence of the transplantation team [7]. There is a strong 
correlation between Model for End-Stage Liver Disease 
(MELD) score and transfusion requirements in patients 
undergoing orthotopic liver transplantation. Higher MELD 
scores (>30) were found to be significantly associated with 
increased bleeding and transfusion requirements when com-
pared to patients with lower MELD scores (< 30) [8]. 
Massive bleeding may result from multiple clinical conse-
quences, as illustrated in Table 8.2.

 Cardiothoracic and Major Vascular Surgery
In cardiothoracic or major vascular surgeries, surgeons deal 
with main blood vessels like aorta, coronaries, femoral, tib-
ial, brachial, or vertebral arteries. These procedures usually 
involve vascular anastomosis, therefore, there are higher 
chances of intraoperative and postoperative severe hemor-
rhage leading to significant adverse outcome.

 Major Cancer and Spine Surgery
Reconstructive and multilevel procedures like spine surgery 
and spine fusion procedures are potentially complicated by 
significant intraoperative blood loss and the need for alloge-
neic blood transfusion. The unique prone position for spine 
surgery likely leads to increased intraabdominal pressure, 
which increases epidural venous pressure and consequently 
exacerbates intraoperative surgical bleeding. Raised 

 intraabdominal pressure can be measured via a urinary blad-
der catheter [9]. The total blood loss is proportionate with 
the intraabdominal pressure, also proportionate with the 
patient’s body mass index (BMI) [9]. In another study, the 
effects of prone versus jackknife position on intraabdominal 
pressure and intraoperative bleeding during lumbar disc her-
niation surgery were conducted, and intraabdominal pres-
sure came out to be significantly higher in a prone position 
[10]. Anesthetic agents in spine and cancer surgeries can 
play an important role in exacerbating intraoperative blood 
loss like sevoflurane results in significantly greater intraop-
erative blood loss than Propofol [11]. Certain cancer surger-
ies also cause massive perioperative bleeding due to 
extensive intratumor blood vessel networks that lead to 
unpredictable internal bleeding during surgery. A case 
report of metastatic prostate adenocarcinoma described a 
patient who developed hyperfibrinolysis leading to wide-
spread ecchymosis and disseminated intravascular coagula-
tion (DIC). Any surgical attempt to resect this type of cancer 
can potentially lead to massive perioperative hemorrhage 
and other complications [12].

 Coagulation Abnormalities

 Acute Traumatic Coagulopathy
It could mainly be an iatrogenic or secondary coagulopathy, 
a condition in which various elements are thought to play a 
role, including consumption of clotting factors, hemodilu-
tion from a large quantity of crystalloid infusion, acidosis, 
and hypothermia. The exact mechanism of coagulopathy is 
still unknown. One theory believes that actual injury causes 
a release of certain tissue factors that result in thrombin and 
fibrin generation and utilization, leading to DIC [13]. Another 
theory describes that trauma-induced hypoperfusion and 
ischemia lead to a release of activated protein C, which leads 
to consumption of plasminogen activator inhibitor, inhibition 
of the clotting cascade, systemic anticoagulation, and hyper-
fibrinolysis [14].

 Clotting Factors Deficiencies
Clotting factors deficiencies may be congenital or acquired. 
Congenital coagulation factor deficiency includes factor VIII 
deficiency called hemophilia A disease and deficiency of fac-
tor IX called hemophilia B. Another congenital bleeding dis-
order is Von Willebrand’s disease caused by a deficiency of 
Von Willebrand’s Factor (vWF). Acquired clotting factors 
deficiency also develops in selective individuals because of 
the autoantibodies affecting the activity or accelerating the 
clearance of clotting factors [15]. Such antibodies are usu-
ally directed against factor VIII and vWF.  These acquired 
antibodies are IgG4 type targeting several epitopes of clot-
ting factors [16].

Table 8.2 Consequences of liver disease on coagulation [80]

1. Thrombocytopenia
2. Accelerated or decreased fibrinolysis
3. Qualitative defects in platelets function
4. Predisposition to fibrinolysis
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 Dilutional Coagulopathy
Dilutional coagulopathy is defined as a coagulation abnor-
mality due to “loss, consumption, or dilution of coagula-
tion factors that occurs when blood is replaced with fluids 
that do not contain adequate coagulation factors” [17]. 
This hemostatic disturbance is further deteriorated by con-
tinuous crystalloid administration, acidosis, fibrinolysis, 
and hypothermia. It is a multifaceted change that affects 
thrombin generation, clot firmness, and fibrinolysis. 
Acquired fibrinogen deficiency is considered the leading 
cause of dilutional coagulopathy [18]. High-molecular 
weight dextran is also linked to severe disturbances of clot 
formation [19]. This impact on clot formation was signifi-
cantly reduced by introducing new low-molecular weight 
starches, but depending on the amount of fluid given, 
marked impairment of hemostasis can still be observed. 
Rotation Thromboelastometry (ROTEM) is the test of 
choice to evaluate perioperative coagulation status. Fresh 
frozen plasma (FFP) transfusion 30 ml/kg is the treatment 
of choice for dilutional coagulopathy and in massive trans-
fusion scenarios [20].

 Obstetric Diseases

Definition of massive obstetric hemorrhage includes a fall in 
hemoglobin concentration of >40  g/L or blood loss of 
>2500  mL or transfusion of >4 units of RBCs [21]. 
 Postpartum hemorrhage (PPH) means more than 1000 mL 
blood loss from the genital tract within 24  hours of birth 
[22]. Common etiologies include uterine atony, placenta pre-
via, placenta accreta, placental abruption, uterine rupture, or 
embryonic emboli-associated DIC. In parturient, fibrinogen 
levels are 4–6 g/L, almost twice the level when compared to 
nonpregnant females. And the concurrent drop in protein C 
and S promotes prothrombotic state resulting in shorter PT 
and aPTT values. Thus, the combined results may come out 
normal in massive hemorrhage [23].

Amniotic fluid embolism leading to DIC usually occurs 
at term pregnancy or immediate postpartum period [24]. 
Amniotic fluid contains surfactants and various pro and 
anticoagulants. Surfactant, a lipoprotein produced by fetal 
lungs and present in increasing amounts in amniotic fluid 
with increasing gestational age, is structurally like tissue 
thromboplastin and possesses significant thromboplastic 
activity. It also contains cysteine protease that directly acti-
vates factor X, and it directly inhibits the PLTs [25]. 
Newborn may develop tachypnea and cyanosis. A patient 
shows signs of hypotension, brief-generalized seizures, 
profuse vaginal bleeding followed by unconsciousness. PT, 
aPTT, and bleeding time all are prolonged while fibrinogen 

level falls drastically. Treatment strategy comprises of 
blood component replacement, including RBC, FFP, PLT, 
cryoprecipitate, and possibly fibrinogen concentrate. 
Recombinant-activated factor VIIa (rFVIIa) use is associ-
ated with increased mortality as compared to the patients 
who do not receive rFVIIa [26].

 Massive Transfusion Protocol

The damage control resuscitation concept was first proposed 
in the mid-2000s as an alternative approach to manage the 
hemorrhagic shock. Damage control resuscitation compo-
nents are shown in Table 8.3 [17, 27].

An MTP has been developed to provide a standard set of 
blood products to the unstable trauma patients immediately 
and in a sustained manner [28]. MTPs may have a predefined 
ratio of RBC, FFP, and PLT units in each pack for transfusion 
which is usually set to what would be found in whole blood 
[29, 30]. A set ratio of each component should be tailored to 
individual institution’s needs that commonly deal with trauma, 
obstetrics, cardiac, and other major vascular surgeries.

While most institutions have developed own MTPs, the 
common theme of all such protocols is determining spe-
cific triggers for activation of an MTP, transfusion end tar-
gets, the logistics of blood product, and adjunct availability 
[31]. Once the protocol is adopted, it is necessary to 
approach as a multidisciplinary team, including surgeons, 
anesthesiologists, hematologists, and blood bank person-
nel [28]. A common component of MTP is shown in 
Table 8.4.

Table 8.3 Components of damage control resuscitation [80]

1. Rapid control of surgical bleeding
2.  Early and increased use of red blood cells, plasma, and platelets in 

a 1:1:1 ratio
3. Hypotensive resuscitation strategies
4.  Prevention and treatment of hypothermia, hypocalcemia, and 

acidosis
5. Limitation of excessive crystalloid use

Table 8.4 Common component of massive transfusion protocol 
[39, 68]

Common component of MTP
1. An MTP activation and deactivation process
2. Communication between the patient area and blood bank
3. Transfusion services processes for delivery of blood products
4. Consistent blood component packs
5. Disposition of unused blood components
6. Activation of adjunct therapies
7. Consistent and timely laboratory testing
8. Performance improvement monitoring

8 Massive Transfusion Protocol



72

 The Purpose of MTP

The main purpose of MTP is to provide blood products 
early in the resuscitation and to treat coagulopathy in an 
immediate and sustained manner [28, 32]. The hemostatic 
resuscitation can be achieved by providing a predefined 
ratio of RBC: FFP: PLT. Hemostatic resuscitation has been 
reported to be beneficial in the trauma setting. Although the 
evidence of benefits with a high transfusion ratio of plasma 
to RBC, this practice has spread to the nontrauma setting as 
well [33, 34].

Generally, MTP is activated after replacement of 
total blood volume in 24 h needing ≥10 units of packed 
RBCs, replacement of >4 units of packed RBCs in 1 h 
with the anticipation of continuous need for blood prod-
ucts or replacement of 50% of the total blood volume 
within 3 h. Blood loss up to 1.5 ml/kg/min for more than 
20 min. In children, this is activated after transfusion of 
4–10 units [35].

Emergency release of blood products can be universally 
compatible (i.e., group O, Rh(D) negative RBCs or AB 
plasma) or type-specific, if the patient’s blood type is known 
[36]. Upon activation of MTP, sufficient types and volume of 
the blood can be delivered with short turnaround times [37]. 
Time delay in receiving blood products can significantly 
impact the resuscitation of massive hemorrhage and contrib-
ute to morbidity and mortality [38]. Protocols should include 
periodical laboratory tests to monitor coagulation status and 
hemostatic resuscitation. In some instances, point of care 
coagulation (POC) testing can provide the guidance to assess 
ongoing hemorrhage [39].

 Optimal Ratios and Components of Blood 
Products

 RBC, FFP, and PLT
The majority of the institutions have massive transfusion 
protocols provide 1:1:1 ratio of RBC:FFP: PLT since the 
early-mid 2000s. Retrospectively, the survival data from mil-
itary and civilian trauma patients showed the benefit of trans-
fusion with equal amounts of RBC, FFP, and PLT during the 
early phase of resuscitation [28, 40]. However, the optimal 
ratio of blood products remains debatable. Holcomb et  al. 
conducted prospective cohort study which did not show that 
1:1:1 or 2:1:1 has a clinical difference in mortality during the 
first 24 hours after admission [3]. This result was confirmed 
in a multisite, randomized clinical trial of 680 severely 
injured patients [41]. According to this study, there was no 
significant difference in mortality at 24 hours or at 30 days 
among patients with severe trauma and major bleeding with 
1:1:1 or 2:1:1 RBC: FFP: PLT ratios. A recent systemic 
review of 16 randomized controlled trials concluded there is 

insufficient evidence of a difference in mortality and morbid-
ity outcomes with a 2:1:1 (RBC: FFP: PLT) or 1:1:1 ratio of 
MTP [42]. In spite of the limited evidence of recommenda-
tion with 1:1:1 over 2:1:1 (RBC: FFP: PLT), most of the 
trauma centers of academic facilities in the United States use 
1:1 ratio of RBC: FFP [43].

 Fibrinogen Component
Low-plasma fibrinogen level has been observed in critical 
bleeding and associated with a risk of massive transfusion 
[33, 42, 44]. Fibrinogen supplementation during massive 
hemorrhage may be considered in addition to conventional 
MTP with RBCs, FFP, and PLTs. However, there is limited 
evidence of fibrinogen supplementation in terms of improv-
ing patient outcome. According to randomized controlled 
trials (RCTs) to determine the feasibility of cryoprecipitate 
or fibrinogen concentrates, RCTs did not show any differ-
ence in mortality or morbidity outcomes between the 
patients receiving fibrinogen components in addition to 
MTP [45, 46].

 Whole Blood Compared to Component Therapy
Based on the experience in the military setting, whole blood 
use is associated with improved mortality outcome instead of 
component therapy with RBCs:FFP: PLT in a 1:1:1 ratio [47, 
48]. One RCT to compare whole blood therapy with compo-
nent therapy did not report any difference in 24-hour or 
30-day mortality or morbidity outcomes between two groups. 
According to this study, the authors used leukodepleted cold 
stored whole blood which can reduce the safety concerns 
regarding whole blood transfusion [30].

Since the extensive military experience suggesting possi-
ble survival benefit, it may be warranted to conduct a multi-
center RCT to evaluate the outcomes and adverse effect in 
massive hemorrhage [47].

 Prediction of Massive Hemorrhage 
and Initiation of Protocol

Predicting massive bleeding and the decision to initiate an 
MTP can be challengeable. Foster et  al. reviewed societal 
guidelines from the American Society of Anesthesiologists 
(ASA), American College of Surgeons (ACS), and European 
Society for Advanced Bleeding Care in Trauma (ABC- 
Trauma), and supporting literature with massive transfusion 
prediction scoring systems [49]. All three societies recom-
mend using scoring systems to initiate a massive transfusion. 
The ASA and ACS recommend Assessment of Blood 
Consumption (ABC) Score Massive Hemorrhage and 
Initiation of Protocol, which is a 4-variable scoring system 
assessing massive transfusion risk in trauma patients shown 
in Table 8.5 [39, 50, 51].
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While the American guidelines use ABC score activates 
the MTP, European guideline suggests that the shock index 
(SI) be used to assess the degree of hypovolemic shock [52]. 
SI is defined as the ratio of heart rate to systolic blood pres-
sure, which has been used in massive transfusion risk assess-
ments in the patients for critical bleeding [53–55]. SI with 
the prediction of massive transfusion is shown in Table 8.6.

 Continuation of Massive Transfusion 
and Monitoring

In massive hemorrhage, clinicians should assess the extent of 
bleeding in consideration of the patient’s physiology, injury 
pattern, mechanism of hemorrhage, and the initial response 
to the resuscitation [56]. Majority of the MTPs based on the 
fixed ratio of blood transfusion, however, it is necessary to 
reassess continuously ongoing changes and further resuscita-
tion guided by hemodynamic monitoring and coagulation 
tests. Instead of focusing on applying one standardized pro-
tocol to all critical bleeding patients, MTP implementation 
should address specific factors of bleeding, source control, 
hemostatic monitoring, and physiologic responses following 
massive transfusion.

 Laboratory Directed Transfusion Management 
in MTP

 Prothrombin Time and Activated Partial 
Thromboplastin Time
Prothrombin Time (PT) is used to test Factor VII in the 
extrinsic factor pathway. Activated Partial Thromboplastin 
Time (aPTT) measures the integrity of the intrinsic system 
(Factor VIII, IX, XI, XII). Using the cut-off value of 

International Normalized Ratio (INR) of more than 1.5 times 
normal, PT demonstrates a sensitivity of 88% and a specific-
ity of 88% in detecting at least one nonhemostatic coagula-
tion factor level after trauma whereas prolongation of aPTT 
demonstrates a sensitivity of only 50% and a specificity of 
100% because Factor VIII is often increased as an acute 
phase reactant in trauma and surgical patients [57]. The limi-
tations of PT, aPTT are summarized in Table 8.7.

 Point of Care Testing
POC testing is suggested in most of the trauma patients who 
have significant injuries to provide valuable information 
promptly. The advantages and disadvantages of POC are 
summarized in Table 8.8.

Thromboelastography and Rotational 
Thromboelastometry
Because PT and aPTT tests are usually performed in cen-
tral laboratories of the hospital, there is a substantial time 
delay in getting the results. TEG or ROTEM can be per-
formed as a POC hemostasis monitoring test. Both tests 
evaluate the speed and strength of clot formation as well as 
clot stability, but also help to diagnose hemophilia, fibrino-
gen deficiency, Factor XIII deficiency, and fibrinolytic 
state [33, 58].

Arterial Blood Gas Analysis
It includes basic electrolytes, glucose level, lactate measure-
ment, arterial hemoglobin level as well as blood gas analysis. 
Timely measurement of these parameters facilitates in 
assessment of occurrence and severity of any disturbance 
and helps its management accordingly [39].

Table 8.5 Assessment of bleeding consumption score [49]

Variable Value Points
Systolic blood pressure (mm Hg) ≤90 1
Heart rate (beats/min) ≥120 1
Focused Assessment with Sonography for 
Trauma examination (FAST)

Positive 1

Mechanism of injury Penetrating 1
Score range Positive 

score-threshold
0–49

Table 8.6 Shock index [52]

Shock index HR (beats/min)/SBP (mmHg)
Positive-score 
threshold

SI ≥ 0.9 predicting massive hemorrhage 
(Olaussen)
SI ≥ 0.8 predicting MTP (El-Menya)

Table 8.7 Limitations of PT/aPTT [80, 81]

1.  PT and aPTT do not provide any clue about in vivo interaction of 
platelets with coagulation factors

2.  PT and aPTT remain prolonged even if thrombin generation is 
improved because of antithrombin or protein C deficiency

3.  PT/aPTT does not tell about the overall stability of a hemostatic 
thrombus because both tests are terminated at very low thrombin 
levels and before fibrin is polymerized

Table 8.8 Advantages/disadvantages of POC testing [80, 82]

Advantages of POC testing Disadvantages of POC testing
Small sample volume Variation in performance between 

devices
Rapid test results Lack of detailed guidelines for 

performance and quality controls
No transportation of samples Overpriced tests
Portable devices and 
flexibilities to move to labs or 
exam rooms

Pre-existing coagulopathies or 
hypo/hyperthermia can affect the 
results
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 Termination of the Protocol

Based on PROPPR trial [41], the decision to terminate an 
MTP should include control of bleeding anatomically and 
physiologic recovery such as stable hemodynamic status. 
Laboratory values should be used additionally to guide 
further transfusion requirements. Once the ongoing bleed-
ing is controlled, the fixed ratio MTP may be switched to 
the goal- directed protocol based on the laboratory finding. 
Frequent communication among the providers can facili-
tate the process of MTP to guide continuing blood trans-
fusion, need for adjuncts, and determine the end of 
protocols [39].

 Complications and Drawback of MTPs

Massive transfusion can lead to some complications such as 
acid-base disturbances, electrolyte abnormalities, and hypo-
thermia, in addition to acute trauma coagulopathy, which is 
reviewed in Table 8.9.

The economic consequence of utilizing multiple blood 
products should be considered to minimize the wastage of 
unused products [32, 39]. It is crucial to ensure the MTP 
does not waste valuable resources by determining the initia-
tion and termination process of the protocol [39].

 MTP Strategies in Trauma and NonTrauma 
Settings

Hemostatic resuscitation with early transfusion with a higher 
ratio of plasma and PLTs to RBC has improved patient out-
come, including mortality and morbidity in trauma setting 
[59]. Trauma-induced coagulopathy (TIC) is one of the com-

plex phenomena in trauma patients causing critical bleeding. 
Early correction of TIC by an MTP activation plays a vital 
role in the initial resuscitation of trauma patients [60].

Although an MTP also applied to the patients with critical 
bleeding in the trauma and nontrauma settings, there is lim-
ited evidence that implementation of trauma MPT improves 
the outcome in nontrauma patients [61, 62]. Patel et al. con-
ducted retrospective study to characterize blood utilization in 
a trauma MTP (6 units of RBCs, 5 units of FFP, and 1 unit 
apheresis PLTs) and a nontrauma MPT (6 units of RBCs and 
3 units of FFP). In the nontrauma MTP group, majority of 
the patients did not require to switch to a trauma MTP and 
received lower numbers of transfusion with less wastage of 
unused blood products. A nontrauma MTP can optimize 
blood utilization instead of using universal MTP in trauma 
and nontrauma settings [62].

 Massive Transfusion Protocol for Specific 
Patient Groups

 Trauma

In trauma patients, MTPs have improved patient outcomes 
by providing blood product with the ratios closer to whole 
blood and early correction of coagulopathy. The implemen-
tation of MTPs improved efficiency in initial resuscitation of 
severely injured trauma patients such as quicker access to the 
first blood product, multidisciplinary team approach, and 
better communication among the providers. Based on 
PROPPR data, there is still benefit to use RBCs, FFP, and 
PLT in a 1:1:1 ratio in exsanguination which is prominent 
cause of death in 24 hours, however, there was no difference 
in mortality and morbidity compared to 2:1:1 group in mor-
tality at 24 hours and 30 days [41]. Criteria to trigger the acti-
vation of the protocol and the subsequent process in trauma 
MTP are shown in Tables 8.10 and 8.11.

 Major Hepatic Surgery and Liver 
Transplantation

Major hepatic surgery, including liver transplantation, is 
associated with massive hemorrhage during surgery. Hepatic 
surgery is performed in a mostly well-controlled setting and 
coagulation monitoring is available to guide transfusion. 

Table 8.9 Complications of massive transfusion [35]

Acute
  Dilutional coagulopathy
  Blood cells hemolysis
  Metabolic acidosis
  Electrolytes imbalances
   Hyperkalemia
   Hypocalcemia
   Hypomagnesemia
  Transfusion-related acute lung injury(TRALI)
  Transfusion-associated circulatory overload (TACO)
  Decreased oxygen distribution to tissues
Delayed
  Postoperative bacterial infections
  Microchimerism
  Systemic inflammatory response syndrome
  Immunosuppression
  Longer hospital stays
  Increased mortality

Table 8.10 Criteria to trigger the activation of an MTP [39]

ABC score ≥ 2
Persistent hemodynamic instability
Activates bleeding requiring operation or angioembolization
Blood transfusion in the trauma bay
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POC coagulation monitors enable the accurate and rapid 
coagulation assessment intraoperatively to treat coagulopa-
thy. In the uncontrolled hemorrhage, a fixed ratio MTP is still 
considered as a feasible option. Tune et al. reported the utili-
zation of an MTP during liver resection with acute vascular 
bleeding [63]. An MTP is allowed to reduce the processing 
and transport time of blood products, and improve adminis-
tration time in uncontrolled hemorrhage.

Although there is still limited evidence whether goal 
driven resuscitation guided by laboratory tests or fixed ratio 
MTPs, POC coagulation monitor-guided transfusion strat-
egy would be recommended in the controlled setting such as 
major hepatic procedures. Ball et al. conducted a retrospec-
tive cohort study to evaluate the influence of a high plasma 
ratio MTP in major hepatic injury patients [64]. Overall, 
there was no difference in mortality; however, in MTP 
cohort, the rate of primary abdominal fascial closure was sig-
nificantly higher than a preMTP cohort. The authors observed 
a decrease in crystalloid resuscitation following the use of an 
MTP. An MTP implementation and less crystalloid resusci-
tation led a decrease in both visceral and abdominal wall 
edema, which may improve the rate of definitive abdominal 
fascial closure [64].

 Cardiac and Major Vascular Surgery

Cardiac surgery is one of the surgical settings requiring mas-
sive transfusion. Massive bleeding during cardiac surgery is 
associated with PLT dysfunction induced by cardiopulmo-
nary bypass. However, the component of massive transfusion 
during cardiac surgery is not investigated. Delaney et al. ana-
lyzed data from a prospective RCT whether massive transfu-
sion with a high ratio of FFP: RBC (1:1 or higher) or PLT: 
RBC (1:5 or higher) can impact the clinical outcomes in 
patients undergoing complex cardiac surgery [65, 66]. 
According to this study, less organ dysfunction was observed 
in the patients with a high ratio of FFP: RBC or PLT: RBC, 
and lower mortality in high ratio FFP: RBC group. TEG and 
ROTEM have been used successfully to predict excessive 

hemorrhage in cardiac surgery. However, their effect on mor-
tality is still debatable [67].

 Obstetric Hemorrhage

During pregnancy, the level of coagulation factors, including 
fibrinogen, vWF, and factor VIII, have increased that result 
in a prothrombotic state [68]. In obstetric hemorrhage, hem-
orrhage protocols or MTPs have been recommended to pro-
mote maternal safety [37, 69]. However, obstetric MTPs 
have been based on trauma experience without validating 
exclusively in obstetric hemorrhage. While ACOG recom-
mended a fixed ratio of hemorrhage protocol, CMQCC rec-
ommendations include the emergency release of blood 
package with laboratory-guided transfusion strategy if time 
permits [32, 70].

Fibrinogen level during obstetric hemorrhage has been 
described as a biomarker for severe postpartum hemorrhage 
(PPH). A serum fibrinogen level below 200  mg/dL had a 
positive predictive value for severe PPH of 100% [71]. 
Although the appropriate fibrinogen level to maintain during 
PPH is not defined clearly, most of the societal guidelines 
recommend to replace fibrinogen when the level is between 
125 and 200 mg/dL [22, 70, 72]. Cryoprecipitate (CRYO) is 
the most common form of fibrinogen replacement in the 
U.S. The usual dose of cryoprecipitates is 10 units expected 
to raise the serum fibrinogen 100 mg/dL in adult. Early fibri-
nolysis has been observed during childbirth [73]. Based on 
the trials from trauma and surgery, antifibrinolytic agent 
administration during PPH is recommended [32, 74]. The 
most recent international RCT to investigate the effect of 
early tranexamic acid (TXA) administration showed TXA-
reduced death caused by PPH when it was used within 
3  hours of giving birth especially [74]. Laboratory tests 
should be obtained as clinically indicated during an MTP 
activation. A suggested obstetric MTP is shown in Table 8.12.

Table 8.11 Sample massive transfusion protocol in trauma [39]

Transfuse Universal RBCs and FFP in a ratio between 1:1 or 2:1
Add one single donor apheresis PLT or random donor pool PLT 
every 6 units of RBCs
Automatically send a cooler with blood products in an established 
ratio by the blood bank
Subsequent coolers should be sent at 15-minutes intervals until 
termination of an MTP
Once major bleeding has been controlled, switch to a laboratory or 
POC-based transfusion
Once laboratory data available, resuscitation should be goal-directed 
based on clinical assessment and laboratory findings

Table 8.12 Sample obstetric hemorrhage MTP [32, 70]

Round
RBC 
(units)

FFP 
(units)

PLT 
(units) CRYO (units) TXA

1 6 6 6
2 6 6 6
3 6 6 6 8–10 repeat 

every third 
round

1 G IV over 
10 min

Consider activating an MTP when 50% or more of blood volume needs 
to be replaced within 2 hours, bleeding continues after the transfusion 
of 4 units of RBCs within 1–2 hours, or systolic blood pressure is below 
90 mm Hg and heart rate is above 120 beats per minute in the presence 
of uncontrolled bleeding. Cryoprecipitates may be considered to main-
tain the serum fibrinogen 150–200 mg/dL. After third round, if an MTP 
is not terminated, will repeat from round 1
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 Pediatric Population

In most of the pediatric population, the adult MTP can be 
applied as RBC: FFP: PLT ratio of 1:1:1. However, for 
smaller children, this protocol should be adjusted as a 
weight-based system [75, 76]. Dehmer et  al. reviewed the 
transfusion management in pediatric trauma patients and 
suggested sample pediatric MTP in their recent publication 
[76]. The authors recommend including the following ele-
ments in pediatric MTPs in Table 8.13.

 Outcomes, Performance, and Complication 
Monitoring

There is a good quality of evidence that the implementation 
of MTP improves patient outcomes, but also potential bene-
fits enhancing the efficiencies of blood utilization, delivery 
of the care, and communication among the providers [33]. 
One study by Riskin et al. found a significant reduction in 
mortality despite unchanged blood component ratio and 
numbers of transfusion after the MTP implementation [77]. 
The authors conclude the improved survival was mainly 
achieved by the blood product availability promptly, and 
multidisciplinary team approaches concurrently.

Since the beginning of the implementation of MTPs, per-
formance, and quality improvement review by a multidisci-
plinary committee for compliance were strongly 
recommended [28]. Performance indicators should include 
the time from activation of MTP to first RBC and plasma 
administration, adherence to a predetermined ratio or goal 
between 1–2 hours after initiation, informing the transfusion 
service within 1 hour of protocol termination, and wastage 
rate of blood products [39]. The example of performance 
indicators is shown in Table 8.14. According to the literature 

review, full compliance was significantly associated with 
survival rate [78, 79]. Bawazzer et al. measured compliance 
of MTP with their protocol criteria including timely activa-
tion and deactivation of the protocol, laboratory assessment 
in the trauma bay, communication with the blood bank, and 
prevention of wasting blood products. Based on the result of 
the study, noncompliance was observed more commonly in 
sending a complete hemorrhage panel from the trauma bay 
and monitoring blood work periodically. Also, discontinua-
tion of the protocol following compliance was associated 
with a reduction in blood product wastage [79].

Massive transfusion could lead to a higher incidence of 
transfusion-related complications, including transfusion- 
related acute lung injury, immunomodulation, infectious 
disease, transfusion reactions, metabolic derangement, 
and circulatory overload. Therefore, it is recommended 
the trauma centers should review this massive transfusion-
related complications in addition to the performance indica-
tors [39].

 Summary

This chapter highlights the management of massive hemor-
rhage with MTPs. We discussed the implications of MTPs, 
including trauma, major hepatic, major vascular, cardiotho-
racic, spine surgery, and obstetric and pediatric patients. 
Activation and termination criteria of MTPs were discussed. 
Current evidence recommends using ratios either 2:1:1 or 
1:1:1 of RBC:FFP:PLT, which is based on the trauma MTPs. 
Fibrinogen replacement is also indicated in obstetric hemor-
rhage and other uncontrolled, ongoing hemorrhage with 
fibrinogenemia. Initial massive transfusion with a fixed ratio 
of blood products can be switched as a laboratory-based pro-
tocol by POC tests or other coagulation studies when critical 
hemorrhage is controlled. Outcomes and compliance mea-
surement are necessary to improve the performance and 
quality of MTPs. The implementation of an MTP has 
impacted the patient outcomes, but also improved the effi-
ciencies in blood utilization and delivery of care. The 
 multidisciplinary team approach plays a crucial role in the 
success of an MTPs.

Table 8.13 Suggested sample pediatric MTP [76]

Initiation Persistent hemodynamic instability
Ongoing bleeding after 40 ml/kg of crystalloid 
infusion
More than 40 mL/kg packed red blood cells 
(PRBCs) transfused

Blood 
components

≥30 kg, 1:1:1 (RBC: FFP: PLT) with CRYO (4 ml/
kg) in low-fibrinogen level (100–150 mg/dL) or 
ongoing bleeding after first round
<30 kg, Wt-based 30:20:20 ratio
  EBL (ml/kg) 20–40: Crystalloid IV 20–40 ml/kg
  EBL 40 and above: RBC 30 ml/kg
  After 1 BV lost: RBC 30 ml/kg + FFP 20 ml/kg
  After 2 BV lost: RBC 30 ml/kg + FFP 20 ml/

kg + PLT 20 ml/kg + CRYO 4 ml/kg
Monitoring Body temperature

Laboratory data including serum calcium and blood 
pH

rFVIIa In extreme cases (i.e., after 3 BV lost), consider dose 
90 mcg/kg

Table 8.14 An example of trauma massive transfusion protocol audit 
filters [28]

Initiation Activated by the trauma surgeon
Blood product Timely acquired of blood samples for type and 

screening process from ED
PRBC: plasma administered in a ratio of 3:2
PRBC: Platelets administered in a ratio of 5:1
Timely response of required personnel and blood 
products from the blood bank
Unused blood products are appropriately stored

Discontinuation MTP discontinued when the active hemorrhage has 
been controlled
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Introduction
Hemorrhage potentially results in significant morbidity and 
mortality. Hemorrhage occurs due to disruption of blood 
vessel integrity through trauma or as a result of some under-
lying medical conditions. The extent of cellular injury and 
organ dysfunction is a complex process dependent upon the 
duration and speed of bleeding and hypoperfusion [1]. These 
patients often require blood transfusion though there are 
many potential risks related to transfusion [2]. Transfusion-
related risks may include transmission of infectious disease 
as hepatitis C and B, Human immunodeficiency virus (HIV), 
Creutzfeldt-Jakob disease, West Nile virus, cytomegalovi-
rus; Bacterial contamination; Allergic reactions with symp-
toms including dyspnea, fever, chills, flushing, diaphoresis, 
tachycardia, and hypotension or hemodynamic instability; 
Transfusion-related acute lung injury (TRALI) can occur 
within 6 hours of blood transfusion, producing  non cardiogenic 
pulmonary edema [3]; Acute immune hemolytic reaction 
occurs when the recipient develops antibodies against donor 
cells more than 24  hours after transfusion; Transfusion-
associated graft-versus-host disease results when donor lym-
phocytes attack recipient antigen; Iron overload occurs when 
patient received large volume of blood transfusions, result-
ing in iron accumulation leading to liver, heart, pancreases, 
and testicular damage; Acute or delayed febrile reactions due 

to the response to white blood cells in donated blood [2, 3]. 
Transfusion-related risks and complications will be dis-
cussed in more detailed fashion in other chapters in this 
book.

The commonly used hemostatic techniques by the sur-
geons in the operating room include applying direct pres-
sure, suture ligatures, and cautery. Newer intravenously 
administered pharmacological agents and topically applied 
hemostatic agents have also been developed in the last 
decades aiming to facilitate hemostasis by providing either 
extravascular substrate(s) or intravascular coagulation cas-
cade component(s). External hemostatic dressings can be 
used to stop bleeding in emergency situations including 
combat injury or junctional (groin or axillary) hemorrhage. 
The aim of this chapter is to review and summarize newly 
developed hemostatic agent(s) in accordance with clinical 
setting, surgical scenario, and coagulation status.

 Topical Hemostats

Topical hemostats are used as adjunctive measures to 
improve hemostasis during or after surgery, see Table 9.1 [4]. 
Biological topical hemostats include active or adhesive 
agents, mechanical hemostats, and sealant. Active agents 
contain fibrinogen and thrombin and actively trigger coagu-
lation cascade and fibrin clot formation [5, 6]. These agents 
are especially useful in patients with coagulation disorders. 
They are supplied in liquid flowable form (fibrin glues) [7, 8] 
or in combination with collagen (fibrin patch) [9–11]. 
Sometimes these agents are called adhesive hemostats due to 
their hemostatic and sealing effect [12–15]. Mechanical 
hemostats contain porcine gelatin [16], oxidized cellulose 
[17], bovine collagen [18], and plant-derived polysaccharide 
spheres [19]. These products promote platelet activation and 
aggregation to form a clotting matrix at the site of bleeding. 
These agents are known as passive hemostats because their 
action enhances functional coagulation systems to achieve 
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hemostasis. Sealants are usually supplied in the form of low-
viscosity liquids that form a solid film through polymeriza-
tion to connect tissue surfaces [20–23]. These can be 
categorized as synthetic (e.g., cyanoacrylate and polyethyl-
ene glycol-PEG sealants) [24–26], and semisynthetic (e.g., 
glutaraldehyde albumin-derived sealants) [27, 28]. The fast- 
developing nanotechnology is also being employed in 
products such as self-assembling peptide nanofibers and chi-
tosan nanofibers.

 Intravenous Hemostats

Blood products (e.g., fresh frozen plasma, cryoprecipitates, 
platelets) and recombinant clotting factors (NovoSeven) are 
intravenous hemostats utilized to restore clotting function in 

patients with coagulopathy due to large volume blood loss 
[29]. Biological agents present limitations including immu-
nogenicity and viral transmission risk, particular storage 
conditions, short shelf-life, and manufacturing processes. 
Thus, synthetic intravenous hemostatic agents are very 
appealing. One major advantage of synthetic intravenous 
hemostats is the physical and chemical properties of syn-
thetic polymers and polymeric nanoparticles can be modified 
to meet the clinical use. These agents require relatively 
straightforward manufacturing processes and have longer 
shelf-lives compared to biological products. Synthetic hemo-
stats may be administered intravenously for resolution of 
bleeding occurring at inaccessible injury sites [30].

Products been introduced to facilitate blood clotting 
through fibrin formation and crosslinking are summarized in 
Table 9.2. Newly developing platelet substitutes can be pre-
pared using drug delivery vehicles like modified liposomes 
and polylactic-co-glycolic acid (PLGA) nanoparticles to 
mimic platelet properties [30]. Platelet-like molecules have 
been made by using synthetic molecular cores such as a 
PLGA-poly-L-lysine (PLGA-PLL) block copolymer core 
with polyethylene glycol (PEG) arms including terminal 
with Arg-Gly-Asp (RGD) functionalities [31]. Other 
nanoparticles utilize poly-lactic acid (PLA) cores instead of 
PLGA [31].

Synthetic liposome nanoparticles coated with various 
moieties have also demonstrated improved hemostasis in 
bleeding models [32, 33]. Platelet-like nanoparticle (PLN) is 
another product manufactured to more closely mimic the 
function of human platelets [34]. The PLN circumference is 
comprised of poly-allylamine hydrochloride and bovine 
serum albumin (PAH/BSA) bilayers, providing a flexible 
shell to which collagen-binding peptides (CBP), vWF- 
binding peptides (VBP), and fibrinogen mimetic peptides 
(FMP) are attached. The deformability of these particles 
mimics platelet malleability, permitting them to move to and 
spread within fibrin matrices, and form to the contraction of 
a clot. A molecule, termed PolySTAT, was recently devel-
oped to cross-link fibrin and delay fibrinolysis [30].

 Intravenous Fibrin-Based Hemostatic Agents

Fibrin-based hemostatic intravenous agent usually targets 
clotting stages downstream of initial platelet plug forma-
tions. Enhancing later-stage hemostasis relies on initial 
endogenous clotting and can potentially avoid undesired 
thrombotic activities. Clotting process starts with initial 
platelet plug formation during primary hemostasis which 
occurs when platelets adhere to the subendothelial matrix by 
binding of GPIbα and GPIa-IIa/GPVI to von Willebrand 
Factor and collagen. Multiple platelets binding to the same 
fibrinogen molecule lead to platelet aggregation. Then fibrin 
forms during secondary hemostasis with locally activated 

Table 9.1 Category of topical hemostats [4]

Category Class Brand
Topical Active 
Agent

Fibrin-Based Active 
Adhesives and Fibrin 
Patch

Tiesseel, Evicel, 
Tachosil

Thrombin-Based Topical 
Hemostats

Thrombin JMI, 
Evithrom

Combined Flowable 
Gelatin and Thrombin or 
Collagen-Based Topical 
Hemostats

Floseal, Surgiflo, 
Vitagel, Tachosil

Topical 
Mechanical 
Hemostats

Oxidized Cellulose Surgicel, Nu-Knit, 
Surgicel Fibrillar

Gelatin-Based Mechanical 
Hemostats

Gelfilm surgifoam 
and Gelfoam

Bovine Collagen-Based 
Mechanical Hemostats

Avitene, Avitene, 
Ultrafoam, 
UltraWrap, Instat, 
Helitene, and Helistat.

Polysaccharide-Based 
Mechanical Hemostats

Arista, Hemostase, 
Vitasure

Topical 
Synthetic 
Hemostatic 
Agents

Cyanoacrylates Dermabond
Polyethylene Glycol 
Hydrogel

CoSeal

Glutaraldehyde Cross- 
Linked Albumin

BioGlue

Synthetic Topical 
Hemostatic 
Nanomolecules

Table 9.2 Intravenous hemostats

1 Intravenous Fibrin-Based agents 1.1 Artificial Platelet
1.2 Fibrin-Binding Microgel 
Particles

2 Platelet-Derived Agents
3  Liposome-Based Platelet 

Substitutes
4 Polymeric Nanoparticles
5 Tranexamic Acid (TXA)
6  Recombinant Factor VIIa 

(rFVIIa)
7 Aprotinin

L. Huang et al.
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thrombin enzyme cleaving circulating fibrinogen to fibrin 
monomers to form protofibrils, which subsequently form 
fibrin fibers. These fibrin fibers form networks interspersed 
through the platelets plug composite to stop bleeding [35].

 Artificial Platelet
The fibrinogen and RGD peptide-coated microparticles work 
as artificial platelets. During platelet activation, a conforma-
tional change of the platelet surface integrin GPIIb-IIIa 
enables its binding with any of the three peptide domains in 
fibrinogen (RGD motifs: RGDF, RGDS; H12 sequence) 
[36].

Commercial platelet substitutes were initially designed 
by coupling fibrinogen to the surface of platelets and eryth-
rocytes and surface displaying RGD-containing peptide [37, 
38]. Enhanced platelet aggregation occurred when delivered 
to thrombocytopenic rats. When human albumin microcap-
sules adsorbed with fibrinogen (marketed as Synthocytes) 
were used to treat severe thrombocytopenia in rabbit model 
and showed improved bleeding times were documented [39].

Purified fibrinogen has increased infectious contaminant 
risk. Erythrocytes with fibrinogen-mimetic peptides contain-
ing an RGD sequence are produced to avoid this risk. RGD 
peptides are binding sites to GPIIb-IIIa, which are smaller 
than fibrinogen molecules. Therefore, if combined with 
erythrocytes, a significantly greater number of RGD peptide 
binding sites can be produced (about 0.5–1.5 × 106 peptides 
per erythrocyte) compared to fibrinogen-modified erythro-
cytes (about 58 fibrinogens per erythrocyte) [38]. This prod-
uct, termed as “thromboerythrocyte”, represents one of the 
earliest uses of peptides in platelet engineering. There are 
also studies showing that thromboerythrocyte and Synthocyte 
ineffective at reducing bleeding and carrying the risk of 
adverse immunological response [40]. Other nano- 
engineered agents have shown promise in animal models 
achieving hemostasis with both topical and intravenous 
agents [41].

While these hemostatic agents were effective at inducing 
platelet aggregation, translation of these materials into clini-
cal use is limited by possible immunogenic responses against 
the biologically derived components and difficulties in 
scale-up.

 Fibrin-Binding Microgel Particles
Ultra-low cross-linked (ULC) poly-N-isopropylacrylamide- 
co-acrylic acid (pNIPAm-AAc) microgel particles show 
enhanced affinity for fibrin. These intravenous hemostats, 
named platelet-like particles (PLPs), are engineered with 
high deformability to mimic platelet malleability in second-
ary hemostasis. These PLPs have been tested in injured rat 
models and showed to halve the bleeding times in rat experi-
mental models with femoral vein injury [42]. PLPs can also 
strengthen fibrin matrices and improve wound healing. 

However, clot retraction occurs more rapidly after clot for-
mation when using PLPs [43].

 Platelet-Derived Hemostatic Agents (PDHA)

Trauma-induced coagulopathy following severe hemorrhage 
leads to low-platelet counts and platelet dysfunction, neces-
sitating balanced resuscitation with platelet transfusion [44]. 
The short shelf-life of fresh platelets, which is less than 
1 week, highlights a need to develop new products [45]. One 
solution is to design platelet-like intravenous hemostatic 
agents as an alternative therapy to improve hemostasis. 
Platelet-derived hemostatic agents (PDHA) are substitutes 
prepared with liposomes or modified PLGA nanoparticles to 
obtain platelet features in size, shape, and flexibility [46] 
with platelet-like hemostatic capabilities [46]. Developing 
lyophilized platelets to prevent exsanguination and shock 
began in the 1950s, preserving platelets via freeze-drying to 
provide a stable infusible hemostatic agent used in combat 
casualties. Fixation by cross-linking agents can render plate-
lets ability to withstand lyophilization, but can also cause 
loss of functionality. Fifty years of ongoing refinement of the 
fixation process has, to some extent, improved fundamental 
hemostatic properties with resultant product demonstrating 
efficacy in animal models [47]. Because the fixation process 
kills viruses and bacteria in suspension, lyophilized platelet 
is a sterile transfusion product. PDHA rehydrates with water, 
improving shelf life and ease of use.

Studies have shown mixed results with PDHAs though. A 
porcine hemorrhage model achieved hemostasis in 60% of 
animals [48]. However, Macko et al. used lyophilized plate-
lets in a primate animal model and revealed no significant 
reduction in blood loss [49]. A new generation of PDHA 
(marketed as Stasix) using a proprietary process provides a 
foundation for future product. However, this new generation 
PDHA requires further evaluation of efficacy and dose- 
response reaction determination of therapeutic dosage range. 
Stasix was evaluated in rabbit models but has not yet been 
shown to improve hemostasis in a dose-dependent manner 
[46, 50]. Further refinement of new PDHAs is necessary 
before transitioning to human trials.

 Intravenous Liposome-Based Platelet 
Substitutes

Liposomes are introduced as a key technology in the drug 
delivery field because liposome carries both hydrophobic 
and hydrophilic molecules. Modifications to polymer sur-
face can potentially enhance functionalities and residence 
time in circulation [51]. Platelet-like liposomes contain more 
than 15 different platelet membrane proteins including GPIb, 
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GPIIb-IIIa, and GPVI/III. Platelet substitutes are functional-
ized with ligands such as vWF-binding and collagen-binding 
peptides to mimic platelet adhesion. Fibrinogen-mimetic 
peptides (e.g., H12 and RGD peptides) and P-selectin sur-
face marker-binding peptides promote platelet aggregation 
and platelet plug formation. H12-targeted liposome-based 
platelets also deliver ADP for platelet activation [52].

 Intravenous Polymeric Nanoparticles

One of the earliest synthetic polymer-based platelet substi-
tutes is a hemostatic nanoparticle consisting of a PLGA-PLL 
copolymer core conjugated to a corona of PEG arms with 
RGD-peptide terminals [31]. RGD, RGDS, and GRGDS 
peptides are displayed by PEG linkers added with flanking 
residues. The combination of PEG 4600 linkers with GRGDS 
peptides leads to the greatest platelet aggregation and hemo-
static effect by halving bleeding time in experimental mod-
els. Intravenous administration of these nanoparticles has 
been shown to reduce blood loss in a rat liver trauma model 
[40].

 Tranexamic Acid

Tranexamic acid (TXA) is a synthetic analog of lysine that 
blocks lysine-binding sites of plasminogen, thus functioning 
as an antifibrinolytic agent. Intravenous administration of 
tranexamic acid has been found to reduce intraoperative 
bleeding and transfusion requirements in cardiac surgery and 
trauma [53]. Such studies showed considerable bleeding risk 
reduction, if TXA was given within the first 3  hours after 
trauma.

 Recombinant Factor VIIa (rFVIIa)

Recombinant factor VIIa (rFVIIa) administration in severe 
blunt trauma has been shown to reduce the amount of mas-
sive transfusions required [54]. rFVIIa decreases blood prod-
uct utilization in coagulopathic patients [55]. It remains 
unknown if rFVIIa administration will decrease hemorrhagic 
trauma mortality rates as of yet.

 Aprotinin

Aprotinin is a trypsin inhibitor that demonstrates potent 
antifibrinolytic effect with reduction in blood loss during 
repeat cardiac surgery. Its use in open heart surgery was 
approved by the Food and Drug Administration in 1993. 
However, an increased risk of renal dysfunction was later 

reported [56, 57]. Additional trials found that in patients 
undergoing high-risk cardiac surgery, aprotinin was associ-
ated with a significantly higher 30-day mortality rate com-
paring to TXA or aminocaproic acid [58]. Aprotinin was 
subsequently withdrawn completely from the market. Later 
studies investigating the relationship between aprotinin use 
and blood loss in liver transplantation patients yielded 
mixed results [59, 60].

A recent Cochrane review compared aprotinin versus 
control, TXA versus control, and TXA versus aprotinin. No 
significant difference in 60-day mortality or thromboembolic 
episodes was revealed. Aprotinin did not confer any outcome 
benefit despite lower blood transfusion requirements [61]. 
Current practice still leans towards administration of TXA in 
the presence of fibrinolysis.

 External Hemostatic Dressings

External hemostatic dressings are developed to stop severe 
hemorrhage in the battlefield or severe trauma inaccessible 
to surgical care in an emergent scenario. Severe hemorrhage 
still causes high-mortality rate in potentially survivable casu-
alties in today’s battlefield. Hemostatic dressings are aimed 
to be used for external hemorrhage at junctional sites (e.g., 
axilla, groin) when effective hemostasis failed by using tour-
niquet [62–65]. They are grouped as factor concentrators 
(zeolite), procoagulants (kaolin), and mucoadhesives (chitin) 
[65–67]. They come as granules, powders, or bandages [68]. 
These dressings are used to increase local concentration of 
platelets, clotting factors, and erythrocytes at the wound tis-
sue [69]. Examples are shown in Table 9.3. Technological 
advancements have complicated wound type and severity. 
Military and civilian groups recommend external hemostatic 
agents for prehospital control of severe hemorrhage not ame-
nable to control with a tourniquet. Significant improvements 
in hemostatic dressings for prehospital care have been intro-
duced and many tactical and conventional care guidelines 
have been upgraded.

Table 9.3 External hemostatic dressings

Fibrinogen-based Salmon Thrombin-Fibrinogen (STF)
Zeolites QuikClot, Advanced Clotting Sponge, 

Advanced Clotting
Sponge+

Clay-based gents
  Kaolin group QuikClot Combat Gauze™(QCG), 

QuikClot Combat Gauze
XL, QuikClot Combat Gauze TraumaPad, 
QuikClot interventional

  Smectite WoundStat group
Polysaccharide and 
polyelectrolyte

Celox Gauze (CEG), Celox Rapid (CR) 
Gauze, ChitoGauze,
(HCG), HC ChitoFlex Pro

L. Huang et al.
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 Fibrinogen-Based Hemostatic Dressings

These are attractive alternatives to current agents because of 
their ability to form clot in the absence of host coagulation 
proteins or in the presence of factors but in coagulopathic 
state such as hypothermia [70].

 Zeolites

Zeolites are microporous crystalline aluminosilicate miner-
als which can be found in nature. Its structure is featured on 
tetrahedral units of [SiO4]4−and [AlO4]5− that are coordinated 
via shared oxygen atoms. Zeolites possess cage-like cavities 
which can accommodate both water molecules and posi-
tively charged ions such as Ca2+and Na+. These cations can 
exchange with other cations in physiological solutions [71]. 
Zeolites contain a three-dimensional structure which helps 
the movement of water molecules in and out while remaining 
rigid [72]. Zeolite is commercially marketed as QuikClot 
granular powder and Advanced Clotting Sponge (Z-Medica 
Corporation, Wallingford, CT)). Case studies reported that 
QuikClot utilization to achieve hemostasis in a multiple gun-
shot victim and an uncontrollable pelvic bleed which were 
not amenable to conventional treatment [73].

QuikClot increases temperature at both wound surface 
and surrounding tissue and may cause thermal injury and 
necrosis [74]. Difficulty removing QuikClot once at the site 
of bleeding is an additional concern. QuikClot was removed 
from military inventory in 2008, but a newer generation of 
zeolite hemostats such as the Advanced Clotting Sponge and 
Advanced Clotting Sponge plus was approved by FDA for 
external use. Advanced Clotting Sponge is reported to be 
more effective than QuikClot for irregular cavities and pro-
fuse hemorrhage. It is also easier to remove than QuikClot 
[69]. Advanced Clotting Sponge plus causes minimal 
 exothermic reaction and is easy to use and remove. The prod-
uct is not as effective against arterial bleeding and generally 
replaced by second-generation dressings (e.g., clay 
materials).

 Clay-Based Hemostatic Agents

Clay minerals consist of tetrahedral silicate and octahedral 
aluminate sheets [75]. Based on the ratio of tetrahedral to 
octahedral sheets, these clays can be classified into two 
groups, 1:1 and 2:1 [75, 76]. Clay 1:1 indicates one silica 
tetrahedral layer to one aluminum octahedral layer (e.g., 
kaolin). Clay 2:1 consists of one octahedral sheet between 
two tetrahedral sheets (e.g., smectite). Clays have thermal 
stability, small particle size, relatively large surface area, sig-
nificant surface charge, and ion-exchange capability. Though 

Zeolites are similar to clay minerals (both are aluminosili-
cates), they are structurally different. Clay minerals have a 
layered crystalline structure that can shrink and swell when 
water is eliminated and absorbed between the layers [76].

 Polysaccharide and Polyelectrolyte

Several third-generation chitosan-based dressings have been 
recently added as complimentary or replacement agents. As 
a popular biopolymer for development of drug delivery sys-
tems, chitosan is a unique positively charged polysaccharide. 
It possesses excellent biocompatibility, high biodegradabil-
ity, little toxicity, and low-production cost [77, 78].

Both chitin and its deacetylated form chitosan have some 
hemostatic properties. Those properties of chitin dressing are 
believed to result from vasoconstriction and mobilization of 
erythrocytes, clotting factors, and platelets to the site of the 
injury. Thus, they induce hemostasis through direct interac-
tion with erythrocytes and platelets. They are ideal dressings 
to stop bleeding in coagulopathic patients because their 
hemostasis mechanism is not dependent on host coagulation 
pathways [77]. Chitin dressings such as the Rapid 
Deployment Hemostat (RDH) is effective in treating minor 
wounds [78], and has been shown efficacy in swine models 
of splenic lacerations faster than the fibrin-based glue [79].

Chitosan dressing (marketed as HemCon) contains chito-
san from shellfish, therefore it is not recommended for 
patients with shellfish allergies. However, testing showed no 
adverse reaction during bandage challenges in shellfish aller-
gic patients [67]. The acidity of Chitosan (like in HemCon 
bandages, which include acetic acid) allows it to disrupt the 
membranes of Gram-negative bacteria, attributing to its nat-
ural highly microbicidal properties [80].

Delivery systems are usually fabricated from natural 
biopolymer- based polyelectrolyte complexes (PEC) which 
are formed by electrostatic interactions between two oppo-
sitely charged biopolymers. PECs using carboxymethyl 
starch and chitosan oligosaccharide were evaluated in a rab-
bit hepatic hemorrhage model. This study showed that the 
polyelectrolyte complexes could significantly activate and 
accelerate the coagulation cascade and showed antimicrobial 
activity against S. aureus (but failed against E. coli). 
Moreover, PECs have also displayed certain tissue compati-
bility in a rabbit liver model [81]. Different forms of chitosan- 
based PEC drug delivery systems have been developed for 
various specific applications (e.g., nanoparticles, micropar-
ticles, beads, gels, films, and membranes). Chitosan dress-
ings appear to be functioning through mechanically sealing 
wounds and adhering to surrounding tissue. HemCon is cur-
rently in use by US Military Forces and has been successful 
in achieving hemostasis in the military and civilian emer-
gency medical settings [82, 83]. HemCon will need hands-on 
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training. The efficacy of HemCon depends on the bandage 
adhering well, and it is necessary to cut the bandage to adhere 
to awkwardly shaped wounds. This may prove challenging 
in emergencies and requires training and experience.

 Summary

Applications of hemostatic agents can significantly reduce 
morbidity and mortality from hemorrhage. A variety of topi-
cal and intravenous agents are available for clinical applica-
tions. The majority is topically applied. The type of 
hemorrhage, the specific mechanism of agent, the patient’s 
individual coagulation status, and the clinician’s preference 
may determine which agent is the most appropriate to use. 
Current methods of resolving bleeding after trauma or dur-
ing surgery include topical hemostats and transfusion of 
blood products or recombinant clotting factors to restore 
hemostatic function. Topical hemostats are limited to treat-
ing accessible sites. Biologically derived products can be 
effective but have many limitations such as short shelf-life, 
involved manufacturing processes, and risk of compression 
of surrounding tissues. Synthetic intravenous hemostatic 
agents can be used to stop bleeding in less accessible inju-
ries. Numerous platelet substitutes have been developed 
using nanoparticles such as liposomes and PLGA and have 
shown some efficacy to mimic platelet margination, defor-
mation, and adhesion to vessel walls. They can induce plate-
let aggregation and contraction. Fibrin has been utilized in 
intravenous hemostat development to stabilize clot structure. 
Optimized physical particle properties and binding compo-
nent arrangement into one platelet construct might be the 
focus of future intravenous hemostat development. 
Hemostatic external dressing such as minerals and polysac-
charides together with compression are somewhat effective 
to control severe bleeding. Kaolin-based agents may be rec-
ommended clinically.

In the future, hemostatic agents may be engineered to 
involve both primary and secondary hemostasis mechanisms 
for an enhanced and expedited hemostatic response.
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 Background

The use of naturally occurring plants to heal ailments in man 
dates to approximately 5000 years ago. The practice spanned 
multiple geographically distinct civilizations and remains 
engrained in many cultures today. According to the World 
Health Organization, approximately 80% of the world’s pop-
ulation uses traditional medicine, consisting primarily of 
plants and their components [1]. The traditional purported 
healing effects of these natural substances are wide-ranging 
and include treatment for fever, cardiovascular disease, gas-
trointestinal disease, pain, and wound healing [2]. Today, the 
use of nutritional and herbal supplementation has become a 

popular option for self-treatment of ailments and the use has 
steadily increased in the United States over the past several 
decades [3]. Nutritional supplements represent a component 
of complementary and alternative medicine (CAM) that 
exists outside of what is generally accepted to be conven-
tional practice. CAM is generally not taught in US or UK 
medical schools and is generally not practiced in hospitals 
[4]. CAM therapies additionally include homeopathic prepa-
rations, chiropractic manipulations, massage, acupuncture, 
meditation, and prayer, [5] which are outside of the scope of 
this chapter. Nutritional and herbal supplementation repre-
sents an opportunity to take charge in improving one’s own 
health and is often marketed as natural or homeopathic. 
Therefore, the consumption of these pharmacologically 
active products is often perceived by consumers as low risk 
and may explain the observed underreporting of their use to 
care providers, use without expert consultation, and concur-
rent use with other medications where interactions may exist.

Herbal dietary supplements have continued to have an 
upward trend in sales in recent years and surpassed $8 billion 
in sales in the United States in 2017. Combination prepara-
tions of herbal supplements, in contrast with defined single 
product herbal supplements, represented 41.1% of these 
sales [6]. Herbal medicines represent a $60 billion industry 
worldwide [7]. Approximately 38 million adults in the 
United States (18.9% of the population) use herbal or other 
natural supplements, but only one-third tell their physician 
about this use [8]. This trend of increasing sales of herbal and 
nutritional supplements, the differing rules of regulation by 
the United States Food and Drug Administration (FDA), and 
the potential complexity of each preparation requires the 
perioperative physician be educated about these substances 
and their potential perioperative implications.

Despite the prevalent use of herbal supplements, there 
remains a relative paucity of high-quality evidence to sup-
port the use of these pharmacologically active substances in 
improving morbidity and mortality. The risks of these thera-
pies are often poorly defined as high-quality clinical research 
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to further advance this body of knowledge is expensive and 
difficult to perform, especially given the lack of financial 
motivation for industry to pursue randomized, placebo- 
controlled trials [5]. Much of the available literature regard-
ing safety of herbal supplements is dependent upon in vitro 
studies, in vivo animal studies, and clinical case reports. The 
case reports themselves may be somewhat limited in their 
conclusions as people commonly ingest more than one 
herbal supplement [9, 10].

Regulation of the nutritional and herbal supplement 
industry is necessary to protect consumers from potential 
adverse effects of these substances and ensure proper mar-
keting and labeling. Current regulation of dietary supple-
ments by the FDA is largely defined by the Dietary 
Supplement Health and Education Act, passed into law in 
1994. It considers dietary supplements as foods which 
decreases the regulatory review and scientific evaluation 
required prior to being marketed and sold. It requires that 
any dietary supplement or ingredient be unadulterated and 
properly identified and states that the FDA is responsible for 
taking action if this is violated by a manufacturer. Subsequent 
legislation passed in 2006 requires supplement manufactur-
ers to notify the FDA within 15 days of being notified of a 
serious adverse event by a consumer. Additionally, a stan-
dard for Good Manufacturing Practices passed in 2007 is 
designed to ensure the quality of supplements being sold, 
including accuracy of ingredients, lack of contaminants, and 
proper labeling. This differs from the regulations by which 
other food products and drugs, such as pharmaceuticals, are 
regulated [11, 12]. Despite these efforts, the herbal and sup-
plement industry lacks mandated standardization of produc-
tion of nutritional supplements such that variability in final 
product exists between manufacturers [13]. Ideally, herbal 
supplements should contain the supplement on its label with 
purity, be accurate to the dosage reported, and be devoid of 
contaminants. Challenges with meeting these expectations 
have been reported in the literature. In one study, Ginkgo 
biloba DNA was verifiable in only 83.8% of Ginkgo biloba 
supplements tested [14]. Also, contaminants have been 
demonstrated in herbal supplements which have led to 
patient harm [15, 16]. Thus, ensuring the safety of these 
preparations is of ongoing importance and newer technolo-
gies are being validated and utilized to evaluate the quality 
and effect of herbal preparations [17, 18]. The National 
Institutes of Health National Center for Complementary and 
Integrative Health (formerly known as National Center for 
Complementary and Alternative Medicine) has funded 
many research projects to scientifically explore complemen-
tary and alternative medicine to improve consumer informa-
tion and safety [11].

In order to properly counsel patients regarding their use of 
supplements in the perioperative period, accurate disclosure 

of their use must first be achieved. A study of patients in the 
clinic setting revealed that only 21.3% of patients disclosed 
their herbal supplement use to their physicians [19]. In one 
study in the ambulatory surgery setting, 32% of patients 
admitted to using a dietary supplement, though 70% of 
patients failed to disclose their supplement use when a rou-
tine preoperative assessment was performed [20]. Thus, it is 
critical for perioperative physicians to inquire about both 
conventional medication use as well as nutritional supple-
ment use. It may be prudent to request patients bring either a 
list or the medications themselves for their preoperative eval-
uation, since combination herbal supplements are commonly 
used. A recent review suggests that 52% of adults in the 
United States used supplements at some point between 
1999–2012 [3]. Further, some patient populations in particu-
lar have a high incidence of ongoing herbal medication use. 
Selected patient populations include the elderly [21], solid 
organ transplant recipients [11], chronic pain patients [22], 
breast and gynecologic cancer patients [23], cosmetic sur-
gery patients [10], and pediatric Down syndrome patients 
[24] (Table 10.1).

Over 90 dietary supplements may possess pharmacody-
namic antiplatelet and anticoagulant effects [13]. Many of 
these are some of the top-selling herbal supplements and 
may increase the risk for perioperative hemorrhage. 
Supplements also have indirect interactions with other med-
ications that may either increase or decrease the efficacy of 
a patient’s pharmaceutical anticoagulant or antiplatelet 
medication by inhibition or induction of CYP450 isoen-
zymes. Finally, these herbal medications may cause organ 
dysfunction which could increase the risk for hemorrhage 
[25, 26]. Supplement-induced hepatic injury has been 
described to have multiple causes [26, 27]. This could mani-
fest as an isolated coagulation disturbance due to impaired 
hepatic synthesis of coagulation factors, though they may 
also have other signs of organ dysfunction which would 
prompt an investigation of the cause of hepatic failure. 
Regardless of mechanism, perioperative hemorrhage is a 
risk associated with the use of many nutritional supplements 
and providers must have an awareness of this potential in 
the perioperative period.

Table 10.1 Incidence of supplement use in select patient populations

Patient population
Reported incidence of 
supplement use

Elderly (62–85 years of age) 63.7%
Renal, Liver, Combined Renal/Heart 
transplant recipients

58%

Chronic pain patients 52%
Breast and ovarian cancer patients 52% and 45%
Cosmetic surgery patients 49%
Pediatric down syndrome 49%
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 Herbs and Herbal Extracts

Due to the global diversity of plants and the propensity of 
humans in different cultures to explore the possible uses of 
these plants, there are a very large number of herbs utilized 
for a variety of medicinal purposes. At present, many of the 

most commonly utilized herbs do not appear to result in a 
bleeding diathesis and are excluded from this discussion. 
The following selected herbal preparations were chosen for 
discussion based on both their propensity to cause bleeding 
and their popular use (Table 10.2).

Table 10.2 Herbal supplements, multivitamin and non-herbal vitamin supplements

Herbal supplements

Supplement Marketed uses/Effects
Anticoagulant/Antiplatelet 
effect

Drug interactions (if known)/
Miscellaneous

Andrographis
Andrographis 
paniculata

Immunostimulatory, antiviral, antibacterial, 
anti-inflammatory, antitumor, antidiabetic, 
antimalarial, hepatoprotective, cardiovascular 
disease, infertility

Inhibits PAF-induced platelet 
aggregation

–

Ashwagandha
Withania somnifera

Anti-arthritic, antirheumatic, anti-inflammatory Inhibition of platelet 
aggregation

–

Boswellia
Boswellia serrata

Osteoarthritis, rheumatoid arthritis, inflammatory 
bowel disease, asthma

Prolongs PT and aPTT, 
inhibition of Factor Xa and XIa

–

Bromelain
Bromeliaceae spp.

Anti-edema, anti-inflammatory, antithrombotic, 
fibrinolytic

Inhibition of ADP-induced 
platelet aggregation, reduced 
platelet endothelial adhesion, 
prolongs PT and PTT

Chemical burn debridement 
agent

Cannabinoids
Cannabis spp.

Multiple sclerosis, chronic pain, nausea/vomiting, 
others

CBN and THC inhibit 
thrombin-induced clot 
formation, prolong clotting 
times

CBD may increase warfarin 
concentrations

Cranberry
Vaccinium 
macrocarpon

Improve urinary tract infection, metabolic profile, 
antioxidant

Component compounds inhibit 
platelets, no data supporting 
cranberry juice itself inhibiting 
platelets

Increased INR in those taking 
warfarin

Danshen
Salvia miltiorrhiza

Atherosclerosis, hypercholesterolemia, arthritis, 
insomnia, menstrual disorders

Inhibits ADP-induced platelet 
aggregation, thrombosis 
formation

Significantly increases 
concentrations of warfarin

Devil’s Claw
Harpagophytum 
procumbens

Analgesic, antipyretic COX-1 and COX-2 inhibition –

Dong Quai
Angelicae sinensis

Menstrual cramping, menstrual regulation, migraine, 
antispasmodic

Inhibits platelet aggregation May potentiate warfarin 
effect

Evening Primrose Oil
Oenothera biennis

Anti-inflammatory, women’s health conditions Antiplatelet effects, coumarin 
constituents

May potentiate warfarin 
effect

Fenugreek
Trigonella 
foenum-graecum

Increase milk production, antidiabetes, anticancer, 
anticholesterol, antioxidant, anti-inflammatory, 
antimicrobial, hepato- and neuro-protective

Contains Vitamin K antagonist 
coumarins

Should be avoided in those 
taking warfarin

Feverfew
Tanacetum 
parthenium

Fever, migraine, rheumatoid arthritis, menstrual 
problems

Reduced ADP-induced platelet 
aggregation, decreased COX 
production

–

Garlic
Allium sativum

Atherosclerosis, hypertension, thrombus formation, 
and lower serum lipid and cholesterol levels

Inhibit platelet aggregation 
in vivo in dose-dependent 
fashion

Warfarin use increases 
bleeding risk, rich in 
sulfur-containing compounds 
allicin and alliin

Ginger
Zingiber officinale

Arthritis, rheumatism, muscular aches, pains, sore 
throats, cramps, constipation, indigestion, nausea, 
vomiting, motion sickness, hypertension, dementia, 
fever, infectious diseases, helminthiasis

Inhibit AA-induced human 
platelet serotonin release and 
aggregation

–

Ginkgo
Ginkgo biloba

Cognitive disorders, peripheral vascular disease, 
erectile dysfunction

Inhibition of PAF-induced 
platelet aggregation

–

Ginseng
Panax spp.

Improve energy and alertness, aphrodisiac, diabetic 
blood sugar control

Inhibits in vitro thromboxane 
synthesis, increased blood 
clotting time, PAF inhibition

Increased warfarin clearance

(continued)
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 Andrographis
The herbaceous plant Andrographis paniculata has many 
pharmacological effects which could be used for a number 
of disease states including protection from cardiovascular 
disease, infertility, and potentially many others. It contains 

the herbal compound andrographolide which is shown to 
inhibit platelet-activating factor (PAF)-induced human 
platelet aggregation in a dose-dependent manner and exhib-
its antiplatelet activity through other molecular mecha-
nisms [28].

Table 10.2 (continued)

Herbal supplements

Supplement Marketed uses/Effects
Anticoagulant/Antiplatelet 
effect

Drug interactions (if known)/
Miscellaneous

Green Tea
Camelia sinensis

Cardiovascular benefits, antioxidant, anti- 
inflammatory, antidiabetic, antiviral

Inhibits AA, collagen, and 
ADP-induced platelet 
aggregation

Contains Vitamin K, may 
decrease warfarin effect

Hawthorn
Crataegus spp.

Digestive disorders, gall bladder disease, asthma Inhibition of ADP-induced 
platelet aggregation, reduction 
in thromboxane A2 biosynthesis

–

Horse Chestnut
Aesculus 
hippocastanum

Chronic venous insufficiency, hemorrhoids, 
anti-inflammatory, antioxidant, anti-edema

Inhibits ADP-induced platelet 
aggregation, arterial and venous 
contraction mediated by 
5HT(2A) receptor

Plant contains esculin, a 
poison that can cause death if 
eaten raw

Kava
Piper methysticum

Anxiolytic, sedative Inhibits COX, Dose-dependent 
decrease in platelet aggregation

May result in liver toxicity

Motherwort
Leonurus japonicus

Menstrual disorders, blood stasis, analgesia Inhibition of ADP-induced 
platelet aggregation

–

Oregano
Origanum vulgare

Respiratory and gastrointestinal disorders, others Prolongs aPTT –

Policosanol Cardiovascular benefits, claudication pain relief Reduces AA, collagen and 
ADP-induced platelet 
aggregation

Increases effect of omega-3 
fatty acids and aspirin, 
extracted from sugar cane 
and beeswax plants

Resveratrol Anti-inflammatory, anticancer, anti-Alzheimer’s, 
antidiabetes

Increases platelet NO,
inhibits PAI-1

May partially explain 
cardiovascular effects of wine 
consumption

Saw Palmetto
Serenoa repens

Benign prostatic hypertrophy, anti-inflammatory Inhibits COX –

Skullcap
Scutellaria 
baicalensis

Antioxidant, antibacterial, antiviral, antitumor, others Prolongs aPTT, PT, inhibits 
fibrin polymerization and 
platelet aggregation

Healing effects are described 
in the oldest Chinese 
medicinal book in existence

St. John’s Wort
Hypericum 
perforatum

Depression, anxiety, sleep disturbances CYP3A4 isoenzyme induction Decreased warfarin efficacy, 
enhances clopidogrel efficacy

Turmeric
Curcuma longa

Skin conditions, respiratory illness, analgesic, liver 
dysfunction

Inhibition of ADP and GPVI-
induced platelet aggregation

–

Willow Bark
Salix alba

Anti-inflammatory, analgesic, antirheumatic, 
antipyretic

Inhibits AA-induced platelet 
aggregation

Contains precursor to 
salicylic acid

Wintergreen Oil
(methyl salicylate)

Arthralgia, skin irritation Structurally similar to aspirin Elevated INR when 
combined with warfarin

Multivitamins and non-herbal vitamin supplements
Coenzyme Q10 Cardiovascular benefit, possibly improve liver, 

muscle, and brain health
– Possible elevated bleeding 

risk if taking warfarin
Fish Oil
(omega-3 long chain 
fatty acids)

Cardiovascular benefits May decrease ADP-induced 
platelet aggregation and prolong 
bleeding time

Bleeding risk elevated in 
those also taking warfarin or 
aspirin/NSAIDS

Glucosamine/
Chondroitin Sulfate

Cartilage health in osteoarthritis Glucosamine inhibits ADP-
induced platelet activation

May increase INR in those 
taking warfarin

Vitamin E Antioxidant, anti-atherosclerosis, cancer prevention Antagonizes Vitamin K effect 
and inhibit thrombin-induced 
platelet aggregation

Bleeding risk may be 
elevated if dose is high or 
taking anticoagulants

Others: Magnesium, 
Lycopene, Selenium, 
Taurine

Various May inhibit platelet function Selenium may increase 
warfarin activity
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 Ashwagandha
Ashwagandha is an important Indian medicinal plant which 
may have anti-arthritic, antirheumatic, anti-inflammatory, 
and other properties. Extracts are shown to have some inhibi-
tory effects on platelet aggregation [29].

 Boswellia
Boswellia serrata, or Indian frankincense, is classically used 
as an anti-inflammatory agent for the treatment of arthritis. 
There is evidence of substantial antithrombotic properties 
from the extract causing prolonged prothrombin time (PT) 
and activated partial thromboplastin time (aPTT) that appears 
linked directly to Factor Xa and XIa inhibition [30].

 Bromelain
Bromelain extract is produced from pineapples and confers 
anti-edema, anti-inflammatory, antithrombotic, and fibrino-
lytic activities. It contains a number of proteases which may 
prevent adenosine diphosphate (ADP)-induced platelet 
aggregation and adhesion of platelets to blood vessel endo-
thelial cells. In high doses, it may also prolong the PT and 
partial thromboplastin time (PTT). It may be utilized clini-
cally as a chemical burn debridement or anti-edema agent 
and has not yet had a reported occurrence of the adverse 
effect of bleeding in humans [31].

 Cannabinoids
Cannabis extract is used as a therapy for multiple sclerosis, 
chronic pain, nausea/vomiting, and others. Cannabinol 
(CBN) and tetrahydrocannabinol (THC) appear to inhibit 
thrombin-induced clot formation in vitro and prolong clot-
ting times in vivo in a rat model [32]. Another component, 
cannabidiol (CBD), inhibits P450 (CYP) 3A enzymes (and 
other isoenzymes), and it may decrease the metabolism of 
warfarin as a result [33].

 Cranberry
Cranberry juice or supplements are taken to improve urinary 
tract infections, improve metabolic profile, and as an antioxi-
dant. Clinical data do not currently report cranberry having 
an effect on platelet aggregation, despite several of its com-
ponents having been shown to do so [34]. Case reports dem-
onstrate an interaction between cranberry and warfarin 
resulting in an elevated international normalized ratio (INR) 
[35, 36].

 Danshen
Danshen is an herb used for centuries to improve cardiovas-
cular health. An extract contacting several constituents has 
been shown to inhibit thrombosis formation and platelet 
aggregation [37]. At least one active component of Danshen 
inhibits platelet aggregation induced by ADP [38]. Danshen 

enhances anticoagulation in patients taking warfarin by 
directly increasing plasma concentrations of warfarin [39].

 Devil’s Claw
Devil’s Claw is a plant of the sesame family used as an anal-
gesic and anti-pyretic. The active ingredient harpagoside has 
been implicated in previous in vitro studies that show altered 
platelet function [40]. Further studies have confirmed that 
cyclooxygenase (COX)-1 and COX-2 inhibition by this 
active ingredient are likely responsible [41]. The clinical 
implication of this remains questionable.

 Dong Quai
Dong quai is an ancient Chinese herbal medication which is 
taken largely for its benefits with menstrual cramping, 
menstrual regulation, and migraine headache. It has also 
been used as an antispasmodic [42]. It possesses several 
constituents which are known to decrease platelet aggrega-
tion by inhibiting thromboxane A2 synthesis and a clinical 
study supports this action in select patients [43, 44]. A case 
report suggests dong quai may potentiate the effect of war-
farin [42].

 Evening Primrose Oil
Evening primrose oil originates from the evening primrose 
plant and is used as an anti-inflammatory and in women’s 
health conditions. It is postulated to have antiplatelet effects 
and contains coumarin constituents which could lead to an 
interaction with warfarin [45, 46].

 Fenugreek
Fenugreek is an ancient herbal which possesses many vita-
mins and active compounds which have been used for the 
treatment of increasing milk production, diabetes, cancer, 
and hypercholesterolemia. It possesses antioxidant, anti- 
inflammatory, antimicrobial, and hepato- and neuro- 
protective properties [47]. Fenugreek contains a high 
content of coumarin-like compounds which can lead to 
increased risk of bleeding. Excessive intake of fenugreek 
has been shown to cause a Vitamin K reversible prolongation 
of INR with coagulation failure in a susceptible patient. It 
may be advisable to avoid this medication in patients taking 
warfarin [48].

 Feverfew
Feverfew has classically been used as an antipyretic and in 
the treatment of migraines. Feverfew’s active constituent of 
sesquiterpene lactones is suspected to be responsible for its 
effect on platelets. The primary effect is a reduction in ADP-
mediated platelet aggregation [49]. It has also been shown to 
decrease COX production leading to reduction in thrombox-
ane synthesis [50].
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 Garlic
Garlic is a plant bulb and species of the onion family that is 
well known for its culinary applications, but it has also been 
used medicinally for several millenia. Today, it is used prin-
cipally for the treatment of atherosclerosis, hypertension, 
thrombus formation, and to lower serum lipid and choles-
terol levels [51]. Primary chemical components of garlic, 
ajoene and volatile oil, have been implicated in irreversibly 
potentiating platelet inhibitors, including prostacyclin, indo-
methacin, and dipyridamole [52]. Garlic reportedly inhibits 
platelet aggregation in vivo in a dose-dependent fashion [53, 
54], mainly through the effects of sulfur-containing com-
pounds alliin and allicin which inhibit the production and 
release of thromboxane and adenosine [55]. However, these 
antiplatelet results have not been reproducible in all clinical 
trials [56–58]. Some studies report that aged garlic extract 
has been found to significantly reduce adrenaline-induced 
 platelet aggregation and to a lesser extent collagen-induced 
platelet aggregation, with no effect on ADP-induced platelet 
aggregation [59, 60]. There are several cases in the literature 
of excessive dietary garlic intake or use of garlic as a medi-
cine associated with coagulation alterations [61]. One case 
report describes an elevated INR, reportedly due to an inter-
action between garlic and warfarin [62]. At recommended 
doses, it appears that garlic supplements do not have antico-
agulant properties in individuals not taking concomitant 
anticoagulant medications. However, when consumed in 
higher than recommended doses or when used in combina-
tion with anticoagulants, garlic may be a factor for increased 
risk of bleeding.

 Ginger
Ginger is the rhizome of the Zingiber officinale plant with 
widespread uses ranging from the treatment of arthritis and 
inflammatory conditions to hypertension and dementia. It is 
commonly utilized in the treatment of nausea and gastroin-
testinal discomfort [63, 64]. Gingerols are the key active 
component of ginger and have been shown to inhibit arachi-
donic acid (AA)-induced human platelet serotonin release 
and aggregation [65]. In vitro studies have also shown 
COX-1 inhibition leading to antiplatelet activity more potent 
than aspirin alone [66]. Despite these findings, further 
experiments have failed to demonstrate significant changes 
in clotting status or coagulation in individuals taking warfa-
rin [67].

 Ginkgo
Ginkgo biloba is marketed for improvement in peripheral 
vascular disease, erectile dysfunction, and has gained trac-
tion for Alzheimer’s disease and multi-infarct dementia 
treatment. Ginkgolides are one of the more widely studied 
active ingredients and have been shown to have dose- 

dependent, rapid onset, potent inhibition of PAF-induced 
platelet aggregation [68]. Several case reports exist implicat-
ing gingko as the cause of unexpected hemorrhage in the 
perioperative period including unprovoked intracranial hem-
orrhage [69, 70].

 Ginseng
Ginseng (Panax ginseng) has a long history of use in eastern 
Asian culture to boost the immune system. Today, it is a 
prominent additive to energy drinks for increased alertness 
and focus [71]. One of ginseng’s bioactive component, gen-
sinosides, seems to be responsible for anticoagulation effects 
and may reduce platelet volume through PAF inhibition. 
Ginseng has also been shown to inhibit in vitro thromboxane 
synthesis and lead to increased blood clotting time [72]. 
Despite the effective inhibition of the coagulation cascade, a 
clinical trial showed that warfarin clearance was increased 
with concomitant use of ginseng, leading to less effective 
anticoagulation as shown by a corresponding difficulty in 
achieving the desired therapeutic INR [73].

 Green Tea
Green Tea, the second most consumed beverage in the world, 
has many purported benefits including improved cardiovas-
cular health, antioxidant, anti-inflammatory, antidiabetic, 
and antiviral effects [27, 42]. Components of green tea, 
including polyphenols and catechins, have been shown to 
inhibit AA, collagen, and ADP-induced platelet aggregation 
[74]. In vivo studies have supported this with significantly 
prolonged bleeding time in conscious mice after green tea 
and catechin administration [75]. Additionally, Vitamin K is 
present in green tea in a significant quantity and may decrease 
the anticoagulant effect of warfarin [34].

 Hawthorn
Hawthorn is classically used for gastrointestinal disorder 
treatment. There are many active ingredients in hawthorn 
and some interact with platelet function. In vitro studies have 
shown that hawthorn extract and inhibits ADP-induced 
platelet aggregation and causes a significant reduction in bio-
synthesis of thromboxane A2 [76].

 Horse Chestnut
Horse chestnut is an herbal medication historically taken for 
chronic venous insufficiency and is purported to have anti- 
inflammatory, antioxidant, and anti-edema properties. 
Extracts have been shown to inhibit ADP-induced human 
platelet aggregation and cause contraction of both veins and 
arteries [77]. One clinical study has shown it is as effective as 
compression stockings in chronic venous insufficiency. The 
potential for drug interactions with other antiplatelet drugs 
needs further study [74].
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 Kava
Kava is a substance with predominantly psychomotor 
activities and is used as an anxiolytic and sedative. It inhib-
its COX with a similar potency to nonsteroidal anti-inflam-
matory drugs (NSAIDS), causes a dose-dependent decrease 
in platelet aggregation and may also cause hepatotoxicity 
[78].

 Motherwort
Motherwort is classically used to treat menstrual disorders 
such as amenorrhea and dysmenorrhea but applications 
extend to other conditions of blood stasis and analgesia. 
Studies have shown decreased platelet aggregation after 
intravenous administration [79]. Further in vitro studies have 
isolated an active ingredient bis-spirolabdane diterpenoid 
that has the ability to significantly reduce ADP-induced 
platelet aggregation [80].

 Oregano
Oregano is an herbal supplement purportedly utilized for 
respiratory disorders, gastrointestinal disorders, and many 
others and has been shown to prolong aPTT in an in vitro 
study [81].

 Policosanol
Policosanol is taken for its purported ability to improve lipid 
profile and for its cardiovascular health benefits, policosanol 
is shown to inhibit platelet aggregation response to AA, col-
lagen, and ADP [82]. It seems to have an additive antiplatelet 
effect when taken along with aspirin and omega-3 fatty acids, 
though no reports have identified policosanol as a contribu-
tor to clinical bleeding [83, 84].

 Resveratrol
Resveratrol is a phenolic antioxidant present in grape skin, 
which may explain part of the beneficial cardiovascular 
effects of wine consumption. The compound increases the 
production of nitric oxide (NO) by stimulated platelets and, 
thus, blunts platelet function through inhibition of the pro- 
inflammatory pathway [85]. It also decreases plasminogen 
activator inhibitor-1 (PAI-1) which may increase a patient’s 
fibrinolytic state [86]. Case reports of clinically significant 
bleeding due to resveratrol are lacking.

 Saw Palmetto
Saw palmetto is a commonly used herbal supplement which 
improves symptoms of benign prostatic hypertrophy [87]. 
Presumably through its ability to inhibit COX, it has been 
implicated in a case report of reported severe bleeding during 
craniotomy, as well as a cause of hematuria and coagulopa-
thy [27]. The true clinical impact on coagulation remains 
unclear.

 Skullcap
Skullcap is a traditional Chinese herbal medicine with many 
purported medicinal benefits, perhaps most notably as an 
antioxidant, antibacterial, antiviral, and antitumor agent. It is 
a component of dozens of Chinese medicinal preparations 
and its constituents are being widely researched to define 
medicinal benefits [88]. One of its major components, orox-
ylin A, is shown to prolong the aPTT and PT, inhibit fibrin 
polymerization, and platelet aggregation [89].

 St. John’s Wort
St. John’s wort is a widely used supplement, particularly in the 
treatment of depression, anxiety, and sleep disturbances. Most 
of the effects on coagulation come through potent cytochrome 
isoenzyme modulation. St. John’s wort reduces plasma warfa-
rin concentrations through induction of CYP3A4 and possibly 
other CYP isoforms because warfarin, which exists as a race-
mic mixture of R- and S-enantiomers, is metabolized by 
CYP1A1 and CYP3A4 (R-warfarin) and CYP2C9 
(S-warfarin). Such interactions have been confirmed in clini-
cal trials showing decreased plasma concentrations of warfa-
rin and phenprocoumon [90]. In contrast, the efficacy of 
clopidogrel is enhanced with coadministration of St. John’s 
wort. The induction of CYP3A4 enhances conversion of the 
prodrug clopidogrel to its active form resulting in demonstra-
ble decreases in ADP-induced platelet aggregation [91].

 Turmeric
Turmeric is a commonly used spice in cooking on the Indian 
subcontinent and particularly in curry dishes, but it is also 
marketed as a treatment for aches, respiratory conditions, 
skin conditions, and liver dysfunction [92]. Curcumin has 
been identified as the active ingredient with anti- inflammatory 
properties and data are limited on its effect on platelet func-
tion. In vitro studies have found evidence of ADP and glyco-
protein VI inhibition leading to reduced platelet aggregation 
[93, 94]. Despite the demonstrated in vitro platelet inhibitory 
effects, clinical data to investigate and substantiate this effect 
in vivo are lacking [34].

 Willow Bark
Willow tree bark extract is an ancient supplement historically 
utilized for the treatment of inflammation and additionally is 
an analgesic, antirheumatic, and antipyretic substance. The 
primary pharmacologically active compound is salicin, which 
once oxidized becomes salicylic acid [34]. In a double- 
blinded, randomized controlled trial of 35 patients receiving 
willow bark extract or placebo and 16 patients receiving ace-
tylsalicylate, willow bark extract was shown to have a statisti-
cally significant inhibition of AA-induced platelet aggregation 
compared to placebo. However, this inhibition was not as 
great as those who had received acetylsalicylate [95].
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 Wintergreen Oil
Wintergreen oil, or methyl salicyclate, is most commonly 
used as a topical ointment for the treatment of arthritis and 
other skin irritation. The active compound methyl salicyclate 
is structurally very similar to aspirin and even topical absorp-
tion can lead to substantial blood concentrations. Several 
cases of increased INR have been reported when wintergreen 
is used by patients on a stable warfarin regimen [96, 97].

Numerous other herbal compounds may have some 
effect on blood coagulation. Berberine has been shown in 
an in vitro study to inhibit thrombin-induced platelet aggre-
gation as a direct thrombin inhibitor [98]. Boldo may have 
interactions with warfarin causing increased INR [99]. 
Chinese Peony has been reported to have anticoagulant 
properties. Analysis of extracts reveal chemical structural 
similarities to animal heparin [100]. Corydalis yanhusuo 
has been shown to inhibit platelet aggregation [101]. 
Cyanidin-3-Glucoside is a plant-based anthocyanin that is 
shown to inhibit platelet function at multiple points includ-
ing platelet activation, aggregation, secretion, and throm-
bus formation [102]. Persimmon leaf ethanol extract is 
shown to prolong aPTT and inhibit platelet activation, 
while ethanol extract of persimmon leaf and Citrus junos 
(Yuzu) prolongs aPTT and PT in mice [103, 104]. Poncitrin 
is often taken for gastrointestinal problems, contains cou-
marin compounds, and has been shown to inhibit the aggre-
gation of rabbit platelets induced by ADP, PAF, AA, and 
collagen [105]. Piper wallichii possesses compounds which 
inhibit platelet aggregation induced by PAF [106]. Rhus 
verniciflua stokes is a traditional herbal supplement which 
decreases platelet aggregation to collagen in  vivo [107]. 
Safflower extract and some of its components have signifi-
cant antiplatelet and anticoagulation activity [108]. Of 
note, a number of herbals contain a large amount of vitamin 
K and may decrease the effectiveness of warfarin, includ-
ing stinging nettle (Urtica dioica), noni fruit (Morinda 
citrifolia), dandelion (Taraxacum officinale), and horsetail 
(Equisetum arvense) [109].

When multiple supplements that have been identified as 
inhibiting coagulation or platelet function are taken together, 
this will likely further increase the risk of perioperative bleed-
ing [110]. Traditional herbal preparations are often prepared 
as combination herbal supplements which are shown to pos-
sess antithrombotic and antiplatelet effects [111]. For 
instance, treatment of rats with reduction of Sheng-Nao- Kang 
decoction, comprised of six herbal components, prolongs 
aPTT, PT, thrombin time, and decreases fibrinogen [112].

 Multivitamins and Vitamin Supplements

Multivitamins/minerals, calcium, and individual vitamins 
(B, D, C, E) are among the most common nutritional supple-

ments people take [21]. Clinicians should be aware of their 
potential bleeding concerns in the perioperative setting 
(Table 10.2).

 Coenzyme Q10
Coenzyme Q10 supplementation may have cardiovascular 
benefits and may provide some benefit to liver, muscle, and 
brain health. It does not appear to increase bleeding when 
taken in isolation [71]. Coenzyme Q10 has a complex inter-
action with warfarin. It appears to increase the clearance of 
both R- and S-enantiomers of warfarin without decreasing 
the therapeutic effects of warfarin. Coadministration of war-
farin and coenzyme Q10 may lead to a mild increased risk of 
bleeding in patients taking warfarin, though this interaction 
is poorly understood and lacks definitive support [27].

 Fish Oil
Omega-3 fatty acids are found naturally in certain fish and 
these supplements are typically taken for their purported car-
diovascular benefits. Ingestion of supplemental omega 3 
long-chain polyunsaturated fatty acid reduces risk for myo-
cardial infarction and coronary artery disease at 1 g/day, per-
haps even more importantly for those with low fish intake 
[3]. Standard dosage of fish oil has recently been shown to 
decrease platelet aggregation and clot formation when 
assessed by multiplate aggregometry and viscoelastic rota-
tional thromboelastometry [113]. Other studies reporting a 
decrease in platelet aggregation and a prolonged bleeding 
time are reported, though, fish oil alone did not appreciably 
cause abnormal surgical bleeding or abnormal bleeding time 
or platelet aggregation [71]. Bleeding time appears to be 
increased when this supplement is taken concurrently with 
warfarin or aspirin/NSAIDS [27].

 Glucosamine/Chondroitin Sulfate
Often taken concurrently, glucosamine and chondroitin sul-
fate supplements are utilized for the improvement of cartilage 
health for those with osteoarthritis. Interestingly, chondroitin 
shares a similar glycosaminoglycan structural makeup with 
heparin [114]. Glucosamine is shown to reduce platelet func-
tion via inhibition of ADP-induced platelet activation in 
humans [115]. In isolation, these supplements have not been 
convincingly shown to increase clinical bleeding. The use of 
glucosamine or glucosamine-chondroitin sulfate with warfa-
rin may result in increased INR and bruising [116].

 Vitamin E
Vitamin E supplements are purported to provide antioxidant 
and anti-atherosclerosis benefit as well as cancer prevention 
[114]. Vitamin E may antagonize the effect of Vitamin K and 
inhibit the production of Vitamin K-dependent factors, 
although this typically occurs only at high doses [117]. 
Vitamin E has been shown to inhibit the intrinsic coagulation 
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pathway and may inhibit platelet aggregation and adhesion 
in patients with thrombocytopenia or diabetes [118]. In vitro 
reports and several clinical studies suggest a significant 
increase in bleeding risk due to Vitamin E-induced inhibition 
of platelet aggregation or interaction with aspirin or warfa-
rin, though subsequent clinical studies have been unable to 
consistently replicate these results. Thus, any anticoagulant 
effects of Vitamin E may be dose-dependent and there may 
be elevated bleeding risk if they are co-administered with 
anticoagulants [27, 114].

 Others
Magnesium, lycopene, selenium, and taurine may inhibit 
platelet function [71, 118]. Selenium may increase warfarin 
activity as shown in an animal model, possibly by displacing 
warfarin from albumin [119].

 Supplement Interaction with Prescription 
Medication

One mechanism of nutritional supplement-associated hem-
orrhage is related to interaction with prescription medica-
tions. Perhaps the best studied prescription medication with 
such a risk is warfarin [34]. In general, the use of any previ-
ously mentioned nutritional supplement which indepen-
dently exhibits an antiplatelet or anticoagulant effect, along 
with a pharmaceutical with antiplatelet or anticoagulant 
effects, should be expected to increase the risk of periopera-
tive hemorrhage.

 Perioperative Considerations

Routine questioning of patients about nutritional supplement 
usage is both reasonable and practical. Recommendations by 
several societies and care groups have been reported regard-
ing the suggested time to avoid taking nutritional supple-
ments in anticipation of surgery. These recommendations are 
limited by the clinical data available and should not replace 
clinical judgment in different patient care scenarios. The 
American Society of Anesthesiologists has previously rec-
ommended discontinuation of all herbal medications 
2–3 weeks before an elective surgical procedure [120]. The 
Swedish Medical Products Agency recommends the discon-
tinuation of some of the most commonly taken naturopathic 
medicines 2 weeks prior to surgery [113]. Dental profession-
als suggest discontinuation of herbal supplements 14  days 
prior to receiving invasive surgical procedures, though sup-
plements may not need to be held prior to routine dental and 
dental hygiene procedures [121]. Others suggest discontinu-
ation of any supplement around 15 days before an elective 
urologic extracorporeal shockwave lithotripsy procedure 

[122]. This seems prudent given ongoing effects of some 
herbals even at 14  days after administration [123]. The 
American Society of Regional Anesthesia and Pain Medicine 
has published updated guidelines addressing the risks of 
bleeding-related complications associated with regional 
anesthesia in patients receiving any antithrombotic or throm-
bolytic therapy. The authors recommend against required 
discontinuation of herbal supplements prior to neuraxial pro-
cedures and that regional anesthesia should not be withheld 
in those patients using these therapies. There is not a need to 
cancel a surgery or procedure if patients have not already 
discontinued these supplements [124].

Until more rigorous scientific studies related to bleeding 
risks associated with herbal medications and supplements 
exists, 2 weeks seems to be both a reasonable and consensus 
time period for discontinuing herbal medications prior to 
elective surgery. In isolated circumstances, such as prior to 
urgent or emergent surgery where bleeding poses a risk, it 
may be prudent to investigate the effects of a patient’s nutri-
tional supplements with standard coagulation tests in order 
to guide treatment for hemorrhage.
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Ultrasound for Bleeding Disorders

Chrissy J. Cherenfant

 Principles of Ultrasound

Ultrasound imaging, also known as sonography, is the use of 
high-frequency sound waves to visualize the body internally 
[1, 2]. The frequency of ultrasound (US) is above 20,000 
Hertz, which is beyond what can be heard by humans [1]. A 
concept important to understanding ultrasound imaging is 
resolution. Resolution is sonography’s ability to differentiate 
between two points amidst a certain tissue depth. Lateral 
resolution is the minimal distance differentiated between two 
points located perpendicular to the ultrasound beam and is 
determined by beam width. Axial or longitudinal resolution 
is the minimal distance distinguished between two points 
parallel to the direction of the ultrasound beam [3–5]. Axial 
resolution is dependent on frequency. High-frequency 
probes, also known as transducers, have shorter wavelengths 
with less penetration and higher resolution. In contrast, low-
frequency probes have longer wavelengths, less resolution, 
and better penetration, which is more suitable in viewing 
deeper structures [1, 3, 4].

Tissue echogenicity is another concept that is essential to 
the value of ultrasound. Echogenicity is a bodily tissue’s 
ability to transmit and reflect waves compared to surround-
ing tissues. Favorably, differences in echogenicity of struc-
tures allows for a visible contrast on image display. 
Descriptions of echogenicity include hyperechoic, isoechoic, 
hypoechoic, and anechoic. Hyperechoic describes brighter 
echoes that appear white compared to surrounding struc-
tures, isoechoic are echoes equal in comparative appearance, 
hypoechoic depicts darker echoes that appear gray, and 
anechoic characterization is completely black on imaging. 
For instance, ascitic fluid and blood are anechoic, which 
attribute to sonography’s usefulness in detecting fluid among 
solid hyperechoic or hypoechoic structures [1]. Echogenicity 

may also encompass imaging texture description, as hetero-
geneous being nonuniform and homogenous indicating uni-
form texture [3, 6].

Acquiring ultrasound imaging involves placing a probe 
(transducer) onto skin or into a body opening such as vagina 
or rectum. The purpose of the transducer is to convert electri-
cal energy into the mechanical energy of sound waves that 
are directed into the patient. The transducer also receives the 
reflected echoes of waves bouncing off of body tissues and 
sends them to the computer for processing and image display 
[5, 7]. To aid in image acquisition, a layer of gel is placed 
onto the skin as a means of ultrasound wave transmission 
from the probe into the body. The three most commonly used 
probes are curved array, phased array, and linear. Curved 
array, also known as curvilinear, is a low-frequency trans-
ducer with a wedge-shaped US beam. It has a large field of 
view due to its large footprint, which is the surface that ultra-
sound waves are emitted from. Its low-frequency leads to 
greater tissue penetration, which contributes to the curved 
array being known as the abdominal probe, as it is more suit-
able for abdominal imaging. Compared to a curvilinear 
probe, the phased array probe also has a low-frequency, but 
with a smaller footprint. Its small footprint is fitting for visu-
alizing cardiac and intrathoracic structures between ribs and 
echocardiography. Lastly, the linear probe has high-resolu-
tion and frequency, and preserved lateral resolution, making 
it better for procedural guidance and viewing superficial 
structures like vessels, nerves, and lung apices [3–6, 8–10] 
(Fig. 11.1). Of note, although probe choice is reliant on the 
particular objective, it is encouraged to choose the probe that 
will achieve the best resolution for the required depth. 
Nevertheless, probe selection and preference is ultimately 
user dependent [6].

Mode selection significantly impacts the quality and use-
fulness of ultrasound imaging. Amplitude or a-mode is the 
simplest ultrasound type showing a one-dimensional image. 
As a product of early ultrasonography, a-mode is used to 
assess the depth of a structure by exhibiting echo amplitude 
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over distance. A-mode is commonly used in ophthalmology 
and therapeutic ultrasound as treatment for soft lesions, cal-
culus, or tumor ablation [1, 11, 12]. Brightness mode which 
is also known as b-mode or gray scale or 2D is two-dimen-
sional black and white imaging that is usually the default on 
ultrasound machines. B-mode/2D also displays echogenicity 
in shades of gray images, and allows the chosen plane, sagit-
tal, transverse, cornal or oblique, to be visualized. Motion 
mode or m-mode is used to measure or display movement 
over time with a line on the screen that is adjustable. M-mode 
is mostly used in echocardiography and lung evaluation for 
pathologies such as pleural effusion and pneumothorax [1, 3, 
13]. Spectral doppler ultrasound modality displays flow 
velocity over time in continuous and pulsed waves, which is 
beneficial for cardiac evaluation. Color doppler demonstrates 
velocity and direction of flow by color, with the usual con-
vention of red symbolizing flow toward the probe and blue 
being away from the probe. There are additional modes such 
as three dimensional and four dimensional that are often 
used in obstetrics; however, the modes most commonly used 
in medical imaging have been mentioned [3].

Additional features that may impact ultrasound imaging 
include probe orientation, manipulation, angle of incidence, 
sliding/alignment, and pressure application. These skills 
and techniques are fundamentally dependent on the provid-
er’s education, clinical exposure, and clinical experience. 
Yet, it is important to note that they may impact the useful-
ness of ultrasound and consequently patient clinical man-
agement [3, 6].

 Point-of-Care Ultrasound (PoCUS): What Is It?

Point-of-care ultrasound (PoCUS) is the real-time, goal- 
oriented use of ultrasound performed and interpreted by a 
healthcare provider at a patient’s bedside, with the intention 
of improving patient outcomes. By its quality of rapid imag-
ing that could be correlated with a patient’s symptoms, 
PoCUS is the application of ultrasound for answering a spe-
cific diagnostic question, narrowing differentials, screening, 

and ultimately aiding in clinical decision making as an 
adjunct to physical examination [1, 8, 14–17]. PoCUS has 
the feature of being easily repeatable, which is advantageous 
in monitoring patients as their condition change [1]. 
Additionally, it serves as a means of acute intervention and 
therapeutic guidance, while also having the capacity to guide 
invasive procedures [14, 18]. The fundamental difference 
between PoCUS and regular ultrasonography is that regu-
larly ultrasound can assess anatomy, bodily functions, and 
procedural guidance, while PoCUS encompasses these fea-
tures with the addition of being goal-oriented and providing 
immediate clinical information at the bedside [19].

 Indications

Within anesthesiology and its subspecialties, ultrasound is 
used in many ways, including central venous catheter (CVC) 
guidance, intravenous access, US-guided peripheral nerve 
blockade, facet joint and transforaminal nerve root injections, 
and echocardiography. PoCUS has the ability to execute these 
existing features and further assist in diagnostic and proce-
dural elements at the patient’s bedside in perioperative, intra-
operative, and postoperative settings [1, 14, 20–23]. 
Furthermore, point-of-care ultrasound possesses value in 
evaluating the whole body, from head to toe (Table 11.1).

 Ophthalmology/Neurology

Optic nerve sheath diameter (ONSD) measured by PoCUS 
has been found to be associated with intracranial pressure 
[20] (Fig. 11.2). In continuity with the brain subarachnoid 
space, the optic nerve sheath can be reflective of intracranial 
pressure (ICP). Although diameter measuring 5–7 mm can 
be normal, ONSD greater than 5  mm has been associated 
with evidence of increased ICP evident on CT [23–25]. In 
obstetric populations, there have been findings of thicker 
optic nerve sheath among patients with preeclampsia [26]. In 
pediatric population with neurological pathology, enlarged 

a b
Fig. 11.1 (a) Phased array (left), 
curvilinear probe (right) (Reprinted 
with permission from Bornemann et al. 
[58]:9); (b): curvilinear (left), 
high-frequency linear (right) 
(Reprinted with permission from dela 
Cruz et al. [59], p. 175)
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ONSD has also been correlated with increased ICP [27]. 
Thus, in patients with symptoms of or pathologies  susceptible 
to increased intracranial pressure, PoCUS can be used diag-
nostically, especially in the acute setting.

 Airway Evaluation

Ultrasound has the existing role of procedural guidance for 
upper airway regional blocks [23]. Airway assessment and 
management is an emerging application of PoCUS that poses 
usefulness to intensivists and anesthesiologists, preopera-
tively and intraoperatively. PoCUS can confirm placement of 
endotracheal and double lumen tubes and can differentiate 
between endobronchial, tracheal, and esophageal intubations 
[23, 28]. Linear probe use at the suprasternal notch has been 
found to have high specificity and sensitivity in determining 
endotracheal tube placement [21]. US can also be used at the 
patient’s bedside preoperatively for airway examination. 
Compared to regular airway screening tests such as, mouth 
opening and neck mobility, US measured reduced mandibu-
lar condylar mobility is correlated with difficult laryngos-
copy, with limited mobility defined as less than 10 mm in 
one study [29, 30]. PoCUS can also aid in identifying poten-
tial difficult laryngoscopies by measuring anterior neck soft 
tissue thickness at the level of the hyoid bone and thyrohyoid 
membrane [15]. Another study found US measured anterior 
neck soft tissue thickness at the level of the vocal cords 
greater than 0.23 cm to be a possible predictor of challenging 
intubation [31]. Other US airway measurements and imaging 
that may predict difficult intubations prior to induction of 
anesthesia include hyomental distance, tracheal diameter, 
vocal cord pathologies or dysfunctions, and anatomic varia-
tions [23, 28]. PoCUS may also reduce risk of failure or 
complications from emergency surgical airway, where US 

Table 11.1 Ultrasound application in anesthesiology: Critical care and perioperative medicine

Objective PoCUS Application
Airway Procedural: Endotracheal tube placement, double lumen placement, cricoid membrane puncture, 

cricothyroidotomy, upper airway regional block, tracheostomy
Diagnostic: Cervical spine, anterior neck fat tissue, vocal cord mobility, diaphragmatic movement, predicting 
extubation failure,

Abdominal Procedural: TAP /truncal blockade guidance, paracentesis
Diagnostic: Free fluid (FAST), gastric volume and content

Cardiology Procedural: Pacing capture detection, pericardiocentesis
Diagnostic: Echocardiography, ventricular and valvular function, hemodynamics, fluid status, pericardial effusion

Ophthalmology/neurology Diagnostic: ICP estimation by optic nerve sheath diameter, foreign bodies, retinal detachment, lens dislocation, 
vitreous hemorrhage,ocular hematoma

Pulmonary Procedural: endobronchial/double lumen tube placement, thoracentesis
Diagnostic: Dyspnea, pleural effusion, pneumothorax, pulmonary edema, pneumonia, severe interstitial disease

Regional anesthesia/pain 
medicine

Procedural: Peripheral nerve blockade, neuraxial blockade, trunk blockade,transforaminal/interlaminar nerve root 
injections

Shock Diagnostic: Fluid status monitoring, hemodynamic evaluation
Urinary Procedural: Foley catheterization confirmation

Diagnostic: Renal obstruction
Vascular Procedural: Guidance for venous and arterial access (central and peripheral), central venous catheterization

Diagnostic: arterial and venous patency, aortic dissection, aortic aneurysm, IVC collapsibility, Doppler flow across 
peripheral arteries and LVOT, vascular compression for DVT

Other Procedural: Abscess drainage
Diagnostic: Cellulitis and abscess assessment

Fig. 11.2 Optic nerve sheath diameter (Reprinted with permission 
from Jeong [60], p. 151)
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has been found to be more reliable than manually locating 
the cricothyroid membrane in obese patients [32]. In the 
 setting of possible airway complications, point-of-care ultra-
sound can serve as a valuable tool that benefits patient care 
[14, 18, 26, 28, 32].

 Pulmonary

In the fields of emergency medicine and critical care, ultra-
sound has the established role of diagnosing pneumothorax 
by the absence of lung sliding [16, 33, 34]. Lung sliding is 
visualized from US as an artifact of parietal pleura moving 
against visceral pleura during respiration. The sliding is pro-
hibited with a pneumothorax because air is between the vis-
ceral and parietal pleura [8, 35]. As a consequence of trauma 
or an iatrogenic complication from central venous catheter-
ization or peripheral nerve blockade, determining the occur-
rence of pneumothorax is very important. PoCUS is 
beneficial among patients concerning for pneumothorax due 
to it providing rapid critical imaging that can be immedi-
ately interpreted and managed by the clinician at the bed-
side. Using B-mode or M-mode and a linear transducer with 
higher frequency and better resolution (Fig. 11.3), pneumo-
thorax can be diagnosed via PoCUS. The imaging will dem-
onstrate the absence of lung sliding on B-mode, while on 
M-mode, pneumothorax displays as a uniform linear pattern 
above and below the pleural line that is known as “barcode 
or stratosphere sign.” In contrast, a normal lung ultrasound 
on M-mode would show “seashore sign” pattern linear to 
granular pattern change at the visceral pleural line [8, 26, 
35] (Fig. 11.4). In evaluating trauma patients, US has been 
shown to be twice as more sensitive at detecting occult 
pneumothorax than supine chest radiography [1, 36]. 
However, it is important to note that the absence of lung 
sliding indicating pneumothorax must be in the presence of 
no other concurrent lung disease and in the appropriate clin-
ical context. The lack of lung sliding is not specific for 
pneumothorax, as any lung disease process, such as pneu-
monia, atelectasis, or contralateral endobronchial intuba-
tion, can manifest as absent lung sliding. Also, small 

pneumothorax may be missed by US and blebs or scarring 
may cause false positives [1, 20, 21, 35].

Lung ultrasound having high accuracy in diagnosing 
hypoxia strengthens PoCUS’s diagnostic role in pulmonary 
presentations [38]. Pathological conditions that can be dis-
covered by PoCUS include pulmonary edema, pulmonary 
effusion, consolidations reflective of pneumonia, dynamic 
air bronchograms concerning for pneumonia, chronic 
obstructive pulmonary disease, pulmonary embolism, pul-
monary fibrosis, and alveolar interstitial disease [9, 14, 35, 
37, 38]. One of the common ultrasound findings are B lines, 
which may represent fluid overload, pleural effusion, lung 
consolidation due to pneumonia, or interstitial disease [1, 21, 
35]. After detecting pleural effusion, PoCUS can further 
serve as a diagnostic and therapeutic aid in procedural guid-
ance for thoracentesis [23]. There have also been some sug-
gestions for use of PoCUS to detect atelectasis preoperatively 
and to address desaturation on pulse oximetry intraopera-
tively [18]. Due to its sensitive, specific, and expeditious 

Fig. 11.3 M-mode with sampling line in the intercostal space 
(Reprinted with permission from dela Cruz et al. [59], p. 180)

Fig. 11.4 Normal M-mode seashore 
sign (left) and barcode/stratosphere 
sign indicating pneumothorax (right) 
(Reprinted with permission from dela 
Cruz et al. [59], p. 181)
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detection of a wide array of lung pathologies, especially dur-
ing times of acute patient deterioration, lung ultrasound is 
considered to be an essential PoCUS skill [9, 39].

 Cardiology

Cardiac ultrasound is utilized by anesthesiologists diag-
nostically. Transesophageal echocardiography (TEE) is an 
established practice in cardiac surgeries and is a PoCUS 
skill that has standard guidelines [14, 21, 40]. At the bed-
side in the intensive care unit (ICU), focused cardiac ultra-
sound (FoCUS) with transthoracic echocardiography 
(TTE) is used to determine ventricular failure and pericar-
dial effusions [15, 27]. PoCUS can augment cardiac physi-

cal examination performed by an anesthesiologist. For 
instance, a murmur heard on examination can be rapidly 
correlated with valvular pathology [40]. Cardiac patholo-
gies detected by PoCUS include pericardial effusion, tam-
ponade, pulmonary emboli, severe hypovolemia, 
postpartum cardiomyopathy, myocardial thickness, and 
dilated heart chambers [15, 26, 29]. PoCUS can also serve 
as procedural guidance for pericardiocentesis and detect 
pacing capture [23]. Of note, PoCUS differs from TTE 
performed by cardiologists by being less comprehensive 
and more goal-oriented with the aim of assisting physi-
cians to quickly rule out or in diagnoses [21]. The phased 
array probe, also known as the cardiac probe, in 2D or 
M-mode is more suitable for cardiac evaluation [3, 9, 41, 
42] (Figs. 11.5, 11.6, 11.7, and 11.8).
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Fig. 11.5 Parasternal left ventricular 
long axis view (a) Diastole (b) Systole 
IVS Interventricular septum, LV Left 
ventricle, PMV Pulmonary valve, 
LVPW Left ventricular posterior wall, 
LA left atrium, AMV Anterior mitral 
valve, AV Aortic valve, RV Right 
ventricle, RVAW Right ventricle 
anterior wall (Reprinted with 
permission from He [61], p. 75)
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Fig. 11.6 Parasternal four chamber 
view (a) Diastole (b) Systole MB 
Moderator band, RV Right ventricle, 
RA Right atrium, RSPV Right 
superior pulmonary vein, DAo 
Descendign aorta, LA left atrium, LV 
left ventricle, IVC Inferior vena cava 
(Reprinted with permission from He 
[61], p. 84)
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Cardiac PoCUS, which essentially is a focused TTE, 
also has the ability to identify and monitor ventricular dys-
function and severe valvular pathology, not only during 
cardiac procedures but also during non cardiac surgeries, 
periods of hemodynamic instability, and preoperatively [1, 
14, 23]. Focused TTE has been found to change patient 
management and impact perioperative care. Studies have 
shown that preoperative TTE in patients at risk for cardiac 

disease or with periods of hemodynamic instability can 
diagnose low ejection fraction, aortic and mitral valve dis-
ease, hypovolemia, tamponade, and ventricular failure. 
These findings often resulted in changed anesthetic man-
agement such as medication changes, cancellations, fluid 
boluses or restrictions, and implementation of invasive 
monitoring [15, 29, 40, 43]. This effect supports the need 
for cardiac PoCUS use preoperatively.
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Fig. 11.7 Apical four 
chamber view (a) Diastole (b) 
Systole RV Right ventricle, 
RA Right atrium, LV Left 
ventricle, LA Left atrium, 
RSPV Right superior 
pulmonary vein, LSPV Left 
superior pulmonary vein, 
LIPV Left inferior pulmonary 
vein, TV Tricuspid valve, MV 
Mitral valve (Reprinted with 
permission from He [61], 
p. 85)
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Fig. 11.8 Apical five chamber view 
(a) Diastole (b) Systole RV Right 
ventricle, Ao Aorta, RA Right atrium, 
LA Left atrium, LV Left ventricle 
(Reprinted with permission from He 
[61], p. 93)
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PoCUS during pulse checks of cardiac arrests can also be 
valuable in aiding decision making. This is due to PoCUS 
providing further information such as detecting a potential 
etiology like pericardial effusion or hypovolemia and dis-
playing an absence of systolic contractions, which suggests 
minimal likelihood for return of spontaneous circulation 
after three rounds of cardiopulmonary resuscitation medica-
tion administration [16, 44]. In addition, focused assess-
ment with sonography for trauma (FAST) examination 
includes obtaining a pericardial view to diagnose cardiac 
free fluid such as blood, in trauma patients [16]. This also 
exhibits PoCUS’s practicality in determining cardiac injury.

 Abdominal

Abdominal point-of-care ultrasound aids in the immediate 
visualization of abdominal tissues and organs [2]. This is 
advantageous in the setting of abdominal trauma, symptoms, 
or procedures. Curvilinear or curved array probe is better 
suited for abdominal imaging due to its low-frequency and 
greater penetrance [3, 8]. The FAST exam is well known in 
emergency medicine as a focused abdominal assessment for 
free fluid. FAST encompasses evaluation of the hepatorenal 
space, perisplenic space, subcostal/subxiphoid space, and 
suprapubic area [8, 16, 21] (Fig. 11.9).
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Fig. 11.9 FAST examination. (a) Probe 
to subxiphoid with liver (L) showing 
presence of absence of pericardial fluid 
(F). (b) Probe to RUQ, showing absence 
or presence of free fluid in Morrison’s 
Pouch (MP) between liver and kidney 
(K). (c) Probe to LUQ, showing absence 
or presence of free fluid (F) near spleen 
(S) and kidney. (d) Long axis pelvic 
view with normal bladder (B) on left 
and free fluid posterior to bladder on 
left. B bladder, D diaphragm, F fluid, K 
kidney, L liver, MP Morrison’s pouch, S 
Spleen (Reprinted with permission from 
Bornemann et al. [58], p. 15)
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Abdominal PoCUS can acutely evaluate disease pro-
cesses and diagnose etiologies of sepsis. Cholethiasis is 
identified by rounded, hyperechoic structures and common 
bile duct dilation, and cholecystitis displays as gallbladder 
wall thickening and pericholecystic fluid. US can detect 
intestinal obstruction by loops of bowel >3 cm, extra- luminal 
fluid, luminal air, and bowel wall thickening. PoCUS can 
also evaluate etiologies of renal colic by displaying stones 
and hydronephrosis and identify abdominal aortic aneurysms 
[16]. Abdominal US is also used at the bedside in medicine 
for diagnosis of ascites, and therapeutically by facilitating 
procedural guidance for paracentesis [23].

In pain management of abdominal surgeries, ultrasound is 
used for procedural guidance of nerve blockades like rectus 
main sheath and transversus abdominis plane (TAP) blocks. 
Ultrasound use has decreased complications and improved 
anesthesia placement [26, 39, 45, 46]. Abdominal PoCUS has 
further applications that can be beneficial to care provided by 
anesthesiologists. Preoperatively, PoCUS can aid in decreas-
ing the risk of aspiration, by examining gastric content and 
volume [17, 21, 23, 27, 41]. Ultrasound measurement of gas-
tric antrum cross-sectional area and stomach content volume 
are indicators of aspiration risk at induction, where a patient 
in right lateral decubitus position having a cross-sectional 
area < 4 cm is 95% specific for an empty stomach [20–22]. 
Gastric PoCUS can therefore lead to anesthetic management 
changes in patients who do not follow fasting instructions 
[22]. Postoperatively, abdominal PoCUS examination can 
detect intra-abdominal fluid extravasation (IAFE) that has 
correlated to increased pain scores in the postanesthesia care 
unit [29, 47]. Another indication of abdominal PoCUS is con-
firming gastric tube placement in the ICU, which reduces 
x-ray exposure [20]. Overall, with its many applications, 
abdominal PoCUS can enhance perioperative care.

 Regional Anesthesia

Ultrasound guidance in regional anesthesia is conventionally 
used for peripheral nerve and truncal blockade and in inter-
ventional pain medicine with a comparable effectiveness to 
fluoroscopy [20, 23, 48].Ultrasound has made regional anes-

thesia safer, more efficient and effective, and easier to teach 
[20, 21, 26, 29, 41, 45, 46, 49–52]. Although not replacing 
the gold standard of radiographs, musculoskeletal PoCUS 
can diagnose dislocated shoulder and reduction [8]. 
US-guided neuraxial anesthesia can be beneficial in the set-
ting of obesity, edema, previous spinal surgery, scoliosis, lor-
dosis, and difficult landmark identification by locating 
vertebral spaces, interspinous spaces, angulation, and epi-
dural depth, better than palpitation [18, 26, 48, 53]. The 
American Society of Regional Anesthesia and Pain Medicine 
(ASRA) has supported the recommendation that neuraxial 
ultrasound increases lumbar neuraxial anesthesia efficiency 
and is more accurate in predicting depth to target than palpa-
tion [52]. Despite these advantages, US-guided neuraxial 
anesthesia is not widely utilized due to the success of palpi-
tating lumbar spinous processes [41].

 Vascular/Shock

Ultrasound is often used by healthcare providers as guidance 
for venous and arterial access, with examples of intravenous 
line placement and central venous catheterization [1, 18, 21, 
23, 26, 39, 41]. PoCUS can be used by intensivists in the 
ICU and anesthesiologists in the perioperative period to rap-
idly characterize shock. Ultrasound can differentiate between 
hypovolemic, cardiogenic, and distributive etiologies of 
shock by evaluating the heart, lungs, inferior vena cava 
(IVC), and abdomen [9, 44]. PoCUS has been found to aid 
clinicians in narrowing their differential diagnosis in patients 
with undifferentiated hypotension in the emergency depart-
ment [16]. Thus, PoCUS can lead to faster diagnosis and 
consequently sooner treatment, while also providing a plat-
form for monitoring treatment results [44]. PoCUS has also 
been shown to assess for fluid administration response pre-
operatively and in the PACU. This is done by IVC measure-
ment during spontaneous ventilation, which is correlated to 
intravascular volume [27] (Figs.  11.10 and 11.11). 
Additionally, ultrasound is the screening modality for 
abdominal aortic aneurysm in men with smoking history of 
ages 65–75 and can be used to evaluate for aneurysm in 
patients with symptoms of aortic rupture [20] (Fig. 11.12).

MHV

IVC

LL

a1 a2Fig. 11.10 Short axis view of IVC 
MHV middle hepatic vein, LL liver, 
IVC inferior vena cava (Reprinted 
with permission from He [61], p. 94)
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 Ultrasound Views

Depending on its objective, PoCUS is optimally utilized in 
certain views. Generally, structures can be viewed in short 
axis, long axis, and oblique views. Vessels, nerves, and other 
anatomical structures are commonly viewed in short axis, 
while a long-axis approach is preferred for needle vascular 
access, so the needle can be visualized during the procedure. 
Yet, it may be easier for the vessel and needle to both be in 
view in short axis [1, 6]. For cardiac PoCUS, parasternal 
long- and short-axis views are recommended. To further 
evaluate valvular pathology, apical or subcostal chamber 
views and color Doppler are useful [40]. FAST examination 
is composed of pericardial view, also described as subcostal 

or subxiphoid, right upper quadrant or perihepatic view, left 
upper quadrant or perisplenic view, and suprapubic or pelvic 
view. The extended FAST also includes bilateral anterior 
chest wall views to assess for lung sliding usually at the mid-
clavicular line in M-mode [1, 8, 16, 21]. Fundamentally, 
multiple views and modes can be easily selected and are ulti-
mately user dependent.

 Benefits and Drawbacks

The major advantage of point-of-care testing is improved 
speed of diagnostic testing with accuracy. The time between 
onset of symptoms and therapy initiation is decreased, result-
ing in better patient outcomes [16]. The benefits of point-of- 
care ultrasound are that it is reliable and time saving since 
immediate clinician interpretation eliminates the waiting on 
radiologists and cardiologists readings, which is favorable 
for acute issues [1, 18]. PoCUS is also easily repeatable 
which is ideal for monitoring [1]. With no ionizing radiation, 
diagnostic ultrasound is safe, especially in obstetric and 
pediatric populations [1, 20]. PoCUS used for procedural 
guidance decreases number of attempts and complication 
rates and improves safety and quality of care [20, 21]. PoCUS 
equipment is also becoming less expensive and portable, 
making it more accessible and suitable for low resource set-
tings [1, 20, 21].

The major drawback of PoCUS is that the provided infor-
mation is user dependent, relying on the user’s skills with 
the transducer and ability to accurately identify findings 
while avoiding artifacts. In the hands of an unskilled user, 
PoCUS may not be beneficial to patient care since an inac-
curate diagnosis can lead to complications or inappropriate 
therapies [1, 5, 54]. Ultrasound imaging may also be nega-
tively impacted by patient immobility [37]. In certain sce-
narios, although PoCUS provides rapid imaging, it does not 
replace diagnostic imaging interpreted by radiologists [20]. 
There is also a concern that PoCUS use on multiple patients 
may increase disease transmission if not disinfected. PoCUS 
may also be overused, leading to unnecessary interventions 
due to false-positive findings or inadequate further assess-
ment due to false negatives that can be harmful and expen-
sive [1, 21]. Furthermore, many anesthesiology PoCUS 
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Fig. 11.11 Long axis view of IVC IVC 
inferior vena cava, LL Liver, RHV right 
hepatic vein, Ao Aorta (Reprinted with 
permission from He [61], p. 95)

a

b

Fig. 11.12 Abdominal aortic aneurysm (a) short axis (b) long axis 
(Reprinted with permission from Bornemann et al. [58], p. 29)
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applications have no guidelines for education, training, or 
appropriate use. This contributes to the concern of PoCUS 
utility without substantial knowledge or proficiency demon-
stration [54].

 The Future

The main barrier to widespread point-of-care ultrasound use 
in anesthesiology is the deficit of PoCUS education and 
training in the field, especially when compared to emergency 
medicine. In the USA, most anesthesiologists have not had 
any training in PoCUS, and there is no standard PoCUS cur-
riculum in most anesthesiology residencies [14, 55]. 
However, there has been many calls for action to create a 
curriculum and develop guidelines for perioperative PoCUS 
use [14, 23, 54, 55].

In 2015, a perioperative PoCUS special interest group 
was created within ASRA. In 2016, they held their first meet-
ing and continue to have a growing membership today [14, 
56]. One paper discusses the perioperative anesthesiology 
ultrasonographic evaluation (PAUSE) approach during peri-
operative management. It is a tool for anesthesiologists to 
“pause” various times and use PoCUS to assess patients and 
extend upon information from physical examination and 
vitals monitoring [40]. With increasing interest in PoCUS, 
there have been many discussions and investigations on the 
possible methods of institutionalizing perioperative PoCUS 
and evaluating its existing and additional applications. There 
is a need for a multipurpose curriculum to be reflective of the 
many settings anesthesiology is practiced [15]. There have 
been suggestions of implementing PoCUS via many modali-
ties such as e-learning, didactic teaching, practical sessions, 
and human model or stimulation practicing. Among anesthe-
siology residents, online didactics, hands-on training, and 
simulation-based curriculum have resulted in increased 
knowledge, improved image acquisition and manual dexter-
ity, high participant satisfaction, and clinical transferability 
of skills. It has been suggested that teaching and training 
should be longitudinal, across years and rotations, to decrease 
the likelihood of diminished skills that occurs without rein-
forcement and continued use [34, 39, 54, 57]. PoCUS cur-
riculum must also continue to have the goal of improving 
patient care [34, 56]. Fundamentally, there continues to be a 
need for research on point-of-care ultrasound effect on 
patient care and outcomes, applications, and how to imple-
ment effective PoCUS training.

 Summary

Point-of-care ultrasound is a tool and skill that can optimize 
clinical evaluation, beyond physical examinations. PoCUS is 
advantageous due to its abundance, diverse applications in 

cardiac, pulmonary, abdominal, neurological, airway, hemo-
dynamic, and vascular systems. Its role of safely and imme-
diately answering specific diagnostic questions, directing 
therapy, and guiding procedures further validates its signifi-
cance. As point-of-care ultrasound positively impacts patient 
care, there continues to be a need for development of curricu-
lum and guidelines for PoCUS education and training, as 
well as research to provide further evidence of its benefits 
and uses. Just as ultrasound is commonly known to be 
employed in regional anesthesia and for central venous cath-
eterization, it is conceivable that in the future point-of-care 
ultrasound may also be used ubiquitously.
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Complications of Blood Transfusion

Joseph Cassis and Robert Gaiser

As any procedure in medicine, the transfusion of blood prod-
ucts to the patient involves benefits and risks. The benefits of 
increased oxygen carrying capacity with the ability to deliver 
oxygen to the tissue are clear in the setting of severe hemor-
rhage. The risks are not as clear. While patients are mainly 
concerned with infectious risks, there are other risks that 
must be considered by the provider.

 Transfusion-Related Acute Lung Injury

Transfusion-related acute lung injury (TRALI) is an acute 
lung injury that occurs within 6 hours of blood transfusion; 
the entity was first described in 1951 [1]. The actual syn-
drome and its link to the administration of blood products 
did not occur until 1983. In a case series of 3130 consecutive 
blood transfusions, five patients developed respiratory dis-
tress in close association to the transfusion [2]. The lung 
injury was linked to the transfusion with term TRALI being 
used. TRALI occurs in both women and men and occurs in 
patients of any age, except neonates. The reason for the con-
cern with TRALI is the significant morbidity and mortality. 
Survival from TRALI is estimated at 50%. All plasma-con-
taining blood and blood components have been implicated in 
the development of TRALI. A common theme to the cases of 
TRALI is the receipt of blood products 6 hours prior to the 
development of pulmonary symptoms. Other symptoms that 
also may occur include fever and hypotension.

A consensus panel was convened in 2004 to establish the 
criteria for the diagnosis of TRALI [3]. TRALI was defined 
as a new acute lung injury that occurred during or within 
6 hours of a completed transfusion that was not related to 
another cause for the lung injury. While the diagnosis 
requires the administration of the blood products within 6 

hours, the overwhelming majority of patients will have the 
onset of symptoms within 1–2 hours following the transfu-
sion. The diagnosis was to be based upon clinical symptoms 
combined with a radiographic diagnosis. The diagnostic cri-
teria for TRALI are outlined in Table 12.1. The chest x-ray 
should show bilateral infiltrates that may be patchy or diffuse 
suggestive of alveolar or interstitial disease [4].

Possible TRALI is a diagnosis used when it is difficult to 
determine whether the actual etiology of the lung injury is 
TRALI or another cause of the acute lung injury [5]. 
Sometimes it is difficult to determine whether the lung injury 
is from the blood transfusion. In patients meeting the diagno-
sis of TRALI but with another reason to explain the acute 
lung injury, the alternative diagnosis of “possible TRALI” is 
used. Possible TRALI refers to transfusion-related lung 
injury in a patient with a preexisting lung injury prior to the 
transfusion. This term is not universally accepted, with many 
feeling that possible TRALI is simply ARDS or TRALI type 
II (TRALI in a patient with risk factor for ARDS) [6].

Postmortem tissue examination of patients with TRALI 
demonstrates pulmonary edema, diffuse alveolar damage, 
and granulocytes in the alveoli. The pulmonary vasculature 
contains neutrophil aggregates when examined postmortem. 
The major finding in patients with TRALI is increased pul-
monary microvascular permeability with protein in the fluid. 
Patients with TRALI have chest x-rays that demonstrate 
bilateral infiltrates that suggest cardiac failure with no evi-
dence for cardiac causes of the findings.

The pathogenesis is poorly understood. The most com-
mon theory for TRALI is the two hit model in the transfused 
donor [1]. In this theory, a patient who had an increase in 
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Table 12.1 Diagnostic criteria for TRALI

1. Abrupt onset
2. No evidence of left atrial hypertension
3. Bilateral infiltrates on chest x-ray
4.  Hypoxemia as defined PaO2/FiO2 ≤ 300 mmHg or oxygen 

saturation ≤ 90% on room air
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neutrophil responsiveness receives a stimulus from the trans-
fusion itself. The possible risk factors (Table 12.2) that may 
cause the first hit include chronic alcohol abuse, sepsis, 
mechanical ventilation, shock, surgery, smoking, inflamma-
tion, and fluid overload. The inflammatory proteins that are 
elevated in patients with TRALI include interleukin-6 and 
interleukin-8 as well as protein C-reactive protein. The 
 second hit comes from the antibodies in the transfused blood 
products. In the two-hit model, a certain threshold from the 
initial insult must be present in a patient who receives a suf-
ficient amount of volume and titer of antibody. If the amount 
of antibody is insufficient to initiate antibody-antigen activa-
tion, TRALI will not occur. In the critically ill patient, the 
neutrophils are primed and ready to be activated from the 
antibodies in the transfused blood, which leads to pulmonary 
edema.

Approximately 80% of cases of TRALI are due to the 
presence of donor antibodies such as antihuman leukocyte or 
antihuman neutrophil antibodies. The implicated antibodies 
include cognate anti-HLA-Class II and anti-human neutro-
phil antigen (HNA)-positive antibodies. Antibodies are the 
second hit for TRALI. Antibodies to leukocyte antigen Class 
I or II or neutrophil antigen can be detected in the transfused 
blood of patients who develop TRALI. These antibodies in 
the donor product activate neutrophils in the recipient lung 
causing pulmonary damage and capillary leak. Donors have 
developed these antibodies when the immune system comes 
into contact with foreign HNA or HLA during pregnancy, 
transfusion, or transplantation [7].

The remaining 20% of cases of TRALI are related to bio-
lipids of the blood products or components from aging blood. 
These microparticles occur in blood products and activate 
inflammatory mediators resulting in plasma leak within the 
lung. The microparticles may be generated from any cell, 
including platelets, red blood cells, and white blood cells. 
The exact mechanism for TRALI from this etiology is poorly 
understood [7].

Given the role of human leukocyte antigen antibodies in 
the development of TRALI, blood banks have moved toward 
the use of male-predominant plasma. Multiparous women 
have a high exposure to fetal HLA antigens and other 
granulocyte- borne antigens from the fetus. This knowledge 
has led to the practice of eliminating donor plasma from 
multiparous women or the screening of female donors for 

HLA antibodies. This practice was instituted in 2004. Prior 
to this change, the estimated incidence of TRALI was 1 in 
5000 blood and blood components, 1  in 2000 plasma- 
containing components, 1  in 7900  units of fresh frozen 
plasma, and 1 in 432 units of whole blood-derived platelets 
[8]. Since the introduction of male-predominant plasma, the 
incidence of TRALI has decreased. The University of Texas 
Health Science Center in Houston evaluated the incidence of 
TRALI as this center uses plasma in the setting of trauma, 
and the use is early and aggressive [9]. Over a 10-year period, 
a total of 714,757 units of blood products were transfused 
with seven cases of TRALI, giving an incidence of 1  in 
102,000. As compared to the screening and discarding of 
blood based on the presence of antibodies, another approach 
is the use of pooled solvent-detergent-treated plasma instead 
of fresh frozen plasma. This treatment with solvent and 
detergent was done to inactivate lipid-enveloped viruses. 
This approach has been shown to be effective in eliminating 
the antibodies [10].

No specific treatment exists for TRALI. The provision of 
increased concentrations of oxygen is required in all, and 
mechanical ventilation is required in most [7]. Given the 
lung injury component of TRALI, it is recommended that 
lung protective strategies be used for ventilation. Also, these 
patients should not be treated with diuretics as fluid overload 
is not the precipitating factor. TRALI may be differentiated 
from transfusion-associated circulatory overload by obtain-
ing a B-type natriuretic peptide level, which is elevated in 
overload. Other factors that differentiate TRALI from trans-
fusion-associated circulatory overload include the elevated 
pulmonary capillary wedge pressure and the positive 
response to diuretics in overload. Given the two-hit theory, 
managing the patient’s underlying risk factors as well as 
decreasing transfusion would decrease the incidence of 
TRALI.

 Transfusion-Associated Circulatory Overload

Transfusion-associated circulatory overload (TACO) is the 
most common type of transfusion-related pulmonary com-
plication with an estimated incidence estimate of 1–8% 
(although some estimating it to be as high as 11%) [11]. 
TACO was first observed in the 1930s, but became recog-
nized as a distinct clinical entity in the 1990s [12]. The inci-
dence of TACO varies by study, with data from passive 
surveillance showing a very low incidence while studies with 
active surveillance reporting a higher incidence. This point 
highlights the general consensus that TACO is vastly under-
reported and lacks a clear, established defining set of criteria, 
as evidenced by the variation in the reported incidence 
among studies with active surveillance. Data from the 
Serious Hazards of Transfusion UK reporting system  suggest 

Table 12.2 Risk Factors for Development of TRALI

Cardiac Surgery
Mechanical ventilation with increased peak airway pressure
Chronic alcohol use
Current smoker
End-stage liver disease
Liver transplantation
Hematologic malignancy
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that the understanding of TACO has improved as reports of 
TACO increased each year between 2007 and 2013 [13]. 
TACO was more likely to occur with the transfusion of 
packed red blood cells (1/8000), as compared to plasma 
(1/15,000) or platelets (1/48,000) [14]. Various other studies 
have supported this relationship between volume transfused 
and TACO although the impact of the rate of transfusion on 
the incidence remains unknown.

TACO is defined as acute cardiogenic pulmonary edema 
associated with volume overload occurring within 6 hours of 
receiving a blood transfusion [15]. This temporal relation-
ship between transfusion of blood products and pulmonary 
edema is a key feature of TACO (as well as TRALI) distin-
guishing it from other forms of pulmonary edema. The pul-
monary edema caused by TACO is thought to be due to 
increased hydrostatic pressure (i.e., cardiogenic pulmonary 
edema) as opposed to capillary leak (i.e., noncardiogenic 
pulmonary edema), the latter being associated with transfu-
sion-related acute lung injury [16]. Although there is no con-
sensus on standardized criteria for TACO, the Centers for 
Disease Control’s Hemovigilance Module Surveillance 
Protocol proposed possible criteria for recognizing and diag-
nosing TACO (Table 12.3) [17]. The CDC criteria state that 
a patient must have 3 or more of the following findings 
within 6 hours of cessation of transfusion:

• Acute respiratory distress
• Elevated brain natriuretic peptide(BNP)
• Elevated CVP
• Evidence of left heart failure
• Evidence of positive fluid balance
• Radiographic evidence of pulmonary edema

Since TACO is a form of cardiogenic pulmonary edema 
related to the transfusion of blood products, understanding 
the pathophysiology of pulmonary edema will aide in the 
management of TACO. In the normal lung, fluid that is fil-
tered out of circulation into the alveolar interstitial space 
does not enter the alveoli due to tight junctions that prevent 
passage; this fluid is removed via the lymphatics. The hydro-
static force for fluid filtration between the capillaries and 
alveoli microcirculation is roughly equal, with the osmotic 
pressure of the capillaries tipping the balance slightly in 
favor of capillary circulation [14]. In TACO, the hydrostatic 
pressure increases due to the rapid increase in circulatory 
volume resulting in an imbalance. There is an increase in 
fluid filtration (edema into the interstitial space), and the 
tight junctions of the epithelium are overcome allowing pro-
tein poor fluid to enter the alveolar space thus causing pul-
monary edema.

There are multiple risk factors for TACO, with age, car-
diovascular dysfunction, and renal disease being the major 
risk factors. Although TACO can occur at any age, advanced 

age appears to be the greatest risk with most studies report-
ing the highest incidence in patients aged greater than 
70 years. Patients with cardiovascular dysfunction also have 
a higher incidence of TACO. In particular, patients with CHF 
(especially NYHA Class 4), atrial fibrillation, a history of 
coronary artery disease, use of diuretics (and lack of use 
when there is evidence of TACO), and amiodarone all have a 
higher risk of developing TACO [16]. Chronic renal failure 
has also been shown to be a risk factor. Other risk factors 
include positive fluid status (fluids other than blood products 
can contribute to TACO), number of units transfused, type of 
product transfused (likely related to volume), rate of transfu-
sion, preexisting pulmonary disease, female sex (although 
the evidence is not conclusive), patients of small stature, 
shock, anemia, and hospitalized patients (especially OR and 
ICU) [12, 14, 15]. Many of the risk factors lend credence to 
the hypothesis that TACO occurs when the body’s ability to 
manage intravascular volume status is overwhelmed, espe-
cially when intravascular volume is increased by a large 

Table 12.3 Comparison of diagnostic criteria transfusion-associated 
circulatory overload based upon organization

CDC 
Biovigilance 
Surveillance 
Protocol

International Society of Blood 
Transfusion

Timing/onset Within 6 hours 
of cessation of 
transfusion

During/up to 12 hours

Criteria based 
on observed 
signs/
symptoms or 
measured 
values

Three or more 
of the 
following:

Acute or worsening respiratory 
distress and/or evidence of 
pulmonary edema and three or 
more of the following criteria:

Acute 
respiratory 
distress
Radiographic 
evidence of 
pulmonary 
edema
Evidence of left 
heart failure
Evidence of 
positive fluid 
balance
Elevated brain 
natriuretic 
peptide
Elevated CVP

Acute or worsening respiratory 
distress
Evidence of acute or worsening 
pulmonary edema (based on 
physical exam, CXR, or 
echocardiogram
Evidence of cardiovascular system 
changes that are unrelated to their 
underlying condition (HTN, 
tachycardia, JVD, Enlarged 
cardiac silhouette, peripheral 
edema, widened pulse pressure
Evidence of fluid overload: 
Positive fluid balance, change in 
weight in the peri-transfusion 
period, response to diuretic 
therapy(medication or dialysis)
Biomarker: increase in BNP or 
NT-pro BNP above age-adjusted 
reference range and greater than 
1.5 times pretransfusion value. 
Normal BNP level most 
transfusion is not consistent with 
TACO diagnosis
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amount or at higher infusion rates. For example, the inci-
dence of TACO correlates with the number of units of blood 
products transfused, and there is evidence that higher rates of 
infusion lead to higher incidence of TACO [12, 18].

Respiratory distress/worsening pulmonary status within 
6 hours of receiving a blood transfusion is the principle man-
ifestation of TACO. A patient’s respirations, oxygen satura-
tion, heart rate, temperature, blood pressure, and fluid 
balance should all be monitored closely during transfusion. 
Increasing oxygen requirement and decreasing oxygen satu-
ration on pulse oximetry should warrant further investigation 
including a chest x-ray and physical exam. Consideration 
should be given to close monitoring for 24 hours after trans-
fusion as multiple studies show clear evidence that active 
surveillance yields higher rates of recognition of TACO. 
Supplemental oxygen which is common in the OR and ICU 
can mask evidence for worsening pulmonary status, espe-
cially if the patient is intubated. Arterial blood gas monitor-
ing measures the ratio of the partial pressure of oxygen to 
fractional inspired oxygen (PaO2/FiO2) which is used in 
ARDS and TRAILI and could prove useful in TACO. [14] 
Potential respiratory manifestations include the following:

• Dyspnea
• Tachypnea
• Hypoxia
• Pulmonary edema – CXR (possible enlarged cardiac sil-

houette, pleural effusions, enlarged vascular pedicle, dis-
tribution of edema is even/central

• Orthopnea
• Crackles

In addition to respiratory status, patients should be moni-
tored for cardiac dysfunction before, during, and after trans-
fusion. Hypertension is sometimes, though not always, a 
distinguishing feature from the noncardiogenic pulmonary 
edema associated with TRALI. Physical examination of the 
patient may reveal jugular venous distention and peripheral 
edema. A patient’s fluid balance should be determined before 
a transfusion is started as studies demonstrating overall posi-
tive volume status contribute to the development of TACO. 
Chart review, urine output, patient’s weight, response to 
diuretics, and volume removed through dialysis can all be 
used to determine fluid balance. Bedside echocardiography 
may be utilized to determine cardiac function as well as vol-
ume status.

B-type natriuretic peptide (BNP) and NT-pro-BNP have 
been studied as a way to diagnose TACO and differentiate it 
from TRALI to aide in clinical decision making. 
Unfortunately, the evidence is mixed as to whether or not 
BNP is an effective biomarker for distinguishing TACO from 
TRALI.  The evidence is weaker for differentiating TACO 
from other forms of pulmonary edema [19]. The most sig-
nificant problem with these biomarkers is the vast differen-

tial and large number of factors that can explain elevations. 
Heart failure, renal dysfunction, age, gender, sepsis, and 
ACE inhibitors affect BNP and NT-pro-BNP levels.

Management of TACO is essentially the same as manag-
ing patients with other causes of cardiogenic pulmonary 
edema. If TACO is suspected, the initial step in treatment is 
to stop the transfusion. Treatment should begin with supple-
mental oxygen and elevating the head of the bed to 30 
degrees. Supplemental oxygen may be delivered via nasal 
canula; however, positive pressure may be required if the 
pulmonary edema is severe; BiPap or high flow nasal canula 
can be useful. Diuretic use has shown a significant decrease 
in not only the incidence of TACO but also the mortality 
when it occurs. In cases of severe renal failure, CRRT or 
hemodialysis is used to reduce volume overload. Reduction 
of afterload as tolerated by the patient may also prove useful 
in decreasing workload and increasing cardiac output. In the 
most severe cases, intubation, vasopressors, and inotropes 
are necessary.

 Transfusion Reactions

The understanding of the antigen/antibody cause for the 
blood group system was developed by Dr. Karl Landsteiner 
when he noted that mixing red blood cells with different 
plasma and different patterns of agglutination was obtained 
[20]. He termed the first pattern A and the second pattern 
B. There were other individuals who did not achieve any pat-
tern of agglutination, which was termed C. The first two pat-
terns led to the nomenclature of Type A and Type B; it was 
the lack of a pattern of agglutination that led to Type O. 
Furthermore, it was these observations that led Dr. 
Landsteiner to postulate that whichever ABO antigens are 
lacking on a red blood cell will result in the corresponding 
antibody. This theory has been termed Landsteiner’s Law. 
The antigens for the ABO system are produced by various 
enzymes that add sugars to the oligosaccharide chain. The 
source of the antibodies is less clear; it may due to inherited 
antibodies or due to classical immune-mediated reactions. 
When ABO incompatible blood is administered, hemolysis 
may occur.

For the transfusion of red blood cells, patients may receive 
group O red blood cells as these cells lack A and B antigens 
and are compatible with plasma. For plasma, all patients may 
receive AB plasma as these lack anti-A and anti-B antibod-
ies. Of note, while ABO compatibility is vital for red blood 
cells to prevent a fatal acute hemolytic transfusion reaction, 
it is not vital and frequently not followed for plasma and 
platelets. Although plasma may contain anti-A or anti-B 
antibodies, the presence of A and B antigens on endothelial 
cells, dilution in the patient blood volume, and the presence 
of soluble A and B antigen in the plasma of secretors provide 
protection [21].
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The presence of D antigen on the donor and recipient also 
must be considered. Antibody to the D antigen is not natu-
rally occurring, requiring exposure to develop the antibody. 
Exposure to D+ red blood cells in a D- patient will result in 
the development of antibodies in 1 out of every 5 exposures. 
The formation of D antibodies is most important in women 
of childbearing age where the antibody may complicate the 
pregnancy. As such, men and women who are beyond child-
bearing typically receive D+ packed red blood cells, due to 
the shortage of D- blood. In fact, D- blood has become so 
low that many transfusion services provide D+ blood, even 
for women of childbearing age [21].

A febrile nonhemolytic transfusion reaction is defined as 
an increase in temperature of 1 degree Celsius above 37 
degrees that occurs during or after the transfusion of blood 
products. This reaction is the most common during transfu-
sion. The reaction may occur without the symptoms of 
chills, rigors, and rash or may occur with it. The most com-
mon blood product to produce a non-hemolytic transfusion 
reaction is platelets. Initially, it was felt that the reaction 
was due to the presence of white blood cells in the patient’s 
plasma that reacted with the white cells in the blood prod-
uct. This explanation mainly applies to red blood cells; 
platelets have a different explanation. The reaction is more 
likely to occur the older the platelets are. Within the stored 
platelets, there is the generation of cytokines during stor-
age. These cytokines are responsible for the reaction [22]. 
The most important point when a patient develops a febrile 
response to a transfusion is to insure that it is not due to an 
acute hemolytic reaction or transfusion of a contaminated 
product.

There is always the risk of administering the wrong blood 
product to the patient. While infectious disease transmission 
has decreased, mistransfusion remains a constant risk to the 
patient [23]. In an effort to prevent this error of incompati-
ble blood products, an institution conducted a quality 
improvement project with the introduction of a cognitive 
aid. This cognitive aid was a simple card that was worn with 
the participants’ badge, as demonstrated in Table  12.4. 
Based upon a quiz, there was a marked improvement in 
ABO compatibility.

Hemolytic transfusion reactions occur when the anti-
bodies within the recipient react to the antigens on the red 
blood cell surface. These reacts are classified as acute or 
delayed. An acute reaction occurs during the transfusion, 
while a delayed reaction occurs within days or weeks of 
transfusion. The most common reason for a hemolytic 
transfusion reaction is misidentification of the patient or 
mislabeling the blood sample. When the IgM antibody 
binds to the antigen, the red cell membrane is destroyed 
resulting in the release of contents within the red blood cell 
into the circulation. The free hemoglobin damages the kid-
ney, while the complement activation leads to disseminated 
intravascular coagulation [24]. Management includes stop-
ping the transfusion and administering fluids, vasopressors, 
and blood products for the coagulopathy. A delayed reac-
tion occurs from antibodies developed from a previous 
transfusion. These antibodies are not present in a detectable 
level at the time of the testing and appear days after the 
transfusion. Typical manifestations of a delayed reaction 
include anemia and jaundice.

 Infectious Complications

Transfusion-transmitted infection due to viral and bacterial 
contamination decreased dramatically with the transition to 
closed, sterile systems for collection and storage. John Elliott 
developed the first vacuum bottle for blood collection in 1940 
[25, 26]. In addition, the testing of blood donations has fur-
ther contributed to a dramatic reduction in transfusion- 
transmitted infections. By 1947, every unit of blood collected 
was tested for syphilis followed by hepatitis B in 1971, hepa-
titis C in 1990, and HIV-1 and 2 by 1992 [26]. Over time viral 
infections related to transfusion have seen a significant drop; 
transfusion-transmitted bacterial infection has not seen the 
same reduction over the last 30 years. According to studies 
from the US  FDA, French Hemovigilance study, and the 
British SHOT study, the incidence for bacterial contamina-
tion/sepsis has not decreased (in fact, has not changed) to the 
same degree as viral infection [25].

Bacterial contamination is the most common cause of 
transfusion-transmitted infection, with an estimated overall 
prevalence of 0.2% [27, 28]. Bacterial infection is more 
common than viral or fungal infection. It is estimated that 
bacterial contamination is approximately 1  in 3000  units 
[29]. Transfusion-transmitted bacterial infections accounted 
for the most reports transfusion-related fatality, accounting 
for 20% of fatalities (second to ABO errors) [25, 30]. The 
actual incidence of transfusion-transmitted bacterial infec-
tion varies based on the study (Table 12.5). This variation is 
likely due to differences in the processing and storage of 
blood products [30]. The FDA reports mortality from 
 transfusion-related infections to range from 1 in 6,000,000 to 

Table 12.4 ABO compatibility based upon blood product type

Group O B A AB
ABO group of compatible RBCs
AB • • • •
A • •
B • •
O •
ABO group of compatible FFP
AB •
A • •
B • •
O • • • •
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1 in 9,000,000 when examining all blood products together 
and 1 in 1,000,000 for platelets [30].

Though the incidence of bacterial contamination and 
transfusion-transmitted bacterial infections varies, the high-
est risk of contamination and infection occurs with platelets. 
This incidence is due to storage as platelets are stored at 
room temperature, allowing bacteria to grow that would oth-
erwise remain dormant at lower levels with refrigeration. In 
countries where platelets are screened using BacT/ALERT 
culture system, the incidence of transfusion-transmitted bac-
terial infections is lower [31]. The detection of bacterial con-
tamination in platelet samples is largely dependent on 
bacterial concentration as tests where resampling of a previ-
ously positive BacT/ALERT screenings has yielded negative 
results [32]. Unlike viruses, bacteria have the ability to mul-
tiply during storage making the duration of their storage 
another factor in the incidence of transfusion-related bacte-
rial infection. One study found that the incidence of contami-
nation and the bacterial levels measured were both 
significantly less for units transfused in under 4 days com-
pared with units that were 5 days and older [33].

The infectious concern with the transfusion of red blood 
cells is primarily viral. The risk depends upon which testing 
is performed. Current testing of red blood cells includes 
Hepatitis B (antibody in 1987; nucleic acid in 2009), 
Hepatitis C (antibody in 1990; nucleic acid in 1999), Human 
Immunodeficiency Virus (antibody in 1985; nucleic acid in 
2000), West Nile Virus, and Zika Virus [34]. The risk of viral 
infection occurs when a virus emerges in which testing does 
not occur, as happened with Zika Virus, which was added in 
2016 [35]. Currently, blood is not tested for Hepatitis A, 
malaria, or new variants of Creutzfeld-Jacob disease prions.

 Conclusion

The transfusion of blood products has risk to the patient. There 
is always the risk of misidentification resulting in the adminis-
tration of the wrong blood product. Even when the patient is 
properly cross-matched, there are infectious risks from both 
known and unknown agents. There is also the risk of transfu-
sion-related acute lung injury and transfusion- associated cir-
culatory overload. While the risks may be mitigated, they 
cannot be removed completely. These concerns help one 
understand the continually evolving transfusion thresholds 
and administer products only when truly indicated.
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Diseases of the Coagulation System: 
Hemophilia, Von Willebrands Disease, 
Cryoglobulinemia, and Inborn Errors 
of Factor Synthesis

Pierre Alex Casthely and Shruthima Thangada

 Hemophilia A

There are three major types of hemophilias, A, B, and 
C. They are classified based on their deficient coagulation 
factor. Hemophilias A and B are X-linked recessive disorders 
caused by a mutation in the long arm of chromosome X at 
the F8 and F9 genes. Males are affected, and females are car-
riers [1]. Hemophilia A is the most common X-linked genetic 
disease and the second most common factor deficiency after 
von Willebrand disease (vWD). The worldwide incidence of 
hemophilia A is approximately 1 out of 5000 males [2]. The 
exact number of people living with hemophilia A is not 
known [3]. The prevalence of hemophilia A varies by coun-
try and ranges 5.4–14.5 cases per 100,000 males. In the 
United States, the prevalence of hemophilia A is 20.6 cases 
per 100,000 males, and the number of people in the United 
States with hemophilia was estimated to be about 20,000 in 
2016 [4].

 Etiology of Hemophilia A

Hemophilia A can be caused by a factor VIII deficiency, dys-
functional factor VIII, or even factor VIII inhibitors leading 
to the disruption of the normal intrinsic coagulation cascade. 
Any defect or absence in factor VIII will cause a decrease in 
thrombin production by FIXa and FVIIIa in the intrinsic 
pathway of the coagulation cascade. The factor VIII gene is 
large and comprises 0.1% of the DNA in the X chromosome. 
A defect in the normal factor VIII coding sequence caused 
by a mutation can result in an inability to properly transcribe 

the complete, normal factor VIII protein, resulting in the loss 
of its normal function [4].

 Signs and Symptoms

Bleeding is the number one sign of hemophilia A. The sever-
ity of symptoms depends on the amount of factor VIII in the 
plasma. Normal plasma levels of factor VIII range from 50% 
to 150% (0.5–1.5 IU/ml). Levels below 50%, or half of what 
is needed to form a clot, determine a person’s symptoms. 
Those with mild hemophilia have 6–49% of factor VIII. These 
account for 25% of all cases. They generally experience 
bleeding only after serious injury, trauma, or surgery. In 
many cases, mild hemophilia is not diagnosed until after an 
injury has occurred and results in prolonged bleeding. 
Women with mild hemophilia often experience heavy men-
strual periods and are at risk for hemorrhage during child-
birth [5].

Patients with moderate hemophilia A have 1–5% of factor 
VIII in the blood. This accounts for 15% of all cases. They 
may have bleeding episodes after injuries, but rarely bleed 
spontaneously.

Severe hemophilia A occurs in patients with less than 1% 
of factor VIII and accounts for 60% of cases. In addition to 
bleeding following an injury, they may experience frequent 
spontaneous bleeding into their joints (hemarthrosis) and 
muscles [5]. Chronic bleeding into the joints, particularly the 
knees, elbows, and ankles, can lead to decreased range of 
motion, contractures, and muscle hypertrophy. Over time, 
degenerative joint disease, osteoarthritis, and osteophyte for-
mation can occur, necessitating surgery [6].

In addition to bleeding into the joint space, bleeding can 
also occur in the gastrointestinal tract. Infections such as 
Helicobacter pylori can increase the frequency of GIB in 
patients with hemophilia [7]. Intracranial hemorrhage is a 
rare occurrence, but a serious cause of morbidity and mortal-
ity in patients with hemophilia, thirty percent, result in death.  
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Hypotension, lethargy, and anemia may all present as non-
specific manifestations of intracranial bleeding. More severe 
signs and symptoms include painful headaches, repeated 
vomiting, double vision, or seizures [7].

 Diagnosis

About 70% of children who have a positive history of hemo-
philia A in the family are diagnosed at birth. Performing a 
complete history and physical exam in suspected cases and 
collecting demographic data are all important in diagnosis. It 
should be followed by appropriate hemostasis assays to con-
firm the diagnosis. Screening tests include the following: 
complete blood cell count, activated partial thromboplastin 
time (aPTT), prothrombin time (PT), and vWF:Ag tests. In 
hemophilia A, the PT and platelet count are normal. The 
aPTT is prolonged in moderate and severe disease. In mild 
cases, however, aPTT can be normal if factor levels are above 
15 percent [8]. Therefore, a normal aPTT does not rule out 
mild hemophilia, and specific factor VIII assay is necessary 
for the diagnosis of hemophilia A.

 Acquired Hemophilia A (AHA)

Acquired hemophilia A (AHA) occurs when a patient devel-
ops autoantibodies to factor VIII. These autoantibodies can 
inhibit the function of factor VIII. This condition is rare and 
affects approximately 1.5 per million population per year. 
Patients tend to be older in age (median age 70), and males 
have a higher incidence than females [9]. The disease pre-
sentation is similar to congenital hemophilia A and is char-
acterized by spontaneous bleeding. The difference is, 
however, that the patient does not have a family history of 
bleeding. Like in congenital hemophilia A, the patient may 
have extensive skin hematomas, severe muscle bleeding, 
retroperitoneal bleeding, epistaxis, hematuria, gastrointesti-
nal bleeding, and even intracerebral bleeds. Bleeding into 
the joints however is not as common. Malignancy, preg-
nancy (postpartum inhibitors), infections, medications, and 
autoimmune diseases have all been associated with 
AHA. Laboratory testing shows a prolonged activated par-
tial thromboplastin time (aPTT) with normal prothrombin 
time, fibrinogen level, and platelet counts. Quantifying the 
inhibitor titer is complicated in AHA but can be achieved 
using the classical Bethesda assay. The inhibitor titer levels 
are important because they can determine the type of treat-
ment needed to best suit the patient. In patients with high 
factor VIII inhibitor titers (> 5 BU/mL), simple replacement 
with human factor VIII concentrates may be ineffective. 
Bypassing agents and recombinant porcine factor VIII are 
approved for the treatment of acute bleeding in AHA [9]. 

These bypassing agents include recombinant factor VIIa, 
factor VIII inhibitor bypassing activity (FEIBA). Inhibitor 
titer reduction by immune tolerance reduction is also a pos-
sible mode of treatment [6].

 Hemophilia B

Hemophilia B, or Christmas disease, is an inherited, 
X-linked, recessive disorder that results in deficiency of 
plasma coagulation factor IX. All ethnic groups are affected 
equally [10]. It occurs in approximately 1  in 30,000 live 
males and accounts for 20% of hemophilia cases [8]. The 
prevalence of hemophilia B is 5.3 cases per 100,000 male 
individuals and 44% have severe disease.

 Etiology

Hemophilia B is caused by mutations in the  F9  gene on the 
X chromosome. Several hundred mutations with different 
amino acid substitutions have been described, including par-
tial and total deletions and missense mutations. This results 
in the decreased or abnormal production of factor IX and, 
therefore, insufficient production of thrombin via the intrin-
sic pathway of the coagulation cascade [11].

 Signs and Symptoms

The signs and symptoms of hemophilia B are similar to that 
of hemophilia A, and they can vary from one person to 
another depending on factor IX levels. In mild cases of 
hemophilia B, individuals may have easy bruising and pro-
longed bleeding after surgery or trauma. Patients with mod-
erate hemophilia B may have spontaneous hemarthrosis and 
bleeding into the muscles as well. In cases of severe hemo-
philia B, spontaneous joint bleeding is the most common 
reported symptom [11].

 Diagnosis

Like hemophilia A, diagnosing hemophilia B is made 
through the patient’s history and laboratory testing. An acti-
vated partial thromboplastin time (aPTT) should be obtained. 
If aPTT is elevated, more specific blood tests should be 
drawn to determine if the cause of the elevated aPTT is from 
a deficiency of factor IX/hemophilia B or another clotting 
factor. If hemophilia B is suspected, a specific factor IX 
activity level should then be performed [11]. A factor IX 
activity level below 40 percent of normal will confirm the 
diagnosis [8].
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 Hemophilia C (Rosenthal’s Disease)

While hemophilias A and B are X-linked recessive disorders, 
hemophilia C is an autosomal recessive genetic disorder. 
Autosomal disorders are disorders caused by variations in 
genes located on non-sex chromosomes. Because of this, 
hemophilia C affects both males and females equally [11]. It 
is characterized by a deficiency of factor XI and has a higher 
prevalence in Ashkenazi Jews. Estimated prevalence is 1: 
1,000,000 [12]. Bleeding is the most common presentation, 
and similarly, the condition is classified as either mild or 
severe depending on the degree of factor XI protein defi-
ciency. Regardless of the severity of the protein deficiency, 
most affected individuals have mild bleeding problems if 
any. A recent survey concluded that, of the known congenital 
coagulation factor deficiencies, the correlation between fac-
tor level and symptoms is poorest for factor XI [13]. The 
common features of factor XI deficiency are prolonged 
bleeding after trauma or surgery, especially involving the 
inside of the mouth and nose or genitourinary tract. Other 
symptoms include frequent nosebleeds, easy bruising, bleed-
ing gums, prolonged menstrual bleeding (menorrhagia), or 
prolonged bleeding after childbirth. Spontaneous bleeding 
into the urine (hematuria), gastrointestinal tract, or skull is 
not common in factor XI deficiency, but they can still occur 
in severe cases [13].

 Treatment of Hemophilias

The primary goal of hemophilia treatment and management 
is the prevention of bleeding that can lead to painful and dis-
abling joint arthropathy. Prophylactic treatment with 
clotting- factor concentrates is, therefore, the standard of care 
for hemophilias A and B [14]. The theory behind prophylaxis 
is that patients with mild or moderate hemophilia rarely have 
spontaneous bleeding or develop chronic joint arthropathy. 
Therefore, increasing factor levels preemptively will convert 
patients with severe hemophilia to levels of patients with 
mild to moderate hemophilia, which can help decrease spon-
taneous bleeding [6].

In a US multicenter trial of young boys with severe 
hemophilia A, prophylaxis with regular infusions of recom-
binant factor VIII was compared to enhanced on-demand 
infusion at the time of a joint hemorrhage. When the boys 
were evaluated a few years later, 93% of those in the pro-
phylaxis group had normal index-joint (elbows, knees, and 
ankles) structure on magnetic resonance imaging (MRI) 
compared to only 55% of those in the on-demand therapy 
group [15]. Though these findings significantly favor pro-
phylactic therapy, there are disadvantages. One major draw-
back is the frequency in which the treatment must be given. 
Factor replacement must be administered 2–3 times per 

week due to their short half-life (10–14 hours for factor VIII 
and 15–24 hours for factor IX) [6].

Factor replacement products were initially derived from 
human plasma, which is the liquid part of blood containing 
antibodies, albumin, and clotting factors. In 1992, the 
US Food and Drug Administration (FDA) approved recom-
binant factor VIII concentrate, which does not come from 
human plasma. This concentrate was genetically engi-
neered using DNA technology and does not contain plasma 
or albumin and, therefore, cannot spread bloodborne 
viruses, rendering it much safer than factors derived from 
human plasma [16].

Recombinant factor VIII (Fc fusion protein) and 
Recombinant factor IX (Fc fusion protein) are two examples 
of these recombinant factors. Recombinant factor IX Fc 
fusion protein received FDA approval in March 2014 for 
patients with hemophilia B. The B-LONG study which eval-
uated the safety and efficacy of recombinant, long-acting 
coagulation factor IX Fc fusion protein (rFIXFc) in patients 
with severe hemophilia B showed a reduction in bleeding 
episodes in those receiving weekly rFIXfc. Furthermore, the 
drug demonstrated an increased half-life in subjects thereby 
extending circulation time of rFIXfc in the body and length-
ening the intervals between prophylactic infusions [6].

The FDA also approved recombinant factor VIIIFc for the 
control and prevention of bleeding, perioperative manage-
ment, and routine prophylaxis in adults and children with 
hemophilia A. It also has an extended half-life and extends 
the interval between prophylactic infusions [6].

Several different treatments are available for factor XI 
deficiency. These include fresh frozen plasma (preferably 
pathogen-inactivated), factor XI concentrates, and antifibri-
nolytics. Affected individuals usually only require preven-
tive therapy before surgical procedures. In the United States, 
fresh frozen plasma is the most widely used treatment and is 
effective in treating individuals with factor XI deficiency. 
FFP does have the risk of infection and allergic reaction, but 
the risk of infection is small. Factor XI concentrate is NOT 
available in the United States [17].

Purified factor products (virally inactivated plasma- 
derived concentrates or recombinant products) should be 
used whenever possible, to avoid potential transfusion- 
transmitted infection and transfusion reactions. However, if 
they are NOT available, fresh frozen plasma (FFP) or cryo-
precipitate (for hemophilia A) can be used. [8].

 Treatment of Patients with Factor Inhibitors

All patients should be screened for inhibitors to factor VIII 
and IX. Depending on the amount of inhibitors present, 
patients are classified as either low risk (< 5 Bethesda  units/
ml) or high risk (>5 Bethesda units/ml) [1]. The low-risk 
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group can be treated with higher doses of factor concen-
trates, while in the high-risk group bypassing agents such as 
recombinant factor VIIa (rfVIIa) and activated prothrombin 
complex concentrates (aPCC) [18]. Recombinant factor VIIa 
directly activates factor X leading to improved thrombin for-
mation. It is effective in about 80% of cases [1, 18]. It may 
even play a role in bleeding prophylaxis with rfVIIa but so 
far has shown limited success [18].

Activated prothrombin complex (aPCC) is a mixture of 
factors II, VII, IX, and X and protein C and S. The dose is 
50 units/kg. Its half-life is 8–12 hours and has a 62% overall 
reduction in bleeding frequency [18].

 Other Modes of Treatment

In addition to factors and blood products, other pharmaco-
logic options are available for the control of bleeding in 
patients with hemophilia. The synthetic vasopressin analog 
desmopressin acetate (DDAVP) has been used to manage 
mild bleeding episodes in patients with mild hemophilia 
A. A single dose (0.3 μg kg − 1) given over 20–30 minutes 
can increase the FVIII level threefold to sixfold 1  h after 
administration [2, 19].

Tranexamic acid (TXA) has also been found as a helpful 
adjunct in hemophilia. It is a synthetic analog of the amino 
acid lysine. TXA competitively inhibits the conversion of 
plasminogen to plasmin which degrades fibrin (antifibrinol-
ytic). The half-life is 2  hours. It can be used orally (15–
25 mg/kg every 8 hours) or i.v. (10 mg/kg every 8 hours) [1, 
19].

 Anesthetic Considerations

Patients with hemophilia require a detailed history and phys-
ical. Information about transfusion history, prior response to 
DDAVP, and the use of recombinant factors must all be 
assessed. Preoperative labs should include a complete blood 
count, coagulation profile, fibrinogen level, and factor spe-
cific assays [1]. Preoperative screening for factor allo- 
antibodies is also imperative [2, 18]. Patients with hemophilia 
A require 80–100% correction of their factor VIII prior to 
major surgery [1]. Postoperatively, those levels should be 
maintained for up to 6 weeks after orthopedic surgery and 
1–2 weeks for other procedures [1]. In severe acute bleeding, 
the factor activity level should be maintained above 50 per-
cent at all times. An immediate dose of factor should be 
given to raise the peak factor level to 80 to 100 percent. An 
initial dose of 50 U/kg of factor VIII or 100 U/kg of factor IX 
should be given to raise the factor levels to 100%. Each fac-
tor VIII unit per kilogram of body weight infused i.v. will 
raise the plasma level by approximately 2%. The number of 

units of factor VIII required = wt of patient × % factor level 
desired x 0.5. Each factor IX unit per kilogram of body 
weight infused i.v will raise plasma factor IX levels approxi-
mately 1%. The number of units of factor IX required = weight 
of patient × % factor level desired [1]. Plasmapheresis may 
be useful in patients with a high titer inhibitor to lower the 
inhibitor titer and allow replacement factors to given. This is 
usually done in patients with life-threatening bleeding and 
an inhibitor titer >5 BU [20].

There are no guidelines for the use of regional anesthesia 
in patients with hemophilia. Factor levels should be cor-
rected, and the risk-benefit ratio must be evaluated before 
proceeding with a regional anesthetic. Unfortunately, there is 
no safe factor level recommended for neuraxial blockade in 
either the obstetric or general population. For the obstetric 
patient, factor VIII and IX levels must be measured immedi-
ately before delivery and postpartum and maintained above 
50% of pooled plasma to minimize the risk of life- threatening 
hemorrhage [1].

 Von Willebrand’s Disease

Von Willebrand’s disease (VWD) is the most common con-
genital disorder of hemostasis. The pattern of transmission is 
autosomal inheritance, carried on the short arm of chromo-
some 12, in which females and males can be equally affected. 
Prevalence ranges from 3 to 4 per 100,000 to as high as 1.3% 
of the population [21]. The characteristic feature of this dis-
ease is a dysfunction or deficient von Willebrand factor 
(vWF), which is needed to mediate platelet adhesion at 
injured sites as well as act as a carrier protein for coagulation 
factor VIII. Von Willebrand factor is a clotting protein synthe-
sized in megakaryocytes and endothelial cells and circulates 
in plasma as multimers of different sizes. Platelet adhesion is 
only activated by large multimeric forms of vWF [22]. 
Binding of vWF to factor VIII and platelets in blood vessels 
contribute in the formation of a platelet plug during the clot-
ting process. Any impairment of vWF can result in an ineffec-
tive platelet plug and the inability to maintain hemostasis.

 Etiology

There are three main types of VWD which are differentiated 
on the basis of having qualitative or quantitative defects in 
vWF. A fourth type, acquired VWD, is not hereditary. Type 
1 VWD, found in 60%–80% of patients, has a quantitative 
decrease in vWF and inherited in an autosomal dominant 
pattern. Levels of vWF in the blood range from 20% to 50% 
of normal levels. Symptoms are usually mild. Type 2 VWD, 
found in 15–30% of patients, has a qualitative deficiency in 
their VWF and is also inherited in an autosomal dominant 
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pattern. Symptoms of type 2 VWD can range from mild to 
moderate. Type 2 VWD is further broken down into four sub-
types based on the presence and behavior of multimers of 
vWF. The four subtypes include type 2A, type 2B, type 2 M, 
and type 2  N.  Type 2A is characterized by a qualitative 
abnormality in protein where only small multimers exist 
rather than the large forms that are needed to mediate platelet 
adhesion. Type 2B VWD is characterized by platelets clump-
ing together prematurely in the bloodstream rather than at 
the site of injury. Type 2 M is seen when there is low activity 
of vWF causing less interaction with platelets. Type 2  N 
VWD is characterized by inability of vWF to transport factor 
VIII to the site of injury resulting in reduced factor VIII lev-
els in the blood [23]. Type 3 VWD is a rare autosomal reces-
sive form, found in 5–10% of patients, and has a qualitative 
deficiency of vWF where the factor is nearly absent. This is 
the most severe form of hereditary VWD, in which symp-
toms can include spontaneous bleeding episodes into joints 
and muscles. Acquired VWD is diagnosed alongside a diag-
nosis of an autoimmune disease, heart disease, some types of 
cancer, or after consumption of certain medications.

 Signs and Symptoms

Symptoms of Von Willebrand’s disease are generally mild in 
which most bleeding is mucosal (epistaxis, gingival bleed-
ing, menorrhagia) or even asymptomatic. Gastrointestinal 
bleeding can occur, but is less common. Incisional bleeding 
after surgery or dental extractions is common and is exacer-
bated bleeding after aspirin consumption. Bleeding decreases 
during pregnancy or estrogen use. This is thought to be from 
an increase in vWF and factor VIII levels gradually through-
out the course of pregnancy [24].

 Diagnosis

Laboratory findings include normal platelets with the likeli-
hood of an increased bleeding time. Type 1 VWD, the most 
common, is characterized by reduced vWF levels in plasma. 
This can indirectly be measured by factor VIII antigen, which 
measures the immunologic presence of vWF, or by ristocetin 
cofactor activity, which measures functional properties of 
vWF in mediating platelet adhesion and aggregation.

 Treatment

Although many cases of VWD have mild symptoms in which 
treatment is not necessitated, ultimately severity of the dis-
ease determines treatment. VWD patients that are to receive 
surgical or dental procedures should be prepared and opti-

mized appropriately by a hematologist prior to the proce-
dure. The best indicator of treatment prior to a procedure is 
bleeding time. If bleeding time is normal and the patient is 
undergoing a minor procedure, treatment is usually not 
given. Recommendations of the National Heart, Lung, and 
Blood Institute are to maintain levels of vWF and factor VIII 
activity at a minimum of 30% and preferably over 50% for 
1–5  days for minor surgery [25]. Desmopressin acetate 
(DDAVP), a synthetic version of the natural hormone vaso-
pressin, is used to treat mild forms of type I VWD and can be 
given as an injectable or nasal form. The mechanism of 
action of desmopressin acetate is release of stored vWF from 
endothelial cells, which also indirectly increases factor 
VIII. DDAVP is an antidiuretic, so caution should be taken to 
fluid restrict appropriately when DDAVP is given to prevent 
hyponatremia [26]. Anesthesiologists must be aware not to 
fluid overload a patient resulting in hyponatremia and elec-
trolyte imbalance in patients that have been treated with 
DDAVP prior to a procedure especially in the elderly and 
patients with heart disease, hypertension, or stroke. The 
Medical and Scientific Advisory Council (MASAC) has 
issued guidelines in treatment of the various forms of 
VWD.  Patients with symptomatic type 1 VWD should be 
treated with DDAVP (1.5  mg/ml injectable form or nasal 
spray). For any situation that can potentially cause increased 
bleeding, if bleeding is not controlled with DDAVP, consider 
a factor VIII concentrate rich in vWF. Patients with type 2A, 
2 M, and 2 N should be treated with DDAVP if previously 
shown to be responsive to a DDAVP trial. Patients with type 
2B, type 3, and those with type 1, 2A, 2 M, and 2 N who are 
not responsive to DDAVP should be treated with factor VIII 
concentrates [22]. DDAVP treatment should be given once 
every 24 hours as vWF stores become depleted and should 
not be used for more than 3 consecutive days unless recom-
mended by the hemophilia treatment staff [22]. In more 
severe forms of VWD, factor VIII concentrates or cryopre-
cipitate can be given to replace factor. Some of these prod-
ucts contain functional vWF and screened for transmittable 
diseases as HIV and hepatitis A, B, and C.  Humate-P 
(Armour), a human plasma-derived product, is one such 
product. Baxaltas Vonvendi is the first recombinant vWF 
product approved in 2015 by the FDA.  This product only 
contains vWF and is approved to treat on demand and for 
bleeding control in adults 18 and older [22]. Cryoprecipitate 
should only be used in a life- threatening emergency situation 
where DDAVP, factor 8 concentrates, or a recombinant vWF 
is unavailable, due to potential transmission of diseases. One 
must be aware if factor concentrates or cryoprecipitate is 
given of the potential risk of allergic reactions, thrombotic 
complications, and the transmission of blood borne patho-
gens. Tranexamic acid and aminocaproic acid are antifibri-
nolytic agents that can be used during dental procedures and 
treatment of mucosal bleeds. The recommended treatment in 
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such cases includes initial administration of a clotting factor 
to form clot followed by an antifibrinolytic to sustain clot 
and prevent clot breakdown. In the pediatric and adolescent 
population where bleeding may not be obvious a diagnosis 
of vWD may be challenging. Investigative laboratory tests 
and studies are typically done on a patient of this subset with 
a family history of vWD, coagulopathies, or abnormal lab 
tests that were done prior to a procedure.

 Cryoglobulinemia

 Etiology

Cryoglobulinemia is a rare form of vasculitis where abnor-
mal immunoglobulins known as cryoglobulins form causing 
blood flow restriction resulting in harm to key organs and 
tissues.

The etiology of the disease is unknown, but some inciting 
triggers are infections/viruses, genetics, medications, and 
environmental factors. The estimated prevalence is thought 
to be 1  in 1,000,000 worldwide where female adults over 
50 years of age are affected more than males of similar age 
[27]. Cryoglobulins are abnormal blood proteins that clump 
together in cold temperatures and can cause multisystemic 
damage especially to the kidneys. Cryoglobulins can be clas-
sified into three types based on serology. Type I can be 
described as monoclonal immunoglobulins without rheuma-
toid factor activity seen in severe malignant conditions of the 
immune system, and workup for hematological malignan-
cies should also be performed. Manifestations of type I often 
present as intravascular obstruction. Type II has polyclonal 
IgG and monoclonal IgM rheumatoid factors. Lastly, type III 
has polyclonal IgG and rheumatoid factors. Types II and III 
due to their composition are frequently described as mixed 
cryoglobulins [28]. These are often seen as true immune 
complex-mediated vasculitis [29]. This disease state is most 
commonly seen alongside a diagnosis of hepatitis C, but can 
also be seen with inflammatory and connective tissue disease 
states. Prompt treatment of hepatitis C is necessary as 90% 
of mixed cryoglobulinemia cases are associated with 
 hepatitis C.

 Signs and Symptoms

The presentation of cryoglobulinemia can be variable. 
Symptoms may include kidney damage presenting as a 
membranoproliferative glomerulonephritis, cutaneous rash 
with red spots, purplish discoloration from bleeding under 
the skin (purpura), myalgia and joint pain, peripheral neu-
ropathy, weakness, and respiratory difficulties. In severe 
forms, the brain and heart can be involved [27].

 Diagnosis

Diagnosis of cryoglobulinemia is multifold, but a blood test 
detecting cryoglobulins is the mainstay for diagnosis. 
Thorough history and physical, clinical presentation, spe-
cialized imaging, urinalysis, nerve conduction tests of 
extremities, and a biopsy of an affected tissue or organ may 
be ordered to help with diagnosis and treatment plan.

 Treatment

Symptoms of this disease state may be mild in which conser-
vative treatments as avoiding cold temperatures and NSAID’s 
can improve symptoms to more symptomatic severe symp-
toms that can be treated with immunosuppressive drugs. 
Being an immunologic disorder, cryoglobulinemia is most 
often treated with corticosteroids and other medications that 
suppress the immune system when necessary. In most cases, 
once the underlying disease process is treated, cryoglobuli-
nemia improves. When seen with hepatitis C, antivirals are 
given as well. Follow-up after remission of disease state is 
important as recurrence can occur. Anesthetic considerations 
in a patient with cryoglobulinemia are continuous tempera-
ture monitoring. Cryoglobulins precipitate at temperatures 
below 37.0 °C and can cause an increase in blood viscosity 
and organ dysfunction due to microangiopathy. In particular, 
patients undergoing cardiopulmonary bypass performed 
under hypothermic considerations should be treated appro-
priately prior to surgery. Perioperative treatment measures as 
plasmapheresis and steroid pulse therapy have shown to 
reduce blood viscosity in such cases [30].
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 Introduction

Multiple studies have shown anemia and allogeneic blood 
transfusion (ABT) as independent risk factors for adverse 
perioperative outcomes [1]. The World Health Organization 
(WHO) defines anemia as a hemoglobin (Hb) concentra-
tion <13 g/dl for men and <12 g/dl for women [2]. Anemia 
has been shown to correlate strongly with morbidity and 
mortality in the preoperative non-cardiac surgical patients. 
Anesthesiologists and surgeons make the decision to trans-
fuse patients with blood products every day. Intraoperative 
blood product transfusions occur in approximately 9% of 
major non-cardiac surgeries [3]. However, they will have to 
face the challenge in some clinical scenarios during their 
career whether to cancel the surgical procedure due to 
patients’ religious beliefs or lack of resources in blood prod-
ucts. There are many well-documented deleterious effects of 
blood transfusions, and several international campaigns from 
major hematological societies to promote proper blood utili-
zation and/or conservation [4]. Patients may refuse ABT for 
various reasons, and appropriate blood product may be 
unavailable for a specific patient after the cross-matching 
process is completed. Blood conservation strategies are 
developed to address these situations [3]. Recent studies 
have demonstrated that by adopting appropriate blood con-
servation management, patients who refuse ABT may 
achieve similar clinical outcomes comparing to those who 
accept ABT [5]. Given the many risks associated with ABT, 

and a growing population of patients who refuse blood trans-
fusions, an increasing number of medical centers have imple-
mented the so-called “bloodless medicine” programs [5].

“Bloodless medicine” programs are multidisciplinary 
patient-centered care models that implement strategies for 
blood conservation for patients who would prefer no blood 
products. These programs require teams of surgeons, anes-
thesiologists, hematologists, nurses, laboratory technicians, 
perfusionists, as well as the patient. Which products or fac-
tors an individual may be willing to receive vary greatly from 
person to person. An individual discussion with a patient 
regarding their preference in a very detailed fashion should 
be made prior to the scheduled surgical procedure. “Bloodless 
medicine” programs begin preparing patients for surgery 
preoperatively by enhancing blood production, intraopera-
tively by implementing various blood conservation tech-
niques and minimizing surgical blood loss, and 
postoperatively by adopting policies to decrease blood loss 
and improve hemostasis. Anesthetic techniques and appro-
priate hemodynamic management, new point of care testing 
modalities, autologous blood salvage, and normovolemic 
hemodilution are commonly applied strategies that decrease 
intraoperative loss of red blood cells [1]. In cardiac surgery, 
blood conservation strategies have been increasingly imple-
mented and benefit patients with decreased morbidity and 
mortality [6]. As the evidence of benefits from blood conser-
vation techniques is accumulating, more and more other 
strategies to avoid or minimize ABT are emerging and matur-
ing, such as use of antifibrinolytics, noninvasive surgical 
techniques/instruments, and blood substitutes [6, 7].

 Transfusion-Related Risks

As discussed in other chapter(s) in this book, blood transfu-
sion is not a completely benign procedure. There can be sig-
nificant morbidity and mortality from blood transfusions 
(Table 14.1). According to an FDA database (FDA/CBER), 
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from 2012 to 2016, transfusion-related acute lung injury 
(TRALI), transfusion-associated circulatory overload 
(TACO), hemolytic transfusion (HTR) reaction due to non- 
ABO incompatibility, and microbial contamination account 
for 84% of transfusion-related mortality. Complications of 
blood transfusions are explained in greater detail in Chap. 
12. Despite the advancements and systems-based safety pro-
tocols already in place to decrease transfusion-related risks, 
the only way to completely mitigate risks is to avoid transfu-
sion of blood products completely [8].

 Blood Conservation Strategies and Benefits

 Preoperative Management

To minimize the need for perioperative transfusions, surgical 
patients should have a history and physical examination per-
formed a week or more prior to surgery to allow some time 
for correction of preoperative anemia. Patients who have pre-
operative anemia carry a higher risk of requiring a blood 
transfusion. The preoperative prevalence of anemia in surgi-
cal patients, when defined as a hemoglobin level of less than 
13 g/dL in men or 11.5 g/dL in women, has been estimated 
to be as high as 60% in some studies [9]. In the face of pre-
operative anemia for elective procedures, postponement until 
correction of anemia may be considered [9].

The most common cause of preoperative anemia is iron 
deficiency [10]. Iron, vitamin B12, and folate can be admin-
istered to these patients aiming to correct anemia secondary 
to respective deficiencies. Erythropoietin may also be used to 
correct anemia perioperatively, usually under the guidance 
and monitoring of a hematology team. Low-dose recombi-
nant erythropoietin administered just 4 days before surgery 
may induce rapid erythropoiesis significant enough to halve 
the blood transfusion requirements in cardiac surgery [11]. 
Patients scheduled for myomectomy/hysterectomy for 
fibroids may have anemia secondary to uterine bleeding. 

Administration of Lupron Depot concomitantly with iron in 
these patients has been demonstrated in increase in hemoglo-
bin by >2 g/dL in 3 months [12].

Careful attention and thorough history review should 
focus on any bleeding history and the use of anticoagulant/
antiplatelet medications. Patients with hematological disor-
ders, such as those with von Willebrand’s disease or uremic 
platelet dysfunction, should be identified preoperatively. 
Patients on long-acting anticoagulants (like warfarin) may 
need to be switched to short-acting bridging medications in 
the perioperative setting, and in some cases, reversal of anti-
coagulation may even be necessary, especially in the case of 
emergency surgery [8].

Preoperative autologous blood donation can be used to 
transfuse autologous blood instead of allogeneic blood. 
According to an American Society of Anesthesiologists 
(ASA) task force, when autologous blood is preferred, 
patients may be offered the opportunity to donate prior to 
admission and adequate time for erythropoietic reconstitu-
tion if surgical schedule allows. Preoperative autologous 
blood donation can potentially increase rates of preoperative 
anemia, costs, so it is not routinely practiced. Autologous 
blood transfusions may still have adverse effects, including 
transfusion reaction secondary to clerical error and even bac-
terial contamination [8].

 Intraoperative Management

Intraoperatively, surgical technique, delicate anesthetic/
hemodynamic management, and blood conservation strate-
gies work together to minimize loss of red blood cells and 
subsequent need of ABT. Minimally invasive surgical tech-
niques, endovascular techniques, and interventional radiol-
ogy can have profound impacts on blood conservation when 
compared to open surgery [13, 14]. Interventional radiolo-
gists can help decrease the amount of intraoperative blood 
loss significantly with preoperative embolization of specific 
feeding arteries [15]. Topical hemostatic agents can also be 
used as an adjunct in achieving adequate surgical hemosta-
sis. There are several currently available commercial prod-
ucts which use gelatin, collagen, thrombin, and other 
materials as the core ingredients respectively. Continued 
interest in improving surgical hemostasis has led to the 
development of improved electrocautery in the form of the 
radiofrequency bipolar hemostatic sealer (RHBS). RHBS 
uses saline-cooled energy which seals blood vessels without 
burning them. Studies have shown reduction in blood trans-
fusion requirements using this technology in liver resections, 
total hip arthroplasty, total knee arthroplasty, and multilevel 
spinal fusion surgery [16].

Anesthetic and hemodynamic management may poten-
tially have significant impact on blood transfusion require-
ment. As physiologist, anesthesiologists should have a 

Table 14.1 Transfusion-related risks

Infectious –
Viral HIV, HCV, HBV, West Nile virus
Bacterial Microbial contamination, sepsis
Immunological –
TRALI, TRIM, TACO Pulmonary edema, oncological 

promotion
Hemolytic transfusion 
reaction

ABO vs non-ABO incompatibility

Graft versus host disease Transplant rejection
Viral transmission CMV, Ebstein Barr, HTLV
Anaphylaxis Hypotension
Febrile Benign
Physiological –
Electrolyte derangement Potassium, calcium chelation
Hypothermia –

E. Gomez et al.
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thorough understanding of the importance of ensuring opti-
mal conditions for blood coagulation and hemostasis in sur-
gical patients. Platelet aggregation and activation are 
impaired with hypothermia, acidosis, and severe hypocalce-
mia [17]. Reviews of case reports of trauma patients with 
refractory coagulopathy revealed the importance of correc-
tion/avoidance of hypothermia and acidosis [18]. The manip-
ulation of physiological parameters has historically been 
used for specific types of surgical operations as well. 
Controlled hypotension has been used to decrease the total 
blood loss and improve the surgical field in a variety of surgi-
cal procedures. Several studies have demonstrated the bene-
fit in reducing the blood transfusion requirement in major 
spine surgery [19]. A recent Cochrane review of the use of 
propofol for controlled hypotension in functional endoscopic 
sinus surgery revealed that there is insufficient evidence to 
show a clear benefit of hypotension for decreasing blood 
loss, but there may be some benefit in improving the surgical 
field. This review was limited in that there were only four 
published trials with a small number of participants at the 
time of publishing [20]. The maintenance of a low central 
venous pressure using anesthetic techniques and infusions 
has been used in hepatic resections for decreasing blood loss 
and transfusion requirements, as well [21].

There is a significant role for point-of-care testing in peri-
operative blood conservation. Viscoelastic hemostatic assays, 
specifically thromboelastography (TEG) and rotational 
thromboelastometry (ROTEM), when used in conjugation 
with transfusion protocols, have been shown to decrease the 
incidence and total volume of ABT in cardiac surgery [22]. 
TEG analysis can provide information on the speed of clot 
formation, platelet function, and fibrinolysis. With this infor-
mation, medical practitioners can correct specific coagula-
tion abnormalities and improve hemostasis. TEG-directed 
therapy can help determine which patients may benefit from 
administration of fresh frozen plasma, platelets, or antifibri-
nolytics. In patients who may have rapid changes in hemo-
globin intraoperatively, assessment with point-of-care testing 
of hemoglobin can help reduce unnecessary transfusions as 
well. To minimize frequent blood sampling and allow for 
accurate assessment of hemoglobin, noninvasive continuous 
hemoglobin monitors can be used as well. Furthermore, 
there are point-of-care devices that can measure PT/PTT and 
platelet function [23].

 Intraoperative Blood Salvage

Intraoperative blood salvage or cell salvage is the process in 
which blood shed during surgery is collected and returned to 
the same patient. Blood is aspirated using low-pressure suc-
tion as it is mixed with an anticoagulant. Once a sufficient 
amount is retrieved, it is washed, concentrated, and filtered 

prior to transfusion back to the patient. Recovered shed 
blood can have a hematocrit of 45% or higher after process-
ing [24].

Cell salvage should be used for patients who may experi-
ence significant surgical blood loss, patients who may not 
have cross-matched blood available, and patients who refuse 
allogeneic blood transfusion but will accept autologous 
blood (as in the Jehovah’s Witness). Cell salvage may be 
indicated in cardiothoracic, major orthopedic, vascular, 
obstetric, gynecological, urological, neurosurgical, and other 
procedures [25]. In situations where there is uncertainty over 
the possible blood loss, cell salvage can be used in a “stand-
 by” or “collection” mode; if blood is collected in sufficient 
amount, it can be processed for transfusion. Of note, cell sal-
vage does not eliminate allogeneic blood transfusion-related 
complications but just decrease it. There are still significant 
benefits from decreased overall exposure to allogeneic blood. 
However, salvaged blood does not have to be transfused back 
if the patient is not anemic since it may still cause some 
complications.

Patient refusal may be the only absolute contraindication 
to intraoperative cell salvage. In the case of the Jehovah’s 
Witness, patient care should be tailored to the individual 
wishes of the patient. Some patients are willing to accept 
autologous blood that remains in circuit with them in a 
“closed loop.” This has allowed for some patients to accept 
cardiopulmonary bypass [26]. A thorough discussion should 
be held with patients prior to admission to determine the best 
course of action.

With the use of a leukocyte depletion filter (LDF) and 
washing, cell salvage has reduced or minimized the risks 
associated with many of its relative contraindications [25]. 
These include bacterial contamination, obstetrics, and malig-
nancy. Bacterial contamination of cell salvage product is 
common, but after filtration and washing, a 99% decrease in 
bacterial load can be observed [27]. Historically, because of 
the theoretical risk of amniotic fluid embolism or Rh sensiti-
zation from fetal hemoglobin exposure, cell salvage in 
obstetrics practice was almost completely avoided. With the 
development of cell salvage washing and better filtration, a 
multitude of case reports in obstetric hemorrhage have been 
reported and changed the standards of obstetric practice. 
Currently, the American College of Obstetricians and 
Gynecologists advocates for the use of cell salvage. In 
patients with malignancy, filtration removes tumor cells from 
cell salvage product decreasing the risk of diffuse tumor cell 
dissemination [28].

 Normovolemic Hemodilution

Acute normovolemic hemodilution (ANH) is the process in 
which a few units of blood are removed from a patient after 
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induction of anesthesia and replaced with crystalloid and/or 
colloid. The objective is to decrease the patient’s hemoglobin 
concentration during the surgery, so as to decrease the 
amount of hemoglobin lost in surgical blood loss. The blood 
that was withdrawn is returned to the patient during or after 
the surgical operation.

ANH is most effective in decreasing or eliminating allo-
geneic blood transfusions in patients who have a high initial/
preoperative hematocrit, a low transfusion trigger hematocrit 
value, and a high blood loss. It is best used in healthy patients 
who can tolerate the initial decrease in hematocrit [29]. ANH 
can be used in a closed loop system, allowing for some 
Jehovah’s witnesses to accept this procedure as well [30]. 
Studies of ANH in cardiothoracic surgery have shown that 
the decreased viscosity that comes from hemodilution may 
have certain cardioprotective effects [31]. Another advantage 
of using ANH is its relatively low cost, compared to intraop-
erative cell salvage.

 Postoperative Management

Blood conservation techniques should continue in the post-
operative period and are usually tailored to the specific needs 
of individual patients. In patients who have uncontrolled 
bleeding, interventional radiology may be employed to 
embolize source arteries. Iatrogenic blood loss from postop-
erative hypertension and frequent laboratory testing should 
be minimized, and sometimes blood samples may be col-
lected in smaller “pediatric” tubes. Arterial and venous blood 
gasses can be used to obtain some electrolyte and hemoglo-
bin values from less than 1 ml of blood. Blood conservation 
can also include the use of postoperative blood salvage. 
Surgical drains can collect significant amounts of blood, and 
this can be processed through blood salvage machines.

 Blood Conservation in Orthopedic Surgery

There are several orthopedic procedures that can have large 
volumes of blood loss, and multiple strategies have been 
employed in total joint surgery. Induced hypotension has 
demonstrated significant reductions in blood loss and blood 
transfusion requirements, specifically with epidural anesthe-
sia [32, 33]. Hypotensive epidural anesthesia also decreases 
the risk of deep vein thrombosis and provides a relatively 
“dryer” surgical field for cementing of joints [34].

Antifibrinolytics, such as tranexamic acid (TXA), are 
employed in total joint surgery as well for blood conserva-
tion [7]. TXA has been used intravenously and topically. 
There is ongoing debate on the true contraindications of 
TXA.  While TXA is historically avoided in patients with 

venous thromboembolism, recent studies may categorize this 
risk as negligible [35]. More detailed information on antifi-
brinolytics and their mechanism of action can be found in 
other chapters of this book.

 Outcomes of Blood Conservation in Cardiac 
Surgery

The majority of perioperative blood transfusions occur in 
patients undergoing cardiothoracic surgery. The Society of 
Thoracic Surgeons and the Society of Cardiovascular 
Anesthesiologists have identified that there are certain char-
acteristics that define a patient as high risk for blood transfu-
sion. These include advanced age, preoperative anemia, 
small body size, non-CABG or urgent surgery, preoperative 
antithrombotic drugs, coagulation abnormalities, and multi-
ple patient comorbidities (insulin-dependent diabetes, sep-
sis, liver failure, peripheral vascular disease). Surgical 
patients categorized as high risk for blood transfusion should 
undergo appropriate blood conservation strategies (pharma-
cological intervention, intraoperative blood salvage, normo-
volemic hemodilution, institution-specific blood transfusion 
algorithms supplemented by POC testing, and a multimodal-
ity approach to blood conservation). Studies regarding the 
safety and efficacy of permissive anemia (hemoglobin of 
6–7 g/dL) as a component of blood conservation have already 
demonstrated safety and effectiveness in reducing transfu-
sions and complications including death [6].

 The Future of Bloodless Medicine

Artificial blood substitutes are currently under very active 
research and development, but none are currently FDA- 
approved. Artificial blood substitutes are either 
perfluorochemical- based (PFC) or hemoglobin-based. PFCs 
are inert, non-toxic substances with oxygen-carrying capac-
ity. Hemoglobin-based blood substitutes can be human 
derived (from old bags), animal, or recombinant. The hemo-
globin from the earthworm Lumbricus terrestris (LtEc) is 
another very attractive blood substitute candidate. One of 
the features is its resistance to oxidation and aggregation 
during storage. Some investigations have been aiming to 
optimize the thermal and oxidative stability of LtEc during 
storage by manipulating pH, antioxidant supplements, and 
deoxygenation. A technique for the reduction of fully oxi-
dized LtEc with antioxidants has also been developed. LtEc 
was shown to have the highest thermal stability in Ringer’s 
modified lactate solution with 10  mM HEPES at pH  7.0. 
Deoxygenation of the LtEc was shown to significantly 
reduce oxidation of the ferrous heme iron. The oxygen 
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transport properties of LtEc were believed to be unaffected 
by storage at high temperatures or oxidation [36]. The sta-
bility of Lumbricus terrestris erythrocruorin can also be 
increased via poly(acrylic acid) conjugation [37]. The 
development of red blood cells from stem cells is currently 
also underway. The use of pluripotent stem cells could allow 
for the mass production of red blood cells in the future. High 
production cost is the strongest limiting factor, and this 
could diminish over time [38].

 Summary

Blood transfusions, while potentially life-saving, are fraught 
with risks and refusal by patients and sometimes unavailable. 
Blood transfusions can cause significant morbidity and mor-
tality. Bloodless medicine involves preoperative assessment 
of anemia and minimization of iatrogenic/surgical blood 
loss. Strategies are readily employed in a variety of patients 
including the Jehovah’s witness, the orthopedic patient, and 
the cardiac patient. Many blood substitutes are being devel-
oped to provide red blood cells’ oxygen-carrying capability. 
As bloodless medicine continues to advance, the need for 
blood transfusions will decrease.
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When Blood Is Not an Option: Care 
of the Jehovah’s Witness Patient

Justin B. Feit and Seth Perelman

 Clinical Case Description

A fifty eight-year-old female Jehovah’s Witness with medi-
cal history significant for ESRD not yet on dialysis, COPD, 
presenting with worsening shortness of breath, found to have 
severe mitral regurgitation and severe tricuspid regurgitation. 
After consultation with surgeons, decision was made to pro-
ceed with an open mitral valve and tricuspid valve replace-
ments. She is referred to presurgical testing for medical and 
surgical optimization prior to surgery.

 Introduction

Perioperative blood management is a crucial aspect of the 
anesthesiologist’s clinical duties. While it is important to 
avoid/prevent perioperative anemia due to its morbidity and 
mortality [1], blood product administration has its own con-
sequences [2], including transfusion reactions [3], pathogen 
transmission [4], immunomodulation [5], transfusion-related 
acute lung injury (TRALI) [6], and transfusion-associated 
circulatory overload (TACO) [7]. There are indications for 
specific blood product transfusions, including need for 
increased oxygen-carrying capacity and tissue oxygenation 
and treatment of coagulopathy secondary to factor deficien-
cies or platelet dysfunction, for example [8, 9].

Despite situations in which blood product transfusion is 
indicated (and withholding of these products can be fatal), 
there are certain patients that will refuse blood product trans-

fusion based on religious beliefs; among these patients, the 
most notable population includes patients of the Jehovah’s 
Witness faith. These patients pose a particular challenge 
among anesthesiologists with respect to perioperative blood 
management due to their refusal of certain blood products 
and limited intraoperative treatment options.

 Blood Transfusions

The modern history of blood transfusions began in the mid- 
1660s when English physician Richard Lower experimented 
with transfusing blood between dogs shortly before physician 
Jean Denis experimented with transfusing humans using blood 
taken from dogs [10]. In the late eighteenth century, Joseph 
Priestley described red blood cells as capable of carrying oxy-
gen [11], shortly before French chemist Antoine Lavoisier 
described the importance of oxygen in respiration [12]. Further 
advances in blood transfusion occurred in the early nineteenth 
century with English obstetrician James Blundell, the “Father 
of Autotransfusion”; it was discovered that giving back blood 
lost during surgery was not only safer than transfusing animal 
blood to humans, but also that autotransfusion improved mor-
tality in massive surgical hemorrhages [13].

Despite improved outcomes demonstrated by Blundell 
with human transfusion in the nineteenth century, there were 
many issues that needed additional research including trans-
fusion reactions and blood product storage. In the early 
twentieth century, Karl Landsteiner, a German physician, 
began elucidating the ABO red blood cell antigen system 
which helped decrease the amount of deadly transfusion 
reactions significantly [14]. Storage of blood products was 
increased to almost 3 weeks through the discovery of adding 
citrate (by Richard Weil) [15] and dextrose (by Peyton Rous 
and JR Turner) [16]. Blood transfusions became more practi-
cal for humans after World War II with the creation of the 
modern blood bank by Drs. Bernard Fantus and Lindon Seed 
out of Chicago, IL [17].
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Over the 300 years since Dr. Lower began his experimen-
tation, there have been numerous further advances in transfu-
sion medicine with respect to efficacy and safety. To this day, 
blood transfusions are the most common invasive procedure 
performed in the United States across all of medicine [18]. 
Blood transfusions can be lifesaving in many surgical envi-
ronments, especially with increased morbidity and mortality 
associated with anemia, coagulopathy, and catastrophic sur-
gical bleeding. However, despite well-recognized indica-
tions for blood transfusion, patients who receive a blood 
transfusion during their hospital stay for whatever reason are 
also more likely to have increased length of stays and mortal-
ity within 28 days [19], and the efficacy of allogeneic trans-
fusion has come into question.

It is important for anesthesiologists to know what types of 
products are available to administer and their specific indica-
tions. The four most common blood products given in the 
perioperative period are red blood cells, platelets, fresh fro-
zen plasma, and cryoprecipitate [20]. Red blood cells are 
used to increase the oxygen-carrying capacity in patients 
with anemia or with significant blood loss that impacts tissue 
oxygenation [21]. Platelets are commonly administered to 
treat or prevent bleeding in patients with low platelet counts 
or with platelet dysfunction [22]. Fresh frozen plasma (FFP) 
is the frozen version of the fluid portion of whole blood; FFP 
includes all of the coagulation factors with the exception of 
platelets [23]. FFP administration is commonly indicated in 
the setting of coagulation factor deficiency in the presence of 
active bleeding [24]; other situations include planned sur-
gery in the setting of abnormal coagulation and thrombotic 
thrombocytopenic purpura. If FFP is thawed at 4  °C as 
opposed to its normal 37 °C, cryoprecipitate is created [25]. 
While FFP contains all coagulation factors, cryoprecipitate 
is made up of fibrinogen, factor VIII, factor XIII, and Von 
Willebrand’s factor [25]. Cryoprecipitate is commonly 
administered in the setting of massive hemorrhages associ-
ated with hypofibrinogenemia, most commonly seen in car-
diac surgery, obstetrics, and liver transplantation [25].

There are other blood product derivatives that are also 
used in the perioperative period including albumin, individ-
ual clotting factors, prothrombin complex concentrate 
(PCC), and immunoglobulins.

 Jehovah’s Witnesses

The Jehovah’s Witness faith was founded in 1881 by Charles 
Taze Russell, a Pittsburgh-based Christian minister [26]. 
Russell began disseminating his beliefs in Zion’s Watch 
Tower and Herald of Christ’s Presence, a monthly religious 
magazine publication that was used to spread the teachings 
that would eventually become the main principles of the 
Jehovah’s Witness faith [26]. With respect to their beliefs 

regarding blood management, their teachings are based on 
specific passages in the bible, namely, Genesis 9:4, which 
states, “Only, you shall not eat flesh with its life, that is, its 
blood” [27], and Leviticus 17:10, saying, “If anyone of the 
house of Israel or of the aliens who reside among them eats 
any blood, I will set my face against that person who eats 
blood, and will cut that person off from the people” [27]. 
These passages are interpreted to form one of the main tenets 
of the JW religion: their refusal of numerous types of blood 
products. As a result, these beliefs have led to multiple chal-
lenges in the medical and surgical care of Jehovah’s 
Witnesses.

The JW religion includes 2,000,000 followers in the 
United States and over 8,000,000 worldwide [18]; it is 
likely that an anesthesiologist will encounter a Jehovah’s 
Witness as a patient and possibly in a clinical situation 
where blood transfusion may be clinically indicated, but 
patient beliefs may make this scenario medically and 
legally challenging.

 Legality

With respect to any patient population, it is important to 
understand each specific patient’s requests/beliefs with 
regards to their medical care. Regarding blood management 
and Jehovah’s Witness patients, their refusal/acceptance of 
various blood products is deeply rooted in ancient Biblical 
scriptures and subsequently passed down from generation to 
generation [26]. With these reasons for refusing certain 
blood products even in life-threatening situations, it is imper-
ative as anesthesiologists that we understand and respect the 
wishes of this patient population. Even with the widely 
believed notion that Jehovah’s Witnesses refuse all types of 
blood products, it is important to have an individualized con-
versation with each patient and clearly delineate which prod-
ucts are acceptable and which products are not acceptable as 
they may differ from patient to patient. Generally speaking, 
most JW patients will refuse “major blood fractions,” namely, 
red blood cells, white blood cells, plasma, and platelets, 
while some will accept “minor blood fractions,” including 
hemoglobin- based oxygen carriers, interferons, albumin, 
cryoprecipitate, and specific clotting factors [28]. Most JW 
patients will accept fluids (crystalloids/colloids), synthetic 
stimulating agents (erythropoietin, thrombopoietin), recom-
binant factor VIIa, and artificial blood substitutes [28].

The reason why certain patients within this population 
may accept or refuse certain blood products differs from 
patient to patient based on their interpretation of the scrip-
tures, and it is important to document their specific wishes 
in order to come up with an acceptable plan for both the 
provider and patient before undergoing surgery. 
Documenting these wishes in the medical record is of tanta-
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mount importance before taking care of this patient popula-
tion. Consulting your institution’s risk management or the 
JW HLS (Hospital Liaison Services) may also be of assis-
tance prior to planned surgical interventions. Not only insti-
tutions have legal/risk management services available for 
the perioperative period, but also there are specific blood 
consent forms that include each type of blood product/sub-
stitute and allow the patient to delineate which products are 
acceptable or objectionable.

During most patient encounters, there is enough time to 
have this discussion with the patient, and it is clear what 
products the patient will and will not accept; what about 
when there is an emergency or if the patient does not have 
capacity to have this conversation? Many Jehovah’s 
Witnesses carry a Durable Power of Attorney (DPA) card 
that may delineate which products are and are not accept-
able in the event of an emergency, but also may designate a 
person who will be able to make clear their wishes in the 
event that they cannot make their wishes known at that spe-
cific time [29]. In the event of a DPA card and health-care 
proxy with conflicting opinions on treatment options, the 
DPA card will ultimately override the health-care proxy. If 
no card or health-care proxy is immediately available in an 
emergency life-threatening situation, a medical provider 
should treat as according to the standard of care, including 
transfusion of any clinically indicated blood products or 
derivatives [29].

 Acceptable and Unacceptable Treatments

As previously mentioned, there are “major blood fractions” 
that are generally not accepted by JW patients, and there are 
“minor blood fractions” that may be accepted by most JW 
patients. There are also products that are often accepted by 
most Jehovah’s Witness patients which include fluids (crys-
talloids and colloids), synthetic stimulating agents (erythro-
poietin and thrombopoietin), recombinant factor VII, and 
artificial blood substitutes [28]. All of these agents refer to 
intravenous “blood substitutes” that are part of overall blood. 
Topical hemostatic agents (Avitene™, Tisseel™, etc.) are 
generally accepted and may be used as part of surgical hemo-
stasis; these agents typically work by directly activating 
platelets and promoting thrombin formation, thus stabilizing 
blood clot formation during surgical bleeding. As with other 
products, these topical agents should be part of the blood 
refusal consent process as some JW may refuse thrombin- 
containing products.

Additional available treatments for JW patients include 
extracorporeal closed loop techniques—acute normovolemic 
hemodilution (ANH), cardiopulmonary bypass (CPB), and 
dialysis [28]; many of these procedures are acceptable, given 

that the circuit is maintained in a closed loop configuration. 
ANH involves preemptive removal of blood from a patient 
followed by replacement with acellular fluid, typically crys-
talloid or colloid [30]; this process leads to decreased red 
blood cell loss during surgery. At the end of surgery, the 
removed blood is then transfused back to the patient [31].

 Preoperative Assessment

Perioperative assessment is crucial in optimizing this spe-
cific patient population. Traditionally, anesthesiologist’s 
roles with respect to patient blood management exclusively 
occurred in the operating room setting, but it has become 
more prevalent over the last 15–20 years for the anesthesi-
ologist to be involved in the patient’s optimization in the pre- 
surgical period as part of a multidisciplinary team including 
surgeons, internists, and hematologists [32].

Part of the preoperative assessment requires an open 
conversation regarding what specific products and proce-
dures will be acceptable and which would be objection-
able. This discussion is critical in planning for the 
perioperative management of the JW especially in situa-
tions where blood products may be administered based on 
clinical indications. Ideally, this respectful discussion 
should happen early in the care of the patient, without the 
need to repeat it with each health-care provider encounter, 
which could be viewed as disrespectful or at worst 
coercion.

While there are indications for preoperative transfusion 
for all types of major blood products, red blood cell transfu-
sion is the most common product transfused preoperatively 
[18]. Perioperative anemia is not only a risk factor for 
increased morbidity/mortality in the perioperative period 
[33] but also a predictor of intraoperative and postoperative 
red blood cell transfusions[1]; this makes correction of ane-
mia in the Jehovah’s Witness population particularly crucial 
to improving their postoperative outcomes. However, there 
are opportunities to optimize their hemoglobin levels with-
out using blood products [34]. There are numerous etiologies 
of anemia that should be identified and treated, such as iron-
deficiency anemia (iron), megaloblastic anemia (Vitamin 
B12, folate), or inadequate erythropoietin synthesis (erythro-
poietin-stimulating agents) [35]. There are various formula-
tions for these acceptable alternatives, including oral, 
intravenous, intramuscular, and subcutaneous, that give this 
population options to allow for preoperative optimization 
without the need for allogeneic transfusion. The importance 
of the early evaluation and treatment of preoperative anemia 
should not be limited to the JW population and should be 
part of the preoperative evaluation of all patients, but in the 
JW patient, it is critical.
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 Perioperative Blood Management Strategies

There are many opportunities in the perioperative period to 
provide optimal medical/surgical care for these patients 
while simultaneously respecting their specific beliefs. Our 
obligation as physicians is not limited to a patient’s physical 
ailments but also extends to respecting their spiritual beliefs. 
In collaboration with the surgeons, it is important to mini-
mize blood loss when possible. For example, use of mini-
mally invasive procedures, intraoperative cell salvage, 
arterial tourniquets, acute normovolemic hemodilution, and 
permissive hypotension are all strategies that can be 
employed in collaboration with our surgical colleagues to 
minimize blood loss intraoperatively [1]. Use of interven-
tional radiology when applicable, compared to open tech-
niques, can also minimize blood loss [1].

Maintaining euvolemia is crucial to allow the physiologi-
cal response to anemia tolerance which includes increased 
tissue oxygen extraction, increased cardiac output, and 
increased sympathetic response to maintain oxygen delivery 
[36]. Supplemental oxygen, along with aggressively opti-
mizing preoperative lung function can help maximize oxy-
gen delivery, especially in low hemoglobin states [28]. 
Aggressively treating high metabolic demand states both 
intraoperatively and postoperatively (i.e., antibiotics for sep-
tic shock, mechanical support for cardiogenic shock, fluids/
vasopressors for hypovolemic shock, paralysis) minimizes 
oxygen demand and thus compensates for potentially lower 
oxygen-carrying capacities [28].

Coagulation defects are often easily treated with plasma 
and/or platelets, but those products are usually restricted in 
the Jehovah’s Witness population. One of the least invasive, 
yet most important opportunities to minimize coagulopathies 
as anesthesiologists is by maintaining normothermia—hypo-
thermia impairs thrombin generation as part of coagulation 
initiation and thus by maintaining normothermia, or more 
importantly avoiding hypothermia, can avoid unnecessary 
coagulopathies [37]. There are also many pharmacologic 
treatments of coagulopathy that can potentially obviate the 
need for plasma/platelets; these treatments include pro-
thrombin complex concentrate (PCC), calcium, vitamin K, 
tranexamic acid (TXA)/aminocaproic acid, desmopressin, 
and recombinant factors among others [36]. Perioperative 
consultation with a hematologist can provide further guid-
ance on how to use these treatments should certain reversible 
coagulopathies arise intra- or postoperatively.

Minimizing phlebotomy perioperatively minimizes HAA 
(hospital acquired anemia), which although may seem incon-
sequential compared to possibly large intraoperative blood 
losses has been shown to lead to worse outcomes compared 
with patients with less iatrogenic blood loss [38]. While it is 
important to assess a patient’s overall clinical status using 

laboratory tests, similar information can be acquired using 
more efficient techniques. POC (point-of-care) tests and the 
availability of pediatric test tubes can also limit hospital 
acquired anemia. Additionally, routine arterial blood gases 
for ventilated patients can be replaced by using continuous 
end-tidal carbon dioxide monitoring and noninvasive oxim-
etry to assess respiratory status, thus potentially limiting the 
need for frequent blood draws [39].

 Anemia Tolerance and Patient Outcomes

While it is important to understand how anesthesiologists 
can use alternate therapies rather than using “major blood 
products,” it is also imperative to understand transfusion 
thresholds and how that corresponds to patient outcomes, 
especially in the JW population. There are situations during 
major hemorrhage and coagulopathy when most providers 
will empirically give blood products before getting any lab 
tests, as per widely accepted standards of care. However, 
there are other instances when time allows for goal-directed 
therapy based on POC testing, and it is up to the anesthesi-
ologist to decide how to proceed with this information and 
whether a transfusion is indicated. With well-documented 
side effects, potential complications, and questionable effi-
cacy of blood transfusions [40], transfusions should not be 
threshold based but should be based on clinical symptoms of 
anemia or coagulopathy.

What do we tell our patient when she comes to pre- surgical 
testing and asks how her religious beliefs will affect her over-
all outcome? Compared to patients without personal transfu-
sion restrictions, Jehovah’s Witness patients undergoing 
cardiac surgery who refuse all major blood products have 
similar short-term and long-term mortality [41]. Similarly, for 
Jehovah’s Witness patients undergoing cardiac surgery who 
refuse blood transfusions, there has been a lower incidence of 
postoperative myocardial infarction, shorter time to extuba-
tion, shorter length of stay, and reduced costs in both the inten-
sive care unit and the hospital [42]. With careful attention paid 
to these patients from the moment they are scheduled for sur-
gery to when they leave the hospital, it is possible to have out-
comes similar to those patients who are less restricted in their 
blood product acceptance. While these studies may indicate 
similar/better outcomes for JW patients compared to the gen-
eral population, it is important to recognize their limitations, 
namely, that most of these studies are observational and that 
there are no randomized- control trials that have looked at sim-
ilar information. Additionally, it is possible and that these JW 
patients were not randomized that there were both conscious 
and subconscious modifications of surgical technique know-
ing that there are limitations for blood transfusion in the event 
of uncontrolled surgical bleeding.
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 Summary

With respect to our patient scheduled for cardiac surgery, 
there are many options for optimization despite the possi-
bility of a high blood-loss surgery. While the surgery is not 
elective, it is also not emergent such that there is adequate 
time for optimization. Presurgical consultation with an 
anesthesiologist is imperative and crucial for minimizing 
perioperative morbidity. Patients who are dialysis-depen-
dent are often chronically anemic due to impaired erythro-
poietin production in interstitial cells found in the renal 
cortex. Other etiologies of anemia in patients with end-
stage renal disease include uremic-induced inhibitors of red 
blood cell production and nutritional deficiencies (iron, 
folate, vitamin B12). Improvement in anemia for this 
patient can be accomplished by targeting each of the previ-
ously mentioned causes of anemia—use of erythropoiesis-
stimulating agents (ESA- examples including Aranesp™, 
Epogen™), strict dialysis and use of desmopressin to 
address uremic platelet dysfunction, and importantly intra-
venous iron, folate, and vitamin B12 to address possible 
nutritional deficiencies. Intraoperatively, strategies to mini-
mize blood loss include ANH, cell saver, and the use of 
permissible “minor blood products,” if indicated. 
Postoperative strategies involve minimization of blood 
draws, use of vasopressors if indicated, and continued treat-
ment of postoperative anemia.

Blood management in the Jehovah’s Witness patient 
poses particular challenges for the anesthesiologist most 
notably their refusal of certain blood products due to reli-
gious beliefs. Patients having surgeries in which there is a 
high likelihood of moderate blood loss should be evaluated 
as soon as possible to assess for the presence and treatment 
of preoperative anemia but also to set out expectations for 
both the patient and the physician. There are many tools in 
our arsenal to deal with this challenging clinical scenario 
in high-risk, high blood-loss surgeries within the confines 
of honoring a patient’s religious beliefs; with the knowl-
edge of available institutional resources along with a clear 
understanding of the patient’s specific wishes, it is possi-
ble to have good surgical outcomes while avoiding 
transfusions.
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Blood Substitutes and Artificial Oxygen 
Carriers

Jacob Tiegs

 History

Experiments using substances to deliver oxygen to tissues 
have been conducted since the seventeenth century [1]. 
Initially, hemoglobin solutions were injected into humans 
with very poor results. Morbidity likely arose from free 
hemoglobin particles and their negative effects on the GU 
system and kidneys in particular. A number of factors con-
tributed to a rebirth in interest for artificial oxygen carriers 
including increased warfare during the twentieth century and 
the identification of blood-born infectious diseases. As blood 
transfusion became safer and methods for decreasing the risk 
of transfusion-related infections developed, the impetus for 
breakthroughs in blood substitutes may have waned. 
However, soon a number of companies had promising prod-
ucts that were in the later phases of clinical trials. 
Unfortunately, these trials soon ended due to concerns over 
ability to get regulatory approval while funding became 
scarce [2]. Despite this, the need for blood substitutes and 
artificial oxygen carriers still exists, and some products con-
tinue to be in development.

 Ideal Characteristics of Oxygen Carriers

There are a number of characteristics that would be part of an 
ideal artificial oxygen carrier. First, it would be readily avail-
able and able to be mass produced. It would also need to be 
safe. This would mean minimal side effects, ability to inter-
act in a non-detrimental way with nitric oxide, and it would 
be sterile. The substance would ideally be portable and easily 
stored while having a long or manageable shelf life. The 

compound would be able to be given universally to all 
patients and be cost effective. This list may seem unattain-
able and lengthy; however, there are at least two compounds 
currently that satisfy most of these requirements.

 Current Types of Oxygen Carriers

To date, there are two main categories of oxygen carriers. 
Hemoglobin-based oxygen carriers, or HBOCs, are derived 
from bovine or human blood. First, hemoglobin is separated 
from the red cell structure by ultrafiltration and purification 
[3]. A number of processes exist to then stabilize the hemo-
globin compound and prepare it for use. These include cross- 
linking, pyridoxylation, polymerization, or pegylation. 
These processes prevent the dissociation of hemoglobin’s 
four chain configuration into its basic alpha and beta dimers 
[4]. Unfortunately, preparations have been limited by side 
effects. Early formulations caused nephrotoxicity thought to 
be secondary to red cell stromal fragments in the hemoglo-
bin. Encapsulated HBOCs were attempted but ran into prob-
lems with the host-defense systems (reticuloendothelial 
system) [5]. Most recently, hypoxic vasodilation that nor-
mally occurs in hypoxic states has been theorized to be lim-
ited by HBOCs due to the deactivation of this reflex by the 
scavenging of nitric oxide by the HBOC compounds causing 
problematic vasoconstriction. Because of these drawbacks, 
there is not currently a HBOC that can replace our current 
standard of care using transfusion of red blood cells. 
However, each trial has given us new information to use and 
incorporate into the next possible product. There is still hope 
and products in the pipeline (Table 16.1).

Perfluorocarbons, or PFCs, are chemically inert com-
pounds where fluorine replaces hydrogen atoms. They are 
water insoluble which requires a lipid emulsification system 
to be utilized. PFCs act as solvents for oxygen, and unlike 
the coupling reaction and relationship of hemoglobin, the 
amount of oxygen that can be dissolved follows a linear 
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 progression and obeys Henry’s law and is related directly 
with PO2 [6]. However, PFCs have fairly short half-lives 
(2–4 h), and the necessary emulsion limits how quickly the 
compound can be administered. A number of side effects 
were seen in early clinical trials with PFCs, but the etiology 
of the problems is unclear. A flu-like illness was often seen 
after administration as well as thrombocytopenia, which 
likely occurred due to the emulsion’s effects on the platelets’ 
surface [6]. Initially, one PFC was approved for use in isch-
emic tissue situations (Fluosol); however, it was later pulled 
due to lack of profitability [7]. Currently, there does not 
appear to be many trials in the pipeline for PFCs.

 Most Beneficial Uses for Oxygen Carriers 
Currently

There are currently no oxygen carriers approved by the FDA 
for use in the USA Right now, the only way to obtain one is 
through the US  Food and Drug Administration (FDA) 
Expanded Access Protocol. Specifically, the use of the unli-
censed OC HBOC-201 (Hemopure) may be approved for 
life-threatening anemia in patient populations where allo-
genic red blood cell transfusion is not an option [8]. Of note, 
Hemopure is currently used in Russia and South Africa [9].

 Side Effects and Challenges of Oxygen 
Carriers

The issues surrounding HBOCs have led to most trials 
being discontinued and preventing further studies from 
taking off. Some of the side effects were mentioned earlier, 
but a number of different complications have been noted. 
One of the main and most seen effects of HBOCs given at 
therapeutic doses is systemic hypertension. Blood pressure 
seems to increase without a corresponding increase in car-
diac output. This hypertension also occurs in the pulmo-
nary vasculature. So, in sum, increases are seen in SVR, 
PVR, MAP, and pulmonary vasculature resistance index, 
and a concomitant decrease is seen in cardiac output. The 
most commonly accepted explanation is that HBOCs inter-

act with and inactivate endothelial nitric oxide, which is a 
potent vasodilator [10].

Other effects on the cardiovascular system have also been 
seen. One of these effects is an increase in myocardial infarc-
tions in patients receiving HBOCs. Obviously, this is a wor-
risome complication, but the etiology is not fully known. It 
does not appear that the scavenging of nitric oxide com-
pounds is fully responsible for this phenomenon. In fact, in 
studies where HBOCs were infused directly into coronary 
arteries, no increase in vasoconstriction was seen [11].

Changes in coagulation and concern for coagulopathy 
also have surrounded the use of HBOCs. Possible etiologies 
for coagulopathy include dilutional coagulopathy and hypo-
calcemia, oxidation of the compound to methemoglobin and 
subsequently inhibiting platelet aggregation, large molecular 
weight molecules (HBOCs) complexing with von Willebrand 
factor and speeding its elimination, and lastly nitric oxide 
scavenging as mentioned previously [12].

One side effect that has been seen in early trials that may 
be improved or eliminated in more recent trials is nephrotox-
icity. Stroma-free hemoglobin caused excess glomerular fil-
tration of hemoglobin dimers, resulting in acute tubular 
necrosis and oliguria.

In addition to the above concerns, HBOCs and free hemoglo-
bin have been implicated in a multitude of other possible compli-
cations: interference of macrophage function, GI distress, iron 
deposition, neurotoxicity, antigenicity, and alterations on a num-
ber of clinical laboratory tests (bilirubin, creatinine kinase, mag-
nesium, uric acid, and gamma- glutamyltransferase) [13].

The main side effects of PFCs were flu-like reactions and 
symptoms likely secondary to the cytokine-mediated effects 
of the compounds and platelet sequestration in the spleen 
and liver [3].

 Outlook and Future Development

Unfortunately, no current oxygen carriers are FDA approved 
for use in the United States. Although there are some compa-
nies pursuing this avenue for oxygen delivery, the side effects 
and inability for previous products to be proven safe and 
effective have limited further development. Further HBOC 
compounds will have to address the nitric oxide scavenging 
and molecular size and properties of the hemoglobin mole-
cule. It is not currently known whether PFCs will have a role 
in the future blood substitute world.

One exciting and new possibility is the culturing of red 
blood cells in vitro. Advances using hematopoietic progeni-
tor cells from sources such as umbilical cord blood and stem 
cells make this theoretically possible. As does the prospect of 
creating immortalized adult erythroid progenitor cells. 
However, many roadblocks exist from the science and regu-
latory aspects before this can become a real possibility [14].

Table 16.1 Examples of HBOCs

Name Description
Diaspirin crosslinked Hb, 
HemAssist

Chemically cross-linked Hb alpha 
chains

Hemopure (HBOC-201) Polymerized bovine Hb
PolyHeme Pyridoxylated polymerized Hb from 

outdated human blood
MP4OX PEG-conjugated human Hb
rHb1.1, rHb2.0 Recombinant human Hb (from E.coli)
Sanguinate PEG carboxylated bovine Hb
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HBOCs continue to offer a glimpse of what can be pos-
sible. A future without the need for blood donation and blood 
transfusion may be a lofty but still worthwhile goal. With 
continued research and study, it is possible to come up with 
a compound that can at the very least reduce our reliance on 
blood product administration, which will benefit the health-
care system and most importantly the patient tremendously.

References

 1. Winslow RM.  Blood substitutes, a moving target. Nature Med. 
1995;1:1212–5.

 2. Fridey JL, Silvergleid AJ, Tirnauer JS editors. Oxygen carriers as 
alternatives to red blood cell transfusion. Up to Date. Accessed 
30 Aug 2019. https://www-uptodate-com.proxy1.lib.tju.edu/con-
tents/oxygen-carriers-as-alternatives-to-red-blood-cell-transfu-
sion?search=oxygen%20carriers%20as%20alternatives%20to%20
red%20blood%20cell%20transfusion&source=search_result& 
selectedTitle=1~150&usage_type=default&display_rank=1

 3. Scott MG, Kucik DF, Goodnough LT, Monk TG. Blood substitutes: 
evolution and future applications. Clin Chem. 1997;43(9):1724.

 4. Natanson C, Kern SJ, Lurie P, Banks SM, Wolfe SM.  Cell-free 
hemoglobin-based blood substitutes and risk of myocardial infarc-
tion and death: a meta-analysis. JAMA. 2008;299(19):2304. Epub 
28 Apr 2008.

 5. Szebeni J, Wassef NM, Hartman KR, Rudolph AS, Alving 
CR.  Complement activation in  vitro by the red cell substitute, 
liposome-encapsulated hemoglobin: mechanism of activation and 
inhibition by soluble complement receptor type 1. Transfusion. 
1997;37(2):150.

 6. Scott MG, Kicik DF, Goodnough LT, Monk TG. Blood substitutes: 
evolution and future applications. Clin Chem. 1997;43(9):1724–31.

 7. Kerins DM. Role of the perfluorocarbon Fluosol-DA in coronary 
angioplasty. Am J Med Sci. 1994;307(3):218.

 8. Donahue LL, Shapira I, Shander A, Kolitz J, Allen S, Greenburg 
G.  Management of acute anemia in a Jehovah’s witness patient 
with acute lymphoblastic leukemia with polymerized bovine 
hemoglobin- based oxygen carrier: a case report and review of lit-
erature. Transfusion. 2010;50(7):1561.

 9. Mer M, Hodgson E, Wallis L, Jacobson B, Levien L, Snyman 
J, Sussman MJ, James M, van Gelder A, Allgaier R, Jahr 
JS. Hemoglobin glutamer-250 (bovine) in South Africa: consensus 
usage guidelines from clinician experts who have treated patients. 
Transfusion. 2016;56(10):2631. Epub 2016 Sep 23

 10. Kim HW.  Acellular hemoglobin-based oxygen carrier mediated 
blood pressure elevation and vasoconstriction: a review of proposed 
mechanisms and contributing factors. In: Kim H, Greenburg A, edi-
tors. Hemoglobin-based oxygen carriers as red cell substitutes and 
oxygen therapeutics. Berlin/Heidelberg: Springer; 2013.

 11. Estep TN. HBOCs and cardiac integrity. In: Kim H, Greenburg A, 
editors. Hemoglobin-based oxygen carriers as red cell substitutes 
and oxygen therapeutics. Berlin/ Heidelberg: Springer; 2013.

 12. Jahr JS, Chung M, Anvarhosseini A, Kim HW.  Effects of 
hemoglobin- based oxygen carriers on blood coagulation. In: Kim 
H, Greenburg A, editors. Hemoglobin-based oxygen carriers as 
red cell substitutes and oxygen therapeutics. Berlin/Heidelberg: 
Springer; 2013.

 13. Smani Y.  HBOC interferences with routine clinical laboratory 
tests. In: Kim H, Greenburg A, editors. Hemoglobin-based oxy-
gen carriers as red cell substitutes and oxygen therapeutics. Berlin/
Heidelberg: Springer; 2013.

 14. Trakarnsanga K, Griffiths R, Wilson M, Blair A, Satchwell T, 
Meinders M, Cogan N, Kupzig S, Kurita R, Nakamura Y, Toye A, 
Anstee D, Frayne J. An immortalized adult human erythroid line 
facilitates sustainable and scalable generation of functional red 
cells. Nature Communications. 2017;8:14750.

16 Blood Substitutes and Artificial Oxygen Carriers

https://www-uptodate-com.proxy1.lib.tju.edu/contents/oxygen-carriers-as-alternatives-to-red-blood-cell-transfusion?search=oxygen carriers as alternatives to red blood cell transfusion&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1
https://www-uptodate-com.proxy1.lib.tju.edu/contents/oxygen-carriers-as-alternatives-to-red-blood-cell-transfusion?search=oxygen carriers as alternatives to red blood cell transfusion&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1
https://www-uptodate-com.proxy1.lib.tju.edu/contents/oxygen-carriers-as-alternatives-to-red-blood-cell-transfusion?search=oxygen carriers as alternatives to red blood cell transfusion&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1
https://www-uptodate-com.proxy1.lib.tju.edu/contents/oxygen-carriers-as-alternatives-to-red-blood-cell-transfusion?search=oxygen carriers as alternatives to red blood cell transfusion&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1
https://www-uptodate-com.proxy1.lib.tju.edu/contents/oxygen-carriers-as-alternatives-to-red-blood-cell-transfusion?search=oxygen carriers as alternatives to red blood cell transfusion&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1


145© Springer Nature Switzerland AG 2021
C. S. Scher et al. (eds.), Essentials of Blood Product Management in Anesthesia Practice, 
https://doi.org/10.1007/978-3-030-59295-0_17

Preoperative Therapy for Anemia

Larry R. Hutson Jr, John C. Cargile, and Garrett D. Starling

 Definition and Prevalence of Anemia

Any discussion of anemia and its correction must include a 
definition of anemia. For the past several decades, the World 
Health Organization (WHO) has been the authority on global 
anemia prevalence, tracking rates of anemia, and the most 
common causes [7]. The WHO defines anemia as a hemoglo-
bin concentration of less than 13.0 g per 100 milliliters (g/
dL) in adult men (15 years of age and up), less than 12 g/dL 
in children ages 12–14 and in nonpregnant women, less than 
11.5 g/dL in children ages 5–11, and less than 11 g/dL in 
children under the age of 5 years and in pregnant women. 
The WHO further breaks down anemia into mild, moderate, 
and severe categories (Table 17.1) [8]. Adult women with a 
hemoglobin of 12 g/dL are twice as likely as men with 13 g/
dL of hemoglobin to require a transfusion – usually due to 
lower circulating blood volumes – therefore their threshold 
for anemia is set 1 g/dL less than for men [9].

In the latest examination of anemia from the WHO, the 
overall rate globally was 32.9% [8]. In some high-risk popu-
lations, the incidence of anemia may range from 50% to 
80%, with 10–20% suffering from moderate to severe ane-
mia [10]. Those at highest risk are individuals low in socio-
economic status, low in body weight, and experiencing 
post-partum [11]. Of course, the rate and cause of anemia 
vary across countries. Iron deficiency is most common, fol-
lowed by parasitic infections (malaria, schistosomiasis, and 
hookworms), then hemoglobinopathies, and obstetric/gyne-
cologic disorders [7].

In the United States, studies demonstrate that anemia is 
present in 5.1–6.1% of the overall population, with a rate of 
moderate to severe anemia of 1.4–1.7% (excluding pregnant 

women). Women have double the risk of men and five times 
the risk for moderate to severe anemia until the age of 80 years 
old, at which point the rate is equal for both genders [12]. It is 
present at triple the frequency in African Americans [13]. 
While the data demonstrates that the general US population 
would be classified as having a mild public health issue, ane-
mia is a more serious health concern for certain subgroups 
due to their higher rates of both anemia and moderate to 
severe anemia: African Americans, Hispanics, adults over 
60 years of age, nonpregnant women of reproductive age, and 
pregnant women [8, 12]. Iron deficiency anemia is present at 
a lower rate in the United States compared with other coun-
tries around the globe, which means that a higher proportion 
of anemia causes can be attributed to hemoglobinopathies, 
chronic kidney disease, and gastrointestinal bleeding than in 
lower income countries, though iron deficiency anemia is still 
the most common kind in the United States [7, 12].

As people increase in age, so too does the prevalence of 
anemia. Those aged 75–84 years old had a rate of 13%; this 
almost doubles to 23% above the age of 85 [14]. Overall, this 
gave a prevalence of 17%, with roughly a third categorized 
as moderate to severe [15].

For patients who are hospitalized, anemia rates are 
increased over the general population, with 19% of admitted 
patients presenting with anemia. More interesting, 60% of 
those who were not anemic on admission developed hospital- 
acquired anemia [16]. A European study of cancer patients 
demonstrated that those undergoing radiation therapy had an 
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Table 17.1 Definitions of anemia

Population Severe Moderate Mild
Children 6–59 months <7 7–9.9 10–10.9
Children 5–11 years <8 8–10.9 11–11.4
Children 12–14 years <8 8–10.9 11–11.9
Non-pregnant women <8 8–10.9 11–11.9
Pregnant women <7 7–9.9 10–10.9
Men (over 15 years) <8 8–10.9 11–12.9

Anemia definitions (in g/dL) by population group [10]
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anemia frequency of 29%, while cis-platinum-based chemo-
therapy patients had almost triple that at 75% [17]. Congestive 
heart failure patients are commonly anemic (17%), resulting 
in worsening survival [18, 19].

In noncardiac surgical patients overall, the rate of anemia 
was around 34%, with three quarters of that due to iron defi-
ciency [20]. Certain surgical cohorts face their own anemia 
challenges. Orthopedic patients present with anemia at a fre-
quency of 10.5%, with the major causes split between nutri-
tional deficiencies and anemia of chronic inflammation [21]. 
In patients scheduled for colorectal cancer resection, more 
than half present with iron deficiency, though not necessarily 
with anemia [22].

In terms of trends, the global prevalence decreased from 
40.2% when studied by the WHO in 1990, to the most recent 
rate of 32.9% in the report published in 2011 [8]. Most of 
these gains occurred in women and children, who have been 
the focus of an action plan related to improving nutrition in 
these populations from the World Health Assembly, as well 
as other programs  – such as the UN Secretary-General’s 
Every Woman Every Child initiative and the Global Strategy 
for Women’s and Children’s Health – that have emphasized a 
reduction in risk factors that adversely affect these two 
groups [23]. In the United States, the prevalence of both ane-
mia and moderate to severe anemia almost doubled between 
2003 and 2012 for reasons that are unclear [12].

 Risks of Anemia for Surgery

Preoperative anemia imposes increased risks of morbidity 
and mortality for surgical patients [24]. While the severity 
and cause of anemia are important determinants of risk level, 
any degree of anemia may negatively impact a patient’s risk 
for perioperative transfusion, intraoperative and postopera-
tive complications, as well as length of hospital stay and 
readmission rate [25–27]. In fact, a preoperative hemoglobin 
lower than 10  g/dL is associated with an almost threefold 
increase in postoperative pulmonary complications [28, 29]. 
While morbidity increases with hemoglobin levels less than 
10  g/dL, mortality rate increases with hemoglobin levels 
below 7, and as levels approach 2.5 g/dL without transfusion, 
mortality is 50% [30, 31]. The current recommendation for 
transfusion threshold is 7 g/dL in stable, hospitalized adult 
patients; however considerations such as preexisting cardiac 
disease, ongoing or expected blood loss, and type of surgery 
may necessitate a higher threshold [32, 33].

Preoperative anemia increases the chance of red blood 
cell transfusion, and while red blood cell transfusion is the 
most effective and immediate way of increasing oxygen- 
carrying capacity in an anemic patient at risk for ischemia, it 
is itself associated with increased risks. Transmission of 
infection, transfusion-related acute lung injury (TRALI), 

transfusion-associated circulatory overload (TACO), and 
numerous types of hypersensitivity and hemolytic reactions 
remain real concerns [34].

The world blood supply is safer than ever before, but cer-
tain bacteria, viruses, prions, and parasites still may be trans-
mitted through transfusion of blood products. All donors are 
risk screened with a questionnaire and all blood units tested 
for various infectious agents. There is a comprehensive list 
of pathogens and the tests used to screen them on the US 
Food and Drug Agency website. Despite this, there remains 
a risk that an emerging pathogen  – not yet identified as a 
threat to be tested  – may still be transmitted during 
transfusion.

As discussed in a separate chapter on complications of 
blood transfusions, transfusion-related acute lung injury 
(TRALI) is a potential life-threatening reaction to donor 
unit(s) that manifest as dyspnea, hypotension, and fever. The 
vast majority of cases are due to multiparous, female donors 
that have anti-HLA and/or anti-granulocyte antibodies. 
While red blood cell units have little plasma in them, there 
may still be enough donor antigens present to react with 
recipient antibodies. Transfusion-related circulatory over-
load (TACO) results from overwhelming of the body’s abil-
ity to compensate for the increased volume introduced into 
the circulatory system with transfusion. Susceptibility to this 
varies with patient preexistent comorbidities, acute/chronic 
illness, and the volume transfused. Treatment consists of 
diuretics and judicious use of transfusion products.

Hypersensitivity reactions are due to allergens, primarily 
IgA and haptoglobin. The rate is approximately 0.15% for 
red blood cell transfusion [35]. TRALI and TACO are 
included in this category, but many others occur. Treatment 
is generally symptomatic. Mild reactions may be treated 
with an antihistamine and steroids. More serious reactions 
may require stabilization with epinephrine. When a sus-
pected allergic reaction to transfusion occurs, serum tryptase 
levels may be drawn as a confirmatory test. Tryptase is 
released in large amounts from granulocytes during an aller-
gic reaction and remains high for as long as 2 h after release.

Hemolytic reactions – the destruction of red blood cells 
during or after a transfusion  – may be immune or non- 
immune mediated. Immune-mediated hemolytic reactions 
are caused by transfusing red blood cells that are incompati-
ble with the patient’s anti-A, anti-B, or other red blood cell 
antibodies. Sometimes, this reaction may be delayed. If a 
patient develops antibodies after a transfusion, the level of 
those antibodies may diminish over time. These antibodies 
may, in fact, be undetectable by standard crossmatching 
techniques. Then, after a subsequent transfusion, through an 
anamnestic response, the antibody levels may increase lead-
ing to a delayed hemolytic transfusion reaction.

There have been studies that demonstrate increased rates 
of hepatic cancer and non-Hodgkins lymphoma among 
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patients who received blood transfusions, though the con-
cept is controversial, as there has never been a study show-
ing direct causation. Theories exist that suggest a link to 
transmission of viruses that cause cancer, or due to a direct 
transfer of cancer cells through blood transfusion. 
Immunomodulation has also been suggested as a mecha-
nism. There are previously described models where this 
happens, such as how the hepatitis C virus can be a precipi-
tating factor for hepatocellular carcinoma and how the E 
virus is associated with lymphoma. However, for every 
theory there are multiple confounding variables that limit 
the logic of the argument [36]. The risk of cancer may just 
be related to the corresponding risk of transmission of any 
offending virus. This is discussed in greater detail in 
another chapter.

 Preoperative Anemia Clinic

There was a time when patients would donate their own 
blood weeks in advance of surgery for their own use. This 
autologous blood prevented issues with type compatibility, 
but is nevertheless on the decline as institutions find that 
costs are high, about half of the units go to waste instead of 
being used, and patients often arrived for surgery anemic as 
a result of the donation, thus increasing their risk [37]. 
Correcting anemia through (non-autologous) blood trans-
fusion introduces the previously described risks, resulting 
in detrimental effects to the surgical outcome as well as 
longer lengths of hospital stay postoperatively, higher rates 
of ICU admission, and increased rates of in-hospital mor-
tality [38–42].

Instead, hospitals are increasingly turning to the use of a 
preoperative anemia clinic (PAC) in the hope of resolving 
anemia in patients who can afford to delay surgery. One of 
the earliest and best described PACs was created at Duke 
University’s School of Medicine. Flowing out of the early 
success of enhanced recovery after surgery protocols 
(ERAS), in July 2013, they created a multidisciplinary 
team  – the Perioperative Enhancement Team (POET)  – in 
order to optimize patients bound for surgery, which included 
a PAC [43]. The PAC portion started as a pilot program for 
orthopedic patients intended to receive lower extremity total 
joint replacement due to the high relative rate of blood trans-
fusion for this service line despite aggressive use of antifibri-
nolytics, cell salvage when appropriate, and restrictive 
transfusion practices [44].

There is currently no level-one evidence for improved 
outcomes in the treatment of preoperative anemia [45]. On 
the other hand, it stands to reason that the use of PACs for 
those at higher risk for perioperative transfusion might lead 
to a reduction in those same transfusions, thus allowing for 
better overall management of the blood supply, especially 

since blood collection historically has fallen behind the 
demand [46].

One institution reported a significant reduction of 36% in 
length of stay (from 5.5 days down to 3.5 days) for those 
patients with anemia who were referred to their PAC, as well 
as a 48% reduction in the number of units of blood trans-
fused in that same cohort [47]. Another institution reported a 
similar decrease in length of stay for patients who were 
treated in their PAC, as well as a 37% reduction in the num-
ber of patients who were transfused perioperatively. Their 
initial calculated cost savings were estimated to be $200,000 
per year for their hospital, a figure which did not include 
length of stay savings [48]. The financial modeling of the 
Duke POET program projected net savings of $2.5 million 
over 5 years, a result of decreased transfusion rates, improved 
outcomes, and revenue generation from preoperative infu-
sions, all despite the costs associated with the PAC and 
increased preoperative testing [44].

Being the most prevalent type, most of the published data 
around preoperative correction of anemia relates specifically 
to iron deficiency anemia. A study of colorectal surgery 
patients demonstrated an average reduction in length of stay 
by a little over 2 days, as well as cost savings (both direct and 
indirect) of between $300 and $500, depending on the for-
mulation of intravenous iron used [49]. Another institution 
reduced their transfusion rate in lower extremity total joint 
patients from 26.4% to 11.5%, also using intravenous iron in 
patients with IDA [50]. A longer ranging, far larger study – 
the PREVENTT trial, designed to provide sufficient study 
power to demonstrate the effects of intravenous iron on pre-
operative anemia before major open abdominal operations – 
is currently underway in the United Kingdom, with 
enrollment in the study to be completed in late 2019 [51].

Each institution must decide on their own path to creating 
a PAC, as patient populations, hospital resources, and surgi-
cal cases done at that institution can vary greatly. To start a 
program with the entire surgical population would be daunt-
ing. Furthermore, not all anemic patients need a delay and 
aggressive therapy for their condition, given that minor pro-
cedures are unlikely to result in transfusion [46]. Guinn et al. 
in a publication regarding the creation of POET described 
beginning with a pilot population, one that had significant 
rates of anemia amenable to treatment, high perioperative 
transfusion rates, consistent follow-up, and a surgical team 
willing to delay an operation in favor of preoperative hemo-
globin optimization. Some institutions utilize point-of-care 
testing equipment to allow for initial screening for anemia in 
the surgical clinics before the patient leaves from the consul-
tation at which surgery was arranged [44].

Laboratory testing should occur as early as possible to 
allow for progression down an algorithm, to determine 
whether anemia is present, and if so the nature of the anemia. 
Additionally, it takes time for anemia to correct without the 
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use of transfusion. For example, in IDA, maximal effect of 
intravenous iron takes 2–3 weeks [52, 53]. Ultimately, suc-
cess of a PAC relies upon institutional support and multi- 
disciplinary cooperation between surgery, internal medicine, 
and anesthesiology.

 Iron Deficiency Anemia

Iron deficiency anemia (IDA) is the most common type of 
anemia worldwide, comprising roughly one half of the ane-
mia burden [7]. IDA affects 1–2% of the US population and 
up to 12% of women aged 20–49 [54]. The primary causes of 
IDA are inadequate intake of iron, malabsorption, and blood 
loss [55]. According to a systematic analysis for the Global 
Burden of Disease Study 2016, IDA was the fourth highest 
cause of years lived with disability, demonstrating the sig-
nificant health consequences of this type of anemia [56]. In 
the perioperative setting, specific undesired outcomes 
include increased risk of perioperative transfusion, morbid-
ity (acute myocardial infarction, ischemic stroke, or kidney 
injury), and hospital and 30-day mortality [57]. For these 
reasons, preoperative IDA should be diagnosed and properly 
treated before major surgery [58, 59].

Though diagnosis and treatment of anemia is often per-
formed by primary care physicians, perioperative physicians 
must be familiar with the basics of evaluating IDA.  An 
appropriate history should be obtained from patients in 
whom anemia is suspected, detailing symptoms that occur in 
IDA. These include fatigue, dyspnea on exertion, dysphagia, 
glossitis, cheilosis, pallor, koilonychias, palpitations, head-
aches, tinnitus, taste disturbances, and pica; physical find-
ings include a fatigued appearance, conjunctival or lingual 
pallor, angular stomatitis, glossitis, tachycardia, systolic flow 
murmur, pulmonary edema, hepatomegaly, splenomegaly, 
koilonychias, skin pallor, and poor capillary refill [55, 60, 
61]. Chronic blood loss is commonly associated with men-
struation and gastrointestinal diseases; therefore a gastroin-
testinal and gynecologic history should also be obtained. 
Additionally, patients should be questioned regarding symp-
toms or a history of inflammatory bowel disease, celiac dis-
ease, and gastrointestinal surgery [62]. A thorough 
medication review is important, as certain medications  – 
such as antacids, H2 blockers, proton pump inhibitors, non-
steroidal anti-inflammatory drugs, and zinc and manganese 
supplements – can contribute to iron malabsorption and thus 
IDA [55].

For patients with suspected anemia based on the history 
and physical exam, diagnosis confirmation should be per-
formed with laboratory analysis. A complete blood count 
(CBC) both confirms and details the degree of the anemia. It 
also includes several red blood cell indices that can be help-
ful in attempting to diagnose IDA.  The mean corpuscular 

volume (MCV) is 97.6% sensitive for IDA with values typi-
cally below 80 μm when it is present [63, 64]. A CBC also 
provides the red cell distribution width, which is normally 
increased in IDA [55]. A reticulocyte count may also be 
helpful and is typically low in IDA [65]. Other relevant labo-
ratory tests and their relative values in IDA are as follows: 
serum iron levels (low), total iron binding capacity (high), 
transferrin saturation (low), and ferritin levels (low) [63, 66]. 
A transferrin receptor assay can be particularly helpful in 
distinguishing between IDA (high) and anemia of chronic 
disease (normal) [55].

The gold standard for diagnosis of IDA is iron staining of 
a bone marrow aspirate. In IDA, staining would be absent or 
decreased. This study is more expensive than the earlier 
described studies and is generally unnecessary [55]. Many 
patients will require minimal studies to establish the diagno-
sis. For instance, an otherwise healthy woman of reproduc-
tive age will likely only need a history, physical examination, 
CBC, and ferritin to diagnose IDA [66]. In the perioperative 
patient, a CBC and transferrin saturation are often the most 
reliable way to determine the need for iron [48].

Despite the multiple complications of IDA, routine 
screening by primary care physicians is not recommended in 
the asymptomatic and nonpregnant patient population [59]. 
Additionally, not all surgical patients require a preoperative 
hemoglobin, hematocrit, or complete blood count. Clinical 
judgement must therefore be used in determining which 
patients require preoperative testing for IDA.  It is recom-
mended that all hospitals performing major surgical proce-
dures have a clear perioperative anemia management 
pathway, including guidelines for preoperative testing. 
Patients undergoing procedures in which the transfusion risk 
is ≥10% and/or estimated blood loss ≥500  mL should 
undergo an appropriate laboratory workup for anemia [48].

Once IDA has been diagnosed, it is important to deter-
mine and treat the underlying cause. The severity of anemia, 
urgency of surgical intervention, and likelihood of periopera-
tive bleeding will determine whether this determination and 
treatment should take place preoperatively or postopera-
tively. The anemia itself should be treated with oral iron or 
intravenous iron, with or without recombinant human eryth-
ropoietin (rHuEPO), depending on the patient’s hemoglobin 
levels, anemia tolerance, and comorbidities [58]. Red blood 
cell transfusion (RBCT) should only be used for severe or 
hemodynamically significant anemia.

The National Institute for Health and Care Excellence in 
the UK (NICE) recommends offering oral iron either before 
or after surgery to patients with IDA [67]. Gastrointestinal 
adverse effects may reduce tolerance and compliance with 
oral iron supplementation [68]. Low once daily or alternate 
day dosing may reduce these adverse effects and maximize 
fractional absorption [69]. A retrospective study of primary 
hip replacement showed that, compared to no iron supple-
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mentation, liposome-encapsulated ferric pyrophosphate iron 
(30  mg/day for 3–4  weeks preoperatively) was well toler-
ated, reduced transfusion requirements, reduced length of 
hospital stay, and resulted in higher hemoglobin levels 
30 days after discharge [70]. Preoperative oral iron supple-
mentation requires several weeks to result in modest 
increases in hemoglobin; therefore, it may be appropriate for 
treatment of mild-to-moderate IDA when a sufficient time 
interval prior to surgery exists [48]. The current evidence is 
unsupportive for postoperative oral iron supplementation. A 
review of seven RCTs involving orthopedic and cardiac sur-
gical patients demonstrated that high-dose oral iron therapy 
was not superior to placebo in correcting postoperative ane-
mia or reducing transfusions and was associated with signifi-
cant gastrointestinal side effects [71].

Intravenous iron is the preferred route in cases of severe 
intolerance to oral iron, moderate-to-severe anemia, ongoing 
blood loss, inflammatory status, use of erythropoiesis- 
stimulating agents, short time to surgery, or nonelective pro-
cedures [48]. It is also superior to oral iron for the management 
of postoperative anemia [71]. Intravenous iron has been 
shown to reduce transfusion requirements in the gynecologi-
cal setting, as well as in colorectal cancer patients [72, 73]. It 
is also effective in those with both solid organ and hemato-
logical malignancies [74]. In one prospective study of ane-
mic colorectal cancer patients, a 2-week preoperative course 
of intravenous iron resulted in a mean hemoglobin increase 
of 1.1  g/dL [75]. Most professional association guidelines 
recommend intravenous iron for the management of periop-
erative IDA.

 Anemia of Chronic Disease

Anemia of chronic disease (ACD) is a hypoproliferative ane-
mia resulting from systemic illness and/or inflammation and 
is the second most common type of anemia, behind IDA 
[76]. It is associated with a variety of conditions including 
infections, malignancies, autoimmune disease, chronic renal 
failure, and chronic heart failure. It is the result of impaired 
production of erythropoietin (EPO), blunted marrow ery-
throid response to EPO, iron-restricted erythropoiesis, and a 
decreased number of EPO-responsive cells [77]. Low serum 
iron levels are common in ACD and are a result of increased 
hepcidin, a hormone produced primarily by hepatocytes that 
causes decreased gastrointestinal absorption of iron and 
decreased release of the iron stores within the body [78].

Diagnosis of ACD can be challenging. In addition to a 
detailed history and physical exam, the anemia itself is usu-
ally confirmed with a complete blood count. ACD typically 
produces a normochromic and normocytic anemia, though it 
may become microcytic further in the disease progression. 
Common laboratory findings used to assess for inflammation 

include neutrophilia, monocytosis, thrombocytosis, elevated 
C-reactive protein, and elevated erythrocyte sedimentation 
rate. Distinguishing between ACD and IDA is difficult 
because the two conditions often co-exist, and a functional 
iron deficiency is a common occurrence in ACD. Transferrin 
levels can be helpful in distinguishing the two as they are 
increased in IDA but normal or decreased in ACD [77]. Other 
tests, such as new red blood cell indices and hepcidin assays, 
are being investigated as possible ways to aid in the diagno-
sis of ACD, but further study is needed [79].

The treatment of ACD should involve targeting the under-
lying cause of inflammation or malignancy as well as 
improving the anemia. The most common pharmacologic 
regimen for the treatment of the anemia involves combining 
erythropoiesis-stimulating agents (ESA) and iron supple-
mentation. Recombinant human EPO (rHuEPO) is a com-
monly used ESA and has been shown in numerous studies on 
patients with ACD of various causes to significantly improve 
hemoglobin levels beyond the levels in patients treated with 
iron alone. There is concern that EPO administration may 
increase the risk of cardiovascular events and thrombosis, as 
well as possibly modulate tumor growth via cytoprotective 
effects [77].

The FDA has published warnings regarding the usage of 
EPO related to both adverse effects and has specifically rec-
ommended that it not be used in certain tumor types [80]. 
Functional iron deficiency is part of the pathogenesis of 
ACD, and IDA frequently occurs with ACD. For these rea-
sons, iron supplementation is often effective at improving 
the anemia in patients with ACD [79]. Intravenous iron has 
been shown to be more effective than oral iron in certain 
types of ACD, such as the anemia caused by chronic renal 
disease [81]. Additionally, there is evidence that intravenous 
iron enhances the effects of ESAs in patients with other types 
of ACD [82]. The American Society of Hematology guide-
lines recommend monitoring of iron status in patients receiv-
ing ESAs but currently do not make a recommendation for 
supplementing ESAs with intravenous iron to improve the 
response [83].

 Sickle Cell Disease

Sickle cell disease (SCD) is the most common inherited red 
blood cell disorder and is the result of a chromosomal muta-
tion leading to an abnormal β-globin subunit of the hemoglo-
bin molecule [84]. In response to various triggers, including 
hypoxemia, hypothermia, and dehydration, the abnormal 
hemoglobin molecule forms insoluble globin polymers, a pro-
cess known as sickling, which causes red blood cells (RBC) to 
stick to each other and to vascular endothelium. This results in 
vascular endothelial damage and inflammation, causing fur-
ther sickling. Ultimately, this process ends in sludging of 
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blood and vascular occlusion [85]. It is this vascular occlusion 
that forms the basis for the myriad sequelae of SCD.

Sickled RBCs have a lifespan of 10–20 days, as opposed 
to the 120-day lifespan of normal RBCs. They are fragile and 
easily hemolyzed, which can lead to megaloblastic or aplas-
tic anemia. Chronic hemolysis results in patients adapting to 
new “normal” hemoglobin levels, often as low as 6–9 g/dL 
[86]. Other sequelae of SCD, such as splenic sequestration of 
RBCs, can lead to profound anemia, requiring transfusion in 
any presenting setting, perioperative or otherwise [87]. The 
chronic, long-term anemia often associated with SCD can 
cause chronic high cardiac output and result in cardiovascu-
lar complications, including left ventricular hypertrophy, 
cardiomegaly, and hypertrophic cardiomyopathy [86].

The perioperative treatment of the chronic anemia in SCD 
relies primarily on RBCT. There are three basic periopera-
tive transfusion strategies: exchange transfusions, “top-up” 
transfusions, and non-routine transfusions. Exchange trans-
fusions attempt to decrease the abnormal hemoglobin to 
<30% of the total hemoglobin. Alternatively, the goal of 
“top-up” transfusions is to simply increase the hemoglobin 
to a pre-set goal. A non-routine transfusion strategy declines 
to have automatic transfusion requirements for patients with 
SCD [88]. Numerous studies have been done comparing the 
various transfusion strategies with widely mixed results [89]. 
A recent Cochrane Database review of the existing random-
ized controlled trials found insufficient evidence to make 
determinations regarding the relative effectiveness of each 
strategy. That review did find very low-quality evidence that 
preoperative blood transfusion may prevent the development 
of acute chest syndrome [90]. Despite the lack of evidence, 
the current consensus in the United States is “to bring the 
hemoglobin level to 10 g/dL prior to undergoing a surgical 
procedure involving general anesthesia” [91]. A recent inter-
national review recommends that “transfusion decisions 
need to be selective and individualized based on the type of 
SCD, the baseline hemoglobin, the baseline cardiopulmo-
nary reserve, and the risk of the surgical procedure” [89].

 Pernicious Anemia

Pernicious anemia is caused by deficiencies of vitamin B12 
and/or folate. These are necessary for the transfer of a methyl 
group from N5-methyltetrahydrofolate to cobalamin. The 
resulting megaloblastic red blood cells can be identified on a 
CBC by an increased mean corpuscular volume and on 
peripheral smear by the hypersegmented neutrophils. When 
vitamin B12 levels are low, there are increased levels of meth-
ylmalonic coenzyme A (MMA) and homocysteine. In fact, 
levels of MMA and homocysteine begin to increase even 
before vitamin B12 levels fall below the lower limit of normal 
on a lab assay. Therefore, they are considered early indica-

tors of vitamin B12 deficiency [92]. Antibodies to intrinsic 
factor have a very high specificity (near 100%), but sensitiv-
ity is only 70% [93]. Folate deficiency may cause increased 
homocysteine levels. Treatment of pernicious anemia is vita-
min B12 and folate supplementation. These should be taken 
together because it can be difficult to differentiate between 
the two deficiencies, and a deficiency in one can lead to a 
deficiency in the other.

 Other Causes of Anemia

Some causes of anemia require further evaluation before 
elective surgery. A thorough preoperative history and phys-
ical exam many times will reveal concern for gastrointesti-
nal bleeding, renal dysfunction or a variety of symptoms 
that could reveal a hematological or oncological diagnosis. 
Not only would many of these diseases require treatments 
that could be complicated by an elective surgery, but these 
comorbidities could increase the morbidity and/or mortal-
ity of operative and recovery phases of an elective 
procedure.
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ASBP Armed Services Blood Program
BSCM Blood supply chain management
CDC Centers for Disease Control
DCR Damage control resuscitation
DCS Damage control surgery
DHSS Department of Health and Human Services
EDP Emergency donor pool
FDA Food and Drug Administration
FFP Fresh frozen plasma
FLYP French lyophilized plasma (freeze dried plasma)
FWB Fresh whole blood
ICU Intensive care unit
JTS CPG Joint Trauma System Clinical Practice Guideline
MCE Mass casualty event
MERT Medical Emergency Response Team
MTF Military treatment facility
RBC Red blood cells
SAMU Service d’Aide Medicale Urgente
SWB Stored whole blood
TTD Transfusion-transmitted disease
WBB Walking blood bank

 Disaster Preparedness, Resuscitation, 
and the Anesthesiologist

Since the terrorist attacks on the World Trade Center on 9/11, 
the public health sector has increased focus on disaster pre-
paredness and response and recovery efforts. National and 
state organizations have focused primarily on prehospital 
and emergency room preparedness to handle a surge of 
patients that would occur during a mass casualty event 
(MCE). Hospitals must also be prepared to manage an influx 
of patients and provide advanced care to those requiring 
urgent intervention such as damage control surgery or inten-
sive care. By definition, a mass casualty event is an incident(s) 
that results in large numbers of severely injured patients 
which overwhelm available resources, limiting the ability to 
deliver optimal care [1]. The term mass casualty event often 
refers to terrorist attacks or mass shootings. Natural disasters 
such as hurricanes or earthquakes and military conflict also 
can result in a mass casualty event that additionally includes 
interruption of infrastructure increasing the difficulty of 
response.

Anesthesiologists are perioperative and resuscitative phy-
sicians and are uniquely skilled to provide advanced care in a 
variety of settings. Anesthesiologists also are skilled in direct-
ing teams of personnel in the management of surgical patients 
and therefore can be utilized to lead teams both in preparing 
for emergencies and in responding to those events [2]. For 
these reasons, anesthesiologists are an obvious but often 
untapped resource for prehospital and hospital emergency or 
disaster preparedness. Although anesthesiologists in the 
United States have not been traditionally included as a 
resource in emergency preparedness planning and exercises, 
their skill set is valued and routinely utilized in other coun-
tries. The Royal Air Force has a long history of providing 
forward aeromedical evacuation and developed the Medical 
Emergency Response Team (MERT) in 2006 to manage the 
high levels of trauma casualties in Afghanistan [3]. MERT is 
a multidisciplinary medical team led by an anesthetist (British 
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anesthesiologist) or emergency medicine physician. The team 
provides hospital level care to patients in flight after recover-
ing them from the battlefield in potentially non- permissive 
areas (hostile) while transporting them to more definitive care 
[3]. Anesthesiologists in France have been part of the disaster 
response system for several decades and are a key element of 
the French emergency medical service, Service d’Aide 
Medicale Urgente (SAMU) [2]. Anesthesiologists are often 
the lead clinician sent with SAMU to mass casualty events to 
provide an advanced level of care near the site of the disaster 
and coordinate with fire and police. In this arrangement, pre-
hospital disaster management and hospital disaster manage-
ment are integrated [2].

Hemorrhage is the leading cause of potentially prevent-
able mortality in MCEs [1, 4–7]. Mortality from terrorist 
attacks increased 500% between 2000 and 2014. Although 
mortality from terrorist attacks has dropped to 27% since 
2014, terrorism is more widespread affecting more countries 
than in 2014 [8]. While only modest numbers of patients fol-
lowing MCEs require transfusion, a small number of patients 
with critical injuries and polytrauma will require immediate 
transfusion as part of damage control resuscitation (DCR). 
Damage control resuscitation is a resuscitation strategy to 
prevent death from catastrophic hemorrhage and refers to US 
military guidelines developed for combat casualties with 
massive bleeding in Iraq and Afghanistan. DCR is well 
described throughout trauma and resuscitation literature and 
involves multiple interventions including earlier and bal-
anced transfusion of plasma and platelets with initial red 
blood cell (RBC) transfusion. DCR evolved from the earlier 
concept of damage control surgery (DCS), the practice of 

rapid and abbreviated surgery after initial resuscitation to 
control bleeding and reduce infection risk by removing 
debris, fecal matter, and body fluids followed by continued 
resuscitation and physiological stabilization in the intensive 
care unit (ICU) [9]. Definitive surgical repair could be 
deferred for several days as DCS emphasized avoiding the 
lethal triad of acidosis, hypothermia, and coagulopathy. 
However, direct treatment of coagulopathy was not a pri-
mary focus of DCS because coagulopathy had been pre-
sumed to be due primarily to initial resuscitation, 
hemodilution, and hypothermia rather than the physiological 
response to trauma and hemorrhage [10]. Damage control 
resuscitation is a comprehensive approach (incorporating 
DCS) from the point of trauma to definitive treatment to min-
imize blood loss, maintain tissue oxygenation, and correct 
the lethal triad at the earliest moment after the occurrence of 
trauma [9, 10]. Intravascular treatment of bleeding and coag-
ulopathy are integral to damage control resuscitation, and 
more recent DCR research has shown that prehospital initia-
tion of resuscitation, including transfusion of packed RBCs, 
thawed plasma, and platelets, decreases morbidity and mor-
tality in trauma patients at risk of shock [11–15] (Fig. 18.1).

The surge in demand for blood products during a mass 
casualty event and the earlier and higher number of blood 
products required for DCR demand that transfusion emer-
gency preparedness be integrated into the medical emer-
gency preparedness planning process [16, 17]. Effective and 
timely deployment of blood products during natural and 
man-made disasters and in military conflict requires the inte-
gration of research from multiple specialties including indus-
trial engineering and operations research, emergency 

Fig. 18.1 Mass casualty 
event at Bagram air base 
2011 – single operating room 
used for two simultaneous 
surgeries after a mass casualty 
event (Photograph from 
author’s private collection)
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preparedness, blood banking, transfusion medicine, as well 
as emergency and trauma medicine. As anesthesiologists 
assume larger roles in hospital and community emergency 
preparedness, a basic understanding of blood transfusion 
emergency preparedness across the continuum of care is 
valuable.

 The US Blood Supply System and Current 
Challenges to Sustainability and Resiliency

 Organization

The US blood supply system is comprised of many organiza-
tions with different structures and philosophies and all func-
tion to meet the nation’s blood needs for component therapy 
and plasma. This chapter focuses on the collection of whole 
blood for processing into component therapy (RBCs, plasma, 
platelets, cryoprecipitate) used in transfusion because these 
components are the primary therapies required in MCEs. 
Although plasma collected by plasmapheresis can be used for 
transfusion, this collection process is separate, and the plasma 
collected is generally used as raw material to manufacture 
plasma derivatives such as fibrinogen, Factor IX, anti-throm-
bin III, etc. The blood collection system in the USA is hetero-
geneous because it developed on the free market without 
consideration of patient referral patterns [18]. Blood collec-
tion is performed by a network of federally regulated nonprofit 
organizations and supplied by donors that are all financially 
uncompensated volunteers. Nearly half of all blood is col-
lected by the American Red Cross (ARC) collection centers. 
The remainder of blood collection in areas not represented by 
the ARC is performed by independent nonprofit community 
blood centers and hospital blood banks. Most geographical 
areas are served by only one blood collection organization. 
Although blood is collected from volunteers by nonprofit col-
lections centers, blood and its fractionated products are com-
modities with processing and distribution costs as well as a 
fluctuating “market price” depending on supply and demand. 
Areas with high supply and low demand can export their over-
supply to areas with high demand and lower supply through 
blood resource sharing. “Spot” markets exist for urgent pur-
chases where prices are based on current market supply and 
immediate delivery. Blood collection centers compete on 
blood component price for contracts to supply hospitals and 
other health-care organizations [18].

 Regulation

Blood centers are licensed and regulated by the US Food and 
Drug Agency (FDA). Other Federal organizations involved 
in maintaining the health and safety of the blood supply 

include the Department of Health and Human Services 
(DHHS), the Public Health Service (PHS), and the Centers 
for Disease Control (CDC) providing direction, oversight, 
and surveillance. The American Association of Blood Banks 
(AABB) is a nonprofit association that performs inspections 
and accreditation of blood banks and blood centers; estab-
lishes standards for blood collection, processing, and stor-
age; and participates in the National Blood Exchange 
Program, facilitating movement of blood products from sur-
plus areas to shortage areas.

 Challenges in the US Blood Supply System

Over the last decade, the demand for blood products has 
decreased significantly. Between 2009 and 2016, the number 
of units of blood collected and distributed by the American 
Red Cross decreased by >25% [19]. This decline is largely 
due to several advances in clinical medical practice and hos-
pital cost-containment efforts. Less invasive surgeries, phar-
macological alternatives to transfusion, non-myeloablative 
treatment of malignancies, and comprehensive patient blood 
management strategies have reduced the demand for blood 
[20]. Patient blood management has been motivated by the 
need to improve blood safety and patient outcomes, preserve 
the blood inventory, and constrain escalating hospital costs 
[21]. Blood management strategies promote appropriate use 
of blood components with the goal of minimizing their use 
and promote transfusion alternatives.

Despite the decreased demand for blood products, the 
number of blood centers collecting, processing, and distrib-
uting blood has remained nearly the same. Costs for these 
blood centers have remained constant or increased. New test-
ing for specific diseases and broader pathogen-reduction 
technologies add production and testing costs to the blood 
centers that are difficult to pass on to hospitals [22]. For 
example, the emergence of the Zika virus in Puerto Rico 
required development and implementation of additional test-
ing at additional cost to blood centers. Additionally, blood 
products from non-affected areas had to be transported to 
Puerto Rico to maintain a safe blood supply prior to develop-
ment of Zika testing. Other blood center cost increases 
include more selective donor criteria, expensive information 
systems for data analysis, and leukocyte reduction of RBCs. 
All of this has made blood transfusion safer but also more 
expensive. Hospital consolidation has shifted negotiating 
power away from blood centers and kept blood component 
prices low. Private and government insurers do not treat 
blood as a distinct reimbursable product or service in hospi-
talized patients resulting in no direct linkage between hospi-
tal reimbursement and the true cost of providing blood 
components. Approximately 80% of all transfusions occur in 
hospitals.
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The blood center response to these challenges has been 
predictable but concerning for the ability of the US blood 
supply system to remain resilient especially in the face of a 
prolonged disaster. Many blood centers have removed excess 
capacity by reducing collections to a minimum, reducing 
staff, limiting availability of specialty blood products, and 
reducing or eliminating uncompensated services like surveil-
lance and education [23]. In response to the changing eco-
nomic landscape of blood centers, the Department of Health 
and Human Services (DHHS) contracted the RAND 
Corporation to study the sustainability of the blood supply in 
the United States. The RAND (Research ANd Development) 
Corporation is an American nonprofit global policy think 
tank created in 1948 by Douglas Aircraft Company to offer 
research and analysis to the US Armed Forces. Their report 
Toward a Sustainable Blood Supply in the United States: An 
Analysis of the Current System and Alternatives for the 
Future [22] concluded that the current blood supply system 
is robust, operating efficiently most of the time, but that con-
tinued market contraction will likely result in more wide-
spread shortages in the future. Recommendations for 
improving the resiliency of the US blood supply include both 
market solutions and government intervention. Their conclu-
sions include the following:

 1. Separate payments for blood products may mitigate pres-
sures on the blood system.

 2. Assess emerging technologies for maximum benefit and 
incentivize the adoption of these technologies.

 3. Develop a vision of appropriate levels of surge capacity.
 4. Distinguish between the costs of maintaining a surge 

capacity and the normal costs of doing business and 
finance the surge capacity.

 5. Build relationships across blood brokerages (ARC, 
Armed Services Blood Program) to address short-term 
and local shortages.

 6. Implement emergency use authorizations by DHHS for 
replacement supplies in the event of a shortage.

Review of the literature also suggests that international 
blood product sharing agreements could support longer-term 
blood supply challenges such as infectious disease emergen-
cies like Zika virus outbreak [24].

Other ongoing challenges to the blood supply include 
donor dependence, perishability of blood products, and 
costly transit. The size of the donor pool is dwindling due to 
increased donor exclusions and the aging population. 
Minorities are also underrepresented in the donor pool due to 
higher donor deferral rates, mistrust of the medical commu-
nity, and lack of awareness of the blood donation process and 
the need for rare blood [25]. The shelf life of blood products 
is short, and therefore there is great potential for waste which 
further burdens the cost of producing the product. Blood 

products require careful temperature control, and therefore 
shipping blood products is costly with added weight of insu-
lation and ice.

 Armed Services Blood Program

 Organization and Regulation

The US military maintains its own blood supply under the 
Armed Services Blood Program (ASBP). The ASBP repre-
sents all three branches of military, and its components col-
lect, process, store, transport, and transfuse blood to service 
members and their families worldwide. Like civilian blood 
centers, the ASBP is governed by the FDA guidelines for 
maintaining safety and quality of blood products. The ASBP 
also follows the standards, procedures, recommendations, 
and guidelines of the AABB. Any service member receiving 
blood or blood products in a combat area will receive blood 
through the ASBP. Although the ASBP does work with the 
ARC and other blood centers during civilian emergencies, 
the two blood supplies are usually distinct. The ASBP sends 
all blood collected at military blood donation centers (on 
military bases and civilian locations) to two Armed Services 
Whole Blood Processing Laboratories (ASWBPLs). Blood 
reaches combat theater either by pre-positioning frozen 
blood at Blood Product Depots or by sending blood and 
blood components to Expeditionary Blood Transshipment 
Systems which move the blood products to Blood Supply 
Units in theater. From there, blood is moved in theater to 
forward deployed surgical units, theater hospitals, US Navy 
ships, and Allied/Coalition hospitals. Forward surgical units 
and theater hospitals provide blood and blood products to 
first responders at the individual unit level [26].

 Challenges in the Joint Service Blood Supply 
Chain

The military blood supply chain faces different challenges 
especially in some operating environments. Large-scale 
combat operations can potentially result in a significant 
demand surge for blood products while simultaneously 
reducing freedom of movement for US forces and limiting 
the capacity to transport blood products to forward operating 
locations. A sustained conflict successful at targeting critical 
military infrastructure such as command centers, runways, 
and fuel depots could limit the movement of blood into the-
ater from donation centers. Blood stored in medical treat-
ment facilities (MTFs) would become depleted interrupting 
care to combat casualties [27]. The Defense Advanced 
Research Projects Agency (DARPA) has focused on devel-
oping approaches to augment operational resiliency. Three 
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principles of operational resiliency have been integrated in 
the joint service blood supply chain. Fractionation enables 
the scaling of elements within the supply chain to deploy 
downrange as needs require. For example, a small expedi-
tionary blood collection center could be deployed until a 
larger capability was established or restored. Composition 
enables tailoring capabilities to best suit the needs down-
range. Although a deploying Army brigade may not have the 
capability to thaw and process frozen blood, the Air Force 
has a small deployable capability that offers these services. 
The Air Force capability can be tasked to deploy with the 
Army. Functional substitution enables amending current 
capabilities with substitutes better suited for operational 
needs such as stocking frozen packed red blood cells that 
have a longer shelf life than packed red blood cells [27].

 Transfusion Disaster Preparedness

 Transfusion Disaster Plan

Transfusion support is critical in the health-care response to 
MCEs, and every hospital should include transfusion disas-
ter preparedness in its overall emergency planning. The over-
all goals of transfusion disaster preparedness should be 
holistic and include the following aims [28]:

 1. To protect the delivery of key products and services
 2. To manage the incident within regulatory requirements
 3. To strive for recovery of normal business as soon as 

possible
 4. To safeguard the health, safety, and welfare of staff and 

donors

After September 11, 2001, the American Society of 
Anesthesiologists (ASA) formed the Committee on Trauma 
and Emergency Preparedness (COTEP). Recognizing the 
unique skill set anesthesiologists have, COTEP collaborated 
with different organizations to create a resource center for 
anesthesiologists to learn about emergency preparedness. 
COTEP developed the Emergency Preparedness Manual for 
Anesthesia Department Organization and Management that 
emphasizes the importance of care coordination within the 
hospital in order to successfully manage the surge of patients 
requiring intervention. Core concepts of any hospital emer-
gency preparedness plan should include the following:

 1. Integration – It is of private and public medical capabili-
ties with public health systems.

 2. Medical preparedness – Increase the response capabilities 
and surge capacities.

 3. At-risk populations  – Identify populations most at-risk 
after an event and determine their needs.

 4. Continuity of operations  – Maintain adequate public 
health and medical services.

More specific details should include process and outcome 
objectives with identification of surveillance methods. Chain 
of command and expected flow of information should be 
determined including methods for communicating with the 
public. Personnel response timing and phasing should be 
established including clinical and administrative leaders. 
Equipment needs should be identified. Anesthesiologists can 
provide airway and resuscitation expertise in a first responder 
role in the emergency department as well as liaison with staff 
in the operating room to facilitate appropriate operating 
room utilization. Figure 18.2 details a general checklist for 
operating room readiness in a mass casualty event.

The AABB has developed a disaster operations handbook 
to help blood centers, hospital blood banks, and transfusion 
services respond to disasters affecting the blood supply or 
the distribution of blood products [29]. The handbook is 
intended to facilitate coordination among blood centers, hos-
pital transfusion services, national blood organizations, and 
government officials to determine the medical need for 
blood, to establish transportation of blood from one facility 
to another, and to communicate a common message to the 
national blood community and the public about the status of 
the blood supply in the disaster-affected area. The AABB 
defines a disaster as any event that:

 1. Suddenly requires a much larger amount of blood than 
usual 

 2. Temporarily restricts/eliminates a blood collector’s abil-
ity to collect, test, process, and distribute blood 

 3. Temporarily restricts/prevents local population from 
donating blood 

 4. Temporarily restricts/prevents use of available inventory 
of blood products requiring immediate replacement

 5. Creates a sudden influx of donors requiring accelerated 
drawing of blood to meet an emergent need elsewhere

This definition of disaster is broad and focuses attention 
on any disruption however brief to the blood supply chain. 
The broad definition encourages early communication 
between all points in the blood supply chain to ensure early 
response to interruptions in blood product supply. 
Communication up and down the blood supply chain is prob-
ably the single most important component of any transfusion 
disaster preparedness plan and should include hospital phy-
sicians involved in emergency response. See Fig. 18.3.

Another important element in any transfusion disaster pre-
paredness plan is a business continuity plan to prevent loss of 
function if routine infrastructure is disrupted (computer net-
works, blood processing centers), maintain services through 
event, and initiate disaster recovery [30]. Disaster plans should 
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Fig. 18.2 Operating room 
procedures for mass casualty – 
management step by step (Reprinted 
with permission of the American 
Society of Anesthesiologists, 1061 
American Lane, Schaumburg, 
Illinois 60,173–4973)

be rehearsed [28, 29] regularly. Exercises can be simple table-
top exercises and do not require extensive simulation equip-
ment. Low fidelity exercises can challenge current assumptions 
and reveal inadequate or inefficient processes [28]. Previous 
assumptions are based on past data and do not reflect future 

challenges so transfusion emergency planning should be 
viewed as dynamic and iterative. For example, the last decade 
has seen both a change in resuscitation and transfusion prac-
tice and increased lethality in many events including terrorist 
attacks and mass shootings [1, 31].

C. L. Riley and J. Dean



159

 Blood Supply Chain Management (BSCM)

Glasgow et  al. [1] showed that there are relationships 
between casualty statistics and RBC use but that reporting of 
blood use is often inconsistent and incomplete. Understanding 
how the blood supply chain operates during the surge condi-
tions of an MCE is challenging because data collection and 
experimentation are low priority during an event. 
Furthermore, the blood supply chain is dynamic with irregu-
lar supply, stochastic demand, perishable commodities, 
expensive and technical processing, and costly transporta-
tion. Operational research techniques offer an approach to 
investigate this complex system as these techniques provide 
models that can interact and experiment with the numerous 

variables involved in the delivery of transfusion services dur-
ing an MCE [32]. Operational research models can evaluate 
BSCM along each of the four main processes: procurement, 
production, inventory, and distribution [33]. Other models 
can evaluate for efficiency (minimize cost) and effectiveness 
(minimize delivery time) and effects of pandemics on blood 
supply regionally [34, 35]. Dynamic supply chain modeling 
can consider adjustments in location and capacity of facili-
ties at different time periods representing different periods of 
an MCE.  In-hospital MCE response modeling has shown 
perceived hospital ability to manage MCEs to be overly opti-
mistic and specifically identified blood resources as a limit-
ing factor in event response time [36] and recommend early 
automatic restocking during an MCE to preserve red cell 

Step 1. Affected Blood Collector (BC) Assesses
Medical Need for Blood

Contact local hospital customers and emergency services to
determine impact of  event, including:

Nature of emergency (e.g., disaster, terrorism)

Number of current and expected hospital admissions

Types of expected injuries

Potential effect on local donor base

Gather information on local blood inventory levels from both
BC and hospital customers.

Calculate the medical need for blood for a nonbiological event
based on three units of type O RBCs per current and expected
hospital admissions resulting from the event (see Event
Assessment Form).

Step 2.

Step 3.

Step 4.

Affected BC Contacts AABB
(ideally within 1 hour of event)

Contact AABB (use redundant communication channels in
order listed below):

Land line: (800) 458-9388

Cell phone: (240) 994-6700

E-mail: nbe@aabb.org

Text message: (240) 994-6700

Satellite phone: (254) 377-3726
Report medical need and local blood inventories.

1.

2.

3.

4.

5.

Interorganizational Task Force (TF)
Conference Call

AABB convenes a conference call with Level 1 TF members
(Level 2 TF members included if necessary–see page 42 for
a list of Level 1 and Level 2 TF member organizations).

TF determines national strategy and coordination efforts,
including:

Message to blood community/donors

Transportation and coordination of blood to affected BC

Next steps until event is resolved

AABB communicates decisions to Level 2 TF members.

1.

2.

3.

Implementation of Task Force
Recommendation

TF representatives communicate recommendations to their
respective constituencies.

TF distributes unified message to blood community and donors
(e.g., joint press releases).

TF coordinates message to the public with Department of
Health and Human Services (HHS).
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Fig. 18.3 Response plan 
flow chart – this flowchart 
shows the bidirectional 
communication flow for 
transfusion response during a 
disaster. ARC American Red 
Cross, CDC Centers for 
Disease Control, HHS Health 
and Human Services, AABB 
American Association of 
Blood Banks, BCA Blood 
Centers of America, ABC 
America’s Blood Centers, 
ASBP Armed Services Blood 
Program, FDA Food and Drug 
Administration
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supply. BSCM modeling offers additional techniques to pre-
pare for MCEs that do not interrupt patient care and can con-
sider the large number of variables that impact the complex 
blood supply chain. This area of research is promising as 
resuscitation and transfusion practices evolve, and MCE 
planning must include supply of coagulation components 
both in the hospital and prehospital response.

 Transfusion Demand Forecasting and Planning

The greatest challenge in transfusion disaster preparedness is 
balancing demand and supply especially the demand for uni-
versal components such as group O RBCs in an 
MCE. Transfusion services must assess the event and predict 
the likelihood for extensive use of blood components and 
rapidly obtain more components if necessary. Transfusion 
demand planning is increasingly important for MCE plan-
ning, and the literature is evolving. Transfusion demand 
planning has been informed by civilian MCEs globally as 
well as by changing trends in trauma care. Evidence from 
these global MCEs suggests only a modest number of MCE 
victims admitted to the hospital require transfusion. The 
mean blood use per patient is consistently calculated at 
2–3 units PRBC per patient or 6–7 units PRBC per moder-
ately and severely injured patient. Most of that product is 
transfused within the first 6–12 h [1, 28, 37, 38]. Blood use 
reporting however is inconsistent following MCEs, and 
reporting standardization would improve data validation. 
Additionally, much of the data used to derive the above esti-
mates was gathered before the introduction of damage con-
trol resuscitation. Blood use has changed over the last decade 
with the increased use of hemostatic components [1] includ-
ing in the prehospital period. While this may reduce the 
demand on RBCs, there will likely be strain on supplies of 
plasma, platelets, and cryoprecipitate in the future. A recent 
attempt to correlate transfusion needs with injury mecha-
nisms and severity found that while the demand for compo-
nents correlated with the number of casualties, injury 
mechanism was less useful in prediction of blood require-
ments [28, 31] possibly because response and evacuation 
times for events were very different.

 Early Blood Grouping and Transfusion Triage

Massive transfusion protocol use in treatment of hemorrhage 
has led to increased demand for group O Rh negative RBCs 
and AB plasma. Activation of massive transfusion protocols 
for multiple patients in an MCE can quickly lead to a demand 
that exceeds supply of universal components and hemostatic 
components if these practices are not incorporated into local 
demand planning. Transfusion triage of patients by age and 

gender can identify patients that are able to receive alterna-
tive universal blood products (O Rh positive RBCs for all 
men and women over 50 years old). Use of anti-D immuno-
globulin can also reduce the risk from alternative universal 
blood products. The use of group A plasma in patients with 
unknown blood type instead of group AB plasma has not 
been shown to increase morbidity and mortality in patients 
with group B blood [39]. Similarly, group A and B platelets 
have been used in lieu of group O platelets in patients with 
unknown blood types. Although red cell contamination can 
increase the risk of alloimmunization, platelet additive solu-
tions may reduce the risk of hemolysis [40, 41]. Transfusion 
triage also can identify patients in whom transfusion is not 
immediately required. Early blood grouping of these less 
acute patients can help preserve the supply of universal com-
ponents [28]. It is important to mention that blood grouping 
during an MCE increases the risk of ABO blood group 
incompatible transfusion and any blood grouping plan should 
include a clear emergency plan for identifying, sampling, 
and labeling patients and their blood group. Glasgow et al. 
[32] described simulation modeling of deliberate RBC, and 
emergency group O blood transfusion restriction during an 
MCE increased overall patient treatment rates. Red blood 
cell transfusion restriction especially in combination with 
hemorrhage control, early use of tranexamic acid, and pre-
hospital plasma transfusion offers another potential tool to 
extend blood supply in an MCE.

 Management of Blood Donation and Stock

Management of blood stock and blood donation during an 
MCE is critical to disaster preparedness. Maintaining large 
stock holdings leads to wastage due to perishability, but 
insufficient stock may interrupt the ability to provide clinical 
care to patients. Immediate demand for blood should be met 
by existing stocks although this may require movement of 
stock. Shortages should be expected during any unplanned 
event, and blood shortage plans should be prepared. More 
rural areas may not be able to depend on immediate stock. In 
a prolonged MCE or an event with large numbers of casual-
ties or an event in remote areas, replacement will be required. 
Blood collection agencies should work closely with donors 
to ensure continued supply of blood but also not overwhelm 
the collection system during a disaster. After the World Trade 
Center and Pentagon attacks on September 11, 2001, over 
475,000  units of blood were collected of which only 258 
were used [42]. Blood collection centers need to appeal to 
that altruism during non-disaster periods to meet collection 
targets that will ensure capacity when emergency events 
occur. Most blood services prefer to hold sufficient replace-
ment stock rather than accept emergency donations, but a 
prolonged MCE may require a variety of approaches to 
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restocking supplies including stock movement, use of an 
emergency/high-readiness donor pool, increase collection 
targets, adjustments in testing and processing, and support 
from other blood services [16]. Transportation should also be 
a consideration in blood stock planning. Interruption of usual 
transportation modes and routes must be considered in con-
tingency plans for continued re-supply. Emerging technolo-
gies such as aerial drone technology offer transportation 
alternatives for delivery of blood products to austere or 
remote locations. Any transportation alternative must con-
sider the cold chain management required for blood products 
to ensure safe use. Widespread use of aerial drones for a vari-
ety of tasks is accelerating the development of improved 
drone capability with an associated reduction in cost. This 
includes increased speed and increased payload capacity. 
This technology holds promise for blood stock resupply in a 
disaster [43].

 Emergency Donors and Whole Blood

Development of blood component therapy focused primarily 
on medical indications for transfusion therapy for specific 
patient groups. Component therapy enables targeted treat-
ment for patients with a single blood cell or factor deficiency 
as in sickle cell disease or hemophilia. Component therapy 
also optimizes storage of a limited resource that is dependent 
on volunteers for sourcing. In contrast to medical patients, 
hemorrhaging patients become deficient in all components 
of blood, and our current balanced mass transfusion practice 
attempts to replace all of these components.

The US military has been using whole blood transfusion 
in resuscitation of severe traumatic hemorrhage since World 
War I [44, 45]. Whole blood (WB) transfusion can provide 
oxygen-carrying capacity to military personnel injured in 
austere environments and has been used extensively during 
the wars in Iraq and Afghanistan by the US military and 
NATO Coalition Forces [44, 46–48]. The current US military 
Joint Trauma System Clinical Practice Guideline (JTS CPG) 
for whole blood transfusion provides guidelines for both 
cold-stored whole blood (SWB) and fresh whole blood 
(FWB) transfusion [49]. Whole blood in one of the antico-
agulant citrate solutions is an FDA-approved product when it 
is collected, stored, and tested for transfusion-transmitted 
disease (TTD). It can be stored for 21–35 days depending on 
the citrate solution at 1–6°C and is referred to as SWB. The 
hemostatic function of SWB is adequate and stable for the 
first 2 weeks after collection but may require supplementa-
tion with other blood components (platelets, FFP) for ade-
quate hemostasis after 2 weeks. FWB refers to whole blood 
collected on an emergency basis from a “walking blood 
bank” (WBB), a group of pre-screened donors that respond 
to an emergency call from the military treatment facility 

(MTF). FWB can be stored at room temperature for up to 
24 h before it must be discarded. If refrigerated within 8 h of 
collection and submitted for complete transfusion-transmit-
ted disease testing, FWB becomes SWB.  FWB has full 
hemostatic function and usually does not undergo full FDA-
approved TTD testing prior to transfusion. For this reason, 
FWB transfusion is not FDA- approved and is reserved for 
when tested blood products are unavailable and the need for 
transfusion is urgent [49]. See Fig. 18.4 for a sample emer-
gency donor panel questionnaire for FWB donor.

The most important safety factor when transfusing WB is 
donor RBC compatibility with the recipient’s pre-formed 
anti-A or anti-B antibodies. WB from group O donors con-
tain RBCs compatible with all recipients, but the plasma in 
group O WB may cause hemolysis if the anti-A or anti-B 
antibody titers are high. This challenge can be addressed by 
transfusing only same-group WB (A to A, B to B, AB to AB, 
and O to O) or using low titer anti-A and anti-B group O WB 
(LTOWB) [50, 51]. LTOWB is considered the universal 
donor WB, and low titer SWB is the preferred resuscitation 
product for the prehospital treatment of patients in hemor-
rhagic shock [52]. If the situation permits, rapid infectious 
disease testing (HIV, HBV, HCV) is performed on donor 
specimens prior to transfusion, and retrospective samples on 
all donors are sent for FDA-approved TTD testing.

Clinical data suggests that the use of WB to treat hemor-
rhage results in outcomes at least as favorable as those with 
component therapy including RBCs, plasma, and platelets 
[14]. WB mitigates some of the challenges of adequate stored 
components and supplies hemostatic components with a 
smaller anticoagulant load [53]. Infection risk in a properly 
prescreened donor group appears to be low. The ASBP spon-
sored an epidemiological study to characterize transfusion- 
transmitted infection associated with emergently collected 
blood product transfusion [54]. The study looked at 761 
recipients of emergently collected blood product transfusion 
and found no HIV or HBV transmission. One HCV trans-
mission was identified. The study estimated the transfusion-
transmitted infection prevalence in potential walking blood 
bank donors to be 8  in 1000 for HCV and 4  in 1000 for 
HBV. This non-zero risk requires a risk-benefit analysis prior 
to use of FWB by experienced clinicians capable of assess-
ing risk of withholding transfusion. A robust “walking blood 
bank” (WBB) with practiced collection and testing can pro-
vide a more agile and resilient emergency transfusion 
response to a major incident especially in isolated regions. 
The Immunology and Transfusion Medicine Department of 
Haukeland University Hospital in Bergen, Norway, in col-
laboration with the Norwegian Naval Special Operation 
Commando establishes a WBB for military settings. The col-
laboration led to a mass casualty event contingency plan for 
the hospital that includes the use of low titer anti-A and anti-
B FWB from established or pre-tested blood group O donors 
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[55]. The contingency plan was exercised in July 2018 when 
a critically ill patient received over 200 units of blood prod-
ucts, exhausting the supply of stored LTOWB. Collection of 
FWB was considered the fastest way to obtain platelet-con-
taining blood product for immediate transfusion [53]. 
Norway has geography and population density that pose 
numerous transportation challenges especially in the long 
winter periods. Blood transfusion programs are therefore 
regional rather than national. Blood banks are run by local 
and regional hospitals and blood stock is maintained to meet 
usual hospital needs. This decentralized management of the 
Norwegian blood supply is similar to the independent blood 
center management of much of the US blood supply system. 
Locally developed transfusion disaster preparedness plans 
that include the development of a walking blood bank will 
increase the resiliency and responsiveness of their blood sup-
ply especially in a major incident.

 Future of Transfusion Disaster Preparedness: 
The Golden Hour of Trauma

Military trauma care has transformed civilian trauma care in 
the last decade. Military practice has also impacted mass 
casualty event planning in the civilian sector because current 
trauma care is dependent on networks of first responders 
trained in damage control resuscitation, blood centers 
responsive to the need for massive transfusion for major 
hemorrhage, and experienced clinicians leading emergency 
and surgical teams in triage and resource allocation for maxi-
mum treatment capability in a major incident. The develop-
ment of trauma registries has facilitated collaborative 
 translational research that has improved overall survival in 
trauma patients.

Emergency donor panels (EDPs) and whole blood, tourni-
quets and hemostatic dressings, and early tranexamic acid 

Fig. 18.4 Proposed field emergency 
donor panel questionnaire 
(Reproduced with permission from 
Wiley)
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Fig. 18.4 (continued)

and hemostatic components are trauma practices that have 
been incorporated into civilian trauma care in the last decade. 
Despite the changes in trauma care and improvement in 
overall trauma patient survival, the mortality for trauma 
patients undergoing laparotomy that arrive at the emergency 
department (ED) with hypotension has remained unchanged 
and is approximately 48% [56].

Efforts to reduce that mortality risk are now focused on 
early hemorrhage control in the prehospital period, some-
times referred to as the golden hour of trauma. Controlling 
hemorrhage before a patient is in shock reduces the risk of 
the lethal triad of acidosis, hypothermia, and coagulopathy. 
Transfusion of pre-thawed plasma has been incorporated 
into many ED transfusion stocks because it reduces plasma 
thaw time and patients receive balanced transfusion ratio of 
1:1 plasma to RBCs earlier. In 2018, the FDA granted emer-
gency use authorization to the Department of Defense to use 
pathogen-reduced leukocyte-depleted freeze-dried plasma. 
Freeze-dried plasma, known as French FDP or French lyoph-
ilized plasma (FLYP) because it is manufactured by the 
French Military Blood Institute, has been used in the 
European Union (EU) for almost two decades. FLYP can be 
stored at room temperature for 2 years without deterioration 
of coagulation factors, and the hemostatic properties of 

FLYP are comparable to those of fresh frozen plasma [57, 
58]. The immediate availability of FLYP translates to earlier 
balanced transfusion of plasma and RBCs and may reduce 
the need for massive transfusion in trauma patients [59]. The 
storage capabilities of this product could potentially simplify 
the supply chain challenges for plasma. Alternative storage 
methods for blood components and development of synthetic 
blood components (platelets and oxygen carrying molecules) 
continue to be researched [60–62] with the goal of reducing 
mortality from traumatic hemorrhage.

 Summary

Transfusion capability is critical to the health-care response to 
MCEs with the key challenge being to match supply and 
demand. Hospitals and the community health-care services 
should include transfusion planning in their emergency 
 preparedness plans. Review of historical events can provide 
guidance for future planning, but each new event offers new 
insight for transfusion management. Transfusion emergency 
preparedness is necessary to provide a timely, safe, and sus-
tainable blood supply. Transfusion emergency preparedness 
plans need to include modeling frameworks to understand 
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supply chain operations. Operations research is a research area 
that offers opportunity to model various scenarios including 
blood product demand changes, transportation interruption, 
and supply effects of restriction transfusion. Stressors that 
may challenge the supply chain should be understood, and 
therefore after-event analysis and periodic MCE exercises 
should be included in any plan. Low fidelity tabletop exercises 
can expose areas of weakness in preparedness and should 
involve representative health-care workers across the contin-
uum of care. Gaps in current capabilities of the system should 
be identified, and mitigation approaches should be considered. 
Delay of blood arrival to the operating room (OR) may be 
related to supply, communication between the OR and transfu-
sion services, or deficiencies in transportation between sites, 
but the gap will persist without evaluation. Evolving technolo-
gies and alternative transfusion practices should be evaluated 
for applicability to improve resiliency. Finally, one technology 
or mitigation approach may not be adequate to cover gaps in 
supply, but combined mitigation approaches may cover those 
gaps. Use of tranexamic acid, pre-thawed plasma, and SWB 
earlier may reduce the overall number of blood component 
products needed and reduce the strain on supply.

Anesthesiologists are well qualified to participate and 
lead emergency planning in their hospitals. Their expertise in 
resuscitation practices and their participation in care across 
many departments in the hospital give them a unique under-
standing of the challenges in managing multiple critically ill 
patients at once.
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 Introduction

Within our vasculature, blood must maintain fluidity while 
still clotting quickly during times of vascular injury. When a 
blood vessel is damaged, the finely regulated hemostasis 
process repairs the vascular injury to limit blood loss. Under 
normal circumstances, hemostasis maintains the intricate 
balance between coagulation and fibrinolysis. Dysregulation 
of this pathway can lead to two extremes: thrombosis or 
hemorrhage [1].

A thrombosis, or blood clot, can occur in veins or arteries, 
and both types of blood clots can be deadly. Thromboembolic 
diseases are also  the leading cause of death in developed 

countries [2]. A coronary arterial thrombosis can lead to a 
heart attack and a cerebral thrombosis can lead to a stroke – 
two of the leading causes of death in the United States [3]. 
Venous thrombosis frequently develops in the deep veins of 
the leg (deep vein thrombosis, or DVT). These clots can 
break free and enter the arteries of the lungs, resulting in a 
pulmonary embolism (PE) [4]. DVTs are the source of more 
than 90% of patients who suffer from a PE [5]. Furthermore, 
venous thromboembolisms (VTEs) are common, affecting 
nearly 900,000 people in the United States every year and 
killing up to one-third of these individuals [6]. Estimates 
have shown that VTEs cost the United States healthcare sys-
tem approximately $7–10 billion each year [7]. Despite these 
alarming statistics, incidences involving VTEs have persisted 
for the past few decades. Thrombosis is primarily associated 
with events that can result in a dysregulation of the hemo-
static pathway, such as prolonged immobility, obesity, can-
cer, and surgery. As the prevalence of these events continues 
to increase, there are surmounting fears that the incidence of 
VTEs will also increase [8].

Antithrombotic therapies have been used to prevent blood 
clots for nearly 80 years [2]. The two classes of antithrom-
botic drugs include anticoagulants, which block various 
steps in the coagulation cascade, and antiplatelet drugs, 
which attenuate platelet activation and clot formations [9]. 
The type and dose of medication administered vary accord-
ing to each patient’s risk of thrombosis, bleeding complica-
tions and cost [10].

The most extensively prescribed and studied anticoagu-
lants for the prevention of VTEs include heparin and its 
derivatives and vitamin K antagonists, such as warfarin [2]. 
Heparin, which is found in the secretory granules of mast 
cells, can be extracted from animal sources, such as bovine 
and porcine. Unfractionated heparin (UFH) and the low- 
molecular- weight heparins (LMWHs) indirectly alter antico-
agulant activity through their activation of antithrombin, 
which is a naturally occurring blood thinner and inactivates 
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enzymes associated with the coagulation pathway [11]. 
These drugs are commonly prescribed following orthopedic 
surgeries of the lower extremities to prevent VTEs [2]. 
Warfarin is another anticoagulant that protects against VTEs. 
Heparin is parenterally administered and  warfarin can be 
orally administered. Since the coagulation pathway involves 
a vitamin K-dependent step, warfarin produces its anticoagu-
lant activity through its ability to block the activation of vita-
min K in the body [12].

While anticoagulants interfere with the enzymes involved 
in the coagulation cascade, antiplatelet drugs interfere with 
the binding of platelets, thus preventing the actual formation 
of blood clots [9]. For decades, aspirin (acetylsalicylic acid) 
has been considered the “gold standard” for preventing arte-
rial thromboses [13, 14]. Although aspirin is efficacious in 
reducing the risk of recurrent VTE, warfarin and other anti-
coagulants are more effective [15, 16].

 In contrast to the action of preventing or retarding blood 
clot formation by use of antithrombotic therapies, antifibri-
nolytic agents reduce excessive bleeding by reducing the rate 
of clot breakdown. They are used to prevent excessive bleed-
ing and induce the formation of blood clots [17]. Fibrin is an 
important protein in the coagulation cascade system and is 
crucial during the formation of blood clots [18]. By inhibit-
ing fibrinolysis, or the enzymatic breakdown of fibrin within 
blood clots, antifibrinolytic agents can  significantly reduce 
bleeding. They are commonly administered during surgeries 
associated with a high risk of bleeding, such as cardiac sur-
geries [19]. Tranexamic acid has exhibited significant effi-
cacy in reducing the number of patients that require blood 
transfusions following cardiac and orthopedic surgeries [17, 
20]. Tranexamic acid is also effective in treating hemophilia 
and cyclic heavy menstrual bleeding [21].

Coagulation modifiers must be carefully monitored, and 
doses properly adjusted to ensure efficacious therapy, while 
reducing potentially dangerous and life-threatening adverse 
effects. Although antithrombotic therapies are relatively 
effective they produce a highly variable anticoagulant 
effect in patients and require thorough monitoring and 
ongoing patient education. Many commonly prescribed 
anticoagulants (e.g., warfarin and heparin) have a narrow 
therapeutic window, and careful monitoring must occur to 
lower the risk of blood clots and, avoid bleeding complica-
tions [22]. Just as antithrombotic therapies must be closely 
monitored to reduce the risk of adverse bleeding events, 
coagulants must be closely monitored as they increase the 
risk of VTE [17, 23].

Furthermore, patients who are  prescribed coagulation 
modifiers must be educated on the potential drug and herb 
interactions that can exacerbate the side effects of these med-
ications [24]. NSAIDs, such as ibuprofen, are some of the 
most commonly administered over-the-counter medications, 
but these drugs are contraindicated in individuals who are 

taking antithrombotic agents as the co-administration of 
these drugs can increase the risk of gastrointestinal (GI) 
bleeding [25]. Herbal products, such as garlic and ginkgo 
biloba, can increase the risk of hemorrhage when combined 
with antithrombotic drugs. Other herbal products, including 
St. John’s wort and ginseng, are contraindicated. 
They can decrease the efficacy of anticoagulants and anti-
platelet drugs [26]. Other combinations of drugs must also be 
closely monitored. For example, if antidepressants, such as 
selective serotonin reuptake inhibitors (SSRIs), are added to 
warfarin therapy, the patient must be carefully monitored for 
bleeding [27, 28].

Although coagulation modifiers have important implica-
tions for therapeutic use, these drugs require careful moni-
toring, thorough patient education, and a good relationship 
between healthcare providers and patients. This will ensure 
effective therapeutic results and reduce complications. In 
this paper, we will discuss anticoagulants, antifibrinolytics, 
and antiplatelets and interactions that can occur with these 
medications.

 Anticoagulants

Several common anticoagulants have important intraopera-
tive implications. New oral anticoagulants, such as the direct 
thrombin inhibitors (dabigatran) and Factor Xa inhibitors 
(rivaroxaban, apixaban, edoxaban, and betrixaban), have 
been approved by FDA for various clinical indications. 
They  are efficacious in treating thromboprophylaxis and 
 preventing deep vein thrombosis (DVT). Additionally, these 
medications have favorable pharmacodynamic and pharma-
cokinetic properties.

Although warfarin has been the “standby” medication for 
oral anticoagulation for many years, warfarin exerts antico-
agulant activity through a different mechanism of action than 
“direct oral anticoagulants” (DOAC, formerly known as 
novel oral anticoagulants) [29, 30]. Compared with tradi-
tional oral anticoagulants like warfarin, DOACs have better 
safety profile, can be administered in fixed daily doses, do 
not require periodic monitoring of the international normal-
ized ratio (INR), and have less drug-drug interactions. 
This makes the administration of these drugs easier and safer 
[31–34].

To properly manage the effects of anticoagulants during the 
intraoperative or perioperative period, medical personnel 
should be familiar with the mechanism of action, indications, 
contraindications, dosing, side effects, and drug interactions 
associated with these medications. Currently, there are four dif-
ferent mechanisms of action associated with anticoagulants: 
• vitamin K antagonist (coumarin, warfarin)
• Heparin and the low-molecular-weight heparins (LMWH)
• Direct thrombin inhibitors
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• Factor Xa inhibitors
A diagram of the coagulation cascade demonstrating the 

conversion of prothrombin to thrombin, and the central role 
of thrombin in not only converting fibrinogen to fibrin but 
also of its enzymatic role in stabilizing the fibrin clot is shown 
in Fig. 19.1 [35].

The formation of Factors II, VII, IX, and X, all of which 
are necessary in the intrinsic and extrinsic coagulation cas-
cade, depends on the presence of vitamin K. Factor II (pro-
thrombin), which has such a critical role in coagulation, 
has 10 glutamic acids in the amino-terminal region of the 
protein, which are carboxylated. Without vitamin K, the 
carboxylation does not occur, and the proteins that are syn-
thesized to become prothrombin are biologically inactive 
[36].

While vitamin K is found in several foods, including 
leafy green vegetables, cauliflower, and calves’ liver, in 
most cases the absence of dietary vitamin K is not deleteri-
ous. Bacteria found in the large intestine synthesize vitamin 
K; this is the primary source of vitamin K in the human 
body. vitamin K is a fat-soluble vitamin. Both vitamin K 
consumed in the diet and vitamin K formed by microbial 
action are absorbed into intestinal lymph along with other 
lipids. Since vitamin K is a fat-soluble material, intestinal 
absorption depends upon bile secretion into the intestine. 
Liver disease that results in decreased bile synthesis leads to 
impaired vitamin K absorption; in turn, this results in a vita-
min K deficiency. Additionally, a majority of clotting factors 
are synthesized almost exclusively in the liver. Liver disease 
can cause defects in blood clotting by several mechanisms. 

Both reduced absorption of vitamin K and reduced synthe-
sis of other factors necessary for coagulation by the diseased 
liver predisposes to the bleeding tendency often seen in 
patients with severe hepatic cirrhosis [36].

 In pregnancy, the fetus obtains vitamin K from its mother 
through the placenta. The liver in the neonate has essentially 
no reserve of vitamin K, and deficiency of vitamin K in 
human infants can lead to the hemorrhagic disease of vitamin 
K deficiency bleeding (VKDB) of the newborn [37–39].

Newborn infants have low vitamin K reserves. Some 
explanations for this low vitamin K are below.

 1. Vitamin K transport across the placental barrier is 
limited.

 2. The liver storage of vitamin K is very low.
 3. The vitamin K cycle may not be fully functional in new-

borns, especially premature infants.
 4. The vitamin K content of breast milk is low.
 5. Infants whose mothers are on antiseizure medications are 

at risk for vitamin K deficiency.

Lack of vitamin K intake, or situations, which interfere 
with absorption of vitamin K synthesized by bacteria, may 
result in a vitamin K deficiency in the newborn, leading to 
death or permanent brain damage [40]. Newborn babies who 
are exclusively breast-fed are at increased risk for vitamin K 
deficiency, because human milk is relatively low in vitamin 
K, compared to formula. Because VKDB is life threatening 
and easily prevented, the American Academy of Pediatrics 
and a number of similar international organizations recom-

Fig. 19.1 Coagulation 
cascade (Modified from [35])
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mend that an intramuscular dose of phylloquinone (vitamin 
K1) be administered to all newborns [38].

In the formation of the active coagulation factors II, VII, 
IX, and X, the chemically reduced form of vitamin K reacts 
with the target protein containing a glutamic acid to create a 
gamma carboxy glutamic acid. The  chemically reduced 
form of vitamin K becomes an oxidized version (vitamin K 
oxide). The vitamin K oxide is then  reduced back to the 
original vitamin K to once again react with the target protein 
to form more active coagulation factors. Coumarin deriva-
tives such as dicumarol and warfarin provide anticoagula-
tion effects by interfering with the recycling of vitamin K 
and thereby with the production of Factors II, VII, IX, and 
X, all of which are necessary for the clotting cascade to 
occur. This interference results in a lower concentration of 
these proteins and interferes with the coagulation process, 
See Fig. 19.2 [36].

Heparin administration has been the primary injectable 
anticoagulant for many years. Heparin and the newer low-
molecular-weight heparin medications, enoxaparin 
(Lovenox), and dalteparin (Fragmin), function as anticoagu-
lants by blocking the action of Factors X and II (prothrom-
bin); this action provides anticoagulation by inhibiting the 
conversion of fibrinogen to fibrin.

 Direct Factor Xa Inhibitors (The Four Drugs 
with Names Ending in -Aban)

Activated Factor X (Factor Xa) enzymatically cleaves two 
sites on prothrombin to produce thrombin. In turn, throm-
bin acts as a serine protease to convert soluble fibrinogen 
into insoluble strands of fibrin and to also convert Factor 
XIII to the activated Factor XIIIa. This thrombin-induced 
activation of Factor XIIIa cross-links strands of fibrin to 
form the more stable fibrin clot (as can be easily seen in 
the drawing of the coagulation cascade illustrated in 
Fig. 19.1), thrombin, acting as a serine protease, functions 
in a “positive feedback manner” (follow the green arrows 

in the drawing) to enhance further thrombin formation and 
to enhance cross-linked fibrin clot formation.

As a result, any agent that interferes with the conversion 
of prothrombin to thrombin, such as Factor Xa inhibitors, is 
a very potent anticoagulant [41]. Medications which directly 
inhibit the action of Factor Xa do not require other cofactors, 
such as antithrombin, to exert their anticoagulation effects.

Currently, there are four oral medications available, which 
function as selective, direct inhibitors of Factor Xa: rivaroxa-
ban (Xarelto), apixaban (Eliquis) and edoxaban (Savaysa), 
and betrixaban (Bevyxxa). These direct inhibitors of Factor 
Xa reduce thrombin generation and thrombus formation 
by inhibiting free and clot bound Factor Xa, prothrombinase 
activity, and thrombin-induced platelet aggregation. Whenever 
these medications are used changes are observed in prothrom-
bin time (PT), international normalized ratio (INR), and acti-
vated partial thromboplastin time (aPTT). However, evaluations 
of these parameters are not useful to moniter the anticoagulant 
effect induced by Factor Xa inhibitors.

 Rivaroxaban
Rivaroxaban (Xarelto) is an orally administered, direct 
Factor Xa inhibitor and was the first oral direct Factor Xa 
inhibitor to gain approval for human use. It targets both free 
and clot-bound Factor Xa and Factor Xa in the prothrombi-
nase complex, thereby prolonging clotting times [41]. This 
effect is significantly different than the effects exerted by 
indirect Factor Xa inhibitors. Rivaroxaban binds directly and 
reversibly to Factor Xa and exerts action by competitively 
inhibiting the activity of Factor Xa. It is more than 10,000- 
fold more selective for Factor Xa than for other related serine 
proteases, and it does not inhibit other serine proteases at 
concentrations up to 20 μM [42]. Thrombin generation was 
almost completely inhibited at therapeutically relevant con-
centrations (80–100 nM) of rivaroxaban [43, 44]. The onset 
of action of rivaroxaban is rapid; maximum PT prolongation 
was seen 1–4 h after tablet intake, and PT prolongation cor-
related with plasma rivaroxaban concentrations (up to 
500 μg/L) in an almost linear fashion [45].

Fig. 19.2 Vitamin K and 
warfarin (Modified from [36])
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Rivaroxaban is used for thromboembolic prophylaxis, 
such as venous thromboembolism (VTE) prophylaxis after 
total knee replacement (TKR) or total hip replacement 
(THR). Rivaroxaban has also been used as secondary pre-
vention after recent acute coronary syndrome (ACS) and for 
stroke prevention in patients who have atrial fibrillation [42]. 
When used for the prevention of venous thromboembolism 
following hip or knee replacements, extended therapy for at 
least 3 months or longer is usually recommended [46]. In the 
presence of significant renal or hepatic impairment, the use 
of rivaroxaban may be contraindicated, or at least significant 
reduction in the dosage may be needed [41, 46]. Clearance of 
rivaroxaban depends on the cytochrome P3A4 system. Use is 
not recommended in patients receiving concomitant sys-
temic treatment with strong inhibitors of CYP3A4 and 
P-glycoprotein–azole-antimycotics (e.g., ketoconazole) or 
HIV protease inhibitors (e.g., ritonavir) because they may 
increase rivaroxaban plasma concentrations to a clinically 
relevant degree. Since rifampin strongly induces CYP3A4, 
co-administration with rifampin led to a decrease in effect 
and more rapid clearance of the administered dose. 
Co-administration with naproxen (500 mg), aspirin (500 mg 
followed by 100  mg), clopidogrel (300  mg followed by 
75  mg), enoxaparin (40  mg), and warfarin (titrated to and 
INR of 2.0–3.0) did not affect the pharmacokinetics of rivar-
oxaban [42].

Adverse side effects of rivaroxaban include intracranial 
hemorrhage, gastrointestinal bleeding, and an increased risk 
of PE or DVT. The most common adverse reaction (>5%) 
is bleeding, increased risk of stroke after discontinuation in 
nonvalvular atrial fibrillation, and spinal/epidural hematoma 
[47]. When compared to other direct oral anticoagulants 
(DOAC), rivaroxaban has the highest proportion of reported 
adverse events. The risk of breakthrough venous thrombo-
embolism appears higher than for other DOACs, but this 
appears to be more likely when other underlying disease pro-
cesses are also present [42, 48].

 Apixaban
Apixaban (Eliquis), another orally administered direct Factor 
Xa inhibitor, has similar indications to rivaroxaban. Similar 
to other anticoagulants, the most significant side effect is a 
dose-dependent increased risk of bleeding [31, 47]. Of all 
Factor Xa inhibitors, apixaban demonstrates the least depen-
dence on renal metabolism, but current guidelines still advise 
dose modifications depending on creatinine clearance, age, 
and body weight [41]. Dosing of apixaban is dependent on 
the  clinical scenario; for VTE prophylaxis in surgical 
patients, 2.5 mg twice daily for 12–25 days is recommended. 
For secondary prevention or treatment of VTE, the recom-
mendation generally is administration of 10 mg twice daily 
for 7 days followed by 5 mg twice daily. For prevention of 
cerebrovascular accidents due to thromboembolism in 

patients who have atrial fibrillation and any two of the fol-
lowing: age ≥80 years, body weight ≤60 kg, or serum creati-
nine ≥1.5 mg/dL, dosing of 2.5 mg or 5 mg twice daily is 
recommended [41]. When compared to other DOACs, apixa-
ban appeared to show the lowest rate of adverse event occur-
rence [47].

 Edoxaban
Like rivaroxaban and apixaban, edoxaban (Savaysa) is an 
oral direct Factor Xa inhibitor. Additionally, edoxaban has a 
>10,000-fold selectivity for Factor Xa as compared to throm-
bin, which makes it efficient as an anticoagulation medica-
tion [49]. The indications for use of edoxaban include venous 
thromboembolism treatment and prevention of stroke and 
systemic embolism in patients who have atrial fibrillation 
[50]. Use of Edoxaban is not recommended in individuals 
who are pregnant, those who have mechanical heart valves, 
or those who have creatinine clearances >95  mL/min or 
<15 mL/min. When used for patients who have atrial fibrilla-
tion the most common adverse reaction is bleeding and ane-
mia (≥5%). When used in patients with DVT and pulmonary 
embolism the risk of bleeding, rash, or abnormal liver func-
tion tests is reported to be ≥1% [51]. Again, like rivaroxaban 
and apixaban, major side effects include increased risk of 
bleeding and increased risk of spinal or epidural hematoma 
following spinal puncture or administration of neuraxial 
anesthesia. In those undergoing treatment for Venous 
Thromboembolism, the recommended edoxaban dosing is 
30–60 mg once daily following 5 days of parenteral antico-
agulation [41].

 Betrixaban
Betrixaban (Bevyxxa) is also an orally administered Factor 
Xa inhibitor. It is dosed only once a day and is excreted pri-
marily in the bile, with very low (approximately 17%) renal 
excretion [52]. Betrixaban selectively blocks the active site 
of Factor Xa and does not require a cofactor (such as Anti- 
thrombin III) for activity. Betrixaban inhibits free and pro-
thrombinase bound Factor Xa in a concentration-dependent 
manner, thereby decreasing thrombin generation [53]. 
Studies demonstrate that betrixaban provides more potent 
inhibition of the thrombin–antithrombin complex, and 
F1  +  2 generation when compared with fondaparinux. 
Betrixaban has no direct effect on platelet aggregation.

Similar to other Factor Xa inhibitors, its indications are 
primarily prophylactic to prevent venous thromboembolism 
(VTE) in adult patients hospitalized for an acute medical ill-
ness, and who are at risk for thromboembolic complications 
due to moderate or severe restricted mobility, and have other 
risk factors for VTE. Currently, it is the only FDA-approved 
direct oral anticoagulant for extended-duration prophylaxis 
of VTE in acute medically ill patients. While studies did not 
demonstrate superiority to enoxaparin in the prevention of 
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major and non-major bleeding in total knee replacement 
patients in the phase 2 EXPERT trial, effective antithrom-
botic activity was demonstrated at 15-mg and 40-mg doses, 
and these doses were well tolerated. In the phase 2 
EXPLORE-Xa trial in patients with nonvalvular atrial fibril-
lation, betrixaban doses of 40, 60, and 80 mg demonstrated 
the lowest occurrence of any bleeding events. The risk of 
bleeding was comparable to well-controlled warfarin in 
patients with atrial fibrillation at risk for stroke. The use of 
Betrixaban was associated with higher rates of diarrhea than 
with use of warfarin [52].

Although there is no data recommending  the use of 
betrixaban in pregnant women, it is expected that use of this 
medication (and all direct Factor Xa inhibitors) would 
increase the risk of hemorrhage during labor and delivery. 
Additionally, patients with severe renal impairment (creati-
nine clearance greater than 15 ml/min but less than 30 ml/
min) may have an increased risk of bleeding events. No dos-
age adjustment is needed for patients with creatinine clear-
ance greater than 30 ml/min. Patients with hepatic impairment 
frequently have intrinsic coagulation abnormalities. 
Betrixaban has not been tested in patients with hepatic 
impairment and therefore, use in these patients is not recom-
mended. The safety and effectiveness in pediatric patients 
have not been established. Betrixaban is supplied as 40 and 
80 mg capsules.

 Fondaparinux
Fondaparinux is a synthetic anticoagulant based on the pen-
tasaccharide sequence, which makes up the minimal anti-
thrombotic binding region of heparin. Fondaparinux 
functions by mimicking the site where heparin binds to 
Antithrombin III, thereby enhancing the anticoagulant 
action of ATIII [54]. It is a highly selective, indirect inhibi-
tor of activated Factor X. Fondaparinux has no interaction 
with platelets, and it has a longer half-life than heparin. It 
does not actually inhibit thrombin, but instead functions as 
an indirect inhibitor of Factor Xa. Initial studies in patients 
following total hip replacements demonstrated that at mini-
mum doses of 1.5  mg/day, less venous thromboembolism 
occurred than in patients who were treated with Fondaparinux 
than in those treated with 30 mg enoxaparin injections each 
12 h. However, excessive bleeding was also noted in these 
patients when they received daily injections of 6 or 8 mg per 
day. Use of Fondaparinux has been recommended in the 
situation when anticoagulation effects are desirable, yet the 
patient exhibits a hypersensitivity to low molecular weight 
and unfractionated heparins [55]. Further studies suggested 
that when Fondaparinux was administered to a patient dur-
ing her pregnancy, there was no detectable effect in the 
fetus, implying that there was no placental transfer of the 
medication [56].

 Direct Thrombin Inhibitors

 Dabigatran
Another DOAC, dabigatran (Pradaxa), has some similarities 
and some differences when compared to direct Factor Xa 
inhibitors. Like these medications, dabigatran is used for 
venous thromboembolic prophylaxis and treatment, and for 
secondary prevention after the occurrence of an acute coro-
nary syndrome. Unlike the direct Factor Xa Inhibitors, dabi-
gatran is a reversible, oral, direct thrombin (Factor IIa) 
inhibitor with a half-life of approximately 12–14  h [30]. 
Dabigatran usually exerts a maximum anticoagulation effect 
within 2–3 h of ingestion, but while not affecting the bio-
availability of the drug, fatty foods delay its absorption. 
Dabigatran inhibits both free and clot-bound thrombin; it 
also inhibits thrombin-induced platelet aggregation. 
Dabigatran inhibits the conversion of fibrinogen into fibrin 
during the coagulation cascade and prevents development of 
a thrombus. As a result, dabigatran prolongs coagulation 
markers such as aPTT, ecarin clotting time (ECT), and 
thrombin time (TT). The degree of anticoagulant activity can 
be assessed by ECT and aPTT [33, 57].

The use  of dabigatran is not recommended in patients 
with renal insufficiency [41]. Use of dabigatran carries a 
major risk of gastrointestinal bleeding and intracranial hem-
orrhage. Dabigatran had the highest reported rates of isch-
emic stroke [47]. Other contraindications to use of dabigatran 
include obesity and concurrent use of p-glycoprotein inhibi-
tors or inducers such as ketoconazole, verapamil, or rifampin. 
The most common adverse reactions with dabigatran (>15%) 
are gastritis-like symptoms and bleeding, increased risk of 
thrombotic events after premature discontinuation, and 
thromboembolic and bleeding events in patients with pros-
thetic heart valves [58].

When used as VTE prophylaxis in surgical patients, 
dosing for dabigatran is 110  mg one to  four  hours after 
surgery, followed by 220  mg once daily for 28–35  days 
(total hip replacement) or 10  days (total knee replace-
ment). If being used for VTE treatment, 5–10 days of par-
enteral anticoagulation should be administered initially; 
then dabigatran is administered at a dose of 150 mg twice 
daily [41].

 Indications for Use
Currently, DOACs are approved for the following indications:
 1. Prevention of stroke and systemic embolism in patients 

with non-valvular atrial fibrillation (NVAF)
 2. Treatment of deep vein thrombosis (DVT) and pulmo-

nary embolism (PE) and prevention of recurrence of these 
conditions

 3. Prevention of venous thromboembolism (VTE) in patients 
undergoing hip and knee replacement surgery
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 Administration and Dosing Recommendations 
for DOACs
When considering DOAC use, periodically assess renal 
function as clinically indicated and adjust therapy accord-
ingly [52]. FDA recommended dosing is for the following 
indications: [39, 59, 60].
 1. Prevention of stroke and systemic embolism in patients 

with non-valvular atrial fibrillation (NVAF):
Dabigatran 150 mg orally, twice daily (BID) in patients 
with creatinine clearance (CrCl) >30 mL/min and 75 mg 
orally, BID in patients with CrCl 15–30 mL/min.
Rivaroxaban 20 mg orally, once daily (OD) with the eve-
ning meal in patients with CrCl >50 mL/min and 15 mg 
orally, OD with the evening meal in patients with CrCl 
15–50 mL/min.
Apixaban 5  mg orally BID and 2.5  mg orally BID in 
patients with at least two of the following characteristics: 
age ≥80 years, body weight ≤60 kg, or serum creatinine 
≥1.5 mg/dL.
Edoxaban 60  mg OD in patients with CrCl >50 to 
≤95  mL/min and avoid in patients with CrCl >95  mL/
min, 30 mg OD in patients with CrCl 15–50 mL/min.

 2. Treatment of DVT and PE and prevention of recurrence 
of these conditions:
Dabigatran 150 mg orally, BID after previous treatment 
in patients with CrCl >30 mL/min.
Rivaroxaban 15  mg orally BID with food for the first 
21 days followed by 20 mg orally OD with food, for pre-
vention of recurrence 10 mg OD after at least 6 months of 
standard anticoagulant treatment [61]. Apixaban 10 mg 
BID for 7 days and 5 mg BID afterward [62].
Edoxaban 60  mg OD and 30  mg OD for patients with 
CrCl 15–50 mL/min or body weight ≤60 kg or who use 
certain P-gp inhibitors

 3. Prevention of VTE in patients undergoing hip and knee 
replacement surgery.
Dabigatran 110 mg orally first day, then 220 mg OD in 
patients with CrCl >30 mL/min.
Rivaroxaban 10 mg orally OD with or without food.
Apixaban 2.5  mg BID.  Treatment is recommended for 
35 days in hip and 12 days in knee replacement surgery.

 Side Effects and Contraindications
The most common adverse reactions with dabigatran (>15%) 
are gastritis-like symptoms and bleeding, increased risk of 
thrombotic events after premature discontinuation, and 
thromboembolic and bleeding events in patients with pros-
thetic heart valves [63, 64]. With rivaroxaban, the most com-
mon adverse reaction (>5%) was bleeding, increased risk of 
stroke after discontinuation in nonvalvular atrial fibrillation, 
and spinal/epidural hematoma [65, 66]. With edoxaban, the 
most common adverse reactions when used for NVAF are 

bleeding and anemia (≥5%), and when used for DVT and PE 
are bleeding, rash, abnormal liver function tests, and anemia 
(≥1%) [67, 68]. With apixaban, the most common adverse 
reactions (>1%) are related to bleeding and increased risk of 
thrombotic events after premature discontinuation [69]. 
Dabigatran and Factor Xa inhibitor drugs are contraindicated 
in patients with active pathological bleeding, a history of a 
serious hypersensitivity reaction to dabigatran, and mechani-
cal prosthetic heart valve [39, 59, 60].

 IV Administered Direct Thrombin Inhibitors

Bivalirudin (Angiomax) and argatroban also function as 
inhibitors of coagulation but are not considered as “DOACs” 
since they must be administered by the IV route, not the oral 
route. Bivalirudin is a synthetic derivative of Hirudin, a com-
pound found in the salivary glands of the medicinal leech 
(Hirudo medicinalis). As such, sometimes it is humorously 
referred to as “snail spit.” Bivalirudin is a potent and highly 
specific inhibitor of thrombin (Factor IIa). Following IV 
administration, it inhibits both circulating and clot-bound 
thrombin and also inhibits thrombin-mediated platelet activa-
tion and aggregation. Due to its quick onset of action and 
short half-life, its antithrombotic response is very predictable. 
While bivalirudin directly inhibits thrombin, it is not related 
to heparin and therefore presents no risk of  heparin-induced 
thrombocytopenia (HIT). It may be used in those patients sus-
ceptible to HIT.  Although there is currently no medication 
that can be administered to terminate or inhibit bivalirudin’s 
action, it is cleared by a combination of renal mechanisms 
(approximately 20%) and proteolytic cleavage (approxi-
mately 80%) by proteins present in blood serum and liver.

The expected half-life of bivalirudin anticoagulation action 
is about 25  min in patients with normal renal function, and 
return to baseline coagulation times can be expected to occur 
within about an hour after discontinuation of a bivalirudin infu-
sion; this may be prolonged to just under an hour in patients 
with severe renal dysfunction. When administered to a patient 
with severe renal impairment, dose adjustments are needed 
[70]. The half-life of anticoagulation activity may be prolonged 
to about 3.5 h in patients who are dialysis dependent.

In the United Sates, typical dosing for bivalirudin is an 
initial IV bolus of 0.75 mg/kg of patient body weight, fol-
lowed by an infusion of 1.75  mg/kg/hr. Although not 
approved for cardiac surgery or other perioperative use, 
bivalirudin is the only “alternative anticoagulant”, which has 
been prospectively studied in cardiac surgery for use in HIT 
and non-HIT patients [71]. When used as the anticoagulant 
for cardiac surgery in which cardiopulmonary bypass will be 
used, often the recommended initial dose is 1.5  mg/Kg 
administered by IV bolus, and an additional 50 mg of bivali-
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rudin is added to the cardiopulmonary bypass pump priming 
fluid. Following administration of the initial dose, an acti-
vated clotting time (ACT) can be used to monitor anticoagu-
lation provided by bivalirudin. Adequate anticoagulation for 
cardiopulmonary bypass is documented by achieving an 
ACT of at least 500 s and over 200 s for a vascular surgery 
procedure such as an “off-pump” cardiopulmonary bypass. 
There is currently no “reversal agent” to terminate the action 
of bivalirudin, so termination of the anticoagulation effect 
depends on the patient’s intrinsic clearance mechanisms.

 Argatroban
Argatroban is a direct thrombin inhibitor. The FDA initially 
licensed it for prophylaxis or thrombosis treatment in patients 
with heparin-induced thrombocytopenia (HIT). It is cur-
rently used both in the management of HIT and for antico-
agulation. Argatroban is metabolized in the liver, and 
clearance is primarily by hepatic metabolism. In patients 
who have hepatic dysfunction, adjustments in the dose of 
argatroban may be necessary [72]. Argatroban has a half-life 
of about 45–50 min in patients with normal hepatic function. 
In patients with hepatic impairment, clearance was approxi-
mately one-fourth that of healthy patients, and the half-life 
of an administered dose increased by two-to threefold [73].

To achieve adequate anticoagulation for vascular surgery, 
when argatroban is used, an infusion is often started with a 
bolus injection of 350 mcg/kg over 3–5 min and continued 
with an infusion of 25 mcg/kg/min. Argatroban is a direct 
thrombin inhibitor with a half-life of approximately 
40–50 min. This makes it less suitable as an anticoagulant 
for cardiac surgery requiring cardiopulmonary bypass since 
frequent monitoring and re-dosing would be required. If 
used for an “off-pump CABG,” an ACT of greater than 200 s 
should be confirmed. An activated clotting time (ACT) 
should be checked approximately 5–10  min following the 
bolus injection to assure anticoagulation is adequate for the 
planned procedure. Like bivalirudin, there is currently no 
“reversal agent” to terminate the anticoagulation effects fol-
lowing the  administration of argatroban. Either bivalirudin 
or argatroban may be used to achieve anticoagulation for car-
diac surgery in patients who have persistent heparin-induced 
thrombocytopenia IgG antibodies.

 Monitoring Anticoagulation Effects
Monitoring the anticoagulation effects, to titrate the doses to 
the desired effect may be challenging whenever using either 
bivalirudin or argatroban for anticoagulation. Although vis-
coelastic testing (such as TEG or ROTEM) is used exten-
sively to guide therapy at the “point of care” with 
procoagulants and hemostatic agents, there is little data 

describing its use for parenteral direct thrombin inhibitors. 
Direct thrombin inhibitors, including argatroban and bivali-
rudin, can increase the clot formation time but may have only 
a minor effect on the maximum clot strength [74]. Use of the 
ecarin clotting time can measure the concentrations of direct 
thrombin inhibitors more accurately [75].

 Traditionally Used Anticoagulants: Warfarin 
and Heparin

 Warfarin
Warfarin has been used in human medicine since 1954 and is 
the most widely used anticoagulant in the world. The history 
of warfarin’s discovery dates back more than 30 years ear-
lier. In the 1920s, cattle in the Northern United States and 
Canada suddenly demonstrated an unusual disease charac-
terized by fatal bleeding, either spontaneously or from minor 
injuries. It was recognized that these cattle had been eating 
moldy silage made from sweet clover [39]. Scientific exami-
nations demonstrated this moldy clover contained a factor 
causing hemorrhage by decreasing the activity of prothrom-
bin. It took until 1940 when Karl Link, an American bio-
chemist at the University of Wisconsin–Madison, and his 
student Harold Campbell were able to isolate the hemor-
rhagic compound and later discovered that the identity of the 
anticoagulant in the sweet clover disease was dicoumarol 
(3,3’-methylenebis-(4-hydroxy coumarin)) [59]. With fur-
ther research, by 1945, Link synthesized and patented warfa-
rin. It was initially approved in the United States in 1952 as 
a rodenticide and then was later approved as a human antico-
agulant in 1954. The name warfarin derives from the initials 
of the “Wisconsin Alumni Research Foundation” (the busi-
ness entity which held the patent on the compound), WARF, 
and -arin from the ending of the scientific name of the pri-
mary compound “coumarin” [39].

In comparison to the DOAC medications discussed previ-
ously, warfarin is an oral anticoagulant that exerts its action 
by competitively inhibiting subunit 1 of a multi-unit vitamin 
K epoxide reductase complex. This decreases the carboxyl-
ation of vitamin K-dependent proteins (as presented earlier in 
this chapter) and inhibits activation of clotting Factors II 
(with a half-life of 59 h), VII (with a half-life of 6 h), IX, and 
X. Warfarin also reduces the activities of regulatory antico-
agulant protein C and protein S resulting in an initial proco-
agulant state. Since it has no effect on fully carboxylated 
molecules in circulation, it takes days for the establishment of 
an antithrombotic effect. Warfarin has been used as thrombo-
embolic prophylaxis in individuals who have a history of 
atrial fibrillation, acute coronary syndrome, heart failure, 
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prosthetic heart valve, stroke, deep venous thrombosis (DVT), 
pulmonary embolism (PE), or antiphospholipid syndrome.

Warfarin exists as two optically active isomers, R and S, 
which are highly protein-bound (99%). Oral bioavailability 
is around 90%. Warfarin is metabolized by oxidative metab-
olism in the liver, which involves several cytochrome P450 
isoenzymes; the elimination of warfarin is almost entirely by 
hepatic microsomal enzyme metabolism. S-Warfarin is five 
times more potent than R warfarin and is metabolized pri-
marily by CYP2C9, while R- warfarin is metabolized pri-
marily by CYP2C19, CYP1A2, and CYP3A4. Certain 
individuals carry allele variations of CYP2C9, which reduces 
the rate of warfarin metabolism. These variations are esti-
mated to occur in up to 11% of the Caucasian population. 
Warfarin half-life ranges from 25 to 60 h (mean – 40 h), and 
duration of effect can be 2–5 days [76].

Warfarin has a narrow therapeutic index and variable dose 
requirements. This combination of variable dose require-
ments, and variable rates of metabolism and clearance makes 
it difficult to maintain patients within a defined range of anti-
coagulation. Maintaining the patient in the ideal INR target 
range of greater than 2 but less than 3 is challenging; an INR 
of less than 2 increases the risk of thrombotic events, while 
INR greater than 3 increases the risk of bleeding [39]. These 
bleeding events can range from ecchymosis, occult bleeding, 
or hemorrhage and from upper or lower gastrointestinal tract, 
microscopic or macroscopic hematuria, epistaxis, or intra-
cranial hemorrhage. The use of warfarin has the highest fatal 
intracranial bleeding risk when the risk is compared to the 
newer DOAC medications [42]. Additionally, warfarin 
administration carries associated risks of teratogenicity, cho-
lesterol embolization, vascular calcification, nephropathy, 
and skin necrosis in patients with protein C deficiency. On 
the other side of the spectrum, subtherapeutic INR can result 
in life-threatening thromboembolic events.

Similar to concerns with the use of other anticoagulant 
agents, contraindications to use of warfarin include active 
bleeding, severe thrombocytopenia (defined as platelet count 
<50,000/L), significant trauma, invasive procedures, obstet-
ric delivery, history of intracranial hemorrhage, intracranial 
or spinal tumor, administration of neuraxial anesthesia, and 
severe, uncontrolled hypertension. Other contraindications 
that are more specific to warfarin include thyroid disease and 
renal insufficiency [39]. Patients who are beginning warfarin 
therapy; usually start with 5  mg daily on days 1 and 2 of 
therapy; then on day 3, the dose is usually adjusted based on 
results of PT/INR. Patients who are elderly, frail, malnour-
ished, or with preexisting liver, heart, or kidney disease usu-
ally use 2.5 mg daily or 2.5 mg alternating with 5 mg daily 
[59]. Several factors affect the warfarin dose, including age, 

body mass index, gender, race, concomitant drug use, co- 
morbidities, and genetic variables that affect warfarin phar-
macokinetics and pharmacodynamics. Saleh et  al. have 
proposed application of artificial neural network (ANN) to 
develop a warfarin dosing algorithm, and they were able to 
predict ideal warfarin dosage in 48% of patients [77].

 Heparin
Unlike the other oral and IV anticoagulants discussed previ-
ously, which do not depend on antithrombin activity to pro-
vide anticoagulation effects, heparin is an 
antithrombin-dependent, indirect Factor Xa inhibitor [60]. 
Heparin may be administered via the subcutaneous or intra-
venous route, but it is not administered via an oral route. 
Indications for  the use of heparin include prophylaxis and 
treatment of thromboembolic disorders (VTE, PE) and 
thrombotic complications associated with atrial fibrillation, 
prevention of clotting during vascular and cardiac surgery, 
and as an anticoagulant for extracorporeal circulation and 
dialysis procedures. Contraindications of heparin include 
hypersensitivity to heparin, severe thrombocytopenia, his-
tory of heparin-induced thrombocytopenia (HIT), and 
uncontrolled active bleeding except when that bleeding is 
due to diffuse intravascular coagulation (DIC) [66]. Initiation 
of heparin anticoagulation often starts with an initial bolus of 
80 units/kg followed by 18 units/kg/hr as a therapeutic dose 
or 5000  units subcutaneously 2  h preoperatively and then 
every 8–12  h postoperatively as a prophylactic dose [78]. 
Side effects associated with heparin use include thrombocy-
topenia, HIT, chest pain, shock, thrombosis, vasospasm, 
hemorrhage, and increased liver enzymes [66]. Unlike war-
farin, heparin does not cross the placenta, so when antico-
agulation is needed during pregnancy, it is considered to be a 
more useful anticoagulation medication and associated with 
a significantly reduced risk. Heparin can be used for treat-
ment of thromboembolic disease during pregnancy [65].

Warfarin, heparin, and the newer DOACs may be used to 
provide prophylaxis against and treatment of major thrombo-
embolic complications that may arise in the peri-operative 
period. While these medications each have specific side effects, 
common to all anticoagulants is the risk of major bleeding. 
Since patients who are using any of these anticoagulation med-
ications are often concurrently taking medications that can 
affect the metabolism of anticoagulants, they often have an 
increased risk of experiencing adverse events. Clinicians who 
prescribe these medications or administer them should be well-
informed about the various drug-drug interactions that exist. 
Interactions that occur between anticoagulants and antidepres-
sants, antiplatelets, antibiotics, NSAIDs, and herbal supple-
ments are clearly documented [60–63, 78].
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 Drug-Drug Interactions: Drug Classes

 Antidepressants and SSRIs
Warfarin is metabolized by the cytochrome P450 enzymes. 
One of these enzymes, cytochrome P450 2C9 (abbreviated 
as CYP2C9), demonstrates a major role in the oxidation of 
xenobiotic and endogenous compounds. This enzyme is 
inhibited by the antidepressants fluoxetine and fluvox-
amine. Whenever a patient using one of these antidepres-
sants also has warfarin administered, the warfarin is not 
metabolized as efficiently. This leads to increased warfarin 
levels and enhanced warfarin effects. Other antidepres-
sants, such as citalopram, nefazodone, and sertraline, have 
not demonstrated such associations with warfarin [69]. 
Similarly, a severely elevated INR was found with the con-
comitant use of duloxetine and warfarin. This was hypoth-
esized to be the result of metabolism by various cytochrome 
P450 enzymes or competitive binding of both substances at 
protein-binding sites [63].

 Antiplatelet Drugs
Several studies have demonstrated that combining anti-
platelet drugs and anticoagulants can lead to detrimental 
synergistic reactions that ultimately lead to increased 
bleeding. One such example is detailed in a paper by So 
and Eckman; they state, “multiple studies examining out-
comes of combined antiplatelet and anticoagulant therapy 
in patients with indications for both have demonstrated an 
increased risk of major hemorrhage compared with either 
treatment alone” [79]. Similarly, a meta-analysis of 25,307 
patients demonstrated that the combination of antiplatelets 
and anticoagulants in individuals with ACS does not 
reduce major adverse cardiac events (MACE), such as all-
cause death, nonfatal MI, and nonfatal thromboembolic 
stroke, but it does increase the risk of major bleeding. Due 
to the negative clinical outcomes associated with concomi-
tant use of full-dose warfarin and aspirin, this combination 
is not preferred for long-term treatment of coronary artery 
disease or peripheral artery disease [63]. “Medications 
affecting platelet function have a synergistic pharmacody-
namic interaction with warfarin; concomitant use, there-
fore, can result in significant increases in PT-INR and, in 
turn, in an increased risk of bleeding” [68]. A study done 
in 278,074 Australian veterans who had been using warfa-
rin demonstrated that approximately 7.2% received co-
administration of nonsteroidal anti-inflammatory agents 
and 5.9% received antiplatelet medications such as 
NSAIDs. This study, however, did not assess harm associ-
ated with these potentially hazardous interactions and 
noted that their study could not assess concomitant pur-
chase of over-the-counter medications such as aspirin and 
some NSAIDs [80].

 Antibiotics
Antibiotics, like antidepressants, are heavily metabolized by 
CYP450 enzymes, most notably CYP3A4, and have also 
been found to interact with permeability glycoproteins. 
Because many anticoagulants interact with both CYP3A4 
and permeability glycoproteins, drug-drug interactions may 
arise and affect the metabolism of these drugs. Notably, the 
bioavailability of dabigatran is decreased with concurrent 
use of clarithromycin and rifampicin. Clarithromycin, eryth-
romycin, fluconazole, and ketoconazole affect the bioavail-
ability of rivaroxaban. Because apixaban and edoxaban are 
newer drugs, less drug-drug interaction data is available [62]. 
As detailed in a table from Minno et al., plasma DOAC con-
centrations can be increased with concurrent use of common 
antifungals and antibiotics due to inhibition of permeability 
glycoproteins (P-gp) and CYP450 enzymes [68]. Those that 
inhibit P-gp and CYP3A4 are the “-conazole” antibiotics: 
ketoconazole, itraconazole, voriconazole, and posaconazole. 
those that inhibit P-gp and CYP450 are the “-mycin” antibi-
otics: erythromycin, clarithromycin, and azithromycin.

 NSAIDs
A synergistic effect, which led to increased bleeding, has 
been noted with the concomitant use of NSAIDs and warfa-
rin. Other commonly used anti-inflammatory drugs, such as 
acetaminophen, allopurinol, celecoxib, dextropropoxyphene, 
indomethacin, methyl-prednisolone, piroxicam, sulindac, 
and tramadol, were all found to increase PT/INR, while 
mesalazine and sulfasalazine lowered PT/INR [68]. Adverse 
drug-drug interactions have been noted to occur between 
NSAIDs and a variety of concomitantly administered medi-
cations such as aspirin, alcohol, some antihypertensives, 
antidepressants, and other commonly used medications [81].

 Herbal Supplements/Ginkgo
Like medications discussed previously, many herbal supple-
ments have drug-drug interactions with anticoagulants and may, 
therefore, contribute to increased bleeding risks. Compared  to 
vitamin K antagonists, such as warfarin, DOAC effects have 
proven to be more stable and less influenced by herbal supple-
ments or differences in diet [68]. Additionally, the quantity of 
herbal supplements taken by patients already taking warfarin 
also influences the risk of bleeding; Chan et al. found that “war-
farin patients taking no herbal medications or only 1 herbal <4 
times per week were more likely to have PT-INR values within 
the optimal therapeutic range of 2.0–3.0 compared to those tak-
ing >1 type of herbal ≥4 times per week (58.1% vs 51.1%, 
P  =  0.046)” [60]. Consumption of Ginkgo can also increase 
the  risk of bleeding; in vitro studies have shown that flavanol 
aglycones like amentoflavone, which are components of Ginkgo, 
can inhibit CYP2C9 and thereby increase plasma concentrations 
of anticoagulants metabolized by this enzyme [68].
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 Drug-Drug Interactions: Specific Drugs

 Amiodarone
Since warfarin is used to prevent or reduce the risk of stroke 
in patients with atrial fibrillation, prosthetic valves, and 
patients with a history of thromboembolic disorders, both 
amiodarone and warfarin have been used concurrently. When 
concerns of ventricular or supraventricular arrhythmias exist, 
amiodarone (as a Vaughan-Williams class III antiarrhythmic 
agent with a long half-life) may be administered concur-
rently with warfarin. It is essential to be aware of the result-
ing interactions when a patient uses both of these medications. 
Amiodarone is metabolized by CYP3A4 and CYP2C8 to 
desethylamiodarone, and these hepatic enzymes are also 
involved to some extent in warfarin metabolism. Amiodarone 
decreases CYP2C9 1A2 and 3A4 enzymes and thereby 
inhibits warfarin hydroxylation [82–84]. This reduces clear-
ance of the more potent S- warfarin. In patients receiving the 
drug combination of amiodarone and warfarin, the antico-
agulation effect is increased from this reduction in hepatic 
clearance whenever both drugs are administered. 
Anticoagulation is potentiated since the dose of warfarin 
required to achieve a therapeutic INR is reduced. Some stud-
ies have also suggested altered protein binding as a contribu-
tor to this effect.

Multiple factors affect these interactions, such as the 
patient’s specific genetics, and the presence of comorbidities 
from cardiac, hepatic, or renal systems, thyroid dysfunction, 
GI bleed, or cancer. The specific interactions affecting the 
rate of metabolism and clearance may also relate to specific 
other medications used. These  interactions are patient spe-
cific and not clearly predictable. Advanced patient age may 
also reduce the clearance of both medications and increase 
the potential for adverse interactions.

Drug interaction between warfarin and amiodarone results 
in a potentiation of warfarin’s effect and prolonged INR due 
to prolonged half-life. In a Swedish retrospective study con-
ducted by Holm et al., more than one in three patients receiv-
ing both warfarin and amiodarone revealed supratherapeutic 
anticoagulative effect within 3 weeks to an INR of around 
3.07 [82].

There is an increased bleeding risk when a patient uses 
both amiodarone and warfarin. After initiation of amioda-
rone, close monitoring of INR once every 3–4 days to main-
tain therapeutic level of anticoagulation, and timely dose 
adjustment, is vital to prevent life-threatening bleeding epi-
sodes and thus hospitalizations. A study by Sanoski et al. to 
determine the dosage relationship in patients on long-term 
amiodarone indicates that the magnitude of interaction peaks 
at 7  weeks and is associated with a 44% mean maximum 
reduction in warfarin dose; the warfarin requirement gradu-
ally increased thereafter. Additionally, they report that the 

interaction is dependent on the maintenance dose of amioda-
rone [83]. Lam et  al., in a retrospective study on older 
patients found a greater risk of hemorrhage among patients 
who received amiodarone compared with patients receiving 
warfarin alone and encountered mortality of 12.5% follow-
ing initiation of amiodarone [85].

When initiating amiodarone therapy, there are many rec-
ommendations. Holm et al. recommend an initial reduction 
of the mean dose of warfarin by 25% [82]. A study by 
Sanoski recommends reducing dose of warfarin by 40% 
when using 400  mg/d of amiodarone and additional 55% 
reduction in warfarin dose when amiodarone dose is tapered 
to achieve INR of 2–3 [83]. Family practice physicians were 
cautioned about the interaction between amiodarone and 
warfarin in 2002; a percentage reduction in the administered 
warfarin dose based on the administered amiodarone dose 
was recommended [86]. Carpenter et  al. suggested an 
empiric warfarin dose reduction of 30–50% upon initiation 
of amiodarone and weekly INR monitoring [84].

 Ciprofloxacin (Cipro)
In a population-based study, Fischer et  al. stated that con-
comitant use of warfarin and ciprofloxacin in older patients 
increased the risk of hospital admission with upper gastroin-
testinal hemorrhage [87]. Lane and colleagues found that 
42.6% of antimicrobial prescriptions among warfarin users 
were for medications (TMP/SMX, ciprofloxacin, levofloxa-
cin, metronidazole and fluconazole) that presented risk for 
excessive bleeding [88].

A study of all 66 cases reported to the FDA spontaneous 
reporting system (SRS) database from 1987 through 1997, 
including the two that occurred at his institution, Ellis et al. 
report that patients previously anticoagulated with warfarin, 
who have ciprofloxacin administered, may develop an exag-
gerated hypoprothrombinemic response and bleeding diathe-
sis. In 50 of these patients, this coagulopathy was recognized 
within 5.5 days following initial administration of ciproflox-
acin. The ciprofloxacin–warfarin coagulopathy occurred 
most commonly in patients in their seventh decade of life 
and in those who required polypharmacy. Additionally, they 
reported a more rapid resolution of the coagulopathy when 
the patients received active treatment for the coagulopathy, 
rather than simply withholding the medications involved and 
keeping the patients under medical observation while the 
coagulopathy spontaneously resolved. This study by Ellis 
suggests that INR should be checked within 4–5 days fol-
lowing initiation of ciprofloxacin, especially in older patients 
[89].

 Clarithromycin (Biaxin)
Clarithromycin is a  macrolide antibiotic. As described by 
Lane et al., this drug is a high-risk antibiotic that interacts 

19 Commonly Prescribed Medications that Affect Clotting: A Comprehensive Overview



178

with warfarin and increases the risk of serious bleeding that 
requires hospitalization [90]. Clarithromycin inhibits warfa-
rin metabolism particularly via CYP3A and P-glycoprotein. 
It may also eliminate vitamin K-producing bacteria in the 
intestines to further alter the therapeutic effect of warfarin 
and prolong the international normalized ratio (INR). INR 
monitoring is essential within 3–14 days of the prescription 
to reduce the risk of serious bleeding event. A case report 
published in Emergency Medicine Journal, 2006, reports a 
case of retroperitoneal hematoma in a 69-year-old woman 
who had been on chronic warfarin and was prescribed clar-
ithromycin for lower respiratory infection [91].

 Erythromycin, and Quinidine
Both erythromycin and quinidine are known to affect cyto-
chromes P1A2 and P3A4. Al-Jundi and Rubin have described 
a rare presentation of spontaneous hemopericardiac tampon-
ade in a patient on warfarin who was treated with erythromy-
cin for a chest infection [92].

 Rifampin (Rifadin, Rimactane)
Administration of rifampin is known to induce CYP2C9 and 
CYP3A4, and it therefore increases clearance of warfarin. 
This may result in a decrease of the INR, unless the dose of 
warfarin is concomitantly increased by 25–40% when ther-
apy with rifampin is initiated. Poon et al. reported a warfarin-
rifampin drug interaction in a 20-month-old- female where the 
warfarin management posed a challenge due to dramatic 
increase in warfarin dosing requirement [93].

 Metronidazole (Flagyl)
Metronidazole decreases CYP2C9 activity and therefore 
interferes with metabolism of S-warfarin. This results in an 
increase in the INR when metronidazole is added to the med-
ications a patient takes, when the patient is using warfarin. 
This increased INR is likely to be clinically important as the 
risk for intracranial hemorrhage doubles for each 1.0 increase 
in the INR. Even if intracranial hemorrhage does not occur, 
it appears that the risk for other minor bleeding complica-
tions increases. It is recommended that the warfarin dose 
should be reduced by 25–40% when metronidazole (Flagyl) 
therapy is initiated [94]. A retrospective study by Holt et al., 
recommends 30–35% reduction in mean daily dose (a pre-
emptive dose reduction) to maintain therapeutic anticoagula-
tion while on metronidazole. However, while considering a 
preemptive dose reduction of warfarin, the risk of subthera-
peutic INR and risk of thromboembolic events should be 
weighed against risk of bleeding. INR should be monitored 
no later than 72 h after initiation of both medications in such 
instances where risk of thromboembolism is high [94].

 Trimethoprim/Sulfamethoxazole (Bactrim)
Bactrim is a potent antimicrobial that interacts with warfarin. 
Antimicrobials can inhibit CYP450 isozymes, alter protein 

binding, and alter the gut flora, thereby reducing vitamin K 
absorption. Several studies illustrate that this drug signifi-
cantly and rapidly elevates INR in patients taking warfarin 
and significantly increases risks of undesired bleeding, espe-
cially in elderly patients. Concomitant use of warfarin and 
cotrimoxazole was discussed in the Annals of Internal 
Medicine in 2010. This article clearly states that few drug 
interactions are as well established as the interactions 
between these two medications. These interactions were felt 
to markedly increase risk of upper GI hemorrhage, which 
qualifies as a “never event” by the National Quality Forum 
[95]. Bactrim decreases CYP2C9 activity; this is primarily 
due to the sulfamethoxazole component, rather than from tri-
methoprim. Concurrent use of warfarin and trimethoprim/
sulfamethoxazole is associated with two to fivefold increase 
in bleeding risk [96]. When initiating bactrim therapy in a 
patient who is also using warfarin, the INR should be moni-
tored within 3–4  days of starting the antimicrobial. When 
bactrim is initiated, the recommended dose reduction of war-
farin is by 10–20% to avoid potentially dangerous increase in 
INR prior to the INR follow-up [97]. Dose titration should be 
slower due to longer half-life of warfarin. It is equally impor-
tant to adjust the warfarin dose once the antimicrobial is dis-
continued to avoid subtherapeutic INR.  Fischer et  al. 
recommend that in older patients receiving warfarin, it is bet-
ter to prescribe alternative antibiotics as patients are at high 
risk for upper GI hemorrhage when cotrimoxazole is admin-
istered along with warfarin [87].

 Fluvastatin (Lescol)
HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A) 
reductase inhibitors are effective in both primary and sec-
ondary prevention of ischemic heart disease. Since they are 
usually prescribed in older patients for a prolonged duration, 
the drug interactions must always be borne in mind. 
Fluvastatin is a synthetic HMG Co-A reductase inhibitor and 
a lipid-regulating drug. Patients with cardiovascular disease 
are often prescribed warfarin and statins concurrently. In an 
investigation of the interaction between the two, it was found 
that fluvastatin significantly displaced the plasma protein 
binding of warfarin [98]. Fluvastatin inhibits CYP2C9 and 
the formation of 7-hydroxy warfarin. This increased warfarin 
concentrations and increased bleeding risk. Other “statin” 
medications, lovastatin, rosuvastatin, and simvastatin, exert a 
similar effect. Although the combination therapy of a “statin” 
and warfarin is frequently considered useful, the INR should 
be closely monitored after initiation therapy or a change in 
the dose of the medication.

 Atorvastatin (Lipitor)
Another HMG-CoA reductase inhibitor is often prescribed 
for both primary and secondary prevention of ischemic heart 
disease. Since this class of medications is usually prescribed 
in older patients for a prolonged duration, the drug interac-
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tions must always be borne in mind. In addition to the inter-
actions already noted that occur with this class of medications, 
atorvastatin inhibits CYP3A4 isozymes, which metabolizes 
the less active R isomer and creates the same concerns noted 
previously with use of itraconazole (Sporanox). An observa-
tional study by Schelleman et al. reported that initiation of 
statins in chronic warfarin users increases the potential risk 
of gastrointestinal bleeding, especially during the first anti-
hyperlipidemic prescription [99]. A case report in the British 
Journal of Hospital Medicine describes the rare event of 
acute rhabdomyolysis following initiation of warfarin in a 
patient on stable atorvastatin therapy [100]. The mechanism 
of this appears to be that warfarin administration increased 
the bioavailability of the statin, resulting in acute rhabdomy-
olysis. Close monitoring of INR, serum creatine kinase lev-
els, and constant vigilance is required when these drugs are 
co-prescribed as there is potential for increased bioavailabil-
ity of either drug.

 Carbamazepine (Tegretol)
Carbamazepine is an antiseizure medication of the iminostil-
bene class, indicated for use in the management of temporal 
lobe epilepsy/complex partial seizures. Additionally, carba-
mazepine has been used as a first-line medication for trigem-
inal neuralgia. It enhances warfarin metabolism by induction 
of the cytochrome P450 group, primarily CYP2C9 and 
CYP3A4. A Swedish retrospective study reports that patients 
on warfarin who were co-administered carbamazepine expe-
rienced a subtherapeutic anticoagulation effect within 
3–5  weeks. The average warfarin dose was subsequently 
increased by 49.2% (95% CI 42.8–55.9) to maintain the 
desired level of anticoagulation [101]. Clarke et  al. also 
found that warfarin dose requirement increased by 32% after 
carbamazepine initiation. The onset of interaction with war-
farin was chronic and with a variable onset ranging from 16 
to 30 days in this study. Therefore, the authors did not make 
a recommendation for a predicted preemptive dose adjust-
ment [102].

Close INR monitoring is essential when carbamazepine is 
initiated or withdrawn during warfarin therapy, to meet the 
anticipated change in dose demand and to prevent ischemic 
stroke and thrombosis.

 Fluvoxamine (Luvox)
Concomitant use of fluvoxamine or other selective serotonin 
reuptake inhibitors (SSRIs) and warfarin is very common, as 
cardiovascular disease and depression often coexist. In the-
ory, SSRIs could inhibit platelet aggregation by preventing 
platelet reuptake of serotonin. Fluvoxamine maleate has the 
potential to inhibit multiple cytochromes (CYP1A2, 
CYP2C9, CYP2C19, and CYP3A4) to a significant degree. 
It is a potent CYP2C9 inhibitor with a half-life of 17–22 h 
after a single dose. This is an important consideration 
because CYP2C9 is the main metabolizing enzyme of the 

more active (S)- enantiomer of coumadin. This would appear 
to increase the risk of excessive anticoagulant effect of war-
farin when these medications are co-administered.

A multi-database cohort study by Dong et  al. followed 
52,129 patients for up to 180 days and analyzed the bleeding 
and thromboembolic events and mortality in patients exposed 
to SSRIs and warfarin. They concluded that patients con-
comitantly treated with warfarin and SSRIs that are potent 
CYP2C9 inhibitors had comparable rates of bleeding events, 
ischemic or thrombotic events, and mortality. This study sug-
gests that SSRI inhibition of CYP2C9 does not appear to 
affect major safety or effectiveness outcomes of warfarin 
treatment in clinical practice, where patients may be closely 
monitored [103]. A possible explanation for less impact on 
pharmacokinetic interaction than expected, and hence mini-
mal effects on clinical outcome, could be upregulation of 
other enzymes that metabolize warfarin.

In contrast to the Dong study however, a few years prior 
to its publication, Quinn et al. reported that SSRI exposure 
was associated with major hemorrhage risk in patients taking 
warfarin [104]. Almost 2  years earlier Hackam et  al. also 
described an increased risk of intracerebral and intracranial 
hemorrhage with concomitant use of SSRI and oral antico-
agulants when compared to patients with oral anticoagulants 
alone [105]. It would certainly appear that caution is advised 
when managing patients using both SSRI medications and 
warfarin, even though there may be no clear “cause and 
effect” relationship.

 Fluoxetine (Prozac)
Fluoxetine is a selective serotonin reuptake inhibitor, which 
ranks 14th on the list of medications used concomitantly 
with warfarin [76]. Fluoxetine hydrochloride is a potent 
CYP2C9 inhibitor and inhibits oxidative metabolism of 
S-warfarin. This drug has high affinity for plasma albumin. 
SSRIs might hinder platelet aggregation by depletion of 
platelet serotonin levels and could result in an increased ther-
apeutic response and an increase in INR.  Recognizing the 
narrow therapeutic index of warfarin, and the potential for 
multiple medications used in psychiatry to interfere with it, 
an analysis of data published in 2009 recommended that 
while fluvoxamine and fluoxetine pose the highest potential 
risks, sertraline and citalopram appear to be the safest antide-
pressant medications to use in patients who concomitantly 
use warfarin [106].

 Itraconazole (Sporanox)
Itraconazole is a broad-spectrum triazole antifungal agent 
for prophylaxis and treatment of aspergillosis, endemic 
mycoses, onychomycosis, and vaginal candidiasis. It 
inhibits CYP3A4, which metabolizes R (+) warfarin (the 
less biologically active enantiomer of warfarin) and 
P-glycoprotein, and therefore, interactions are less severe 
than other azole antifungals [107]. It is recommended to 
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monitor for increased anticoagulant effects (e.g., INR, 
bleeding) if itraconazole is initiated/dose increased, and 
decreased effects if itraconazole is discontinued/dose 
decreased [107].

 Fluconazole (Diflucan)
Fluconazole inhibits the  metabolism of S-warfarin via 
CYP2C9 and 8-hydroxylation of R-warfarin through 
CYP2C19 [108]. UpToDate recommends empiric reduction 
in warfarin dose of 10–20% along with INR monitoring for 
dosing titrations [109].

 Miconazole (Monistat)
Miconazole is a broad-spectrum antifungal agent and is the 
strongest inhibitor of CYP2C9 and CYP2C19, followed by 
voriconazole and fluconazole. Due to the strong inhibition of 
CYP2C9 and therefore, inhibition of the conversion of (S) 
warfarin to (S) 7-hydroxywarfarin, PT-INR increases [108]. 
Elderly patients on warfarin usually have comorbidities and 
increased risk of oral candidiasis. Systemic absorption after 
topical administration decreases total body clearance of both 
(R) and (S) warfarin. A study reports the pro-hemorrhagic 
effects of ecchymosis, subcutaneous hematomas, and hema-
turia after two weeks of concomitant use with warfarin [68]. 
Another case report describes intestinal intramural hema-
toma presenting as acute abdomen after initiation of topical 
miconazole for vaginal candidiasis [110]. In patients using 
warfarin, nystatin appears to be a safer choice for oral candi-
diasis treatment [111].

 Voriconazole (Vfend)
Voriconazole is a triazole with broad-spectrum antifungal 
activity. It is metabolized by CYP450 enzymes, primarily by 
CYP2C19, CYP2C9, and CYP3A4 [108]. It is also a strong 
inhibitor of CYP3A4. The (S) form is the more pharmaco-
logically active isomer. Since the CYP2C9 pathway is 
involved in its metabolism, the interactions with anticoagula-
tion medications are clinically significant. This involvement 
results in a prolongation of the prothrombin time. Purkins 
et al. performed a double-blind randomized controlled study 
and noted that voriconazole potentiates warfarin-induced pro-
thrombin time prolongation. Without a reduction in warfarin 
dose, the peak anticoagulation effect at 40–50 h following a 
voriconazole dose appears to be approximately 50% greater. 
This enhanced anticoagulation effect can still be seen even at 
144 h following co-administration with voriconazole. They 
recommended regular monitoring of the prothrombin time if 
voriconazole and warfarin are co-administered [112].

 Zafirlukast (Accolate)
Zafirlukast is a selective peptide leukotriene receptor antago-
nist of three leukotriene C4, D4, and E4 (LTC4, LTD4 and 
LTE4), which are components of the slow-reacting substance 

of anaphylaxis (SRSA). Cysteinyl leukotriene production 
and receptor occupation have been correlated with the patho-
physiology of asthma, including airway edema, smooth mus-
cle constriction, and altered cellular activity associated with 
the inflammatory process, which contribute to the signs and 
symptoms of asthma. In vitro studies demonstrated that 
Zafirlukast antagonized the contractile activity of three leu-
kotrienes (LTC4, LTD4,, and LTE4) in conducting airway 
smooth muscle from laboratory animals and humans. It also 
prevented intradermal LTD4-induced increases in cutaneous 
vascular permeability and inhibited inhaled LTD4-induced 
influx of eosinophils into animal lungs. In humans, zafirlu-
kast inhibited bronchoconstriction caused by several kinds of 
inhalational challenges. The bronchodilation, anti- 
inflammatory properties, and steroid-sparing effects provide 
significant benefits to patients with allergic and exercise- 
induced asthma. Pretreatment with single oral doses of zafir-
lukast inhibited the bronchoconstriction caused by sulfur 
dioxide and cold air in patients with asthma. It usually takes 
weeks before maximal benefit is seen when this class of 
medication is administered. As such, these medications are 
primarily used for prophylaxis and treatment of allergic and 
exercise-induced asthma. Zafirlukast exhibits a peak plasma 
concentration within 3 h after oral administration and exhib-
its a plasma protein binding of >99% to albumin. Its mean 
terminal elimination half-life is ~10 h. It is cleared by hepatic 
metabolism involving hydroxylation by the CYP450 system, 
primarily utilizing CYP2C9. In vivo studies have demon-
strated that zafirlukast inhibits CYP3A4 and CYP2C9 isoen-
zymes [113]. In patients with significant hepatic impairment 
(e.g., biopsy proven cirrhosis), there is a reduced clearance 
resulting in 50–60% greater maximum concentration and a 
prolonged area under the curve in clearance studies, when 
compared to normal subjects [114]. If co-administered to a 
patient on warfarin therapy, Zafirlukast impairs the normal 
clearance of warfarin, and enhanced antithrombotic effects 
result. This is demonstrated by an increase in PT and INR 
values demonstrated on coagulation studies.

 Cimetidine (Tagamet)
Use of cimetidine does not appear to be of significant con-
cern to patients taking warfarin. The cytochrome isoenzymes 
involved in cimetidine metabolism, CYP1A2 and CYP3A4, 
are primarily involved in the metabolism of the less potent 
R-warfarin isomer. Interactions and inhibition of metabolism 
are usually of less magnitude than when co- administered 
medications affect the CYP2C9 isoenzyme.

 Patients with HIV Infections

Patients who suffer from HIV are prone to venous thrombo-
sis. Antiretroviral drug interactions are mediated through the 
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cytochrome P450 pathway and through P-glycoproteins to a 
lesser extent. Anti-HIV medications are protease inhibitors 
and therefore demonstrate inhibition of the cytochrome P450 
system; they also tend to induce CYP2C9. This tends to 
enhance the metabolism of warfarin. The extent of this effect 
and the specific CYP450 isoenzymes involved vary from one 
anti-HIV medication to another. The INR response from 
the  administration of any of these medications should be 
monitored when a patient is also using any anti-HIV medica-
tions concurrent with the use of anticoagulation medications.

 Indinavir (Crixivan)
Indinavir is a protease inhibitor and an inhibitor of CYP3A4. 
Even though indinavir demonstrates mild to moderate 
hepatic impairment, there is less concern about excessive 
inhibition of warfarin metabolism when indinavir is co- 
administered, because the CYP2C9 isoenzyme is not 
involved.

 Ritonavir (Norvir)
Liedtke and Rathbun found that intermittent ritonavir use 
may result in inhibition of CYP2C9 and CYP3A4, rather 
than induction [115].

 Prednisone (Deltasone, Sterapred, Preds, Etc.)

Prednisone is a frequently used anti-inflammatory agent. 
Prednisone and warfarin have been used together in idiopathic 
hypereosinophilic syndrome (IHES), a rare disease associated 
with cardiac thrombosis and endocardial wall thickness. They 
are also prescribed together in the management of peripheral 
vascular disease associated with autoimmune disease, sys-
temic lupus erythematosus (SLE), multiple myeloma, Behcet’s 
disease, etc. Case reports indicate an increased INR response 
after the addition of prednisone to warfarin [116].

A randomized controlled trial by Dowd et al. compared a 
10–20% preemptive dose reduction vs. a reactive adjustment 
and found that the preemptive warfarin dose reduction resulted 
in a nonsignificant reduction in supratherapeutic INR but, con-
trary to expectations, increased the chances of subtherapeutic 
INR [117]. These studies demonstrate that an increase in INR 
within 3–10  days after corticosteroid initiation may be 
expected. Timely INR monitoring is essential when these two 
medications are co-prescribed. A therapeutic dose adjustment 
may be expected but should be based on INR response.

 Nonsteroidal Anti-inflammatory Drugs 
(NSAIDs)

NSAIDs are commonly used to control musculoskeletal 
pain. NSAIDs are known to interact with warfarin due to 

their high protein binding and their cytochrome P450 depen-
dent clearance mechanism. Additionally, they also have anti-
platelet effects. NSAIDs may cause gastric ulcers by erosion 
of the stomach lining and increase the risk of significant gas-
trointestinal bleeding when the anticoagulant effect of warfa-
rin is superimposed. Yildirim et  al. have described a rare 
complication in an 80-year-old female on stable chronic war-
farin therapy for the previous ten years and who was tested 
regularly for anticoagulation status. Her last INR values 
prior to this emergency presentation had been 2.1. Following 
use of a non-steroidal anti-inflammatory medication for 
arthritis pain  three days earlier, she presented to the emer-
gency department with complaints of the sudden onset of 
severe abdominal pain but had not noted melena or hemato-
chezia. CT evaluation demonstrated findings of distal jeju-
num and proximal ileal transmural thickening along with 
extensive free peritoneal fluid. During her observation in the 
emergency department, her hemoglobin level dropped to 3 g/
dL and she developed hemorrhagic shock, despite no clear 
evidence of external bleeding or intraluminal intestinal 
bleeding. On admission, she had a prothrombin time of 
68.9 s and INR of 12. She was given fresh frozen plasma, 
vitamin K supplements, and red blood cells to normalize 
INR and hemoglobin level [118].

 Chronic Ethanol Use or Abuse

Chronic ethanol ingestion increased warfarin clearance via 
induction of CYP2E1, while acute ethanol use inhibits war-
farin metabolism.

 Vitamin K

Many foods contain significant amounts of vitamin K. The 
average person in the United States takes in 60–80 micro-
grams (mcg) of vitamin K per day. Dietary vitamin K can 
alter the effectiveness of warfarin. Consistency in dietary 
intake of food containing high amounts of potassium is also 
important for patients on warfarin. Dietary supplements that 
contain vitamin K or metabolites related to vitamin 
K-coenzyme Q10 have the potential to reduce the effects of 
warfarin. Other dietary constituents which may affect a 
patient’s coagulation status, especially when using anti- 
coagulation medications, include weight-loss diets (rich in 
green vegetables), multivitamins/dietary supplements, broc-
coli, brussels sprouts, cabbage, collard greens, endive, kale, 
lettuce, mustard greens, parsley, spinach, swiss chard, turnip 
greens, watercress, lentils, garbanzo beans, soybeans, soy-
bean, canola oil, olive oil, liver (from beef, pork, or chicken), 
avocados, dried basil, thyme, oregano, dill pickle, green 
peas, foods packed in oil, snack foods fortified with vitamin 
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K, grapefruit, grapefruit juice (the component furanocouma-
rin in grapefruit and grapefruit juice decreases warfarin 
metabolism by inhibiting CYP3A4), store-bought marga-
rine, store-bought mayonnaise, and store-bought salad dress-
ings (due to vegetable oil content).

 St. John’s Wort (Hypericum perforatum)

Herbal supplements, which are not FDA-approved medica-
tions can often be overlooked. It is not always easy to elicit 
the history of ingestion of herbal supplements from the 
patients, as they might mistakenly think that they are herbs 
and hence innocuous. Herbs have the potential to cause 
adverse effects when used concomitantly with medications 
as they contain bioactive compounds. Patients should be 
educated regarding the possible interactions, risks, and con-
sequences with drugs and supplements. St. John’s Wort is 
notably used for depression, sleep disorders, anxiety, and 
pain. It is documented to interact with 147 medications 
[119]. Its decreases the plasma concentration of warfarin by 
inducing CYP2C9 and CYP3A4 [120, 121]. This increases 
the clearance of both R and S enantiomers of warfarin. Thus, 
concurrent use of St John’s Wort reduces the efficacy of war-
farin, putting the patient at a greater risk for a decrease in the 
INR and the development of a thrombotic event.

In summary, many drug-drug interactions between anti-
coagulants and other medications exist, and careful consider-
ation of these interactions is recommended during the 
peri-operative period. If physicians are not diligent about 
attention to detail, serious, avoidable complications related 
to excessive or inadequate anticoagulation may arise.

When considering them as a group, anticoagulants are an 
exceptional class of medications that help to provide life- 
saving prophylaxis and treatment for thromboembolic 
events. Many individuals are prescribed anticoagulation for 
the remaining duration of life. Without these medications, 
complications such as blood clots, DVTs, PEs, and strokes 
would be much more common and would have much higher 
mortality rates. Anticoagulants are effective, cost-efficient, 
and used all over the world. However, risks of side effects 
and other adverse effects are associated with the use of medi-
cations, which provide anticoagulation effects. Many drug- 
drug interactions exist, which may adversely impact the safe 
and effective use of these medications. Due to the often fast- 
paced and trauma-associated nature of their specialties, anes-
thesiologists and physicians working in Emergency Rooms 
should be well-informed about potential risks associated 
with the various medications, which have anticoagulation 
properties. When using anticoagulation medications, patients 
should keep readily found information with them (e.g., 
Medic-Alert bracelets or other identification cards), which 

will quickly alert medical personnel to use of these agents. 
Proper management by medical personnel can be achieved 
only when they readily know, which anticoagulant medica-
tion, or combination of anticoagulation medications, is being 
used.

 Antifibrinolytics

Under normal physiologic conditions, both the coagulation 
and fibrinolytic systems are intimately related allowing for 
balanced hemostasis. Fibrinolysis is a tightly controlled 
enzymatic process that is responsible for blood clot regula-
tion and breakdown. These processes are regulated by a vast 
array of receptors, inhibitors, and cofactors [122]. Fibrin is a 
central component and serves as the main conduit for both 
thrombus breakdown and formation. Plasminogen is con-
verted to plasmin via two primary serine proteases, tissue 
plasminogen activator (tPA), and urokinase plasminogen 
activator (uPA). Plasmin acts as the primary fibrinolysin for 
thrombus breakdown. tPA is synthesized and released by 
endothelial cells and is found intravascularly [122, 123]. 
When compared to tPA, uPA has a  lower affinity to plas-
minogen, is primarily extravascular, and is located in the uri-
nary epithelium, macrophages, and monocytes [122]. In 
vivo, both have very short half-lives of 4–8  min and are 
hepatically cleared. This brief half-life is attributable to the 
high concentrations of circulating serine protease inhibiting 
factors like plasminogen activator-inhibitor-1(PAI-1). Serine 
protease inhibitors play a pivotal role to inhibit excess and 
unregulated plasmin activity. Our understanding and appre-
ciation of fibrinolysis has been greatly improved with the 
advent of rotational thromboelastography (ROTEM). 
ROTEM allows for a visual representation of fibrinolysis and 
can indicate normal, hyper, or hypoactive fibrin breakdown. 
A detailed description of the many components of the fibri-
nolytic pathway is beyond the scope of this paper. A review 
of the most common antifibrinolytics is below.

Antifibrinolytics act by inhibiting the fibrinolytic cas-
cade and preventing the breakdown of blood clots. Their use 
has been broadly studied for control of hemorrhage in 
trauma, cardiac surgery, traumatic brain injury, and numer-
ous other clinical situations. Examples of antifibrinolytics 
include aprotinin, tranexamic acid (TXA), and epsilon-ami-
nocaproic acid. Aprotinin is a serine protease inhibitor that 
is no longer used in clinical practice. Results from the blood 
conservation using antifibrinolytics in a randomized trial 
(BART) found an increased risk of 30-day mortality after 
use in cardiac surgery [123, 124]. Subsequent studies have 
also shown that patients given aprotinin have an increased 
risk of kidney failure, stroke, heart failure, and 5-year mor-
tality [123–125]. As a result of these findings, clinical focus 

A. Shelvan et al.



183

has shifted to the lysine analogs, TXA, and epsilon-amino-
caproic acid.

Both tranexamic acid (TXA) and epsilon-aminocaproic 
acid are synthetic lysine analogs that work by competitively 
inhibiting the activation of plasminogen to plasmin [125]. 
The inhibition of plasminogen maintains fibrin integrity and 
prevents clot degradation. TXA is 6–10 times more potent 
than its counterpart epsilon-aminocaproic acid [126]. Unlike 
aprotinin, both lysine analogs have been shown to increase 
thrombus formation by increasing ADP content in platelets 
without resulting in increased thromboembolic events like a 
pulmonary embolus [126]. TXA has also been found to have 
anti-inflammatory properties by mitigating cytokine release. 
A randomized controlled trial consisting of 50 patients 
undergoing cardiopulmonary bypass (CPB) found that 
patients who received TXA had a significantly lower levels 
of inflammatory markers compared to those that received 
placebo [127]. Decreased levels of inflammatory cytokines 
translate to less severe vasoplegic shock, less time requiring 
vasopressor support, and decreased time for mechanical 
respiratory support in the postoperative period [127]. In 
patients undergoing cardiac surgery with CPB, either TXA 
or epsilon-aminocaproic acid is routinely given to reduce 
perioperative bleeding and also subsequently decrease trans-
fusion of blood products.

Lysine analogs have also shown significant benefits in 
noncardiac surgery. A recent meta-analysis included over 
10,000 patients and found that those who received TXA had 
a 38% reduction in probability to require a blood transfusion 
compared to those patients who did not receive TXA [128]. 
The landmark CRASH-2 study looked at TXA administra-
tion in over 20,000 hemorrhagic trauma patients [129]. 
Patients who received TXA upon initial presentation were 
found to have a significant reduction in all-cause mortality 
and death due to bleeding compared to those that did not get 
TXA [128]. Even more recently, the CRASH-3 trial looked 
at TXA administration within 3 h in patients with traumatic 
brain injury [130]. Findings were significant for a reduction 
in injury-related death in those that received TXA compared 
to those that did not [130]. Both TXA and epsilon- 
aminocaproic acid have also been found to be beneficial for 
reducing blood loss in orthopedic surgery, facilitating con-
trol of gastrointestinal hemorrhage and pulmonary hemor-
rhage [126].

TXA and epsilon-aminocaproic acid have a half-life of 
2–3 h and are primarily cleared renally. Clinicians need to 
be cognizant of potential adverse effects associated with 
lysine analogs. High-dose TXA is associated with a dose-
dependent increase in seizures [131]. Epsilon-aminocaproic 
acid may also have an increased risk of renal dysfunction; 
however, more research needs to be done for 
confirmation.

 Antiplatelets

Antiplatelet drugs work by inhibiting the capacity of plate-
lets to participate in the clotting process. There are several 
discrete mechanisms by which platelets activate and aggre-
gate. Thus, there are several pharmacologic targets. A grow-
ing area of concern and research are the various interactions 
antiplatelet drugs can participate in with other drugs and 
commonly consumed substances.

When vessel endothelium is damaged, platelets are 
exposed to subendothelial matrix, which triggers multiple 
intracellular signaling pathways that lead to glycoprotein 
IIb/IIIa complexes on platelets activating and binding to 
fibrinogen, which results in platelet aggregation. One of 
these intracellular pathways is activated by thromboxane A2, 
which is produced by activated of cyclooxygenase-1 [132]. 
The antiplatelet action of aspirin is primarily mediated 
through its inhibition of COX-1 and consequently its inhibi-
tion of the thromboxane A2 pathway to platelet activation. 
Aspirin is unique among the NSAIDs in that it irreversibly 
inhibits COX by acetylating serine residues. It is readily 
absorbed in the acidic gastric environment where it can 
inhibit the protective effects of prostaglandins on the stom-
ach lining [133]. Thromboxane A2 inhibition within platelets 
is cumulative with repeated low doses of aspirin due to the 
irreversible enzyme inactivation via acetylation throughout 
the 7–10-day lifetime of platelets. This allows for aspirin to 
be given once daily and be effective despite its very short 
half-life (15–20 min) [132]. For patients with ACS, a recom-
mended 150–325  mg of oral aspirin is chewed to achieve 
rapid inhibition of thromboxane A2 [134]. Frequently aspirin 
is used for treatment and prophylaxis of pathologic thrombus 
formation. 100 mg/day is sufficient for prevention of throm-
bus formation in the coronary circulation; higher doses may 
be required for the prevention of vascular events in the cere-
bral and peripheral circulation [13].

Aspirin has numerous interactions with various drugs. 
While non-aspirin NSAIDs also inhibit COX, they are not 
useful for platelet inhibition due to their reversible mode of 
action, which does not ensure permanent platelet inhibition. 
Most NSAIDs including, celecoxib, dipyrone (active metab-
olite), ibuprofen, flufenamic acid, naproxen, nimesulide, 
oxaprozin, and piroxicam significantly interfere with the 
antiplatelet activity of aspirin. Diclofenac, ketorolac, and 
acetaminophen do not interfere with aspirin. This is thought 
to be due to interfering with  NSAIDs forming hydrogen 
bonds with the aspirin binding site [135]. There is also evi-
dence that co-administration can lead to an increased risk of 
myocardial infarction [81]. Alcohol consumption with aspi-
rin is associated with an increased risk of GI bleeding [136], 
and smoking cigarettes increases platelet aggregation and 
suppressing the effect of aspirin [137]. When administered 
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with tamoxifen, aspirin decreases the angiogenic potential 
of some breast cancers [138]. There is evidence which 
shows that aspirin can blunt the effect with ACE-inhibitors, 
but paradoxically, there is evidence of reduced mortality 
with co-administration [139]. Triple therapy with ACE-
inhibitors, diuretics, and NSAIDs, including aspirin, has 
been associated with an increased risk of acute kidney injury 
[140]. Serotonergic agents, such as selective serotonin reup-
take inhibitors, can increase risk of bleeding when com-
bined with any oral anticoagulant, including antiplatelets 
and aspirin [141].

P2Y12 is an adenosine diphosphate (ADP) receptor that, 
once activated, propagates intracellular signals that increase 
intracellular calcium, alter platelet shape, and increase plate-
let aggregation [142]. P2Y12 antagonists block these recep-
tors. The use of aspirin and a P2Y12 receptor antagonist, 
known as dual antiplatelet therapy, is the basis of treatment 
in patients with ACS and those undergoing coronary stenting 
[132]. Clopidogrel and prasugrel are both prodrugs that need 
biotransformation in the liver to become active [143]. These 
two drugs irreversibly inhibit the P2Y12 receptor. Steady-
state inhibition of platelet function is noted after 5–7 days of 
clopidogrel maintenance dosing, accounting for the role of a 
loading dose to achieve more rapid inhibition. For clopido-
grel, the recommended loading dose is 600 mg, and mainte-
nance dose is 75 mg [132].

Clopidogrel is the most popular P2Y12 inhibitor and has 
numerous interactions with other substances. Proton-pump 
inhibitors (PPIs), such as omeprazole and esomeprazole 
(both substrates and inhibitors of CYP2C19), are associated 
with decreased inhibition of platelet aggregation by clopido-
grel [144, 145]. However, more research remains on whether 
this affects clinical outcomes. Unlike aspirin, nicotine was 
found to increase the antiplatelet activity of clopidogrel 
[146], while grapefruit juice and ketoconazole decrease anti-
platelet activity [147] due to the induction and inhibition of 
liver cytochrome enzymes respectively. Clopidogrel, aspirin, 
and warfarin have increased risk of GI bleeding when taken 
in combination than when any is taken alone [148].

Ticagrelor, another P2Y12 inhibitor, acts by reversibly 
binding P2Y12 away from the active site [132]. Ticagrelor is 
not a prodrug, and the recommended loading and mainte-
nance doses are 180 mg once and 90 mg twice per day [132]. 
Ticagrelor is more effective than clopidogrel in preventing 
major cardiovascular events in patients with acute coronary 
syndromes, but is associated with increased bleeding events, 
ventricular pauses, and dyspnea [142]. Some research has 
shown evidence that administration of high doses of aspirin 
can blunt ticagrelor’s effects [142, 149]. Ticagrelor is an 
inhibitor of CYP3A4 and consequently can increase plasma 
concentrations of simvastatin and lovastatin. This  could 
potentially catalyze rhabdomyolysis and myopathy in vul-
nerable patients [150]. Statins and ticagrelor are commonly 

co-administered for long-term maintenance of ACS patients, 
and more research needs to be conducted to stratify risk and 
monitor long-term patient outcomes.

The intracellular signals generated by the stimulation of 
platelet receptors results in conformational change of the 
major platelet adhesion receptor, GPIIb/IIIa (integrin-αIIbβ3) 
[151]. GPIIb/IIIa exists in a low-affinity conformation on the 
resting platelet, which can bind immobilized, but not solu-
ble, fibrinogen. When platelets are activated, signals are 
propagated from within the platelet, which leads to a change 
in the conformation of GPIIb/IIIa from a low-affinity to a 
high-affinity state that enables binding to soluble plasma 
proteins. These protein ligands include vWF, fibronectin, 
and the primary GPIIb/IIIa ligand fibrinogen [151, 152]. 
Thus, this integrin receptor is the crux of stable platelet 
aggregation and thrombus formation, making it an excellent 
target for pharmacotherapy.

GPIIb/IIIa inhibitors prevent fibrinogen from binding to 
activated platelets, thus directly inhibiting their aggregation. 
Three agents are currently in use: abciximab, a humanized 
antigen-binding fragment of a mouse monoclonal antibody; 
eptifibatide, a cyclic heptapeptide with a motif mimicking 
the fibrinogen binding sequence within GPIIb/IIIa; and tiro-
fiban, a nonpeptidic small molecule also mimicking the 
fibrinogen binding site [153]. However, except in high-risk 
patients, the clinical use of integrin αIIbβ3 antagonists has 
recently decreased due to the increased use of ADP receptor 
antagonists. This replacement stems from the demonstrated 
benefit of ADP receptor antagonists [154]. Therefore, the 
clinical benefit derived from GPIIb/IIIa inhibitors seems to 
be restricted to particular high-risk subgroups, such as 
patients with MI undergoing PCI without pretreatment with 
a P2Y12 antagonist [152]. GPIIb/IIIa inhibitors are potent 
antithrombotic drugs and can cause bleeding complications 
in up to 50% of patients [155].

There are other less well-known and less studied drugs 
that affect platelet function. Cilostazol inhibits phosphodies-
terase III and increases levels of cyclic AMP, which leads to 
vasodilation, reduction of vascular smooth muscle prolifera-
tion, and inhibition of platelet aggregation. Cilostazol is sug-
gested for symptomatic management of peripheral vascular 
disease and has been used after percutaneous coronary inter-
vention and for secondary prevention of non-cardioembolic 
stroke or TIA. Its effects are strongly potentiated by ketocon-
azole and likely by other CYP3A4 inhibitors such as itracon-
azole, fluconazole, miconazole, fluvoxamine, fluoxetine, 
nefazodone, sertraline, and macrolides [156]. There is evi-
dence that it is moderately inhibited by lovastatin [156].

Dipyridamole blocks the uptake of adenosine, which acts 
on the platelet A2-receptor to activate platelet adenylate 
cyclase, reducing platelet aggregation. Dipyridamole also 
inhibits phosphodiesterase. This drug is used for prevention 
of postoperative thromboembolic complications associated 
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with cardiac valve replacement and for prevention of second-
ary stroke [132]. Dipyridamole has multiple drug interac-
tions. Dipyridamole potentiates the effects of adenosine 
likely because the inhibition leads to increased intravascular 
adenosine concentration and could cause symptomatic bra-
dycardia [157]. It may also increase bleeding risk with low 
molecular weight heparin, ticagrelor, and warfarin.

Metformin has been shown to decrease thrombosis by 
inhibiting platelet activation through a novel pathway involv-
ing mitochondrial DNA release [158]. Fish oil has some evi-
dence of antiplatelet effect and may potentiate the effect of 
antiplatelet drugs [159].

Platelet aggregation and coagulation is a complex phe-
nomenon with multiple pharmacologic targets for anti- 
thrombus therapy. Despite the complexity, two main drug 
classes make up the bulk of antiplatelet therapy, aspirin, and 
P2Y12 inhibitors. These drugs also interact with a variety of 
other drugs and commonly ingested compounds. Common 
antiplatelet drugs, their mechanisms of action, and main 
drug interactions are summarized in Table 19.1.

 Summary and Future Directions

Anticoagulant, antiplatelet, and antifibrinolytic drugs are 
some of the most commonly prescribed drugs in the world, 
and their concurrent use with other popular drugs may cause 
effects that are undesirable. The list of indications for antico-
agulant therapy is extensive and warranted for those with 
concerns for clotting, but the interactions of these drugs with 
other prescription pharmaceuticals or over-the-counter sup-
plements may be associated with an increased risk of bleed-
ing or clotting. Recent studies have begun to uncover 

drug-drug interactions with some of the most commonly pre-
scribed medications, such as antidepressants that have sero-
tonin reuptake inhibition as their main mechanism of action, 
being associated with an increased risk of bleeding when 
taken with aspirin or other NSAIDs [160]. The current CDC 
recommends that all adults 50–69  years old with a ≥10% 
risk of cardiovascular disease take a low-dose aspirin daily to 
prevent cardiovascular disease and colorectal cancer [161]. 
In recent years, it has been reported that one in eight 
Americans have taken antidepressants within the last month, 
and that number has continued to increase consistently since 
the 1990s [162]. Ideally, every patient would understand 
each medication they are taking, the reason why they are pre-
scribed the medication, and would have informed their pri-
mary care physician of every medication and supplement 
they are currently taking to decrease drug-drug interactions. 
Asking the general population to fully understand the com-
plexity of their medications and disease processes is not fea-
sible, but continually exploring the interactions of popular 
medications is of the utmost importance to progress the field 
of medicine and decrease the number of complications that 
patients experience.

New commonly used anticoagulants such as rivaroxaban, 
dabigatran, apixaban, warfarin, and heparin are a mainstay 
treatment for a plethora of afflictions, and it is a relatively 
common occurrence for these medications to be taken along-
side other popular medications. Antidepressants, antiplatelet, 
antibiotics, and herbal supplements are very common among 
the general population, and these drugs can interact with 
anticoagulants to make them function outside of their thera-
peutic range. Warfarin’s mechanism of action is unique in 
that it works by competitively inhibiting the vitamin K epox-
ide reductase complex 1, an essential enzyme for activating 
the vitamin K available in the body [12]. The action of war-
farin is based on having a consistent amount of vitamin K in 
the individual’s diet, and any change in diet or drugs that 
alter the amount of available vitamin K changes the efficacy 
of warfarin [12]. Bactrim, prednisone, and various SSRIs are 
some of the most commonly prescribed medications that 
alter the function of warfarin and make obtaining the thera-
peutic index more difficult.

Antifibrinolytics are used to obtain optimal coagulation, 
especially in the setting of surgical intervention. 
Antifibrinolytics inhibit the conversion of plasminogen to 
plasmin, which removes excess fibrin to promote fibrin clot 
forming and wound healing [163]. Aprotinin, tranexamic 
acid, and epsilon-aminocaproic acid are a few examples of 
antifibrinolytics that are used to prevent blood loss in patients 
having surgery [164]. These drugs are commonly used in 
surgery and also in the setting of acute trauma with blood 
loss [165]. Some drugs that affect antifibrinolytic therapy are 
anti-inhibitor coagulant complex, chlorpromazine, tretinoin, 
nicotine, and alcohol. Nicotine and alcohol are some of the 

Table 19.1 Common antiplatelets and their actions

Drug Mechanism of action Interactions
Aspirin Inhibits COX and the 

formation of 
thromboxane A2

NSAIDs (except diclofenac, 
ketorolac), alcohol, 
cigarettes, tamoxifen, 
ACE-inhibitors, diuretics, 
serotonergic agents (SSRIs)

Clopidogrel Irreversibly inhibits 
the ADP P2Y12 
receptor

Omeprazole, esomeprazole, 
nicotine, grapefruit juice, 
ketoconazole, warfarin, 
serotonergic agents (SSRIs)

Ticagrelor Reversibly inhibits 
P2Y12 receptor

Statins, serotonergic agents 
(SSRIs)

Cilostazol Blocks 
phosphodiesterase

Ketoconazole, itraconazole, 
fluconazole, miconazole, 
fluvoxamine, fluoxetine, 
nefazodone, sertraline, 
macrolides, serotonergic 
agents (SSRIs), lovastatin

Dipyridamole Blocks adenosine 
receptor

Adenosine, LMWH, 
warfarin, clopidogrel, 
serotonergic agents (SSRIs)
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most commonly used substances in the world, and their 
interactions with coagulation pharmaceuticals do not stop at 
antifibrinolytic therapy. Antiplatelet drugs are also affected 
by an array of commonly prescribed medication.

Antiplatelet therapy works by inhibiting the ability of 
platelets to participate in the clotting process and some of the 
most common antiplatelet drugs being aspirin, clopidogrel, 
and ticagrelor. Aspirin has long been recommended by the 
CDC as prophylaxis to prevent pathologic thrombus forma-
tion and is commonly used on an “as-needed” basis for com-
mon aches and pains. Alcohol can cause an increased risk of 
GI bleeding in patients taking aspirin, while cigarette smok-
ing can increase platelet aggregation and suppress the effects 
of aspirin [136, 137]. Commonly prescribed hypertension 
medications can have drug-drug interactions with antiplate-
let drugs, which can hinder both drugs in acting therapeuti-
cally [139]. Proton pump inhibitors, metformin, and 
antidepressants, (specifically selective serotonin reuptake 
inhibitors) may  affect the efficacy of antiplatelet therapy 
when these drugs are given together [158, 166]. With the 
high rate of drug-drug interactions with antiplatelet, antico-
agulant, and antifibrinolytic therapies, progress is being 
made to develop newer therapies that decrease the rate of 
drug-drug interaction.

A 2017 study looked at the possibility of targeting mast 
cell granular content as it plays a role in the formation of 
deep venous thrombosis [167]. Current therapies available 
for deep venous thrombosis target the coagulation cascade, 
and complications can arise from altering this homeostasis 
maintenance process. Inflammation has been proven to play 
a role in triggering deep venous thrombosis, and mast cells 
are known to play a major role in allergic inflammation, a 
risk factor for deep venous thrombosis [167]. Granules 
within mast cells are filled with anticoagulants such as hepa-
rin and tissue-type plasminogen activator, endothelial activa-
tors, and many other enzymes that aid in the anticoagulation 
process [167]. In this recent study, the authors looked at the 
possibility of targeting mast cells to prevent deep vein throm-
bosis from occurring as an alternative means to conventional 
therapy for patients with anticoagulation concerns. The study 
looked at mast cell-deficient mice versus wild-type mice, 
and their results proved mast cells play a definite role in the 
development of deep venous thrombosis [167]. The results 
of their study showed that the two strains of mice that were 
deficient in mast cells were protected from deep vein throm-
bosis while maintaining their bleeding homeostasis under 
the control of the coagulation cascade [167]. The mast cells’ 
effect was proven to be a combination of release of  hista-
mine and mast cell granule constituents [167]. While more 
research is needed to determine the efficacy that this study 
would have in the human population, this study shows the 
potential of a new target in human deep venous thrombosis 
prevention [167]. See Fig. 19.3.
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 Initial Trauma Bay Management

A systematic and organized approach is required for the 
immediate management of any trauma patient irrespective of 
the injury’s severity. The Advanced Trauma Life Support® 
(ATLS®) program developed by the American College of 
Surgeons (ACS) teaches a standardized approach for the 
treatment of the trauma patient. It has been adopted at trauma 
centers in the United States and worldwide and is recognized 
as the standard of care in the treatment of multiply injured 
patients. The underlying foundation of the ATLS program is 
that life-threatening conditions should be treated expedi-
tiously. Furthermore, a detailed and accurate history is not 
essential to begin the initial evaluation of a patient with acute 
injuries [2].

The initial assessment and management of injured patients 
begins with the primary survey. The purpose of the primary 
survey is to rapidly assess and initiate treatment of life- 
threatening conditions in a prioritized sequence so that the 
greatest threat to life is treated first. The following ABCDE 
algorithm constitutes the sequential steps of the primary 
survey.

• Airway maintenance with cervical spine protection
• Breathing and ventilation
• Circulation with bleeding control

• Disability/neurologic assessment
• Exposure and environmental control

Performing the primary survey is a coordinated effort 
among all members of the medical team. The steps are fre-
quently performed simultaneously when medical providers 
are well experienced with treating trauma patients. The air-
way is assessed first for patency. The airway may need to be 
suctioned, and any foreign bodies should be removed. The 
chin lift and jaw thrust maneuvers can help maintain airway 
patency. A prompt decision is made to secure a definitive air-
way if it is required. The presence of a tension pneumotho-
rax, massive hemothorax, rib fractures with flail chest and 
pulmonary contusion, or open pneumothorax is rapidly iden-
tified and treated as those conditions can severely impair 
ventilation and oxygenation.

Hemorrhage is the leading cause of preventable death in 
trauma patients. Hemorrhagic shock has to be recognized 
promptly and the source of bleeding identified and addressed 
as soon as possible. External bleeding should be controlled 
with direct pressure or a tourniquet. Resuscitation begins 
with obtaining adequate intravenous access in the form of 
two large bore peripheral lines or a large bore central line, 
preferably above the diaphragm. The massive transfusion 
protocol may need to be activated and the use of hemostatic 
adjuncts such as tranexamic acid should be considered. A 
sample of blood is obtained from the patient and sent to the 
blood bank so that cross-matched blood may be adminis-
tered when feasible. The decision to transfer the patient to 
the operating room to address the source of hemorrhage also 
needs to be made expediently.

At the end of the survey, a rapid and basic neurologic 
evaluation is performed to determine the level of conscious-
ness and the presence of any focal neurologic deficits. The 
primary survey concludes with completely undressing the 
patient to facilitate a thorough assessment and then covering 
the patient in warm blankets to prevent hypothermia.
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 Transfusion Strategies

The strategy of damage control resuscitation of a trauma 
patient in hemorrhagic shock involves preserving end-
organ perfusion and preventing any further progression of 
the lethal triad of death. The triad of death in the setting of 
trauma describes the combination of hypothermia, acido-
sis, and coagulopathy that is commonly associated with 
hemorrhagic shock [1]. Patients with severe hypothermia 
despite warming maneuvers, persistent metabolic acidosis 
despite massive resuscitation, and coagulopathy with 
bleeding not amenable to surgical control have a high mor-
tality rate of 20–50% [3]. Packed red blood cells should be 
transfused to maintain oxygen-carrying capacity and other 
blood components transfused to optimize hemostasis. 
Administration of crystalloids should be minimized as its 
use is associated with increased morbidity as demonstrated 
by a multi-institutional analysis from Duchesne et al. [4] 
Infusion of large volumes of crystalloid can also worsen 
coagulopathy by diluting coagulation factors. In this set-
ting, the trauma surgeon may elect to perform a damage 
control operation to limit the surgical intervention, to con-
trol only hemorrhage and contamination, and to minimize 
the amount of time spent in the operating room. The patient 
is then further resuscitated in the ICU setting prior to 
returning to the OR.

For a patient in hemorrhagic shock requiring large vol-
ume resuscitation, a massive transfusion protocol (MTP) 
that was developed and implemented by the institution 
should be followed. The benefits of a massive transfusion 
protocol in improving mortality and reducing the usage of 
blood products are discussed separately in this text (Chap. 
8). The protocol defines the target ratio of blood products 
that should be transfused during the initial phase of resus-
citation. Many centers have adopted the practice of admin-
istering plasma, platelets, and red blood cells in a balanced 
1:1:1 transfusion ratio. This was largely the result of the 
publication of the landmark Pragmatic, Randomized 
Optimal Platelet and Plasma Ratios (PROPPR) trial. The 
multicenter randomized controlled PROPPR trial, pub-
lished in 2015, was designed to determine the safety and 
efficacy of a balanced 1:1:1 transfusion ratio in patients 
predicted to require massive transfusion. The study com-
pared a 1:1:1 transfusion ratio with a 1:1:2 ratio [5]. 
Though the study found no difference in all cause 24 h or 
30 day mortality comparing the 1:1:1 with the 1:1:2 ratio, 
there was a significant decrease in 24 h mortality due to 
exsanguination in the 1:1:1 group. The physiology sup-
porting a balanced transfusion strategy is that the 1:1:1 
transfusion ratio mimics the composition of whole blood. 
Furthermore, an unbalanced transfusion ratio where more 
of one blood component is administered will serve to 
dilute the other two components and may lead to inade-

quate hemostasis [6]. The practice of a 1:1:1 transfusion 
ratio in the initial phase of resuscitation was also incorpo-
rated into a recently published clinical practice guideline 
on damage control resuscitation [7].

More recently, whole blood transfusion in trauma patients 
has been gaining in popularity. Our institution has recently 
made whole blood available for use in the Trauma 
Resuscitation Unit. The benefits of whole blood transfusion 
are that the blood components are more concentrated, and it 
is simpler to administer compared to blood component ther-
apy. The indications, interactions, and adverse effects of 
whole blood transfusion are discussed separately. Further 
research, however, is needed before it can be determined that 
whole blood should be included as part of the standard prac-
tice for damage control resuscitation.

 Tranexamic Acid

Tranexamic acid (TXA) is an antifibrinolytic lysine analog 
used to prevent the enzymatic breakdown of fibrin blood 
clots. TXA has a structural similarity to lysine, which allows 
TXA to competitively inhibit plasminogen conversion to 
plasmin and reduces the rate of fibrin degradation [8]. TXA 
also partially prevents fibrinogenolysis induced by tissue 
factor [9]. The administration of TXA has been shown to 
decrease the amount of intraoperative blood loss and associ-
ated blood transfusion for patients undergoing either elective 
or emergency surgery [8]. TXA has been shown to decrease 
blood loss by one-third, regardless of surgery type or amount 
of expected blood loss, when given intraoperatively to surgi-
cal patients just prior to incision [10, 11].

When given within 3 h of trauma to a bleeding trauma 
patient, TXA reduces the risk of death from bleeding. TXA 
actually increases mortality risk when given longer than 3 h 
post-traumatic incident so its administration should be as 
close to the traumatic event as possible, potentially suggest-
ing prehospital administration [12]. For all of its anti- 
fibrinolytic properties and ability to reduce blood loss, TXA 
has not been shown to increase the risk of thrombosis and 
has actually shown reduced odds of fatal and non-fatal vas-
cular occlusive events [13, 14].

Administration of TXA in trauma patients is typically a 
1 g loading dose over 10 min, followed by an infusion of 1 g 
over 8 h [12]. Alternative dosing regimens exist, including 
bolus injection of 10 mg/kg over 30 min followed by an infu-
sion of 1 mg/kg/h. TXA is a pregnancy category B medica-
tion, with no harm found in animal models, so its use in 
parturients involved in bleeding trauma should be consid-
ered. A dose reduction is required in mild to moderate renal 
impairment and contraindicated in severe renal impairment 
due to 95% renal excretion. No such dose reduction exists 
for liver impairment [15].
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 Cell Saver and Autologous Blood Transfusion

Trauma patients utilize large amounts of hospital resources, 
including the use of approximately 70% of all blood trans-
fused at a trauma center, [16] which can have a financial and 
resource burden for the institution. Transfusion protocols 
from donated cross-matched blood and the use of MTP 
remain the standard treatment for the patient in hemorrhagic 
shock due to trauma. Transfusion of donated blood does not 
come without risks; the potential for citrate toxicity, hyper-
kalemia, disease transmission, hypothermia, acidosis, hypo-
magnesemia, sepsis, acute respiratory failure (TRALI, 
TACO, ARDS), and thrombotic side effects pose a signifi-
cant risk [17–20]. Auto-transfusion has been widely used as 
an alternative or adjunct to transfusion of donated blood to 
reduce or avoid the number of transfusions and the associ-
ated risks and costs, with fewer side effects.

Autotransfusion was first documented in 1818 by Dr. James 
Blundell. He experimented with auto-transfusion in canine 
models and later tried on humans, but with significant mortal-
ity [21]. In 1874, Dr. William Highmore at the Yeatman 
Hospital in the United Kingdom proposed the idea of reinfus-
ing shed blood. He described a case of a woman that suffered 
a postpartum hemorrhage. The patient died with “several 
pounds of blood in a vessel and in the bed, which, could have 
been used to save her life had he been able to transfuse it back 
into her veins” [22]. In 1883, at the Roosevelt Hospital in 
New York, William Halsted described a technique for “reinfu-
sion blood” to treat carbon monoxide poisoning. His method 
included defibrination and straining of blood removed from 
the patient prior to reinfusion [23]. Other successful cases of 
autotransfusion were reported by Duncan and Miller in 1885 
at the Royal Infirmary in Edinburgh, Scotland, where a patient 
with crush injury was retransfused his own blood after it had 
been treated with phosphate of soda [24]. In 1914, the German 
gynecologist H.  J. Thies treated removed blood with citrate 
and strained it through gauze before returning it to his patients 
[25]. In 1943, Griswold and Ortner published 100 patients in 
the first case series [26]. However, autotransfusion fell out of 
favor in the 1940s and 1950s with progress in blood donation, 
blood storage, and advances in blood banking that simplified 
and increased the safety of allogeneic transfusion. In the 1960s 
and 1970s, there was renewed interest in autotransfusion when 
Dyer, Klebanof, and Pathak developed techniques and new 
devices for the reinfusion of salvaged unwashed blood. Their 
research provided data on hemolysis reduction, contaminant 
filtration, and most important clinical outcomes. Klebanoff’s 
device consisted of a cardiotomy reservoir and a roller pump, 
which was known as the Bentley autotransfuser [27]; its use 
decreased after the report of several cases of air embolism. In 
1968, Wilson and Taswell from the Mayo Clinic developed a 
prototype machine that collected and washed the salvaged 
blood. Technological advances in the 1970s resulted in the 
availability of several commercial devices [28]. In 1974, 

Haemonetics (Braintree, MA) developed a device that could 
collect, wash, and concentrate autologous red blood cells and 
make them available for reinfusion. They called it the “cell 
saver” device. Subsequently, the term “cell saver” refers 
generically any blood salvage device used perioperatively.

 Indications and Contraindications

Cell saver or autologous blood transfusion should be consid-
ered in every trauma patient with active bleeding. In order to 
make it worthwhile, there should be a blood loss of at least 
1000 mL [14]. Other reported indications include the need 
for immediate blood, inability to obtain or provide cross- 
matched blood, and if the patient is unwilling to receive 
cross-matched blood [30]. The American Association of 
Blood Banks recommends the use of cell saver if the expected 
surgical blood loss is either 20% of the patient’s estimated 
blood volume, or greater than 1000  mL, or if the average 
transfusion for the procedure is greater than 1 unit of blood. 
Further indications are patient refusal of allogenic transfu-
sion or lack of availability of cross-matched blood [32].

More than the indication, one important question is the 
consideration of contraindications for the use of cell saver. 
One contraindication is if the blood has suffered contamina-
tion either by an infectious or non-infectious source. An 
example of an infectious source is the mix of blood with gas-
trointestinal contents or purulent material. Non-infectious 
sources involve the mixing of blood with solutions such as 
iodine, sterile water, alcohol, chlorhexidine, irrigation solu-
tions, or hemostatic agents such as thrombin [31, 32].

Other contraindications for autologous blood transfusion 
include sickle cell disease, presence of malignancy (risk of 
reinfusion of cancer cells and development of metastasis), 
and cesarean delivery (theoretical risk of amniotic fluid 
embolism) Table 20.1 summarizes the indication and contra-
indication for the use of a cell saver device.

Table 20.1 Indications and relative contraindications to autologous 
blood salvage

Indications for cell salvage
  Surgery with ≥1000 ml (or 20% of total blood volume) 

anticipated blood loss
  To reduce or avoid exposure to allogeneic blood
  When crossmatch compatible blood is difficult to find
  Patients with red cell alloantibodies
  Patients who do not accept allogeneic blood
  Low preoperative red cell mass and high bleeding risk
Contraindications to cell salvage
  Sickle cell disease
  Drug and other contaminants (betadine, alcohol, prep solutions)
  Thrombin, fibrin and other hemostatic agents
  Bone cement (methyl methacrylate)
Relative contraindications to cell salvage
  Caesarean section (amniotic fluid contamination)
  Cancer surgery
  Bacterial contamination
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 The Cell Saver Equipment and Process

The cell saver process has three phases: cell salvage or col-
lection, washing, and reinfusion. The final product has a 
hematocrit that varies between 50% and 80%, has a storage 
time of less than 6 h, and requires the use of a filter to provide 
leukocyte reduction.

Blood is collected via suction from the surgical field and 
transferred into a canister where it is mixed with an antico-
agulant. The process involves centrifugation of the blood and 
then removal of the supernatant. To remove residual harmful 
contaminants, copious amounts of normal saline and further 
centrifugation are used to wash the blood. The red cells are 
then resuspended in normal saline for infusion. Figure 20.1 
depicts the different components that are part of the auto-
transfusion device.

The composition of the salvaged blood has physiologic 
differences from circulating blood due to chemical and phys-
ical contaminants from the surgical field and cellular break-
down products from the operative field and blood contact 
with the artificial surfaces in the cell saver device. Finally, 
washing of the salvaged blood removes the contaminants and 
plasma proteins that would not be removed by simple 
filtration.

Once blood is collected, it must be anticoagulated. There 
are two primary anticoagulants used for this purpose: hepa-
rin and citrate. Heparin anticoagulated salvaged blood leads 
to lower levels of free hemoglobin, improved osmotic fragil-
ity, and oxidative reserve capacity [33]; however, for patients 
with heparin-induced thrombocytopenia, citrate is the anti-
coagulant of choice.

Once the final product is obtained, it is passed through a 
leukoreduction filter resulting in 99.6–100% removal of bac-

teria. Though not routinely practiced, the addition of antibi-
otics may reduce bacterial load even further [33].

The use of cell saver and autotransfusion does not come 
without risk or development of complications. The most 
common complication of autotransfusion is loss of ability to 
return blood if the setup is not properly connected. The more 
serious complication includes blood contamination, result-
ing in infection and development of sepsis [29] which can be 
prevented by following sterile guidelines. Other less com-
mon complications include hemodilution, hemolysis due to 
suction or degradation, air embolism, contamination of acti-
vated leukocytes, and thrombocytopenia [29]. Overall com-
plications are avoidable with the use of sterile technique and 
if less than 3000 mL of blood is reinfused.

In conclusion, cell saver and autotransfusion should be 
considered in trauma patients without contraindications in 
whom significant blood loss is anticipated. It can be used in 
addition to cross-matched blood or can be used as a tempo-
rizing measure while waiting for the arrival of cross-matched 
blood. The use of cell saver can reduce the risk of transfusion 
reactions for the patient as may provide cost-saving benefits 
compared with allogeneic blood transfusion.

 Thromboelastography (TEG) in Trauma 
Resuscitation

Thromboelastography (TEG) is a test of whole blood coagula-
tion. There is an entire chapter in this text dedicated to this 
subject, so we will touch on it only briefly here. The test results 
are available within an hour; however, there is computer soft-
ware that will allow clinicians to watch the tracing form in real 
time. This tracing is frequently displayed within the trauma 

Fig. 20.1 Components of the 
autotransfusion device
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resuscitation center or the operating room. Hemorrhagic shock 
due to severe blood loss is a major factor in trauma-related 
deaths. A contributing factor to ongoing hemorrhage is the 
development of trauma-induced coagulopathy (TIC), which is 
an intrinsic dysregulation of the coagulation pathway [34, 35]. 
The intrinsic coagulopathy in TIC seems to be driven by endo-
thelial hypoxemia, pathological activation of protein C, platelet 
dysfunction, and fibrinolytic dysregulation. The development 
of TIC is associated with increased mortality (4X) [36] and 
with the development of serious events such as uncontrolled 
bleeding, ongoing massive transfusion requirements, and mul-
tiorgan failure, which can lead to longer intensive care unit 
(ICU) and hospital length of stay [37, 38]. Prior to 2000, resus-
citation was based mainly on the transfusion of packed red 
blood cells (PRBCs) and synthetic fluids to maintain intravas-
cular volume and tissue oxygen delivery. With the use of con-
ventional coagulation tests (CCTs), specific coagulation 
defects were identified leading to the addition of other blood 
component products such as fresh frozen plasma (FFP) and 
platelets during trauma resuscitation [39].

Traditional laboratory testing offers valuable information 
on varying aspects of coagulation, but they were originally 
designed for the monitoring of therapeutic anticoagulation in 
a laboratory setting, rather than identification of TIC. There 
are several limitations of CCTs: They are imprecise in the 
delineation of the complex nature of TIC and require signifi-
cant time for final result reporting and therefore may have lim-
ited clinical relevance in the quickly changing trauma patient 
[35, 40]. With these limitations of CCTs in mind, viscoelastic 
assays such as thromboelastography (TEG) or rotational 
thromboelastometry (ROTEM) are alternative diagnostic 
methods for the timely identification of specific coagulation 
defects which could enable individualized resuscitation.

TEG can be used in trauma patients to predict the need for 
blood component therapy or the use of hemostatic agents 
(PCC, rFVIIa, fibrinogen, and TXA) in hypocoagulable and 
coagulopathic patients. Also, it can help to identify that subset 
of trauma patients are hypercoagulable and may benefit from 
early deep vein thrombosis (DVT) prophylaxis [41].

Individualization in administration of blood component 
therapy with the use of TEG helps to address the immediate 
needs of the bleeding trauma patient. Therefore, minimizing 
the overuse and waste of blood products and decreasing the 
appearance of complications such as DVT, TRALI, TACO, 
acute respiratory distress syndrome (ARDS), infections, and 
allergic reactions [42–44].

 Adverse Transfusion Outcomes in Severe 
Trauma

The major life-threatening complication for massive trans-
fusion in severe trauma is transfusion-related acute lung 

injury (TRALI). While TRALI is the primary cause of 
transfusion- related morbidity and mortality [45], the over-
all rate of TRALI in the setting of massive resuscitation for 
hemorrhagic shock is low [46]. Still, an extensive literature 
review published by Patel et al. revealed that the odds of 
ARDS/ALI and death increased with each additional unit 
of red blood cells transfused (odds ratio [OR] 1.06 and 
1.07, respectively) [47]. The use of older blood for massive 
transfusion may also contribute to increased mortality and 
adverse events [48]. The epidemiology, pathogenesis, risk 
factors, and management of TRALI are discussed sepa-
rately within this text.

Other physiologic derangements that may occur with 
massive transfusion include acid-base disturbance in the 
form of metabolic alkalosis and electrolyte abnormalities 
such as hypocalcemia and hyperkalemia [49]. A substantial 
amount of citrate is delivered to the patient during massive 
transfusion since citrate is used as an anticoagulant in 
stored blood. The citrate is metabolized to bicarbonate, and 
the excess bicarbonate is excreted in the urine. Metabolic 
alkalosis may develop when bicarbonate excretion is 
reduced in the setting of renal failure. There may also be 
associated hypokalemia when hydrogen ions move out of 
cells in exchange for potassium ions moving into cells to 
compensate for the metabolic alkalosis. A clinically signifi-
cant metabolic alkalosis is not a common event as the 
patient in hemorrhagic shock likely already has a metabolic 
acidosis due to end- organ hypoperfusion. Another adverse 
effect of the citrate is that it chelates calcium and decreases 
ionized calcium levels. Profound hypocalcemia may lead to 
seizures or arrhythmias and cardiac arrest. Calcium is a 
critical component for the proper functioning of the coagu-
lation cascade, and hypocalcemia can worsen the coagu-
lopathy that is frequently associated with hemorrhagic 
shock. Patients undergoing massive transfusion are also at 
risk for hyperkalemia. The risk is increased with the use of 
older red blood cells and irradiated blood [50]. The potas-
sium concentration in the supernatant of red blood cells 
increases linearly by 1  mEq/day and approximates the 
number of days in storage. The most critical complication 
of this electrolyte abnormality is the  potential for transfu-
sion-associated hyperkalemic cardiac arrest. Arterial blood 
gases, potassium, and ionized calcium levels should be 
obtained to guide the management of the patient.

As part of the lethal triad of hemorrhagic shock, hypo-
thermia can be worsened by massive transfusion, and this 
can exacerbate any ongoing coagulopathy. Coagulation 
begins to become impaired when the core body temperature 
decreases to less than 37°C [51, 52]. Furthermore, a rapid 
decline in body temperature can lead to bradycardia, ven-
tricular fibrillation, and subsequent cardiac arrest. The risk 
can be reduced by using a rapid infuser that has the capabil-
ity of warming blood during rapid transfusion.
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 Rapid Infusion Devices

There are several medical devices currently on the market to 
provide warming for intravenous fluids and blood products. 
The simplest of devices utilize heating plates, water baths, or 
countercurrent heat exchange to warm fluid. While these 
devices provide excellent warming of fluids and blood prod-
ucts during routine care, they are limited in their ability 
warm blood products at rapid flow due to insufficient contact 
time with cold blood products. Newer devices designed spe-
cifically for the rapid infusion of blood products utilize elec-
tromagnetic induction, microwave technology, and dry 
thermal transfer to rapidly warm blood products. Table 20.2 
compares three commercially available rapid infusion 
devices [53–55].

When evaluating rapid infusion devices, several factors 
should be taken into consideration. For the purposes of this 
chapter, we will focus on the Level 1, the Belmont, and the 
ThemaCor1200. The Level 1 system provides warming via 
countercurrent heat exchange through warmed water. 
Delivery of blood products is based on dual pneumatic pres-
sure infusers with the ability to infuse one unit while load-
ing another unit on the opposite side (Fig.  20.2). The 
Belmont and ThermaCor1200 both utilize a mechanical 
pump to deliver blood products rapidly from a large reser-
voir. The Belmont heats via electromagnetic microwave 
warming, while the ThermaCor1200 relies on dry thermal 
heat transfer.

During the rapid administration of large volumes of cold 
blood, there is a risk for venous air embolism and hypother-
mia; therefore, rapid infusion systems should be able to reli-
ably detect and purge air and warm cold blood products at 

Table 20.2 Comparison of infusion devices

Level-1 H-1000
ThermaCor 
1200

Belmont 
rapid infuser

Manufacturer Smith’s medical Smission- 
Cartledge 
biomedical, 
LLC

Belmont 
instrument 
corporation

Footprint Medium Small Medium
Heat 
mechanism

Countercurrent Dry thermal Microwave 
warming

Transfusion 
rate

~500 mL/min 10 mL/h–
1.2 L/min

2.5 mL/
min–1 L/min

Weight (kg) 32 9.5 12
Air removal Manual Automatic Automatic
Ease of fluid 
loading

No reservoir for 
blood products. Air 
must be expelled 
from each unit to 
prevent air 
embolization

3 spike inflow 
set, fluid 
reservoir 
available

3 or 4 spike 
inflow set, 
3 L fluid 
reservoir

Ease of set-up Easy Primes in 
<60 s

Primes in 
<60 s

Battery 
capability

No Yes Yes

Other Ability to heat blood 
products dependent 
on infusion rate

Does not heat 
until flow is 
10 mL/min

Fig. 20.2 The level 1 H1025 
(a) and the Belmont FMS 
2000 (b) (Modified from: 
Comunale [56])
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rapid rates. The Level 1 system has a gas vent which auto-
matically eliminates microbubbles within the system. On 
newer models, there is an optional integrated air detector and 
clamp that will alert the clinician to the presence of air and 
stop flow to the patient [54]. The ThermaCor1200 has four 
air sensors built into the disposable cassette although the 
exact mechanism is proprietary [53]. On the Belmont, there 
are two ultrasonic air detectors which detect as little as 
0.1  mL of air [56]. Cumunale, in a comparative study 
between the Level 1 and Belmont device, injected 10 mL of 
air into each system proximal to the heat exchanger and 
found that the air bolus was able to pass through the delivery 
tubing in the level 1 system. The air was detected and purged 
by the Belmont [56]. This same study compared the warming 
abilities of each device at a rapid flow rate of 500 mL/min. 
While both devices warmed to physiologic temperatures at 
low flow, at high flow rates the blood delivered by the Level 
1 averaged 32°C [56, 57]. Current peer reviewed literature 
comparing the ThermaCor1200 to either the Level 1 or 
Belmont is not available at this time.

All of the rapid infusion devices have the availability to 
deliver fluid at a very high rate; however, what is delivered to 
the patient will be based on the intravenous (IV) access pres-
ent. For the three devices above, an 18 gauge IV is the mini-
mum size for infusion. Theoretically, the maximum flow rate 
of fluids in an IV catheter is predicted by Poiseuille’s law 
(Fig. 20.3) where flow is related to fluid viscosity, the pres-
sure gradient across the catheter, and the length and diameter 
of the IV catheter. Doubling the diameter of a catheter 
increases the flow rate by 16-fold. However, this only applies 
to laminar flow. When rapidly infusing blood, the actual flow 
rate cannot fully be predicted by Poiseulle’s law due to the 
development of turbulence [57]. However, we do know that 
larger and shorter IV catheters provide superior flow rates 
over smaller and/or longer IV catheters.

It is very difficult to find studies showing the difference in 
flow rates through standard IV catheters and large bore cen-
tral infusion lines. A study published by Wrenn et al. [58] 
compared flow rates between several catheters comparing 
both hetastarch and normal saline (NS) as delivered by the 
ThermaCor1200 rapid infusion device. This study compared 

flow rates between 18-gauge, 16-gauge, 14-gauge, 7.0 Fr and 
8.5 Fr rapid infusion catheter (RIC), 14-gauge double lumen 
central line, 8.5 Fr sheath introducer, and a multilumen 
access catheter (MAC) introducer. With similar driving pres-
sures from the ThermaCor1200, they found that the 8.5 Fr 
RIC and the MAC catheter were superior at rapid transfusion 
with both NS and hetastarch, each providing flow rates 
exceeding 1 L/min with driving pressures of 300 mmHg. The 
double lumen central line performed the worst, followed by 
the 18-gauge peripheral IV delivering 180  mL/min and 
210 mL/min of hetastarch, respectively. While hetastarch is 
no longer used clinically in the United States, it is more vis-
cous than NS and therefore is more predictive of flow rates 
with blood products than NS.

Andrew Buck ran a similar experiment where he deter-
mined the time it took to infuse 1 liter of NS on a pneumatic 
rapid infusion device through several commonly used intra-
venous catheters [59]. In this study, the 8.5 Fr RIC was also 
shown to be the quickest transfusion method with a 1 L infu-
sion time of 46 s. The 8.5 Fr sheath introducer took 1:05 min, 
a 14-gauge 4 lumen central venous catheter took 5:20, and a 
standard 20 gauge peripheral IV took 6:47 min to infuse a 
liter of NS (Table 20.3).

Both of these studies support the use of large diameter 
short cannulas for IV access to facilitate rapid infusion of 
volume. Central venous access may not be the best method 
for volume administration, especially given the complexity 
of placement and the frequency of other tasks that need 
simultaneous attention in a severe trauma patient.

 Conclusion

Hemorrhage is the leading preventable cause of death in 
trauma patients. The initial management of trauma patient 
involves ATLS protocols with a focus of treating life- 
threatening injuries first. The strategy of damage control 
resuscitation of a trauma patient in hemorrhagic shock 
involves preserving end-organ perfusion and preventing any 
further progression of the lethal triad of death. Volume resus-
citation in the bleeding trauma patient should focus on Fig. 20.3 Poiseuilles’ equation

Table 20.3 Common IV catheter sizes and infusion time for 1000 mL 
of normal saline [59]

Size Type 1000 mL infusion time (min)
8.5 Fr RIC 0.46
7.0 Fr RIC 1.0
8.5 Fr Sheath introducer 1.05
14 Ga Standard IV cannula 1.30
16 Ga Standard IV cannula 2.20
18 Ga Standard IV cannula 4.23
14 Ga 4 lumen central line 5.20
20 Ga Standard IV cannula 6.47

RIC rapid infusion catheter
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replacement of blood volume with blood products in a 1:1:1 
ration and minimal crystalloid. Use of cell salvaged blood 
should be considered to minimize the amount of allogenic 
product when possible. Targeted blood product replacement 
utilizing TEG or ROTEM is recommended if possible. 
Trauma patients that require blood transfusion should also be 
given TXA within the first 3 h after injury. Complications 
associated with large volume transfusion include TRALI, 
TACO, hyperkalemia, hypocalcemia, and hypothermia. 
Hypothermia can be minimized warming blood products 
prior to administration. Utilization of a rapid infusion device 
improves the ability to rapidly deliver warmed blood prod-
ucts to the patient. Intravenous access to accommodate high 
rates of transfusion is best accomplished with large diameter 
short length catheters.
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Point-of-Care Tests in for Blood 
Coagulation in the Perioperative Period

Sarah Leavitt, Shairko Missouri, Divya Patel, 
and Corey S. Scher

Thromboelastography utilizing the TEG® analyzer sys-
tems (Haemonetics Corporation, Boston, MA) and throm-
boelastometry utilizing the Rotem® analyzer systems 
(Instrumentation Laboratory, Bedford, MA) are presently 
benchmark tests for goal-directed blood component transfu-
sions, in scenarios of bleeding and hemorrhage in cardiac, 
obstetrical, blunt, and penetrating trauma, brain trauma, 
and solid organ transplantation. It isis essential to know that 
there are no studies to compare Rotem and TEG. The choice 
between the two lies in which product was deployed by a 
department or hospital administration. Both tests rely on the 
concept of viscoelasticity. A substance is thought of as just 
a solid or just a liquid. One that is viscoelastic may have 
both properties. Elastic substances may undergo strain when 
stretched but will return to its normal state once that stressing 
factor is removed. Viscosity gives the material more stability 
and resists stretching [1]. Blood is a viscoelastic substance. 
Plasma demonstrates pure viscous behavior, while other 
components of blood are elastic. The viscoelasticity of blood 
is under the influence of four factors: (1) the environment 
(temperature), (2) interplay (RBC orientation and aggrega-
tion), (3) plasma factors (osmotic pressure, pH, concentra-
tion of fibrinogen and other plasma proteins), and (4) RBC 
factors (viscoelasticity and deformability of erythrocytes and 
their membranes).

There is little difference in blood viscoelasticity among 
normal cases but becomes significant with certain pathologi-
cal states or surgical interventions. The formation of a clot 
results from the polymerization of factors that generate fibrin. 
The ongoing reactions generate a three-dimensional polymer 
network. This network changes the viscoelasticity prior and 
through the phase of fibrin generation. The changes in visco-

elasticity during the clotting phase can be measured and pre-
sented to the anesthesiologist as a computerized tracing) [2].

The thromboelastogram (TEG®) tracing is nonlinear, 
and while valuable, it lacks a mathematical way to deter-
mine accuracy of the curves. Viscoelastic testing (TEG® and 
Rotem) has more than stood the test of time and remains an 
essential part of goal-directed blood product administration. 
Their utility is now in question as new tests based on differ-
ent sciences are making their way to the market and appear 
to be more accurate due to the measurements that are linear.

Figure 21.1 is a TEG 5000 (Haemonetics Corporation®). 
To generate test results utilizing a TEG® 5000 analyzer, a 
small sample of whole blood (native, citrated or heparin-
ized depending on tests run) is placed in a 37-degree cuvette 
(Fig.  21.2). A disposable pin is suspended from a torsion 
wire into the cup. The cup rotates through an angle of 4° for 
45 min with each cycle lasting approximately10 s (Fig. 21.2). 
As the blood begins to clot and it adheres to both the pin and 
the cuvette, the clot will begin to transmit the rotation of the 
cup to the pin. The pin is suspended by a torsional spring 
which adds an elastic element to the system. The extent of 
resulting pin rotation is directly proportional to the strength 
of the clot. The corresponding numeric results and tracing 
represent all of the phases of clot formation and lysis [2].

Figures 21.3 and 21.4 illustrate all of the components of a 
TEG tracing to understand rate, strength, and stability or sus-
tainability of a clot. The R reflects the “Reaction Time” and 
represents the coagulation pathways resulting in the initial 
thrombin burst and generation of fibrin or factor IIa.

A long “R” time may denote that factors are deficient and 
goal-directed fresh frozen plasma, or newly developed syn-
thetic factors (10,9,7,2-KCENTRA®) [3]. Utilization of a 
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cuvette impregnated with heparinase (identified with a blue 
colorant in the disposable plastic cup) can help determine if 
systemic heparin is responsible for the observed delay in clot 
formation.

Depending on the coagulation status of the patient and on 
the type of test run, it takes minutes or longer for the entire 
body of the TEG results to be displayed (Figs. 21.3 and 21.4).

The alpha (α), angle parameter is the slope of the line 
beginning at the point that the tracing diverges from the base-
line line and is tangential to the TEG tracing. This represents 
the acceleration of fibrin buildup and cross-linking.

Critical information of the TEG analysis lies in the MA 
or maximum amplitude. It is the widest component of the 
TEG and represents the platelet fibrinogen interaction and 
overall clot strength. A general rule of thumb is that 80% of 
clot strength is contributed by platelets and 20% to fibrino-
gen [4, 6–8]. The clinician might surmise that if the MA is 
narrow, platelets are most likely deficient or not functioning. 
However, a TEG Functional Fibrinogen Assay measures the 
fibrinogen contribution to clot strength and provide greater 
specificity to guide therapy. The TEG Platelet Mapping® [5, 
6] is an adjunctive test run on the same TEG analyzer that 
can assess platelet function of the MA if it is suboptimal. Fig. 21.1 TEG 5000. (With permission from Haemonetics 

Corporation)

Fig. 21.2 The technology of 
TEG where the cup rotates. 
(With permission from 
Haemonetics Corporation)
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The platelet function analyzer measures the speed of platelet 
adhesion.

Clot instability (Figs. 21.3 and 21.4) appears in this illus-
tration as the MA declines near the end of the TEG tracing. 
The clot loses its stability as the amplitude of the tracing 
declines. This reflects fibrinolysis in the blood sample. 
Fibrinolytic inhibitors may be used prophylactically in some 
settings, such as CV surgery and some trauma setting. In set-
tings where the hazard of thrombosis is much greater, and 
prophylactic anti-fibrinolytics are not desired, those drugs 
can quickly correct hyperfibrinolysis when it is detected. 

Fibrinolytic inhibitors, to have maximal effect, should be 
administered before hemorrhage begins for maximal pro-
phylaxes. Once fibrinolysis begins, fibrinolytic inhibitors 
like aminocaproic acid and tranxamic acid are not helpful.

D-dimers are more useful as a tool of exclusion for 
VTE but can be elevated by a number of inflammatory 
states related to fibrinolysis. Even if a clot is confirmed, the 
D-dimer shows what has already happened in terms of clot 
breakdown. The TEG tracing shows the presence of active 
fibrinolysis by elevated clot lysis (LY30) or the lack of fibri-
nolysis by a stable MA.

Fig. 21.3 TEG components. 
(With permission from 
Haemonetics Corporation)

Fig. 21.4 Detailed figure 
demonstrating each 
component of a TEG using 
the TEG 5000. (With 
permission from Haemonetics 
Corporation)
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 Assays Available on the TEG 5000 Analyzer 
System Include

Kaolin (+/− heparinase)  - An intrinsic pathway activated 
assay. This thrombin-generated tracing identifies underlying 
hemostatic characteristics and risk of bleeding or thrombosis.

RapidTEG (+/− heparinase)  - An intrinsic and extrinsic 
pathway activated assay increases the coagulation process 
rapidly assess coagulation properties.

Functional Fibrinogen  - An extrinsic pathway activated 
assay uses a potent GPIIb/IIIa platelet inhibitor to isolate 
fibrin contribution to clot strength. Used in conjunction with 
Kaolin, TEG can assess relative contribution of platelets and 
fibrin to overall clot strength.

Platelet Mapping (Haemonetics Corporation©) includes 
a thrombin-generated tracing (kaolin) and platelet receptor-
specific tracing(s) (ADP/AA). Identifies the level of platelet 
function and inhibition using the patient’s underlying hemo-
static potential from the Kaolin TEG as the reference point.

 The TEG® 6s Analyzer System

TEG 6s (Haemonetics Corp, Boston MA) (Fig. 21.5) is the 
newest platform in the thrombelastography portfolio. It is 
a cartridge-based system which dramatically increases the 
ease of operation and the reproducibility of results [5, 6, 8]. 
All reagents are already in the cartridge and are mixed with 

the blood when a sample is added to the cartridge by means 
of a simple transfer pipette. Another benefit is a reduction 
in the amount of blood required to obtain the results. A car-
tridge with four assays can be run with 340 mcl of blood. 
These changes make the device well suited to use in a vari-
ety of care settings [1]. Each cartridge provides results from 
multiple tracings to provide data using a variety of assays to 
provide the quickest, most specific results to guide treatment 
decisions.

Because it is a cartridge design, it no longer uses a cup 
and pin methodology, instead uses resonant frequency to 
assess the clot (Figs.  21.6 and 21.7). Each assay occupies 
a separate channel of the cartridge, to a total of four chan-
nels. Blood is added to the cartridge, where it is mixed with 
the reagents, then channeled into a capillary tube with a 
meniscus of blood at the testing chamber end of the cap-
illary tube. A range of radiofrequencies are applied to the 
tube. The  frequency which causes the blood to distend the 
furthest into the test chamber, blocking light from a photo-
detector, is the resonant frequency. Each resonant frequency 
is associated with a specific clot strength. As the clot moves 
through the process of clot initiation, reaches maximum clot 
strength, and potentially begins to break down, those chang-
ing resonant frequencies are plotted to produce the familiar 
TEG tracing (Figs. 21.6 and 21.7).

There are currently three cartridges available for the 
TEG 6s system. A Global Hemostasis cartridge provides 
four assays: citrated kaolin, citrated kaolin with heparinase, 
citrated rapid TEG, and citrated functional fibrinogen. This 
cartridge is FDA cleared for use in CV surgery and cardiology 
procedures. The Platelet Mapping® cartridge uses the same 
reagents as the Platelet Mapping (Haemonetic Corporation) 
assays in TEG 5000 to provide information on percent inhi-
bition/aggregation and residual platelet reactivity, using 
ADP and arachidonic acid as the agonists (Figs.  21.6 and 
21.7). This is used to assess the patient’s response to anti-
platelet therapies. The most recent cartridge is approved for 
use in trauma. It includes assays for citrated kaolin, citrated 

Fig. 21.5 The cartridge-based TEG® 6s analyzer. (With permission 
from Haemonetics Corporation)

Fig. 21.6 The new technology of TEG 6000. (With permission from 
Haemonetics Corporation)
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RapidTEG™, and citrated functional  fibrinogen. Using these 
assays in combination, it is possible to more specifically 
address hemostatic defects between platelets, fibrinogen, 
factors, heparin effect, and fibrinolysis (Figs. 21.8 and 21.9).

 Educational Tools

 Rotational Thromboelastometry

ROTEM® or rotational thromboelastometry (TEM ®) is an 
alternative method of viscoelastic testing (Fig. 21.10). The 
cups in TEM determine the interaction of normal coagula-
tion factors of blood with inhibitors, anticoagulant drugs, 
platelets, red blood cells, and fibrinolytics. ROTEM as in 
TEG utilizes a whole blood to assess clotting. Only the hepa-
rinase cups which are available for TEG have reactive agent.

Blood (300 μl) anticoagulated with citrate is placed into 
a cuvette using an electronic pipette. A disposable pin is 
attached to a shaft which is connected with a thin spring (the 
equivalent to Hartert’s torsion wire in thrombelastography) 
and slowly oscillates back and forth. The signal of the pin 
suspended in the blood sample is transmitted via an optical 
detector system. The developing clot slows down the pin as 
the clot forms.

The test starts by adding appropriate reagents. The instru-
ment measures and graphically displays the changes in 
elasticity at all stages of the developing clot. It is essential 
to know that the clot formed may become unstable by acti-
vating those factors that generate fibrinolysis. The typical 
test temperature is 37°C, but different temperatures can be 
selected, as in patients with hypothermia (Fig. 21.11).

By adding specific reagents, TEM like TEG can find 
specific points in the coagulation cascade where a problem 
exists.
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Fig. 21.7 New to the TEG system technology is the measurement of 
clot viscoelasticity using a resonance method. To measure the clot 
strength with the resonance method, the sample is exposed to a fixed 
vibration frequency. With LED illumination, a detector measures up/
down motion of the blood meniscus. The frequency leading to reso-
nance is identified and then converted to the TEG system readout. 
Stronger clots have higher resonant frequencies and higher TEG read-
outs. (With permission from Haemonetics Corporation)

Fig. 21.8 Tracings on the left 
from the Global Hemostasis 
cartridge. CK citrated kaolin, 
CKH citrated kaolin with 
heparinase, CRT citrated 
RapidTEG, CFF citrated 
functional fibrinogen. The 
white line is a 10 min marker, 
by which time several 
parameters are already 
available to guide 
decision-making
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Fig. 21.9 Tracings above are 
from the Platelet Mapping 
cartridge. HKH heparinized 
kaolin with heparinase, 
represents maximum platelet 
activation, or no inhibition. 
ActF represents clot without 
platelet contribution, or 100% 
inhibition. ADP and AA 
tracings reflect strength of 
clot when those agonists are 
added to the activator. These 
last two are the patient’s 
residual platelet reactivity 
after inhibition is assessed

Fig. 21.10 The technology 
of ROTEM. Opposite from 
TEG, the torsion wire moves 
due to viscoelastic forces of 
clotting. In TEG the cup 
moves

S. Leavitt et al.
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As explained by Instrumentation Laboratories Worldwide 
(Fig. 21.12):

 1. INTEM – Contains phospholipid and elagic acid which 
are activators and provides information similar to that of 
the aPTT

 2. EXTEM – Contains tissue factor as an activator and pro-
vides information similar to that of the PT

 3. HEPEM – Contains lyophilized heparinase for neutraliz-
ing heparin

 4. APTEM – Contains aprotinin for inhibiting fibrinolysis
 5. IBTEM  – Utilizes cytochalasin D, a platelet inhibitor 

which blocks the platelet contribution to clot formation, 
allowing qualitative analysis of the functional fibrinogen 
component

TEG and TEM measurements, for the most part, are not 
interchangeable. The time of initial fibrin formation is the 
R time in TEG or clotting time in TEM. Clotting time or 
CT is the time from the test beginning until the amplitude 
of 2 mm is reached (Fig. 21.5). The CT time is increased or 
prolonged by hereditary or acquired inhibitors, (hemophilia 
or warfarin), factor deficiencies, or when factor function 
becomes impaired as with the direct thrombin inhibitors. 
Simply stated, when the CT line increases, coagulation 
factors are needed. In hemophilia, TEG/TEM monitoring 
is helpful when factor 10a activity is blocked as seen with 
apixaban with resumed activity when this drug was discon-
tinued [7, 8].

 Application of the TEG® System in Trauma

Trauma is the second leading cause of death worldwide with 
40% mortality associated with massive hemorrhage. The 
balance between hemostasis and fibrinolysis is disrupted 
by acidosis, hypothermia and hemodilution, tissue damage, 
exposure, and fluid/blood product administration tip scales 
away from hemostasis. Acute traumatic coagulopathy, medi-
ated by activation of the thrombomodulin-protein C system, 
further promotes fibrinolysis.

The Prospective, Observational, Multicenter, Major 
Trauma Transfusion Trial (PROMMTT) investigated the 
“Comparative Effectiveness of a Time-varying Treatment 
with Competing Risks [9], which recognized coagulopathy 
in 42% of trauma patients. Management of DIC typically 
involved conventional coagulation analysis to guide trans-
fusion protocol. Since the utilization of TEG in Germany, it 
has become increasingly popular in the acute monitoring of 
coagulation for cardiac and liver transplantation cases and has 
expanded into other medical specialties, other than trauma.

One of the earliest prospective studies [10] investigat-
ing the utility of TEG in the assessment of trauma patients 
demonstrated that of the parameters measured, (demograph-
ics, medical history of coagulopathy, medications, TEG 
indices, platelet count, PT/PTT, revised trauma score, and 
injury severity score), only TEG and injury severity score 
were accurate predictors of early transfusion [10]. The Injury 
Severity Score assesses trauma severity. It correlates with 
mortality, morbidity, and hospitalization time after trauma. 
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Fig. 21.11 This figure is the 
final result of ROTEM. While 
similar to TEG, the 
parameters measured for clot 
formation are different. 
Compare Fig. 21.3 to this 
Figure
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It is used to define the term major trauma. A major trauma 
is defined as the Injury Severity Score being greater than 15.

Consistent with the PROMMTT trial, 75% of the trauma 
patients were diagnosed with coagulopathy. Of those, 87% 
were hypercoagulable and the remaining hypocoagulable. 
By design, this study did not allow for TEG coagulation 
analysis to alter clinical decision-making. The authors noted 
that TEG data can predict the magnitude of hemostasis 
derangement and may be implemented into the approach for 
transfusion.

A subsequent porcine study [11] compared PT, PTT, and 
activated clotting time against TEG indices in hypothermia 
versus hemorrhagic shock. Hypothermia directly results in 
inhibition of platelet function and reduction of clotting factor 
activity. This caused a hindrance to initial clot formation. In 
contrast, hemorrhage elicits massive bleeding, disseminated 
intravascular coagulation, and thrombotic/embolic com-
plications; all impairing clot strength and stability. In this 
investigation, pigs were subjected to sham, hypothermic, 
hemorrhagic, or hypothermia and hemorrhagic conditions. 
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Fig. 21.12 INTEM This test activates the contact 
phase of hemostasis. The result is influenced by 
coagulation factors, platelets, fibrinogen, and heparin. 
In the absence of heparin, INTEM is a screening test 
for the hemostasis system. It is used for therapeutic 
decisions regarding the administration of fresh frozen 
plasma, coagulation factors, fibrinogen, or platelets
HEPTEM. This assay represents an INTEM assay 
performed in the presence of heparinase, a heparin 
(or LMWH)-degrading enzyme. The difference 
between HEPTEM and INTEM CT-value comparison 
confirms the presence of heparin.
EXTEM test activates hemostasis via the physiologi-
cal activator tissue factor. The result is influenced by 
extrinsic coagulation factors, platelets, and fibrino-
gen. EXTEM represents the extrinsic pathway. This 
assay is not influenced by heparin (heparin inhibitor 
included in the EXTEM reagent). It guides goal-
directed therapy with the deployment of coagulation 
factors, fibrinogen, or platelets.
FIBTEM test is an EXTEM-based assay for the fibrin 
part of the clot. FIBTEM eliminates the platelet 
contribution of clot formation by inhibiting the 
platelets irreversibly with cytochalasin D, a potent 
inhibitor of actin polymerization which disrupts actin 
microfilaments, an essential part of a cytoskeleton-
mediated contractibility apparatus of the platelet. The 
use of cytochalasin is more favorable than using 
glycoprotein IIb/ IIIa inhibitors which block platelet 
incompletely.
FIBTEM allows for the detection of fibrinogen 
deficiency or fibrin polymerization disorders, e.g., 
induced by certain plasma expanders, and may 
identify rapidly the need to substitute fibrinogen.
APTEM test is an EXTEM-based assay for fibrinoly-
sis. APTEM compared to EXTEM allows to detect 
fulminant hyperfibrinolysis.
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PT and PTT lacked sensitivity and activated clotting time 
lacked specificity in identifying the condition associated with 
the coagulopathy. TEG accurately differentiated between the 
conditions due its comprehensive assessment of the coagula-
tion process. The authors recommended implementing TEG 
data into treatment of hypothermia- and hemorrhagic shock-
related coagulopathy [11].

Adding to the pre-existing literature, a study published 
in 2012 [12] evaluated nearly 2000 trauma patients with a 
median injury severity score of 17. Twenty-five percent 
of these patients presented with overt shock, and of these, 
28% were transfused. After controlling for age, mechanism 
of injury, weighted-revised trauma score, base excess, and 
hemoglobin, the investigators deduced that the TEG r-time 
predicted RBC transfusion with greater superiority than PT/
PTT/INR.  The TEG α angle predicted plasma transfusion 
with greater superiority than fibrinogen; and, the TEG maxi-
mum amplitude predicted platelet transfusion with greater 
superiority than platelet count. These correlations improved 
in transfusion, shock, and head injury cases. Additionally, 
the cost of r-TEG was only marginally greater than that of 
the five conventional tests (PT, PTT, INR, platelet count, 
fibrinogen) [12].

In a prospective study of 272 trauma patients [13], TEG r 
and k time were available within 5 min and maximum ampli-
tude and α angle within 15 min as compared to conventional 
coagulation tests that were not available until 48 min. r-TEG 
values, ACT k-time, and r values predicted red blood cell, 
plasma, and platelet transfusion within 2 h of arrival; spe-
cifically, ACT > 128 predicted massive transfusion, whereas 
ACT < 105 predicted no transfusion.

Investigators at Ben Taub General in Houston [14] pub-
lished a study following the hospital’s transition from mas-
sive transfusion protocol guided by TEG to a 1:1:1 ratio of 
blood, plasma, and platelets [14]. Their data demonstrated 
no difference in resuscitation strategy in patients receiving 
greater than 6 units of red blood cells or in patients with 
blunt trauma receiving greater than 10 units of red blood 
cells. The 1:1:1 protocol had greater mortality rates than the 
TEG protocol in cases of penetrating trauma with transfu-
sion of 10 or more units of red blood cells. This suggests that 
the 1:1:1 protocol may not be extrapolated and hemostatic to 
all patients.

Following this investigation, the Denver Health Medical 
Center [15] with a level 1 trauma center published a random-
ized clinical trial to test the hypothesis that massive trans-
fusion protocol guided by TEG improves clinical outcomes 
compared with massive transfusion protocol goal directed 
by conventional coagulation assays (CCA, PT, PTT, fibrino-
gen, platelet count, and d-dimers). A total of 111 patients 
with a median injury severity score of 30 were enrolled and 
of whom 27% presented with penetrating trauma. As com-
pared to 36% mortality in CCA-guided transfusion group, 

the TEG-guided transfusion group had a 19% mortality rate. 
This difference was believed to be secondary to decreased 
early hemorrhagic death in the TEG group. There were sig-
nificantly more plasma and platelet transfusions within 2 h 
of arrival and overall more cryoprecipitate transfusions in the 
CCA guided transfusion arm. There were no differences in 
the volume of crystalloid or red blood cell units transfused. 
The TEG-guided transfusion group was also associated with 
decreased ventilator dependence and ICU hospitalization.

In summary, acute traumatic coagulopathy is associated 
with greater transfusion requirements, prolonged ICU hospi-
talization, and increased incidence of multi-organ complica-
tions. As compared to patients without coagulopathy, those 
diagnosed with coagulopathy have 3–4 times greater mortal-
ity rate overall and 8 times greater mortality rate within the 
first 24 h of injury.

Given these statistics, rapid identification and treat-
ment, with modalities such as TEG, improved and ongoing 
coagulopathy.

 Application of Thromboelastography/
Thromboelastometry in Obstetric 
Hemorrhage

The 2017 American College of Obstetricians and 
Gynecologist guidelines define postpartum hemorrhage 
(PPH) as bleeding with signs and symptoms of hypovolemia 
or cumulative blood loss of >1000 mL within the first 24 h of 
delivery. The national incidence of PPH varies between 1% 
and 10% of all deliveries, and PPH remains one of the top 5 
causes of obstetric morbidity and mortality globally.

While pregnancy induces a hypercoagulable state, the 
postpartum period elicits fibrinolysis. Hyperfibrinolysis is 
associated with the consumption and depletion of coagula-
tion factors (particularly fibrinogen) and inhibition of clot 
formation. This phenomenon is critical to the development of 
acquired coagulopathy of PPH and is targeted in the manage-
ment of PPH [16]. Conventional laboratory tests for hyper-
fibrinolysis (D-dimer, fibrinogen) reflect indirect measures 
of coagulopathy through report of historical events and may 
take 60–90 min to result [17]. This either delays goal- directed 
transfusion therapy or, in emergent cases, unnecessarily pro-
motes empiric treatment of suspected hyperfibrinogenemia. 
Point-of-care TEG analyses allow for early identification of 
the hemostatic derangements during pregnancy. A recent 
prospective longitudinal study comparing TEG parameters 
demonstrated a hypercoagulable profile with increased clot 
strength and decreased fibrinolysis during pregnancy as com-
pared to 8 weeks postpartum [18]. A subsequent study, inves-
tigating TEG parameters in massive obstetric hemorrhage, 
(MOH; defined as >2 L estimated blood loss) reported rapid 
initiation of clotting, decreased clot strength, and decreased 
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fibrinolysis in MOH as compared to normal delivery. The 
same study also compared TEG to conventional coagulopa-
thy analyses (PT, PTT, fibrinogen, antithrombin, D-dimer) 
and suggested integration of viscoelastic assays into transfu-
sion protocol can rapidly diagnose etiology of bleeding and 
thereby improve response time [19].

Rotational thromboelastometry (ROTEM) provides the 
FIBTEM assay as a measure of clot strength; this analy-
sis is available within 10 min and accurately differentiates 
among hypofibrinogenemia, hypofibrinogenesis, and hyper-
fibrinolysis, thereby theoretically informing fibrinogen 
replacement therapy [20]. A prospective, observational study 
compared the utility of FIBTEM (TEM surrogate for plasma 
fibrinogen level) and conventional fibrinogen in 356 women 
with 1–1.5 L PPH. The investigators recognized FIBTEM, 
but not fibrinogen/PTT/PT, as an independent predictor of 
progression of bleeds >2.5 L, ≥4 U packed red blood cells 
(PRBCs), and 8  U allogeneic products [20]. It was noted 
that FIBTEM was an early biomarker for PPH severity/pro-
gression. Fibrinogen <2  g/L and FIBTEM <10  mm were 
associated with prolonged bleeding, increased frequency of 
invasive procedures, and earlier transfusion. Based on these 
findings, the authors deduced ROTEM has the potential to 
markedly improve clinical outcomes via early administration 
of fibrinogen concentrate and decreased transfusion of high-
volume blood products, including RBCs, FFP, and platelets. 
These results were replicated with similar findings in subse-
quent investigations with one observational study showing a 
1.8-fold reduction in total MOH transfusions with integra-
tion of a ROTEM-guided transfusion protocol [21].

A recent multicenter, double-blinded, randomized con-
trolled trial studied the efficacy of early fibrinogen replace-
ment guided by visco-elastometric measures. The trial enrolled 
55 females with PPH of 1–1.5 L. Participants with FIBTEM 
<15 mm were randomized to fibrinogen concentrate or pla-
cebo transfusion with the primary outcome comparing total 
number of blood products transfused. The results indicated 
no statistically significant reduction in transfusion require-
ments between the two groups. These findings also suggested 
FIBTEM of 15 mm as too high as an interventional trigger. 
The authors further concluded that at FIBTEM A5 > 12 mm or 
fibrinogen >2 g/L, normal physiologic hemostasis still occurs 
and does not warrant fibrinogen replacement [21].

The utility of TEG [22] expands beyond PPH to include 
recognition and management of catastrophic amniotic fluid 
embolism, gray platelet syndrome, Glanzmann’s throm-
basthenia, hemophilia, platelet storage pool disorder, pla-
cental abruption, disseminated intravascular coagulation, 
and HELLP syndrome. Despite these findings, the primary 
limitation to widespread integration of TEG/TEM-guided 
transfusion protocols remains the lack of large randomized 
controlled trials. Further investigations with high-power and 
multicenter involvement are needed.

 New Technologies for Clot Assessment 
and Clot Stability

• Sonorheometry
• Microfluidic devices
• Quartz crystal microbalance
• Laser speckle rheology

 Sonorheometry

Sonic Estimation of Elasticity via Resonance (SEER) or 
sonorheometry is a technology that employs ultrasound 
waves to measure changes in viscoelastic properties during 
the process of coagulation. This identifies and qualifies clot 
formation [23].

Repetitive high-frequency ultrasound signals propagate 
through the blood sample in an air-sealed cartridge gener-
ating gentle nudging on the blood clot early in the process 
of its formation. Clot displacement (i.e., shear modulus) 
will occur which will generate series of returning frequency 
echoes (Fig.  21.13 left panel). Tracking and analyzing the 
returning echoes can estimate the sample motion over time 
and creating a displacement curve. The shape of the dis-
placement curve is directly related to the shear modulus of 
the sample at any point time [24].

Changes over time in shear modulus is a direct physical 
measure of clot stiffness. Repeating signals over time creates 
a signature time-displacement curve. Figure  21.13 reflects 
the dynamic changes in shear modulus of the sample during 
coagulation at any given point in time.

Ultrasound
Transducer

Blood
Sample

Ultrasound
Pulse

10 minutes after activation

6 minutes after activation

3 minutes after activation

Shear
Modulus

Time

Data Acquisition Displacement Estimation Clot Time and Clot Stiffness
MeasurementUltrasound pulses are sent into the blood

sample to induce resonance, causing the
sample to oscillate.

As the blood coagulates over time and its
stiffness increases, the frequency of

oscillation will also increase. Clot times and clot stiffness values are
measured from the evolving shear modulus.

Fig. 21.13 Sonorheometry 
technology. (Copy permitted 
by Quantra HemoSonics)
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The shear modulus is the elastic properties of materials 
[25]. It is a parameter of materials to resist displacement when 
exhibiting external forces, and it is measured by Pascal (Pa). 
For example, bone tissue has a shear force of 3.3 GPa shear, 
while natural rubber has 600 Pa and liquids has 0 Pa. The 
“Quantra Hemostasis Analyzer,” designed by HemoSonics, 
is a point-of-care (POC) test that provides quick results in a 
critical care environment. It generates complete test results 
within 15 min of test initiation [24].

The analysis cartridge allows a small sample to be col-
lected, provides no physical contacts with the blood sample, 
and will permit detection of early soft clots identification. 
It has been demonstrated that a large shear stress applied 
by instruments during measurements like ROTAM [26] did 
disrupt clot formation. The lack of disruption to the sample 
during the processing provides high sensitivity to detect soft/
weak clots which are often associated with clinical bleeding 
[27]. The “Quantra” analyzer cartridge is a multi-channeled 
and a single-use disposable plastic component (Fig. 21.14). 
It has four independent channels, each containing pre-filled 
lyophilized reagents that enable simultaneous differen-

tial testing without the need for any reagent preparation or 
pipetting. Lyophilization of the reagents provides stability at 
room temperature [28].

The cartridge is the only component of the device that is 
in direct contact with blood which prevents potential biohaz-
ard spills. The cartridge protects the sample from environ-
mental factors interference, such as temperature, vibration, 
or evaporation.

 Cartridges
The QPlus Cartridge was designed to evaluate a patient’s 
functional coagulation status in major surgeries. The car-
tridge can be stored at room temperature and immediately 
available for acute bleeding situations without warming or 
special preparation. This cartridge provides all the parameters 
of Quantra analyzer (Fig. 21.15) except for clot stability to 
lysis (CSL) which can be measured by the QStat® Cartridge 
[28]. CSL measures changes to clot stiffness change in the 
presence of tranexamic acid which is the function of fibrino-
gen. It is useful in level 1 traumas, liver transplantation, com-
plicated obstetrics, cardiac surgery, and critical care units.

QPlus Cartidge Measurements

units Description Measurement

Seconds

Seconds

No units

hecto Pascals (hPa)

hecto Pascals (hPa)

hecto Pascals (hPa)

Parameter

Clot Time (CT)

Heparinase Clot Time (CTH)

Clot Time Ratio (CTR)

Clot Stiffness (CS)

Fibrinotgen Contribution to Clot
Stiffness (FCS)

Platelet Contribution to Clot
Stiffness (PCS)

Clot time citrated whole blood.

Clot time in citrated whole blood with
heparin neutralization.

The CTR parameter may indicate the
prolongation of the intrinsic pathway
clotting time that is likely due to the
influence of unfractionated heparin. CTR
values are not directly correlated with
heparin levels in the sample; if CTR is > 1.4,
it is only indicative of heparin in the sample.

Stiffness of the whole blood clot.

Contribution of functional fibrinogen to
overall clot stiffness.

Contribution of platelet activity to overall
clot stiffness.

Clot time measured in Channel #1 with
activator of the intrinsic pathway (kaolin).

Clot time measured in Channel #2 with
activator of the intrinsic pathway (kaolin)
and heparinase.

Clot stiffness measured in Channel #3 with an
activator of the extrinsic pathway 
(thromboplastin) and heparin inhibitor
(polybrene).

Clot stiffness measured in Channel #4 
with an activator of the extrinsic pathway 
(thromboplastin) and heparin inhibitor
(polybrene) and platelet inhibitor
(abciximab).

Calculated as the ratio of clot time values of
Channel #1 over Channel #2 (CT/CTH).

Calculated by subtracting clot stiffness 
value of Channel #4 from Channel #3.

Fig. 21.14 Measured 
parameters on hemosonics 
analyzer (QPlus Cartridge)

Fig. 21.15 Test results as 
displayed on hemosonics 
analyzer

21 Point-of-Care Tests in for Blood Coagulation in the Perioperative Period



212

 Microfluidic Devices

The Wyss Institute team led by Wyss Institute Founding 
Director Donald Ingber, M.D., Ph.D., has developed a novel 
microfluidic device in which blood flows through a life like 
network of small “vessels,” where it is subjected to true-to- 
life shear stresses and force gradients of the human vascular 
network. Using automated pressure sensors and a proprie-
tary algorithm developed by the Wyss team, data acquired 
from the device is analyzed in real time, precisely predicting 
the time at which a certain blood sample will obstruct. The 
hemostasis monitoring microdevice mimics rapid changes in 
blood flow dynamics associated with stenosis or narrowing 
of small blood vessels by pumping pressurized blood flow 
through the device’s microfluidic channels [29].

In this schematic and series of magnified insets (Fig. 21.16) 
from left to right, the microfluidic channels progress from 
pre-stenosis, to stenosis, to post-stenosis, simulating the nar-
rowing of blood vessels that can often occur in patients as 
a result of medical conditions or treatments. The effects of 
stenosis on blood clotting tendency are visible: blood clot-
ting protein fibrin (green) and blood platelets (red) are seen 
coagulating as they progress through the device, and most 
notably in the post-stenotic region.

By combining Wyss’s fabricated microfluidic device that 
mimics blood flow dynamics of small arterioles with their 
novel data analysis software, a quantitate hemostasis in real- 
time and predict if blood clots will develop in an individual 
or in a blood sample. The integrated low-cost miniaturized 
equipment requires less than 1.0  ml of blood sample and 
have made it ideal as a bedside monitor to identify and quan-
tify clot formation and platelets function precisely and in real 
time.

In the past 10 years, several microfluidic devices were 
produced to study different biological reactions like enzy-
matic reaction kinetics and fluid viscosity [30]. Schoeman 
et  al. designed a microfluidic chip to measure clot forma-
tion evoked by blood flow. Blood samples flow from a high- 
pressure flow channel into a lower-pressure receiver channel 
until a hemostatic clot formed (Fig.  21.17). The channels 
were coated with procoagulants: collagen and tissue factor. 
This allowed him to measure normal physiological blood 
clot to form within a clotting time of 7.5 min.

Schoeman designed another microfluidic chip with 
defects in reagents to mimic hemophilia A with anti-Factor 
VIII antibody, and he identifies an unstable clot formation as 
would be expected in vivo. His team also demonstrated that 
treatment of blood with antiplatelet P2Y12 receptor inhibitor 
substantially delayed the clotting time [31].

Microfluidics cell can be designed in different com-
plex geometries that mimic stenosed arteries to study vari-
ous pathological events and aim to evaluate an individual 
patient’s coagulopathy or compliance with treatment.

Fig. 21.16 Schematic 
microfluidic channels. 
(Courtesy of Wyss Institute at 
Harvard University)

Fig. 21.17 Microfluidic 3 channels cartridge. (Courtesy of Wyss 
Institute at Harvard University)
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Recently, the incorporation of endothelium into the oper-
ation of these devices remails a future possibility to be read-
ily available at bedside in order to assist in clinical decision 
making [32–34].

In summary, microfluidic device measures patient clot-
ting abilities under any specific physical flow pattern and, 
as a result, can be an invaluable tool for clinical diagnostics.

 Quartz Crystal Microbalance

The basis of QCM operation relates to quartz’s physical 
property of piezoelectricity, and as the alternating electric 
current passes on to the crystal, a mechanical energy gener-
ates oscillating waves with a recordable frequencies [35].

Crystal’s thickness and cut is detrimental as a trade-off 
the generated frequency, the thinner is the crystal the higher 
is the resonant frequency [36].

The QCM sensor consists of a thin circular quartz that is 
sandwiched between a pair of electrodes and a blood sample 
will face the electrodes (Fig.  21.18). When sufficient AC 
voltage is applied to the electrodes, the crystal gets excited 
and generates oscillation, and a resonance will be generated 
with a specific frequency and will be detected and measured 
by a sensor. During the process of clot formation, a mass will 
be adsorbed on the electrodes causing change in frequency 
and resonance [37]. When a mass is attached to the sensor, 
the frequency decreases. If the mass is rigid, the decrease in 
frequency is proportional to the size of the mass. This linear 
relationship between changing in mass adsorbed on the sur-
face of quartz crystal electrodes and proportional reduction 
in frequency was discovered by Sauerbrey in 1959 and estab-
lished CQM algorithm foundation [33].

However, Sauerbrey equation is linear for rigid mass 
formation due to its even distribution with sufficiently thin 
adsorbed layers [34]. Therefore implementing a dissipation 
parameter will allow analysis of soft films that do not obey 
the linear relation between change in frequency and change 
in mass. The soft or viscoelastic will be underestimated as it 
is not fully coupled to the oscillating crystal. By adding and 
measuring the dissipation to the QCM, one can determine 
the adsorbed viscoelastic (soft) mass on the plate [38, 39].

Dissipation done by shutting off the driving voltage to the 
crystal and the energy from the oscillating crystal dissipates 
from the system [40]. This procedure can be repeated over 
200 times per second, which gives QCM-D great sensitivity 
and high resolution. QCM-D measures both frequency and 
dissipation of the quartz crystal [41].

 Laser Speckle Rheology

Laser speckle rheology (LSR) is a novel approach to evalu-
ate the frequency-dependent process of viscoelastic blood 
clot formation using non-contact optical approach. A laser 
beam will illuminate the blood sample during the process 
of clot formation; light rays will be scattered by the mul-
tiple particles in the blood sample. The scattered speckles 
created will be captured on a high-speed camera (CMOS) 
(Fig. 21.19). The scale of time-varying speckle images cor-
related with a time-real viscoelastic clot formation and will 
be captured and recorded by the CMOS and analyzed by a 
computer software.

The Brownian motion phenomenon is one of the ele-
ments in the process of LSR evaluation, and it is defined 
as a  random motion of particles suspended in a fluid result-
ing from their collision with the fast-moving particle in the 

Blood Inlet

Pipette Tip
Blood Inlet Reaction Chamber

Coagulation Reagent (dired)

Hydrophilic Film
Spacer Adhesive Tape

PCB Board

QCM Sensor(Parylene Coated)

Left Side View Front View

Fig. 21.18 QCM-D 
transducer consisting of a 
piezoelectric quartz sensor 
with two differently sized 
gold electrodes

BE: Beam Expander
BS: Beam Splitter
L: Lens
P1, P2: Polarizer
IL: Imaging Lens

P1 BE L

IL

P2

BS

Sample
Stage

Laser (632nm)

CMOS
camera

Fig. 21.19 Technology of laser speckle

21 Point-of-Care Tests in for Blood Coagulation in the Perioperative Period



214

fluid. The Brownian motion of blood clot has less restric-
tions on the scale of scattered particles reflecting wider range 
of speckle [42]. During the progress of clot formation with 
more fibrin- formation and platelets aggregation, the clot gets 
stiffer and restricts the scatter displacements. The camera 
will register lesser area of speckle fluctuations during the 
course of clot stiffness.

Blood coagulation status has been measured by relating 
the time scale of speckle intensity fluctuations with the clini-
cally relevant coagulations parameters, including clotting 
time and fibrinogen content.

Markandey et  al. demonstrated a close correlation 
between coagulation metrics measured using LSR and con-
ventional coagulation results of activated partial thrombo-
plastin time, prothrombin time, and functional fibrinogen 
levels [43].
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Vascular Endothelial Dysfunction 
and Inflammatory States

Samuel Chijioke Onyewu, Alice Tolbert Coombs, 
and Fatoumata Kromah

 Overview of Endothelial Cell and Function

Embryologically, EC arises from the mesoderm which is 
located on the ventral floor of the dorsal aorta within the 
aorto-gonado-mesonephros region [1, 2]. Mesenchymal 
cells, which arise from the mesoderm, differentiate into 
hemangioblasts and angioblasts. Hemangioblasts further dif-
ferentiate into EC and other hematopoietic cell lines [1, 2] 
(Fig. 22.1).

Endothelial cells (ECs) form the endothelium as a single 
layer of cells lining blood vessels and lymphatics (Fig. 22.2). 
The endothelium forms a semi-permeable membrane barrier 
that limits fluid, solute, and large molecule access to the 
interstitium of various organs [3].

 Description of Endothelial Cell and Function

Morphologically, the EC surface in an adult is composed of 
approximately 20–60 trillion cells and covers 3–7 m2 surface 
area. EC are generally flat; however, the thickness of ECs 
is determined by the dynamic structure lying on its lumi-
nal surface [4]. The thickness of EC varies from less than 
0.1 to 1 micrometer in capillaries, veins, and aorta, respec-
tively [5, 6]. Depending on which organ it is located, ECs 
can be fenestrated or un-fenestrated [5]. ECs are covered by 
a “thick” endothelial glycocalyx layer which prevents capil-
lary leakage and activation by the coagulation system. The 
glycocalyx covering is vital as it also acts as a barrier to reg-
ulate fluid and molecule movement and balance [3]. When 
ECs are fenestrated, they have pores and openings between 
cells that promote increased permeability and allow large 
molecules to pass through capillaries. Fenestrated ECs are 
present in the capillaries of small intestine, endocrine glands, 

kidney (glomeruli and renal tubules), and the choroid plexus. 
In contrast, ECs that are un-fenestrated are found in arteries, 
veins, and capillaries of the brain, skin, heart, and lung. The 
EC surface is cohesive, adhesive, and luminal thus allowing 
EC to play an integral role in the binding of transport and 
regulatory proteins circulating with blood cells [7]. ECs are 
involved in the expression of inflammatory and growth fac-
tors such as endothelial cell selectin (E-selectin) and vascu-
lar endothelial growth factor (VEGF). E-Selectin plays a key 
role in leukocytes adhesion. VEGF is important for the gen-
eration of ECs and maintenance of endothelial fenestrae [7]. 
ECs synthesize other metabolically active substances which 
are summarized in Table 22.1 [8–10].

ECs perform other metabolic functions and possess con-
tractile proteins  – actin, myosin, and tropomyosin. These 
contractile proteins generate the shape and elasticity of ECs 
and are integral in the vasoactive function of blood vessels 
[7]. One of the most important functions in the vasomotor 
balance is that ECs produce nitric oxide (NO) [4, 11]. NO is 
a principal substrate required for the maintenance of vascular 
tone and reactivity of blood vessels. NO inhibits the action 
of angiotensin II (AG II) and endothelin 1 (ET 1). ET 1 is a 
cellular substance produced in ECs and is a potent vasocon-
strictor. In addition to inhibiting platelet and white blood cell 
activation, NO also maintains vascular smooth muscle cells 
in a non-proliferative state [12] (Fig. 22.3).

 Definition of Endothelial Dysfunction

Endothelial cell structure, property, and function are quite 
diverse resulting in a heterogeneous endothelial environment 
in which organ systems vary greatly in their capacity to accom-
plish different functions [3]. Of note this heterogeneity in regu-
lation of vascular tone, molecule transportation, coagulation, 
and hormone metabolism can be observed between organ sys-
tems and within endothelial cells of the same organ. Therefore, 
endothelial dysfunction is defined as an aberration in the physi-
cal integrity and/or functional processes of ECs. EC dysfunction 
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often results in alterations in vasoreactivity, increased propen-
sity to thrombus and plaque formation, and leukocyte adhe-
sion along with inflammatory changes [8–10]. EC dysfunction 
occurs either as a principal determinant of the pathophysiologic 
mechanism of a disease or as a vestige of collateral damage [1, 
5]. EC activation and/or dysfunction may arise from otherwise 
adaptive responses which may be excessive, sustained, spatial, 
or temporally misplaced [13] (Fig. 22.4). ECs may be in an 
activated state yet not dysfunctional [8].

In summary, EC dysfunction affects multiple organ sys-
tems and is involved in many disease processes [1, 5]. Hence, 
ECs will serve as a reliable conduit in the understanding and 
possible management of different pathologic conditions. In 
the subsequent parts of this chapter, we will be discussing 
the various disease processes associated with EC dysfunc-
tion and its anesthetic implications and management.

Fig. 22.1 Schematic diagram 
of endothelial cell 
embryogenesis. (Modified 
from image from Dr. Samuel 
Onyewu)

Fig. 22.2 Endothelial cell lining a vessel lumen. (Modified from Stijn 
AI. Ghesquiere. University of Maastricht. Nov 2005)

S. C. Onyewu et al.
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 Pathophysiology of Endothelial Dysfunction

Endothelial dysfunction is known to be associated with mul-
tiple pathologic conditions [14]. It is directly implicated in 
the pathogenesis and clinical course of cardiovascular con-
ditions, diabetes mellitus, renal dysfunction, Alzheimer’s 
disease, erectile dysfunction, and osteoporosis [15–23]. 
Endothelial dysfunction may result from various etiologies 
such as direct injury to the endothelium, infections, reactive 
or immunologic causes, aging, and disease states.

 Etiologies of Endothelial Dysfunction

 Iatrogenic

Direct injury alters the morphological architecture of the vas-
cular ECs increasing the likelihood of thrombosis and con-
centric intimal thickening. Direct injury may occur following 
iatrogenic procedures performed to correct an underlying 
pathology. These include angioplasty and stent placement to 
improve the patency of stenosed vessels [24] (Fig. 22.5).

 Infectious

Viruses and bacteria have also been implicated to EC activa-
tion [25]. Other inducers of the endothelium include lipid 
products, complement components, advanced glycosylation 
end products, hypoxia, laminar blood flow, and growth fac-
tors. See Fig.  22.4. Activated ECs secrete cytokines, che-
mokines, growth factors, procoagulants, and anticoagulant 
molecules.

Table 22.1 Endothelial cell characteristics and physiologic functions

Maintenance of cell membrane integrity
Fibronectin
Laminin
Collagen
Proteoglycans
Proteases
Lipid metabolism
Lipoprotein lipase receptor
Anticoagulant molecules elaboration and regulator
Heparin
Prostacyclin
Thrombomodulin
Plasminogen activator
Procoagulant molecules elaboration
Von Willebrand factor
Plasminogen activator inhibitor
Thromboxane A2
Factor V
Thromboplastin
Platelet activator factor
Vasoconstrictor factors
Angiotensin-converting enzyme
Thromboxane A2
Leukotrienes
Endothelin
Vasodilator factors
Nitric oxide
Prostacyclin
Immunity and inflammatory regulators
Interleukins 1, 6, 8
Major histocompatibility complex II
Adhesion molecules: E-selectin, P-selectin
Regulation of growth factors
Insulin growth factor
Transforming growth factor
Colony stimulating factor

Table created by Dr. Samuel Onyewu

Fig. 22.3 Schematic diagram 
showing the functions of 
endothelial nitric oxide 
synthetase (eNOS) function, 
its inducers and inhibitors
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 Reactive Substrates

Nicotine from chronic cigarette smoking is a burgeoning 
etiology for cardiovascular diseases, which accounts for a 
third of the deaths in cigarette smokers [26–29]. Nicotine 
causes morphological alterations of ECs and vascular 
smooth muscles inducing functional changes associated with 
the pathogenesis of cardiovascular diseases [30–33]. A pro-
posed mechanism of action of nicotine-associated endothe-
lial dysfunction is an imbalance in vascular tone, increased 
expression of ET-1, inducible NOS, and reduced expression 
of eNOS [34, 35] (Fig. 22.6).

Nicotine reduces the production and bioavailability of 
nitric oxide (NO), by decreasing the expression of endo-
thelial nitric oxide synthetase (eNOS). Nicotine also causes 
alteration in the functional integrity of the endothelium 
resulting in vasospasm, stimulation of leukocytes and plate-
let adhesion, and thus thrombus formation [36].

 Aging

Aging is an integral factor in the development of athero-
sclerosis, vasculopathies, and cardiovascular disease. Age-

Fig. 22.4 Schematic 
representation of factors 
associated with endothelial 
cell activation and 
dysfunction. (Modified from 
image from Dr. Samuel 
Onyewu)

Fig. 22.5 Schematic diagram 
of endothelial cell injury. 
(Modified from: Sharfuddin 
A, Molitoris BA. Endothelial 
cell injury. In: Vincent JL, 
Hall JB, editors; 2012)

S. C. Onyewu et al.
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related dysfunction of both endothelial and vascular smooth 
muscle cells has been attributed to vasospasm, thrombosis, 
cellular growth, oxidative stress, and inflammation [20]. 
Some report that aging deteriorates the balance between 
vasodilator and vasoconstrictor substances produced by the 
endothelium [20, 37–40]. Senescent ECs have attenuated 
angiogenic and regenerative capacity, hence limited abil-
ity to form new vascular structures [20]. Furthermore, EC 
senescence may alter the physiologic functions of the endo-
thelium by altering secretion of cytokines, growth factors, 
and proteases in the vascular wall [41] (Fig. 22.7).

 Clinical Presentation of Endothelial 
Dysfunction and Inflammatory States

 Atherosclerosis

Atherosclerosis is a chronic inflammatory response triggered 
in attempt to mitigate vascular endothelial cell dysfunc-
tion, lipid accumulation and oxidation, and thrombosis [42]. 
Endothelial cell dysfunction along with formation of a fatty 
streak in which proliferation of intima vascular smooth mus-
cle cells and extracellular matrix (ECM) deposition occurs 
creates an atherosclerotic atheroma (Fig. 22.8). The atheroma 
is an intima layer lesion that protrude into vascular lumen.

Atherosclerosis is responsible for hypertension, cardio-
vascular, cerebrovascular, coronary artery, and peripheral 

Fig. 22.6 Schematic diagram 
of nicotine-related endothelial 
dysfunction. (Modified from 
image from Dr. Samuel 
Onyewu)

Fig. 22.7 Schematic diagram 
showing endothelial 
dysfunction related to aging. 
(Modified from Rodella LF, 
Rezzani R. Endothelial and 
vascular smooth cell 
dysfunction: a comprehensive 
appraisal; 2012)
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vascular diseases. In combination these diseases have been 
attributed to half of all deaths in the western world [16, 24]. 
The prevalence and severity of atherosclerosis are related to 
several risk factors which can be divided into modifiable and 
non-modifiable risk factors (Table 22.2).

Risk factors have a multiplicative effect. The presence of 
two risk factors result in a fourfold likelihood of having an 
ischemic heart event. Meanwhile, the presence of three risk 
factors result in a seven fold likelihood of having an ischemic 
heart event [24].

Non-modifiable risk factors  – Age, gender, and genet-
ics. Age greater than 45 years have been shown to have a 
higher likelihood of the presence of atherosclerotic lesions 
[42]. Men are more likely than pre-menopausal women to 
have atherosclerotic disease. This protective effect has been 
attributed to estrogen. However, the protective effect has 
not been shown in post-menopausal women on hormonal 
therapy [44]. Genetics play a significant role and has been 
implicated in atherosclerosis and ischemic heart disease 
(IHD). A few genetic disorders like familial hypercholester-
olemia have a higher propensity of causing atherosclerosis. 
However, the association is likely multifactorial in nature 
and related to inherited genetic polymorphism and other 
established risk factors of familial clustering such as hyper-
tension or  diabetes [45].

Modifiable risk factors  – Hyperlipidemia, hypertension, 
cigarette smoking, and diabetes (Table 22.2). Hyperlipidemia 
mostly hypercholesterolemia is responsible for the formation 
of atherosclerosis. Low-density lipoprotein (LDL) transports 

cholesterol to peripheral vascular tissues, while high-density 
lipoprotein (HDL) transports cholesterol from tissues into the 
liver where the cholesterol is excreted in the bile. High intake 
of cholesterol and saturated fat from egg yolks, animal fat, and 
butter increase plasma level of cholesterol. Trans- unsaturated 
fat used in confectionery and margarine adversely affect cho-
lesterol profile. On the other hand, omega-3 fatty acid, found 
in fish oil, exercise, and moderate alcohol intake improve 
cholesterol profile. Hypertension both systolic and diastolic 
levels are important in atherosclerosis. Hypertension on its 
own increases the risk for IHD by 60% [16, 24]. Prolonged 
cigarette smoking of a pack or more a day doubles the rate 
of death from IHD, while smoking cessation significantly 
reduces the risk [24]. The nicotine released from cigarette 
smoking increases release of platelet-derived growth factors, 
ICAM-1 and VCAM-1 expression inducing EC dysfunction 
and atherosclerotic lesion formation [46, 47]. Diabetes melli-
tus induces hypercholesterolemia and markedly increases the 
risk of atherosclerosis. Diabetics compared to non-diabetics 
have a hundred-fold increase in peripheral vessel disease, 
and two fold increase in myocardial infarction along with 
increased risk of cerebral vascular accidents.

Twenty percent of cardiovascular events happen in the 
absence of hyperlipidemia, hypertension, cigarette smoking, 
and diabetes [42]. Therefore, inflammation, hyperhomocys-
teinemia, metabolic syndrome, dyslipidemia, lipoprotein a, 
and hemostatic factors increase the risk for atherosclerosis. 
Inflammation is present in all stages of atherogenesis, and it 
is closely linked to atherosclerotic plaque formation and rup-
ture. Multiple inflammatory markers have been associated 
with IHD. C-reactive protein (CRP) has emerged as the most 
sensitive inflammatory markers [48]. CRP is an acute phase 
reactant produced in the liver that opsonizes bacteria and acti-
vates complements. When CRP is secreted from cells within 
the atherosclerotic intima, CRP activates local endothelial 
cells inducing a prothrombotic state and increases adhesive-
ness of EC to leukocytes. CRP is an independent predictor 
of myocardial infarction, cerebral vascular accident, periph-

Fig. 22.8 Schematic diagram 
showing a well-developed 
atheroma constricting blood 
vessel lumen. (Modified from 
Glagov et al. [43])

Table 22.2 Risk factors for atherosclerosis

Modifiable Non-modifiable
Hypertension Age
Diabetes mellitus Gender
Hyperlipidemia Family history
Cigarette smoking Genetics
C-reactive protein

Table created by Dr. Samuel Onyewu
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eral arterial disease, and sudden cardiac death among healthy 
individuals [42]. Smoking cessation, exercise, weight loss 
and statins reduce CRP levels, although reduction in CRP 
level has not been proven to reduce cardiovascular risk [24]. 
Hyperhomocysteinemia is associated with coronary artery 
disease, peripheral vascular disease, stroke, and venous 
thrombosis [49]. Elevated homocysteine can be found in low 
intake of folate and vitamin B12; however, vitamin supple-
mentation has not shown to preclude cardiovascular disease. 
Metabolic syndrome is characterized by conditions associ-
ated with insulin resistance [50]. The syndrome is also asso-
ciated with hypertension, dyslipidemia, and central obesity. 
Dyslipidemia leads to endothelial cell dysfunction secondary 
to increased oxidative stress and a systemic pro-inflamma-
tory state that leads to vascular thrombosis. Lipoprotein (a) 
is an altered form of LDL. Lipoprotein (a) contains apoli-
poprotein B-100 portion of LDL linked to apolipoprotein 
A.  Lipoprotein (a) levels are associated with an elevated 
risk of coronary and cerebrovascular disease, independent 
of total cholesterol and LDL levels [44]. Plasminogen acti-
vator inhibitor 1 and thrombin both have procoagulant and 
pro-inflammatory effect. Plasminogen activator inhibitor 1, 
thrombin, and platelet-derived growth factors are major pre-
dictors of vascular pathology in atherosclerosis [42].

The pathogenesis of atherosclerosis is based on a com-
posite of two theories known as the intimal cell proliferation 
or repetitive formation and organization of thrombi [51, 52], 
which is summarized as the response to injury hypothesis 
[53]. According to the model, atherosclerosis is produced 
by the following pathologic events: endothelial injury which 
causes increased vascular permeability, leukocyte adhesion, 
and thrombosis. This leads to accumulation of lipoproteins 

especially oxidized LDL in the vessel walls; monocytes 
adhere to the endothelium, followed by its migration to the 
intima and finally its transformation to macrophages and 
foam cells. Foam cells are composed of platelet adhesion, 
factors released from activated platelets, macrophages, and 
vascular wall cells. These induce smooth muscle wall cells 
of blood vessel wall media which lead to smooth muscle 
cell proliferation and ECM production. Lipids accumulate 
both extracellularly and within the cells (macrophages and 
smooth muscle cells) (Fig. 22.9).

The clinical presentation of atherosclerosis depends on 
the organ system affected and the severity of the atheroscle-
rotic lesion. Its manifestation includes coronary artery dis-
ease, stroke, peripheral artery disease, hypertension, or renal 
failure. Sequelae of an atheromatous plaque include hemor-
rhage, rupture, and thrombus formation and migration with 
possible microemboli. The more detrimental sequelae are 
ischemia and aneurysm formation.

 Hypertension

Hypertension is a major risk factor for atherosclerosis and 
other conditions such as multi-infarct dementia, aortic dis-
section, renal failure, and hypertensive heart disease [54] 
(Table 22.3).

Idiopathic (essential) hypertension accounts for 95% of 
the cases, while the remaining 5% are associated with sec-
ondary diseases of the renal or endocrine systems. Idiopathic 
hypertension is associated with short-term problems and 
is compatible with longevity especially when blood pres-
sure is adequately controlled. However, uncontrolled 

Fig. 22.9 Evolution of 
atheromatous plaque 
formation. (Modified from 
Story HC et al. Circulation. 
92:1355–1379; 1995)
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hypertension causes death within 1–2  years if not treated 
promptly. Systolic BP of 200 mmHg and diastolic pressures 
>120 mmHg is associated with end-organ damage such as 
retinal damage and exudates with or without papilledema, 
renal failure, and cerebral hemorrhage. Recent BP criteria 
developed by the American Heart association are intended to 
decrease the related complications [54].

Regulation of blood pressure is dependent on renal auto-
regulation through glomerular ultrafiltration, renin angioten-
sin aldosterone system, sodium intake, fluid homeostasis, 
exercise, stress, obesity, and smoking. Adequate blood pres-
sure monitoring is imperative in preventing atherosclerosis 
and other cardiovascular risk factors.

 Vascular Aneurysm and Dissection

An aneurysm is a localized abnormal dilation of a blood ves-
sel or the heart [54]. The aneurysms are either congenital or 
acquired, true or false. A true aneurysm is one that has all 
the layers of the blood vessel or the heart intact. Examples of 
true aneurysms are atherosclerotic, syphilitic, and congenital 
or ventricular aneurysm that occur following a transmural 
myocardial infarction. A false aneurysm is an aneurysm that 
has a defect in the vessel wall causing an extravascular hema-
toma which freely communicates with an intravascular space 
(pulsating hematoma). An example of a false aneurysm is 
a ventricular rupture contained in a pericardial adhesion or 
an arterial leak at the anastomosis site of a synthetic graft 
with a native artery. Aneurysms are also classified by shape 
and size. A fusiform aneurysm is a diffuse circumferential 
dilation of a long (up to 20  cm) vascular segment. A sac-
cular aneurysm is a spherical outpouching that is between 5 
and 20 cm, and they often contain a thrombus. A dissection 
on the other hand is a hematoma or hemorrhage within the 
walls of a blood vessel. Dissections are often but not always 
aneurysmal (Fig. 22.10).

The pathogenesis of an aneurysm is related to the altera-
tion in the structure and/or function of the vessel wall con-
nective tissue. Risk factors include intrinsic deficiency of 
the connective tissue wall commonly seen in Marfan’s and 
Loeys-Dietz syndromes, Ehlers-Danlos, and vitamin C 
deficiencies. In Marfan’s there is defect in the synthesis of 
fibrillin which leads to abnormal transforming growth factor 

Table 22.3 Types and major causes of hypertension (systolic and 
diastolic)

Essential hypertension (idiopathic accounts for 90–95% of cases)
Secondary hypertension is primarily due to renal or endocrine 
disorders
Renal
Glomerulonephritis
Chronic kidney disease
Renal artery stenosis
Polycystic kidney disease
Renal vasculitis
Renin producing tumors
Endocrine
Adrenocortical hyper function: Cushing’s syndrome, primary 
hyperaldosteronism, congenital adrenal hyperplasia, licorice 
ingestion
Exogenous hormones: Glucocorticoid therapy, estrogen, 
sympathomimetic, tyramine containing food, monoamine oxidase 
inhibitors
Pheochromocytoma
Acromegaly
Hypothyroidism (myxedema)
Hyperthyroidism (thyrotoxicosis)
Pregnancy induced
Neurologic
Raised intracranial pressure
Sleep deprivation
Surgical stress from pain
Cardiovascular
Coarctation of the aorta
Polyarteritis nodosa
Volume overload

Table created by Dr. Samuel Onyewu

Fig. 22.10 Diagram of 
Aortic aneurysm and 
dissection. (Modified from 
Pinard [55])

S. C. Onyewu et al.
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beta (TGF-B) activity, resulting in progressive weakness of 
elastic tissue in the aorta. In Loeys-Dietz syndrome, muta-
tion in TGF-B receptors leads to abnormal elastin and col-
lagen I and III. Aneurysms in individuals with Loeys-Dietz 
syndrome rupture easily even at small sizes [56]. Ehlers-
Danlos is also associated with defective collagen III synthe-
sis. Vitamin C deficiency is associated with altered collagen 
cross-link.

Another etiology leading to aneurysm formation is the 
imbalance between collagen synthesis and degradation 
secondary to local inflammatory infiltrates and proteolytic 
enzymes. Metalloproteinases (MMP) from macrophages 
in atherosclerotic plaques and vasculitis have been impli-
cated in aneurysm development [57]. MMP has the ability 
to degrade all the components (collagens, elastin, proteogly-
cans, laminin, fibronectin) of ECM in arterial walls. Also, 
there may be loss of smooth muscle cells or synthesis of 
non- collagenous or non-elastic ECM.  This can occur due 
to ischemia in the media layer secondary to atherosclerotic 
thickening in the intima. Demand ischemia occurs due to the 
increased distance of oxygen and nutrients travel to supply 
the smooth muscles. Systemic hypertension can also occur 
due to narrowing of the vasa vasorum. Histologically this 
change is described as cystic medial degeneration. The two 
most important disorders that predispose to aortic aneurysms 
are atherosclerosis and hypertension. The symptoms of an 
aortic aneurysm depend on the location. It ranges from chest 
or abdominal pain secondary to obstruction, compression or 
ischemia, pulsating mass, hemorrhage with shock, and death 
following exsanguination.

Vascular dissection occurs when blood finds its way 
through the walls of an aorta. Dissection commonly occurs 
in middle aged (40–60-year-old) men with an underlying 
history of hypertension. In younger individuals the history 
of Marfan’s disease is usually present. Dissection can also 
occur following aortic cannulation during cardiopulmonary 
bypass and cardiac catheterization. The major pathogenesis 
of dissection is hypertension. Hypertensive patients have 
medial hypertrophy of the vasa vasorum. Medial hyper-
trophy is associated with degenerative changes of the aor-
tic media and variable loss of medial smooth muscle cells. 
Vascular dissections are also associated with inherited or 
acquired connective tissue disorder (Marfan’s, Ehlers- 
Danlos, vitamin C deficiency, and copper deficiency). Types 
of dissection depends on the involvement of the ascending 
aorta. Type A and B or DeBakey I/II or III (Fig. 22.11). The 
presentation of vascular dissection depends on the area of 
involvement. Therefore, symptoms may include chest pain 
radiating between the scapulae, and back pain from trans-
verse myelitis if the spinal arteries are affected. Prognosis 
has improved over the years, and the main goal of treatment 
is blood pressure control.

 Vasculitis

Vasculitis is defined as inflammation of the vascular wall of 
arteries, veins, and capillaries. The presence of these ves-
sels in various organ systems allows vasculitis to occur in 
all organs resulting in an overall general clinical presenta-

Fig. 22.11 Diagrammatic 
representations of the types of 
dissection. (Modified from 
Matthews JP, Swaminathan 
M, Ayoub CM. Clinical 
manual and review of 
transesophageal 
echocardiography. 2nd ed. 
www.accessanesthesiology.
com)
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tion. Approximately 20 primary types of vasculitis are rec-
ognized. Efforts have been made to classify them based on 
the vasculature involved, the size of the vessel they affect, 
associated organs implicated, pathologic mechanism, mor-
phologic characteristic at presentation, and even patient 
demographics [58]. Although, this is still an evolving pro-
cess, the Chapel-Hill nomenclature remains the most widely 
accepted classification approach [59] (Fig. 22.12).

Vasculitis is often immune mediated or caused by infec-
tion. Infectious etiologies can also lead to non-infectious 
vasculitis by indirectly inducing immune complexes and 
causing cross-reactivity. Treatment modality may be coun-
terproductive if the etiology is not identified. Other causes 
of vasculitis include radiation, mechanical trauma, and bio-
chemical toxins. Non-infectious vasculitis is initiated by 
immune complex deposition, antineutrophil cytoplasmic 
antibodies (ANCA), and anti-endothelial cell antibodies. 
Immune complex associated vasculitis has many similarities 
of other immune complex conditions such as Arthus reaction 
and serum sickness [60]. Examples of immune complex vas-
culitis include systemic lupus erythematosus (SLE), poly-
arteritis nodosa (PAN), and drug hypersensitivity vasculitis 
(penicillin and streptokinase). For patients with SLE, there 
is a DNA-anti-DNA complex which bind to vascular walls. 
About 30% of PAN patients have circulating HBsAg-anti 
HBsAg antibody complex [61]. Drug hypersensitivity vas-
culitis occurs when a drug (penicillin) binds to serum pro-
teins. Drug hypersensitivity vasculitis can also occur when 
foreign protein (streptokinase) binds to antibodies and form 
circulating immune complexes (See Fig. 22.12). The tempo-
ral sequence of antigen-antibody complex formation is yet 
to be fully understood. Antineutrophil cytoplasmic antibod-
ies (ANCAs) are described as antibodies that react against 
constituents (mainly enzymes) of neutrophil. Reactivity is 

primarily to granules, monocytes, lysosomes, and endothe-
lial cells. ANCA can be divided into  anti-myeloperoxidase 
(MPO-ANCA) formerly known as perinuclear ANCA 
(p-ANCA) and anti-proteinase- 3 (PR-3 ANCA), formerly 
known as cytoplasmic ANCA (c-ANCA). MPO is a lyso-
somal granule that produces free oxygen radicals and is 
induced by agents, such as propylthiouracil. PR-3 is a neu-
trophil azurophilic granule constituent [61, 62]. PR-3 ANCA 
are seen in Wegener granulomatosis, while MPO-ANCA 
are common with microscopic polyangiitis and Churg-
Strauss syndrome. ANCAs are useful markers for diagnosis 
of ANCA vasculitis. The mechanism of action is activation 
of neutrophils which synthesize free radicals and proteo-
lytic enzymes. The ensuing neutrophil-endothelial interac-
tion leads to endothelial cell damage. Anti-endothelial cell 
antibodies are antibodies to endothelial and smooth muscle 
cells predisposing patients to Kawasaki disease [63, 64]. 
Infectious vasculitis occurs following localized invasion 
of bacteria and fungi. Hematogenous spread from distant 
infectious site following septicemia or embolization from 
infective endocarditis can also cause vasculitis. Organisms 
commonly involved are Aspergillus and Mucor. These fungi 
can lead to aneurysm, thrombosis, or infarction.

 Diabetes Mellitus

Diabetes mellitus is a condition that is associated with 
impaired glucose utilization by cells. EC dysfunction associ-
ated with type 1 diabetes aka insulin-dependent diabetes is 
predominantly caused by the metabolic changes seen with 
hyperglycemia and microvascular complications prominently 
in retinal and renal vessels [65]. Non-insulin-dependent 
(type 2) diabetes is associated with obesity and metabolic 

Fig. 22.12 Diagrammatic 
schema of the various types of 
vasculitis and vasculature 
affected. (Modified from 
Imboden JB, Hellmann DB, 
Stone JH. Current diagnosis 
and treatment; Rheumatology. 
3rd ed. www.accessmedicine.
com)

S. C. Onyewu et al.
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syndrome. In type 2 diabetes, EC dysfunction begins before 
the clinical onset of diabetes [66–68]. Patients with insulin-
deficient diabetes (type 1) have multiple EC dysfunctions. 
EC dysfunction resulting in dysregulation of vascular tone, 
organ perfusion derangement, inhibition of inflammation/
trans-endothelial transport of blood solutes, prevention of 
coagulation, and initiation of angiogenesis [68–75]. High 
fat diet has been shown to impair delivery of insulin to the 
interstitial space causing a dysfunction in endothelial insulin 
signaling [73]. Hyperglycemia causes mitochondrial frag-
mentation, and dysfunction leading to increased mitochon-
drial reactive oxygen species (ROS) production and vascular 
tone dysregulation, which is secondary to rapid breakdown 
of nitric oxide (NO) [73, 76, 77]. This has been suggested 
as the etiology of EC dysfunction in patients with diabetes. 
However, various studies have shown it is multifactorial and 
not just hyperglycemia (Fig. 22.13).

Perivascular adipose tissue (PVAT) found in the abdomen 
and blood vessels, have been described to control insulin 
sensitivity and endothelial function. They have shown to be 
critically involved in the regulation of local vascular tone and 
inflammation [68, 79–81]. PVAT is reported to be impaired 
in obesity and type 2 diabetes [70, 77, 82]. PVAT inflam-
mation has been associated with hypoperfusion of adipose 
tissue, leading to concomitant hypoxia, which may alter adi-
pocyte secretion, thus causing dysfunction in vascular tone.

 Neoplasm

There are multiple tumors of endothelial origin; some are 
benign while others malignant. Examples of benign tumors 
are hemangioma and lymphangioma, while angiosarcoma is 
a malignant tumor. Benign tumors are lined with a layer of 
normal endothelial cells, filled with blood cells or lymph. 
Malignant tumors do not have well-organized conduits and 
are composed of more disorganized cells, that are constantly 
proliferating with no distinct morphology. CD-31 and von 
Willebrand’s factor are endothelial markers used to identify 
malignant cells with poor atypia immunohistochemically 
[83]. Hemangiomas are very common tumors which are 
characterized by normal and abnormal blood vessels filled 
with blood. They are common in infancy and early child-
hood and are usually localized even though they are quite 
ubiquitous. Capillary hemangiomas spontaneously regress 
and rarely undergo malignant transformation. Cavernous 
hemangiomas are associated with abnormal blood vessel for-
mation in deep tissues and are likely to cause pressure symp-
toms or rupture. Lymphangiomas are analogous to blood 
vessel hemangiomas but devoid of erythrocytes. There are 
two types, simple (capillary) and cavernous lymphangioma 
(cystic hygroma). They are quite common in the head, neck, 
and axilla of children. Angiosarcomas are malignant endo-
thelial cell tumors common in adults. Angiosarcomas are 
associated with carcinogen exposure: arsenics, thorotrast, 

Fig. 22.13 Schematic 
diagram showing the effect of 
hyperglycemia on endothelial 
function. (Modified from Van 
den Oever et al. [78])
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polyvinyl chloride, and tumors such as lymphangiosarcoma 
and are poorly  differentiated. In contrast to angiosarcomas, 
hemangiomas are well differentiated.

 Anesthetic Considerations

 Acute Critical Illness and Endotheliopathy

Acute critically ill patients scheduled for operative interven-
tion may have multisystem organ dysfunction that emanates 
from endotheliopathy [84]. The endothelium and glycocalyx 
are normally naturally anticoagulated by heparinoids, tis-
sue factor pathway inhibitor, thrombomodulin system, and 
tissue plasminogen activator (tPA). These factors interact 
with other mediators to dissolve forming clots [84]. In acute 
severe trauma, sepsis, post cardiac arrest and MI, endothelial 
inflammation, and dysfunction in the anticoagulation system 
causes hypocoagulation [85]. In addition, there is shock- 
induced sympatho-adrenal hyperactivation which leads to 
endotheliopathy. This endothelial injury induces a severe 
imbalance between the quiescent and activated state, leading 
to hypoperfusion and increased mortality (Fig. 22.14). One 
in four patients admitted to and from the emergency room 
have some form of coagulopathy [85]. While many patients 
have other causes such as drug reaction or side effect, the 
coagulopathy that is associated with acute trauma, septic 
shock, bacteremia, myocardial infarction, and post cardiac 
arrest syndrome has a mortality rate that is three to four times 
higher (mortality rate of 50%) than patients with these same 
diagnosis without coagulopathy [86].

 Preoperative Consideration

The widespread presence of EC throughout the body means 
that EC dysfunction may lead to generalized organ derange-
ments and various associated conditions. Preoperatively, it 
is necessary to perform a thorough evaluation. Prior medi-
cal conditions such as a cerebral vascular accident, cardio-

vascular changes, pulmonary disease, diabetes mellitus, 
and medication history need to be reviewed. The planned 
surgical procedure and acuity of the surgery needs to be 
ascertained. The risks and benefits should be discussed with 
the patient, surgeon, and anesthesiologist. Appropriate pre-
operative workup, anesthetic planning, and postoperative 
course must be carefully addressed. Patient presenting to the 
operating room with severe trauma, sepsis, acute MI, and 
post cardiac arrest syndrome has coagulopathy and adrenal- 
catecholamine hyperstimulation. While the approach has 
been supportive and addressing matters as they evolve in 
the past, recent reports suggest that beta blockers and ACE 
inhibitors may help to optimize microcirculation through 
reduction or reversal of endothelial injury. This is accom-
plished through their impact on inhibiting the catecholamine 
surge associated with endotheliopathy [84].

 Intraoperative Consideration

On arrival to the operating room, the standard monitors and 
other monitoring modalities needed should be applied based on 
the patient’s comorbidities. Invasive versus non-invasive blood 
pressure management, echocardiogram, glucose, and temper-
ature monitoring should all be considered on a case-by-case 
basis. It is imperative in each case to preclude potential intra-
operative sequelae following induction and the possible effect 
of the anesthetic administered. Intraoperative bleeding can be 
decreased through efforts to reduce glycocalyx and endothelial 
injury [87]. In a recent randomized study in patients undergo-
ing emergent thoracic aortic dissection surgery, and required 
transfusion,  patients who received Octaplast LG (solvent/
detergent-treated pooled plasma) when compared to standard 
FFP, the former patients (Octaplas LG) had reduced glyco-
calyx and endothelial injury, reduced bleeding, less transfu-
sion requirements, use of prohemostatics, and ventilator days 
post operatively [88]. The concern raised is routine transfu-
sion with glycocalyx, leading to barrier erosion which may 
cause coagulation dysfunction, endothelium inflammation, 
and injury due to contaminants or substances in the blood [87, 

Fig. 22.14 Shock-induced 
endotheliopathy (SHINE). 
Schematic illustration of the 
changes in the vascular 
compartment with increasing 
disease severity and 
increasing sympatho-adrenal 
activation. (Modified from: 
Johansson et al. [84])
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89]. Furthermore, in animal models with hemorrhagic shock, 
it has been shown that plasma administration when compared 
to crystalloid is associated with improved endothelial integrity 
and restoration of the glycocalyx layer [89].

 Postoperative Consideration

Patients with EC dysfunction may be at risk for bleeding, 
hyper-hypoglycemia, and cardiovascular or cerebrovascular 
event. Depending on the severity of the clinical presentation, 
postoperative care of patients with endotheliopathy and dis-
eases associated vascular endothelial dysfunction needs to be 
carefully planned before the end of the intraoperative course. 
Transition of care for patients with conditions involving EC 
dysfunction should be closely monitored. Appropriate care 
assessment, discussion, and planning may preclude potential 
complications.

 Prevention/Management

The Western diet is high in unsaturated fats, and the lifestyle 
has become more sedentary compared to Mediterranean and 
Oriental diet [14]. Hence, there is a significant progression 
of adverse cardiovascular risk factors in western population. 
Pharmacological, physical activity, and lifestyle modifica-
tion often may not treat or prevent EC dysfunction.

 Pharmacological

The ubiquitous nature of ECs allow ECs to be plastic and 
amendable to therapeutic intervention [14]. Hence, ECs 
are reliable conduits for therapeutic interventions of vari-
ous pathologic conditions. Multiple medications for hyper-
tension, hyperlipidemia, diabetes, thrombosis, and cancers 
have been synthesized and prescribed to patients to prevent 
or treat the associated clinical sequelae of endothelial dys-
function. These medications have not shown to be curative 
for the various disorders associated with vascular endothelial 
dysfunction. There is a significant need for physical activity 
and lifestyle modification adjuncts.

 Physical Activity

A few studies have shown that moderate-intensity aero-
bic exercise improves endothelial function in animals and 
humans with and without cardiovascular risk factors [90–
93]. Exercise training has been shown to ameliorate inflam-
mation [14]. Patients with chronic heart failure (CHF) have 
increased markers (tumor necrosis factor a, ICAM-1, and E 

selectin) for endothelial damage. However, these markers 
were absent in CHF patients who exercised regularly [91, 
92]. It was also interesting to note that diet and exercise have 
synergistic effects as opposed to modification from either 
modality diet or exercise.

 Lifestyle Modification

It has been established that various types of fats, saturated, 
monounsaturated, and trans-fatty acids [94–96], have been 
implicated in endothelial dysfunction. These specific fats 
have been found in partial hydrogenation of vegetable oils 
commonly found in margarine, pastry products, and frozen 
foods. A Mediterranean diet low in saturated fats, high in 
vegetables content, and olive oil (which contains oleic and 
linoleic acids) reduces endothelial dysfunction, insulin resis-
tance, and markers of vascular inflammation [97–100]. In 
addition, polyphenols found in fruits, cereals, olive, vege-
tables, legumes, chocolate, tea, coffees and wine [101, 102] 
have antioxidant properties and are known to prevent endo-
thelial dysfunction [103]. Melatonin and red wine also have 
antioxidant properties.

 Conclusion

ECs play an important role in the homeostasis of the body, 
but dysfunction of EC is implicated in various inflammatory 
states and multiple organ system pathology. The goal of this 
chapter is to highlight the various pathologies associated 
with EC dysfunction and how it impacts anesthetic care. An 
overview of the potential complications and conditions asso-
ciated with EC dysfunction is useful for the anesthesiologist 
and other anesthesia care providers to prevent or decrease 
perioperative morbidity and mortality. Knowledge of vascu-
lar endothelial dysfunction and inflammatory states can help 
guide anesthetic assessment, plan, and management. The 
different pathologic states associated with endothelial dys-
function have significant socioeconomic and public health 
impact. Adequate knowledge and modalities to address these 
various pathologies will ultimately improve the global and 
public health burden associated with diabetes and other car-
diovascular diseases.
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 Overview and Introduction

Transfusion in obstetrics presents unique challenges and 
considerations. The most common indication for transfusion 
in this population is post partum hemorrhage (PPH). 
Obstetrical blood management goes hand in hand with 
PPH.  One cannot become proficient in obstetrical blood 
management without intimate knowledge of PPH. Likewise, 
properly managing PPH should lead to a decreased need for 
blood products, which is the best strategy when it can be 
attained. Therefore, this chapter will begin with the critical 
management steps for PPH that should lead to a decreased 
need for transfusion and will end with specific transfusion 
management strategies.

 Epidemiology and Definition

Post partum hemorrhage affects approximately 2% of partu-
rients [1, 2] and is one of the leading causes of maternal 
deaths worldwide, accounting for over 27% of maternal 
deaths [3].

Post partum hemorrhage was classically defined as esti-
mated blood loss (EBL) >500 mL for a vaginal delivery and 
EBL >1000 mL for a cesarean delivery and was divided into 
primary PPH, occurring within 24 hours of birth, and sec-
ondary PPH, occurring more than 24  hours and up to 
12 weeks post partum. However, these definitions are overly 
simplistic, and current definitions vary by society and expert 

opinion [4–10]. Further, since blood loss is difficult to esti-
mate and is often underestimated, societies including ACOG 
[4] have created programs such as the reVITALize program 
to standardize definitions in obstetrics and have included 
other metrics in addition to blood loss such as vital sign 
changes as supplemental criteria regardless of the estimated 
blood loss (EBL). Additionally, although some define PPH 
as EBL >1000  mL, which would decrease the number of 
patients labeled with PPH, blood loss greater than 500 mL 
for a normal spontaneous vaginal delivery (NSVD) is still 
considered to be abnormal [4] and should prompt an escala-
tion of care.

 Risk Factors for Obstetric Hemorrhage

Several studies have identified risk factors for postpartum 
hemorrhage and are presented in Table 23.1.

While identifying patients at risk for PPH is an important 
step in hemorrhage planning and management, probably the 
most important take away is that there is a very high incidence 

23

C. B. Yen (*) · M. M. DiLorenzo 
The Mount Sinai Hospital, Department of Anesthesiology, 
Perioperative and Pain Medicine, New York, NY, USA
e-mail: colleen.yen@mountsinai.org;  
Monica.dilorenzo@mountsinai.org 

D. Katz 
Icahn School of Medicine at Mount Sinai, Department of 
Anesthesiology, New York, NY, USA
e-mail: Daniel.katz@mountsinai.org

Table 23.1 Risk factors for postpartum hemorrhage [4, 11–14]

Risk factors involving a highly or 
overly distended uterus Other risk factors
Macrosomia Prolonged labor
Twin or multiple gestation Augmented labor
Polyhydramnios Rapid labor

History of PPH
Episiotomy
Pre eclampsia
BMI >40
Operative delivery
Coagulopathy
Anticoagulant or antithrombotic 
medication use
Thrombocytopenia
Morbidly adherent placenta
Asian or Hispanic ethnicity
Chorioamonitis
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of PPH in patients with no known risk factors. Risk stratifi-
cation tools have not proven to be specific. In fact, Bateman 
et al. in a population study of almost 900,000 deliveries with 
more than 25,000 episodes of PPH found that in patients 
aged 20–40  years who had a normal spontaneous vaginal 
delivery (NSVD) complicated by atony that required transfu-
sion, only 38% of patients had one of the risk factors tested 
[13]. The conclusion is that even though we can identify high 
risk patients with scoring systems, every patient on the labor 
floor is at risk for PPH. This highlights the importance of 
labor and delivery units being prepared with plans and 
resources to rapidly respond to unexpected hemorrhage 
events. Specific management strategies will be discussed 
later in this chapter.

 Preventing PPH and Blood Transfusion

The most important step in obstetrical transfusion manage-
ment is preventing obstetrical hemorrhage. It is important to 
recognize that PPH is frequently preventable and represents 
an area for improvement in obstetric care and outcomes. 
Several major obstetric and anesthesiology societies recom-
mend the use of uterotonic medications as first-line preven-
tion of PPH.  An active type and screen should also be 
obtained and confirmed at the first sign of hemorrhage, if not 
in all obstetric patients at the time of presentation in labor [4, 
15], as discussed above, unanticipated hemorrhage in 
patients with few or no risk factors is not uncommon.

When thinking about preventing PPH, it is important to 
recall that the vast majority of PPH cases (60–80%) are due 
to uterine atony, followed by retained placenta, defects in 
coagulation, uterine inversion, and genital tract trauma [13, 
14], which are summarized as the 4 Ts in Table 23.2.

Active management of the third stage of labor (delivery of 
the placenta) reduces the risk of PPH and is defined as 
administration of a prophylactic uterotonic [16], early umbil-
ical cord clamping, and controlled cord traction to facilitate 

placental delivery. Active management of the third stage of 
labor is recommended for every delivery, and oxytocin or its 
analogue carbetocin, which causes uterine contraction and 
prostaglandin production, is considered to be the drug of 
choice for first-line treatment. Per a Cochrane meta-analysis, 
oxytocin was found to probably reduce blood loss and the 
need for additional uterotonics, though optimal dose and 
timing have yet to be determined [6, 16–19]. When neces-
sary, additional uterotonics such as misoprostol, methylergo-
novine, and carboprost have been shown to be effective when 
used with or immediately following oxytocin [20–26]. It is 
important to keep in mind that each uterotonic comes with 
potential side effects and may be contraindicated in patients 
with certain conditions, summarized in Table 23.3.

Occasionally, in cases where severe hemorrhage is antici-
pated and would be challenging to control, such as in pla-
centa percreta, surgical strategies to prevent bleeding may be 
employed. Arterial balloon catheters may be placed in a pre-
emptive manner and are most commonly placed in the uter-
ine arteries; however more proximal balloons in the iliac 
arteries and the aorta have also been used [29]. Uterine artery 
embolization has been used in such a manner for both pro-
phylactic control of bleeding [30] or as a rescue measure as 
part of a uterine conservation strategy [31]. A significant 
number of patients, however, will continue to bleed in spite 
of uterine artery embolization given the redundancy of blood 
flow to the uterus [32], and in these cases emergent uterine 
artery embolization or hysterectomy may be required.

 Recognition and Quantification of PPH

One of the largest challenges in obstetrical blood manage-
ment is estimating how much blood has been lost and deter-
mining how much blood to replace. Physiologic perturbations 
are often late signs of hypovolemia in young, healthy parturi-
ent [33]. Peripheral and splanchnic vasoconstriction facili-
tates the relocation of blood from venous capacitance vessels 
to the central circulation, allowing blood pressure and heart 
rate to remain near normal until blood loss exceeds 1500 mL 
in most parturient [33].

Other indicators of blood loss, such as hematocrit and lac-
tate levels, also present challenging limitations. Changes in 
hematocrit and hemoglobin often take hours to manifest, and 

Table 23.2 Common causes of PPH [13, 14]

Tone Uterine atony
Tissue Placental retention/morbidly adherent placenta
Trauma Tears and lacerations
Thrombin Coagulopathy

Table 23.3 Second-line uterotonics [26–28]

Uterotonic Mechanism of action Common side effects Possible contraindications
Misoprostol Prostaglandin E1 causes uterine contraction Nausea, vomiting, maternal 

pyrexia
Concern for aspiration or 
increased oxygen demand

Methylergonovine Semi-synthetic ergot alkaloid increases tone, rate, 
and amplitude of rhythmic contractions

Hypertension Hypertension, coronary artery 
disease, preeclampsia

Carboprost Analogue of prostaglandin F2 alpha causes 
smooth muscle contractions

Bronchospasm, hypertension, 
nausea, vomiting, diarrhea

Asthma, hypertension, concern 
for aspiration
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a nadir may not be reached until post partum day 2 or 3 [34] 
and are further confounded by crystalloid administration as 
well as clinical states such as pre eclampsia where vascular 
permeability is altered [35, 36]. Arterial lactate levels have 
been successfully used as a surrogate marker for tissue perfu-
sion in trauma [37, 38], sepsis [39], and gastrointestinal bleed-
ing [40], and the lactate level trend and absolute value have 
been used in obstetrics to assess oxygen delivery and the need 
for transfusion or to assess for the efficacy of interventions 
aimed at facilitating tissue perfusion, though data supporting 
their use in PPH is limited. However, the utility of both hema-
tocrit and lactate testing may be limited by the availability of 
point-of-care testing and laboratory turn around times. In fact, 
they may result so late as to provide no clinical value to a pro-
vider managing an acute or rapid hemorrhage.

 Patient Blood Management and PPH

Current guidelines for transfusion are based on evidence spe-
cific to the non-pregnant adult major trauma and military 
medicine patient and recommend the use of formulaic trans-
fusion of packed red blood cells (PRBC), fresh frozen plasma 
(FFP), and cryoprecipitate in fixed ratios [41, 42]. However, 
the baseline coagulation profile of a pregnant patient and a 
non-pregnant patient is very different, and there is no data to 
extrapolate the formulaic transfusion used in trauma and 
military medicine to obstetric hemorrhage [41–43]. This is 
especially true in regard to components such as fibrinogen 
(discussed below) in which transfusion of plasma-based 
products can incite a dilutional coagulopathy.

First, we will discuss the change in coagulation status in 
the term parturient and subsequently the impact of the coag-
ulopathy of PPH on this coagulation status, with emphasis 
on fibrinogen level as a therapeutic target. Next, we will dis-
cuss steps in anticipation for PPH including blood product 
availability and triggers for transfusion of PRBC specifically. 
Further, we will discuss massive transfusion protocols in 
obstetric anesthesia, transfusion of incompatible blood in a 
patient with multiple antibodies, and cell salvage. 
Importantly, we will stress the ability of viscoelastic testing 
to overcome many of the shortfalls of traditional coagulation 
testing in the management of PPH. Finally, we will discuss 
pharmacologic adjuncts including antifibrinolytics, fibrino-
gen concentrates, prothrombin complex concentrates, 
recombinant activated factor VIIa, and calcium in obstetrical 
blood management.

 Change in Coagulation Factors in the Pregnant 
Patient

Pregnancy is a hypercoagulable state [43, 44]. In the preg-
nant patient, there is an increase in procoagulant activity 

(characterized by increases in factors V, VII, VIII, IX, X, XII, 
von Willebrand factor, and fibrinogen) and a decrease in 
endogenous anticoagulant activity (characterized by 
increases in heparin cofactor I1 antitrypsin, protein S activ-
ity, and activated protein C resistance) [43, 44]. Platelet 
count may decrease during pregnancy (gestational thrombo-
cytopenia) but rarely occurs to a level that contributes to risk 
of bleeding [45].

The change in fibrinogen in a term pregnancy is important 
and significant; fibrinogen level in a pregnant patient at term 
ranges from 350 to 650 mg/dL, which is nearly double in the 
fibrinogen level in a non-pregnant patient [43]. The change 
in fibrinogen may not be reflected in a facility’s reference 
range, which may cause the under-recognition of hypofibri-
nogenemia. Other laboratory markers of coagulation such as 
the prothrombin time (PT) and partial thromboplastin time 
(PTT) do not usually become abnormal during obstetric 
hemorrhage until large volumes of blood have already been 
lost [43].

 Coagulopathy in Postpartum Hemorrhage

Coagulopathy associated with PPH is likely a complex inter-
action between dilution, local consumption, disseminated 
consumption, and increased fibrinolysis [46, 47]. Although 
an increase in procoagulant activity is seen in the pregnant 
patient, these protective mechanisms may be quickly over-
come in the setting of massive blood loss [47]. The rapid 
consumption of clotting factors and platelets in massive 
hemorrhage can quickly exceed the normal surplus of coagu-
lation factors [47]. Furthermore, critical levels of prothrom-
bin, factor V, factor VII, and platelets are reached after a loss 
of greater than 200% of calculated blood volume, whereas 
life-threatening levels of fibrinogen are reached after a loss 
of only 140% [47].

 Fibrinogen

Although factor repletion is an important component of 
preventing coagulopathy, fibrinogen deserves special con-
sideration as a biomarker in the diagnosis of hemorrhage 
and as a potential therapeutic target for the management of 
hemorrhage. Fibrinogen is one of the main building blocks 
in coagulation, and a low fibrinogen level has been identi-
fied as an early predictor of severe PPH [44, 48]. Charbit 
et  al. assessed coagulation profiles of 128 patients with 
atonic PPH (after administration of a second-line utero-
tonic) for 24 hours after onset of bleeding. Maternal fibrin-
ogen level was  independently associated with severe PPH; 
for every 1 g/L decrease in fibrinogen, there was a 2.6-fold 
increased odds of severe PPH. A baseline fibrinogen level 
≤2 g/L taken at the time of bleeding onset had a positive 
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predictive value of 100% [42, 44, 49]. These results dem-
onstrate that a low fibrinogen level during the early phase 
of postpartum bleeding can predict the later development of 
severe PPH [44].

 Blood Product Availability

One of the earliest steps in patient blood management is to 
have blood products available when needed. Practices in 
routine laboratory testing of the obstetric patient vary by 
institution and can vary from no routine testing to a univer-
sal type and screen. Although hemorrhage bundles encour-
age use of preemptive type and screen for moderate-risk 
patients and type and cross-match for high-risk patients, 
less guidance is given as to what should be done in the low-
risk population who still contribute to a significant portion 
of patients with PPH [50]. The ASA Task Force on Obstetric 
Anesthesia practice guidelines state that the literature is 
insufficient to determine whether type and screen leads to 
fewer maternal anesthetic complications and whether type 
and cross-match is necessary for healthy and uncompli-
cated parturients [51]. From a cost analysis perspective, 
universal type and screen for all patients is not cost-effec-
tive and only marginally reduces the need to transfuse 
uncrossed blood [52]. Each institution must determine their 
own approach based on local guidelines, patient mix, and 
cost-effectiveness while maximizing the degree of clinical 
impact [44].

 Massive Transfusion Protocol

When the maternal rate of bleeding is rapid, several units of 
blood products will not suffice to ensure avoidance of mater-
nal morbidity and mortality. In the event of massive hemor-
rhage, large volumes of blood products are needed 
expeditiously, and massive transfusion protocols (MTPs) 
were developed for this purpose. The criteria to meet mas-
sive transfusion is discussed elsewhere.

As discussed, there is no consensus on the optimal RBC- 
to- plasma ratio in the management of obstetric hemorrhage. 
Popular ratios for transfusion include PRBC/FFP/platelet 
ratio of 6:4:1 or 4:4:1. While some societies such as ACOG 
recommend fixed product ratios for obstetric hemorrhage 
MTPs, others such as the Royal College of Obstetricians and 
Gynecologists (RCOG) recommend set volumes of plasma 
following RBC transfusion [43]. The CMQCC recommends 
that transfusion be based on vital signs and should not be 
delayed while awaiting laboratory results [43]. In the obstet-
ric patient, many transfusion protocols include cryoprecipi-
tate, in anticipation of a rapid decrease in fibrinogen during 
severe hemorrhage.

Implementation of a massive transfusion protocol has 
been shown to improve the timeline of blood transfusion and 
to be cost-effective due to a lower overall usage of blood 
products [44]. Additionally, utilization of the MTP not only 
improves the line of communication for ordering and trans-
porting blood products from the blood bank to the labor and 
delivery unit but also ensures that blood products continue to 
be available until surgical and hemostatic control of hemor-
rhage has occurred [44].

A survey of 60 directors of academic obstetric anesthesia 
units across the United States reported that 95% of labor and 
delivery units had an MTP protocol [44, 53]. However, most 
centers lacked a standardized initiation cut off which caused 
variability in use. Most institutions with an initiation standard 
used a cut-off of 1500 mL with uncontrolled bleeding [53].

 Multiple Antibodies and Transfusion 
of Incompatible Blood

Specific patient populations including patients with sickle 
cell disease, thalassemia, and hemophilia have higher rates 
of blood antibodies [53]. These patients are still at risk for 
obstetric hemorrhage and may require transfusion. Usually, 
every effort is made to avoid the transfusion of incompatible 
blood, through efforts including prophylactic preparation of 
cross-matched blood products 48 hours prior to induction of 
labor, use of cell salvage, and early intervention for obstetric 
hemorrhage such as uterine artery embolization and hyster-
ectomy to obtain surgical control [53]. If the transfusion of 
incompatible units becomes necessary, the clinician should 
transfuse in ascending order of clinical hemolytic severity of 
the antibody of concern. The blood bank, hematology, and 
maternal fetal medicine should be involved if transfusion of 
known incompatible blood is to take place [53].

 Transfusion Triggers for PRBC Transfusion 
in Non-MTP Circumstances

There is no optimal Hob/Hot goal that must be met during 
obstetric hemorrhage; however the common threshold of a 
Hob of 7 g/ld. or a Hot of 21% is commonly cited [50, 54]. 
Although a Hot of 18–25% may be tolerated in an otherwise 
healthy parturient, most experts agree that PRBC transfu-
sion is warranted with a Hot of less than 25% in the set-
ting of active bleeding [47]. A higher Hot during ongoing 
hemorrhage both maintains tissue and organ perfusion and 
improves overall coagulation status [47]. Clinical markers 
including serum pH, lactate, base deficit, and bicarbonate 
have been extensively studied as markers of resuscitation 
success in shock [53]. As a patient’s volume status may 
change rapidly during hemorrhage resuscitation, it is rec-
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ommended to repeat testing every 30–45 minutes until the 
hemorrhage is controlled [43]. However, during an acute 
event, there can be significant fluctuations and variability 
in measurements, and therefore laboratory tests should not 
be used as the sole criteria to transfuse packed red blood 
cells (PRBCs). Anesthesiologists often use these values in 
conjunction with evidence of hypovolemia and oxygen debt 
such as oliguria, refractory hypotension/tachycardia, and 
arterial lactate to guide PRBC transfusions. Other clinical 
endpoints of successful resuscitation include a maintained 
mean arterial pressure ≥65 mmHg, sustained mental status, 
and acid-based status [53]. It would make sense that insti-
tutions that perform QBL would integrate these values into 
transfusion algorithms. As it stands current transfusion prac-
tice is a delicate balance between under- and over-resuscita-
tion, with negative consequences for both.

 Cell Salvage

For a long time, the use of cell salvage during obstetric hem-
orrhage was considered controversial due to the possibility of 
amniotic fluid embolism (AFE) and maternal alloimmuniza-
tion to fetal RBC antigens [43, 47, 48]. Newer data suggests 
that the risk of AFE and maternal-fetal alloimmunization can 
be decreased by use of leukocyte depletion filters (LDF) and 
separation of suction for blood and amniotic fluid prior to pla-
cental delivery [48]. Newer generation LDF are effective in 
decreasing the number of amniotic fluid proteins, bacterial 
contamination, free hemoglobin, and potassium [48]. With 
these new separate filters, large case series have demonstrated 
a lower risk profile for salvaged blood, with no cases of AFE 
reported, and are now supported in current guidelines.

However, obstetric hemorrhage is unpredictable, and a 
major challenge is the inability to set up cell salvage for 
every delivery [43]. As such, emphasis has been put on 
identification of those at high risk for obstetric hemor-
rhage, including multiple gestation, placenta previa, and 
invasive placentation [43]. The ACOG and ASA support 
cell salvage in parturients in whom large blood loss is 
expected (>20% of blood volume) [43, 48, 55]. Cell sal-
vage may be especially useful in settings with limited 
blood product availability or in specific obstetric popula-
tions including rare blood types and Jehovah’s Witnesses 
[43, 47]. Any patient receiving salvaged blood should 
undergo testing for fetal RBC exposure and administered 
Rh immunoglobulin if clinically indicated [43].

 Goal-Directed Therapy and Viscoelastic Testing

An obstacle to avoiding coagulopathy in PPH lies in the limi-
tations of traditional coagulation testing. Traditional coagula-

tion tests such as prothrombin time (PT), partial thromboplastin 
time (PTT), and clauss fibrinogen assays do not give the full 
picture of hemostasis during obstetric hemorrhage and only 
provide guidance on initial clot formation [56, 57]. It is well-
recognized that these traditional coagulation tests are poor 
predictors of bleeding [42]. During obstetric hemorrhage, PT 
and PTT often remain within normal range even until blood 
loss reaches 4000–5000 ml [42]. Further, these tests may have 
long turnaround times (60–90 minutes); thus results are less 
relevant in an acutely changing situation, and many clinicians 
may decide to transfuse based on a protocol-based approach 
or upon clinical judgment [42]. The issue with formulaic 
transfusion is that not all obstetric hemorrhage is the same, 
and patients may present with a variety of bleeding pheno-
types. In many cases administering FFP may cause a dilu-
tional coagulopathy, especially in the case of 
hypofibrinogenemia. Plasma transfusion must occur in large 
volumes to be effective, which may lead to volume overload 
or other transfusion reactions [58, 59].

Viscoelastic testing via thromboelasography (TEG) or 
thromboelastometry (ROTEM) overcome many of the short-
falls of traditional coagulation tests. TEG and ROTEM assess 
and graphically display the viscoelastic properties from clot 
formation to clot lysis, provide actionable information within 
minutes, and allow for specific goal-directed therapy. An 
important advantage of these assays is the quick turnaround 
time, with an evaluation of clot kinetics generated in 
5–10 minutes [42]. Studies in the obstetric population have 
shown both agreement and correlation between viscoelastic 
testing parameters and traditional coagulation assays, with a 
decreased time for data acquisition [60, 61]. This is espe-
cially true for measurements of fibrinogen, which has been 
shown to be a prognostic indicator and therapeutic target in 
obstetric hemorrhage. A FibTEM A5, which is the amplitude 
of the FibTEM trace at 5 minutes after the start of clot forma-
tion, measures the effect of fibrinogen by eliminating the 
contribution of platelets to clot strength by way of the addi-
tion of cytochalasin D and has been shown to correlate with 
plasma fibrinogen level [62]. A FibTEM A5 of 12 mm cor-
relates approximately with a plasma fibrinogen level of 
2.2 g/L [62]. In 2019, McNamara et al. presented 4 years of 
data on a ROTEM-guided algorithm for obstetric hemor-
rhage. The data compared the use of shock packs, which 
included four units of PRBC, four units of FFP, and one dose 
of platelets, and a ROTEM-guided algorithm with adminis-
tration of fibrinogen concentrates. The data showed a signifi-
cant reduction in morbidity, specifically transfusion-associated 
circulatory overload (TACO) likely secondary to a decrease 
in the transfusion of FFP, and a decrease in the number of 
units and total volume of blood products transfused per 
patient [62]. Comparator studies are ongoing, with early 
results demonstrating that viscoelastic testing driven 
 algorithms can decrease the amount of products given 
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[49, 63, 64], ICU admission [49, 63], hysterectomy [49], and 
length of stay with decreased cost [49].

 Pharmacologic Adjuncts in Postpartum 
Hemorrhage

Maternal death from postpartum hemorrhage may occur 
within hours of onset, especially in clinical settings without 
robust blood banks or with the ability to collaborate with a 
nearby blood bank [53]. Pharmacologic adjuncts including 
antifibrinolytics, fibrinogen concentrates, prothrombin com-
plex concentrate (PCC), recombinant factor VIIa (rFVIIa), 
and calcium may aid in both high and low blood bank 
resource settings as adjuncts to massive transfusion 
protocols.

 Antifibrinolytics

TXA is a potent antifibrinolytic that binds to lysine resi-
dues in plasminogen and plasmin, preventing plasmin acti-
vation and clot breakdown. It is used widely in the 
management of hemorrhage in the cardiac surgery and 
trauma patient [43, 53] and is shown to significantly reduce 
perioperative blood loss and RBC transfusion without an 
increase in thrombotic events [47]. The utility of TXA in 
postpartum hemorrhage has been recognized since the 
release of data from the World Maternal Antifibrinolytic 
Trial (WOMAN Trial) in 2017 [65]. Including over 20,000 
parturients across almost 200 hospitals in 21 countries, 
women randomized to receive 1  g IV TXA after losing 
500 mL of blood had a decreased incidence of death from 
bleeding (RR 0.64 [95%CI: 0.49–0.85 p  =  0.045]) when 
compared to placebo. If the TXA was administered within 
3 hours of delivery, maternal death was decreased by over 
30%. Importantly, the WOMAN trial found no increase in 
thromboembolic events or renal dysfunction in patients 
who received TXA. The recommended treatment dose of 
TXA is 1  g intravenously, with a second gram adminis-
tered if bleeding continues after 30 minutes, or if hemor-
rhage recurs within 24 hours of delivery [48]. The WHO, 
ACOG, and CMQCC now include TXA recommendations 
in their obstetric hemorrhage guidelines [43]. Several 
small RCTs and meta-analyses studying antifibrinolytic 
therapy in the postpartum period demonstrate that TXA 
use is associated with a reduction in blood loss, decreased 
need for additional uterotonic agents, and higher hemoglo-
bin levels after 24 hours [47]. Another unanswered ques-
tioned is whether one should wait for hemorrhage to start 
as was the study design in the WOMAN trial or if it should 
be given prophylactically for high-risk situations such as 
placenta percreta.

 Fibrinogen Concentrates

While fibrinogen has been identified as a biomarker for 
severe PPH, the optimal fibrinogen concentration to prevent 
coagulopathy is not known. However, the threshold of 
200 mg/dl has been shown to be predictive of progression to 
further hemorrhage, has been used as a cut off value for 
repletion, and is the currently recommended threshold for 
repletion by the American Society of Anesthesiologists [51]. 
With regard to repletion strategy, it is important to note that 
prophylactic treatment prior to the onset of hypofibrinogen-
emia is an ineffective strategy [66, 67]. Therefore, to opti-
mize transfusion management, firstly the measurement of 
fibrinogen levels should occur rapidly, and, secondly, 
fibrinogen- containing products must be readily available. 
The first issue can be overcome with rapid lab protocols or 
viscoelastic testing if available. The second issue is that due 
to high levels of fibrinogen present in term parturients, prod-
ucts such as FFP can dilute fibrinogen levels until the 
extremes of blood loss.

Two therapeutic options are available for fibrinogen 
replacement: cryoprecipitate and fibrinogen concentrate 
[42]. The fibrinogen concentration in cryoprecipitate ranges 
from 3 to 30 g/L, leading to a potentially inconsistent effect, 
and requires two to three freeze-thaw cycles prior to admin-
istration, which can potentially cause a delay in administra-
tion [42]. Also, cryoprecipitate is not virally inactivated and 
is not available in all locations [68]. Fibrinogen concentrate 
has been used as a rapid alternative for fibrinogen repletion 
in obstetric hemorrhage [49, 63, 67]. Fibrinogen concen-
trates are a manufactured concentrated form of fibrinogen 
produced from human plasma. It comes as a powder to be 
reconstituted, does not require refrigeration, and therefore 
may easily be stored near the patient in a controlled release 
compartment system such as Pyxis [42]. Unlike cryopre-
cipitate, fibrinogen concentrates do not require cross-match 
[45, 48] and have decreased risk of infectious complications 
since viral activation and the removal of antigens and anti-
bodies occurs during the manufacturing process [42, 48]. 
Appropriate fibrinogen concentrate therapy can prevent 
unnecessary product transfusion and complications of trans-
fusion such as volume overload and allergic reactions [45]. 
The cost of fibrinogen concentrate varies by location; how-
ever studies looking at the cost of utilizing fibrinogen con-
centrate instead of traditional MTP or shock packs have 
found it to be either cost saving or cost neutral when taking 
into account the complications from transfusion reactions 
and the cost of wasted blood products [49, 63]. The cost- 
effectiveness of fibrinogen concentrate and cryoprecipitate 
in the management of severe obstetric hemorrhage should 
be further explored [49]. A final and important limitation of 
fibrinogen concentrate is that unlike cryoprecipitate, fibrin-
ogen concentrate contains no fibrin stabilizing factors or 
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factor XIII, which in very large hemorrhages can cause 
coagulopathy if not repleted.

 Prothrombin Complex Concentrates 
and Recombinant Activated Factor VIIa

The data for proper dosing and safety of PCCs in PPH is 
limited [48]. They carry a major risk of thrombosis with their 
usage, and clinical experience in the obstetric population are 
limited to case reports in women who have extreme coagula-
tion derangements or refractory hemorrhage [69–71]. The 
advantages of PCCs lie in that they are standardized in their 
composition and activity, unlike FFP in which factor compo-
sition and efficacy are highly variable. They are also stored at 
room temperature and can have shelf-lives of over 36 months, 
which make them highly advantageous in areas with limited 
blood bank resources. More data in the obstetric population 
are needed before they can be considered for anything other 
than severe life-threatening hemorrhage that is refractory to 
all other therapies, as indicated in the ACOG hemorrhage 
bundle [50].

In the setting of intractable obstetric hemorrhage, recom-
binant activated factor VIIa (rFVIIa) may be considered. 
Like PCC, rFVIIa is associated with arterial and venous 
thrombosis [47], continues to be recommended only as a last 
ditch effort to stop life-threatening bleeding when all other 
efforts have failed, and has no proven survival benefit [48]. 
Although there is no optimal dose range for the parturient, 
60–90 μg/kg IV is mentioned in guidelines [47]; however 
lower doses including 40  μg/kg and 20  μg/kg have been 
attempted and may carry less risk of thrombosis [72]. It 
should be noted that women who receive rFVIIa during man-
agement of amniotic fluid embolism may have worse out-
comes compared to those who did not [73]. A novel topical 
application of rFVIIa has been described in a five patient 
case series in patients with placenta previa [74]. Bleeding 
was well-controlled in all cases; however, more data is 
needed to determine both safety and efficacy of this 
technique.

 Calcium

Vigilance of maternal calcium levels is of paramount impor-
tance during obstetric hemorrhage. Calcium is needed for 
adequate myocardial contractility as well as vascular tone. 
Additionally, it is a co-factor in almost every step of coagula-
tion and is necessary for hemostasis [75]. Calcium levels can 
drop precipitously during obstetric hemorrhage due to hemo-
dilution from non-calcium containing IV fluids and from the 
administration of citrated blood products that chelate cal-
cium. Citrate from blood products can be cleared relatively 

quickly by the liver; however, any hepatic impairment from 
underlying or acute disease including hypotension or hypo-
thermia can delay clearance and cause hypocalcemia. As 
such, ionized calcium should be checked frequently and kept 
in the normal physiologic range during any major obstetric 
hemorrhage. In any case where calcium levels cannot be 
monitored, pre-emptive repletion should be considered. 
Lastly, both acidosis and hypothermia can have profound 
negative impacts on hemostasis and coagulation. Coagulation 
function diminishes once pH drops below 7.2, with prolon-
gation of PT and PTT as well as diminished platelet function 
[76, 77]. Interestingly, coagulation function remains impaired 
upon pH neutralization with sodium bicarbonate administra-
tion which may have other deleterious effects on physiology 
[78, 79]. It would seem based on this evidence that the best 
way to ameliorate dysfunction by acidosis is to prevent its 
onset through oxygen delivery optimization when possible. 
Hypothermia, which can be associated with fluid administra-
tion, insensible loss, and redistribution with induction of 
anesthesia, can impair coagulation with a 10% drop in factor 
activity level per 1  °C drop in temperature [80]. Although 
clinically significant coagulopathy does not seem to appear 
until core temperature drops below 33 °C, efforts to warm 
patients during resuscitation should begin early [81]. 
Maintaining core temperature through monitoring and warm-
ing efforts such as forced air warming and administering 
warmed fluids and blood products is well within the exper-
tise of the anesthesiologist. Rapid infusion devices that 
deliver large volumes of warm fluid are often employed in 
major surgical procedures and ought to be used in PPH when 
indicated and should be readily available on the labor floor.

 Conclusion

PPH management is a complex process requiring constant 
vigilance and support from every discipline. The goals of the 
anesthesiologist in these cases are to place invasive monitors 
and lines, coordinate the administration of uterotonic agents, 
direct transfusion practices including interpretation of POC 
coagulation and lab tests, manage patient hemodynamics, as 
well as optimize non-transfusion based therapies such that 
the obstetrician can focus on surgical modalities to manage 
the uterus and achieve hemostasis.
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 Introduction

Pediatric patient blood management (PBM) is an 
interdisciplinary, evidence-based approach to improving 
patient outcomes through anemia prevention and treatment, 
optimization of hemostasis, and minimization of perioperative 
blood loss. These practices are well established in the adult 
literature and are supported by various health organizations 
including the World Health Organization, the American 
Society of Anesthesiology, the Australian National Blood 
Authority, and the European Society of Anesthesiology. 
However, while these practices have been well established 
for the adult patient population, pediatric PBM lags behind 
[1–5].

In general, the anesthesiology literature reaffirms that 
children are not little adults and that unique differences must 
be recognized for successful outcomes. Adult PBM strate-
gies may not be directly extrapolated to pediatric patients, so 
guidelines addressing patient physiology and disease pro-
cesses are necessary. Pediatric patients must always be 
treated with attention to unique features of each growth 
phase. For instance, neonates and children have higher 

average hemoglobin concentrations and oxygen require-
ments than adults [6]. Additionally, transfusion practices 
may differ significantly between children’s hospitals [7]. In 
response, recent steps have been taken to standardize meth-
odology. Comprehensive standards were released in 2010 by 
the Society of Advancement of Blood Management (a 
Pediatric section was added in 2016), who define PBM as, 
“the timely application of evidence-based medical and surgi-
cal concepts designed to maintain hemoglobin concentra-
tion, optimize hemostasis, and minimize blood loss as to 
improve patient outcome” [1]. Blood transfusions are not 
without risk, so the decision to transfuse must involve a con-
sideration of the risks and benefits [8]. Thus, this chapter will 
describe pediatric physiology from the premature neonate 
through adolescence, the preoperative evaluation, blood con-
servation strategies, surgical discipline-specific consider-
ations, and evidence-based transfusion guidelines.

 History of Pediatric Blood Transfusion

Among the early documented experiments with blood trans-
fusions is the transfusion to a 15-year-old with fever who 
became weak and pale after leeching proved unsuccessful. 
He was transfused with blood from a lamb donor. He sur-
vived, but the donor succumbed. This sacrificial act was 
repeated a few more times with only one recipient surviving 
the procedure. These transfusions were provided by Jean- 
Baptiste Denys, the personal physician to King Louis XIV in 
the seventeenth century. Subsequently, Jean-Baptiste was 
charged with murder, and the procedure was banned [9]. 
Centuries passed before blood transfusions were conducted 
in the pediatric patient population. The first neonatal blood 
transfusion occurred on March 4, 1908, at a New  York 
 children’s hospital. The newborn was delivered with for-
ceps; however, within 12  hours, the neonate developed a 
tongue hematoma and facial swelling. She became febrile, 
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restless, and pale, and it became evident a transfusion was 
required. Her father was the donor for the transfusion, and 
both the neonate and the father survived. With that, the foun-
dation for the practice of pediatric blood transfusion was 
established [10].

 Anatomical and Physiological Characteristics 
of Blood in Premature Neonates, Infants, 
and Children

Many anatomic, physiologic, and hematologic differences 
between children and adults, even between different age 
groups, have been identified. The following sections will dis-
cuss current standards in pediatric PBM and transfusion 
guidelines in light of these differences.

 Fetal Blood Development

To understand physiological characteristics of blood, one 
must first review fetal blood development. A fetus attains 
viability between the 23rd and 26th weeks of gestation. The 
hematologic system of these fragile patients differs consider-
ably from that of an older child. In utero, erythrocyte produc-
tion begins in the yolk sac (at 3–6 weeks of gestation), then 
it migrates to the liver (6–22 weeks of gestation) and finally 
to the bone marrow. Erythrocyte production and maturation 
in the fetus is controlled by growth factors produced by the 
fetus, rather than maternally transferred factors. 
Erythropoietin is produced by the liver in utero. After birth, 
the kidneys become the site of erythropoietin synthesis [11]. 
The quantity of iron in the fetus increases throughout gesta-
tion. Preterm infants have less iron than full-term infant [12]. 
In extremely premature infants, the hematologic system is 
frequently supported with blood component transfusions and 
nutritional support.

 Blood Volume

Estimation of a child’s blood volume and blood loss may be 
difficult, as children have an increased blood volume: body 
mass ratio compared to adults. The increased blood volume 
varies with age, such that the blood volume of a child may be 
as high as 90, 80, and 70 mL/kg at birth, 1 month, and 5 
years, respectively. During active bleeding, the hemoglobin 
and hematocrit values may not accurately predict blood cell 
mass. Therefore, a child may maintain a normal blood pres-
sure value in spite of a 15–20% blood volume loss [13]. 
Mottling, altered consciousness, and delayed capillary refill 
>3 seconds are likely to precede evident hypotension, but a 
narrowed pulse pressure and loss of arterial pulse contour 

may be more indicative of significant blood loss than hypo-
tension and tachycardia. In the case of premature infants and 
neonates, significant anemia may be reflected in nonspecific 
signs such as poor feeding, slow weight gain, apnea, brady-
cardia, and decreased activity. Furthermore, the neonatal 
heart contains proportionally less contractile tissue and has a 
limited ability to increase cardiac output in the face of a 
hemorrhage- induced reduction in oxygen carrying capacity 
[14, 15].

 Normal Red Blood Cell Parameters in Preterm 
and Term Neonates

The normal red blood cell parameters listed in Table 24.1 
were obtained by analyzing a very large database (17,634 
tests performed on 12,016 neonates in western USA) who 
had blood tests during their routine care [11]. Only tests 
from neonates who were expected to have normal values 
were included. Mean corpuscular volume (MCV) and mean 
corpuscular hemoglobin (MCH) decreased in a linear fash-
ion with increasing gestational age. Mean corpuscular 
hemoglobin concentration (MCHC) does not change based 
on gestational age. The hemoglobin and hematocrit increase 
from 22 weeks to 40 weeks gestation. The hemoglobin 
increases by 0.21  g/dl and the hematocrit by 0.64% for 
every week increase in gestational age. In neonates 
35 weeks to 42 weeks of gestation, the hematocrit levels 
increase by 3.6 +/− 0.5% in the first 4  hours after birth, 
secondary to fluid shifting out of the intravascular space. 
Hematocrit levels remained unchanged in the same time 
period for neonates 29 to 34  weeks of gestation but are 
reduced by 6 +/− 0.3% in neonates less than 29 weeks of 
gestation [16].

 Neonatal Hemoglobin Levels and Oxygen 
Dissociation

At birth, a term neonate’s hemoglobin is ~70% hemoglobin 
F (HgbF) and ~ 30 hemoglobin A (HgbA) [15]. The p50 of 
HgbF is 18 mmHg, but the p50 in HgbA is 25 mmHg. Thus, 
HgbF is associated with a leftward shift in the oxy- 
hemoglobin dissociation curve, or an increased oxygen 
affinity. This increased oxygen affinity results from HgbF’s 
decreased affinity for 2,3 diphosphoglycerate (2,3-DPG), 

Table 24.1 Normal red cell parameters in preterm and term neonates

Parameter <25 weeks 40 weeks
MCV 119 +/− 7 fl 106 +/− 4 fl
MCH 40 +/− 2 pg 36 +/− 2 pg
MCHC 34 +/− 1 g/dl 34 +/− 1 g/d

Table information from: Christensen et al. [72]
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the stabilizer of the deoxyhemoglobin state. Although this 
is associated with an increased ability of the fetus to extract 
oxygen from the maternal placental circulation, it is a theo-
retical disadvantage in the extrauterine environment under 
conditions of hypoxic stress. During the first several months 
of life, an infant’s hemoglobin levels fall from 14 to 20 g/
dL to a mean ~ 11 g/dL in term infants and as low as ~7 g/
dL in preterm infants. This “physiologic anemia” is the 
result of decreased erythropoietin production and the 
shorter life span of HgbF (e.g., 90 vs. 120 days for HgbA) 
[14]. This transient but functional anemia tends to occur 
earlier and to a more notable degree in preterm infants. In 
preterm infants, the switch from fetal hemoglobin produc-
tion to predominantly HgbA production occurs at the post-
conceptional age of 37  weeks. It is unaffected by the 
duration of time that the infant spends in the extrauterine 
environment [17]. Also, neonatal erythropoietin is pro-
duced in monocytes, the adrenal cortex, and the kidney, but 
postnatally, it is produced in the peritubular renal cells. A 
confounding issue for sick neonates is that they often 
undergo repeated blood testing, amounting to 0.8–3.1 mL/ 
kg/day blood loss [18]. For example, a 0.5 mL blood sam-
ple in a 1 kg neonate, if extrapolated to a 70 kg patient, is a 
35 mL blood sample, something rarely removed at one time 
in an adult patient [19].

 Coagulation System Development

The coagulation system undergoes developmental changes 
as the fetus grows in utero and changes continue after birth. 
Coagulation factors do not cross the placenta; instead, they 
are synthesized by the fetus and can be detected as early as 
10  weeks of gestation. Challenges to studying develop-
mental hemostasis in the newborn include small sample 
sizes in studies, the need for small volumes of blood for 
assays, and the different physiological states of test sub-
jects especially the premature neonatal population. 
Diagnosis of bleeding disorders in newborns requires an 
understanding of normal values of coagulation factor levels 
in these patients. Table 24.2 shows how various levels of 
coagulation proteins in newborn infants differ from adult 
values. Although newborns have lower levels of coagula-
tion factors than adults, their hemostatic system appears to 
function without spontaneous hemorrhage. Extremely low 
birth weight infants, at a corrected age of 6 months, achieve 
the same levels of factor II, V, VII, and X as healthy full-
term infants of the same age. Antithrombin III, protein C, 
and protein S showed the same pattern of development as 
that of term infants [20]. These findings have clinical impli-
cations. Newborns are fairly resistant to heparin probably 
because of low levels of AT III. Since APTT is prolonged 
in infants, one should monitor factor Xa activity to titrate 

unfractionated heparin in this age group [21]. Homozygous 
deficiency of factor II, X, and XI can be difficult to diag-
nose because the lower limits of normal coincide with the 
levels found in these deficient states. Homozygous factor 
V, VII, IX, XIII and fibrinogen deficiency can be diagnosed 
at birth, because the levels in the disease state are much 
lower than the lower limit of normal in this age group. 
Moderate and severe forms of factor VIII deficiency (hemo-
philia A) can also be diagnosed in the newborn period. Von 
Willebrand factor levels are high in the neonate, and there 
is a greater percentage of the efficacious high molecular 
weight multimers. Hence only severe forms of von 
Willebrand’s disease are likely to be diagnosed in the new-
born period. Neonatal fibrinogen is different from the adult 
form. Thromboelastography (TEG) studies indicate that a 
dysfunctional state of fibrinogen exists in infancy [22]. 
Neonatal plasminogen function is also less effective than 
its adult counterpart. However, tissue plasminogen activa-
tor inhibitor levels are high. This indicates that fibrinolytic 
activity is attenuated in the neonate compared to the 
adult [23].

Table 24.2 Various tests of coagulation and levels of coagulation pro-
teins in premature vs term newborns

Various tests of coagulation and levels of coagulation proteins in 
newborn infants
Test 30–36 weeks Term
Fibrinogen = =
II ↓ ↓
VII = = by day 5
IX ↓ ↓
X ↓ ↓
XI ↓ ↓
XII ↓ ↓
Prekallikrein ↓ ↓
HMWK ↓ = by 1 month
V = by day 5 of 

life
= by day 5 of 
life

VIII ↑ ↑
VwF ↑ ↑
XIII = by day 5 of 

life
= by day 5 of 
life

Plasminogen ↓ ↓
Antithrombin III ↓ ↓, = by 

3 months
Heparin cofactor II ↓ ↓
Protein S ↓ ↓
Protein C ↓ ↓
α2 Macroglobulin ↑ ↑
C1 INH ↓ ↓
α2 Antiplasmin ↓ = by day 5

α1 Antitrypsin = =

Table information from: Andrew M 1987 [73], and Andrew M 1988 
[74]
HMWK high molecular weight kininogen, VwF von Willebrand factor, 
C1 INH C1 esterase inhibitor

24 Pediatric Blood Management
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 Preoperative Assessment

Preoperative assessment to stratify hemorrhage risk is impor-
tant. Neonates and infants are less tolerant of blood loss com-
pared to older children and adults, and significant blood loss 
may go unrecognized. Poor hematopoiesis with reduced 
erythropoietin levels and production, repeat blood draws, 
and poor iron availability contribute to the high rate of ane-
mia seen in critically ill children [24]. Specific disease pro-
cesses that require special preoperative consideration are 
detailed in Table 24.3. The impact of each of these conditions 
on the requirement for an allogeneic blood transfusion may 
vary depending on the patient’s age and disease severity.

 Estimating Allowable Blood Loss

Prior to all surgeries, it is important to assess the child’s toler-
ance for and likelihood of requiring a blood transfusion. A 
restrictive red blood cell (PRBC) transfusion threshold in the 
adult patient population is associated with unchanged, if not 
improved, morbidity and mortality [29]. Application of similar 
thresholds in the pediatric patient population, along with nutri-
tion and anemia support, is thought to produce similar out-
comes [30–34].

Estimating the maximum allowable blood loss requires 
calculation of the child’s estimated blood volume (EBV), 
which is a product of both age and weight. This is described 
in Table 24.4 and Eq. 24.1.

Equation 24.1 The maximum allowable blood loss 
(MABL) is a function of the EBV, the patient’s initial hema-
tocrit (H0), and the minimal or target hematocrit (H1)

 
MABL

EBV
�

� �� �H H

H
0 1

0  
(24.1)

 Perioperative Conservation Strategies 
in Pediatric Patients

 PBM Standards and Goals

Due to these anatomical, physiological, and hematologi-
cal variances, special considerations and strategies should 
be employed during the use of PBM tactics. Recent data 
highlighting the serious hazards of allogeneic blood trans-
fusions have contributed to the development of periopera-
tive patient blood management (PBM) and conservation 
strategies. Patient blood management is most useful for 
procedures with expected severe blood loss, as it focuses 
on blood conservation and preventative measures and has 
been shown to reduce blood product transfusions, mortal-
ity, and costs [35, 36]. However, defining PBM standards 
for infants and  children is much more challenging than for 
adults, as transfusion practices vary considerably by 
patient categories, conditions, and settings. Therefore, in 
order to develop and implement an institutional pediatric 
PBM program as supported as its adult-centered counter-
part, multidisciplinary health professionals and adminis-
trative support system involvement is critical, with proper 
education for the involved team members an essential fac-
tor for its success. The team should include the 
Anesthesiology, Surgery, Pharmacy, Transfusion Services, 
ICU, and administrative support. PBM goals involve opti-
mizing and maintaining hemoglobin levels, optimizing 
hemostasis, minimizing blood loss, and improving patient 
outcomes.

Updated clinical and administrative standards for pediat-
ric PBM were recently published by The Society for 
Advancement of Blood Management [1]. It is urged that a 

Table 24.3 Diseases that require special consideration

Disease 
process Abnormality Recommendation
Sickle cell 
disease

Low hematocrit, iron 
overload

Threshold of Hb 10 g/dL 
prior to surgery requiring 
general anesthesia if at 
risk of critical illness [25]

Anemia of 
prematurity

Low hematocrit, low 
iron stores

Limit preoperative blood 
draws; add iron 
supplementation [19]

Liver failure Coagulation 
abnormalities. Anemia 
of chronic disease

Coagulation lab tests 
prior to surgery to assess 
baseline [26]

Cirrhosis Thrombocytopenia, low 
serum albumin, clotting 
factors II, VII, IX, X 
abnormalities

Platelet and FFP 
+/− cryoprecipitate 
administration 
preoperatively if indicated 
by test results or clinical 
coagulopathy [26]

Renal failure Anemia of chronic 
disease

Erythropoiesis- 
stimulating agents [4]

Congenital 
heart disease 
(cyanotic)

Decreased oxygen 
delivery

Threshold of Hb 9 g/dL if 
adequate oxygenation and 
normal end organ 
perfusion [25, 27]

Noncyanotic 
heart disease

Intracardiac shunting, 
cardiac failure

Threshold of Hb 7 g/dL if 
stable [19, 27]; 8 g/dL if 
clinical signs of 
symptomatic anemia [27]

Pediatric 
oncology

Pancytopenia, 
thrombocytopenia, 
aplastic anemia

Preoperative labs and 
appropriate transfusion 
[28]

Table 24.4 Calculation technique for estimated blood volume (EBV)

Estimated blood volume calculation
Age Estimated blood volume (EBV)
Preemies 90–100 mL/kg
Term neonate to 3 months 80–90 mL/kg
>3 months of age to 3 years 70–80 mL/kg
>3 years of age 70 mL/kg

M. M. Sheth et al.
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comprehensive PBM program must include age- and weight- 
appropriate clinical protocols and policies for the manage-
ment of preoperative anemia, perioperative bleeding, and 
massive transfusion; these principles are expanded upon in 
Fig. 24.1. Goal-directed transfusion guidelines using restric-
tive transfusion strategies as supported by evidence are also 
fundamental components [1, 37, 38].

 Preoperative Blood Management 
and Conservation

Patients at risk for intraoperative, allogeneic blood transfu-
sions must be evaluated for preoperative anemia and bleed-
ing abnormalities as indicated by history and examination. 
Preoperative anemia is widespread, as it is found in about 

40% of children worldwide and 15–20% of children in 
industrialized countries [39, 40]. The main etiology is iron 
deficiency, which has a fairly simple treatment plan: iron 
supplementation [41]. Iron supplementation has been dem-
onstrated to increase hemoglobin levels and decrease blood 
transfusions, and there is evidence that intravenous iron may 
result in improved responses as compared to oral iron sup-
plementation [5]. Preoperative anemia, however, is an inde-
pendent risk factor and is associated with worsened 
postoperative outcomes in pediatric surgical patients [5, 41–
43]. Although not routinely used, recombinant erythropoie-
tin for stimulation of erythropoiesis has been used 
successfully in neonates and infants for increasing the hemo-
globin concentration prior to surgery. However, recombinant 
erythropoietin is associated with an increased burden of 
treatment, as it involves regular subcutaneous injections with 

Fig. 24.1 Illustration of a 
comprehensive pediatric 
patient blood management 
program with general 
principles for perioperative 
blood conservation strategies. 
PBM patient blood 
management, ICU intensive 
care unit, POC point of care

24 Pediatric Blood Management
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frequent monitoring of response and iron levels. Nevertheless, 
it is an additional resource for patients whose parents refuse 
blood transfusions, whom other causes of anemia have been 
excluded, or who are poor responders to iron supplementa-
tion [5, 27, 41]. In the neonate, important blood conservation 
strategies also include the delay in umbilical cord clamping 
and use of umbilical cord blood for initial laboratory sam-
pling upon delivery [38, 44].

Additional blood conservation measures include the 
following:

• Standardized guidelines for phlebotomy procedure.
• Obtain blood samples only when necessary.
• Optimize logistics of laboratory blood sampling, for 

example, bundling of tests.
• Use the smallest collection tube and the minimum accept-

able volumes allowable for laboratory testing.
• Remove sampling lines early.
• Return, rather than discard, excess sample volumes to the 

patient.
• Use point-of-care testing devices.
• Use laboratory equipment needing only small volumes 

for analysis.
• Use transcutaneous instruments for hemoglobin 

assessment.

 Intraoperative Blood Management 
and Conservation

If possible, surgery should be scheduled for at least 3 weeks 
after the initial patient evaluation to allow sufficient time for 
the medical evaluation and treatment of anemia [5]. 
Intraoperatively, the conduct of the anesthetic and surgery 
should favor the minimization of bleeding, promotion of 
hemostasis, and basic non-transfusion techniques for optimi-
zation of cardiac output and tissue perfusion (e.g., rhythm, 
heart rate, preload, contractility, afterload, acid/base status, 
electrolytes, and temperature). Appropriate surgical tech-
niques and meticulous use of hemostatic topical agents are 
significant factors in decreasing surgical bleeding. 
Recommended multimodal blood-sparing approaches 
include the avoidance of non-purposeful hemodilution; opti-
mization of acid/base status; focused blood pressure man-
agement to avoid hypotension with the judicious use of 
inotropic support if necessary; avoidance of hypertension to 
decrease the rate of bleeding; and the concurrent use of anti-
fibrinolytics. If significant bleeding ensues, standardized 
bleeding management protocols and transfusion algorithms 
must be in place to guide management. Restrictive transfu-
sion thresholds and goal-directed therapy guided by clinical 
status and by point-of-care viscoelastic testing are the cur-
rent standards for most pediatric patients, but further research 

is needed to ascertain the best transfusion strategies for 
patients with life-threatening bleeding, hemodynamic insta-
bility, and cardiopulmonary disease [25]. In select cases 
(mostly in cardiac surgery when the parents refuse blood 
transfusions), acute normovolemic hemodilution (ANH) at 
the beginning of surgery, with return of the autologous blood 
towards the end of surgery, has been associated with reduc-
tion in allogeneic blood transfusions [45]. Currently, there is 
insufficient evidence to recommend its routine use, although 
if implemented, institutional protocols should be in place to 
ensure patient safety [4]. The first consensus for recommen-
dations for ANH standards and best practices in cardiac sur-
gery, sponsored by the Society for the Advancement of Blood 
Management and published in 2020, do not address ANH in 
the pediatric population [46]. A recent statement by the 
Transfusion and Anemia Expertise Initiative (TAXI) made 
recommendations for restrictive transfusion practices for the 
pediatric critically ill patient in the intensive care setting. 
However, in neonates and premature infants, the evidence 
supporting restrictive transfusion strategies is unclear [4, 
25]. Cell salvage and reinfusion are also techniques shown to 
effectively reduce allogeneic blood transfusions; evidence 
suggests that bowel and cancer surgery are not absolute con-
traindications for its use. The use of factor concentrates and 
recombinant coagulation products should be considered as 
indicated for certain patients [5].

 Postoperative Blood Management 
and Conservation

Postoperatively, PBM should continue with blood-sparing 
methods for optimization of tissue perfusion, minimization 
of bleeding and iatrogenic blood losses, treatment of coagu-
lopathy, and utilization of antifibrinolytics as appropriate. 
Adding vitamin K can help if coagulopathy is present but 
does not require immediate treatment. If the anemia is not 
tolerated by the patient, the use of transfusion algorithms 
with restrictive strategy is recommended as guided by point-
 of–care viscoelastic testing [1, 43, 76].

 Blood Management Recommendations 
for Specific Surgeries

The aforementioned recommendations are expanded upon in 
the next section with a focus on specific surgery types. See 
Tables 24.5, 24.6, and 24.7 for recommendations from major 
international guidelines, which specifically address pediatric 
PBM for cardiac and other major non-cardiac surgeries as 
well as special patient conditions. The level of evidence is 
provided for each recommendation. Published guidelines for 
pediatric PBM are based on systematic reviews of the pediat-
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ric PBM literature, which are mostly observational with a 
paucity of high-grade evidence. Most recommendations were 
created from evidence where available and expert- based con-
sensus when the evidence is weak or insufficient. Across sets 
of guidelines, most recommendations are generally concor-
dant with variations from group to group due to different 

methodology and reviewers. Procedures usually associated 
with major blood loss or blood transfusions are cardiac, cra-
niofacial, scoliosis and other major orthopedic surgeries, liver 
transplantation, and major trauma. Main PBM recommenda-
tions rest on preoperative screening for anemia with diagnosis 
and proper treatment prior to elective surgery, the administra-

Table 24.5 Patient blood management recommendations for pediatric cardiac surgery

Pediatric cardiac surgery
Challenges
  Unique cardiac physiology with often reduced reserve margins, e.g., cyanotic disease and parallel circulations
  Cardiopulmonary bypass (CPB) with associated hemostatic and physiologic derangements
  Cardiac lesions with varying surgical repair techniques, CPB approaches, and perioperative management methods
Interventions Recommendations Grade

NATA [27] BCSH [19] NBA [4] ESA 
[5]

Preoperative
  Anemia Treat iron deficiency anemia with 

oral or IV iron
1C 1B – 

PO 
iron
1C – 
IV 
iron

Erythropoietin in specific cases 2C
Intraoperative
  Antifibrinolytics Administer lysine analogs 1B 1B R
  CPB circuit Use miniaturized CPB for neonates 

and infants
1C

  Ultrafiltration Conventional ultrafiltration or 
modified ultrafiltration for neonates 
and infants

1B

  Cell salvage Use of cell salvage 1C 1B PP 1B
  POC testing for 

heparin response
Whole blood ACT or heparin 
concentration

1B

  AT deficiency FFP (10 mL/kg) or antithrombin 
supplementation in the presence of 
heparin resistance secondary to 
antithrombin deficiency

1C

  Protamine dose Protamine dose should be calculated 
based on heparin concentration

1C

Use direct thrombin inhibitors when 
heparin is contraindicated

1C

  Hemostasis 
monitoring

Monitoring of hemostasis to guide 
the administration of blood products

1B Evidence is insufficient to make 
a specific recommendation

PP-viscoelastic 
testing

Blood used for cardiac surgery in 
neonates and infants should be used 
before the end of storage day 5

1C

Postoperative
  Restrictive Hb 

threshold
Hemoglobin threshold for 
transfusion in stable, acyanotic heart 
disease

1B  –
Hb 7 g/dL 
asymptomatic
1B –
Hb 8 g/dL with clinical 
signs suggesting 
symptomatic anemia

2B –
Hb 7 g/dL asymptomatic
2C –
In neonates or actively bleeding 
or unstable children following 
CPB, a higher Hb threshold 
may be appropriate

Hemoglobin threshold stable, 
cyanotic heart disease

1C – with clinical 
signs suggestive of 
symptomatic anemia, 
Hb 9 g/dL

2C – there is insufficient 
evidence to make a 
recommendation for children 
with cyanotic heart disease

CPB cardiopulmonary bypass, R recommendation, PP practice point, PO per os, IV intravenous, ACT activated clotting time, AT antithrombin, 
POC point-of-care testing, FFP fresh frozen plasma, Hb hemoglobin, PRBC red blood cell
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Table 24.6 Patient blood management recommendations for pediatric major non-cardiac surgeries

Major non-cardiac surgeries
Interventions Grade

SABM [1] NBA [4] ESA [5] BSCH [19]
Preoperative
  Anemia: treat 

iron deficiency 
anemia with 
iron

R 1B – PO iron 1C – 
IV iron

1C

Intraoperative
  Hb transfusion 

threshold
R
In pediatric patients, including 
those who are critically ill, a 
restrictive transfusion strategy is 
suggested in hemodynamically 
stable pediatric patients 
(excluding neonates):
Hb concentration < 7 g/dL, 
PRBC transfusion is often 
appropriate.
Hb concentration of 7–9 g/dL, 
PRBC transfusion may be 
appropriate, based on the need to 
relieve clinical signs and 
symptoms of anemia.
Hb concentration > 9 g/dL, 
PRBC transfusion is often 
unnecessary and may be 
inappropriate

1C
With the exception of children 
with sickle cell disease, there is 
no evidence to suggest that 
children undergoing elective 
non-cardiac surgery require a 
higher Hb transfusion threshold 
than those in PICU (7 g/dl, 
stable patients without major 
comorbidity or bleeding. 
Excludes cyanotic children)

  Antifibrinolytic – 
administer lysine 
analogs

The use of antifibrinolytics  
and intraoperative cell salvage 
collection and re-administration 
should be considered for all 
pediatric patients undergoing 
high blood loss surgery 
including, but not limited to, 
cardiac surgery with CPB, 
craniofacial surgery, and 
scoliosis/orthopedic surgery

R
Antifibrinolytics may be 
considered in large blood loss 
cases such as scoliosis and 
craniofacial surgery
PP
Tranexamic acid should be given 
within 3 hours of traumatic 
injury

2C
Tranexamic acid should be 
given if major blood loss 
associated with traumatic 
injury is anticipated
1B
Tranexamic acid should be 
given when there is high risk of 
significant bleeding during 
surgery

  Cell salvage 1B
We recommend the 
use of red cell 
salvage, which is 
helpful for blood 
conservation in 
major cardiac and 
orthopedic surgery

2C
Red cell salvage should be 
considered in all children at 
risk of significant bleeding 
undergoing surgery and where 
transfusion may be required, 
providing appropriately trained 
staff are available

Postoperative
  Hb transfusion 

threshold
PP
In stable pediatric patients 
(excluding neonates) Hb <7 g/
dL, PRBC transfusion is often 
appropriate
PP
Hb >9 g/dL, PRBC transfusion is 
often unnecessary and may be 
inappropriate
In preterm infants requiring 
transfusion, there is insufficient 
evidence to support or refute the 
use of either a restrictive or 
liberal PRBC transfusion strategy

1C
Except for 
premature babies 
and cyanotic 
newborns, 
hemoglobin targets 
in bleeding children 
are 7–9 g dL
We recommend a 
target hemoglobin 
concentration of 
7–9 g/dL during 
active bleeding

1C
Hb transfusion threshold of 
7 g/dL in stable patients 
without major comorbidity or 
bleeding

CPB cardiopulmonary bypass, R recommendation, PP practice point, PO per os, IV intravenous, POC point-of-care testing, FFP fresh frozen, 
plasma, Hb hemoglobin, PRBC red blood cell
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tion of antifibrinolytics, the use of cell salvage, and restrictive 
transfusion strategies as guided by viscoelastic testing. 
Recommendations are mostly stratified by the GRADE scale 
with the exception of the Australian National Blood Authority 
which uses R (recommendation) if sufficiently high quality of 
data and PP (practice point) if the quality of data is weak [4]. 
Note that these guidelines often exclude the preterm and neo-
natal patient populations unless specified, as the evidence is 
largely inconclusive in these populations.

 Blood Management Guidelines: Pediatric 
Considerations

A significant number of hospitalized children receive at least 
one blood transfusion. In fact, more than one-half of 
extremely low birth weight preterm infants undergo a trans-
fusion during their initial hospitalization [19]. Therefore, the 
administration of blood products to children requires special 
consideration. Children and particularly infants have a 
unique physiology that requires weight-based product dos-
ing, heightened vigilance during large volume transfusions, 
and special blood banking processes related to a developing 
immune system. Evidence supporting transfusion thresholds 
in children stem from a limited number of studies but, in 
general, evolving standards follow trends adopted in adult 
blood management. Our understanding of the infant’s coagu-
lation system or potential advantages of clotting factor 
administration is particularly lacking. Much research needs 
to be done to more clearly define rational and evidence-based 
administration in children, particularly with respect to the 
long-term effects of restrictive transfusion thresholds.

 Adverse Reactions in Children

Recent reports suggest that children may suffer more adverse 
transfusion reactions (ATRs) than adults [37, 47, 48]. In par-
ticular, febrile nonhemolytic transfusion reactions (FNHTRs) 
have been reported to occur at a rate five times that seen in 

adults [48]. Because of their relatively small blood volume, 
children are at particular risk of deleterious effects of rapid 
transfusions. Cardiac arrest secondary to hyperkalemia, par-
ticularly in infants, is now established as a known hazard of 
rapid blood infusion rates [49, 50]. The average potassium 
concentration of a stored packed PRBC unit is 30–80 mEq/L, 
which may lead to hyperkalemic cardiac arrest when rela-
tively high blood volumes are administered at a rapid rate 
[15, 18, 19]. It is recommended that transfusions in small 
patients be initiated at volumes less than 15–20 mL/kg at of 
less than 1 mL/kg/min under close monitoring, with a grad-
ual increase in rate as tolerated [13, 19, 51]. Washed packed 
red blood cells (PRBCs), which have a reduced potassium 
content, or younger PRBCs (e.g., less than 7 days post-stor-
age) may be requested for small patients requiring large vol-
ume transfusions, although existing evidence suggests that if 
administered at a moderate rate, neonatal outcomes follow-
ing older versus fresh PRBCs are not significantly different 
[18]. Other ATRs associated with rapid transfusion in chil-
dren, particularly small infants, include ionized hypocalce-
mia, hypothermia, and volume overload.

Stored blood products contain citrate preservative (citrate- 
phosphate- dextrose-adenine; CPDA) as an anticoagulant, 
which may bind the recipient’s plasma calcium and hinder 
contraction and relaxation phases of the neonatal cardiac sar-
coplasmic reticulum, leading to clinical hypotension [14]. 
Although this “citrate toxicity” can be seen in patients of all 
ages, the immature neonatal liver is unable to rapidly metab-
olize citrate contained in large volume or rapid transfusions. 
Whole blood, plasma, and irradiated PRBCs contain the 
highest concentrations of citrate anticoagulant [52, 53]. 
Because of their relatively large blood volume to weight 
ratio, children are particularly susceptible to the deleterious 
effects of transfusion-related hypothermia. A hypothermic 
child may exhibit decreased drug metabolism, apnea, and a 
coagulopathic state. When rapid infusion is necessary, PRBC 
and plasma transfusions should be run through a warming 
device [13, 15, 51]. Volume overload is also a risk that may 
not be readily appreciated in the small patient [47]. 
Transfusion- associated circulatory overload (TACO) is a 
well-defined ATR that is also seen but not readily recognized 
during anesthesia and surgery in the adult patient population 
[54]. There are no specific criteria for TACO in the pediatric 
population, but a typical presentation intraoperatively may 
include hypotension, hypoxemia, and bradycardia, nonspe-
cific signs difficult to distinguish from transfusion-related 
hypocalcemia or hypothermia [47]. A dilutional coagulopa-
thy, either from crystalloid administration or the administra-
tion of fractionated blood products absent coagulation factors 
or platelets, may develop after loss of 1.5–2 blood volumes 
[15]. A neonate’s ability to regenerate coagulation factors is 
limited due to hepatic immaturity. Under normal conditions, 

Table 24.7 Patient blood-management recommendations for pediatric 
patients with special situations

Special patients and situations
Grade
TAXI [25]

The patient 
with sickle 
cell disease

1B
“In children with sickle cell disease who are critically 
ill or those at risk of critical illness, we recommend 
RBC transfusion to achieve a target hemoglobin 
concentration of 10 g/dL (rather than a hemoglobin S 
[HbS] of <30%) prior to a surgical procedure requiring 
general anesthesia”
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however, tests of hemostasis in the preterm newborn are lon-
ger, and in the term newborn, may be are shorter than adult 
values; the clinical significance of this is unknown [51].

 Pediatric Considerations for Pretransfusion 
Testing and Blood Processing

Children, particularly infants, may require special consider-
ations with respect to pretransfusion testing and blood pro-
cessing. For example, infants in the first several months of life 
have a reduced ability to produce alloantibodies against the 
major blood group antigens (e.g., A, B, AB, and D) due to an 
immature immunologic system; alloantibodies in a neonate’s 
serum are of maternal origin. Therefore, prior to transfusing a 
young infant, the infant’s pretransfusion testing should be 
accompanied by a test for maternal blood type and antibodies 
[13]. As a matter of caution, many transfusion services admin-
ister type O, Rhesus(D)-negative (Rh-neg) PRBCs to all 
infants under 3–6 months of age until both infant and mater-
nal blood screening is performed [15]. When performed as a 
matter of routine, this safety policy may strain a hospital’s 
O-negative blood supply. Rh-neg cellular blood products 
(e.g., PRBCs and platelets) and CMV- antibody negative prod-
ucts in general may be distributed in emergency situations for 
infants and young children for whom pretransfusion testing is 
unavailable. One concern is that the administration of Rh(D)-
positive cellular blood products to a Rh-neg infant, or any 
female of potential childbearing age, may lead to alloantigen 
sensitization. Rh-neg sensitization may set the stage for 
Rh-incompatibility that may complicate a subsequent preg-
nancy or transfusion. Furthermore, Rh-neg sensitization may 
also lead to extravascular (i.e., delayed) hemolysis that, 
although typically mild, may lead to significant morbidity in 
younger or very small patients. CMV is transported through 
white blood cells and can have a devastating outcome in sus-
ceptible and immunocompromised patients.

Many blood centers only administer blood that is CMV-
antibody negative to preterm and young infants. Leukoreduction 
(LCR), under standardized procedure and quality control, 
removes a substantial quantity of white blood cells from donor 
products. The majority, but not all, of US blood centers per-
form pretransfusion leukoreduction of donated cellular blood 
products. LCR is associated with a substantial reduction in 
ATRs, including FNHTRs and graft-versus-host disease 
(GVHD). Administration of blood that is both leukocyte-
reduced and CMV-antibody negative has been shown to effec-
tively eliminate the risk of transfusion- related CMV infection 
in very low birth weight preterm infants. There is some evi-
dence that leukocyte reduction of blood products prevents or 
significantly reduces the risk of CMV in stem cell transplant 
patients and therefore arguably eliminates the need for CMV-
negative blood products in susceptible populations [18].

 Blood Preservatives

In an effort to reduce donor exposure, blood banks often 
release small aliquots of blood from a single donor unit held 
in preservative. The two main preservatives are AS (adenine- 
glucose- mannitol) and CPDA, and both contain additives 
that serve as nutrients to the stored PRBCs [13]. Adenine, 
mannitol, citrate, and dextrose in high concentrations have 
been associated with renal toxicity (adenine, mannitol), 
intraventricular hemorrhage (mannitol), hypocalcemia 
(citrate), and hyperglycemia (dextrose) [13, 55]. Thus, blood 
stored for neonatal use is often preferentially reconstituted 
with AS because it extends the shelf life of a PRBC from 
35 in CPDA to 42 days, supporting continued use of a single 
donor unit [13]. As with the precautionary measures that may 
be used to prevent hyperkalemia, small volume (e.g., 
<20 mL/kg), slow-rate infusions have not been shown to be a 
preservative-related problem in preterm infants [13, 18, 55].

 Packed Red Blood Cell (PRBC) Transfusion 
Guidelines

A decision to transfuse must be based on a consideration of 
the patient’s full clinical profile, including cardiorespiratory 
disease, pending interventions, rate of blood loss, and comor-
bidities that may impact systemic oxygen delivery, rather 
than a single laboratory value at one point in time [3]. 
Furthermore, anemia should always be addressed and man-
aged prior to making a decision to administer blood [43]. As 
in the adult patient population, a restrictive PRBC transfu-
sion threshold may reduce the number of PRBC units trans-
fused in stable, hospitalized children without an increase in 
untoward outcomes [30–34]. The World Health Organization 
(WHO) and several African societies set a transfusion thresh-
old at 5 g/dL for symptomatic children, suggesting that this 
degree of anemia in asymptomatic children may be a new 
cutoff for transfusion avoidance in resource-poor environ-
ments [56]. A recent consensus group of international 
experts, the TAXI Initiative, also recommended a transfusion 
threshold of 5 g/dL in critically ill children without certain 
comorbidities when considering the hemoglobin value alone 
[25]. In 2019, a consensus statement was developed to guide 
PRBC transfusions in children undergoing cardiac surgery 
[27]. Further studies in both cyanotic and acyanotic children 
undergoing cardiac surgery have lent support to the short-
term safety of lower PRBC transfusion thresholds in the 
pediatric cardiac patient population [57, 58].

Transfusion thresholds for preterm infants, a unique 
patient population with rapidly changing physiological 
needs, are currently based on gestational age and cardiore-
spiratory status [19]. Neonates are typically transfused at a 
higher hemoglobin value than older infants and children 
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[14]. Several randomized controlled trials have examined 
restrictive versus liberal transfusion thresholds in very low 
birth weight premature infants, with conflicting short-term 
outcome results [59–61, 67]. Systematic reviews conclude 
that despite a decrease in donor exposure and lower hemo-
globin values, treatment endpoints and long-term outcomes 
remain unclear in the restrictive strategy [32, 33]. A recent 
multicenter trial (the ETTNO Randomized Clinical Trial) 
examined long-term outcomes in infants at 2 years corrected 
age who had birth weights less than 1 kg and concluded that 
the rate of disability and death were unaffected using a 
restrictive red blood cell transfusion threshold versus a more 
liberal one [62]. The thresholds for transfusion were based 
on individual patient factors such as postnatal age and illness 
acuity. A pending multicenter study, The Transfusion in 
Prematures (TOP) Trial will further examine longer term 
outcomes associated with a liberal versus a restrictive red 
blood cell transfusion threshold in extremely low birth 
weight infants. Tables 24.8 and 24.9 contain suggested 

PRBC transfusion guidelines based on hemoglobin value in 
infants.

Children tend to be managed according to adult PRBC 
guidelines and expert opinion [55]. Anemic children with a 
chronic medical condition may be physiologically compen-
sated and are often transfused at lower hemoglobin values. 
As Table  24.10 demonstrates, current international PRBC 
trigger guidelines are similar, with slight variation during the 
first weeks of life.

 Plasma Transfusion Guidelines

Plasma may be the most overly administered blood product 
available and is often administered based on laboratory val-
ues alone [19, 63]. In general, coagulation factor levels in 
infants tend to be lower than those of older children and 
adults, but the clinical significance of this difference is 
unknown [19, 64] (Table 24.11). Despite differences in coag-
ulation factor levels, conventional test results of coagulation 
are often treated similarly between infants and older children 
[51]. As a result, routine coagulation screening may lead to 
inappropriate transfusions, particularly in the neonate where 
there is heightened anxiety over bleeding potential including 
intraventricular hemorrhage (IVH) [51, 65, 66]. In the 
absence of confounding variables that may increase bleeding 
risk, only 10–40% of coagulation factor activity levels are 
needed to achieve hemostasis. Furthermore, there is no evi-

Table 24.8 PRBC transfusion guidelines for prematurea and young 
infants (<4 months PNA)

Postnatal ageb (PNA; 
days) Hemoglobin (g/dL)

Requiring crespiratory 
support

No respiratory 
support

0–7 11.5 10
8–14 10 8.5
> 14 8.5 7.5
Acute blood loss, 
symptomatic

10% of total blood volume

Congenital heart disease Cyanotic: 9 g/dL if symptomatic anemia
Acyanotic: 7 g/dL; symptomatic anemia: 
8 g/dL

CNS bleeding <7–10 g/dL
dSymptomatic anemia <8 g/dL

aPremature indicates an infant less than 37 weeks corrected gestational 
age
bPostnatal age (PNA) indicates the chronological age, or time elapsed 
birth
cRespiratory support is defined as a need for mechanical support venti-
lation or FiO2 > 25%
dAn otherwise stable infant with bradycardia/tachycardia, poor weight 
gain, or apnea

Table 24.10 RBC transfusion practices

Overview of international guidelines for red blood cell transfusions
British Committee for Standards 
in Haematology 2016 [19]

Australian National Blood 
Authority 2016 [4]

Canadian Blood Services 
2017 [64]

Dutch Guidelines Quality 
Council (Concept) 2018 [74]

Postnatal 
week

Respiratory 
supporta

No 
respiratory 
support

Respiratory 
support

No 
respiratory 
support

Respiratory 
support

No 
respiratory 
support

Respiratory 
support

No 
respiratory 
support

Week 1 10–12 g/dL <10 g/dL 11–13 g/dL 10–12 g/dL <11.5 g/dL <10 g/dL <11.5 g/dL <10 g/dL
Week 2 9.5–10 g/dL <7.5 g/dL 10–12.5 g/dL 8.5–11 g/dL <10 g/dL <8.5 g/dL <10 g/dL <8.5 g/dL
Week ≥3 8.5–10 g/dL <7.5 g/dL 8.5–11 g/dL 7–10 g/dL <8.5 g/dL <7.5 g/dL <8.5 g/dL <7.5 g/dL

Modified from Ree and Lopriore [75]
aFor example, supplemental oxygen, high-flow nasal cannula, CPAP (continuous positive airway pressure), positive-pressure ventilation

Table 24.9 PRBC transfusion guidelines for older infants (≥4 months 
PNA)

Symptomatic anemia: Hgb < 7 g/dL
Perioperative anemia with anticipated blood loss: Hgb < 8 g/dL
Congenital heart disease Cyanotic: 9 g/dL if 

symptomatic anemia
Acyanotic: 7 g/dL;
Symptomatic anemia: 8 g/dL

Acute blood loss with hemodynamic 
instability

8 g/dL

Acute traumatic brain injury <10 g/dL
Chronic transfusion regimen (e.g., sickle cell anemia, thalassemia, 
leukemias) Hgb < 7 g/dL
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dence that an international normalized ratio (INR) value 
between 1.6 and 2.0 is indicative of future bleeding risk in 
either the adult or pediatric patient populations [13, 51]. 
When available, the specific coagulation product should be 
utilized to replace inherited or acquired coagulation defi-
ciency, rather than plasma. Recombinant coagulation prod-
ucts available include factors VIII, IX, VIIa, XI, and XIII, 
prothrombin complex concentrate (factors II, VII, IX, X), 
antithrombin III, protein C, and C1 esterase inhibitor. 
Absolute contraindications to plasma transfusion in all age 
groups include volume expansion and nutritional replace-
ment therapy. A suggested plasma transfusion volume is 
10–20 mL/kg at an initial rate of 1 mL/kg/min that is gradu-
ally increased as the patient is evaluated for signs of citrate 
toxicity (e.g., hypocalcemia and hypotension). This dose of 
plasma may result in an increase in coagulation factor levels 
by approximately 15%, with a clinical effect lasting less than 
12 hours [13]. Recommended indications for plasma therapy 
in children and neonates include the following.

 Neonates

 1. Treatment of clinically significant bleeding in the face of 
abnormal coagulation parameters

 2. Prior to an invasive procedure in the face of abnormal 
coagulation parameters

 3. Treatment of severe hereditary protein S deficiency
 4. Treatment of protein C deficiency if recombinant factor is 

unavailable

 Children

 1. Coagulation factor consumption including disseminated 
intravascular coagulation (DIC)

 2. Prolonged PT/aPTT >2 times midpoint normal range for 
age prior to an invasive procedure

 3. Urgent warfarin reversal when prothrombin complex con-
centrate is unavailable or contraindicated (e.g., HIT 
(heparin- induced thrombocytopenia))

 4. Treatment of idiopathic thrombotic thrombocytopenic 
purpura (ITP)

 5. Treatment of bleeding for acquired or inherited factor 
deficiencies when specific factor concentrates are 
unavailable

 6. Plasma exchange

 Platelet Transfusion Guidelines

Sepsis, maternal disorders such as preeclampsia, the pres-
ence of intravenous catheters, and low blood levels of endog-
enous erythropoietin contribute to a high incidence (20–70%) 
of thrombocytopenia in preterm neonates, resulting in a high 
rate of platelet transfusions [18]. Platelet transfusions in 
 children are associated with more ATRs than other fraction-
ated blood products [47]. The threshold for a platelet transfu-
sion usually hinges on whether the goal is to prevent future 
bleeding (e.g., prophylaxis) or to stop active bleeding in the 
face of thrombocytopenia. The definition of thrombocytope-
nia has been defined as 150  ×  109/L in both children and 
adults [13]. From the neonatal period through adulthood, 
platelet counts are similar. Neonatal platelets may be larger 
and exhibit greater adhesion and faster clot initiation, 
although the clinical significance of this finding is unknown 
[19]. Taken as an isolated finding, a platelet count alone does 
not always predict a patient’s risk of bleeding. Patients with 
a platelet count as low as 50 × 109/L may have normal coagu-
lation in the absence of confounding variables such as car-
diopulmonary bypass circuitry, drug administration, or an 
alloimmune process.

In general, platelet transfusion trigger guidelines for 
infants and older children tend to reflect adult guidelines 
[68]. A platelet count of 100 × 109/L was once the standard 
for surgical hemostasis; however, with ongoing clinical 
experience (including the high rate of ATRs associated with 
platelets), the suggested transfusion threshold for major 
non-neuraxial surgery has decreased to 50 × 109/L. Recent 
adult studies support a count of 20  ×  109/L for central 
venous catheter placement [68, 69]. Although controversial, 
the minimum acceptable count for diagnostic lumbar punc-
ture, a procedure frequently performed in children with a 
defect in platelet production, has been 10 × 109/L for many 
years. Following a systematic review and expert consensus, 

Table 24.11 Screening laboratory tests for hemostasis: neonates ver-
sus adultsa

Preterm 
neonates vs. 
full-term 
neonates

Neonates vs. 
older children/
adults

Approximate age 
adult values are 
reachedb

aPTT Longer Longer 16 years
Prothrombin 
time

Longer Same or 
longer

16 years

Thrombin 
time

Longer Same or 
longer

5 years

Bleeding time Longerc Shorter 1 month
PFA-100 Longerc Shorter 1 month
ROTERM/TEG
Clotting time Same Shorter 3 months
Clot formation 
time

Same Shorter 3 months

Maximal clot 
firmness

Stronger Stronger 3 months

Modified from AABB Technical Manual, 19th ed, originally from 
Revel-Vilk
aModified with permission from Revel-Vilk
bMaximum age reported
cIn samples drawn in the first 7 to 10 days of life
aPTT activated partial thromboplastin time, PFA platelet function ana-
lyzer, ROTEM rotating tromboelastometry, TEG thromboelastography
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this newly recommended threshold is 50  ×  109/L, despite 
supporting evidence that is of very low quality [69]. In a 
recent retrospective study of 900 propensity-matched, criti-
cally ill adult patients, there was no benefit following pro-
phylactic platelet transfusions in nonbleeding patients with 
platelet counts as low as 20 × 109/L, putting into question 
all current guidelines [70]. Presumably because of a per-
ceived risk of IVH, sick preterm infants and neonates often 
receive platelets at a higher threshold (e.g., 20–50 × 109/L), 
when a stable, nonbleeding infant or older child is unlikely 
to have significant bleeding at platelet counts as low as 
10  ×  109/L [13]. A recent multicenter trial (PLANET-2) 
examined 660 premature infants and found less 28-day 
mortality or episodes of major bleeding when applying a 
prophylactic transfusion threshold of 25 rather than 
50 × 109/L [71].

Platelet transfusion triggers suggested in a variety of clin-
ical situations are listed in Table  24.12. Ideally, platelets 
should be ABO-compatible with the recipient’s blood type, 
because if not ABO-identical, the response as measured by 
platelet count may be decreased [13]. Furthermore, because 
all platelet preparations contain a small number of PRBCs 
(possibly 0.5  ml/unit), ideal donor platelets are Rh(D)-
identical to prevent anti-D alloimmunization. A dose of 
~5–10 mL/kg should increase a patient’s platelet count by 
~50–100 × 109/L. In the absence of life-threatening bleeding, 
platelet transfusions should not be given in the face of idio-
pathic thrombocytopenic purpura (ITP), thrombotic throm-
bocytopenic purpura (TTP), heparin-induced 
thrombocytopenia (HIT), or hemolytic uremic syndrome 

(HUS), either because of a risk of continued consumption 
(such as in ITP), or an increased risk of thrombosis [13, 64]. 
For children undergoing cardiopulmonary bypass or extra-
corporeal life support (ECLS), platelet transfusions are rec-
ommended in the face of excessive bleeding unresponsive to 
other measures such as heparin reversal, although a threshold 
of 100 × 109/L has traditionally been chosen [27].

 Cryoprecipitate Transfusion Guidelines

Cryoprecipitate is a precipitant of fresh frozen plasma. The 
pediatric literature lacks clinical trials comparing differing 
cryoprecipitate dosing regimens or indications. There is no 
evidence supporting the benefit of prophylactic use of cryo-
precipitate, including prior to invasive surgery. Typically 
administered to replace fibrinogen, a single cryoprecipitate 
unit contains factor VIII (80 mg), fibrinogen (150 mg), factor 
XIII (up to 30% that is contained in original plasma), and 
von Willebrand factor (up to 70% that is contained in origi-
nal plasma) in a total volume of 10–15 ml [13]. It does not 
have to be ABO-compatible when used for non-neonates, 
and its small volume comparatively reduces the risk of fluid 
overload often seen when plasma is used to treat clotting fac-
tor deficiencies. ABO-compatibility is recommended for use 
in neonates secondary to their small size and concerns over 
hemolysis due to the alloantibodies that may be contained in 
the precipitate [13]. Specific virus-inactivated factor concen-
trates such as recombinant factor VIII, von Willebrand factor 
complex, or fibrinogen concentrate should be administered 
in lieu of cryoprecipitate when these products are available. 
A “pooled” unit of cryoprecipitate is the product of 5–6 
donors (~100–130 ml) and, although heat-treated, may theo-
retically present an infectious and alloimmunization risk. 
Recombinant fibrinogen concentrate is not yet FDA- 
approved in the United States for the treatment of acquired 
hypofibrinogenemia.

The recommended dose for cryoprecipitate is 1 unit [e.g., 
10–15 ml] per 10 kg body weight, which can be expected to 
increase the child’s fibrinogen level by 50–100 mg/dL [13]. 
A generally accepted threshold for cryoprecipitate transfu-
sion in the setting of clinically significant bleeding is 100 mg/
dL. Other indications include the following:

 1. Disease states with evidence of fibrinogen consumption 
including DIC with bleeding.

 2. Hypofibrinogenemia and a pending invasive procedure.
 3. Bleeding following cardiac or other major surgery with 

evidence of low fibrinogen level.
 4. Inherited defects of fibrinogen, either quantitative (e.g., 

afibrinogenemia, congenital hypofibrinogenemia, 
Kasabach- Merritt syndrome, or hemangioma with throm-
bocytopenia) or qualitative (e.g., fibrinogen Cleveland, 
fibrinogen Marburg, etc.).

Table 24.12 Platelet transfusion triggers

Platelet transfusion triggers by count (109/L)
Prophylactic transfusion
Prematurity (<37 weeks PCA) <25
Term infants (>37 weeks PCA)
<4 months old <20
>4 months old <10
Prior to lumbar puncture <50
Patient scheduled for major invasive 
procedure

<50

Qualitative platelet defect (congenital or 
acquired)

Any platelet count if 
bleeding

CNS procedure <100
Central venous catheter placement Tunneled: <50

Non-tunneled: <20
Fetal and neonatal alloimmune 
thrombocytopenia (FNAIT)

Stable patient: 
<20–30
Unstable patient: <50

Patient has an FNAIT-affected sibling <20–30
Bleeding patients
Active bleeding <50
Intracranial bleeding <100
Diffuse microvascular bleeding, ECLS, 
cardiopulmonary bypass

<100

Qualitative platelet defect Any platelet count if 
bleeding
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 5. As treatment for hemophilia A or vWF disease in the 
absence of a response to desmopressin or availability of 
specific recombinant factor concentrates.

 6. Platelet dysfunction in the face of uremia and hemodialy-
sis is not available.

 7. Fibrin sealant.

 Conclusion

In conclusion, pediatric PBM consists of a customized blood 
conservation strategy, individualized to each patient accord-
ing to their age and clinical condition. Fundamental consid-
erations include attention to anemia, maintenance of 
hemoglobin concentration, optimization of hemostasis, and 
minimization of blood loss. Although the medical literature 
does not contain an abundance of evidence supporting blan-
ket application of pediatric PBM principles, transfusion trig-
ger thresholds have decreased as supported by an increasing 
number of trials. An interdisciplinary approach to patient 
blood management along with a dedication to education, 
quality control, and monitoring of institutional behavior is 
essential to sustained PBM practices. Education with a focus 
on the unique physiology of blood loss and replacement in 
children is imperative for patient safety. Most importantly, 
pediatric PBM is confirmation that we always act in the best 
interest of our patients.
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 Introduction

During liver transplantation, management of blood and 
blood component transfusion is complex given the patho-
physiologic derangements of hemostasis in cirrhosis. Patients 
with end-stage liver disease are at higher risk for both bleed-
ing and thrombosis compared to healthy volunteers. Patients 
with end-stage liver disease (ESLD) often demonstrate per-
turbations in the coagulation system from decreased produc-
tion of coagulation factors. These alterations often result in 
abnormal results for standard laboratory assessment includ-
ing prothrombin time (PT), activated partial thromboplastin 
time (PTT), international normalized ratio (INR) and platelet 
count. Abnormalities in these tests, like elevated INR and 
thrombocytopenia have traditionally been regarded as indic-
ative of higher bleeding risk, especially in those with 
ESLD. However, decision-making based on these abnormal 
laboratory tests alone may actually be hazardous to the 
ESLD patient, and evaluation of hemostasis is often more 
complex. In this chapter, we will discuss the hemostatic 
alterations in ESLD, the evaluation of coagulation status in 
ESLD, and management of coagulopathy during liver trans-
plantation including blood and other product transfusion as a 
means to treat coagulopathy and bleeding.

 Coagulopathy in Cirrhosis

Cirrhosis has a profound impact on the hemostatic system as 
the liver is the major synthesizer of coagulation factors as 
well as proteins involved in fibrinolysis and thrombopoietin 

for platelet production. The liver synthesizes procoagulant 
factors II, V, VII, IX, X, XI, XII, and XIII, and a reduction of 
the activity in these factors is frequently observed in ESLD 
patients [1]. On the other hand, most inhibitors of coagula-
tion (anti-thrombin, heparin cofactor II, protein C, protein S, 
and tissue factor pathway inhibitor) and components of the 
fibrinolytic system (plasminogen, α2-antiplasmin, plasmin 
inhibitor) are also synthesized in the liver and are similarly 
decreased [1]. As such, a balanced decrease in synthesis of 
pro- and anti-coagulation factors in ESLD can result in a 
relative homeostasis in ESLD. However, with such a fragile 
balance, ESLD patients are at risk of developing either hypo- 
or hypercoagulable states. In fact, tissue factor is produced in 
hepatocytes and believed to be a principal physiological acti-
vator of coagulation. It is released by damaged hepatocytes 
and may play a role in the hypercoagulable aspects of liver 
diseases [2].

Platelets play an important role in coagulation, and 
their quantity and quality are often profoundly decreased 
in ESLD.  This is largely driven by portal hypertension 
and subsequent platelet sequestration and destruction by 
the spleen (hypersplenism). Reduced synthesis of throm-
bopoetin, the growth factor required for platelet produc-
tion, also leads to a reduction in circulating platelets. 
Platelets may additionally be consumed in coagulopathy, 
and bone marrow suppression may further exacerbate 
thrombocytopenia [2].

Von Willebrand Factor (vWF) is synthesized in endothe-
lial cells and is increased in liver disease causing increased 
platelet aggregation. The vWF which inactivates metallopro-
teinase ADAMTS13, also synthesized in the liver, is often 
decreased [2]. As a result, vWF breakdown is slowed, and 
vWF exhibits increased activity. This supports platelet adhe-
sion despite reduced platelet functional capacity [3, 4]. Of 
the factors listed above, factor VIII and vWF can be viewed 
as the only factors which are typically increased in concen-
tration compared to the majority that are typically reduced 
due to overall impaired protein synthesis [1].
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 Rebalanced Hemostasis

The current view is that the majority of patients with ESLD 
exist in a precarious balance between these pro- and 
 anticoagulation systems, in what has been termed a state of 
“re- balanced hemostasis.” [5] This rebalance, however, is 
less stable than the hemostatic balance in healthy patients 
[5] and is easily disturbed by complications of liver disease 
including infections, renal failure, and surgical stress lead-
ing to rapid shifts to a hypo- or hypercoagulable state, 
explaining why both bleeding and thrombotic episodes 
occur in these patients [5]. Importantly, traditional labora-
tory testing can be misleading resulting in unnecessary 
transfusion of factors [6].

 Evaluating Coagulation Defects in ESLD

The bleeding risk in ESLD patients is typically first assessed 
using interview and physical examination. Medical history 
should focus on history of bleeding including epistaxis, 
spontaneous bleeding (e.g., gingival bleeding while brushing 
teeth), esophageal variceal bleed, history of easy bruising, 
history of deep vein thrombosis (DVT), pulmonary embo-
lism (PE), or portal vein thrombosis (PVT), and history of 
cancer, particularly hepatocellular carcinoma (HCC). 
Physical exam findings suggestive of increased bleeding risk 
may include bruises, petechiae, or spontaneous bleeding 
from vascular insertion sites.

The next step to evaluate a cirrhotic patient’s coagulation 
status is using standard laboratory tests of prothrombin time 
(PT), activated partial thrombin time (aPTT), and interna-
tional normalized ratio (INR). Routine coagulation tests 
including PT/INR and PTT are in vitro tests and only mea-
sure the levels of specific individual procoagulants produced 
by the liver.

Historically, practitioners would prophylactically correct 
a prolonged PT and elevated INR prior to surgery by admin-
istering plasma, due to concerns for excessive bleeding risk. 
However, this assumption is likely incorrect. Clinical and 
laboratory studies have shown that INR does not correlate to 
bleeding risk in cirrhotic patients [6]. Routine correction of 
hemostasis abnormalities by plasma or platelet transfusion in 
patients with liver disease is not indicated and may even do 
more harm than good by disrupting the patients’ so-called 
rebalanced hemostasis discussed above [5]. In addition, 
when plasma is given to correct an elevated INR, it is com-
monly under-dosed. The dose of plasma to correct an ele-
vated INR is 10–15  ml/kg. However, providers give an 
average of 1–2 units which exposes the patient to all the risks 
of transfusion, including transfusion-associated acute lung 
injury (TRALI), transfusion-associated circulatory overload 

(TACO), and portal venous congestion without adequately 
correcting the INR. Warner et al. showed that in nearly 7000 
patients receiving plasma with a median pretransfusion INR 
of 1.9 and a median transfusion volume of two units, (20% of 
which were administered prophylactically before a proce-
dure), the median decrease in INR was 0.4 with complete 
INR normalization in only 12% of the patients. Reductions 
in INR were modest with pretransfusion INR values <3 [7].

More sophisticated point-of-care tests of coagulation 
such as viscoelastic testing including thromboelastography 
(TEG) and rotational thromboelastometry (ROTEM) repre-
sent a helpful technique for evaluating whole blood clotting. 
Use of viscoelastic testing is likely superior to traditional 
PT/INR and PTT for evaluating cirrhotic patient’s underly-
ing hemostatic abnormalities due to the tests’ ability to 
quantify clot initiation, propagation, and breakdown in real 
time to identify specific abnormalities. The ROTEM test 
contains several component tests: EXTEM which analyzes 
the extrinsic coagulation pathway, INTEM which analyzes 
the intrinsic pathway, FIBTEM which analyzes the contri-
bution of fibrinogen to coagulation, and APTEM which 
detects fibrinolysis. An additional test, HEPTEM, can be 
used to detect heparin effects [8]. The most relevant ROTEM 
tests for liver transplantation are the EXTEM, FIBTEM, and 
APTEM. Commonly used thromboelastometry parameters 
include the clotting time (CT) representing clotting factor 
activation, clot formation time (CFT) and α-angle which 
correlate with factor amplification and fibrin cross-linkage, 
Amplitude at 5 and 10 minutes (A5 and A10) and maximum 
clot firmness (MCF), represent clot strength and correlate to 
platelets and fibrinogen activity on the EXTEM, and fibrin-
ogen on the FIBTEM. Maximum lysis (ML) indicates the 
maximum amount of clot breakdown [9]. One distinct 
advantage of ROTEM over standard laboratory assessment 
is the speed; results (including CT, CFT, A5, A10) can be 
obtained within 5–10 minutes of starting the assay. A5/A10 
have been shown to have an excellent correlation with 
thrombocytopenia and hypofibrinogenemia and may poten-
tially guide early transfusion of relevant blood products dur-
ing liver transplantation [10]. Evidence supports the use of 
these tests to guide transfusion in actively bleeding patients 
without liver disease and has shown a reduction in the 
amount of transfusion and decreased risk of postoperative 
thrombosis [8, 11, 12]. In liver transplant surgery, utilization 
of ROTEM to guide transfusion may decrease blood loss 
and plasma transfusion [13–15]. ROTEM-guided hemor-
rhage prediction in ESLD is an area of ongoing research 
with promising results thus far [16, 17]. Evidence as to any 
long-term benefits in morbidity and mortality with of the 
use of thromboelastometry in liver transplantation is lim-
ited. One case control study of ROTEM in 303 liver trans-
plant patients showed that use of ROTEM reduced blood 
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product administration in patients with MELD >21, reduced 
surgical complications and postoperative renal failure, and 
was associated with better preservation of the liver graft 
with lower rates of graft dysfunction and re- transplant as 
well as lower early mortality [18]. However, a randomized 
controlled trial of 28 patients undergoing liver transplanta-
tion using thromboelastography-guided transfusion versus 
standard laboratory coagulation testing showed significantly 
less plasma transfusion in the thromboelastography group, 
but no difference in 3-year survival.

Another major advantage of ROTEM is its high negative 
predictive value—during ongoing bleeding a normal 
ROTEM may indicate a surgical source of bleeding rather 
than coagulopathy [11]. We recommend baseline ROTEM at 
the start of the procedure and then again at least after reper-
fusion or more frequently if abnormal or continued diffuse 
bleeding occurs.

 Liver Transplant and Intraoperative Changes 
in Coagulation Status

The main causes of bleeding during liver transplantation 
include inadequate surgical hemostasis, coagulopathy (dilu-
tional or consumptive), hyperfibrinolysis, transmural hydro-
static pressure such as portal hypertension, hypothermia, 
release of inflammatory mediators, and heparin/TPA infusion 
from the graft itself. There are three distinct phases in liver 
transplantation each with specific potential complications.

 Pre-anhepatic Stage
The pre-anhepatic stage begins at surgical incision and 
ends when blood flow to the patient’s liver is stopped. The 
hallmark of this phase is dissection and exposure of the 
hilum. Careful observation of the surgical field is key as 
surgical bleeding is most likely to occur during this phase. 
Vascular access should be adequately placed and blood 
products prepared accordingly due to the potential for sud-
den acute bleeding during the pre-anhepatic phase. Rapid 
infusing capability is a baseline requirement. Bleeding is 
most likely to be encountered in patients with portal hyper-
tension, where fragile venous structures may rupture and be 
difficult to control surgically. In patients with severe portal 
hypertension, including those who have undergone previ-
ous transjugular intrahepatic portosystemic shunt (TIPS) 
procedures, disruption of porto-systemic shunts into the 
abdominal wall and peritoneum may be unavoidable for 
surgical exposure.

Risk of bleeding is increased in patients with previous 
upper abdominal surgeries (including previous transplants) 
and/or history of spontaneous bacterial peritonitis due to 
adhesions. Patients presenting with alcoholic hepatitis or 

alcoholic cirrhosis may have increased bleeding risk due to 
the direct toxic effect of alcohol on the bone marrow, as well 
as suppression of megakaryocyte function causing thrombo-
cytopenia and impaired platelet function [19]. In contrast, 
patients with HCC are at increased risk of developing venous 
thromboembolic complications including both PVT and 
non-splanchnic venous thromboembolism such as DVT and 
PE [20]. In addition, non-neoplastic PVT is more frequent in 
cirrhotic patients than in the general population and has been 
reported to be associated with a thrombophilic genotype in 
up to 69.5% of cirrhotic patients with PVT [21, 22]. 
Additionally, in patients requiring continuous renal replace-
ment therapy (CVVH) during liver transplantation, thrombo-
sis of the CVVH circuit was more rapid and more common 
than in control subjects [23]. It has been reported that patients 
with primary biliary cirrhosis exhibit less fibrinolysis and 
preserved capacity for thrombin generation compared with 
other etiologies for cirrhosis [24, 25].

The primary goal of anesthetic management during the 
pre-anhepatic phase is to maintain normovolemia using 
directed colloid/crystalloid/transfusion therapy when 
required based on a combination of observation of the surgi-
cal field and baseline viscoelastic testing obtained early in 
the case. Patients with ESLD are at increased risk of dilu-
tional coagulopathy compared to the general population due 
to baseline low levels of coagulation factors, thus judicious 
use of fluids is not only important for the patient’s cardiopul-
monary and volume status but also to their potential for 
coagulation.

Large fluid and blood product resuscitation may increase 
central venous pressure (CVP) which theoretically may 
increase bleeding secondary to increased portal hyperten-
sion. However, maintaining low CVP during the pre- 
anhepatic phase with the intention of reducing blood loss is 
controversial, with some reports showing maintenance of 
lower CVP (<5 mmHg) by forced diuresis, fluid restriction, 
nitroglycerin, and morphine to be associated with increased 
rates of postoperative renal failure and 30-day mortality [26] 
and others showing no difference in perioperative renal func-
tion and postoperative complications between normal and 
low CVP groups [27].

 Anhepatic Stage
The second phase of liver transplantation is the anhepatic 
stage which begins with clamping of the porta hepatis and 
ends at reperfusion of the new liver graft. There are three 
main surgical techniques for the anhepatic phase [28]. Total 
vascular isolation with inferior vena cava (IVC) replacement 
involves placing clamps across the porta hepatis, infrahe-
patic IVC, and suprahepatic IVC followed by removal of the 
liver and associated vasculature and replacement with the 
donor graft and vessels. IVC clamping may result in major 
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hemodynamic instability due to sudden decrease in preload 
and thus cardiac output with requisite volume resuscitation 
and vasopressor support to tolerate this technique. A second 
technique, called the piggy back technique, involves clamp-
ing the porta-hepatis and the hepatic veins; this involves a 
side clamp at the junction of the hepatic veins and the 
IVC. The piggy back technique preserves partial IVC flow 
and maintains partial preload and cardiac output compared 
to total caval replacement. Additionally, a temporary porto- 
caval shunt can be placed to better preserve preload during 
the anhepatic phase. The piggy back technique is associated 
with a more complicated surgical anastomosis compared 
with total caval replacement. A third method for maintaining 
cardiac output during the anhepatic phase is veno-venous 
bypass (VVB). For this method, a femoral vein canula (and 
sometimes a portal vein cannula) and an upper body venous 
cannula (such as internal jugular or subclavian vein) are 
placed and blood from the lower body is returned to the right 
atrium via a bypass circuit prior to total vascular isolation. 
Once the patient is anhepatic, vasopressor and inotropic sup-
port may be preferable to support blood pressure rather than 
fluid therapy, as excessive resuscitation during this phase 
could lead to volume overload at reperfusion causing acute 
right heart failure or congestion of the liver graft, impairing 
its function.

Once the recipient hepatectomy is performed, any pre- 
existing function of the patient’s own liver is lost. This 
includes metabolizing anesthetic drugs and citrate from 
transfused blood products leading to potential citrate toxic-
ity. Coagulopathy may be observed due to accumulation of 
endogenous tPA and other endogenous anticoagulants which 
are normally metabolized by the liver. As tPA increases the 
conversion of plasminogen to plasmin, which then aids in the 
breakdown of fibrin to fibrin split products, the end result is 
that fibrinogen production is slowed and fibrin is consumed 
leading to increased blood loss [24, 29].

 Neohepatic Stage
The final stage of liver transplantation, the neohepatic phase, 
starts at reperfusion and ends at the completion of surgery. 
Reperfusion may result in significant hemodynamic lability. 
At this point reperfusion of the new graft occurs by restoring 
venous blood flow through portal venous inflow and the infe-
rior vena cava outflow. During this time, the stagnant venous 
blood in the portal system and lower body systemic circula-
tion, in addition to the preservative solution and endogenous 
metabolites within the liver graft itself, are released into the 
systemic circulation. Reperfusion can be complicated by 
right ventricular distension and dysfunction, pulmonary vas-
cular constriction, systemic hypotension, arrhythmias, and 
cardiac arrest. Management of this critical period involves 
improving cardiac dysfunction using vasopressors, antiar-
rhythmics, and membrane stabilization but rarely involves 

acute changes in blood management. In the neohepatic 
phase, new coagulopathy can occur due to hyperfibrinolysis. 
In addition to the tPA effect seen during the anhepatic phase, 
in the neohepatic phase, fibrinolysis is enhanced by the 
release of tPA from the donor endothelium secondary to 
injury by ischemia and reperfusion [30]. Heparin-like activ-
ity may also be seen after graft reperfusion either from 
release of exogenous heparin from the donor liver used in the 
preservation process or from release of endogenous heparin-
like substances from the ischemic graft endothelium [30, 
31]. Although it is typically short-lived, patients with higher 
sensitivity to heparin may not clear it rapidly and develop 
coagulopathy; the use of protamine in this special case has 
been shown to improve blood loss [32]. Lastly, decreased 
blood temperature (from cold preservation solution), meta-
bolic acidosis, and reduced cardiovascular function may all 
play some roles in coagulopathy in the neohepatic stage [30], 
many of which will reverse with time once the liver graft 
begins functioning. Graft quality plays an important role in 
the neohepatic period as delayed or primary non-function of 
the graft will cause worsening coagulopathy. Select risk fac-
tors for graft failure include marginal grafts, poor preserva-
tion, and prolonged cold and/or warm ischemia times [33].

 Red Blood Cell Transfusion in Liver 
Transplantation

There is no current standard transfusion pattern followed 
during liver transplantation. One Canadian study reported 
that practice patterns differed significantly among eight 
major liver transplantation centers for RBC, plasma, and 
platelets [34]. Identifying a uniform transfusion strategy is 
difficult due to differences in the availability of point of care 
coagulation testing and difficulty in predicting intraoperative 
blood transfusion requirements from preoperative variables 
[35, 36].

 Strategies for Blood Conservation

Frequent hematologic complications such as anemia, throm-
bocytopenia, and coagulopathy found in liver transplant 
patients present a significant barrier when trying to avoid/
minimize allogeneic blood product transfusion. This being 
said, in order to reduce the incidence of exposure-related 
complications, several strategies could be employed [28]. 
Acute normovolemic hemodilution (ANH) is one strategy 
entailing removal of blood, typically via central access, dur-
ing the pre-anhepatic stage with maintenance of normovole-
mia with crystalloid or colloid replacement. Lowering of the 
patient’s hemoglobin concentration using ANH minimizes 
the effect of surgical blood loss (hemorrhaged blood has a 
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lower hematocrit) and preserves platelets and coagulation 
factors found in the autologous blood for autotransfusion in 
a later stage of the surgery. This technique can only be used 
in patients with high starting hemoglobin concentration and 
hemodynamic stability. Similarly, phlebotomy without 
replacement with crystalloid or colloid has been proposed by 
other groups [37].

RBC salvage using a cell salvage device is a well- 
established technique in liver transplant allowing large vol-
umes of shed blood to be returned to the patient without the 
potential for alloimmunization or other allogeneic blood 
transfusion complications [28]. Contraindications to the 
technique include infected material in the surgical field and 
malignancy. Several small studies, however, have evaluated 
the oncological safety of cell salvage in liver transplant 
patients with HCC and have not found negative effects on 
mortality or recurrence rate associated with its use [38–41]. 
Additional studies are warranted to confirm or refute these 
findings. Using techniques such as ANH and cell salvage, 
some institutions have achieved non-RBC transfusion liver 
transplantation [42].

 Factor Concentrates for Liver Transplant

In the absence of bleeding, correction of cirrhotic coagulopa-
thy is not recommended. Replacement of factors with plasma 
and correction of thrombocytopenia by platelet transfusion 
requires significant volume administration; the resultant 
increase in central venous pressure and portal pressures may 
in fact increase the risk of vascular hemorrhage [43]. Large 
volumes of plasma (10–15 ml/kg) are required to increase 
factor levels by 15–30%; each unit of plasma increases the 
risk of TRALI and TACO and furthermore may lead to hypo-
calcemia and hypothermia and may increase coagulopathy 
[44]. Patients undergoing liver transplant are at higher risk 
for TRALI than the general surgical population [45–48]. 
Transfusion in liver transplant is associated with longer 
length of stay, decreased survival, kidney injury, reoperation, 
and infection [33]. Prophylactic platelet transfusion in liver 
transplant exposes patients to the risks of transfusion, spe-
cifically TRALI and ARDS, and is associated with decreased 
patient and graft survival [44, 49, 50].

However, when clinical bleeding does occur, patients 
with end-stage liver disease are at increased risk of dilutional 
coagulopathy and hypofibrinogenemia compared to other 
patients. During liver transplant, endothelial glycocalyx 
injury acts as an anticoagulant and may lead to autoheparin-
ization [51]. Surgical bleeding may be further complicated 
by increased fibrinolysis secondary to decreased clearance of 
tPA during the anhepatic phase and increased release of tPA 
from the graft liver at reperfusions [51]. In fact, the liver 
graft may worsen coagulopathy if graft function is delayed 

secondary to prolonged ischemic times, marginal quality 
graft, or extended criteria donor [33]. As such, in the pres-
ence of bleeding during liver transplant, transfusion to cor-
rect coagulopathy can be complex and a variety of hemostatic 
products should be considered.

 Fibrinogen

Fibrinogen is the first clotting factor to decrease by a clini-
cally significant degree via dilution. While fibrinogen is 
present in plasma, a large volume of plasma would be 
required to effectively replace fibrinogen and paradoxically 
may lead to further dilution. Fibrinogen is available in sev-
eral forms including cryoprecipitate and fibrinogen concen-
trates. Cryoprecipitate is the product of partially thawed 
plasma and yields 15 mL per unit of plasma. It contains a 
range from 120 to 800 mg of fibrinogen per unit. It also con-
tains factor VIII, factor XIII, vWF and fibronectin [44]. One 
single donor unit of cryoprecipitate (15  mL) can increase 
fibrinogen by approximately 10  mg/dL in a 60  kg person 
[44]. In North America two forms of fibrinogen concentrate 
are available including Fibryga (Octapharma, Austria) and 
RiaSTAP (CSL Behring, Germany). Each dose contains 1 g 
of fibrinogen which is reconstituted in sterile water. 
Compared to cryoprecipitate, fibrinogen concentrates are 
available without delays because they are stored at room 
temperature and do not require thawing or blood typing [44]. 
Additionally, the manufacturing process is designed to 
decrease the risk of transfusion reaction and pathogen trans-
mission [44].

In trauma, massive hemorrhage is associated with a 
fibrinogen level less than 1.5 g/L. As such, trauma guidelines 
recommend maintaining fibrinogen between 1.5 and 2 g/L 
using an initial dose of 3–4 g of fibrinogen concentrate or 
50 mL/kg of cryoprecipitate [52]. A ROTEM FIBTEM MCF 
of 7 in trauma was associated with a fibrinogen level of 2 g/L 
and may help guide transfusion [52].

A systematic review comparing the effect of plasma 
transfusion, to fibrinogen concentrate for the management of 
bleeding in all-comers, revealed equivocal results in control-
ling bleeding with plasma transfusion, with only 28% of 
studies showing positive outcomes (decreased bleeding or 
mortality) [53]. On the other hand, 70% of the 21 fibrinogen 
studies showed positive outcomes. Three studies directly 
compared plasma to fibrinogen concentrate and found that 
fibrinogen transfusion was associated with reduced blood 
loss, decreased total transfusion, decreased ICU and hospital 
stay, and increased plasma fibrinogen level [53].

Studies evaluating the efficacy and safety of fibrinogen 
concentrates and cryoprecipitate in liver transplant patients 
also utilized prothrombin complex concentrates and are dis-
cussed in the following section.
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 Prothrombin Complex Concentrates

Prothrombin complex concentrates (PCC) are the factors 
purified from the supernatant from slowly thawing plasma 
[44, 54]. Most available PCCs contain four factors (4F PCC) 
(factor II, VII, IX, and X), and early versions contained 
three factors (Factor II, IX, and X). Early preparations of 
PCC were associated with thrombosis (venous thromboem-
bolism, myocardial infarction, disseminated intravascular 
coagulation), but newer products are considered safer 
because they maintain factors in inactivated states and con-
tain anticoagulant proteins [55]. In the United States, 4F 
PCC is available as KCentra (CSL Behring, Germany) and 
contains heparin, protein C, protein S, and antithrombin 
anticoagulants as well [56]. PCC dosing is based on the fac-
tor IX content which is approximately 500 IU per vial. PCC 
is reconstituted with 20 mL of sterile fluid for a factor IX 
concentration of 25 IU/mL [44]. Compared to plasma, PCC 
may restore factor levels without the risk of volume over-
load and decreased risk of transfusion reaction due to viral 
inactivation and nanofiltration [55].

Most safety and dosing for 4F PCC comes from studies 
on warfarin-treated patients. In a multicenter clinical trial, 
PCC was noninferior compared to plasma for reduction in 
INR and hemostasis in major bleeding related to warfarin 
and was associated with a similar adverse event rate [57]. 
Another study evaluating the thromboembolic complica-
tions associated with PCC for emergent warfarin reversal 
(due to bleeding or need for surgical procedure) found a 
3.8% incidence of thromboembolism (1 MI, 3 CVA, 1 
DVT, 1 splenic infarct) related to PCC (24  IU/kg) [58]. 
Given that the patients in the study were on warfarin as 
secondary prophylaxis to prevent stroke and had a preex-
isting thrombogenic condition, the authors concluded that 
the potentially increased risk of thromboembolism from 
PCC administration was only mildly increased compared 
to baseline [58].

Data on PCC in liver disease is limited. Pereira and col-
leagues evaluated the utility of four different doses of 4F 
PCC (ranging from 12.5–50  IU/kg) with vitamin K, in 
patients with liver disease experiencing life-threatening 
bleeding and noted an improvement in hemostasis after PCC 
administration [59]. Another group used an in vitro thrombin 
generation assay to evaluate the efficacy of PCC in liver 
transplant [60]. PCC restored thrombin generation in the 
liver transplant patients using low-dose PCC (0.2 IU/mL – 
equivalent to 10 IU/kg) compared to plasma (dose equivalent 
to 2–3 units of plasma) which was not able to restore throm-
bin generation. Additionally, low-dose PCC was not able to 
restore thrombin generation in patients treated with warfarin. 
The authors concluded that a lower dose of PCC was ade-
quate for restoration of thrombin generation in transplant 
patients compared to those requiring warfarin reversal [60].

The PROTON trial, a multicenter randomized, double-
blinded study evaluating efficacy and safety 4F PCC in liver 
transplant is ongoing; end points include transfusion totals, 
estimated blood loss, rescue medications, and safety end-
points including serious adverse events focusing on throm-
boembolic events [61].

Several studies in liver transplant have evaluated ROTEM-
based algorithms for fibrinogen replacement and PCC trans-
fusion using a range of ROTEM based protocols. Krichner 
and colleagues used a FIBTEM MCF of 6  mm and an 
EXTEM MCF of 35  mm to guide fibrinogen with a goal 
fibrinogen level of 1.5–2 g/L [62]. Of the 153 patients who 
received fibrinogen, the average dose was 6.3 grams. An 
EXTEM CT >80s was used to trigger PCC administration 
(25 IU/Kg). Patients who required fibrinogen concentrate or 
PCC also received more RBC, plasma, and platelets and 
were more likely to require reoperation [62]. There was no 
difference in thrombotic complications between the conven-
tional group and the group who received Fibrinogen concen-
trate and/or 4F PCC (p = 0.31). Hepatic artery thrombosis 
did not differ between groups with an overall incidence of 
4.1%, PE occurred in 3/266 patients (1.1% incidence), and 
PVT and myocardial infarction each had an overall incidence 
of 0.4% [62].

A different group compared conventional transfusion 
practices to a ROTEM-guided algorithm which included 
fibrinogen concentrate and 4F PCC using different parame-
ters [63]. ROTEM was performed at baseline, at reperfusion 
and after transplant. EXTEM A5  <  25  mm and FIBTEM 
A10  <  10  mm triggered fibrinogen transfusion by either 
cryoprecipitate or fibrinogen concentrate. PCC was adminis-
tered when EXTEM CT >80s. Using propensity score match-
ing, the group found decreased transfusion of RBC and 
plasma in the ROTEM group compared to the conventional 
group, there was no difference in transfusion of cryoprecipi-
tate or platelets, complications, length of stay, or mortality 
[63].

More studies and standardized dosing algorithms are nec-
essary to further evaluate fibrinogen concentrates and PCC 
in liver transplant recipients; these preliminary studies sug-
gest that these products are safe to use and do not increase 
the risk of thrombosis and potentially decrease transfusion 
requirements.

 Recombinant Activated Factor VII (rFVIIa)

Recombinant activated factor VII is a serine protease that 
converts inactive factor IX and X to active forms. rFVIIa was 
first used clinically in hemophilia patients who lacked factor 
VIII or IX, and high doses are required for hemophilia 
(90  mcg/kg) [44]. In the setting of perioperative bleeding, 
rFVIIa administration will restore activated FXa, restoring 
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activity of the Xase complex which leads to thrombin gen-
eration; therefore rFVIIa can only work to restore hemostasis 
if adequate prothrombin is present for FXa to act on, as such 
prior repletion of prothrombin by plasma or PCC administra-
tion is necessary for rFVIIa to work [54]. Similarly, throm-
bin generation will not restore hemostasis in the absence of 
fibrinogen; thus fibrinogen levels must be replete before 
administration of rFVIIa for it to be effective [54].

Recombinant factor VIIa is associated with a risk for 
thromboembolic complications. Administration of rFVIIa 
in intracranial hemorrhage and cardiac surgical patients is 
associated with increased risk of thromboembolic events 
[64]. A systematic review and meta-analysis of 35 random-
ized controlled trials evaluated the frequency of thrombo-
embolic events related to administration of rFVIIa, 
thromboembolic events occurred in 9% (401/4468) of 
patients, and specifically the incidence of arterial thrombus 
was higher in the rFVIIa group (5.5% vs. 3.2% p = 0.003) 
and coronary thrombosis (2.9% vs. 1.1%, p = 0.002) com-
pared to placebo [65]. The risk of arterial thrombosis 
increased with patient age with an incidence of 10.8% in 
patients  over 75 years old compared to a 4.1% incidence 
with placebo (p  =  0.02). The dose ranges in the studies 
reviewed were wide—ranging from less than 80 mcg/kg to 
greater than 120 mcg/kg; the authors conclude that rFVIIa 
is associated with increased risk of arterial thromboembo-
lism especially in older patients [65].

 rFVIIa in Liver Disease
Several studies, including randomized controlled trials, have 
evaluated the utility of rFVIIa in the liver transplant popula-
tion. Two small studies (less than 10 patients each) suggest 
that rFVIIa administration decreases transfusion require-
ments in liver disease patients [66, 67]; others have failed to 
find a difference in transfusion and long-term outcomes [68–
71]. In fact, several studies suggest increased transfusion 
requirement and decreased patient and graft survival in 
patients who receive rFVIIa [72, 73]. To date, there is no 
evidence for increased thromboembolic events in liver trans-
plant patients who receive rFVIIa [64, 67–69, 72, 73]. There 
is insufficient evidence to conclude benefit or harm for 
rFVIIa in this population.

 Antifibrinolytics

Antifibrinolytic agents currently available include amino-
caproic acid and tranexamic acid. Aprotinin, a trypsin 
inhibitor, was available prior to 2008 when it was with-
drawn after evidence suggested increase in postoperative 
mortality after coronary artery bypass surgery [74]. Several 
studies in liver transplant compared outcomes before and 

after the removal of aprotinin from the market. Retrospective 
reviews comparing blood loss before and after aprotinin 
withdrawal have shown mixed results with some reporting 
more bleeding since the withdrawal of aprotinin and others 
showing no difference in transfusions [75, 76]. Currently 
available antifibrinolytics like tranexamic acid have been 
shown to reduce transfusion requirements without increased 
risk of hepatic artery thrombosis, venous thromboembo-
lism, or mortality [77, 78]. Antifibrinolytic agents are typi-
cally only administered if there is viscoelastic testing 
evidence of hyperfibrinolysis, rather than prophylactically 
[62, 63].

 Conclusion

In conclusion, hemostatic alterations in ESLD require care-
ful evaluation. Care providers must set aside pre-conceived 
biases regarding abnormal standard laboratory results, as the 
majority of ESLD patients live in a state of “rebalanced 
hemostasis,” and viscoelastic testing of whole blood clotting 
may aid in elucidating a patient’s coagulation status. These 
tools are especially useful in diagnosing and managing 
evolving coagulopathies during liver transplant. Special con-
sideration should be paid to patient anatomical and physio-
logical challenges such as portal hypertension which may 
cause increased surgical bleeding. Strategies for blood man-
agement include conservation techniques, replacement of 
whole blood or its components, replacement of specific fac-
tor concentrates, and potentially antifibrinolytics when nec-
essary. Although many options are available, tailoring to the 
individual patient’s clinical picture is the key to good clinical 
outcomes.
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Abbreviations

AABB American Association of Blood Banks
ASA American Society of Anesthesiologists
ATLS Advanced Trauma Life Support
DO2 Delivery oxygen
ECG Electrocardiogram
ESA Erythropoietic-stimulating agents
FDA Food and Drug Administration
FOCUS Functional Outcomes in Cardiovascular patients 

Undergoing Surgical Repair
Hgb Hemoglobin
ICP Intracranial pressure
NISHOT Noninfectious serious hazards of transfusions
O2 Oxygen
PPH Postpartum hemorrhage
RBC Red blood cell
SCA Society of Cardiovascular Anesthesiologists
STS Society of Thoracic Surgeons
TAXI Transfusion and Anemia Expertise Initiative
TBI Traumatic brain injury
TIPS Transjugular intrahepatic portosystemic shunt
TXA Tranexamic acid
TITR Transfusion Indication Threshold Reduction
TRACS Transfusion Requirements After Cardiac 

Surgery
TRiCS Transfusion Requirements in Cardiac Surgery
VO2 Oxygen consumption

 Introduction

Historically, the standard approach to anemia in a hospital-
ized patient was to treat liberally with allogenic blood trans-
fusions to maintain a hemoglobin ([Hgb]) exceeding 10 g/
dL, i.e., the customary transfusion trigger was 10 g/dL. The 
safety of a more conservative approach was suggested by 
normovolemic hemodilution studies of the late 1990s which 
established that healthy, elderly, and stable cardiac patients 
compensated for severe anemia without increases in serum 
lactate, suggesting that tissue oxygenation remained ade-
quate as long as intravascular volume was maintained [1]. 
Multiple studies report that allogenic blood transfusions are 
both risky to patients and costly to hospitals [2, 3]. In fact, 
mortality increases in a dose-dependent manner with each 
intraoperative red blood cell (RBC) unit transfused [4]. Thus, 
if outcomes are similar, a conservative strategy with a more 
restrictive transfusion trigger is recommended for most 
patient populations.

Reducing unnecessary blood transfusions through appli-
cation of appropriate restrictive transfusion strategies has 
become the standard of care [5]. Numerous randomized con-
trolled trials have shown that restrictive transfusion triggers 
are safe for most hemodynamically stable, nonbleeding 
patients [6]. Over the last 20  years, transfusion guidelines 
from multiple international societies, including the Society 
of Cardiovascular Anesthesiologists (SCA) and the Society 
of Thoracic Surgeons (STS), recommend restrictive transfu-
sion strategies with a [Hgb] threshold of 7 g/dL in asymp-
tomatic patients [6–10]. A higher [Hgb] threshold of 8 g/dL 
is suggested for postoperative patients, hospitalized patients 
with preexisting cardiovascular disease, and symptomatic 
patients with chest pain, congestive heart failure, orthostatic 
hypotension, or tachycardia unresponsive to fluid resuscita-
tion [1]. For patients with acute coronary syndrome, recom-
mendations differ, although most guidelines support a 
restrictive transfusion trigger between 7 g/dL and 9 g/dL [8, 
10–12].
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It is important to note that guidelines from most societies 
target hemodynamically stable patients without significant 
ongoing bleeding [6]. There is not enough evidence to 
support either restrictive or liberal transfusion strategies in 
unstable patients or in patients with active bleeding, although 
patients with active gastrointestinal bleeding and those with 
hemorrhagic shock have been studied most extensively [13]. 
Patients with hemorrhagic shock should be transfused 
empirically with RBCs, plasma, and platelets in fixed ratios 
until life-threatening bleeding is controlled.

As frontline administrators of blood products, anesthesi-
ologists are thought to be involved in almost half of the 
 decisions to transfuse the 21 million blood components 
used annually [14]. The American Society of 
Anesthesiologists (ASA) generally support restrictive 
transfusion practices, defined as a [Hgb] threshold of less 
than 8 g/dL, and report that the decision to transfuse should 
be based on a patient’s generalized risk of developing 
complications from inadequate tissue oxygenation as 
opposed to a single [Hgb] trigger [15, 16]. Since initial 
guidelines were published in 1996, the ASA has agreed that 
transfusions are rarely indicated when [Hgb] is greater than 
10 g/dL and is usually indicated when [Hgb] <6 g/dL [17]. 
Unfortunately, the ASA and other international societies 
are unable to give clear [Hgb] thresholds for patients at risk 
for tissue hypoxia and end-organ dysfunction in the acute 
care setting [18].

Anemia is common, affecting 20–40% of surgical patients 
and is a strong predictor of perioperative transfusions [19]. 
Perioperative anemia is an independent predictor of worsened 
patient outcomes, including increased length of hospital and 
ICU stay, and is associated with increased risk of postoperative 
complications and mortality [3, 20]. The combination of 
perioperative anemia and intraoperative blood transfusions 
further increases morbidity and mortality. It is unclear which 
factors cause the risks of acute anemia to exceed the risks 
associated with allogenic blood transfusions, especially for 
high-risk patients with ongoing blood loss. The challenge is 
to differentiate patients who will benefit from conservative 
transfusion strategies from those that will be compromised by 
them, and thus not benefit from the procedure.

Under normal physiologic conditions, systemic oxygen 
(O2) delivery (DO2) exceeds O2 consumption (VO2) in a 5:1 
ratio creating a positive O2 reserve [18, 21]. In anemic 
patients, compensatory mechanisms allow for increased car-
diac output, right shifting of the oxyhemoglobin dissociation 
curve, and altered regional blood flow to increase O2 extrac-
tion and maintain tissue DO2 [3]. Surgical stressors and anes-
thetic medications lead to multiple factors that disrupt normal 
O2 supply-demand, which influence patients’ tolerance to 
and compensation for anemia. For example, hypoventilatory 
hypoxia, common perioperatively, compromises DO2 at the 
same time that surgical trauma and pain increases VO2. 

Anesthetic drugs can reduce cardiac contractility and cause 
widespread vasodilation, limiting the patient’s ability to 
increase DO2 via increased cardiac output and altered 
regional blood flow. Hypotension, intravascular volume 
changes, and increased catecholamines, all of which are 
common perioperatively, further limit blood flow to vital 
organs. Clinicians must incorporate available indicators of 
DO2 into the decision to transfuse [22].

Traditional neurologic, cardiovascular, and respiratory 
features of tissue hypoxia are masked during general anes-
thesia. Unstable vital signs can result from anesthetic side 
effects or surgical manipulation, making it difficult to deter-
mine the primary driver of changes in heart rate, blood pres-
sure, and electrocardiogram. Furthermore, inadequate tissue 
perfusion is possible despite normal blood pressure and heart 
rate [23]. Hypovolemia can result from ongoing periopera-
tive losses or from relative changes in systemic vasodilation 
associated with anesthesia. Tissue hypoxia secondary to 
hypovolemia is readily reversed by restoration of intravascu-
lar volume. Assessing the heart rate, blood pressure, urinary 
output, and laboratory response to fluid challenges provide 
partial information. Intermittent boluses of vasopressors can 
temporize severe hypotension during ongoing volume resus-
citation, but careful evaluation of intravascular volume is 
necessary to assure end-organ perfusion is maintained.

 Intraoperative Transfusion Strategies

When choosing between conservative and liberal transfusion 
strategies, it is important to consider the clinical context 
including both surgical type and patient comorbidities. In 
2016, Hovaguiman and Myles [18] performed a meta- 
analysis on 31 randomized controlled trials in which they 
grouped patients into five context-specific strata. In patients 
with cardiovascular disease undergoing cardiac or vascular 
procedures and in elderly patients undergoing orthopedic 
procedures, application of restrictive transfusion strategies 
resulted in increased “inadequate O2 supply” events and/or 
mortality. Application of restrictive transfusion triggers in 
acute care, medical-surgical patients and in younger patients 
with subarachnoid bleeding or traumatic brain injury showed 
similar outcomes to the liberal transfusion group. This sug-
gests an approach to perioperative transfusions that “one size 
may not fit all” [24]. More research is needed to identify 
which high-risk patients will do better with a less conserva-
tive approach.

During anesthesia a primary goal is to maintain adequate 
tissue perfusion and DO2. DO2 is dependent on multiple 
physiologic parameters other than [Hgb]. Clinicians should 
strive to reduce O2 demand and optimize heart rate, rhythm, 
contractility, preload, and afterload before deciding to trans-
fuse except in the case of hemorrhagic shock [25]. 
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Intravascular deficits should be treated with crystalloid 
administration and anesthesia-related vasodilation with 
vasopressors. The decision to transfuse must be based on 
multiple factors including the potential for or actual ongoing 
bleeding, intravascular volume status, signs of organ isch-
emia, and the adequacy of cardiopulmonary reserve [15]. 
Each of these factors is challenging to measure, requires 
astute clinical judgment to interpret, and is more subjective 
than an arbitrary [Hgb]. Integration of patient data through 
vigilance and meticulous monitoring is key in determining 
when transfusions are necessary during surgery.

Estimating blood loss is a critical step in transfusion deci-
sions but better techniques are necessary to improve accu-
racy with its measure. Multiple reports show that estimation 
of blood loss is difficult, frequently inaccurate, and inconsis-
tent among nurses, surgeons, and anesthesiologists [26, 27]. 
The rate, magnitude, and potential for ongoing bleeding 
must also be considered. The definition of massive hemor-
rhage varies but generally includes one of the following cri-
teria: need for >10  units of red blood cells, loss of ≥one 
blood volume in 24 hours, loss of ≥50% of blood volume in 
3 hours, or blood loss ≥150 mL/min.

The Advanced Trauma Life Support (ATLS) identifies four 
classes of hemorrhage based on estimated blood loss, as shown 
in Table 26.1 [28, 29]. Class I hemorrhage involves loss of 
15% of blood volume and results in minimal hemodynamic 
changes. Class II involves loss of 15–30% of blood volume 
and results in tachycardia without a change in systolic blood 
pressure. It is important to note that pulse pressure will begin 
to narrow with loss of 15–30% of blood volume as diastolic 
blood pressure increases to maintain tissue perfusion [28]. 
Increased diastolic blood pressure and a base deficit of −2  
to −6 mEq/L may be the first marker of ongoing blood loss 
and ensuing metabolic acidosis [29]. Class II hemorrhage is 
usually effectively corrected with fluid administration although 
transfusion maybe indicated if the patient has preexisting 

anemia or cardiovascular disease. Class III hemorrhage 
involves loss of 30–40% of blood volume resulting in 
significant tachycardia (HR 120–140 bpm), hypotension, base 
deficit of −6 to −10 mEq/L, and oliguria. Blood loss of >40% 
of estimated blood volume defines Class IV hemorrhage and 
results in marked tachycardia (HR >140), severe hypotension, 
base deficit greater than −10 mEq/L, and anuria. Immediate 
transfusion of blood and blood products is indicated for Class 
III or IV hemorrhage to restore intravascular volume, maintain 
DO2, and prevent development of coagulopathy [29].

Estimating intravascular blood volume is challenging due 
to inaccuracies of intraoperative blood loss measurements, 
intercompartmental fluid shifts, and the dilutional effects of 
crystalloid administration [17]. Meticulous monitoring for 
vital organ perfusion and clinical indications of tissue 
hypoxia is key in assessing the intravascular volume status of 
surgical patients. Preoperative evaluation of volume status 
with careful attention to conditions associated with increased 
volume losses, diuretic use, and duration of preoperative 
fasting is important in pre-surgical patients. The blood 
pressure and heart rate response to anesthesia induction, 
blood loss, and fluid administration are common metrics 
used to estimate volume status. Urinary output of at least  
0.5 mL/kg/h is a sign of adequate intravascular volume and 
adequate renal perfusion. Non-invasive cardiac output 
monitors and assessment of cardiac chamber size with 
echocardiography provide a more objective measure of fluid 
responsiveness. Invasive pressure measures such as stroke 
volume or pulse pressure variation or trends in central venous 
pressure or pulmonary arterial occlusion pressure should be 
used as needed to respond to the dynamic volume changes 
associated with surgery and anesthesia [23].

Hypovolemia is associated with labile blood pressure dur-
ing anesthesia and exaggerated changes in [Hgb] with fluid 
administration. After transfusion and without ongoing blood 
loss, euvolemic adults should have a 1 g/dL rise in [Hgb] for 
every unit of RBCs given. Of note, 10 ml/kg of RBCs will 
produce similar effects in children. Hypovolemic patients 
will have larger than expected increases in [Hgb] with each 
unit of RBCs transfused and conversely will have greater 
dilution of [Hgb] with fluid administration.

The critical [Hgb] required for each patient varies 
inversely with cardiovascular reserve [30]. Clinicians must 
consider a patient’s comorbidities, response to fluid adminis-
tration, and need for vasoactive medications to determine 
cardiopulmonary reserve. Transfusion is usually not neces-
sary when a patient is able to compensate for acute anemia 
without signs of tissue hypoxia. High-risk patients with low 
cardiopulmonary reserve do not tolerate the combination of 
acute anemia and impaired compensatory response. The 
increase in cardiac output and heart rate required to compen-
sate for anemia in these patients cause increased myocardial 
O2 demands.

Table 26.1 Advanced trauma life support classes of hemorrhage 
[29, 30]

Class I Class II Class III Class IV
Blood loss 
%

<15 15–30 30–40 >40

Pulse rate <100 100–120 120–140 >140
Blood 
pressure

No change No 
change

Decreased Greatly 
decreased

Pulse 
pressure

Normal to 
increased

Decreased Decreased Decreased

Urinary 
output (ml/
hr)

>30 20–30 5–15 Minimal

Base deficit 
(mEq/L)

0 to −2 −2 to −6 −6 to −10 −10 or less

Blood 
products 
needed

Unlikely Possible Yes Activate massive 
transfusion 
protocol
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Transfusions may be necessary before laboratory mea-
surements of [Hgb] during acute intraoperative bleeding. 
During acute blood loss, [Hgb] will be normal or mislead-
ingly high unless substantial volumes of asanguineous fluids 
have been administered, making [Hgb] a less accurate trigger 
for transfusion. To guide transfusions, the clinician must 
continuously assess the operative field, hemodynamic 
response to volume administration, and laboratory values. 
Meticulous monitoring for signs of tissue hypoxia, such as 
unstable vital signs, ECG changes, echocardiographic wall 
motion  abnormalities, cerebral oximetry, new onset of oligu-
ria, metabolic acidosis, elevated base excess, or increased 
serum lactate, is key to optimize end-organ perfusion. The 
best intraoperative monitoring technique and optimal physi-
ologic metrics and biomarkers needed to establish individual 
transfusion thresholds have not been identified in adult or 
pediatric patients [15, 25].

 Comprehensive Conservative Strategies

Conservative transfusion strategies are preferred if tissue 
perfusion and DO2 can be maintained. This is only possible 
with a more comprehensive approach to anemia and periop-
erative bleeding. After implementing broad-based restrictive 
transfusion strategies, multiple institutions have reported a 
significant decrease in blood utilization and have shown sim-
ilar to improved outcomes for patients in restrictive transfu-
sion groups compared to those in liberal groups [31–34].

Careful preoperative assessment is necessary to identify 
potential for organ ischemia and risk factors for bleeding 
[15, 19]. Cardiopulmonary reserve should be optimized to 
improve tolerance to acute anemia and anesthesia. Whenever 
possible, anticoagulant and antiplatelet drugs should be 
stopped early enough to allow their effects to dissipate. If 
identified early, preoperative anemia is a modifiable risk, but 
effective management requires screening 4–8 weeks preop-
eratively to allow time to regenerate RBC mass. Treatment of 
preoperative anemia should be considered for all high-risk 
patients undergoing major elective procedures, especially if 
the procedure is associated with a >10% likelihood of need-
ing a blood transfusion [13, 35].

Intraoperatively, every attempt should be made to mini-
mize blood loss and improve the patient’s tolerance to ane-
mia, such that restrictive transfusion triggers can be utilized 
and transfusions avoided. Goal-directed fluid therapy and 
appropriate use of inotropic and vasoactive drugs is impor-
tant to assure adequate DO2 during surgery. Meticulous 
attention to hemostasis is the job of both the surgeon and the 
anesthesiologist. Surgical technique and appropriate use of 
hemostatic agents are key determinants of perioperative 
blood loss [19]. ASA practice guidelines for perioperative 
blood management recommend using multimodal protocols 

and algorithms to decrease bleeding whenever possible [15]. 
Aggressively treating hypothermia, acidosis, and hypocalce-
mia is critical to facilitate clot formation; otherwise this triad 
creates a vicious cycle, prolonging surgery and increasing 
blood loss. Additional techniques to minimize blood loss 
may include maintaining the blood pressure at the lowest 
safe level, lowering of central venous pressure, and careful 
positioning [19].

Prophylactic use of cell saver and antifibrinolytics for 
patients at risk for excessive bleeding is advocated. Hemostasis 
requires adequate presence of coagulation factors, platelets, 
and fibrinogen to produce a stable clot. Use of point-of-care 
testing such as viscoelastic monitoring to guide fresh frozen 
plasma, platelets, cryoprecipitate, factor concentrates, and 
antifibrinolytic drugs is recommended and has been shown to 
significantly reduce transfusion requirements [15].

Application of conservative transfusion strategies are also 
advocated in the postoperative period. Use of iron to treat 
postoperative iron deficiency will improve the patient’s toler-
ance to anemia, as symptoms frequently resolve prior to 
regeneration of RBC mass once iron stores have been 
replaced [5]. Post-operative blood loss can be significantly 
reduced by minimizing laboratory tests and using low- 
volume collection tubes. A comprehensive approach to ane-
mia and meticulous control of blood loss are required to 
minimize transfusion and improve patient outcomes.

The remainder of this chapter will focus on outcomes of 
liberal versus conservative transfusion strategies in specific 
high-risk patient populations.

 Transfusion Strategies in Cardiac Surgery

Cardiac surgery is frequently associated with significant 
blood loss, and patients undergoing cardiac surgery have 
limited cardiopulmonary reserve due to common high-risk 
co morbidities. The STS Adult Cardiac Surgery Database 
notes that 50% of patients undergoing cardiac procedures 
receive blood transfusions [12]. The 2010 Transfusion 
Requirements After Cardiac Surgery (TRACS) study found 
that transfusions were an independent risk factor for morbid-
ity and mortality in this patient population [36]. These find-
ing are supported by several other retrospective studies and 
systematic reviews. For example, patients undergoing coro-
nary artery bypass grafting experienced an increase risk of 
death and pneumonia after high amounts of RBC transfu-
sions [37, 38]. Of course, during acute hemorrhage associ-
ated with cardiac surgery, RBC transfusions can be lifesaving 
by providing increased O2-carrying capacity and improved 
microcirculation [39].

TRACS documented the safety of restrictive transfusion 
strategies after cardiopulmonary bypass, showing no differ-
ence in the 30-day mortality between patients transfused to a 
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restrictive goal ([Hgb] >8  g/dL, hematocrit >24%) versus 
liberal ([Hgb] >10  g/dL, hematocrit >30%). In 2015, the 
safety of restrictive strategies in cardiac surgery was ques-
tioned when the Transfusion Indication Threshold Reduction 
(TITRe2) clinical trial reported a significantly increased 
90-day mortality in the restrictive group compared to the lib-
eral group [40]. In 2017 the Transfusion Requirements in 
Cardiac Surgery III (TRiCS III) trial concluded that for 
patients at moderate to high risk of death, application of a 
restrictive strategy ([Hgb] threshold <7.5  g/dL) was non- 
inferior to a liberal strategy for outcomes including death 
and major disability (myocardial infarction, stroke, or new- 
onset renal failure with dialysis). These outcomes were 
achieved with less blood being transfused [41]. The current 
international consensus on evidence-based patient blood 
management strongly recommend a restrictive transfusion 
trigger of [Hgb] <7.5 g/dL for patients undergoing cardiac 
surgery [13].

[Hgb] is not the only indication for blood transfusion in 
this population. All cardiac surgery patients are at risk for 
both tissue hypoxia from anemia and worsened outcomes 
secondary to blood transfusions. Current STS and SCA 
guidelines for patients with [Hgb] between 7 and 10  g/dL 
undergoing cardiac surgery recommend transfusion in 
patients with “critical noncardiac end-organ ischemia,” 
active blood loss, or clinical indication of tissue hypoxia [7]. 
Low mixed venous O2 saturation or electrocardiographic or 
echocardiographic evidence of myocardial ischemia is 
defined as an indication of tissue hypoxia.

Treatment of preoperative anemia can be challenging in 
cardiac surgery patients due to the urgency of the procedure 
and US Food and Drug Administration (FDA) restrictions 
against use of erythropoietic-stimulating agents (ESAs) in 
cardiac and vascular surgery [31]. Implementing a variety of 
other conservative strategies including meticulous surgical 
hemostasis, use of antifibrinolytic agents, thromboelasto-
graphic guided coagulation algorithms, postoperative use of 
intravenous iron, and application of restrictive transfusion 
thresholds result in decreased number of transfusions, less 
kidney injury, shorter length of hospital stays, and lower 
costs [31].

 Transfusion Strategies in Orthopedic 
Surgery

Although a [Hgb] threshold of 7 g/dL appears safe for most 
asymptomatic orthopedic patients, the current American 
Association of Blood Banks (AABB) guidelines for RBC 
transfusions recommend a restrictive [Hgb] trigger of 8 g/dL 
for this population [6, 32]. Hip fracture patients represent a 
vulnerable orthopedic population as most are elderly and have 
cardiovascular disease or other comorbidities associated with 

decreased cardiovascular reserve. In 2011, the Functional 
Outcomes in Cardiovascular patients Undergoing Surgical 
repair (FOCUS) trial assessed hip fracture patients who were 
over 50 years of age and had a history of either cardiovascular 
disease, diabetes, peripheral vascular disease, or smoking. 
Restrictive strategies were found non-inferior to liberal strate-
gies regarding 30-and-60  day mortality and morbidity [42]. 
The current international consensus on evidence- based patient 
blood management concludes that high-risk hip fracture 
patients who are treated with restrictive transfusion triggers 
have similar critical outcomes to patients transfused liberally 
[13]. Another benefit of restrictive strategies in this population 
is that 42% fewer patients receive transfusions in the restric-
tive transfusion group ([Hgb] trigger <8 g/dL) compared to the 
liberal threshold groups [13]. Symptomatic anemia, defined as 
chest pain, congestive heart failure, tachycardia, or hypoten-
sion unresponsive to fluid, should be used as criteria for trans-
fusion even when [Hgb] >8 g/dL [32, 42].

A variety of conservative transfusion strategies have been 
studied in orthopedic surgery. Use of tranexamic acid in hip 
and knee arthroplasty is instrumental at reducing overall 
blood loss and transfusion requirements, especially if given 
prior to tourniquet deflation [15]. Identification and effective 
management of preoperative anemia is advocated for elec-
tive major orthopedic procedures [13]. Anesthetic techniques 
such as maintenance of normothermia and controlled hypo-
tension can decrease blood loss. Regional anesthesia, espe-
cially in major joint surgery, can significantly reduce 
perioperative blood loss [43]. Reducing perioperative blood 
loss in total knee arthroplasty has additional benefits, such as 
decreased intra-articular hemorrhage, limb swelling, postop-
erative pain, and increased range of motion leading to 
improved rehabilitation and patient satisfaction [44].

 Transfusion Strategies in the Pediatric 
Population

Pediatric anemia is common, occurring in up to 75% of criti-
cally ill children, resulting in almost half of PICU patients 
receiving a blood transfusion if admitted for more than 
48 hours [45]. The risks of anemia and transfusions differ in 
pediatric patients. Children appear to tolerate anemia better 
than adult populations as they typically do not have flow lim-
iting lesions that jeopardize DO2 to vital organs. However, 
noninfectious serious hazards of transfusions (NISHOT), in 
particular transfusion-associated lung injury and transfusion- 
associated circulatory overload, are much more prevalent in 
critically ill children for unclear reasons [25]. In fact, RBC 
transfusion is an independent risk factor for mortality in crit-
ically ill children [46].

In critically ill, hemodynamically stable children, a 
restrictive transfusion strategy is non-inferior to a liberal 
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transfusion strategy and reduces exposure to blood products, 
making restrictive strategies preferred during periods of 
hemodynamic stability [25]. The 2007 Transfusion 
Requirements in the Pediatric Intensive Care Unit (TRIPICU) 
study was a multicenter, randomized controlled trial that 
compared restrictive ([Hgb]  ≤  7  g/dL) to liberal 
([Hgb] ≤  9.5  g/dL) transfusion thresholds in critically ill 
children. TRIPICU reported similar rates of multi-organ dys-
function in both groups, although restrictive practices 
reduced transfusion frequency by half [47]. A study of acute 
pediatric burn patients found that a restrictive transfusion 
group ([Hgb] <7 g/dL) had significantly lower mortality than 
a liberal transfusion group ([Hgb] <10 g/dL) [48].

Despite the benefits of reduced RBC transfusions in chil-
dren, pediatric intensivists have been slow to adopt restric-
tive practices [25]. There is limited evidence to guide 
transfusion decisions in critically ill hemodynamically 
unstable patients, defined as mean arterial pressure greater 
than 2 standard deviations below normal mean for age or an 
increase in cardiovascular support (vasoactive drugs or flu-
ids) over the last 2 hours [47]. Likewise, there is lack of evi-
dence to guide transfusion strategies for critically ill children 
undergoing surgical procedures, especially for medically 
fragile patients with complicated physiology [45].

The 2018 Pediatric Critical Care Transfusion and 
Anemia Expertise Initiative (TAXI) brought together 
international, multidisciplinary experts to address different 
types of critically ill children, including those with non-
hemorrhagic and hemorrhagic shock, non-life-threatening 
bleeding, and traumatic brain injury [25]. Consensus of 
>80% was reached for each recommendation, including the 

need to consider the overall clinical context (symptoms, 
signs, physiologic markers, laboratory results) and the 
risks, benefits, and alternatives when deciding to transfuse. 
The use of physiologic-based metrics and biomarkers of 
DO2 are recommended, but the experts could not give 
guidance on thresholds or priorities of these measures to 
inform transfusion decisions. More research is needed to 
identify biomarkers and/or physiologic measures that 
suggest intolerance to anemia and indicate a patient-specific 
likelihood of transfusion benefit.

Figure 26.1 represents an RBC transfusion clinical deci-
sion support tree that summarizes the TAXI recommenda-
tions for critically ill children [25]. [Hgb] should be measured 
before transfusion unless a patient has life-threatening bleed-
ing. Transfusion is recommended for [Hgb] <5  g/dL and 
should be considered if [Hgb] is between 5 and 7 g/dL in 
general or during periods of non-life-threatening bleeding. 
For acute brain injury patients, transfusion should be consid-
ered for [Hgb] between 7 and 10 g/dL. Due to inadequate 
evidence, TAXI could not recommend for or against the use 
of brain O2 monitoring to guide transfusion decisions. During 
non-hemorrhagic shock, all strategies to augment DO2 and 
decrease O2 demands should be considered before transfu-
sion. TAXI recommended not transfusing patients who are 
hemodynamically stable with a [Hgb] >7  g/dL.  The post 
transfusion goal should be to relieve the indication for trans-
fusion as opposed to achievement of a certain [Hgb]. During 
hemorrhagic shock, empiric ratios of RBCs, plasma, and 
platelets should be given until bleeding is controlled as chil-
dren with life-threatening hemorrhage have >50% mortality 
[45].

Fig. 26.1 Pediatric critical care 
Transfusion and Anemia Expertise 
Initiative (TAXI). Red Blood Cell 
(RBC) Transfusion Clinical Decision 
Tree. Transfusion and Anemia 
Expertise Initiative (TAXI) RBC 
transfusion decision tree for critically 
ill children. ACS acute chest syndrome, 
ECMO extracorporeal membrane 
oxygenation, Hb hemoglobin, HbS Hb 
S, PARDS pediatric acute respiratory 
distress syndrome, VAD ventricular 
assist device. (With permission from 
Valentine et al. [25])
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 Transfusion Strategies in the Obstetric 
Population

Maternal anemia is common and is associated with increased 
premature delivery and worsened child morality [49]. Multiple 
physiologic changes occur during pregnancy to assure 
adequate DO2 to the parturient and developing fetus. These 
include increased maternal 2, 3-diphosphoglycerate, plasma 
volume, red cells, and cardiac output. Dilutional anemia 
develops as the increase in plasma volume exceeds that of red 
cell mass. Oral iron and folic acid supplementation, both of 
which are part of routine antenatal care, help the parturient 
tolerate anemia and avoid the associated adverse outcomes.

Physiologic changes provide a compensatory reserve that 
allows the parturient to tolerate the acute blood loss com-
monly associated with delivery [50]. Post-delivery changes 
of increased peripheral resistance and hemoconcentration 
help maintain blood pressure and further reduce the need for 
transfusion [50]. Despite this compensatory reserve, approx-
imately 1% of women receive a blood transfusion after spon-
taneous vaginal delivery and 5–6% after instrumental 
deliveries or cesarean sections [51]. Pregnancy, especially 
when accompanied by preeclampsia, is associated with 
increased risk of transfusion reactions [52].

There is considerable variability in transfusion guidelines 
among international obstetric societies, likely due to the lack 
of clear evidence specific for obstetric patients regarding 
safety of conservative transfusion strategies. Most societies 
recommend transfusing based on the degree of blood loss 
even though there are well-known inaccuracies in peripartum 
blood loss measurements especially at higher volumes [49]. 
Hancock et al. [53] found that improved accuracy of blood 
loss measurement did not result in earlier identification of 
postpartum hemorrhage (PPH). Clinicians must assess vital 
signs and severity of bleeding to determine when transfusion 
is indicated. A high suspicion for PPH as well as a standardized 
approach to patients at risk for hemorrhage is needed. These 
may include preemptive blood ordering, emergency release 
of blood products, and massive transfusion protocols.

PPH is a leading cause of maternal death after child-
birth. At term, uterine blood flow is approximately 5 liters 
per minute, which can result in a high rate of blood loss. 
Clinicians must maintain a high index of suspicion for PPH 
in order to recognize and treat it quickly. A 2017 Cochrane 
review of the efficacy of antifibrinolytic drugs for treating 
primary PPH found that intravenous tranexamic acid (TXA) 
reduces risk of maternal death from bleeding if given early, 
ideally 1–3 hours after childbirth, although it did not reduce 
the risk of serious bleeding or need for blood transfusion. 
The use of TXA was not associated with increased risk of 
thromboembolic events in this population [54].

Strategies to reduce unnecessary transfusions in the 
obstetric population include treatment of preoperative 
anemia, decreasing iatrogenic blood loss, optimization of 

hemostasis, and establishment of transfusion thresholds [49]. 
Anemia and iron deficiency, common in the postpartum 
period, are associated with decreased exercise tolerance, 
impaired lactation, reduced cognitive performance, 
emotional instability, and depression all of which can inter-
fere with maternal baby bonding. Treatment with iron may 
protect against these negative effects [49]. Adequate fibrino-
gen necessary to optimize hemostasis during obstetric hem-
orrhage varies between 100 and 200 mg/dL depending on the 
obstetric society guideline [49]. Additional research focused 
on context-specific indicators of volume status and tissue O2 
delivery in obstetric patients, especially as it applies to 
maternal hemorrhage, is needed to determine the safety of 
restrictive versus liberal transfusion practices in the obstetric 
population.

 Transfusion Strategies in GI Bleeding

Upper gastrointestinal bleeding is a very common cause of 
acute blood loss and therefore a very common cause for 
transfusion. For patients who are not experiencing massive 
exsanguination, a [Hgb] transfusion trigger <7 g/dL has been 
shown to be superior to a liberal threshold <9 g/dL. A key 
trial from 2013 found most patients in the restrictive group 
had lower 45-day mortality, fewer rebleeding events, fewer 
cardiac complications, and shorter hospital stays compared 
to a liberal group. Importantly, patients with Child-Pugh 
class C cirrhosis did not see the mortality benefit [55]. 
Currently, for bleeding varices, the American Association for 
the Study of Liver Disease recommends transfusing when 
[Hgb] approaches 7 g/dL with a goal of maintaining between 
7 and 9 g/dL [56]. Additional strategies to reduce bleeding 
and keep patients above transfusion triggers include early 
use of vasoactive drugs (e.g., octreotide or vasopressin), 
early esophagogastroduodenectomy, and the use of 
transjugular intrahepatic portosystemic shunt (TIPS) in 
selected patients [57].

 Geriatrics

In the general geriatric population, the prevalence of anemia 
may be as high as 25%. The elderly are the most common 
group to receive transfusions for anemia treatment. There is 
some evidence that the presence of anemia, independent of 
other comorbidities, can be a risk factor for the development 
of dementia and rapid cognitive decline [58]. The mechanism 
for this is unknown. Chronic hypoxia and systemic effects 
from micronutrient deficiency are two possible explanations 
for this association [59]. Other researchers have not found a 
link between anemia and delirium [60]. Currently, it is 
unknown whether simply being a geriatric patient necessitates 
either liberal or conservative transfusion thresholds.
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 Neurologic Injury

For many acute neurological injuries, patients presenting 
with anemia is an independent and significant predictor of 
poor outcomes [61, 62]. Adequate O2 delivery is key during 
the early phases of brain injury. However, during these events 
normal brain auto-regulation is suspected to be altered. For 
many common injuries (including acute stroke, intracerebral 
hemorrhage, and subarachnoid hemorrhage), several studies 
have found harm or no benefit to liberal transfusion goals 
compared to restrictive [61, 63–66].

Traumatic brain injury (TBI) is the most common cause 
of death in the first half of life, and many survivors are left 
with permanent impairment. More than 1/3 of patients with 
TBIs are transfused. Extra-cerebral injuries are the most 
common precipitator of transfusion. Not only is auto- 
regulation affected, but there is also concern that even mild 
anemia may cause vasodilation and thereby increase intra-
cranial pressure in these patients [67].

Many trials have included small numbers of TBI patients; 
however, there is not enough information for a clear consen-
sus whether liberal or restrictive transfusions strategies are 
superior. A clinician survey found most medical providers 
felt a threshold between 7 and 8 g/dL was best for acute brain 
injury in general. When it came to TBIs, however, there were 
nearly an equal number of responders in all groups between 
7 and 10 g/dL [68]. There is also disagreement if those pre-
senting with high ICPs might have different thresholds. A 
multicenter, randomized controlled trial (HEMOTION trial) 
may shed light on this area in the future (results expected in 
2021) [69].

Patients who develop intracerebral hemorrhage while 
treated with antiplatelet drugs can have worse outcomes 
compared to patients with normal platelet function. The role of 
platelet transfusion has been investigated in this population. In 
a recent trial, platelet transfusion was associated with greater 
disability at 3  months than in those who did not receive 
platelets [70]. This study excluded patients with platelet counts 
<100,000/L, and there was a relatively low rate of acute strokes 
in the trial. The role of platelet function tests to selectively 
choose who might benefit from transfusion is ongoing [71]. 
Some experts suggest avoiding platelet administration unless a 
surgical intervention is planned regardless of what antiplatelet 
agent the patient has taken [72].
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Hereditary Coagulation Disorders

Sanjana A. Malviya, Yi Deng, and Melissa Nikolaidis

 Introduction

Inherited bleeding disorders are uncommon and exist in <1% 
of the general population [1–3]. These disorders range from 
abnormalities involving platelets (primary hemostasis), 
coagulation factors (secondary hemostasis), clot lysis (ter-
tiary hemostasis), and blood vessels. The vast majority 
(>95%) of inherited bleeding disorders are predominated by 
hemophilias and von Willebrand disease (vWD) [3]. They, 
along with other common inherited and acquired bleeding 
disorders, are discussed in detail elsewhere in this book. The 
aim of this chapter is to highlight the rarer congenital disor-
ders that result in defects in hemostasis. In some of these 
syndromes, a bleeding diathesis is the predominate feature, 
while in others the bleeding is self-limiting and clinically 
mild. In the following section, we will categorize them 
according to disorders in primary, secondary, and tertiary 
hemostasis, before concluding the chapter with a concise 
overview on anesthetic concerns and management of this 
patient population.

 Hereditary Disorders Affecting Primary 
Hemostasis

Primary hemostasis is the process of platelets attaching to 
damaged endothelium and forming an initial plug. 
Classically, disorders of primary hemostasis manifest in 
excessive bleeding from skin and mucus membranes after 
minor trauma. They are typically divided into functional ver-
sus quantitative platelets defects. In a large case series 
involving surgical patients with inherited platelet disorders, 

Orsini et al. showed excessive bleeding occurred in 19.7% of 
cases in the perioperative period, with a higher incidence in 
those with functional (24.8%) versus quantitative platelet 
disorders (13.4%) [4].

 Functional Platelet Disorders

Functional disorders indicate deficient platelet activity 
within the clotting cascade, with or without accompanying 
thrombocytopenia. These can be further classified according 
to the mechanism of defect affecting adhesion, activation, or 
aggregation.

Bernard-Soulier Syndrome (BSS) BSS results from a group 
of autosomal recessive (AR) mutations encoding the glyco-
protein complex GPIb/IX/V, which forms the platelet recep-
tor for von Willebrand factor (vWF) [5]. Platelets with this 
defect are unable to adhere and aggregate at the site of vas-
cular injury. In addition, this glycoprotein complex is 
involved in megakaryocytosis and platelet turnover, so BSS 
patients develop both thrombocytopenia and abnormally 
large platelets (macrothrombocytopenia) [6]. Diagnostically, 
patients exhibit prolonged bleeding time and abnormal risco-
cetin-induced agglutination not corrected by addition of nor-
mal plasma (distinguishing it from vWD). However, platelet 
aggregation time and clot retraction time are normal. 
Treatment involves donor platelet transfusion and/or 
tranexamic acid to control bleeding events [7].

Storage Pool Disorders This set of diverse, yet rare inher-
ited, disorder affects platelet granule (alpha and dense gran-
ule) biogenesis and release, leading to deficiency in platelet 
activation and aggregation [5]. Examples include gray 
 platelet syndrome, Paris Trousseau syndrome, and Quebec 
platelet disorder [6]. Gray platelet syndrome is best charac-
terized here, exhibiting macrothrombocytopenia, reduced 
aggregation, and abnormal thrombus formation. Patients 
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usually see mild-to-moderate clinical bleeding [6]. Dense 
granule disorders include Hermansky-Pudlak and Wiskott-
Aldrich syndromes (WAS, see below). Hermansky-Pudlask 
patients have normal platelet counts and morphology but 
defective aggregation [8]. In addition, they can be associated 
with oculocutaneous albinism and granulomatous colitis. 
Typical management includes platelet transfusion and des-
mopressin to enhance platelet activity [5].

Glanzmann Thrombasthenia (GT) GT is an AR defect in 
glycoprotein complex GPIIb/IIIa resulting in the inability of 
fibrinogen to crosslink platelets. As such, platelet aggrega-
tion is greatly diminished [5, 8]. Patients with this disease 
may be refractory to platelet transfusions because of allo- 
antibodies to the GPIIb/IIIa complex [9]. In these cases, the 
use of recombinant factor VIIa may be necessary for both 
hemostasis and prophylaxis [7, 10].

 Quantitative Platelet Disorders

Quantitative platelet disorders frequently manifest in the 
newborn or adolescent period. In addition to low platelet 
count, they can be further sub-classified by platelet size, 
into small (i.e., WAS and X-linked thrombocytopenia), 
normal (i.e., familial platelet disorder, congenital amega-
karyocytic thrombocytopenia, and thrombocytopenia 
absent radius (TAR) syndrome), or large platelets (i.e., 
MHY9-related thrombocytopenia, X-linked macrothrom-
bocytopenia) [11].

Wiskott-Aldrich Syndrome WAS is characterized by 
X-linked defect in the WAS gene, leading to a triad of recur-
rent sinopulmonary infections, eczema, and thrombocyto-
penia [12, 13]. Platelet dysfunction arises from abnormal 
dense granules production and increased splenic turnover 
[14]. X-linked microthrombocytopenia (XLT) is a milder 
form of this condition, characterized by only microthrom-
bocytopenia without other systemic symptoms. Together 
these conditions occur in 1:250,000 live births [13]. Patients 
present in the first year of life with petechiae, easy bruising, 
and spontaneous or prolonged bleeding. Life-threatening 
episodes of gastrointestinal (GI) and/or intracranial hemor-
rhages (ICH) occur in 10–30% of patients [14].

Congenital Amegakaryocytic Thrombocytopenia 
(CAMT) CAMT is an AR mutation of the MPL gene 
responsible for the thrombopoietin receptor and megakaryo-
cyte production. Patients with CAMT present with severe 
thrombocytopenia and mucocutaneous hemorrhage at birth 
which may worsen throughout life. Diagnosis is confirmed 
by severe thrombocytopenia, absent megakaryocytes in bone 

marrow, and genetic testing. Treatments include platelet 
transfusion and stem cell transplant [11].

Thrombocytopenia Absent Radius (TAR) Syndrome TAR syn-
drome is an AR deletion of the 1q21.1 chromosome, a segment 
that includes 11 genes and occurs in 1:100,000–1:200,000 
live births [15]. Patients have hypomegakaryocytic thrombo-
cytopenia and bilateral radial aplasia. Thrombocytopenia is 
most severe at birth but usually resolves by school age [11]. 
It is estimated that 15% of children with TAR syndrome may 
have congenital heart disease, most commonly tetralogy of 
Fallot and atrial septal defects. In addition, renal anomalies 
can occur in 20% of patients [15].

MHY9-related Thrombocytopenia This is a family of auto-
somal dominant (AD) disorders involving mutations in the 
myosin heavy-chain gene MYH9. These conditions are also 
known as May-Hegglin anomaly, Fechtner syndrome, 
Sebastian syndrome, and Ebstein syndrome [11]. Symptoms 
include thrombocytopenia, hearing loss, renal failure, and 
cataracts [11]. Diagnosis is made by visualization of cyto-
plasmic inclusions in neutrophils and giant platelets on 
peripheral blood smear [16]. These patients may require 
cataract surgery and renal transplant at an early age.

X-linked macrothrombocytopenia is characterized by a 
mutation in the GATA binding protein, leading to defective 
maturation of megakaryocytes, deficient alpha granules, and 
hemolytic anemia [11]. Patients tend to have frequent bleed-
ing diathesis with low hemoglobin reserve.

 Other Congenital Syndromes Associated 
with Disorders of Platelet Function

In addition to the aforementioned disorders, there are a num-
ber of hereditary, systemic syndromes with platelet dysfunc-
tions, albeit in a more ancillary fashion.

Down’s Syndrome (DS) Trisomy 21, or DS, is a well-known 
syndrome associated with several hematologic derangements. 
The neonatal period can present with neutrophilia, polycy-
themia, and thrombocytopenia [17]. Thrombocytopenia is 
usually mild to moderate and quickly abates with age [18]. 
The postulated mechanism is dysfunctional megakaryopoi-
esis as well as prolonged megakaryocyte progenitor lifespan 
during gestation. DS is also associated with an increased 
risk of myeloproliferative disease and leukemia at an early 
age. Hepatosplenomegaly, petechiae, and/or frank bleeding 
are not uncommon [19]. Current recommendations include 
obtaining a preoperative complete blood count (CBC) to 
evaluate for anemia, thrombocytopenia, and hyperleukocy-
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tosis [19]. In addition, the American Academy of Pediatrics 
(AAP) recommends a screening CBC at birth and an annual 
hemoglobin level check thereafter [19].

Trisomy 13, 18 with modern medical expertise, 50% of 
patients with Trisomy 13 and 18 have an expected survival 
beyond the first week of life [20]. Eighty-three percent of 
Trisomy 18 patients are born with mild thrombocytopenia 
[20]. Given these patients’ frequent need for corrective or 
palliative surgeries, a preoperative CBC is essential [13].

DiGeorge Syndrome the 22 q11.2 deletion syndrome is the 
most prevalent chromosomal microdeletion syndrome, 
occurring in 1:4000 births [13]. It presents as a triad of con-
genital heart disease, thymic hypoplasia, and hypoparathy-
roidism [21]. Hemostatic defects in DiGeorge syndrome 
come from a defective GPIb platelet receptor and abnormal 
platelet adhesion. In addition, these patients face a 200X 
increased risk of idiopathic thrombocytopenic purpura (ITP) 
[13, 21, 22]. Studies have shown that DiGeorge patients have 
4X increase in excessive bleeding and 3X increase in trans-
fusion rates during cardiac surgery [23, 24].

Noonan Syndrome Noonan syndrome is a heterogenetic AD 
disorder occurring in 1:1000–1:2500 live births [25]. Patients 
have a myriad of abnormalities including facial dysmor-
phism, cardiac anomalies, genital defects, and short stature. 
Ninety percent have laboratory abnormalities in platelet 
function (aggregation and release) and coagulation tests (fac-
tor deficiencies), causing bleeding diathesis in 40% of those 
affected [25]. Prior to surgery, it may be prudent to refer to 
hematology for further assessment of coagulopathy and 
management recommendations [26, 27].

Cornelia de Lange Syndrome (CdLS) CdLS is a rare AD 
disorder precipitated by a mutation in the NIBPL gene [28]. 
Patients have multi-organ abnormalities including growth 
retardation, characteristic facies, limb abnormalities, and 
severe cognitive impairment [28]. Thrombocytopenia is 
present in 35% of patients, which may be transient or can 
progress to chronic ITP in 16% [13]. Current screening pro-
tocols recommend assessing platelet level at diagnosis and 
every 5 years after [13].

Jacobsen Syndrome partial deletion of chromosome 11 with 
characteristic multi-organ deformities including abnormal 
facies, cognitive impairment, GI tract and cardiac malforma-
tion, and dysmorphogenesis of hands and feet [29]. 
Interestingly, patients have pancytopenia including 
macrothrombocytopenia at birth as well as functional plate-
let defect, which may persist despite transfusions [13, 29]. 
As a result, it may be important to obtain hematology referral 
and platelet function testing prior to surgery.

Ehlers-Danlos Syndrome (EDS) EDS is an AD family of 
inherited collagen disorders occurring in 1:5000 people. There 
are five subtypes, with most exhibiting skin hyperextensibility, 
joint hypermobility, delayed wound healing, and atrophic 
scarring. In addition, capillary and platelet fragility is observed 
due to defective collagen in membrane scaffolding [13]. 
Although most patients have normal prothrombin time (PT) 
and activated partial thromboplastin time (aPTT), coagulation 
factor deficiencies have been reported in all subtypes [30]. 
Vascular type EDS, or type IV, is associated with a mutation in 
Col3A1 gene causing defects in medium-to large-sized blood 
vessels. These patients are at high risk of spontaneous vessel 
rupture in the GI tract, uterus, lungs, spleen, and liver [31]. 
Furthermore, 26–50% of these patients have defective platelet 
aggregation [31, 32]. Special surgical considerations exist for 
all EDS patients as they are predisposed to joint dislocation, 
skin damage, aneurysm formation, and vascular dissection.

 Hereditary Disorders Affecting Secondary 
Hemostasis

Secondary hemostasis is the process of crosslinked fibrin 
reinforcing the platelet plug to generate a stable clot. Patients 
with disorders affecting secondary hemostasis typically 
present with soft-tissue and retroperitoneal bleeding, hema-
tomas, or hemarthroses. Fibrin formation represents the final 
step in the coagulation cascade and is dependent on many 
coagulation factors synthesized by the liver. Deficiencies at 
any step within the cascade may lead to clinical coagulopa-
thy, with the most researched conditions being hemophilia A 
and B (deficiencies in factors (F) VIII and IX, respectively). 
These are discussed in detail elsewhere.

The rare inherited coagulation disorders (RICD) are a het-
erogenous collection of AR conditions affecting other 
 coagulation factors, including FII, V, VII, X, XI, and XIII, 
which affect ≤1 in 500,000 individuals each [2, 33]. In addi-
tion, combined FV/VIII deficiency due to mutation in the 
LMAN1 gene and variable combined factor deficiency with 
congenital deficiencies in vitamin K-dependent factors (FII, 
VII, IX, X) have also been described [2, 34, 35].

Clinical symptoms vary significantly between each disor-
der and even between patients afflicted with the same disor-
der [36]. Unlike hemophilia, factor levels do not always 
correlate with bleeding tendency. Patients tend to display 
prolonged PT or aPTT, and diagnosis is confirmed by testing 
for specific factor activity levels [36]. The therapeutic goals 
is to restore factor levels by infusing recombinant factor con-
centrates (available for FVII and XIII), plasma-derived con-
centrates (FX and XIII), prothrombin complex concentrate 
(PCC), fresh frozen plasma (FFP), and/or cryoprecipitate. 
Therapeutic plasma exchange is an excellent option if mini-
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mizing volume overload is paramount [2]. The British 
Committee for Standards in Haematology (BCSH) guide-
lines recommend avoiding high bleeding risk activities, 
selecting invasive procedures with minimum bleeding risk, 
and ensuring adequate communication between a hemo-
philia center and the treating physician. Antifibrinolytic and 
topical hemostatic agents should be used whenever possible, 
and intraoperative thromboelastography may prove invalu-
able in guiding factor replacement [2, 37].

 Hereditary Disorders Affecting Tertiary 
Hemostasis

Tertiary hemostasis involves fibrinogen formation and lysis. 
There are two types of hereditary fibrinogen disorders which 
directly affect this process. Type I is an AR quantitative 
defect, in which fibrinogen levels are either low (hypofibri-
nogenemia) or absent (afibrinogenemia) [38]. These patients 
typically present with mild spontaneous bleeding events in 
the neonatal period, but symptoms can significantly worsen 
later in life. In addition, patients may experience severe 
obstetric hemorrhage, excessive bleeding post-provocation 
or intervention, and even delayed wound healing. Intriguingly, 
they are also at risk for paradoxical thromboembolic compli-
cations in both the arterial and venous vasculature, occurring 
up to 30.1% of patients [2, 38–40]. Type II, or dysfibrinogen-
emia, is an AD qualitative defect in which there is fibrinogen 
dysfunction as well as abnormal fibrinolysis. These patients 
predictably present with bleeding and/or thromboembolic 
complications as well [41].

Hereditary fibrinogen disorders are characterized by pro-
longed PT and aPTT, thrombin time, low fibrinogen levels, 
and abnormal fibrinogen function test. Management options 
include raising the functional levels to above 1–1.5 g/L using 
fibrinogen concentrate or cryoprecipitate [41]. Tranexamic 
acid may be used for bleeding prophylaxis before surgical pro-
cedures [41]. Fibrinogen replacement therapy is complicated 
by thrombosis in up to 30% of patients, so clinicians must 
exercise caution and hematology referral is often prudent [41].

 Other Hereditary Disorders with Defects 
in Coagulation System

 Inherited Thrombophilias

Besides genetic conditions which increase bleeding propen-
sities, several hereditary coagulation disorders exist in which 
the risk of thrombosis is conversely increased. The most 
common ones include factor V Leiden, prothrombin 
G20210A, protein C/S deficiency, and antithrombin defi-
ciency. These conditions are described in the chapter detail-
ing hypercoagulable states.

 Vasculitis and Autoimmune Conditions

Hereditary Hemorrhagic Telangiectasias (HHT) also 
known as Osler-Weber-Rendu syndrome, HHT is an AD 
inherited defect occurring in 1:5000–1:8000 individuals [42, 
43]. It is associated with elevated levels of vascular trans-
forming growth factor, which is expressed on vascular endo-
thelial cells and promotes cell proliferation [42]. As a result, 
telangiectasias and arteriovenous malformations (AVMs) are 
a hallmark of this disease [44]. Early in the disease course, 
recurrent epistaxis is the most common presenting feature, 
while in latter stages visceral AVMs predominate in the pul-
monary, hepatic, and cerebral circulations [42]. AVMs may 
enlarge during pregnancy due to increased circulating blood 
volume, cardiac output, and venous congestion due to the 
gravid uterus [42, 45]. In addition to hemorrhagic risk, AVMs 
can also promote circulatory dysfunction by inducing right 
to left shunting, paradoxical emboli, pulmonary hyperten-
sion, and high-output heart failure [42]. Spinal AVMs are 
rare but may hamper neuraxial anesthesia [44]. Finally, 
patients often have debilitating anemia due to recurrent hem-
orrhagic episodes [42].

Antiphospholipid Antibody Syndrome (APS) APS is an 
autoimmune (AI) disease characterized by the presence of 
antiphospholipid antibodies in serum, mainly lupus antico-
agulant, anticardiolipin antibodies, and anti-B2 glycoprotein 
antibodies. These antibodies are purported to affect multiple 
components of coagulation pathway including protein C, 
platelets, fibrinolysis, annexin V, and blood vessels [46]. 
APS exists either in isolation (primary APS) or in association 
with preexisting AI conditions like systemic lupus erythema-
tosus (SLE) (secondary APS) [47]. A separate and often life- 
threatening form termed catastrophic APS (CAPS) is 
associated with thrombotic microangiopathy and multiple 
organ thromboses. APS is diagnosed by the presence of auto-
antibodies and at least one clinical feature (i.e., vascular 
thrombosis, recurrent fetal loss, etc.) [48]. Deep vein throm-
bosis (DVT) and cerebral vascular events predominate most 
presentations of APS, although cardiac valve disease and 
coronary atherosclerosis can manifest as well [47, 49–51]. In 
terms of coagulation defects, 20% of patients are also at risk 
for a mild-moderate thrombocytopenia [48]. This is postu-
lated to result from increased platelet destruction by APS 
antibodies; therefore platelet supplementation does not 
reduce the risk of bleeding [52].

APS patients are very difficult to manage perioperatively. 
They alternatingly can be at risk of thrombosis due to 
withdrawal from anticoagulation and the hypercoagulable 
state of surgery or at risk for bleeding from excessive antico-
agulation and thrombocytopenia [48]. No consensus guide-
lines exist; however several studies recommend the reduction 

S. A. Malviya et al.



283

of perioperative risk via the following methods: (1) minimize 
periods without anticoagulation, (2) restart postoperative 
anticoagulation as early as possible, (3) use mechanical 
thromboprophylaxis methods to reduce the risk of DVTs, 
and (4) encourage early mobilization after surgery [47, 52]. 
If the patients are therapeutic on coumadin, they will need 
extended bridging protocols with heparin as the International 
Normalized Ratio (INR) goals are typically higher in this 
population (INR >3) [47, 48, 52]. Lastly, heparin monitoring 
should be performed with anti-FXa levels instead of aPTT, 
as circulating lupus anticoagulant may falsely elevate base-
line aPTT [48].

Systemic Vasculitis several types of systemic vasculitis such 
as Behchet’s syndrome (BS) and ANCA-associated vasculitis 
have manifestations of venous and arterial thrombosis. BS is 
characterized by oral and genital ulcerations, uveitis, skin 
lesions, and vasculitis involving cerebral and GI systems 
[53]. These patients exhibit an abnormally high production 
of procoagulant factors and thrombin, which along with 
impaired fibrinolysis leads to increased risk of DVTs and 
superficial vein thrombophlebitis. Less commonly, arterial 
thrombosis and aneurysms may present as well [53]. 
Similarly, patients with ANCA-associated vasculitis often 
have antibodies to plasminogen, causing impaired fibrinoly-
sis and arterial/venous thromboembolism [53].

 Hereditary Liver Disease

Liver dysfunction and cirrhosis are associated with major dis-
ruptions in the coagulation system, including disturbances in 
primary, secondary, and tertiary hemostasis. Thrombocytopenia 
develops from portal hypertension causing congestive spleno-
megaly, while platelet dysfunction arises from increased endo-
thelial production of nitric oxide and prostacyclin which 
inhibit platelet activation [54–56]. The liver produces both 
procoagulant and anticoagulant factors, which may be reduced 
unpredictably during disease states. Similarly, pro-fibrinolytic 
and antifibrinolytic forces fall into disequilibrium in cirrhosis 
and unpredictably manifest in periods of hyper or hypofibri-
nolysis [54–56]. Cirrhotic patients often have conventional 
laboratory abnormalities in coagulation that do not reflect 
clinical risk of bleeding [54]. Therefore, viscoelastic coagula-
tion tests such as rotational thromboelastometry (ROTEM) 
and thromboelastography (TEG) may serve as better tools in 
assessing functional coagulation status in these patients [55, 
56].

There are many inherited metabolic and genetic defects 
that can cause premature liver dysfunction. Bleeding risk is 
thought to be more pronounced in patients with hepatocel-
lular rather than cholestatic liver injury [56]. As it is impos-
sible to list all hereditary conditions that can induce liver 
dysfunction, instead we will focus on the three most preva-

lent genetic disorders that impact hepatic function in the sur-
gical population.

Hereditary Hemochromatosis (HH) HH, occurring in 1:250 
individuals, is an AR mutation of the HFE gene, leading to 
increased iron absorption, iron overload, and tissue damage. 
In HH, iron accumulates in hepatocytes, causing oxidative 
stress leading to hepatocyte injury and cirrhosis [57]. 
Laboratory markers assessing liver function are abnormal in 
75% of patients [58]. Those afflicted with HH are also pre-
disposed to develop hepatocellular carcinoma, with preva-
lence ranging from 12.4% to 45% [59]. Lastly, patients may 
develop cardiomyopathy, diabetes, arthritis, and abnormal 
skin pigmentation [57].

Alpha-1-Antitrypsin (AAT) Deficiency AAT deficiency is 
characterized by an AR mutation of the AAT gene which 
encodes a serine protease inhibitor produced by the liver 
[57]. Mutant AAT accumulates within hepatocytes, causing 
apoptosis and resulting hepatocellular injury. In the lung, 
functional AAT normally protects against the degradation of 
elastin, which is responsible for maintaining lung paren-
chyma. Loss of function leads to early-onset emphysema, 
which is gravely exacerbated by smoking [60, 61]. Overall, 
hepatic dysfunction is estimated to be present in 10–15% of 
children and 43% of adults with AAT deficiency, with preva-
lence increasing with age [62].

Wilson’s Disease also known as hepatolenticular degenera-
tion, Wilson’s disease is caused by AR mutation of the 
ATP7B gene that occurs in 1:30,000 live births [57]. This 
gene encodes the ATPase which transports copper into bile 
and then incorporates it into ceruloplasmin for excretion. In 
Wilson’s disease, defective ATPase leads to elevated levels 
of free copper, which damages hepatocytes and induces oxi-
dative injury and apoptosis. Clinically, liver dysfunction pre-
vails in 40–73% of patients and has a variety of manifestations 
including acute hepatitis, acute fulminant liver failure, 
chronic hepatitis, and cirrhosis [63, 64]. Aside from liver dis-
ease, patients may also have neurologic, psychiatric, ocular, 
and cardiac ailments due to deposition of copper in basal 
ganglia, eyes, and heart, respectively [65].

 General Considerations for Anesthetic 
Management

Hereditary coagulation disorders are varied in scope and 
presentation, so there cannot be one uniform approach to 
management. In general, many scenarios of unexpected 
perioperative hemorrhage can be avoided by maintaining a 
high index of suspicion for bleeding diathesis. The American 
Society of Anesthesiologists (ASA) clinical practice 
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guidelines recommend a thorough “preoperative evaluation 
of a patient to identify risk factors for requiring a blood 
transfusion, including reviewing previous medical records, 
conducting a patient or family interview, reviewing existing 
laboratory test results and ordering additional laboratory 
tests when indicated” [66]. The BCSH states that a bleeding 
history should be sought including “family history, evidence 
of excessive post-traumatic or post-surgical bleeding, and 
the use of antithrombotic drugs” [67]. In addition, physical 
exam specifically focused on often neglected aspects such 
as petechiae, ecchymosis, pallor, telangiectasias, joint 
deformities, and hyper-elasticity of skin, which when 
present should raise suspicion of a possible systemic 
disorder (Table 27.1).

Routine laboratory testing may be normal and cannot 
exclude a coagulation disorder [66] (Table 27.2). If suspicion 
is high for an underlying bleeding diathesis, hematology 
should be consulted early to seek further testing and offer 
guidance on perioperative management [33, 67].

 Obstetric Anesthesia

Hematologic State During Pregnancy obstetric (OB) 
patients undergo several physiologic changes that alter the 
patient’s coagulation profile. The plasma volume increase 
outstrips red blood cell (RBC) production increase so physi-
ological anemia of pregnancy develops [68]. Mild thrombo-
cytopenia is typically seen, and the coagulation factor 
activity doubles at term [68, 69].

Neuraxial Anesthesia in the general OB population, the risk 
of an epidural or spinal hematoma after neuraxial anesthesia 
is 1:168,000 [68]. Any patients presenting with hemostatic 
defects will likely be at greater risk of neuraxial complications. 
In those with thrombocytopenia, there is currently no specific 
platelet nadir that is predictive of future hematoma formation, 
although a 2015 survey suggests most OB anesthesiologist 
would not attempt neuraxial technique if the platelet level is 
<50,000 per μL [70, 71]. Other hereditary coagulation disor-
ders are so rare that literature guidance on individual patient 
management is mostly lacking. In hemophiliacs, neuraxial 
anesthesia has been documented successfully if factor defi-
ciencies were corrected beforehand [7]. Because factor lev-
els decrease significantly in the postpartum period, some 
authors suggest checking it prior to the removal of epidural 
catheter [69]. Disorders like HHT, EDS, and certain vasculi-
tides can have spinal vasculature  involvement and caution 
must be exercised when performing neuraxial techniques.

Mode of Delivery while there are no specific contraindica-
tions, Cesarean delivery in neonates with known inherited 

Table 27.1 History and physical exam features of hereditary coagula-
tion disorders

Pediatrics
  Umbilical stump bleeding
  Bleeding post circumcision
  Intracranial hemorrhage in neonatal period
  Prolonged bleeding after heel-stick
General
  Easy bruising or bleeding with minor trauma or in absence of 

trauma
  Mucocutaneus bleeding with tooth brushing, prolonged nose 

bleeds
  Excessive or prolonged bleeding after trauma, surgery, dental 

procedures
  Menorrhagia
  Prolonged bleeding during childbirth
  Hemarthroses, retroperitoneal bleeding
  History of liver disease
Family history
  Recurrent bleeding symptoms
  Excessive post-procedural bleeding
  Liver disease
Physical exam findings
  Petechiae, jaundice, telangiectasias, hypermobility of joints, 

musculoskeletal abnormalities, anemia, hepatosplenomegaly

Table 27.2 Common laboratory studies in inherited coagulopathies

Primary hemostasis Secondary hemostasis Tertiary hemostasis
Quantitative 
platelet 
disorders

Functional 
platelet 
disorders FVIII FII FV FV/VIII FVII FX FXI FXIII Afibrinogenemia

Hypo-
fibrinogenemia

Dys-
fibrinogemeia

Platelet 
count

↓ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔

Bleeding 
time

↑ ↑ ↑/↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔

PT ↔ ↔ ↔ ↑ ↑ ↑ ↑ ↑ ↔ ↔ ↑/↔ ↑/↔ ↑/↔
aPTT ↔ ↔ ↑ ↔ ↑ ↑ ↔ ↑ ↑ ↔ ↑/↔ ↑/↔ ↑/↔
TT ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↑ ↑ ↑
Fibrinogen ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↓/0 ↓ Normal

PT prothrombin time, aPTT activated partial thrombin time, TT thrombin time, F factor
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coagulation disorders is associated with the lowest risk of 
ICH, while assisted vaginal delivery carries the highest risk 
[68]. If vaginal delivery is sought, care must be taken to 
reduce the risk of ICH via avoidance of invasive fetal moni-
toring and delivery instrumentation [68]. For patients with 
known coagulation factor disorders, factor levels should be 
checked at regular intervals throughout pregnancy and main-
tained at near-normal levels during the peripartum period. 
Treatment of intrapartum hemorrhage can be aided with the 
addition of tranexamic acid, desmopressin, recombinant fac-
tors, and blood components [68, 69]. Finally, point-of-care 
testing modalities like ROTEM and TEG as well as rapid 
platelet function test (i.e., PFA-100, Plateletworks, etc.) may 
gain wider adoption in the future [69].

 Regional Anesthesia

Currently there are no guidelines regarding the use of 
regional anesthesia in patients with hereditary coagulation 
disorders. Peripheral nerve blocks have been performed 
safely in patients with moderate to severe hemophilia A and 
FXI deficiency, provided that the deficient factor levels had 
been corrected prior to the procedure [72, 73]. Nevertheless, 
given the lack of comprehensive research, patients must be 
evaluated on an individual basis for the risk versus benefit of 
undergoing regional anesthesia [74].

 Cardiac Anesthesia

Cardiac surgery and cardiopulmonary bypass (CPB) inflict 
multiple insults to the hemostatic profile. Blood contact 
with the CPB circuit induces an intense inflammatory 
response leading to activation of both pro-and anticoagula-
tion pathways. These derangements are further exacerbated 
by hypothermia, acidosis, hemodilution, and systemic hep-
arinization. Clearly, patients with hereditary coagulation 
disturbances are particularly tricky to manage in this 
scenario. Literature is again scarce here, with most being 
case reports of patients with hemophilia or vWD [75]. In an 
Australian case series of hemophiliac and vWD patients 
undergoing CPB, 12% developed bleeding requiring 
re-operation, compared to 1.9% in the general population 
[76]. However, these patients did not have increased hospi-
tal length of stay nor worsened mortality [76]. Other case 
reports suggest that patients deficient in coagulation factors 
may benefit from perioperative measurement of factor and 
inhibitor levels, as well as repletion of those factors either 

with concentrates or plasma [75]. Intraoperatively, factors 
are supplemented immediately after coming off bypass, 
and then continued daily for 7–10  days, postoperatively. 
Again, a multidisciplinary approach with cardiac anesthesi-
ologist, hematologist, and cardiac surgeon involvement is 
key [2, 75, 76].

 Orthopedic Surgery

All patients with disorders of secondary hemostasis are at 
risk for recurrent hemarthrosis and chronic joint arthropathy 
necessitating surgical correction. Again, much of the data 
regarding orthopedic surgery comes from patients with 
hemophilia and vWD. In patients with hemophilia undergoing 
elective orthopedic procedures, it is recommended to replete 
factor activity level to 100% perioperatively and maintain 
levels >60% postoperatively for 2 weeks [77]. Those patients 
with factor inhibiting antibodies may benefit from higher 
doses of factor concentrate, use of “bypassing agents” such 
as activated PCC or recombinant FVIIa, and/or 
plasmapheresis to reduce antibody burden prior to surgery 
[77]. Patients with vWD can be treated with desmopressin 
and FVIII repletion prior to surgery [77].

There are limited data regarding patients with rare bleed-
ing disorders and undergoing orthopedic surgery. In a retro-
spective case series of 22 patients with rare inherited 
coagulation disorders, 20% had suffered significant 
bleeding complications after surgery (defined as requiring 
more than 2 units of red cell transfusion) despite the fact 
that most of them had received prophylactic factor replace-
ments [36]. Patients with bleeding events were more likely 
to have low baseline factor levels prior to the procedure 
[36]. Furthermore, in a study of patients with inherited 
platelet disorders undergoing orthopedic surgery, 12.5% 
suffered excessive bleeding in the perioperative period [4]. 
Similar to other high-risk procedures, these patients may 
benefit from preoperative platelet transfusions, use of des-
mopressin to enhance platelet function, and antifibrinolytic 
agents.

 Conclusion

Although overall rare, there exists a myriad of hereditary dis-
orders that can affect hemostasis and coagulation. Each con-
dition and each patient afflicted with the same condition can 
present with different degrees of coagulation defect. In addi-
tion, many of these inherited disorders are associated with 
comorbidities that require surgical correction. It is therefore 
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paramount for the anesthesiologist to recognize and identify 
risk factors for bleeding and thrombosis through a detailed 
preoperative evaluation, determine the need for further diag-
nostic work up, and work together with other specialties to 
optimally manage these patients during the perioperative 
period.

References

 1. Bhave P, McGiffin D, Shaw J, et al. Guide to performing cardiac 
surgery in patients with hereditary bleeding disorders. J Card Surg. 
2015;30(1):61–9. https://doi.org/10.1111/jocs.12464.

 2. Strauss ER, Mazzeffi MA, Williams B, Key NS, Tanaka 
KA.  Perioperative management of rare coagulation factor defi-
ciency states in cardiac surgery. Br J Anaesth. 2017;119(3):354–68. 
https://doi.org/10.1093/bja/aex198.

 3. Mensah PK, Gooding R. Surgery in patients with inherited bleeding 
disorders. Anaesthesia. 2015;70(Suppl 1):112–20, e39–40. https://
doi.org/10.1111/anae.12899.

 4. Orsini S, Noris P, Bury L, et  al. Bleeding risk of surgery and 
its prevention in patients with inherited platelet disorders. 
Haematologica. 2017;102(7):1192–203. https://doi.org/10.3324/
haematol.2016.160754.

 5. Cattaneo M. Inherited platelet-based bleeding disorders. J Thromb 
Haemost. 2003;1(7):1628–36. http://www.ncbi.nlm.nih.gov/
pubmed/12871299.

 6. Nurden AT, Nurden P.  Inherited disorders of platelet function: 
selected updates. J Thromb Haemost. 2015;13(Suppl 1):S2–9. 
https://doi.org/10.1111/jth.12898.

 7. Bannow BS, Konkle BA. Inherited bleeding disorders in the obstet-
ric patient. Transfus Med Rev. 2018;32(4):237–43. https://doi.
org/10.1016/j.tmrv.2018.06.003.

 8. Handin RI.  Inherited platelet disorders. Hematology Am Soc 
Hematol Educ Program. 2005:396–402. https://doi.org/10.1182/
asheducation-2005.1.396.

 9. Hayward CPM.  Inherited platelet disorders. Curr Opin 
Hematol. 2003;10(5):362–8. http://www.ncbi.nlm.nih.gov/
pubmed/12913791.

 10. Nurden AT, Freson K, Seligsohn U.  Inherited platelet dis-
orders. Haemophilia. 2012;18(Suppl 4):154–60. https://doi.
org/10.1111/j.1365-2516.2012.02856.x.

 11. Drachman JG.  Inherited thrombocytopenia: when a low platelet 
count does not mean ITP.  Blood. 2004;103(2):390–8. https://doi.
org/10.1182/blood-2003-05-1742.

 12. Candotti F.  Clinical manifestations and pathophysiological 
mechanisms of the Wiskott-Aldrich syndrome. J Clin Immunol. 
2018;38(1):13–27. https://doi.org/10.1007/s10875-017-0453-z.

 13. Sarangi SN, Acharya SS.  Bleeding disorders in congenital 
syndromes. Pediatrics. 2017;139(2):e20154360. https://doi.
org/10.1542/peds.2015-4360.

 14. Rivers E, Worth A, Thrasher AJ, Burns SO. How I manage patients 
with Wiskott Aldrich syndrome. Br J Haematol. 2019;185(4):647–
55. https://doi.org/10.1111/bjh.15831.

 15. Greenhalgh KL, Howell RT, Bottani A, et al. Thrombocytopenia- 
absent radius syndrome: a clinical genetic study. J Med Genet. 
2002;39(12):876–81. https://doi.org/10.1136/jmg.39.12.876.

 16. Ruhoy SM, Yates A. Macrothrombocytopenia with Döhle body-like 
granulocyte inclusions: a case report of May-Hegglin anomaly in a 
33-year-old white woman with an update on the molecular findings 
of MYH9 -related disease. Lab Med. 2016;47(3):246–50. https://
doi.org/10.1093/labmed/lmw033.

 17. Martínez-Macías FJ, Bobadilla-Morales L, González-Cruz J, et al. 
Descriptive study of the complete blood count in newborn infants 

with Down syndrome. Am J Med Genet. 2017;173A:897–904. 
https://doi.org/10.1002/ajmg.a.38097.

 18. Hord JD, Gay JC, Whitlock JA.  Thrombocytopenia in neonates 
with trisomy 21. Arch Pediatr Adolesc Med. 1995;149(7):824–5.

 19. Lewanda AF, Matisoff A, Revenis M, et al. Preoperative evaluation 
and comprehensive risk assessment for children with Down syn-
drome. Paediatr Anaesth. 2016;26:356–62. https://doi.org/10.1111/
pan.12841.

 20. Wiedmeier S, Henry E, Christensen R. Hematological abnormali-
ties during the first week of life among neonates with trisomy 
18 and trisomy 13: data from a multi-hospital healthcare system. 
Am J Med Genet. 2008;146A:312–20. https://doi.org/10.1002/
ajmg.a.32107.

 21. Lambert MP, Arulselvan A, Schott A, et al. The 22q11.2 deletion 
syndrome: cancer predisposition, platelet abnormalities and cyto-
penias. Am J Med Genet A. 2018;176(10):2121–7. https://doi.
org/10.1002/ajmg.a.38474.

 22. Lawrence S, McDonald-McGinn DM, Zackai E, Sullivan 
KE.  Thrombocytopenia in patients with chromosome 22q11.2 
deletion syndrome. J Pediatr. 2003;143(2):277–8. https://doi.
org/10.1067/S0022-3476(03)00248-8.

 23. Brenner MK, Clarke S, Mahnke DK, et al. Effect of 22q11.2 dele-
tion on bleeding and transfusion utilization in children with con-
genital heart disease undergoing cardiac surgery. Pediatr Res. 
2016;79(2):318–24. https://doi.org/10.1038/pr.2015.216.

 24. Yeng Yeoh T, Scavonetto F, Hamlin RJ, Burkhart HM, Sprung 
J, Weingarten TN.  Perioperative management of patients with 
DiGeorge syndrome undergoing cardiac surgery. J Cardiothorac 
Vasc Anesth. 2014;28(4):983–9. https://doi.org/10.1053/j.
jvca.2013.10.025.

 25. Artoni A, Selicorni A, Passamonti SM, et  al. Hemostatic abnor-
malities in Noonan syndrome. Pediatrics. 2014;133(5):e1299–304. 
https://doi.org/10.1542/peds.2013-3251.

 26. Nugent DJ, Romano AA, Sabharwal S, Cooper DL. Evaluation of 
bleeding disorders in patients with Noonan syndrome: a systematic 
review. J Blood Med. 2018;9:185–92. https://doi.org/10.2147/JBM.
S164474.

 27. Morice A, Harroche A, Cairet P, Khonsari RH.  Preoperative 
detailed coagulation tests are required in patients with Noonan 
syndrome. J Oral Maxillofac Surg. 2018;76(7):1553–8. https://doi.
org/10.1016/j.joms.2017.12.012.

 28. Cavalleri V, Bettini LR, Barboni C, et al. Thrombocytopenia and 
Cornelia de Lange syndrome: still an enigma? Am J Med Genet. 
2016;170A(1):130–4. https://doi.org/10.1002/ajmg.a.37390.

 29. Mattina T, Perrotta CS, Grossfeld P.  Jacobsen syn-
drome. Orphanet J Rare Dis. 2009;4(1):9. https://doi.
org/10.1186/1750-1172-4-9.

 30. De Paepe A, Malfait F.  Bleeding and bruising in patients with 
Ehlers–Danlos syndrome and other collagen vascular disorders. Br 
J Haematol. 2004;127:491–500.

 31. Busch A, Hoffjan S, Bergmann F, et al. Vascular type Ehlers-Danlos 
syndrome is associated with platelet dysfunction and low vitamin D 
serum concentration. Orphanet J Rare Dis. 2016;11(1):1–8. https://
doi.org/10.1186/s13023-016-0491-2.

 32. Wiesmann T, Castori M, Malfait F, Wulf H. Recommendations for 
anesthesia and perioperative management in patients with Ehlers- 
Danlos syndrome. Orphanet J Rare Dis. 2014;9(1):109–18. https://
doi.org/10.1186/s13023-014-0109-5.

 33. Mensah PK, Gooding R. Surgery in patients with inherited bleeding 
disorders. Anaesthesia. 2015;70:112–e40. https://doi.org/10.1111/
anae.12899.

 34. Bolton-Maggs PHB.  The rare inherited coagulation disor-
ders. Pediatr Blood Cancer. 2013;60(S1):S37–40. https://doi.
org/10.1002/pbc.24336.

S. A. Malviya et al.

https://doi.org/10.1111/jocs.12464
https://doi.org/10.1093/bja/aex198
https://doi.org/10.1111/anae.12899
https://doi.org/10.1111/anae.12899
https://doi.org/10.3324/haematol.2016.160754
https://doi.org/10.3324/haematol.2016.160754
http://www.ncbi.nlm.nih.gov/pubmed/12871299
http://www.ncbi.nlm.nih.gov/pubmed/12871299
https://doi.org/10.1111/jth.12898
https://doi.org/10.1016/j.tmrv.2018.06.003
https://doi.org/10.1016/j.tmrv.2018.06.003
https://doi.org/10.1182/asheducation-2005.1.396
https://doi.org/10.1182/asheducation-2005.1.396
http://www.ncbi.nlm.nih.gov/pubmed/12913791
http://www.ncbi.nlm.nih.gov/pubmed/12913791
https://doi.org/10.1111/j.1365-2516.2012.02856.x
https://doi.org/10.1111/j.1365-2516.2012.02856.x
https://doi.org/10.1182/blood-2003-05-1742
https://doi.org/10.1182/blood-2003-05-1742
https://doi.org/10.1007/s10875-017-0453-z
https://doi.org/10.1542/peds.2015-4360
https://doi.org/10.1542/peds.2015-4360
https://doi.org/10.1111/bjh.15831
https://doi.org/10.1136/jmg.39.12.876
https://doi.org/10.1093/labmed/lmw033
https://doi.org/10.1093/labmed/lmw033
https://doi.org/10.1002/ajmg.a.38097
https://doi.org/10.1111/pan.12841
https://doi.org/10.1111/pan.12841
https://doi.org/10.1002/ajmg.a.32107
https://doi.org/10.1002/ajmg.a.32107
https://doi.org/10.1002/ajmg.a.38474
https://doi.org/10.1002/ajmg.a.38474
https://doi.org/10.1067/S0022-3476(03)00248-8
https://doi.org/10.1067/S0022-3476(03)00248-8
https://doi.org/10.1038/pr.2015.216
https://doi.org/10.1053/j.jvca.2013.10.025
https://doi.org/10.1053/j.jvca.2013.10.025
https://doi.org/10.1542/peds.2013-3251
https://doi.org/10.2147/JBM.S164474
https://doi.org/10.2147/JBM.S164474
https://doi.org/10.1016/j.joms.2017.12.012
https://doi.org/10.1016/j.joms.2017.12.012
https://doi.org/10.1002/ajmg.a.37390
https://doi.org/10.1186/1750-1172-4-9
https://doi.org/10.1186/1750-1172-4-9
https://doi.org/10.1186/s13023-016-0491-2
https://doi.org/10.1186/s13023-016-0491-2
https://doi.org/10.1186/s13023-014-0109-5
https://doi.org/10.1186/s13023-014-0109-5
https://doi.org/10.1111/anae.12899
https://doi.org/10.1111/anae.12899
https://doi.org/10.1002/pbc.24336
https://doi.org/10.1002/pbc.24336


287

 35. Acharya SS. Rare bleeding disorders in children: identification and 
primary care management. Pediatrics. 2013;132(5):882–92. https://
doi.org/10.1542/peds.2012-3662.

 36. Siboni SM, Biguzzi E, Pasta G, et al. Management of orthopaedic 
surgery in rare bleeding disorders. Haemophilia. 2014;20(5):693–
701. https://doi.org/10.1111/hae.12387.

 37. Mumford AD, Ackroyd S, Alikhan R, et  al. Guideline for the 
diagnosis and management of the rare coagulation disorders. Br J 
Haematol. 2014;167(3):304–26. https://doi.org/10.1111/bjh.13058.

 38. Casini A, Neerman-Arbez M, Ariëns RA, de Moerloose 
P. Dysfibrinogenemia: from molecular anomalies to clinical mani-
festations and management. J Thromb Haemost. 2015;13:909–19. 
https://doi.org/10.1111/jth.12916.

 39. Stanciakova L, Kubisz P, Dobrotova M, Stasko J. Congenital afi-
brinogenemia: from etiopathogenesis to challenging clinical man-
agement. Expert Rev Hematol. 2016;9(7):639–48. https://doi.org/1
0.1080/17474086.2016.1200967.

 40. Korte W, Poon M-C, Iorio A, Makris M. Thrombosis in inherited 
fibrinogen disorders. Transfus Med Hemother. 2017;44(2):70–6. 
https://doi.org/10.1159/000452864.

 41. Shapiro SE. Diagnosis and management of dysfibrinogenemia. Clin 
Adv Hematol Oncol. 2018;16(9):602–5.

 42. Lomax S, Edgcombe H.  Anesthetic implications for the parturi-
ent with hereditary hemorrhagic telangiectasia. Can J Anesth. 
2009;56:374–84. https://doi.org/10.1007/s12630-009-9076-z.

 43. Chieira D, Conceição L, Semedo E, Almeida V.  Osler-Weber- 
Rendu syndrome: an anaesthetic challenge? BMJ Case 
Rep. 2016;2016:bcr2015213647. https://doi.org/10.1136/
bcr-2015-213647.

 44. Weingarten TN, Hanson JW, Anusionwu KO, et  al. Management 
of patients with hereditary hemorrhagic telangiectasia undergo-
ing general anesthesia: a cohort from a single academic center’s 
experience. J Anesth. 2013;27(5):705–11. https://doi.org/10.1007/
s00540-013-1601-0.

 45. Crawford M, Burns R, Cooper S, Mackay T. Hereditary haemor-
rhagic telangiectasia in pregnancy: regional and general anaesthe-
sia. Int J Obstet Anesth. 2018;33:84–6. https://doi.org/10.1016/j.
ijoa.2017.11.002.

 46. Previtali E, Bucciarelli P, Passamonti SM, Martinelli I. Risk factors 
for venous and arterial thrombosis. Blood Transfus. 2011;9(2):120–
38. https://doi.org/10.2450/2010.0066-10.

 47. Madan R, Khoursheed M, Kukla R, Al-Mazidi M, 
Behbehani A.  The anaesthetist and the antiphospho-
lipid syndrome. Anaesthesia. 1997;52:72–4. https://doi.
org/10.1111/j.1365-2044.1997.010-az010.x.

 48. Saunders KH, Erkan D, Lockshin MD. Perioperative management 
of antiphospholipid antibody-positive patients. Curr Rheumatol 
Rep. 2014;16(7):426. https://doi.org/10.1007/s11926-014-0426-7.

 49. Cervera R, Piette JC, Font J, et  al. Antiphospholipid syndrome: 
clinical and immunologic manifestations and patterns of dis-
ease expression in a cohort of 1,000 patients. Arthritis Rheum. 
2002;46(4):1019–27. https://doi.org/10.1002/art.10187.

 50. Zuily S, Huttin O, Mohamed S, Marie PY, Selton-Suty C, Wahl 
D.  Valvular heart disease in antiphospholipid syndrome. Curr 
Rheumatol Rep. 2013;15(320–328). https://doi.org/10.1007/
s11926-013-0320-8.

 51. Hegde VAP, Vivas Y, Shah H, et  al. Cardiovascular surgical 
outcomes in patients with the antiphospholipid syndrome—
a case-series. Heart Lung Circ. 2007;16(6):423–7. https://doi.
org/10.1016/j.hlc.2007.03.010.

 52. Erkan D, Leibowitz E, Berman J, et  al. Perioperative medical 
management of antiphospholipid syndrome: hospital for special 
surgery experience, review of literature, and recommendations. J 
Rheumatol. 2002;29(4):843–9.

 53. Emmi G, Silvestri E, Squatrito D, et al. Thrombosis in vasculitis: 
from pathogenesis to treatment. Thromb J. 2015;13(1):15. https://
doi.org/10.1186/s12959-015-0047-z.

 54. Tripodi A, Mannucci PM. The coagulopathy of chronic liver dis-
ease. N Engl J Med. 2011;365(2):147–56. https://doi.org/10.1056/
NEJMra1011170.

 55. Kiamanesh D, Rumley J, Moitra VK.  Monitoring and manag-
ing hepatic disease in anaesthesia. Br J Anaesth. 2013;111(Suppl 
1):i50–61. https://doi.org/10.1093/bja/aet378.

 56. Weeder PD, Porte RJ, Lisman T.  Hemostasis in liver disease: 
implications of new concepts for perioperative management. 
Transfus Med Rev. 2014;28(3):107–13. https://doi.org/10.1016/j.
tmrv.2014.03.002.

 57. Scorza M, Elce A, Zarrilli F, Liguori R, Amato F, Castaldo 
G.  Genetic diseases that predispose to early liver cirrhosis. Int J 
Hepatol. 2014;2014:1–11. https://doi.org/10.1155/2014/713754.

 58. Niederau C, Strohmeyer G, Stremmel W.  Epidemiology, 
clinical spectrum and prognosis of hemochromato-
sis. Adv Exp Med Biol. 1994;356:293–302. https://doi.
org/10.1007/978-1-4615-2554-7_31.

 59. Beaton MD, Adams PC. Prognostic factors and survival in patients 
with hereditary hemochromatosis and cirrhosis. Can J Gastroenterol. 
2006;20(4):257–60. https://doi.org/10.1155/2006/428048.

 60. Mahadeva R, Lomas DA. Genetics and respiratory disease bullet 
2: alpha1-antitrypsin deficiency, cirrhosis and emphysema. Thorax. 
1998;53(6):501–5. https://doi.org/10.1136/thx.53.6.501.

 61. Gooptu B, Ekeowa UI, Lomas DA.  Mechanisms of emphy-
sema in 1-antitrypsin deficiency: molecular and cellu-
lar insights. Eur Respir J. 2009;34(2):475–88. https://doi.
org/10.1183/09031936.00096508.

 62. Clark VC. Liver transplantation in alpha-1 antitrypsin deficiency. 
Clin Liver Dis. 2017;21(2):355–65. https://doi.org/10.1016/j.
cld.2016.12.008.

 63. Capone K, Azzam RK.  Wilson’s disease: a review for the gen-
eral pediatrician. Pediatr Ann. 2018;47(11):e440–4. https://doi.
org/10.3928/19382359-20181026-01.

 64. Merle U, Schaefer M, Ferenci P, Stremmel W.  Clinical presen-
tation, diagnosis and long-term outcome of Wilson’s disease: a 
cohort study. Gut. 2007;56(1):115–20. https://doi.org/10.1136/
gut.2005.087262.

 65. Moores A, Fox S, Lang A, Hirschfield G. Wilson disease: Canadian 
perspectives on presentation and outcomes from an adult ambula-
tory setting. Can J Gastroenterol. 2012;26(6):333–9. https://doi.
org/10.1155/2012/123431.

 66. American Society of Anesthesiologists Task Force on Perioperative 
Blood Management. Practice guidelines for perioperative blood 
management. Anesthesiology. 2015;122(2):241–75. https://doi.
org/10.1097/ALN.0000000000000463.

 67. Chee YL, Crawford JC, Watson HG, Greaves M.  Guidelines 
on the assessment of bleeding risk prior to surgery or invasive 
procedures. Br J Haematol. 2008;140(5):496–504. https://doi.
org/10.1111/j.1365-2141.2007.06968.x.

 68. Katz D, Beilin Y.  Disorders of coagulation in pregnancy. Br J 
Anaesth. 2015;115:ii75–88. https://doi.org/10.1093/bja/aev374.

 69. Chow L, Farber MK, Camann WR.  Anesthesia in the pregnant 
patient with hematologic disorders. Hematol Oncol Clin North Am. 
2011;25(2):425–43. https://doi.org/10.1016/j.hoc.2011.01.003.

 70. Practice guidelines for obstetric anesthesia. Anesthesiology. 
2016;124(2):270–300. https://doi.org/10.1097/
ALN.0000000000000935.

 71. Basaran A, Basaran M, Basaran B, Sen C, Martin JN. Controversial 
clinical practices for patients with preeclampsia or HELLP syn-
drome: a survey. J Perinat Med. 2015;43(1). https://doi.org/10.1515/
jpm-2014-0109.

 72. Sripada R, Reyes JJ, Sun R.  Peripheral nerve blocks for 
intraoperative management in patients with hemophilia A.  J 
Clin Anesth. 2009;21(2):120–3. https://doi.org/10.1016/j.
jclinane.2008.06.030.

 73. Yoshikawa S, Kumano I, Satoh Y, Yufune S.  Anesthetic man-
agement using peripheral nerve block in patients with factor XI 

27 Hereditary Coagulation Disorders

https://doi.org/10.1542/peds.2012-3662
https://doi.org/10.1542/peds.2012-3662
https://doi.org/10.1111/hae.12387
https://doi.org/10.1111/bjh.13058
https://doi.org/10.1111/jth.12916
https://doi.org/10.1080/17474086.2016.1200967
https://doi.org/10.1080/17474086.2016.1200967
https://doi.org/10.1159/000452864
https://doi.org/10.1007/s12630-009-9076-z
https://doi.org/10.1136/bcr-2015-213647
https://doi.org/10.1136/bcr-2015-213647
https://doi.org/10.1007/s00540-013-1601-0
https://doi.org/10.1007/s00540-013-1601-0
https://doi.org/10.1016/j.ijoa.2017.11.002
https://doi.org/10.1016/j.ijoa.2017.11.002
https://doi.org/10.2450/2010.0066-10
https://doi.org/10.1111/j.1365-2044.1997.010-az010.x
https://doi.org/10.1111/j.1365-2044.1997.010-az010.x
https://doi.org/10.1007/s11926-014-0426-7
https://doi.org/10.1002/art.10187
https://doi.org/10.1007/s11926-013-0320-8
https://doi.org/10.1007/s11926-013-0320-8
https://doi.org/10.1016/j.hlc.2007.03.010
https://doi.org/10.1016/j.hlc.2007.03.010
https://doi.org/10.1186/s12959-015-0047-z
https://doi.org/10.1186/s12959-015-0047-z
https://doi.org/10.1056/NEJMra1011170
https://doi.org/10.1056/NEJMra1011170
https://doi.org/10.1093/bja/aet378
https://doi.org/10.1016/j.tmrv.2014.03.002
https://doi.org/10.1016/j.tmrv.2014.03.002
https://doi.org/10.1155/2014/713754
https://doi.org/10.1007/978-1-4615-2554-7_31
https://doi.org/10.1007/978-1-4615-2554-7_31
https://doi.org/10.1155/2006/428048
https://doi.org/10.1136/thx.53.6.501
https://doi.org/10.1183/09031936.00096508
https://doi.org/10.1183/09031936.00096508
https://doi.org/10.1016/j.cld.2016.12.008
https://doi.org/10.1016/j.cld.2016.12.008
https://doi.org/10.3928/19382359-20181026-01
https://doi.org/10.3928/19382359-20181026-01
https://doi.org/10.1136/gut.2005.087262
https://doi.org/10.1136/gut.2005.087262
https://doi.org/10.1155/2012/123431
https://doi.org/10.1155/2012/123431
https://doi.org/10.1097/ALN.0000000000000463
https://doi.org/10.1097/ALN.0000000000000463
https://doi.org/10.1111/j.1365-2141.2007.06968.x
https://doi.org/10.1111/j.1365-2141.2007.06968.x
https://doi.org/10.1093/bja/aev374
https://doi.org/10.1016/j.hoc.2011.01.003
https://doi.org/10.1097/ALN.0000000000000935
https://doi.org/10.1097/ALN.0000000000000935
https://doi.org/10.1515/jpm-2014-0109
https://doi.org/10.1515/jpm-2014-0109
https://doi.org/10.1016/j.jclinane.2008.06.030
https://doi.org/10.1016/j.jclinane.2008.06.030


288

deficiency: a case report. JA Clin Rep. 2016;2(1):17. https://doi.
org/10.1186/s40981-016-0047-4.

 74. Shah UJ, Narayanan M, Smith JG.  Anaesthetic considerations 
in patients with inherited disorders of coagulation. Contin Educ 
Anaesth Crit Care Pain. 2015;15(1):26–31. https://doi.org/10.1093/
bjaceaccp/mku007.

 75. Rossi M, Jayaram R, Sayeed R.  Do patients with haemophilia 
undergoing cardiac surgery have good surgical outcomes? Interact 

Cardiovasc Thorac Surg. 2011;13:320–31. https://doi.org/10.1510/
icvts.2011.272401.

 76. Bhave P, McGiffin D, Shaw J, et al. A guide to performing cardiac 
surgery in patients with hereditary bleeding disorders. J Card Surg. 
2015;30:61–9.

 77. Mansour J, Graf K, Lafferty P.  Bleeding disorders in orthope-
dic surgery. Orthopedics. 2012;35(12):1053–62. https://doi.
org/10.3928/01477447-20121120-09.

S. A. Malviya et al.

https://doi.org/10.1186/s40981-016-0047-4
https://doi.org/10.1186/s40981-016-0047-4
https://doi.org/10.1093/bjaceaccp/mku007
https://doi.org/10.1093/bjaceaccp/mku007
https://doi.org/10.1510/icvts.2011.272401
https://doi.org/10.1510/icvts.2011.272401
https://doi.org/10.3928/01477447-20121120-09
https://doi.org/10.3928/01477447-20121120-09


289© Springer Nature Switzerland AG 2021
C. S. Scher et al. (eds.), Essentials of Blood Product Management in Anesthesia Practice, 
https://doi.org/10.1007/978-3-030-59295-0_28

Metabolism, Pathophysiology, 
and Clinical Considerations of Iron 
Overload, a Comprehensive Review

Andrew Jesse Garcia, Chikezie N. Okeagu, 
Alan David Kaye, and Alaa Abd-Elsayed

 Introduction

Experimentation with blood transfusion dates back to the 
seventeenth century when Richard Lower demonstrated the 
ability to keep dogs that had had their blood volume inten-
tionally depleted alive by transfusion of blood from other 
dogs [1]. In 1818, Dr. James Blundell, a British obstetrician, 
performed the first documented transfusion of human blood, 
transfusing several donors’ blood into a patient with gastric 
cancer. Despite a temporary improvement in his condition, 
the patient died two  days later. In the ensuing years, Dr. 
Blundell performed several more transfusions using human 
blood, with little success, however, as at least five of the ten 
patients died. Furthermore, some of those who survived are 
reported to have experienced headache, backache, fever, and 
dark-colored urine [2]. In 1840, the first successful transfu-
sion of whole blood was performed in 1840 by Samuel 
Armstrong Lane, with the aid of Dr. Blundell, to treat a 

patient with hemophilia [3], setting the stage for what would 
one  day become a standard  component of the  treatment 
many medical conditions.

Since these early days, the practice of blood transfusion 
has drastically evolved. Initially considered a risky and dubi-
ous practice, widely rejected by the medical establishment, 
blood product transfusion  has become a staple of medical 
care in America and around the world. The indications and 
diseases for which transfusion is indicated are vast, and thus, 
thousands of these procedures take place each day. 
Approximately 21 million blood components are transfused 
in the USA each year, the majority of which are units of red 
blood cells (RBCs), which account for roughly 36,000 units 
daily [4]. Transfusion of blood products peaked in 2011 
when nearly 7% of hospitalized patients received red blood 
cell (RBC) transfusion [5].

Much of the  credit for the massive expansion in the 
acceptance and use of blood transfusions from the days of 
Blundell to the modern-day is due to the tremendous strides 
that have been made in improving the safety of transfusion. 
In its nascent days, blood transfusion presented a host of 
potentially life-threatening risks that were mostly unknown 
to the recipients, and  those administering the transfusions. 
This began to change in 1900, when Karl Landsteiner 
described the ABO blood grouping system [6]. Since then, 
several more advancements have been made in transfusion 
medicine, with each improving the safety and applicability 
of blood transfusions. Due largely to the 1982 discovery that 
HIV could be transmitted through transfusion of blood and 
the fervid stigma that surrounded the disease at the time, the 
risk of infection transmission associated with blood transfu-
sion is relatively well known. However, due to the stringent 
screening and testing that potential donors and blood prod-
ucts undergo, the risk of contracting HIV, viral hepatitis, or 
any other of the host of potentially transmissible diseases is 
remarkably low [7, 8]. Nevertheless, transfusion still carries 
many  other risks, especially in those patients who require 
frequent transfusion. Risks such as contamination of stored 
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blood products, Transfusion-Related Acute Lung Injury 
(TRALI); Transfusion Associated Circulatory Overload 
(TACO); Transfusion-Mediated Immunosuppression, 
immune and hemolytic reactions; and Transfusion-Related 
Iron Overload (TRIO) represent serious and potentially fatal 
complications of blood transfusion [7–9]. This chapter will 
present a brief overview of iron metabolism, and explore the 
signs, symptoms, diagnosis, and treatments of TRIO.

 Iron Metabolism and Homeostasis

Iron is essential to a wide array of biological processes. It 
serves as a vital component in proteins required for oxygen 
transport, mitochondrial respiration, nucleic acid replication 
and repair, host defense, cell signaling, and various other 
fundamental processes [10]. In excess, however, iron poses 
potential risks of harmful  effects on the human body. 
Under normal physiological conditions, the level and loca-
tions of iron within the body are tightly regulated [11, 12]. 
Iron is efficiently stored and recycled by the body; any iron 
that is lost must be replenished through diet (~1–2 mg daily) 
[12, 13].

Although dietary iron is found in a variety of forms, the 
absorption of non-heme iron has been the best characterized. 
After ingestion and enzymatic breakdown of iron -contain-
ing food, the iron is maintained in a soluble and readily 
absorbable form by the stomach’s low pH. The GI tract then 
takes up iron. The proximal parts of the small intestine, 
namely, the duodenum and first part of the jejunum, are 
responsible for the bulk of absorption. Iron traverses across 
the apical membrane of the enterocyte via the Divalent Metal 
Transporter 1 (DMT1); It is then transported across the baso-
lateral membrane of the cell by Ferroportin 1 (FPN1) and 
into the bloodstream where it circulates bound to transferrin. 
Iron that does not enter the bloodstream  remains in the 
enterocyte and is stored as ferritin [11]. The majority of 
absorbed iron is delivered to the bone marrow for incorpora-
tion into RBCs and erythroid precursors. Smaller amounts 
are found within myoglobin in muscles and proteins and 
enzymes of other cells. Excess iron is stored as ferritin in the 
liver. The primary mode of maintaining iron hemostasis is 
through the recycling of senescent erythrocytes by reticulo-
endothelial macrophages; These macrophages also store iron 
s ferritin after RBC breakdown until it is incorporated into 
new erythrocytes [11, 12].

A sophisticated signaling network helps to regulate iron 
levels in the body. Hepcidin, a protein made in the liver, 
helps mediate this process. When sufficient iron levels are 
perceived by the liver, more hepcidin is produced, which 
binds to FPN1 on hepatocytes, absorptive enterocytes, and 
iron recycling macrophages and inhibits iron absorption and 
release from stores. Contrarily, when iron levels are low, 

hepcidin levels remain low, allowing for more dietary iron 
absorption and release from stores. In healthy humans, this 
process helps to maintain total body iron levels between 3 
and 5 g [10, 11]. Disruption of this delicate process can lead 
to abnormally high or low iron levels, both of which can have 
pathologic effects on the body.

 Pathophysiology of Iron Overload

Iron overload disorders are subdivided into primary, or those 
that result from a genetic defect in the hepcidin-ferropotin 
axis, and secondary, which are usually the result of ineffec-
tive erythropoiesis, liver disease, or excess exogenous iron. 
Hereditary hemochromatosis, of which there are several sub-
types, is an example of a primary iron overload disorder [11, 
13, 14]. Primary iron overload will not be covered in-depth 
in this chapter; However, many of the clinical manifestations 
and some of the management approaches that will be dis-
cussed can also be applied to primary iron overload 
disorders.

TRIO, a type of secondary iron overload results from 
the accumulation of iron that is a byproduct of frequent 
blood transfusion.  Several conditions require frequent 
blood transfusions as a component of treatment, thereby 
increasing the risk of developing TRIO. Patients with dis-
eases such as thalassemia, sickle cell, cancers such as leu-
kemia, myelodysplastic syndromes, and aplastic anemia 
are often dependent on frequent blood transfusions to 
maintain adequate hemoglobin levels [12, 15]. Low hemo-
globin, or anemia, is problematic as hemoglobin is respon-
sible for delivering oxygen throughout the body. When a 
person becomes anemic rapidly, such as in the setting of 
massive blood loss, or when they have an inborn defect in 
hemoglobin synthesis that results in defective or low lev-
els of hemoglobin, RBC transfusion is often required to 
restore the oxygen-carrying capacity of the blood [16]. 
While RBC transfusion delivers much needed hemoglobin 
to patients, it also invariably administers an iron load as 
each unit of RBCs contains 200–250  mg of iron. That 
amount of iron would cause most people to develop iron 
overload after the transfusion of 10–20  units of blood 
[15]. This can be especially problematic given the fact 
that many of the conditions being treated with RBC trans-
fusion, though they result in inadequate or defective 
hemoglobin production, do not have a depleting effect on 
iron levels; that is, iron levels can be normal or even high 
at baseline before the additional iron received from trans-
fusion [17]. The body does not have an effective mecha-
nism by which excess iron is actively excreted and only 
loses about 1–2  mg daily through the sloughing of skin 
and mucosal cells, menstruation, and other minor bleed-
ing [10, 12, 15]. Iron levels are usually controlled through 
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the regulation of absorption and mobilization of stores 
described  previously, but this mechanism is not equipped 
to deal with the large influx of iron from multiple 
transfusions.

Iron normally circulates in the plasma bound to transfer-
rin. In non-diseased states, only about 30% of transferrin is 
saturated with iron [11, 13]. Iron overload occurs when the 
binding capacity of transferrin is surpassed, leaving 
unbound iron to circulate freely and subsequently deposit 
in tissues [11, 13, 15]. This process of iron deposition is 
called hemosiderosis. It is thought that certain tissues such 
as those of myocardial muscle, endocrine tissue, and hepa-
tocytes are more susceptible to hemosiderosis due to a 
mechanism mediated by calcium channels [18]. The depos-
ited iron contributes to oxidant mediated injury to the cells 
as iron catalyzes the conversion of hydrogen peroxide to 
free radical ions that attack cellular membranes, proteins, 
and DNA [12, 13].

 Signs, Symptoms, and Diagnosis of Iron 
Overload

The signs and symptoms of iron overload are nonspecific 
and dependent on the location and extent of damage caused 
by iron deposition. Iron most commonly deposits in the liver, 
heart, and glands of the endocrine system [12]. As a conse-
quence of the resultant oxidative damage, patients can 
develop cirrhosis and hepatocellular carcinoma (liver), car-
diomyopathies and heart failure (heart), and endocrinopa-
thies such as diabetes (islet cells of pancreas), and gonadal 
dysfunction (pituitary). Iron deposition in the skin can result 
in a bronze appearance [10]. Iron deposition in joints can 
lead to arthropathy [15]. Excess iron deposition has also 
been associated with neurodegenerative disorders such as 
Alzheimer’s and Parkinson’s, kidney disease, cancer, and 
mineral and bone disorders [10]. Furthermore, some evi-
dence suggests that high iron levels increase the risk of infec-
tion as excess iron can promote the growth and virulence of 
bacteria [19].

Early diagnosis of iron overload is critical to avoid the 
potential complications of excess iron. Several serum mark-
ers are available for use in screening for iron overload includ-
ing, ferritin, iron, transferrin saturation, total iron binding 
capacity (TIBC), and nontransferrin-bound iron (NTBI). 
Ferritin is used most frequently as it is widely available, is 
inexpensive, and is generally a good reflection of body iron 
stores [13, 18, 20]. Ferritin levels above 200  ng/ml 
(449 pmol/l) in women or 300 ng/ml in men are suggestive 
of iron overload [13]. However, since ferritin can also be 
increased in the setting of inflammatory processes, autoim-
mune disease, and other chronic illness, elevated ferritin 
alone cannot diagnose iron overload. TSAT can also be a 

useful indicator of total body iron. Saturation above 45% in 
women and 50% in men should raise suspicion for overload 
[13]. TSAT is a very dynamic measure that is influenced by 
a wide range of physiological and temporal factors, which 
limits its clinical utility [13, 20, 21].

If serum assays suggest iron overload, evaluation of liver 
iron is warranted. The liver is the primary iron storage organ, 
and as such, liver iron levels reflect total body iron stores [18, 
20]. Liver biopsy is the only direct way to assess liver iron 
concentration and remains the most precise method. Biopsy 
also allows for evaluation of liver histology, which can pro-
vide valuable information regarding the presence and pro-
gression of liver disease. The drawbacks of biopsy include 
expense, and the risks (bleeding, infection) and discomfort 
associated with the procedure. Other noninvasive mecha-
nisms of measuring liver iron concentration exist. These 
include computed tomography (CT), magnetic resonance 
imaging (MRI), and superconducting quantum interference 
device (SQUID). These imagining modalities are largely 
limited by accessibility, affordability, and need for further 
validation [18, 20]. Furthermore, CT scan carries with it the 
risks of radiation exposure. Aside from tests intended to 
directly assess iron, it is also prudent to regularly monitor 
susceptible organs for signs of end organ damage (i.e., echo-
cardiography, regular blood work).

 Treatments

Chelating agents are the mainstay of treatment for iron 
overload. These agents work by forming complexes with 
plasma non-transferrin bound iron (NTBI) and intracellular 
iron, promoting excretion. There are currently three iron 
chelating agents available, deferoxamine (DFO), defera-
sirox (DFX), and deferiprone (DFP). They preferentially 
act on plasma iron pools since this source is more readily 
available than iron stored as ferritin or hemosiderin, which 
are turned over less frequently (every few days in the case 
of hepatocytes). In the liver, the chelated iron is excreted 
through the biliary system into the feces. The extent by 
which elimination in the feces or urine occurs depends on 
the chelating agent.

 Deferoxamine (DFO)

Deferoxamine (DFO) is an iron-binding compound pro-
duced by a bacteria Streptomyces pilosus and was the first 
iron-chelating agent developed over 50 years ago [22, 23]. 
A single molecule of the agent binds iron atoms in a 1:1 
fashion, forming a feroxamine complex that is metaboli-
cally inert. DFO has poor oral absorption and thus requires 
either subcutaneous or IV administration. Vitamin C is 
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often administered at the time of DFO infusion to enhance 
excretion of chelatable iron, but this typically is only done 
if patients are vitamin C deficient [24, 25]. Furthermore, 
DFO has a short half-life, necessitating continuous infu-
sion of the drug over a period of 8  hours or more [22]. 
DFO is taken up efficiently by hepatocytes, where it che-
lates hepatocellular iron and is excreted in bile. In cells, it 
induces autophagy of cytosolic ferritin after localization to 
lysosomes. This iron is then bound to DFO and cleared 
from the cell, where it is eliminated primarily by the kid-
neys [25, 26].

Major adverse events to DFO therapy include local infu-
sion site reactions such as erythema and pruritis; ocular tox-
icities such as decreased visual acuity and night blindness; 
audiologic toxicities sensorineural hearing loss and tinnitus; 
bone abnormalities and growth retardation; hypersensitivity 
reactions; and increased infection risk to the bacteria Yersinia 
and Klebsiella [22]. Additionally,  high-dose therapy has 
been associated with pulmonary toxicity, neurotoxicity, and 
decreased plasma zinc in limited case series, particularly in 
children [27]. Contraindications to DFO consist of renal 
impairment necessitating dose adjustment (25–50% of nor-
mal dose) at creatinine clearance of 10–50 ml/minute [28]. 
Treatment should be avoided in patients with a creatinine 
clearance ≤10 ml/minute or during dialysis [28]. Adherence 
has also been listed as a challenge with DFO, with compli-
ance rates reported around 59–78% in patients with beta- 
thalassemia, particularly in the elderly patients and those 
with coexisting psychiatric disorders [29]. Monitoring of 
DFO therapy consists of serum creatinine at baseline and 
every month thereafter, serum electrolytes at baseline and 
every 1–3 months, ophthalmic and auditory exam at baseline 
and annually, and growth, height, and body weight measure-
ments in children at baseline and every 3 months thereafter. 
Aluminum and zinc levels should also be monitored as 
needed [30].

Management of adverse events of DFO can be managed 
both for local reactions and  for systemic reactions. For 
local site reactions, clinicians should rotate infusion sites, 
apply local anesthetic or corticosteroid cream, and infuse 
hydrocortisone along with DFO as needed [28]. Auditory 
effects can be managed by limiting exposure to loud noises, 
avoiding high doses in children if they have a low iron bur-
den, holding chelator doses as needed, and monitoring via 
audiometry [26]. Ocular abnormalities can be managed via 
holding doses as needed and monitoring via visual acuity 
tests, slit-lamp exam, and annual fundoscopy [26]. 
Osteologic complications can be managed by limiting 
doses to <30  mg/kg/day in growing children, holding or 
reducing chelator doses, and monitoring growth charts 
every 3 months [25, 26]. Due to the risk of infection, chela-
tion should be held in the setting of acute febrile illness or 
unexplained fever [27].

DFO is currently approved by the FDA for chronic iron 
overload due to transfusion-dependent anemias [31]. Of the 
three chelators, it is the most established agent for reduction 
of serum ferritin and cardiac and hepatic iron and improve-
ment of iron-induced cardiac complications. It  has been 
linked to prolonged survival in patients with thalassemia 
since its use starting in the 1970s [25, 26, 32, 33].

 Deferasirox (DFX)

Deferasirox (DFX) binds iron atoms in a 2:1 fashion (2 DFX: 
1 iron atom). Like DFO, it forms a complex with plasma 
iron. Unlike DFO, DFX also has good oral bioavailability 
and has the longest half-life of the three chelators [23, 29, 32, 
34]. DFX is readily taken up by hepatocytes, where it can 
bind hepatocellular iron and get eliminated in the bile [25]. 
In cells, however, DFX chelates cytosolic iron, leading to 
ferritin degradation. Lastly, DFX-iron complexes are elimi-
nated primarily via the hepatobiliary route rather than 
through urine [25].

Major adverse events to DFX therapy occur most com-
monly with higher doses (≥25–35 mg/kg/day for dispersible 
tablets) [25, 26]. These include gastrointestinal (GI) effects 
such as abdominal pain, nausea, and vomiting; GI bleeding 
(rarely); skin reactions (pruritis and rash); hepatic impair-
ment including elevation of transaminases and fulminant 
hepatic failure (rarely); cytopenias including leukopenia 
and thrombocytopenia; auditory and ophthalmic toxicity-
and renal impairment [28]. Among the three available iron 
chelators, DFX, in particular, has been associated with an 
increased risk of acute renal failure in patients with iron 
overload [35]. Absolute contraindications to DFX include 
pregnancy and thrombocytopenia, with dose reductions for 
renal impairment (eGFR <40  mL/minute/1.73  m2) and 
hepatic impairment (Child-Pugh stage B or worse) [36]. 
DFX dose should be reduced by 50% if eGFR is between 40 
and 60  mL/minute/1.73  m2 and in patients with moderate 
hepatic impairment (Child-Pugh stage B). It should be 
avoided in patients with eGFR <40 mL/minute/1.73 m2 and 
Child-Pugh stage C or worse hepatic impairment [35, 36]. 
Monitoring for DFX includes CBC with differential at base-
line and monthly thereafter, renal function at baseline and 
monthly, serum electrolytes at baseline and monthly, uri-
nalysis at baseline and every 1–3 months thereafter, LFTs at 
baseline and monthly thereafter, and ophthalmic and audi-
tory exam at baseline and annually [26, 28, 30].

Management of adverse effects for DFX are based on 
resolving cutaneous, GI, renal, and hepatic sequalae [25, 
26]. For mild to moderate cutaneous reactions such as skin 
rash, doses should be continued, as these reactions tend to 
resolve spontaneously. For more severe skin rashes, DFX 
should be held and patients treated with low-dose oral ste-
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roids. DFX may be reinitiated at 50% of last dose after reso-
lution of symptoms. For GI side effects such as diarrhea, 
antidiarrheal medicines should be considered for up to 
2 days along with hydration. Adjusting DFX dosing sched-
ule to the evening rather than the morning, and switching 
liquid used to  reconstitute medication may also help. For 
abdominal pain, avoiding medications that irritate the GI 
tract and sipping water or other clear fluids while avoiding 
solid food for a few hours following dose can also help 
resolve pain. This, along with antiemetics, may also help for 
nausea and vomiting. For renal impairment, consider dose 
reductions in serum creatinine >33% above baseline, with 
halting of therapy until resolution. In cases of stress includ-
ing sepsis, dehydration, and acute kidney injury, doses 
should be held, and if patient develops Fanconi syndrome as 
a result of treatment [28].

DFX is currently approved by the FDA for iron overload 
due to chronic transfusions in patients 2 years and older, and 
non-transfusion-dependent thalassemia syndromes in 
patients ≥10  years of age, with liver iron concentrations 
(LIC) ≥5  mg iron/g dry weight and with serum ferritin 
>300 ng/mL [36]. While not as efficacious as DFO for pre-
venting sequalae of transfusion iron overload, DFX has been 
reported to reduce hepatic iron and ferritin levels similar to 
DFO with doses ≥20–30 mg/kg/day and to reduce cardiac 
iron overload and preserve cardiac function [37].

 Deferiprone (DFP)

Deferiprone (DFP) binds iron in a 3:1 fashion that chelates 
iron from lysosomes and mitochondria, in addition to both 
parenchymal and reticuloendothelial cells [26, 38]. It is rap-
idly absorbed orally, with a peak blood level after 45 minutes 
of ingestion. It is cleared rapidly from the plasma through 
conversion to a glucuronide derivative in the urine. Like 
DFO, it is primarily excreted through the urine. DFP has 
been associated with better rates of adherence than DFO in 
patients with thalassemia major [24].

Major adverse events to DFP therapy include chromatu-
ria; GI effects such as abdominal pain, nausea, vomiting, 
diarrhea, and dyspepsia that typically resolve within weeks; 
agranulocytosis (ANC <0.5  ×  109/L); neutropenia (ANC 
<1.5 × 109/L); liver enzyme elevations; neurologic toxicity 
including gait abnormalities, ataxia, and nystagmus; 
arthropathies; and zinc deficiency [25, 26]. Adverse effects 
are reversible upon discontinuation of the drug. 
Contraindications to DFP therapy include agranulocytosis 
or neutropenia, pregnancy, and previous hypersensitivity 
reactions including Henoch-Schonlein purpura, urticaria, or 
periorbital edema with skin rash [39]. Monitoring for DFP 
includes CBC with differential at baseline and weekly dur-
ing the first year of therapy and bimonthly after that so long 

as no neutropenia occurs, weight and BMI, zinc levels every 
3 months and as needed, and liver function tests at baseline 
and monthly [28, 30].

Management of adverse effects to DFP include adjust-
ments for neutropenia and agranulocytosis, GI distress, 
arthropathy, liver enzyme elevations, and zinc deficiency. 
For neutropenia, chelator should be held for a few weeks 
with possibility for rechallenge once ANC >1.5  ×  109. If 
agranulocytosis develops, chelator should be discontinued 
without expectation for rechallenge, and IV antibiotics 
should be initiated if patient becomes febrile. Granulocyte 
colony-stimulating factor (G-CSF) may be initiated if low 
ANC persists. For GI distress, therapy should be held and 
rechallenged with food or as liquid formulation. Antiemetics 
may be initiated if nausea/vomiting is present. For arthropa-
thy, NSAID analgesics may be used for mild symptoms, with 
rechallenge possible at lower dose upon resolution of 
arthropathy. Liver enzyme elevations often are asymptom-
atic, but in the setting that elevated transaminases persist >2 
times the normal limit, DFP should be discontinued. For zinc 
deficiency, a zinc supplement can be administered [27, 28].

DFP is FDA-approved for the treatment of transfusional 
iron overload due to thalassemia syndromes resistant to first- 
line treatments with DFO or DFX [39]. Efficacy for DFP is 
increased in the setting of cardiac iron overload, particularly 
when used in combination with DFO compared to DFO 
alone. Efficacy is reduced, however, for reduction of hepatic 
iron and serum ferritin [26, 28].

 Combinations

Combination of the chelators DFO and DFP have been 
shown to act synergistically to remove iron. This is due to a 
shuttle mechanism in which DFP removes iron from cells 
and passes it onto DFO, which allows DFP to reenter cells 
and extract more iron [25]. The drug can also rapidly access 
NTBI fractions in plasma and shuttle this to DFO, creating a 
more efficient system of iron removal. Efficacy for such 
combination therapy has resulted in reductions in hepatic 
and myocardial iron, improvement in cardiac function, and 
reductions of total iron burden in patients with beta- 
thalassemia [40, 41]. Several dosing regimens are effective 
such as, simultaneous administration of chelators, alternat-
ing chelators daily, and sequential administration of chela-
tors in the morning and evening. Combination therapy with 
DFO and DFP has shown superior efficacy for the manage-
ment of cardiac iron overload in both overt and non-overt 
cardiac dysfunction [42]. Overt cardiac dysfunction can be 
managed via continuous IV DFO therapy 50 mg/kg/day and 
DFO 25 mg orally three times daily as soon as possible [40, 
41]. Table 28.1 comparing these three agents and details of 
their use is listed below.
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 General Considerations for Chelation 
Therapy

The aim of iron chelation therapy is to reduce levels of reac-
tive NTBI as quickly as possible to remove all excess iron 
from the body [25, 26, 44]. Iron chelation is an effective 
means of improving survival in iron overload states by 
decreasing the risk of heart failure and morbidities from 
transfusion iron overload [37]. Almost all patients who 
require long-term blood transfusions will require iron chela-
tion therapy during management of their conditions. Chelation 
strategies fall into the following categories: prevention ther-
apy (balancing iron intake and excretion from transfusion), 
rescue therapy (removal of iron once it has accumulated), 
intensive therapy (before pregnancy or bone marrow trans-
plant), and emergency therapy (if heart failure develops) [25].

The Goals of iron chelation therapy are based on the pres-
ence of specific clinical signs and symptoms. If cardiac iron 

overload is present, the main goal is to reduce excess iron 
from the heart. If no cardiac iron overload is present, then the 
goal is to maintain appropriate body iron storage levels while 
avoiding chelation toxicity [29]. During treatment, patients 
should also be monitored for chelator-associated toxicity and 
efficacy of therapy [25]. The response to chelation depends 
on the dose applied, duration of exposure, and rate of blood 
transfusion. Follow-up consists of continuous monitoring for 
changes in total body iron, changes in cardiac, hepatic, and 
endocrine organ function, and adverse events from chelation 
therapy.

Iron chelation should be performed prophylactically, 
before  clinically significant iron accumulation [25, 33]. 
Specialized management is required in patients with severe 
renal impairment or anuria [28]. Furthermore, chelation 
agents should be avoided (preferentially) or used with great 
caution in patients who are pregnant or breast-feeding [25, 
33, 45].

Table 28.1 Comparison of iron chelators [43]

DFO DFX DFP
Usual dose 25–60 mg/kg/day 5–7 days/week over 

8–12 hours/day [25]
20–40 mg/kg once daily for 
dispersible tablet; 14–28 mg/kg once 
daily for film coated table and 
sprinkles [25]

75 mg/kg/day in three divided doses 
(up to 99 mg/kg/day) [25]

Route of 
administration

IV or subcutaneous Dispersible tablet, film coated tablet, 
sprinkles

Oral solution or tablets

Half-life 20 minutes 8–18 hours 1–3 hours
Excretion Urine + fecal Fecal Urine
Major adverse 
effects

  Local infusion reactions
  Auditory and ophthalmologic effects
  Growth and bone defects
  Hypersensitivity reactions and systemic 

allergic reactions increased susceptibility 
to Yersinia enterocolitica and Klebsiella 
pneumoniae infections

  Gastrointestinal symptoms (15%)
   Diarrhea (8.8%)
   Abdominal pain (5%)
   Nausea and vomiting (14.3%)
  Skin rash (5–11%)
  Elevations of creatinine (36%)
  Rise in hepatic enzymes (2%)

  Gastrointestinal symptoms (33% 
in first year)

  Neutropenia (including 
agranulocytosis) (9.5%)

  Rise in transaminases (7%)
Arthropathy (3.9–41%)

Contraindications   Severe renal impairment or dialysis
  Hypersensitivity
  Pregnancy (but has been used in third 

trimester)

  Moderate-to-severe renal 
impairment (creatinine clearance 
<60 mL/minute)

  Hepatic impairment
  Pregnancy

  History of or high risk of 
neutropenias or agranulocytosis

  Hypersensitivity (including 
Henoch Schonlein purpura 
(urticaria and periorbital edema 
with skin rash))

  Pregnancy
Advantages   Most long-term evidence for use

  Relatively fewer adverse effects if used at 
normal doses

  Only chelating drug that can be used in 
pregnancy

  Once daily oral administration
  Large adverse effect profile but 

lower probability of serious 
adverse effects

Most evidence for cardiac iron 
removal

Disadvantages   Inconvenience of parenteral administration
  Poor compliance
  Increased toxicity when ferritin falls 

<1000 ng/mL, requiring reduction of dose

Cost   Weekly blood count monitoring
  Weaker efficacy for hepatic iron 

removal

Monitoring   Growth in children every 3 months
  Serum creatinine monthly
  Ophthalmologic/audiologic exams 

periodically

  Liver function tests and renal 
function tests (serum creatinine 
and urinalysis) monthly

  Complete blood count weekly
  Liver function tests monthly

Abbreviations: DFO deferoxamine, DFX deferasirox, DFP deferiprone
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 Pretreatment Investigations

Before treatment with iron chelators, patients should be eval-
uated for appropriate use [30]. This is accomplished by 
assessment of iron studies, including serum ferritin, transfer-
rin saturation, liver iron concentration (LIC) by magnetic 
resonance imaging (MRI), and cardiac iron concentration by 
cardiac magnetic resonance (CMR). Furthermore, evaluation 
of organ function should be accomplished, including com-
plete blood count (CBC), aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), serum creatinine and creati-
nine clearance, urinalysis for proteinuria, electrocardiogram 
(ECG), echocardiogram for left ventricular ejection fraction 
(LVEF), follicle-stimulating hormone (FSH), luteinizing 
hormone (LH), and testosterone (in boys) or estradiol (in 
girls) in peripubertal or pubertal patients, growth assessment 
in children, and hearing and ophthalmologic tests [30].

 Recommendations for Use of Iron Chelation

 Transfusion-Dependent Thalassemia (TDT)

Guideline recommendations for patients with transfusion- 
dependent thalassemia (TDT) are  based on recommenda-
tions from the Thalassemia International Federation (TIF) 
[25]. The mainstay treatment consists of chelation therapy 
with the goal of balancing iron excretion with iron accumu-
lation. This is  associated with improved survival and a 
decreased risk of heart failure [25]. The prevention of iron 
overload is preferable to rescue therapy, consisting of DFO 
after occurrence of >10–20 transfusions, serum ferritin 
>1000 ng/mL, or both. Second-line agents include DFP and 
DFX. Vitamin C administration at a rate of 2–3 mg/kg/day 
should be used as a supplement at the time of DFO infusion 
to increase availability of chelatable iron in patients who 
may be vitamin C deficient. If total body iron has already 
reached harmful levels by the initiation of chelation therapy, 
then the duration, dose, and frequency of therapy should be 
raised to achieve a negative iron balance, guided by the rate 
of transfusion. Given individual variations in transfusion 
rate, the optimal chelation regimen should be tailored for 
each individual. In patients who are noncompliant with DFO 
therapy or have suffered an adverse event, oral iron can be 
used as an alternative. DFX is preferred to DFP due to a bet-
ter safety profile [25].

If patients have developed severe iron overload (defined 
as serum ferritin >3000 ng/mL for at least 3 months) or overt 
iron-induced cardiotoxicity (defined as LVEF <55%), inten-
sive or combined iron chelation therapy should be employed 
[26, 40]. Preference is for DFX and DFP in this particular 
situation. Monitoring for chelation therapy in TDT includes 

regular ferritin (until below 1000 ng/mL), LIC yearly, and 
T2* MRI to measure heart iron content yearly [25, 26].

 Non-transfusion-Dependent Thalassemia 
(NTDT)

Iron chelation in NTDT should be initiated with DFX in 
patients >10 years of age when >1 of the following are pres-
ent: liver iron concentration >5 mg iron/g dry weight; serum 
ferritin >800 ng/mL; or serum ferritin >300 to <800 ng/mL 
when clinical picture or laboratory results suggest iron over-
load [26, 34, 46]. DFX is recommended due to the absence 
of data from larger randomized studies with other agents 
[46]. Monitoring for iron overload status should be done via 
LIC 6 months after start of therapy and every 6–12 months 
thereafter, and via serum ferritin every 3 months [46].

 Sickle Cell Disease (SCD)

Iron chelation for SCD should be done in consultation with a 
hematologist and after documentation of transfusional iron 
overload. Per NIH guidelines, individuals with SCD should 
receive iron chelation based on the following indications: (1) 
liver iron stores >5–7 mg/g dry weight; (2) cumulative trans-
fusions of 120 mL pure red blood cells/kg body weight; or 
(3) serum ferritin >1000 ng/mL (steady state) [47]. Preferred 
therapy is DFO subcutaneously, supplemented with vitamin 
C to help increase iron excretion in those who are vitamin C 
deficient [48].

 Myelodysplastic Syndrome (MDS)

Indications for iron chelation in those with MDS is based 
on major recommendations of the MDS Foundation Working 
Group for Transfusional Iron Overload and the National 
Comprehensive Cancer Network. Iron chelation should be 
initiated when >1 of the following are present: (1) serum fer-
ritin >1000  ng/mL varies based on transfusion rate; (2) 
patient transfusion need is consistently >2 units/month for 
>1 year; or (3) patient becomes unresponsive to or ineligible 
for primary therapy. Chelation therapy should be done with 
the goal of preserving organ function and monitored based 
on transfusion frequency. Treatment should continue so long 
as the patient requires transfusion therapy and iron overload 
remains clinically relevant. There is no clear consensus on 
the agent of choice, with some guidelines suggesting discre-
tion of the treating physician and others suggesting DFO or 
DFX [49, 50].

NCCN guidelines suggest initiating therapy after >20–30 
RBC transfusions, especially in patients with lower risk 
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MDS or who are transplant candidates. These guidelines 
recommend daily chelation with DFO subcutaneously or 
DFX orally. It should be mentioned that some guidelines 
such as the British Society of Haematology (BSH) recom-
mend DFO as first-line therapy due to a longer record of 
safety and efficacy [51]. Chelation should be monitored 
with the goal of reducing serum ferritin from >2500 to 
<1000 ng/mL [49].

 Other Iron Overload Conditions

Iron chelation can also treat aplastic anemia. Guidelines for 
therapy come from the BSH and are performed on an indi-
vidual patient basis. Guidelines suggest using DFX as the 
chelator of choice only when DFO is inadequate or contrain-
dicated but should be done with caution in patients taking 
nephrotoxic drugs due to cumulative renal toxicity [52]. DFP 
does have evidence for success but is not recommended in 
neutropenic patients [52].

 Other Treatment Modalities

Additional treatment options also exist for specific patients. 
Phlebotomy can be used for iron removal in HSCT and SCD 
patients. Exchange transfusion can prevent iron overload in 
SCD patients, which can reduce the need for iron chelation 
later on. Splenectomy has been used in thalassemia patients 
and those with high transfusion requirements. Calcium chan-
nel blockers have been used in thalassemia patients to reduce 
cardiac iron uptake. HSCT itself has been used in thalas-
semia and SCD patients, and  those with congenital and 
acquired aplastic anemias.

 Phlebotomy

The purpose of phlebotomy is to remove units of RBC as a 
means of depleting total body iron. Each unit of RBC 
removed (about 420 mL) depletes the body of around 200 mg 
of iron [53]. Phlebotomy has been reported in case series to 
reduce serum ferritin levels to <300 ng/mL in nearly half the 
patients who undergo such procedure [54]. Phlebotomy is a 
useful treatment option for TDT, however contraindicated in 
diseases already complicated by anemia such as NTDT. TIF 
guidelines recommend against phlebotomy for patients with 
NTDT due to anemia [46]. BSH guidelines further recom-
mend phlebotomy for aplastic anemia and iron overload in 
the setting of immunosuppression and in post-transplant 
patients [52]. Major adverse effects of phlebotomy, often 
during or immediately following procedure, include head-
aches, nausea, and dizziness [54].

 Exchange Transfusion for Sickle Cell Disease

Exchange transfusion is a means of preventing iron overload 
and the need for chelation therapy in SCD patients, and pro-
viding stability of iron levels in patients who are already iron 
overloaded at beginning of exchange transfusion [55]. 
Additionally,  combination therapy of exchange transfusion 
with DFX and DFO has been shown to be effective in reduc-
ing iron stores to target levels [47, 53].

 Splenectomy for Thalassemia

Splenectomy in the setting of thalassemia is primarily done 
to decrease consumption of blood and  transfusion require-
ment, with the goal of reducing iron overload [25]. The pro-
cedure is performed more as an adjunct or alternative to 
transfusion therapy, rather as first-line therapy. It is rarely 
performed, however, due to risks of procedure, including 
infection pulmonary hypertension, and thrombosis, 
and  improved access and safety of standard blood transfu-
sion. Additionally,  splenectomy is usually avoided in chil-
dren <5 years of age due to greater risk of infection following 
the procedure [25]. Adverse events associated with splenec-
tomy include, infection and sepsis, increased risk of throm-
bosis, and possible increased organ damage as a result of 
removing the spleen, since this organ acts as a reservoir for 
iron scavengers, which can result in an acute decrease of iron 
removal [56].

 Guideline-Directed Therapy for Splenectomy 
in TDT
For patients with TDT, splenectomy should be considered in 
patients >5 years of age with increased transfusion require-
ments that exceed the ability to control with iron chelation 
therapy. Increased blood requirement defined as annual 
transfusion volume (75% hematocrit or higher; 200–220 ml/
kg/year) after ruling out alloimmunization, concurrent infec-
tion, and suboptimal transfusion therapy [25].

 Guideline-Directed Therapy for Splenectomy 
in NTDT
In general, splenectomy should be avoided in children 
<5 years of age due to greater infection risk. Splenectomy 
can be considered in the following settings: (1) poor growth/
development due to worsening anemia and both transfusion 
and iron chelation not available or possible; (2) hypersplen-
ism leading to worsening anemia, leucopenia, or thrombocy-
topenia; (3) symptomatic splenomegaly such as LUQ pain or 
early satiety or massive splenomegaly with possible splenic 
rupture [46].

Laparoscopic splenectomy is performed over open proce-
dures unless otherwise directed [46]. The gallbladder should 
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be evaluated if gallstones are present. Febrile patients under-
going splenectomy should be evaluated and treated immedi-
ately due to risks of post-splenectomy sepsis. Vaccination 
with pneumococcal 23-valent polysaccharide vaccine, HIB, 
meningococcal, and influenza vaccine should be given based 
on recommended schedule per CDC special populations 
schedule if indicated. Prophylactic antibiotic therapy should 
be given for >2 years after splenectomy or longer at discre-
tion of treating clinician. Given an increased risk of throm-
bosis or cerebrovascular disease, splenectomized patients 
should receive standard guideline-directed treatment if 
thrombotic or cerebrovascular complications arise, including 
transfusion therapy and anticoagulant/antiplatelet treatment 
for prevention. Lastly, aspirin should be considered in 
patients with elevated platelet counts (>500 × 109/L) [46].

 Hematopoietic Stem Cell Transplant (HSCT)

HSCT is unique among treatments for iron overload in that it 
is the only existing curative therapy for thalassemia [56]. It 
also allows phlebotomy to become an effective option for 
reducing iron overload. Recommendations for use come 
from the European Blood and Marrow Transplantation 
Inborn Error Working Party and Pediatric Diseases Working 
Party. Per recommendations, young patients with thalas-
semia major with HLA identical siblings should be offered 
HSCT immediately, before the development of iron overload 
and subsequent organ damage. HSCT with a well-matched 
unrelated donor is also an option in children with history of 
lifelong control of iron overload without complications [36]. 
Lastly, patients with Diamond-Blackfan anemia (DBA) may 
be considered for transplant if <10 years of age if an HLA- 
matched donor is available, especially if the patient is 
transfusion- dependent [57].

 Calcium Channel Blockers for Thalassemia

L-type calcium-channel channels (LTCC) and T-type cal-
cium channels (TTCC) have a role in cardiac iron uptake 
during iron overload conditions, particularly thalassemia. 
Calcium channel blockers that improve cardiac function in 
preclinical studies include LTCC blockers verapamil, nife-
dipine, and amlodipine, and the TTCC blocker efonidipine. 
Only amlodipine has been tested in human studies and has 
shown benefit with concomitant iron chelation therapy [58].

Evidence for use of amlodipine comes from RCTs evalu-
ating amlodipine with iron chelation in patients with beta- 
thalassemia major. The combination was found to reduce 
myocardial iron concentrations at 6 and 12 months but did 
not result in significant differences in T2* measured CMR, 
LVEF, serum ferritin, LIC, or adverse events [59].

 Management of Specific Patient Populations

 Children

Management of iron overload for children, regardless of dis-
ease, may require higher transfusion rates to maintain nor-
mal growth and development [60]. Those who develop 
transfusion-dependent anemias may be at risk of severe 
hepatic iron burden as early as two years of age in addition to 
cardiac iron overload. Although this tends to occur later than 
hepatic iron burden [60]. In general, children should be mon-
itored for iron overload via serum ferritin every three months 
or earlier based on therapy failure or poor compliance. 
Additional monitoring via MRI for LIC yearly and myocar-
dial T2* MRI. Myocardial monitoring frequency is depen-
dent on baseline T2* with the following recommendations: 
(1) yearly in children with significant iron overload even if 
baseline T2* is normal (>20 ms); (2) every two years in chil-
dren with well-controlled iron levels based on serum ferritin, 
LIC, and T2*; and (3) every  six  months in children with 
severe iron overload (T2* <10 ms) [60].

Iron chelation in children, like adults, tends to first con-
sider DFO therapy, mainly due to a better side effect profile 
and compliance compared to DFX.  Children should be 
monitored for adverse effects on bone growth, particularly 
defects like rickets-like bone lesions, metaphyseal changes, 
and spinal damage with loss of sitting height. Auditory 
adverse events should also be done, particularly in children 
with a low iron burden, as they tend to be more prone to 
adverse auditory effects from chelation therapy. DFX can 
be used as second-line therapy as it is FDA approved as 
first-line therapy for chronic iron overload due to blood 
transfusions. DFX, in comparison to DFO, has seen less 
reported adverse events on growth or development in 
patients with SCD or thalassemia. Renal function, however, 
should be monitored closely, as it has been associated with 
decreases in GFR in case series [41]. DFP is approved as 
second-line therapy for transfusional iron overload due to 
thalassemia syndromes by the FDA. However, it should be 
avoided in children with a history of unexplained neutrope-
nia or bone marrow failure syndromes [6]. Adverse bone 
growth effects, such as bony dysplasia and deformation 
have also been reported [42]. (Lastly, children with neo-
plastic blood disorders and those having received bone 
marrow transplant should be treated for iron overload via 
periodic phlebotomy or iron chelation in the setting of 
severe iron overload [6].

 Pregnancy

To date, no guidelines have been developed regarding iron 
chelation therapy in pregnancy. Recommendations for iron 
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chelation in pregnant patients, regardless of disease, are to 
consider DFO as the safest option during pregnancy and 
breastfeeding. DFO should be discontinued during the first 
trimester, with consideration for reinstatement during the 
second and third trimesters [31]. DFX and DFP are not rec-
ommended during pregnancy and should be discontinued 
during pregnancy and breastfeeding [36, 39]. Female patients 
who are taking DFX should consider using contraception 
with two forms, as DFX may decrease effectiveness of hor-
mone contraceptives via induction of CYP3A4 [36].

 Future Directions

While transfusion therapy confers many vital benefits, it also 
puts patients at risk of the harmful complications of iron 
overload. Iron chelation therapy remains the standard of care 
for managing transfusion-related iron overload, and investi-
gations into refining these therapies to make  them more 
effective, convenient, and tolerable  are ongoing [61, 62]. 
Research into developing agents to modify previously untar-
geted aspects of iron metabolism is also underway. Evidence 
suggests that exogenous transferrin may help normalize 
NTBI levels and curb the toxic effects of iron overload [63]. 
Targeting hepcidin to influence iron absorption and mobili-
zation is also being studied [64–67]. Further refinement of 
these treatments will hopefully one  day provide use-
ful adjuncts and alternatives to existing options.
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Blood Transfusion Pitfalls

Patrick O. McConville, Jason M. Buehler, 
and Blake A. Moore

 Febrile Non-hemolytic Reactions

 Incidence

The occurrence of febrile non-hemolytic transfusion reac-
tions FNHTRs is estimated between 0.1% and 1% of transfu-
sions. Such reactions are much more common in children 
with 0.2% versus 0.05% in adults [52].

 Mechanism

There are two main causes of FNHTRs Cytokines present in 
the donor blood product and recipient antibodies against 
antigens present on donor granulocytes or leukocytes. 
Cytokines including interleukins and tumor necrosis factor 
are produced and released from leukocytes from blood 
products during storage [30]. The duration of blood storage 
may increase the amount of cytokines present, thereby 
increasing the incidence of a reaction in the product recipi-
ent [31, 67]. Additionally, recipient antibodies against vari-
ous leukocyte or granulocyte antigens in the donor blood 
may form complexes which subsequently result in endo-
toxin release and fever [3, 15].

Any type of blood product may cause FNHTRs although 
the most common sources are packed red blood cells 
(PRBCs) and platelets.

 Presentation

An increase in temperature of 1–2  °C approximately 
1–6  hours after blood transfusion in the absence of other 
more significant symptoms such as hemolysis or hypoten-
sion is the most common presentation.

 Prevention

Leukocyte reduction is used to reduce the incidence of 
FNHTRs. This may occur either prior to the storage of blood 
or prior to transfusion in the recipient. Leukocyte reduction 
(leukoreduction) prior to storage results in a greater degree 
of prevention of FNHTRs. Leukoreduction prior to blood 
storage is effective in removing leukocytes in addition to the 
cytokines that they may release during storage. 
Leukoreduction just prior to transfusion may still allow 
accumulated cytokine sources of FNHTRs.

 Management

As with any suspected transfusion reaction, cessation of the 
transfusion is the first step in management. Clinical monitor-
ing for more severe transfusion reaction symptoms including 
hemolysis, hypotension, hypoxia, dyspnea, rash, and ana-
phylaxis is critical. Supportive care should be provided until 
more life-threatening reactions can be excluded. Immediate 
clerical blood product verification should ensue. Additional 
laboratory analysis may be required for more severe 
symptoms.
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 Urticarial Transfusion Reaction

 Incidence

The reported incidence of urticaria in response to transfu-
sions is highest with platelets at around 2% [21, 29]. Red 
blood cell transfusions are associated with urticaria in 0.1–
0.5% of patients [59].

 Mechanism

Representing approximately 90% of allergic transfusion 
reactions [17, 61], urticaria may be associated with other 
more severe reactions to transfusions such as hypotension or 
bronchospasm. Immunologically mediated release of hista-
mine by mast cells or basophils occurs via an IgE antibody 
response to donor plasma antigens and culminates in the 
cutaneous symptoms of pruritus and characteristic rash.

 Presentation

The appearance of a skin rash during or shortly after the 
transfusion of blood products in the absence of more severe 
symptoms. The hives appear as pale red dots or plaques and 
are often accompanied by itching.

 Prevention

The removal or reduction of plasma from blood products 
may decrease the incidence of transfusion-induced urticaria 
[5, 66, 70].

 Management

As with any potential sign of allergic reaction, monitoring 
for other symptoms is warranted. Urticarial reactions, while 
potentially uncomfortable, do not necessarily require cessa-
tion of the transfusion. The administration of antihistamines 
may reduce symptoms.

 Post-transfusion Purpura

 Incidence

The incidence of post-transfusion purpura (PTP) is a rare 
complication that is difficult to quantify due to the frequency 
of confounding sources of thrombocytopenia in critically ill 
patients. Studies have found the incidence to be 1:24,000 units 

transfused [63]. Females represent the vast majority of cases 
reported [47, 50].

 Mechanism

Post-transfusion purpura occurs when antibodies destroy 
platelets that contain the HPA-1 antigen following a blood 
transfusion. HPA-1 antigens are found in the majority of the 
population and therefore the majority of blood donors. 
Exposure to these antigens by a previously sensitized blood 
transfusion recipient results in thrombocytopenia in the days 
following a blood transfusion. Most patients with PTP are 
multiparous women who were exposed to the HPA-1 antigen 
during pregnancy and develop thrombocytopenia after a sub-
sequent transfusion.

 Presentation

Patients experiencing PTP have a falling platelet count 
4–14 days after a transfusion of platelet containing packed 
red blood cells. Red blood cell transfusion contains mic-
roparticles of platelets, and exposure results in destruction of 
platelets that can concomitantly result in bleeding [60]. 
Diagnosis is confirmed with the presence of antibodies to 
HPA-1 in the recipient.

 Prevention

Patients known to have antibodies to the HPA-1 antigen may 
be transfused HPA-1 antigen negative blood, although such 
knowledge would be rare and only anticipated in patients 
who previously had PTP.

 Management

Since PTP is only evident in the days following transfusion 
of packed red blood cells (PRBCs), treatment is often 
delayed. IV immunoglobulin, plasmapheresis, or corticoste-
roids are recommended [1, 51]. Subsequent transfusions of 
blood products should be HPA-1 antigen negative.

 Altered Oxygen Affinity

 Mechanism

2,3-Diphosphoglycerate binds to hemoglobin and reduces 
oxygen affinity, thereby allowing oxygen to be released from 
hemoglobin and delivered to tissues in vivo. Packed red blood 
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cells placed into cold storage begin to lose their 2,3 2,3-diphos-
phoglycerate (2,3-DPG) levels within days and can be com-
pletely depleted before transfusion [25, 74]. Blood stored for 
multiple days therefore theoretically may have a reduced abil-
ity to deliver oxygen to tissues in transfusion recipients due to 
reduced 2,3-DPG. Efforts to maintain 2,3-DPG in stored blood 
have been made to produce the oxygen delivery achieved in 
fresh PRBCs [14, 32–34, 78]. In clinical studies however, the 
absence of 2,3-DPG does not fully explain the reduced oxygen 
delivery of aged red blood cells in the transfusion recipient 
[13]. It is also known that 2,3-DPG levels are restored to >95% 
of pre-transfusion levels within 72 hours of transfusion [27]. A 
2015 study in China shows that the movement of oxygen from 
hemoglobin, not just the affinity, is negatively impacted over 
the duration of storage. Oxygen release ability, however, was 
found to be reduced in the last 2 weeks of storage [42]. There 
is no evidence to demonstrate increased risk related to dura-
tion of blood storage prior to transfusion. Four recent large 
randomized trials, ABLE [41], TRANSFUSE [12], INFORM 
[28], and RECESS [68], fail to link length of storage with 
adverse or beneficial outcomes. But the debate over the dura-
tion of storage and risk profile continues due to issues with 
regard to methodology and statistical evaluation of studies of 
this nature [73].

 Delayed Hemolytic Transfusion Reaction

 Incidence

The incidence of delayed hemolytic transfusion reaction is 
variable, with a range from 1:40 to 1:11,000. The symptoms 
of DHTR are often subtle and confounded with other vari-
ables in transfusion recipients such as ongoing blood loss. 
Likewise, the patient population has a widely variable range 
of susceptibility to DHTRs which results in an unknown 
overall incidence.

 Mechanism

Upon exposure to foreign red blood cell antigens during 
transfusion or pregnancy, patients develop antibodies to such 
antigens. Implicated antigens such as Kidd, Duffy, and Kell 
have been identified. Antibody formation can take weeks or 
months, and in the absence of further exposure to foreign 
antigens, antibody levels can drop to undetectable levels over 
time. Further exposure to the foreign antigen in subsequent 
transfusions may result in an increase in antibody production, 
resulting in hemolysis over days to weeks. A study in sickle 
cell disease patients found that those patients having regular 
transfusions were much less likely to have a DHTR than those 
only occasionally receiving blood transfusions [57].

 Presentation

Since hemolysis takes place in the spleen and liver extravas-
cularly, patient symptoms are often minimal. Antibodies 
attack only transfused red blood cells containing the antigen, 
which results in a slow decline in hematocrit. Depending on 
the rate of hemolysis, patients may rarely experience hema-
turia, jaundice, or acute kidney injury.

 Prevention

Screening for antibodies in blood transfusion recipients, 
along with crossmatching may reduce the incidence of 
delayed hemolytic transfusion reactions. Effective preven-
tion of DHTRs is limited in scope. Screening for antibody 
formation after blood transfusion or pregnancy in order to 
detect such antibodies prior to their decrease has been sug-
gested as a possible preventative measure.

 Management

When a delayed hemolytic transfusion reaction is suspected, 
hydration to prevent renal damage and monitoring of hemo-
globin levels are suggested. Confirmatory testing can be 
obtained with direct antibody testing but may be undetect-
able if antibody titers fall. Automated red blood cell 
exchange, where incompatible red blood cells are removed 
and replaced with compatible red blood cells, has been used 
to limit the sequelae after DHTRs are suspected [71].

 Infections

 Incidence

Bacteria, viruses, and more rarely parasites and prions may 
result in infections in blood product recipients. Platelets, 
which are stored at room temperature, have the highest inci-
dence of bacterial contamination and results in infectious 
complications in approximately 1 in 2000–3000 according to 
the CDC. Other blood products such as PRBCs are stored 
cold which reduces bacterial growth, and therefore infec-
tious transmission is significantly less common. Treponema 
pallidum, Klebsiella, Pseudomonas, and Syphilis represent a 
few of the bacterial pathogens transmittable from bacteremic 
patients who are asymptomatic or from improper aseptic 
blood collection or administration technique.

Donated blood is tested for HIV, hepatitis B and C, West 
Nile virus, and HTLV. Testing for Zika virus is now man-
dated in the United States by the FDA. Screening questions 
including world travel, medical history, IV drug use, and 
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sexual behavior are used to reduce the transmission of viruses 
to extremely rare levels. Cytomegalovirus (CMV) and human 
parvovirus B19 (HPV B19) are clinically silent in most 
patients and therefore may be transmitted commonly to 
transfusion recipients. Most patients experience no adverse 
sequelae, however with the exception of immunocompro-
mised patients who can experience significant complications 
including pneumonia, hepatitis, and encephalitis.

• HIV 1:1.5–2 million
• HBV 1:200,000
• HCV 1: 1–2 million

Dengue fever has been transmitted through blood prod-
ucts, and donors who have travelled to areas endemic to such 
diseases are rejected.

West Nile, hepatitis A and E, and babesiosis have rarely 
been transmitted through blood transfusions.

Malaria and, less commonly, Chagas disease represent 
parasitic infections transmissible through blood donation.

Prions are misfolded proteins that are rarely transmitted 
to blood product recipients which cause several rapidly pro-
gressive neurological diseases that results in dementia and 
death. Creutzfeldt-Jakob disease and chronic wasting disease 
are examples of Prion disorders.

 Prevention

Blood donation patients are screened for risk factors includ-
ing symptoms of current or recent infections, risky behavior 
including IV drug use and sexual practices, and travel to 
areas of the world known to have high rates of infection. 
Donated blood products are tested for HCV, HBV, HIV, 
HTLV, and West Nile and Zika viruses. Aseptic technique is 
mandatory to reduce contamination of bacterial infection 
both in the collection and administration of blood products. 
Additionally, the need for blood or blood product transfusion 
is increasingly scrutinized. Transfusions should be limited to 
patients who have a clearly positive benefit to risk ratio.

 Management

Blood product recipients suspected of having a transfusion-
related infection should undergo confirmatory testing and be 
treated with antibiotics, antivirals or otherwise depending on 
the causative pathogen. The blood bank should be notified 
immediately to reduce the chance that additional patients are 
exposed to contaminated products.

 Acute Hypotensive Transfusion Reactions

 Incidence

Due to the usually brief and reversible nature of acute hypo-
tensive transfusion reactions, the reported incidence is low 
and likely underreported. The reported incidence to the CDC 
from 2010 to 12 was between 0.05% and 2.6% based on vol-
untary submissions [26, 49].

 Mechanism

The introduction of leukoreductive filters in the 1990s 
was intended to reduce febrile transfusion reactions and 
infections. Additionally, ACE inhibitors were expanding 
in use throughout the United States to manage hyperten-
sion. Patients taking ACE inhibitors who required blood 
products while negatively charged leukocyte reduction fil-
ters were being used experienced increased bradykinin-
mediated hypotension. Bradykinin is generated from 
factor XII (Hageman factor) interaction with negatively 
charged surfaces. Bradykinin stimulates B2 receptors 
which increase nitric oxide and prostaglandins, which 
results in hypotension. Angiotensin-converting enzyme is 
normally responsible with inhibiting bradykinin, which 
explains why ACE inhibitors are associated with hypoten-
sion in such patients [4].

 Presentation

A decrease of systolic, diastolic, or mean arterial pressure by 
30 mmHg with transfusion of blood products, in the absence 
of other symptoms of anaphylaxis such as bronchospasm or 
hemolysis and resolution of symptoms after cessation of 
transfusion.

 Prevention

Cessation of angiotensin-converting enzyme (ACE) inhibi-
tors preoperatively or prior to blood transfusion for 
24–48 hours.

 Management

Cessation of transfusion along with supportive therapy and 
exclusion of other etiologies of transfusion-related hypoten-
sion resulting from transfusion are necessary.
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 Air Embolism

 Incidence

The incidence of air embolism during the transfusion of 
blood products is unknown, as the majority of cases do not 
result in clinical manifestations. Air introduction into the 
venous system can result in clinical symptoms ranging from 
mild tachypnea to cardiac or respiratory failure.

 Mechanism

Venous air embolism requires a gradient between the source 
of air and the pressure inside the vessel. Normal venous 
pressure will prevent the flow of air bubbles from intravenous 
tubing provided that such air bubbles are not under increased 
pressure. Blood products hung from above the level of entry 
into the vein favor infusion of desired blood products. Air 
bubbles at atmospheric pressure in IV tubing are not under 
enough pressure in most transfusions to result in movement 
through tubing into the venous system. Pressurized products 
from rapid infusers or compression bags however can exceed 
venous pressure resulting in embolism. Air entry of 20 cc/
second may result in symptoms in patients, and rates of 
70–500 cc/second can be fatal [36, 37, 54].

Small quantities of air can dissolve in the bloodstream or 
diffuse across the alveolar membranes in the pulmonary 
vasculature. Larger volumes of air can obstruct cardiac 
output mechanically or travel into the pulmonary arteries and 
overwhelm the ability of the pulmonary alveoli filtration 
system. Additionally, massive cytokine release may trigger 
ARDS and coagulopathy.

 Presentation

Depending on the volume of entrained air and the pressure at 
which it enters the vasculature, embolic air can be dissolved 
in the blood or filtered in the pulmonary alveoli and result in 
no clinical signs or symptoms. Significant air embolism can 
result in complications common to other types of pulmonary 
embolism including dysrhythmias, ST changes, pulmonary 
vasoconstriction, ventilation and perfusion mismatching, 
and right heart failure. Massive air emboli can fail to exit the 
right ventricular outflow tract and result in air lock and total 
cardiovascular collapse. Classically a “mill-wheel” murmur 
may be present. Trans-esophageal echocardiogram is diag-
nostic in intraventricular embolic scenarios and may detect 
as little as 0.02 ml/kg of air [69].

 Prevention

VAE, while not a transfusion reaction, is a consequence of 
the route of administration of blood products. Given the 

substantial risks associated with VAE, it is worth mentioning 
with transfusion reactions. As with any complication of 
blood transfusion, the first step in prevention is limiting the 
use of blood products to necessary recipients. Blood 
transmission should occur through approved and effective 
filtration devices. Pressure application of products should be 
limited to patients requiring rapid transfusion. Rapid infusion 
systems utilized for massive transfusion, such as the Smiths 
Medical Level 1® Fast Flow Fluid Warmer or the Belmont® 
Rapid Infuser, incorporate air detection systems to alert 
clinicians to air in the delivery circuit. These systems can 
help reduce the risk of lethal air embolism, but vigilance is 
essential to avoid inadvertent air embolism.

 Management

Immediate cessation of blood transfusion is mandatory for any 
acute changes in cardiac, respiratory, or neurological symp-
toms. Supportive care including fluid administration, oxygen-
ation, and hemodynamic assistance should be provided. 
Cardiopulmonary resuscitation with chest compressions and 
pharmacologic intervention should be considered per ACLS 
guidelines. Forcing the obstructive air through the vasculature 
with inotropic support and chest compressions may be required 
in significant events of air embolism. Additionally, manual 
aspiration of air from the right ventricle from a central venous 
line can be effective if positioned correctly.

 Acute Hemolytic Reactions

 Incidence

The incidence of acute hemolytic reaction has reduced sig-
nificantly with the introduction of systems designed to pre-
vent human and machine error. Current estimates range from 
2.5 to 7.9 per 100,000 units transfused [16]. The incidence in 
underdeveloped health systems, however, may be closer to 
1 in 100 units [2].

 Mechanism

The development of acute hemolytic reactions can occur due 
to both immune- and non-immune-mediated processes. 
Immune-mediated acute hemolysis is due to transfusion of 
red blood cells with antigens that are incompatible with the 
recipient’s immune system, usually due to anti-A or anti-B 
antibodies. Less commonly, antibodies may be formed to 
other antigens including Kell and Duffy. Interaction of these 
antibodies with recipient antigens leads to complement acti-
vation and intravascular hemolysis. Extravascular hemoly-
sis, however, occurs when the antibodies bind to RBC 
antigens and result in sequestration within the reticuloendo-
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thelial system where phagocytosis occurs. Activation of 
macrophages leads to a systemic response which is manifest 
as fever and chills as well as back and abdominal flank pain.

Non-immune-mediated acute hemolysis is commonly a 
result of co-administration with incompatible crystalloid, 
thermal injury, or mechanical disruption of the cell mem-
branes causing hemolysis. Exposure of red blood cells to 
hypo-osmolar crystalloid results in free water entering the 
cells, which leads to cellular swelling and hemolysis. 
Thermal injury to red blood cells can occur through both 
excessive heat and freezing. Cell membrane injury can result 
both directly from heat and from ice crystal formation during 
red blood cell freezing in the absence of cryoprotective 
agents such as glycerol. Mechanical disruption can occur 
through exposure to external forces during transfusion 
through small-gauge intravenous catheters or through car-
diopulmonary bypass pumps.

 Presentation

The most common symptoms seen with acute hemolytic 
reactions are not the classically described triad of flank pain, 
fever, and red or brown urine. The clinical presentation can 
include a myriad of symptoms including fever, chills, flank 
or abdominal pain, hypotension, dyspnea, hemoglobinuria, 
diffuse intravascular coagulopathy, acute renal failure, shock, 
and death.

 Prevention

The introduction of pretransfusion compatibility screening 
has significantly reduced the incidence of acute hemolytic 
reactions. System-based practices to ensure proper patient 
identification throughout the screening and transfusion pro-
cess should be strictly followed to prevent acute hemolytic 
reactions due to clerical error.

 Management

If an acute hemolytic reaction is suspected, the transfusion 
should be immediately stopped. Additionally, supportive 
management should be instituted to prevent complications 
including cardiovascular instability, renal failure, respiratory 
failure, and the development of coagulation disorders.

 Transfusion-Associated Graft Versus Host 
Disease

 Incidence

The development of transfusion-associated graft versus host 
disease (TA-GVHD) is extremely rare with radiation of 

transfused products or through pathogen reduction tech-
niques [16] with only 348 confirmed and reported cases in 
the last 50 years [46]. While radiation or pathogen reduction 
is typically performed prior to transfusing immunocompro-
mised patients, it is important to note that over half of all 
documented TA-GVHD cases have occurred in immuno-
competent patients.

 Mechanism

The development of TA-GVHD starts with transfusion of 
blood components that contain viable T-lymphocytes. The 
T-lymphocytes are normally recognized as foreign by the 
recipient’s immune system and cleared quickly. The engraft-
ment of donor T-lymphocytes into the transfusion recipient 
may occur when the recipient immune system either cannot 
mount a proper response or does not recognize the donor 
T-lymphocytes as foreign [1]. While immunosuppression 
may play a role, there is also evidence to suggest that match-
ing of donor and recipient HLA haplotypes may allow 
engraftment of donor T cells into the immunocompetent 
recipient. Immunocompetent patients are at increased risk 
when they receive donations from close family members or 
from a donor with homozygous HLA haplotypes that match 
at least one allele on the recipient. Once donor T cells have 
engrafted, they can initiate an immune response by recipient 
natural killer cells, macrophages, and other T cells against 
recipient tissues [39]. Once symptoms initially manifest, 
mortality occurs within weeks in 80–90% of patients.

 Presentation

The presenting symptoms of TA-GVHD typically manifest 
within 2–30 days following transfusion [40] and may affect 
the cutaneous, gastrointestinal, and hematologic systems. 
The most common symptoms are the development of a rash, 
fever, elevated transaminase, pancytopenia, diarrhea, bone 
marrow hypoplasia, and hepatomegaly. The accompanying 
rash is typically a diffuse maculopapular rash which may 
develop and progress to generalized erythroderma and des-
quamation. Mortality is typically the result of severe neutro-
penia which leads to untreatable infections [62].

 Prevention

Leukoreductive techniques which aim at reducing T cells 
from transfused products have been proposed to reduce this 
risk of TA-GVHD [40]. In high-risk patients, the transfusion 
of fresh blood units should be avoided. Units that have been 
stored for less than 72–96 hours are more likely to contain 
T-lymphocytes that retain the ability to proliferate in the 
recipient. T-lymphocytes have diminishing capacity for pro-
tein synthesis and proliferation as storage time increases [8]. 
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Irradiation of PRBCs has also been proposed to be partially 
protective. Irradiation with at least 2500 cGy of gamma rays 
has been shown to render the donor’s T cells incapable of 
proliferation within the recipient [22, 44, 55]. Preclinical 
data suggests that pathogen inactivation processes may be 
more protective of a leukoreduction technique than irradia-
tion [7, 18, 23]. The addition of intercalating agents, such as 
amotosalen or riboflavin, to transfused products allows the 
molecule to dock between nucleic acid pairs in leukocyte 
DNA. Ultraviolet illumination of the blood product then acti-
vates the intercalating agent, which permanently crosslinks 
the helical strands. This crosslinking prevents further cellular 
replication and inactivates the T cell [35] while also reducing 
the risk of bacterial and viral transmission through the same 
process [45]. Regardless of which method is employed, 
attempts to reduce transfusion of active T-lymphocytes 
should be employed in patients at risk for TA-GVHD.

 Management

Mortality remains high in TA-GVHD despite aggressive sup-
portive therapies. Care should be made to maintain euvolemia 
and avoid electrolyte disturbances that accompany severe 
diarrhea. A slight survival advantage has been shown in 
patients treated with hematopoietic cell transplantation, 
although there is often not enough time to find a suitable 
donor. Immunosuppression has also been described to help 
control symptoms [40].

 Transfusion-Associated Circulatory Overload

 Incidence

The general incidence of transfusion-associated circulatory 
overload (TACO) has been estimated at 0.7%, or 10.0 per 
100,000  units transfused [16, 56]. In the perioperative 
period, the incidence appears to be higher at around 3–11%. 
The highest rates appear in vascular (12.1%), transplant 
(8.8%), and thoracic (7.2%) surgeries, while lower rates are 
observed in obstetric and gynecologic patients (1.4%). 
There does not appear to be a difference between genders 
with an incidence of 4.8% in men and 3.8% in women [10]. 
Increased risk correlates with an increase in the number of 
transfused units, while other risk factors appear to include 
Caucasian race and pre-existing cardiac and pulmonary 
diseases [48].

 Mechanism

The development of TACO can be influenced by volume- and 
non-volume-associated mediators. Volume mediators include 

hypervolemia from transfusion as well as increased hydro-
static pressure which leads to the development of pulmonary 
edema. Non-volume mediators include erythrocyte-derived 
microparticles, cell-free hemoglobin, and nitric oxide scav-
enging which may also promote fluid shifting into the lung.

 Presentation

The clinical presentation of TACO consists of a myriad of 
symptoms associated with volume overload. The diagnos-
tic criteria for TACO are variably described in the literature 
but typically includes a set of signs and symptoms that 
develop within 12 hours of transfusion. The International 
Society for Blood Transfusion criteria include the develop-
ment of acute respiratory distress or pulmonary edema and 
two or more of the following symptoms: alterations in the 
cardiovascular system suggesting volume overload and/or a 
rise in B-type natriuretic peptide. A separate set of diagnos-
tic criteria has also been proposed for the perioperative 
period and includes new onset of three of the following 
within 6 hours of a perioperative transfusion: acute respira-
tory distress, evidence of positive fluid balance, elevated 
brain natriuretic peptide, radiographic evidence of pulmo-
nary edema, evidence of left heart failure, and/or elevated 
central venous pressure [10, 24].

 Prevention

In patients at risk for the development of TACO, clinicians 
should reduce transfusion rate and, if possible, transfuse one 
unit at a time while assessing the patient’s response. Risk 
factors for TACO include chronic kidney disease, left ven-
tricular dysfunction, baseline beta-blockers, emergency sur-
gery, increased colloid or crystalloid use, and use of plasma 
products or mixed blood products [9].

 Management

That management of TACO is primarily supportive. 
Clinicians may consider the use of diuretic medications to 
assist with volume overload [1].

 Transfusion-Related Acute Lung Injury

 Incidence

The incidence of TRALI has decreased significantly since 
the introduction of mitigating strategies in the early 2000s. 
Prior to mitigation, the incidence of TRALI was estimated to 
be 0.04–0.1%. With the addition of mitigation, the incidence 
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has decreased significantly to an estimated 0.0081% [58, 65, 
72]. The incidence of TRALI remains relatively high in the 
surgical population with an overall incidence of 1.3–1.4%, 
with the highest rates seen in thoracic (3%), vascular (2.7%), 
and transplant (2.2%) cases [9].

 Mechanism

Two separate mechanisms for the development of TRALI 
have been described. In the first, antibodies present in the 
donor product react with anti-human leukocyte or anti- 
human neutrophil antigens in the recipient. This results in an 
inflammatory cascade which results in the development of 
pulmonary edema. Pre-existing inflammatory states, recent 
surgery, and concurrent infections may increase the risk. A 
second separate mechanism has been described as a two-hit 
model. In this model, neutrophils are believed to be 
sequestered into the lung parenchyma prior to the transfusion 
where they are primed through cytokine release. The second 
hit occurs when the recipient neutrophils are activated by a 
factor in the donor blood product. The resulting inflammatory 
cascade within the lung parenchyma results in pulmonary 
edema [6, 19, 64].

 Presentation

The clinical presentation of TRALI is characterized by acute 
onset of respiratory distress that occurs during the transfu-
sion or up to 6 hours afterward. Classically, the clinical char-
acteristics include hypoxemia with a PaO2/FiO2 <300 or 
SPO2 <90% on room air, bilateral infiltrates on frontal chest 
x-ray, no evidence of circulatory overload, and no pre- 
existing acute lung injury or acute respiratory distress syn-
drome before the transfusion [43]. Less commonly, patients 
may also exhibit pink frothy airway secretions, fever, hypo-
tension, or cyanosis [75].

 Prevention

Several strategies have been developed to prevent the occur-
rence of TRALI with blood transfusions: exclusion of donors 
implicated in TRALI cases, exclusive use of FFP from un- 
transfused males or FFP treated with solvent/detergent, and 
leukodepletion of cellular blood components prior to giving 
to patients with anti-leukocyte antibodies [43]. These strate-
gies have been shown to significantly reduce the risk of 
TRALI [20] but have been variably implemented across the 
blood banking centers [38].

 Management

Patients who are suspected to have TRALI are treated pri-
marily through discontinuation of the transfusion and sup-
portive care. Hypoxemia is a significant risk with TRALI 
which often times requires ventilatory support [76]. Patients 
can also develop hypovolemia and require significant vol-
ume and vasopressor support. In rare circumstances, extra-
corporeal membrane oxygenation and plasmapheresis have 
been successfully employed [77].

 Transfusion-Related Immune  
Modulation (TRIM)

TRIM describes the observation of immune modulation, 
both proinflammatory and suppression effects, which occurs 
to the recipient following transfusion. The phenomenon was 
first described in the 1970s when it was demonstrated that 
solid organ transplant recipients who also were transfused 
had improved graft survival [53]. In oncologic processes, 
however, transfusion has been repeatedly associated with 
worse outcomes. The presence of donor leukocytes in trans-
fused blood has been linked with the phenomenon of TRIM 
and appears to be at least partially responsible for the nega-
tive effects in outcomes for transfusion recipients, as 
 evidenced by the reduction, albeit sustained presence, of 
TRIM in leukoreduced donor products [11]. An extensive 
discussion of this topic is beyond the scope of this chapter, 
but its inclusion reemphasizes the importance of adhering to 
transfusion guidelines in order to avoid unnecessary transfu-
sion to keep patients safe.
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Blood Transfusion and Traumatic  
Brain Injury

Jose V. Montoya-Gacharna and Samir Kendale

 Traumatic Brain Injury Definition 
and Epidemiology

Traumatic brain injury (TBI) is an acquired sudden injury 
secondary to blunt or penetrating mechanisms to the brain 
that disrupts its normal functioning. TBI can cause serious 
physical, cognitive, and psychosocial disabilities for the 
patient and cost for families and the healthcare system; the 
Centers for Disease Control and Prevention (CDC) estimated 
that in 2010, 2.5 million suffered from TBI and accounted 
for 87% of visits to the emergency department, 11% of hos-
pitalizations, and 2% of deaths. Estimates show that 3.2–5.3 
million persons have a TBI-related disability in the United 
States [1]. TBI is such complex health public issue that the 
US government has created the constitutional tools to be 
confronted. The Traumatic Brain Injury Act of 2008 autho-
rized research and public health activities associated with 
TBI [2]. Studies performed in the United States before 2006 
showed an incidence of TBI around 140/100,000 persons 
[3]. In 2003, Rutland-Brown et  al. reported a mortality of 
17.5/100,000 per year secondary to TBI [4]. During the 
period 1997–2007, approximately 580,000 persons died due 
to TBI in the United States [5]. All age groups are affected. 
TBI is a major cause of disability and death especially in the 
young adult population [6]. Mortality is higher in patients 
older than 65 years, in whom TBI is mostly related to falls [7, 
8]. Men are more frequently affected than women. The 
majority of deaths are caused by motor vehicle accidents, 
suicides, and falls [5]. TBI can occur as an isolated injury or 
be associated with trauma to other areas of the body. It is 

classified as mild, moderate, and severe depending on the 
mechanism of injury and clinical signs and symptoms. The 
clinical assessment of TBI patients includes the Glasgow 
coma score and radiographic data. The scale assigns values 
1–5 according to clinical responses including eye opening, 
motor response, and verbal response. Scores of 13–15 points 
correlate to mild, 9–12 points moderate, and <8 points severe 
brain injury [9].

 Pathophysiology of TBI

A primary direct mechanical injury is followed by a delayed 
secondary injury after TBI [9, 10]. Injury to the brain impairs 
cerebral autoregulation of cerebral blood flow and causes 
metabolic derangements and the activation of a cascade of 
molecular signals. Several pathologic stages have been iden-
tified after TBI. Initially, a similar process to ischemia pro-
duces an increase in lactic acid, cell membrane permeability, 
and edema. The disruption of the blood-brain barrier also 
occurs. Depletion of ATP produces failure of ATP-dependent 
pumps. In the second stage, there is a sustained membrane 
depolarization with release of excitatory neurotransmitters 
such as glutamate and aspartate as well as activation of 
voltage- dependent calcium and sodium channels. Massive 
release of K+ associated with the release of excitatory neu-
rotransmitters and calcium accumulation has also been iden-
tified [11]. Calcium overload in the mitochondria induces 
oxidative stress and mitochondrial dysfunction. A rapid 
increase in glucose followed by glucose metabolic depres-
sion can also be detected. Activation of lipid peroxidases, 
proteases, and phospholipases triggers apoptosis and cell 
death. In addition to all the mechanisms described, the dam-
age to the blood-brain barrier causes the leakage of mole-
cules (plasma derived factors) and cells involved in 
neuroinflammation (macrophages, lymphocytes, and neutro-
phils) and microglia activation [10].
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When a mechanism of rapid acceleration and deceleration 
occurs, axonal breakdown follows. This injury is known as 
diffuse axonal injury [12]. Systemic inflammation and cate-
cholamine increases can cause organ dysfunction in other 
areas. For example, neurogenic pulmonary edema can occur 
after TBI [13]. More detailed information regarding the 
mechanisms involved in TBI are described in several reviews 
[10, 11, 14].

Early neurosurgical assessment and therapy are crucial 
after TBI.  Prevention of increase in intracranial pressure 
(ICP) or decrease in cerebral perfusion pressure (CPP) has 
been the most important clinical goal in the management of 
TBI; however more complex mechanisms of injury should 
be also taken into account [11]. Several molecular targets are 
being investigated for the treatment of secondary injury fol-
lowing TBI [10]. Improving the energy at the cellular level, 
decreasing the production of free radicals, maintaining the 
homeostasis of ions and glucose, and reducing cell death 
could be important targets involved in the management of 
TBI. Recent guidelines were developed by the Brain Trauma 
Foundation regarding severe TBI and include recommenda-
tions regarding the type of decompressive craniotomy, pro-
phylactic hypothermia, hyperosmolar therapy, CSF drainage, 
ventilation therapy; the use of anesthetics, analgesics, seda-
tives, and steroids; nutrition; infection prophylaxis; DVT 
thrombosis prophylaxis; and seizure prophylaxis [15]. 
Updated recommendations include intracranial pressure 
monitoring, CPP monitoring, and advanced cerebral moni-
toring including jugular bulbar monitoring of AVDO2 [15].

 Traumatic Brain Injury and Coagulopathy

Patients that have suffered severe TBI can present with 
abnormalities in their standard coagulation tests (INR, PT, 
and PTT) at hospital admission. Although isolated TBI 
occurs with minimal blood loss, coagulopathy could also be 
present. Coagulopathy may manifest initially as a hypoco-
agulable state that follows to a hypercoagulable state associ-
ated with a tendency for thrombosis [16]. Within minutes 
after TBI, fibrin degradation products and D-dimer are 
detectable followed by depletion of fibrinogen [8]. The prev-
alence of coagulopathy after TBI has a wide range from 7% 
[17] to 63% [18]. It is also more prevalent in severe TBI 
(60%) [19, 20]. Coagulopathy is less common in mild head 
injury [21]. There are more patients with coagulopathy with 
severe (76.7%) versus moderate (52.7%) head injury [22]. A 
meta-analysis of 22 studies showed that 35.2% of isolated 
TBIs had acute traumatic coagulopathy. Those patients had 
worse outcomes and a mortality between 17% and 86% [23]. 
Trauma-induced coagulopathy is a predictor of unfavorable 
neurological outcome in the pediatric population [24]. The 
PROPP trial demonstrated that patients that suffered TBI and 
hemorrhagic shock had also more pronounced coagulopathy 

[25]. In a prospective longitudinal study of moderate and 
severe head injury, there were 67% of patients with coagu-
lopathy [22]. Several factors are involved with the develop-
ment of coagulopathy including blood transfusion, surgical 
intervention, polytrauma, and severity of head injury [22]. 
The mechanism of injury also could be involved in the devel-
opment of coagulopathy; in a retrospective study of 534 
patients that evaluated blunt versus penetrating injury, 
patients with penetrating trauma were more coagulopathic 
and received more units of blood than the blunt cohort [26]. 
In a prospective study with 120 patients, trauma-induced 
coagulopathy was present in 46.6% of patients and was asso-
ciated with acidosis in 60%; there was a decline in coagula-
tion activation, increased thrombin formation, and 
fibrinolysis. Tissue factor, tissue factor pathway inhibitor, 
protein C, and protein S were low. As previously mentioned, 
patients have abnormalities in standard coagulation tests at 
admission to the emergency department [27]. In a prospec-
tive study of 572 patients, severe isolated TBI was indepen-
dently associated with delayed clot formation [28]. 
Abnormalities in the coagulation process increase morbidity 
and mortality. Multiple mechanisms are associated with the 
activation of the coagulopathy. For instance, brain-derived 
cellular microvesicles (BDMV) are produced by injured glial 
cells and neurons and induce a hypercoagulable state in ani-
mal models [25]. Maegele et al. identified several risk factors 
related to the development of coagulopathy after blunt force 
trauma [29]. They include age >75 years [30, 31], >2L IVF 
at admission [31], GCS <8 at scene of injury [31, 32], injury 
severity score >16 [32], abbreviate injury scale (AIS) 
head = 5 [31, 33], subarachnoid hemorrhage, brain edema, 
midline shift on CT [32], abnormal pupils [30], SBP <90 [31, 
32], Hb <12.4 mg/dL [34], serum glucose >151 mg/dL [34], 
arterial base deficit >6 mmol/L [33], and presence of at least 
two factors, of age >50 years, shock index (SI) >1, or abnor-
mal pupils [30]. Moreover, INR has been identified as a 
hematological prognostic indicator in severe TBI requiring 
decompressive craniectomy [35]. Interestingly, normaliza-
tion of INR through specific management of coagulopathy is 
independently associated with lower mortality in acute trau-
matic coagulopathy in isolated TBI in a retrospective study 
of 157 patients [36]. It is not clear whether the management 
of hypocoagulable state after TBI is similar as the presence 
after other types of traumas in the body.

 Traumatic Brain Injury and Red Blood Cell 
Transfusion

 Anemia and TBI Outcome

Anemia reduces the oxygen-carrying capacity of blood. 
Additionally, cerebral autoregulation may be impaired in 
patients with TBI.  This combination of factors, in which 
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oxygen delivery to brain tissue may be substantially dimin-
ished, may confer further injury than the effect of either 
alone [37]. Nonetheless, the relationship between anemia 
and outcomes after TBI remains elusive. Some studies have 
found associations between low hemoglobin concentrations 
and mortality or poorer neurologic outcome [38–40], as well 
as the converse that higher hemoglobin levels were associ-
ated with improved neurologic outcome [41]. There is some 
evidence, however, that suggests no link between anemia 
alone and worse outcomes in TBI patients [42–44]. The lack 
of consensus is not surprising considering the nature of these 
retrospective explorations, which are limited by variations in 
sample size and study population, differing definitions of 
anemia, differing outcome definitions, and the potential for 
unidentified confounding variables.

 Transfusion and TBI Outcome

Although anemia is potentially associated with poor out-
comes, transfusion of red blood cells with the goal of cor-
recting anemia in TBI patients may not be a benign 
intervention. Transfusion of red blood cells in TBI patients is 
fairly common, with anywhere between 8.5% and 55% of 
TBI patients receiving RBC transfusion, depending on inclu-
sion criteria and study design [40, 44–48]. RBC transfusion 
has been associated with a number of adverse outcomes, 
including increased ICU length of stay [46, 49], mortality 
[40, 44, 45, 49, 50], and other composite measures including 
ARDS, acute renal failure, and sepsis [44, 50]. Additionally, 
there may also be a relationship between RBC transfusion 
and long-term outcomes, specifically worse Glasgow out-
come scale scores, Rancho Los Amigos Levels of Cognitive 
Functioning Scale scores, Disability Rating Scale scores, 
and Functional Status Examination scores assessed at either 
6 months or 1 year [47, 48]. Many of these adverse outcomes, 
both short-term and long-term, however, may be as well con-
tingent upon patient population and characteristics. One 
study, for example, suggested that the associations between 
transfusion and mortality may be dependent on the Glasgow 
coma score upon presentation or limited to patients in whom 
there was no evidence of shock [50].

For this reason, there has been significant interest in 
ascertaining thresholds for RBC transfusion, namely, 
whether there is a hemoglobin threshold at which harm of 
transfusion surpasses benefit. International clinician atti-
tudes vary with regard to decisions to transfuse. Most physi-
cians use a threshold of around 8 g/dl, though this may vary 
based on a variety of factors [51]. For example, neurosur-
geons tend to transfuse at higher threshold than trauma sur-
geons or critical care physicians, and many physicians 
consider factors other than solely the hemoglobin threshold 

when deciding whether to transfuse RBCs, such as multiple 
trauma, presence of shock, and planned surgery [52, 53].

The literature on transfusion thresholds remains nebu-
lous, and not only for patients with TBI. A Cochrane review 
suggested no difference in mortality between liberal and 
restrictive transfusion strategies [54]. In TBI patients, there 
has been evidence that a more liberal transfusion strategy 
(transfusing at a hemoglobin level of 10 g/dl) was associ-
ated with increased risk of progressive hemorrhagic injury 
and thromboembolic events [55, 56], but there has been lit-
tle evidence of a difference in mortality, clinical improve-
ment, or length of stay related to varying transfusion 
threshold [57, 58].

Finally, while limited clinical equipoise exists with regard 
to transfusion threshold, there is some consensus that the age 
of transfused blood is not associated with worse outcomes in 
patients with TBI [59, 60].

 Traumatic Brain Injury and Plasma 
Transfusion

A standard practice to guide the transfusion of plasma during 
bleeding has been the use of coagulation times (PT, aPTT, 
and INR). However, a retrospective study of 4310 neurosur-
gical patients showed that preoperative elevated PT was not 
associated with an increased risk of perioperative hemor-
rhagic complications [61]. In the preoperative period, it is 
not recommended to correct a mildly prolonged INR in a 
stable hemodynamically patient [62]. The American Society 
for Anesthesiology Task Force recommends to transfuse 
plasma in four clinical settings: (1) for correction of exces-
sive microvascular bleeding with INR >2 in the absence of 
heparin; (2) when standard coagulopathy tests are not avail-
able and there is excessive bleeding secondary to coagula-
tion factor deficiencies; (3) when more than one volume of 
blood has been given; and (4) when reversal of warfarin is 
necessary and there is no available PCC or when factor defi-
ciency is present but the specific factor is not available [63]. 
The European Society of Anesthesiology guideline recom-
mends against the use of plasma transfusion for pre-proce-
dural correction of mildly to moderately elevated INR, but 
recommends early targeted correction of coagulation factor 
deficiencies [64].

Several retrospective studies do not support the transfu-
sion of plasma to reverse TBI-induced coagulopathy. A study 
of patients with TBI and moderate coagulopathy (INR 1.4–
2.0) showed that FFP transfusion alone or in combination 
with packed RBCs resulted in poor long-term functional out-
come [65]. Zhang et al. showed that patients with TBI who 
received plasma transfusion had significant higher mortality 
regardless of the severity of TBI in a prospective study of 
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618 patients [66]. According to Leeper et al., plasma transfu-
sions and TBI were two independent predictors for fibrinoly-
sis shutdown and were associated with a poor prognosis in 
pediatric patients with TBI.  This author recommends that 
plasma transfusions should not be targeted to INR but to 
rTEG, ACT, and clinical bleeding [67].

 Traumatic Brain Injury and Platelet 
Transfusion

Platelet function may be abnormal after TBI; for instance, 
platelets derived from TBI patients respond poorly to ade-
nosine diphosphate (ADP) and arachidonic acid [68–70]. A 
prospective study of 153 patients showed that ADP inhibi-
tion of platelet function was increased in moderate-to-severe 
TBI vs mild TBI. This ADP inhibition at admission was not 
associated with in-hospital mortality or CT scan lesion 
expansion, and there were no differences in mean reduction 
of ADP inhibition from platelet transfusion vs no platelet 
transfusion [71]. Platelet dysfunction (ADP inhibition >60% 
on TEG) is an independent predictor of increased mortality 
in patients with severe TBI [72]. A platelet count higher than 
100 k/L has been used for patients undergoing a neurosurgi-
cal procedure [73] and has been endorsed by the British 
Committee for Standards in Haematology (BCHS) Blood 
Transfusion Task Force [74]. A similar recommendation was 
found in the pediatric population. BCHS guidelines recom-
mend a value higher than 100  k/L for neonates and 
75–100 k/L for children. A threshold of 50 k/L in pediatric 
craniotomies has also been suggested [75]. A case series 
showed an association with postoperative intracranial bleed-
ing in neurosurgical patients with platelets less than 100 K/L 
[76]. A goal-directed platelet transfusion to correct platelet 
dysfunction could be a better approach. Furay compared 35 
patients who suffered TBI and had platelet dysfunction with 
51 historic controls. Patients who received platelet transfu-
sion had lower mortality (9% vs 35%) [72]. The role of plate-
let assay for guiding platelet transfusion in neurosurgical 
patients has not been validated.

Patients who suffered TBI and are on antiplatelet therapy 
are a challenge for the anesthesiologist. Unfortunately, there 
are no recommendations regarding this issue. A retrospec-
tive study of 328 patients with TBI and on antiplatelet ther-
apy with aspirin or clopidogrel showed that platelet 
transfusion did not reduce mortality in patients >50 years 
old [77]. A cohort analysis of TBI patients treated with aspi-
rin before trauma detected a higher mortality after platelet 
transfusion and failed to improved platelet function [78]. 
Platelet transfusion is able to reverse ASA-induced platelet 
inhibition but not the inhibition of platelet function pro-
duced by TBI [79]. An observational study of six US trauma 

centers of adults on antiplatelet therapy who suffered TBI 
blunt injury showed that transfused patients had higher 
injury severity scores and admission CT scores. Interestingly 
platelet transfusion reduced platelet inhibition to aspirin but 
not to clopidogrel. Platelet transfusion was associated with 
longer length of stay but no differences in mortality [80]. A 
prospective study of 243 patients with isolated intracranial 
hemorrhage and preinjury P2Y12 inhibitors showed a lower 
rate of bleeding progression and a decrease of neurosurgical 
intervention with platelet transfusion [81]. On the other 
hand, the ratio of platelet to plasma and RBCT could affect 
outcomes of TBI patients. A retrospective observational 
study of 385 patients with isolated blunt TBI who received 
a plasma-to-red cell ratio >1 was an independent predictor 
for reduced hospital mortality but not the same for platelet-
to-red cell ratio >1. A systematic review of seven retrospec-
tive cohort studies found that platelet transfusion was 
associated with elevated odds ratio for in-hospital mortality 
[82]. However, another retrospective study of TBI patients 
who received RBCT, plasma, and platelets in a 1:1:1 ratio 
compared with non-ratio-based transfusion patients showed 
improve survival among those patients with ratio-based 
transfusions [83].

 Transfusion of Cryoprecipitate

Acquired hypofibrinogenemia can occur in TBI with multi-
ple trauma. The decrease in fibrinogen associated with the 
dilution of coagulation factors favors TBI-induced coagu-
lopathy. Cryoprecipitate is used in the treatment of hypofi-
brinogenemia and hemophilia. Cryoprecipitate is a source of 
fibrinogen, factor VIII, VWF, and factor XIII [84]. The 
replenishment of fibrinogen with cryoprecipitate, in theory, 
should decrease the coagulopathy that occurs after trauma. 
Decrease in plasma fibrinogen increases red blood cell trans-
fusion and mortality. A recent cohort study of 33 patients 
who suffered severe TBI showed that the rate of coagulopa-
thy at 24 hours was lower but not significantly different than 
the control group; however, the in-hospital mortality was sig-
nificantly lower in those patients treated with cryoprecipitate 
[85]. A retrospective cohort study of patients with severe 
multiple trauma and TBI and infusion of cryoprecipitate 
within 90 minutes of admission showed a decrease in mortal-
ity at 24 hours of 8% vs 13%. It also reduced the amount of 
blood transfusion products (RBCT 7 ± 1 unit vs 17 ± 3 units; 
FFP 9  ±  1  units vs 16  ±  3  units; platelets 3  ±  1  units vs 
15  ±  4  units). The European Society of Anesthesiology 
guidelines recommend the use of cryoprecipitate as an alter-
native when fibrinogen is not available [86]. The BCHS 
guideline recommends prophylactic administration of cryo-
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precipitate to pediatric patients with a fibrinogen <1 g/L and 
significant risk of bleeding at a critical anatomical area [87].

 Antifibrinolytic Medications and Traumatic 
Brain Injury

Antifibrinolytic agents prevent the destruction of the blood 
clot and are able to reduce bleeding. They have been shown 
to reduce mortality during postpartum hemorrhage and peri-
operative blood transfusion without increasing the risk of 
thromboembolic events [88] and possibly TBI [89]. 
Tranexamic acid (TXA) is also able to reduce blood transfu-
sion in total hip arthroplasty [90], traumatic femur surgery 
[91], and cesarean section [92].

Several trials are ongoing to determine whether antifibri-
nolytic therapy could be effective after TBI. The CRASH-2 
study showed that adult trauma patients with significant 
bleeding would benefit from the use of TXA.  The risk of 
death due to bleeding significantly was reduced in the TXA 
group compared to placebo group (4.9% vs 5.7%, RR 0.85, 
95% CI 0.76–0.96). There were no increases in thrombotic 
complications compared with the control group and fewer 
focal ischemic lesions [93]. The CRASH-2 intracranial 
bleeding study was a prospective randomized controlled trial 
within the CRASH-2 trial to evaluate the effect of TXA on 
intracranial hemorrhage growth after TBI. TXA use reduced 
hematoma expansion and resulted in fewer deaths compared 
to placebo. A post hoc evaluation of 270 patients from the 
CRASH-2 trial with intracranial bleeding was not able to 
exclude side effects after TXA but suggested further research 
[94]. The CRASH-3 trial is currently in course and is evalu-
ating the effect of early treatment with TXA on death and 
disability in TBI patients [95].

A recent trial evaluation of TXA at a 1 g loading dose 
followed by an 8-hour infusion reduced intracerebral hema-
toma expansion and improved clinical outcomes after acute 
stroke secondary to intracerebral hemorrhage. The study 
showed no differences in the functional status or death of 
patients at 90  days from injury between TXA or placebo 
groups [96]. A sub-study of the CRASH-3 trial is evaluating 
the mechanistic effects of TXA on TBI.  The study will 
determine the intracranial bleeding volume after injury by 
computed tomography [97].

A retrospective review of 4476 patients who suffered all 
adult trauma showed that in patients with lower GCS, TXA 
was used significantly more in patients with higher injury 
severity score (ISS), penetrating injuries, and higher inci-
dence of severe head injury or transfusion requirements. 
Patient who received TXA had lower mortality rate (0% vs 
10.1%) and increase of GCS to 14–15. There were no differ-
ences on thromboembolic events [98].

A recent randomized double-blind, placebo-controlled 
clinical trial of 80 patients showed that TXA after TBI was 
able to reduce intraoperative intracranial bleeding [99]. A 
meta-analysis found five randomized controlled trials of 
patients with TBI treated with TXA. There was a decrease 
in hematoma expansion. After exclusion of one of the stud-
ies after a sensitivity analysis, there were significant dif-
ferences in mortality and neurologic outcomes between 
TXA and placebo groups without difference in thrombotic 
events [89].

It is important to indicate that recently it has been reported 
that isolated TBI has a characteristic coagulopathy with 
delayed clot formation that is not associated with fibrinolysis 
abnormalities. The authors suggest that these findings may 
indicate that early coagulation factor replacement should be 
done over antifibrinolytic therapy in severe isolated TBI 
[28]. However, a recent study showed that rFVII in early 
treatment did not decrease mortality or improve clinical out-
comes after TBI [100].

 Conclusions

Traumatic brain injury is a serious public health concern that 
generates thousands of TBI-related deaths and disabilities. TBI 
induces a specific type of coagulopathy that is more complex 
with associated injuries. An adequate management of TBI-
induced coagulopathy is critical for patient outcome. Most of the 
current medical evidence for the transfusion of blood products 
and its derivatives comes from retrospective and prospective 
studies. More double-blinded trials are necessary to effectively 
improve the management of coagulopathy during TBI.
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 Background

Red blood cell (RBC) transfusions have evolved to be one of 
the most common medical interventionsa in the United 
States and are given to approximately three to four million 
patients each year (14+ million units per year) [1, 2]. The 
number of RBC transfusions peaked in 2012–2013 with sub-
sequent years demonstrating some decrease. Causes put 
forth by blood bankers for this decrease include the 2008–
2009 economic downturn, but it has persisted and expanded 
since the economy has recovered. Far more realistic is the 
appreciation by medicine that transfusion is associated with 
(causes) adverse outcomes. RBC transfusion has long been 
known to carry significant risks. However, the transfusion 
decision is rarely an in-depth risk-benefit analysis.

Historically, focus has been on ABO-Rh compatibility, 
virus, pathogen avoidance, and whether blood banking was 
able to meet the demands created by expanding, evermore 
complex medical/surgical care in an aging population. The 
first reports of serious hepatitis transmission occurred in 
1947, yet the use of transfusion grew until the human immu-
nodeficiency virus transfusion crisis [3]. The viral risks 
exceeded 10–40% seroconversion in some places, but it was 
not until the late 1980s that critical steps were taken to reduce 
the risks to below 1/1–4,000,000 units infused [3, 4].

Today, blood transfusion still has many serious side 
effects, which are often under-appreciated by physicians. A 

contemporary list of transfusion risks includes (in order of 
frequency): non-hemolytic febrile reactions (higher in non- 
leukoreduced blood products), allergic reactions (not includ-
ing anaphylaxis), transfusion-associated circulatory 
overload, metabolic toxicities and derangements, transfusion- 
related immunomodulation (TRIM), transfusion-associated 
lung injury (TRALI), post-transfusion purpura, graft-versus- 
host disease, transfusion-transmitted viruses, parasites and 
bacteria, and anaphylaxis, among others [5–7]. It can be 
argued that TRIM is present to some degree in all patients 
who have received an allogeneic transfusion and therefore 
should be listed as the number one complication of transfu-
sion. TRALI, allergic reactions, non-hemolytic febrile reac-
tions, graft-versus-host disease, and anaphylaxis are 
ultimately immune-mediated, therefore all are TRIM. TRIM 
has also become synonymous with increased nosocomial 
infection and/or cancer recurrence.

TRALI is widely noted to be the most frequent cause of 
death after transfusion [8]. The contribution of TRIM to the 
morbidity and mortality of hospitalized critically ill patients 
may well outdistance the effects of TRALI in leading to bad 
outcomes. TRALI is itself a result of TRIM, and TRIM hap-
pens near universally. The decision to transfuse a patient is 
most often made based upon a perceived risk (fear) of 
decreased oxygen-carrying capacity imputed by not trans-
fusing. Many academic surgical and medical societies have 
guidelines regarding appropriate RBC transfusion triggers 
(usually a range of hemoglobin or hematocrit). Medicine has 
underdeveloped monitoring capabilities for tissue oxygen 
delivery/utilization; thus the anxiety leading to transfusion 
behavior is based on perceived risk often with little data. We 
believe that few who make the transfusion decision fully 
appreciate the literature regarding TRIM and that such 
knowledge, if acquired, could well promote caution when 
ordering an RBC transfusion. This review will examine con-
troversial/contradictory literature as well as the biologic 
mechanisms of TRIM. In the end, the review will question 
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the ethical/quality control point: Is unnecessary RBC trans-
fusion an avoidable human error in medicine?

 History of TRIM

There is strong evidence of TRIM-related effects on transfu-
sion recipients. Increased rates of tumor recurrence are noted 
in transfusion versus non-transfusion patients, as are nosoco-
mial infections. Because a patient does not manifest a noso-
comial infection does not in itself mean that he/she has not 
experienced some level of TRIM. Nosocomial infections kill 
and cost billions of dollars with per patient cost of over $50–
75,000 USD in complications [9]. Because over 60% of 
ICU-treated patients receive a blood transfusion, the rela-
tionship between transfusion and the current ICU bacteria 
may be related.

TRIM was first embraced as a concept in the 1970s with 
orthotropic renal transplantation. Opelz et al. [10] conducted 
a prospective, multicenter study that found kidney organ sur-
vival rates to be higher in patients who received allogeneic 
blood transfusions (ABTs; 90% vs 82%, P  =  0.02). The 
results pointed to a dose-dependent relationship between 
RBC transfusion and immunosuppression. Improved overall 
survival rate at a 5-year follow-up, in addition to animal and 
observational studies, showed similar results, which led to 
widespread and liberal use of ABTs, especially with trans-
plantation in order to decrease graft-versus-host complica-
tions [10–14]. At times, patients were transfused when their 
hemoglobin was in excess of 10gm/dL solely for the purpose 
of creating immunosuppression. In the late 1980s, in addi-
tion to organ transplants, transfusions were liberally admin-
istered to women experiencing recurrent spontaneous 
abortion (thought to be an immune-related maternal attack 
on the fetus) [15]. Today, those who argue against TRIM and 
transfusion dismiss or ignore these historical facts. Some 
explain the renal allograft data as due to a time when alloge-
neic blood was not leukoreduced. The effect of leukoreduc-
tion will be discussed later. Notably, leukoreduction may 
lessen but does not eliminate TRIM.

The practice of using transfusion as a way to intentionally 
immune inhibit a recipient ended with two events: with the 
onset of the AIDS and hepatitis C epidemics along with the 
advent of cyclosporine immunosuppressives and other mod-
ern immunosuppressive agents. Transfusion as a medical 
technique to intentionally immunosuppress came to a halt.

 Cancer Recurrence

After the beneficial immunosuppressive effect of transfusion 
was recognized, Gantt, in 1981 [16], suggested an associa-
tion between transfusion and increased cancer recurrence, 

raising concern that the outcome for patients undergoing 
curative surgery for a malignancy might be worsened. The 
reasoning was, if transfusion downregulated the recipient’s 
immune system, it might also enhance tumor growth and the 
implantation/growth of metastases. Since then, multiple 
observational studies, randomized controlled trials (RCTs), 
and meta-analyses have been published pointing toward 
higher rates of cancer recurrence, especially colorectal, blad-
der, and most recently hematopoietic/leukemic cancers [17, 
18, 37–43].

The focus of transfusion then shifted in the late 1980s 
when several researchers began to suggest that some of the 
adverse patient outcomes that had been attributed to 
intractable disease and comorbid conditions were in fact 
complications of transfusion therapy. This led to 
retrospective and prospective observational studies, in addi-
tion to animal studies in the following decade, which impli-
cated TRIM as causing higher postoperative infection rates. 
Neil Blumberg compiled data from these studies and found 
that patients receiving perioperative transfusion (compared 
with those not receiving transfusion) had a higher risk of 
developing postoperative bacterial infection (as much as 
200–1000% higher).

Much needed RCTs to verify this surprising evidence 
soon followed. Several small- to medium-sized RCTs in the 
early 1990s containing between 50 and 500 patients were 
conducted that showed higher postoperative infections in 
orthopedic, colorectal, and cardiac surgeries [17, 18]. In 
1998, an association between non-leukoreduced ABTs and 
short-term overall mortality (up to 3 months post- transfusion) 
was described by van de Watering et al. [19] That study com-
pared cardiac surgery patients receiving non-white blood cell 
(WBC)-reduced versus WBC-reduced allogeneic RBCs 
[19]. The study had been designed to investigate an associa-
tion between ABT and the risk of postoperative infection, but 
instead of conclusively showing increased infection, the 
investigators observed an increase in mortality. This evi-
dence linking ABTs to increased postoperative infections 
and mortality led to the creation of several larger RCTs, 
which then showed mixed evidence.

 Mechanism

The current understanding is that ABTs create both immuno-
modulatory and pro-inflammatory effects predominantly 
through the following mechanisms: [20] (1) infusion of allo-
geneic mononuclear cells; (2) soluble biologic response 
modifiers released in a time-dependent manner from WBC 
granules or membranes into the supernatant fluid of RBC or 
platelet concentrates during storage; and/or (3) soluble 
human leukocyte antigen (HLA) class I peptides that circu-
late in allogeneic plasma.
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Multiple studies support the mechanism that allogeneic 
WBCs bearing class II HLA antigens are directly involved in 
immunosuppressing hosts receiving ABTs. The initial stud-
ies in the 1970s surrounding renal transplants found that 
patients who had pre-transplant, WBC-reduced blood trans-
fusions showed less immunological benefit. This led to fur-
ther animal studies by Kao [21] and Bordin [22] that 
demonstrated immune suppression in recipient mice receiv-
ing allogeneic WBCs. Other animal studies [23, 24] looked 
at the tumor growth-promoting effects of ABTs and noticed 
that naive animals infused with cells from a donor (given an 
ABT), or directly given an ABT, had higher rates of pulmo-
nary nodules. When the donor animal’s cells or blood were 
WBC reduced, malignancy rates were restored back to nor-
mal in the naive host animals. There was actually a dose- 
response relationship between the volume of ABT and the 
number of pulmonary tumor nodules. Because the negative 
effect of blood transfusion could be eliminated with leukore-
duction, it was fair to implicate WBCs (or their products) as 
causing the noted immunomodulatory effects. In addition to 
increased pulmonary nodules, these animal studies also 
hinted at a proliferation of transforming growth factor 
(TGF)-β-positive suppressor T-cells. Reed et al. [25] discov-
ered that donor CD200 molecules (specifically on dendritic 
antigen-presenting cells [APCs]) interact with host γδ- 
suppressor T-cells, thereby releasing TGF-β and suppressing 
host immune defenses.

These revelations led to further studies by Beko [26] and 
Dizik [27] that looked at HLA compatibility between donors 
and recipients. They concluded that the long-term persistence 
of a small amount of allogeneic donor WBCs, including 
dendritic APCs, in the recipient (microchimerism) may 
account for the downregulation of the recipient’s immune 
system. In addition to TGF-β, as mentioned above, micro-
chimerism may also result in the release of interleukin-4 
and interleukin-10 from T-helper type 2 (Th-2) lymphocytes 
[28]. These cytokines inhibit T-helper type 1 (Th-1) cells, 
and impairment of Th-1 cytokine secretion results in impair-
ment of various functions of cellular immunity (including 
antigen processing, macrophage activation, the T-cell cyto-
toxic function, and neutrophil and monocyte cytocidal activ-
ity) [29].

A retrospective study by Utter [30] evaluated 163 
American combat veterans who received transfusion in the-
ater of operation. He found that 10% of veterans (as much as 
20% in Korean War veterans) had evidence of transfusion- 
associated microchimerism (TA-MC) that, in some instances, 
lasted upward of 60  years. This was in comparison to the 
control group who did not receive transfusion and showed a 
TA-MC rate of 0.7%. Further work by Nelson [31] supported 
that TA-MC is involved in the pathogenesis of several chronic 
graft-versus-host-type diseases. More importantly, a more 
recent study by Reed [32] revealed that TA-MC is present in 

approximately one-half of transfusion and severely injured 
patients at hospital discharge and is not affected by leukore-
duction. So, the issue regarding whether leukoreduction is a 
cure or prevention of TRIM is based on controversial data.

In addition to allogeneic mononuclear cells, a number of 
bioactive soluble molecules and factors have been shown to 
detach from these WBCs during storage and have also been 
implicated in the pathogenesis of TRIM. Nielsen et al. [33] 
reported that the concentration of histamine, eosinophil cat-
ionic protein and protein X, myeloperoxidase, and plasmino-
gen activator inhibitor-1 can increase up to 3- to-25-fold in 
the supernatant fluid of RBC components during storage. 
These cytokines/protein messengers are known to inhibit 
neutrophil function. Other authors [34, 35] also discovered 
HLA class 1 antigen and Fas ligand to be among these bioac-
tive soluble molecules released during storage – and both of 
these have been shown to inhibit the natural killer and cyto-
toxic T-cells of the recipient, which impairs the destruction 
of virus-infected cells. The supernatant of stored RBCs with 
and without leukoreduction is immunosuppressive.

Lastly, it has also been suggested that soluble HLA pro-
teins and immune-reactive HLA peptides are involved in the 
effects of TRIM.  Non-polymorphic peptides derived from 
HLA class I molecules induce antigen-nonspecific immuno-
suppression, while polymorphic HLA class I peptides have 
antigen-specific immunomodulatory effects [36]. During 
transfusion, allogeneic plasma introduces soluble HLA anti-
gens to the recipient’s thymic circulation. According to 
Roelen [37], a partial or fully matched HLA-DR (HLA with 
the DR isotope) between host and recipient will lead to toler-
ance and immunosuppression, whereas a fully mismatched 
HLA-DR will lead to alloimmunization. The mechanism 
also relies on the viability of donor dendritic APCs (present-
ing HLA antigens) along with co-stimulatory signals. Non- 
viable dendritic APCs and a lack of co-stimulatory signals 
(presumed to be provoked by long refrigerated blood storage 
times), despite HLA compatibility, can result in T-cell inacti-
vation and anergy [33]. Experiments in laboratory animals 
have shown that when two antigens are introduced, the host’s 
response to one antigen is almost always decreased. In 
humans, a wide variety of different antigens are introduced 
during ABT, and a similar decreased host response as seen in 
mice could be occurring.

Despite the numerous postulated mechanisms above, it is 
worth mentioning that Bruson et al. [38] have conclusively 
shown that ABTs definitely lead to impaired natural killer 
cell function, alteration in T lymphocyte ratios, defective 
antigen presentation, suppression of lymphocyte blastogen-
esis, decreased macrophage phagocytic function, and inhib-
ited neutrophil function [38].

Microparticles of the cell membrane are budded and lost 
from intact erythrocytes during storage. These microparti-
cles are composed of phosphatidyl serine along with certain 
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proteins. CD-40L is expressed on the surface of platelets as 
well as, to a lesser degree, erythrocytes. CD-40L is immuno-
suppressive in itself and has been implicated as a protein that 
sets up the pulmonary vasculature to react, leak, and develop 
TRALI. CD-40L increases in concentration in the plasma the 
longer blood is stored, as are the microparticles of budded 
cell membranes. Macrophages phagocytize these particles, 
which makes a great deal of sense in that macrophages are 
programmed to recognize dead or dying cells, clear the cir-
culation of these, and recognize cell membranes as potential 
invaders. When macrophages are exposed to a great deal of 
these lipids, they become lipid laden, swollen, and dysfunc-
tional as they are “full” and satiated from ingesting particles. 
The longer blood is stored, the larger the number of mic-
roparticles that get infused. Inflammation and oxidative 
stress can further worsen these immunomodulatory effects, 
as oxidated lipids are particularly inflammatory. We do not 
know whether oxidized phosphatidyl serine versus non-oxi-
dized is more or less inflammatory/immunosuppressive. 
Some of the latest thinking on preserving RBCs during blood 
banking involves efforts to make the stored RBCs anoxic 
thereby decreasing oxidative stress. By reducing oxygen free 
radical generation, the budding of microparticles is reduced. 
That technology is not yet in use, but it makes an interesting 
future research question to examine. We have previously 
been working on ways to increase oxygen delivery to stored 
blood during blood banking…which might well be exactly 
the wrong thing to do (Table 31.1).

 Postoperative Infection Rates

As mentioned above, the concept of TRIM, although initially 
embraced as a therapeutic advantage for renal transplanta-
tion in the 1970s and 80s, never drew questioning by the 

medical care community as to why or when we should trans-
fuse patients. A “belief” persisted, with a particular paternal-
ism, that (1) blood transfusion was good and that the risks 
were minimal and (2) “your doctor knows what is best for 
you!” Such paternalism continued even in the face of huge 
numbers of people infected and dying of hepatitis C due to 
transfusion.

Even today, with a very large supportive literature, the 
issue of TRIM is still debated. Skeptics of TRIM have put 
dismissive comments in the literature [39]. Some of this rep-
resents doubts about a controversial subject wherein propo-
nents of TRIM are seen to represent a threat to mainstream 
beliefs about the “goodness” of transfusion and the standard 
of practice (10 g/dL as a transfusion trigger). However, early 
proponents of TRIM like Tartter and Blumberg may have 
also been victims of bad timing. Their work came during and 
just after the catastrophic transfusion-transmitted AIDS epi-
demic of 1981–1987. Few clinicians and investigators in 
transfusion medicine had any enthusiasm for adding further 
layers of potential negativity to the already catastrophic news 
headlines regarding HIV contamination of the blood supply. 
New data demonstrating that transfusion was even more dan-
gerous to patients than originally believed in the early 1980s 
might represent a “piling on” and a further attack upon the 
much-revered medical teaching.

With some animal studies suggesting that TRIM is medi-
ated by donor allogeneic WBCs that either directly down-
regulate the recipient’s immune function or indirectly 
mediate the alleged TRIM effects by releasing soluble medi-
ators into the supernatant fluid of RBCs during storage, nine 
RCTs were conducted to determine if leukoreduction of 
blood led to lower postoperative infection rates.

Six of the nine studies showed lower postoperative infec-
tion rates with leukoreduction, and the other three did not: 
the three not showing a reduction in TRIM by leukoreduc-
tion have been criticized for their design, whereas the others 
were simply accepted as fact. Perhaps the paternalism and 
belief system of transfusion again overcame science.

The study by van der Watering et al. [19] randomized 871 
eligible patients with colorectal cancer receiving blood to get 
leukocyte-depleted RBCs or packed cells without a buffy 
coat. They reported “no statistically significant differences” 
in overall infection or cancer rates between the two groups. 
A potential flaw in this study is that buffy coat-depleted cells 
are inherently leukoreduced. Therefore, when the control 
arm of an RCT consists of already-leukoreduced blood, 
especially considering it was buffy coat-depleted and not just 
buffy coat-reduced (leading to greater leukoreduction), one 
would expect little if any difference in immunosuppression 
between the control and treatment arms.

Wallis randomized 597 patients undergoing elective coro-
nary artery or heart valve surgery to receive either plasma- 
reduced, buffy coat-depleted, or WBC-filtered RBC [40]. 

Table 31.1 Postulated mechanisms of the transfusion-related immu-
nomodulation effect [20]

Clonal deletion of specific lines of immune cells
Induction of suppressor T-cells
Production of anti-idiotypic antibodies
Suppression of natural killer cell activity
Polarization of the immune system to the T-helper type 2 responses, 
with suppression of T-helper type 1 responses
Selection of non-responder-type immune cells
Mixed microchimerism
Induction of apoptosis, resulting in the death of specific types of 
immune-competent cells
Accumulation in the supernatant of stored components of soluble 
molecules (e.g., histamine, eosinophil cationic protein, eosinophil 
protein X) that inhibit neutrophil function
Accumulation in the supernatant of stored components of soluble 
molecules (i.e., soluble Fas ligand or soluble human leukocyte 
antigen class I molecules) that inhibit the immune response
Others
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The authors concluded that there was no difference in infec-
tion rates between the three arms after they excluded uri-
nary tract infections (UTIs), which were significantly 
elevated in the plasma-reduced arm [40]. UTIs are most defi-
nitely a significant nosocomial infection of major importance 
to postoperative adverse outcomes, length of hospital stay, 
and even mortality. When including UTIs and comparing all 
postoperative infections among the three arms (plasma- 
reduced 33%, buffy coat-depleted 19%, WBC-filtered 22%; 
P = 0.03 adjusted for other variables), there is at least an 11% 
increase in infections between fully (WBC-filtered) and par-
tially (buffy coat-depleted) leukoreduced cells. Additionally, 
the authors claimed to have higher infection rates in the 
WBC-filtered arm at the 3-month follow-up [40]. However, 
the majority of these were self-reported infections that were 
proven by bacterial culture, radiologic findings, or docu-
mented fever while the study participant was as inpatient. 
Self-reporting of infection is a notoriously ineffective and 
unscientific way to follow this potentially devastating 
outcome.

Titlestad randomized 112 patients to receive leukocyte- 
depleted erythrocyte suspensions or non-leukocyte-depleted 
erythrocyte suspensions to patients undergoing colorectal 
surgery [41]. Despite claiming that “no significant difference 
between the transfusion groups was seen on any single infec-
tious event,” the infection rate in the leukoreduced arm was 
still 7% lower (38% vs. 45%; P = 0.52). Additionally, with a 
P-value as a high as 0.52 and small patient population (com-
pared to the other studies exceeding 500+ patients), the 
validity of the result is questionable [41].

A meta-analysis of the nine studies by Neil Blumberg 
[42], limiting patients who actually received transfusions 
(n = 3093) and applying the intention to treat principle, dem-
onstrated that leukoreduced transfusions significantly 
reduced the odds of postoperative infection (odds 
ratio  =  0.522; 95% CI, 0.332–0.821; P  =  0.005). Another 
meta-analysis by Fergusson et al. [43], including only trans-
fused patients as well, found a statistically and clinically sig-
nificant reduction in postoperative infection following 
leukoreduction (relative risk [RR]  =  0.60; 95% CI, 0.38–
0.93). Today, therefore, it is generally accepted that leukore-
duction itself decreases the effects of TRIM, yet it still exists 
and is a problem [44].

A meta-analysis by Vamvakas et al. [39] reached contrary 
conclusions. However, their meta-analysis included hun-
dreds of non-transfused patients that were intentionally 
excluded from the original RCTs, as well as from two meta-
analyses that showed higher postoperative infections. Non-
transfused patients are not relevant when it comes to the 
question of whether transfusion-related immunomodulation 
has clinically significant effects or whether leukoreduction 
can reduce such effects [42]. The reasoning for this is  that 
one must compare leukoreduced versus non- leukoreduced 

blood transfusions to determine the true effect of immuno-
modulation. The use of the intention-to-treat analysis (com-
pared to the as-treated analysis) in this instance included 
patients that did not receive transfusions, accounting for 
more than 10% of the analyzed patients in most cases, there-
fore diluting any potential beneficial effect of 
leukoreduction.

For rigorous statistical analyses, inclusion of any patient 
that was randomized is usually critical. However, exclusion 
of these patients provides a more scientifically valid exami-
nation of the outcomes between patients who received non- 
leukoreduced or leukoreduced transfusions, excluding 
patients who received no transfusions at all. Fergusson [43] 
has argued this point successfully and shown that trial inves-
tigators can exclude patients’ data from analysis, without 
risking bias, when ineligible patients are mistakenly random-
ized into a trial.

Most problematically, this study does not in all instances 
correspond to the actual data from the original studies. 
Rather, for some of the clinical trials, the meta-analyses 
included “imputed” outcomes. This effort was an attempt to 
retrospectively create an “intention-to-treat analysis.” The 
authors took non-transfused patients from several studies 
and the number of postoperative infections and divided them 
in half. They then added these non-transfused patients and 
infections back to the actual published data from the trans-
fused patients. However, as mentioned, data from non- 
transfused patients, and certainly data not derived from 
experimental results, have little to no scientific validity in 
assessing either transfusion immunomodulation or the 
effects of leukoreduction [42].

The British Isles have essentially done a large human 
experiment. They intentionally went to universal leukore-
duction which was a misdirected attempt to avoid the trans-
fusion of prions (potential mad cow disease) among their 
population. The thinking at the time was that the vector for 
“mad cow” disease must be neutrophil transmitted, and thus 
by universal leukoreduction, they would eliminate/reduce 
that potential catastrophic aspect for blood transfusion. We 
now know that prions are carried in the plasma and have 
nothing to do with leukocytes. The incidence of periopera-
tive infection did not change across Britain from before leu-
koreduction to after it was established, and those patients not 
transfused do far better. Even with that data, the “belief” that 
leukoreduction reduces TRIM persists. Perhaps we really do 
not have a scientific answer – only “beliefs” and desires to 
find things better persist with regard to transfusion.

Most recently, a meta-analysis by Kwon [45] in 2016 
investigated the impact of allogeneic versus autologous 
leukocyte- filtered blood transfusions on the incidence of 
postoperative infections in adult surgical patients. They eval-
uated 16 randomized controlled trials involving 6586 ran-
domized (ITT) patients (4615 APP patients) in various 
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clinical settings. The results demonstrated an overall 26% 
risk reduction among the leukocyte-filtered blood group in 
postoperative infections when analyzed by APP (RR = 0.74; 
95% CI, 0.60–0.92; P  =  0.007) and a 22% risk reduction 
when analyzed by ITT (RR  =  0.78; 95% CI, 0.65–0.94; 
P  =  0.009). Leukocyte-filtered blood was also associated 
with a significant reduction in length of stay (standardized 
difference of mean  =  −0.74; 95% CI, −1.32 to −0.15; 
P  =  0.014) and all-cause mortality (RR  =  0.74; 95% CI, 
0.57–0.95; P  =  0.018) [45]. We can safely conclude that 
leukocyte- filtered (reduced) blood transfusions are associ-
ated with significantly lower postoperative infection rates in 
both the APP and ITT populations. This lends support to the 
argument that non-leukocyte-reduced whole blood has dele-
terious immunosuppressive effects.

Additionally, an argument made by many of the skeptics 
that doubted or underestimated the effects TRIM over the 
past two decades was that transfusion is a surrogate marker 
for the severity of the patient’s condition or other confound-
ing factors. And while it is true that confounded associations 
can sometimes lead to adverse outcomes, sometimes even at 
high as a 100%, outcomes beyond the point begin to point 
toward cause and effect. According to A.B. Hill’s “rules of 
causality” (the basis of evidence-based medicine), a posi-
tively strong dose-response relationship is a good indicator 
for causality and not simply correlation. Therefore, an 
increasing dose of blood should in theory lead to a larger 
response of immunosuppression and/or postoperative infec-
tion. Blumberg et al. eloquently expounded on this theory in 
a 2007 TRANSFUSION publication in which he drew paral-
lels with smoking and lung cancer in which a cause and 
effect is taken as proven [45]. The risk of lung cancer in 
patients that smoke is so far above what confounders could 
cause, that without RCT’s medicine has assigned it causality. 
Similarly, the rate of perioperative immunosuppression is so 
high, up to sevenfold increased, after transfusion that con-
founders cannot be responsible [45].

Furthermore, transfusion practices vary almost an order 
of magnitude in the clinical setting, from patient to patient, 
physician to physician, and hospital to hospital. The conten-
tion that transfusion could act as a precise and reliable indi-
cator of clinical tumor staging or severity of illness is, in 
retrospect, implausible.

 Conclusion

In 2010, President Bill Clinton made the statement that 
unnecessary RBC transfusion was the third largest killer by 
human error of Americans. He may well have been correct, 
and the problem now is how to define a “necessary transfu-
sion.” Clearly, we do not have an answer to that, but the data 
on TRIM should be sobering to the medical care community. 

Perioperative infection prolongs hospital stay and is linked 
to any number of other adverse outcomes, and a great deal of 
money is spent on giving prophylactic antibiotics as well as 
the appropriate timing of these antibiotics before surgery. 
The risks of TRIM and the outcome data are of the same 
magnitude of effect when one looks at transfusion and peri-
operative infection as that seen with proper use of antibiot-
ics. Yet few physicians, hospital administrators, or regulators 
see the connection or are willing to expend the same 
resources to educate medical personnel on patient blood 
management or reducing unnecessary transfusion. Few if 
any hospital epidemiologists know of the effect of transfu-
sion and TRIM on infection in their hospital. There still 
appears to exist the same bias and teaching that blood trans-
fusion is good. Those places that have implemented compre-
hensive blood management programs have seen reductions 
in perioperative infection rates. Perhaps persons of influence 
in The Joint Commission and the Centers for Medicare & 
Medicaid Services should examine President Clinton’s 
words and reflect on how we should change our practice to 
understand the importance of TRIM.

Future research need not spend time and effort proving 
that TRIM exists. It does. What needs to be researched are 
more methods to reduce RBC storage defects and efforts to 
educate the medical community regarding proper/best prac-
tices in transfusion medicine. Patient blood management is 
leading efforts to use focused methods to reduce anemia and 
salvage the patient’s own blood, and with these interven-
tions, perhaps nosocomial infection and cancer recurrence 
can be reduced.
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Origins of Blood Products

Elyse M. Cornett, Matthew B. Novitch, Cody Koress, 
Mitchell C. Fuller, Samuel Carlson, Jennifer Kaiser, 
Natalia Okon, and Alan David Kaye

 Introduction

The first recorded transfusion occurred in 1628 by British 
physician William Harvey who also discovered the circula-
tion of blood [1]. The first successful transfusion occurred 
in 1665 and involved transferring blood from one dog to 
another dog, and in 1667 blood was successfully transferred 
from sheep to humans. In 1900, Karl Landsteiner discov-
ered blood groups A, B, and O when he mixed the red cells 
and serum of each of his staff, ultimately revealing why 
some blood transfusions are deadly [2]. The ABO blood typ-
ing system is still relevant  today in transfusion and 
transplantation.

Technological development facilitated the elaboration of 
the cardiovascular system, which is fundamentally defined 
by the transportation of blood to tissue. Blood is a living tis-
sue composed of three types of blood cells: red blood cells 
(erythrocytes), white blood cells (leukocytes), and platelets 
(thrombocytes). This cellular component comprises 40% of 
the total blood volume [3]. The function of red blood cells 
(RBC) is to transport oxygen to peripheral tissues and carry 
carbon dioxide  away from tissues. The function of white 
blood cells (WBC) is to defend the body against infectious 

disease and foreign materials by orchestrating the human 
immune response. Thrombocyte’s assist in blood clotting 
and coagulation homeostasis [4]. Plasma comprises 60% of 
blood by volume and functions as the liquid component of 
blood, which carries the cellular components (RBC, WBC, 
and platelets) to peripheral tissues [5].

Blood transfusion has been used by clinicians since the 
twentieth century to treat pathophysiologic conditions such 
as anemia and hemorrhage. Transfusion of blood products, 
(which are collected, tested, prepared, stored, and trans-
ported in concordance with FDA regulations from a donor to 
a patient), are needed to sustain life or improve conditions. 
While whole blood can provide improved oxygen-carrying 
capacity, volume expansion, and replacement of clotting fac-
tors, specific component therapy is equally effective and a 
more efficient use of donated blood [6]. Packed red blood 
cells (RBCs), washed RBCs, WBC-depleted RBCs, fresh 
frozen plasma (FFP), cryoprecipitate, platelets, and white 
blood cells are commercially made and can also be processed 
from bone marrow [7].

There are guidelines to ensure the safety of blood transfu-
sions and to ensure that blood products are safe. Efforts to 
ensure safety include increased staff trainings on the blood 
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transfusion process, and more detailed blood donor recruit-
ment processes. Research has demonstrated that screening 
questions for blood donors are the single most important fac-
tor in reducing transfusion-transmitted infections [8]. These 
questions help identify important risk factors for transfusion- 
associated adverse events including, testing positive for HIV 
or other infections, drug use, travel history, and sexual 
history.

This chapter will elucidate the high-yield anatomy and 
physiology of blood product origins for clinical anesthesiol-
ogists, and the products themselves. Emphasis will be placed 
on bone marrow structure, hematopoietic components, stro-
mal components, mesenchymal stem cells, and specific 
blood products.

 Bone Marrow Structure

The bone is a porous structure comprised of mineralized cal-
cium compounds, cells, and vessels. The mature human skel-
eton is divided into the axial skeleton and the appendicular 
skeleton. The axial skeleton includes the ossicles of the mid-
dle ear, the hyoid bone, the rib cage, sternum, and vertebral 
column. The appendicular includes the limb bones, pectoral, 
and pelvic girdle. Bone marrow is protected by cortical bone 
in the trabecular or cancellous portion of bone. At birth, bone 
marrow is hematopoietically active throughout the skeleton 
and classified as red marrow. However, by puberty, hemato-
poietic activity becomes restricted to the bone marrow found 
in the axial skeleton. The red marrow in long bones transi-
tions to yellow marrow comprised of adipose cells [9].

Bone marrow functions as the major hematopoietic organ 
in the body and  a primary lymphoid tissue. Bone marrow 
provides the essential microenvironment support for the pro-
liferation, differentiation, and release of blood cells. 
Erythrocytes, granulocytes, monocytes, lymphocytes, and 
platelets all primarily arise from bone marrow. Bone marrow 
resides within a meshwork of trabecular bone embedded 
within hematopoietic tissue islands and adipose cells.

Overall, the structure of bone is arranged into cylindrical 
subunits called osteons. The cortex is the external structure 
consisting of compact bone composed from hydroxyapatite 
and type one collagen. Trabeculae are the internal portions of 
the bone arranged into networks of spicules that enclose the 
thin-walled sinusoids of bone marrow. The inner surface of 
the trabeculae bone spicules is covered by an endosteal lin-
ing of endosteal cells. This lining is a single layer of flat, 
elongated cells that form a continuous membrane over the 
trabeculae surface. Underlying the endosteal cells is a dis-
continuous basement membrane. Adventitial reticular cells 
support the endosteal lining and contain progenitors of 
osteoblasts, adipocytes, and chondrocytes. Within the inter-
stitial space of the endothelial lined sinusoids are organized 

clusters of hematopoietic cells and fat cells. The ratio of fat 
cells to hematopoietic cells is 1:1 in a healthy adult [10].

Nutrient supply of the bone marrow cavity is organized in 
a circular pattern with blood flowing from the center, out to 
the periphery, and back into the center of the cavity. Entry of 
these nutrient canals differs among those and flat bones. In 
long bones, the nutrient canal enters the cavity obliquely 
comprised of one artery and one or two veins. In flat bones, 
numerous vessels enter as large or small nutrient canals into 
the marrow cavity. A central longitudinal vein serves as the 
primary venous the marrow channel. Arteries that enter the 
cavity split into ascending or descending branches and run 
coiling around the longitudinal vein. The ascending and 
descending branches give rise to thin-walled arterioles that 
extend out toward the cortical bone. Plexuses of venous 
sinuses near the cortical bone anastomose with the arterioles 
and drain into collecting venules that extend backward 
toward the central longitudinal vein. Blood vessels of the 
bone marrow are composed of a layer of flat endothelial cells 
lacking a basement membrane. This bone marrow barrier 
prevents immature blood cells from leaving the marrow. 
Myelinated and non-myelinated nerve bundles enter through 
the nutrient canal as part of the periarterial sheath to provide 
innervation to the smooth muscle of the vessels. Bone mar-
row does not have a lymphatic drainage system [11].

 Hematopoetic Components

Pioneering research by Alexander Friedenstein in the 1960s 
characterized bone as the sum of two cellular components, 
hematopoietic tissue and supportive stroma tissue [12]. 
Hematopoietic tissue is defined as tissue able to give rise to 
blood cells, cumulatively comprising the blood system. The 
blood system has more than ten cell types that perform 
many physiologic functions that are necessary for life. All 
blood cell types arise from a common hematopoietic stem 
cell (HSC), which is majorly found in bone marrow, the 
major site of adult hematopoiesis. HSC first activates in late 
embryogenesis when the fetus outgrows its transplacental 
diffusive capacity. The earliest intra-embryo site for HSC 
generation is the aorta-gonad-mesonephros (AGM), later 
becoming the liver, kidney, and finally bone marrow, close to 
the time of gestation. At this point HSC is responsible for 
producing over 1010–1012 blood cells each day for the entire 
lifespan of the infant [13]. Hematopoiesis is a constantly 
active and highly plastic process, which regenerates blood 
cells of all lineages that can be described in three distinct 
stages: polypotent with lifelong self-renewal potential, mul-
tipotent with limited self-renewal potential, and lineage- 
specific tissue progenitor [14]. The first stage of hematopoiesis 
is represented by the uncommitted (pluripotent) HSC, which 
maintains three primary roles, to self-renew, to become 
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 quiescent, and to differentiate into a tissue-specific progeni-
tor. In order for the human body to maintain the ability to 
make new blood for an entire lifespan, HSC self-renewal 
assures a continued source of pluripotent bone marrow stem 
cells. The polypotent stage has been recently subtyped as 
alpha, beta, and gamma families with specification bias for 
myeloid fate and lymphoid fate, respectively, shedding 
insight into age- related immune depression [15]. The second 
stage of hematopoiesis is characterized by a multipotent 
stem cell with less self-renewal capacity and a stronger abil-
ity to differentiate into a lineage-specific cell. The third stage 
of hematopoiesis includes all myeloid and lymphoid tis-
sues  including, lymphocytes, granulocytes, erythrocytes, 
megakaryocytes, and monocytes.

The list of regulation factors that dictate hematopoietic 
stem cell differentiation, called hematopoiesis, is both intrin-
sic and extrinsic and incorporates a vast spectrum of molecu-
lar signaling networks. Hematopoiesis is central to both 
normal and pathological clinical medicine, which  explains 
why the elderly have decreased immune system protection 
and an increased likelihood of prevalent hematologic cancers 
such as leukemias and lymphomas [16]. Intrinsic regulation 
of hematopoiesis includes genetic and epigenetic elements. 
Epigenetic methylation can drive the expressional activation 
of genes responsible for differentiation [17]. Genetic expres-
sivity is robustly regulated via transcription factors and can 
select for the tissue fate of the HSC. For example, the plu-
ripotent HSC differentiates to a multipotent form via IL6 and 
stem cell factor, whereas the second step of HSC differentia-
tion to a particular blood organ is molecularly programmed 
by GM-CSF, M-CSF, IL-1 to IL-5, INF, TNF, and a myriad 
of endocrine growth factors [18]. Additionally, homeostatic 
extrinsic regulation factors in the bone marrow microenvi-
ronment provide extracellular signaling that supply direct 
and indirect control of hematopoietic component differentia-
tion. Bone marrow stroma in the long bone of adult bone 
marrow is the major regulatory entity, but other regulatory 
contributions are made by endothelial cells, non-myelinating 
Schwann cells, megakaryocytes, macrophages, and osteo-
blasts [19]. Signaling from sympathetic nerves, oxygen con-
ditions, and numerous circulating factors all supply direct 
and indirect control of HSC.

There are five fates of the HSC that together represent 
the hematopoietic components: lymphopoiesis, granulo-
cytopoiesis, erythropoiesis, megakaryocytopoiesis, and 
monocytopoiesis. Understanding the physiological func-
tion of these components  guides clinical decision-making 
when deciding when to use a whole blood product or spe-
cific blood products [20]. Lymphopoiesis results in pro-NK 
cells, pro-T cells, and pro-B cells that further differentiate 
to their mature forms at distal sites, such as the thymus and 
spleen. NK cells are key players in eliminating tumorigenic 
tissue and intracellular viral infections by targeted cell 

lysis and activation of the adaptive immune system [21]. 
Adaptive immunity has B cell and T cell arms, which gener-
ate antibodies and perform target cell lysis/proliferation of 
the adaptive response. Additionally, B and T cell immunity 
orchestrates a long-lived protective response to immuniza-
tion. Granulocytopoiesis generates neutrophils, basophils, 
and eosinophils and minorly contributes to the monocyte 
differentiation pathway– with the major monocyte pathway 
being monocytopoiesis [14]. Monocytes can then further 
divide into polymorphonuclear cells, dendritic cells, and 
macrophages. Combined, granulocytopoiesis and monocyto-
poiesis comprise an innate immunity, which utilizes pattern 
recognition receptors (PRRs) to bind pathogen-associated 
molecular patterns (PAMPs) and elicit an exquisite immune 
response [22]. Innate immunity can clear infection by phago-
cytosis of foreign particles or by a pantheon of alternative 
mechanisms (i.e., NETosis). Megakaryocytopoiesis is a 
fourth pathway that generates platelets. The final pathway, 
erythropoiesis, is the process where  over two million red 
blood cells per second are generated from myeloid precur-
sor cells. In homeostasis, red blood cells transport oxygen 
for tissue perfusion. Dysregulation of erythropoiesis results 
in common blood disorders like anemia, sickle cell disease, 
paroxysmal nocturnal hemoglobinuria, and β-thalassemia 
[23]. Major technological advances in cell sorting and 
diagnostic efficacy have enabled hematopoietic component 
usage, decreasing wasteful administration of whole blood 
cell products when specific products are adequate.

 Stroma

Beyond hematopoietic tissue, Friedenstein also identified 
supportive stroma. The stroma is defined as a heterogeneous 
population of cells within a tissue or organ, which provide 
structural and connective roles. While not directly implicated 
in hematopoiesis, stroma cells of the bone marrow contribute 
to the microenvironment, which influences hematopoietic 
cell function and differentiation [24]. Anatomically, stromal 
cells are found between outer surfaces of the blood vessel 
and bone surfaces but are not cells with direct hematopoietic 
lineage. Stroma cells of the bone marrow provide both struc-
tural and physiological functions for hematopoietic cells and 
include into a broad array of cell types including bone, carti-
lage, adipocyte, and supportive hematopoietic tissue [25]. A 
specific subset of stromal cells called mesenchymal stem 
cells are hypothesized to possess stem cell characteristics 
with potential for multiple lineage differentiation.

There are a variety of cells within bone marrow stroma, 
each of which assists with a unique function. Endothelial 
cells are derivatives of the endothelial stem cells and func-
tion to form sinusoids, or small blood vessel within organs. 
Osteoclasts and osteoblasts function in bone resorption and 
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creation, respectively. Adipocytes are fat cells that store 
energy in the form of triacylglycerols and cholesterol. 
Macrophages help provide iron for hemoglobin and the sub-
sequent production of red blood cells. Fibroblasts are true 
structural cells, which provide reticular connective tissue and 
stability to the niche [26]. Bone marrow has characteristic 
and substantial blood flow mediated via the sinusoidal ves-
sels, which provide a nutrient-rich environment that supports 
extravascular hematopoiesis. Stromal fibroblasts are known 
for their supportive role in hematopoiesis and bone develop-
ment. While understood to be integrally involved in hemato-
poiesis, much is still unknown concerning their exact 
morphology. Stromal fibroblasts coat the sinusoid wall and 
express collagen type I and II, populate the marrow before 
hematopoietic cells appear, and appear to be functionally 
involved in developmental coupling of osteogenesis and vas-
cularity [25]. Bone disease in humans is linked with increases 
in these stromal fibroblasts, potentially leading to 
 osteosclerosis [25].

Proliferation, differentiation, and maturation of hemato-
poietic cells depend on the stroma of the bone marrow due 
to the role it plays in niche development, and function in 
cytokine signal production. These niches also play a sig-
nificant role in the development of tumor cell metastasis 
within the bone marrow, leading to the tumor cell propen-
sity for metastasizing to bone [27]. Multiple factors con-
tribute to this propensity for a tumor to metastasize 
including substantial blood flow, adhesive molecules, 
which provide recognition and interaction between stromal 
cells, extracellular matrix, and endothelial cells, and growth 
factors critical to ensuring remodeling. Growth and physi-
cal factors, hypothesized to play a significant role in tumor 
cell development within the bone marrow stroma, include 
platelet-derived growth factor, transforming growth 
factor-β, fibroblast growth factor, insulin growth factor, 
acidic pH, low oxygen levels, and high extracellular cal-
cium concentration [25–27]. In vitro studies suggest that 
the significant potential for proliferation may be associated 
with capacity for self-renewal and support the hypothesis 
that stem cells within the stromal cell lines are capable of 
giving rise to multiple lineages and potentially contributing 
to osteogenic cancers [27, 28].

 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are a subset of stromal sup-
portive tissue that are also known as mesenchymal stromal 
cells, multipotent adult progenitor cells, and marrow-isolated 
multilineage inducible cells [29, 30]. These alternative 
names are controversial, however, as no in vivo self-renewal 
potential has ever been clearly demonstrated with isolated 
MSCs.

MSCs are non-hematopoietic adult stem cells that can dif-
ferentiate into endodermal, mesodermal, and ectodermal lin-
eages (i.e., multipotency). MSCs were first discovered as a 
component of the bone marrow stroma that demonstrated 
classic tri-lineage potential for adipogenesis, chondrogene-
sis, and osteogenesis. MSC’s also reside in the spleen, liver, 
and other B-cell lymphopoiesis progenitor tissues [31] 
Histologically, MSCs are identified by their unique cell sur-
face marker expression [32] and can be identified by several 
markers (CD)44, CD73, CD90, and CD105 and by a lack of 
expression of hematopoetic antigens, CD11b, CD14, CD19 
CD34, CD45, CD79, and HLA (human leucocyte antigen)-
DR. There is controversy as to how to properly define a cell 
population that shares stem cell marker expression but may 
be more biologically divergent, depending on location.

The clinical utility of MSCs have potential for consider-
able in  vitro  expansion, proliferation, and differentiation. 
Mesenchymal stem cells can be harvested from donor amni-
otic fluid, adipose  tissue, dental tissue, bone marrow, and 
Wharton’s jelly in the umbilical cord [33, 34]. As such, the 
therapeutic applications of MSCs are extensive.  Ex vivo 
expansion of MSCs for in vivo transplantation can regener-
ate bone and stromal structures while supporting hematopoi-
esis. Additionally, bone marrow stromal cell transplantation 
is beneficial  compared to total marrow transplantation 
because a significant population  of cells can be generated 
from a small marrow aspirate, avoiding unnecessary 
surgery.

Stromal cells assist in fast  bone formation, faster and 
more fully than a total marrow transplant [25]. Underscoring 
the importance of a viable MSC population in clinical trans-
plants, damage to the MSCs due to pre-transplant radiation 
therapy can prevent effective maintenance and lineage pres-
ervation. The use of MSC transplant in conjunction with 
hematopoietic stem cell transplant may limit the required 
dose of hematopoietic stem cells to be translated and 
improve the overall outcome of transplant therapy [27, 28].

In recent years, the applications for MSCs have grown to 
include immunomodulation of refractory acute graft-versus- 
host disease in bone marrow transplant patients, drug resis-
tant epilepsy in children, multiple sclerosis, and diabetes 
[35–38]. There is a clinically indicated role for MSCs as 
native support to the growth and prosperity of hematopoietic 
tissue in vivo, adjunctive to hematopoietic stem cell trans-
plantation, and as the primary transplantation tissue.

 Specific Products

Whole blood can be divided into different products: packed 
red blood cells (PRBCs), cryoprecipitate, platelets, and fresh 
frozen plasma (FFP). Isolated components of whole blood 
are each indicated for unique circumstances, rendering the 
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division, separate storage, and administration more effica-
cious than that of complete whole blood [39]. In the context 
of the predominant shortage of blood products, this separa-
tion becomes espcially practical [40].

 Packed Red Blood Cells

Packed red blood cells (PRBCs) are indicated for preventing 
or improving hypoxia. Pragmatically, the presence and 
degree of hypoxia is estimated with hemoglobin or hemato-
crit markers serving as substitutes for intracellular pO2. 
These measures alone do not account for physiologic com-
pensation and must be evaluated in a clinical context. If 
hypoxia is threatened in a non-urgent context, especially 
with asymptomatic patients, measures apart from transfu-
sion– such as iron supplementation or B12 tablets– are pre-
ferred. Tissue oxygenation depends not only on the 
concentration of hemoglobin but also on the hemoglobin 
saturation and oxygen requirement factors, which are influ-
enced by the physiologic state of the patient. While a hemo-
globin of 7 g/L may indicate sufficient perfusion in a young, 
healthy patient, the same hemoglobin concentration may be 
inadequate in an elderly patient, or someone with ongoing 
bleeding. Hemoglobin levels above 10  g/L rarely require 
transfusion, while those less than 6  g/L very frequently 
require transfusion. As an estimate, a single unit of PRBCs 
increases an adult’s hemoglobin by 1 g/dL [41]. Other sub-
strates may be preferable to replete volume, though a volume 
loss of at least 40% often requires additional PRBC transfu-
sion. Red blood cells may also be leukodepleted, irradiated, 
washed, or frozen, with each preparation specifically indi-
cated for the prevention of certain infectious conditions or 
immunologic reactions to PRBCs. For example, washed red 
blood cells are indicated in IgA deficiency, prevention of cer-
tain allergic reactions, and prevention of febrile reactions 
from transfusion [41].

 Fresh Frozen Plasma

Fresh frozen plasma (FFP) is prepared from whole blood or 
derived from such via apheresis (in which red blood cells are 
immediately reintroduced to the donor while the plasma is 
retained). It is frozen at −18 °C or less and is used immedi-
ately upon thawing or is stored for no more than 24 hours. It 
comprises the liquid, acellular, component of blood, roughly 
50% by volume. Plasma contains all protein factor and anti-
body components of blood but does not contain platelets. It 
is transfused to replace deficient or defective plasma pro-
teins. Indications for FFP include replacement of multiple 
plasma proteins (as in disseminated intravascular coagula-
tion or liver failure), massive transfusion in patients with rel-

evant coagulation deficiencies, immediate warfarin reversal, 
thrombotic thrombocytopenic purpura patient transfusion, 
and replacement of proteins for which specific concentrates 
are unavailable. Fresh frozen plasma should not be used if a 
more specific factor concentrate is available, or if a more 
effective therapy reversal agent (i.e., vitamin K) can be used 
instead. It should not be employed for volume expansion 
when other volume expanders are considered more safe and 
effective [42].

 Cryoprecipitate

Cryoprecipitate is collected by thawing fresh frozen plasma 
from whole blood at 0–6 °C and collecting the solid compo-
nent. It provides fibrinogen, fibronectin, ADAMTS13, von 
Willebrand factor, and factors VIII and XIII. When isolated 
recombinant proteins are unavailable and the  use of fresh 
frozen plasma (FFP) is undesirable from a volume-status 
standpoint, cryoprecipitate may be used to replenish fibrino-
gen or factor XIII in respective deficiencies. Use in bleeding 
uremic patients may be considered, but not as a first-line 
replenishing agent. Similarly, it may be used in factor VIII 
deficiency (hemophilia A) or von Willebrand’s disease after 
efforts fail to obtain isolated factor concentrates [42].

 Platelets

Platelets are white blood cell remnants, which are crucial to 
clot formation and hemostasis. They’re collected from either 
whole blood or apheresis techniques (plasma and platelets 
are removed from the blood before reintroduction into the 
donor). Variable levels of red and white blood cells may 
remain with the platelets, depending  upon the  collection 
technique. The platelets are then stored in plasma. The pri-
mary hemostatic platelet plug is an initial response of the 
body to vascular injury, which prevents bleeding. This tem-
porary “plug” is formed by an intricate interaction between 
platelets, coagulation factors, von Willebrand Factor, dam-
aged vessel wall protein, and phospholipids. It is later 
replaced by a more stable fibrin clot, in secondary hemosta-
sis. The goal of platelet transfusion is to supply the body 
with sufficient numbers of functional platelets to maintain 
hemostasis. Indications include serious risk of bleeding, 
active bleeding from thrombocytopenia, or dysfunctional 
platelets. Patients with cancer, aplastic anemia, central ner-
vous system trauma, or who require cardiopulmonary bypass 
are at risk of requiring platelet transfusion [42].

Because platelet transfusion carries risk, the clinical con-
text of the patient must be accounted for when evaluating the 
risks and benefits. Infectious and immunogenic risks may be 
minimized by transfusing platelets from a single donor, espe-
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cially with HLA matching. When platelet levels remain 
above 50,000, bleeding from thrombocytopenia is unlikely, 
even in a surgical context. Spontaneous bleeding is unlikely 
to occur from platelet deficit until the number drops below 
10,000 platelets. This is maybe used as a transfusion cutoff 
even in asymptomatic patients. Simultaneous clinical fac-
tors, like fever and coagulopathy, may increase the bleeding 
risk, and justify a less restrictive transfusion threshold [43]. 
In cases of mucous membrane bleeding that is hemodynami-
cally significant, platelet transfusion should be initiated 
regardless of laboratory values. In surgical patients or those 
with active bleeding, a threshold of 50,000 is justifiable [43]. 
For  autoimmune disorders like immune thrombocytopenic 
purpura, platelet transfusion may be of limited benefit, as the 
issue is related to platelet destruction. Concentrate transfu-
sion may still provide benefit to alleviate  active bleeding. 
Often, intravenous immunoglobulin may augment the patient 
reaction to platelets and provide direct therapeutic benefit. In 
heparin-induced thrombocytopenia type II, or thrombotic 
thrombocytopenic purpura, platelet transfusions are contra-
indicated due to the increased risk of thrombosis. 
Leukoreduction of platelet transfusion product is indicated 
to decrease the frequency of transfused CMV infection, HLA 
allo-immunization, and recurrent febrile nonhemolytic 
 reactions [42, 43].

 Conclusion

A thorough understanding of blood product anatomy and 
physiology is an asset to the modern practicing physician. 
Ordering the correct blood products can significantly limit 
wasteful use of blood, thereby reducing the risk to patients 
and avoiding inflated healthcare costs.
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Blood Conservation and Management 
in Cardiac Surgery

Blake A. Moore and Patrick O. McConville

Cardiac surgical procedures requiring cardiopulmonary 
bypass necessitate systemic anticoagulation and exposure to 
the pro-inflammatory extracorporeal circuit. Surgical 
procedures already account for 50% of all allogeneic blood 
product administration. Cardiac surgical procedures are at 
high risk for bleeding and allogeneic transfusion. Transfusion 
rates in cardiac surgery vary widely, with rates of 40–90% of 
cardiac surgical patients will receive a transfusion; cardiac 
surgical procedures consist of 10–20% of total blood product 
administration in the United States [1–4].

Perioperative transfusion of any product in CABG has 
been associated with worse outcomes in a dose-dependent 
manner, including increased mortality, renal failure, 
prolonged mechanical ventilation, and serious infection [5]. 
Even long-term survival is negatively impacted by 
perioperative transfusion in CABG surgery [6].

Patients undergoing cardiac surgery are also likely to be 
anemic by the WHO (World Health Organization) definition. 
The WHO defines anemia as <130  g/L for males and 
<120  g/L in females. By this metric 20–30% of cardiac 
surgical patients are anemic prior to surgery [7].

Blood products are a finite resource that also introduce 
risk, but they are also critical in modern cardiac surgery. 
Allogeneic blood products and commercially produced 
blood products should be preserved and given in accordance 
with guidelines to avoid unnecessary transfusion and risks of 
allogeneic transfusion and to limit the risks of administering 
pharmacological agents to augment hemostasis. Newer phar-
macological agents that are derived from human proteins can 
serve to replace or reduce fresh frozen plasma and cryopre-

cipitate administration through coagulation factor replace-
ment (four-factor prothrombin complex concentrates such as 
Beriplex®, Kcentra®) and lyophilized human fibrinogen 
administration (RiaSTAP®, fibryga®). Understanding the 
basics of the broad mechanisms of the hemostatic system, 
specifically, platelet function, the endothelium, fibrinolysis, 
and coagulation factors, is essential to improving outcomes 
in cardiac surgery while also preserving precious blood 
resources and containing costs.

The Society of Thoracic Surgeons and the Society of 
Cardiovascular Anesthesiologists have released guidelines 
on blood conservation with a most recent update in 2011. 
Highlights of the 2011 Guidelines Recommendations are 
included below and included the following [4]:

• There is good evidence in support of lysine analogs to 
reduce blood loss (I,[A]).

• P2Y12 inhibitors should be discontinued prior to cardiac 
surgery (I,[B]), while point-of-care testing for ADP 
responsiveness may be a reasonable measure to plan ear-
lier interventions (IIb, [C]).

• Cell salvage is a reasonable means of conserving blood 
and limiting use of allogeneic blood transfusion (IIb,[B]).

In 2017, the European Association for Cardiothoracic 
Surgery (EACTS) and the European Association of 
Cardiothoracic Anaesthesiology (EACTA) have given fur-
ther guidance on blood conservation and management in car-
diac surgical patients. Highlights from the 2017 guidelines 
will be discussed later in this chapter.

33

B. A. Moore 
Section on Cardiothoracic Anesthesia, University of Tennessee 
Graduate School of Medicine, Knoxville, TN, USA
e-mail: Bamoore@utmck.edu 

P. O. McConville (*) 
The University of Tennessee Medical Center, Department of 
Anesthesiology, Knoxville, TN, USA
e-mail: PMcConvi@utmck.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-59295-0_33&domain=pdf
https://doi.org/10.1007/978-3-030-59295-0_33#DOI
mailto:Bamoore@utmck.edu
mailto:PMcConvi@utmck.edu


338

 The Cardiopulmonary Bypass Circuit 
and the Hematologic Inflammatory 
Response

The hemostatic system normally is a balance between the 
complex interactions of injured endothelium, platelets, and 
the serial interactions of circulating hemostatic proteins 
resulting in clot formation and the subsequent interactions 
between regulatory proteins that culminate in fibrinolysis. 
Many of the reactions that result in thrombin’s terminal 
cleavage of fibrinogen to form a fibrin clotting matrix occur 
in the presence of both calcium and platelet phospholipid 
that is present in activated, prothrombotic platelet surfaces or 
endothelium.

Exposure of blood to the cardiopulmonary bypass circuit 
results in a profound inflammatory response mediated by 
complement, neutrophils, endothelium, monocytes, and 
platelet-activating response with release of PF4 by alpha 
granules [8, 9]. The inflammatory response is, therefore, sys-
temic and multifactorial. As a consequence of localized isch-
emia with associated ischemia-reperfusion injury, 
microemboli, exogenous heparin, and even hypothermia, 
cardiopulmonary bypass can result in marked coagulopathy 
[10]. The surface activation mechanisms of hemostasis are 
related to endothelial injury which leads to extrinsic pathway 
tissue factor production and activation. This mechanism of 
coagulation ignition is the accepted primary mechanism of 
cardiac surgery-induced coagulopathy. The coagulation cas-
cade is traditionally presented in a simplistic but organized 
manner that allows for an overview of the components of the 
biochemical reactions that occur with hemostasis while fail-
ing to demonstrate the complex interconnected nature of the 
pathway that allows for the appropriate balance between 
hemostasis and clot lysis that prevents intravascular throm-
bosis from a runaway reaction or uncontrolled bleeding from 
inadequate activation. The culmination of the reactions of 
the intrinsic pathway, extrinsic pathway, and common path-
ways results in the terminal reaction where thrombin cleaves 
fibrinogen to produce soluble fibrin, which subsequently 
forms insoluble clot when factor XIII crosslinks strands of 
fibrin. Thrombin accelerates the hemostatic pathway reac-
tions by amplification of hemostatic reactions, it promotes 
inflammatory mediators’ activation and chemotactic mecha-
nisms, and it also serves to activate protein C, which serves 
to temper the hemostatic reactions through negative feed-
back mechanisms. As a most important component of the 
hemostatic system, it is believed that cardiopulmonary 
bypass may affect the thrombin burst, resulting in coagulop-
athy by thrombocytopenia (platelet consumption), dimin-
ished platelet interactions, and the concentration of protein 
substrates present [10].

 Preoperative Anemia

Elective cases should be postponed in anemic patients. The 
management of anemia will likely include iron supplemen-
tation. While the exact time and benefits of iron administra-
tion have not been determined, it is a reasonable intervention 
to provide for elective cardiac surgical procedures. There is 
evidence to support the use of IV iron to treat IDA (iron 
deficiency anemia) (Meta-analysis PLoS One 2019). 
Preoperative anemia is a modifiable risk factor for postop-
erative morbidity and mortality in cardiac surgery (Ann 
Thorac Surg 2013). Erythropoietin has demonstrated to 
reduce red cell transfusion in some studies of non-anemic 
patients undergoing cardiac surgery. The expert consensus 
is that erythropoietin with or without iron supplementation 
should be considered in patients undergoing cardiac surgery 
in an elective setting [11].

 Management of Anticoagulants 
and Antiplatelet Drugs

Prior to cardiac surgery, many surgical patients will have 
been receiving anticoagulants or antiplatelet drugs for both 
coronary disease or related medical problems. Aspirin should 
be routinely continued for CABG, despite increased blood 
loss, due to reduced thrombotic events, including acute kid-
ney injury [12–14]. The EACTS/EACTA 2017 Guidelines 
also recommend continuing aspirin in low-risk patients for 
CABG or to restart as soon as safely possible if bleeding risk 
is excessive or the patient refuses blood transfusions [11]. 
Aspirin should otherwise be held for 5 days before cardiac 
surgery. Resumption of aspirin within 48 hours of CABG has 
demonstrated a significantly significant reduction in mortal-
ity [15].

Many patients with coronary disease may be on dual anti-
platelet therapy (DAPT) prior to cardiac surgery. For non-
emergent cases, the P2Y12-receptor antagonist should be 
held in accordance with their respective pharmacologic pro-
file. Aspirin therapy should be continued during this period 
according to the EACTS/EACTA 2017 Guidelines. 
Figure 33.1 outlines the management of aspirin and P2Y12 
antagonists for cardiac surgery.

The EACTS/EACTA 2017 Guidelines also have recom-
mendations for perioperative management of GpIIb/IIIa 
inhibitors, vitamin K antagonists (VKA), LMWH (enoxapa-
rin), and direct oral anticoagulants (DOAC). The direct oral 
anticoagulants include the direct thrombin inhibitor dabiga-
tran and the factor Xa inhibitors (rivaroxaban, apixaban, 
edoxaban). The drugs in these various classes are commonly 
prescribed to patients undergoing cardiac surgery for related 
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disease processes and must be managed appropriately in the 
perioperative period to limit post-cardiopulmonary bypass 
bleeding. With regard to LMWH or unfractionated heparin 
(UFH), which may be utilized as a bridge treatment for those 
on anticoagulation for prevention of thrombotic events, anti-
coagulant bridge therapy should only be considered in those 
who are at high risk for thrombotic events [11]. GpIIb/IIIa 
inhibitors should be discontinued 4 hours prior to surgery, 
VKA should be discontinued 3–5  days prior to surgery to 
achieve an INR <1.5, LMWH should be held >24 hours prior 

to surgery, and DOAC should be held >48 hours prior to sur-
gery [11, 16]. Only those patients at high risk for thrombotic 
events should receive LMWH or UFH bridges from oral 
anticoagulation. These patients include those with recent 
acute pulmonary embolism (<4 weeks from surgery), atrial 
fibrillation with CHA2DS2-VASc score >4, and patients with 
a mechanical heart valve [16]. Figure 33.2 gives a periopera-
tive timeline of the management of these agents in elective 
cardiac surgery.

 Retrograde and Antegrade Autologous 
Priming

Retrograde autologous priming involves replacement of the 
crystalloid in the CPB cannulas with blood prior to initiation 
of CPB to limit hemodilution. This technique is currently 
recommended for consideration as part of blood conserva-
tion efforts in cardiac surgery. Several studies have demon-
strated that RAP reduces hemodilution and transfusion in 
cardiac surgery, although no large randomized trials have 
demonstrated its benefit [17, 18].

 Off-Pump Cardiac Surgery

Two recent large studies have shown reduced transfusion 
rates in off-pump CABG procedures. The CORONARY 
Investigators and GOPCABE study found reduced transfu-
sion rates in off-pump CABG procedures [19, 20]. Based on 
these studies and despite the limitations, including lack of 
blinding to treatment, exclusion after randomization, and an 
unspecified transfusion protocol, it is reasonable to consider 
off-pump CABG procedures in certain patients.

Fig. 33.1 Management of antiplatelet therapy in patients having coro-
nary artery bypass grafting surgery. aComplex and redo operations, 
severe renal insufficiency, hematological diseases, and hereditary defi-
ciencies in platelet function. bRecent stent implantation, recent throm-
boembolic event, and alarming angiographic results. cUntil the 
recommended DAPT period is completed. ASA, acetylsalicylic acid; 
DAPT, dual antiplatelet therapy; GPIIb/IIIa, glycoprotein IIb/IIIa. 
(Modified from Task Force on Patient Blood Management for Adult 
Cardiac Surgery of the European Association for Cardio-Thoracic S 
et al. [11])

Fig. 33.2 Management of oral anticoagulation in patients with an indi-
cation for pre- and/or postoperative bridging. aBridging with UFH/
LMWH should start when INR values are below specific therapeutic 
ranges. bDiscontinuation should be prolonged to 472  h if creatinine 
clearance is 50–79 ml/min/1.73 m2 or Z96 h if creatinine clearance is 

o50 ml/min/1.73 m2. DOACs, direct oral anticoagulants; INR, interna-
tional normalized ratio; LMWH, low-molecular-weight heparin; UFH, 
unfractionated heparin; VKAs, vitamin K antagonists. (Modified from 
Task Force on Patient Blood Management for Adult Cardiac Surgery of 
the European Association for Cardio-Thoracic S et al. [11])
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 Acute Normovolemic Hemodilution

Acute normovolemic hemodilution (ANH) has been used for 
patients undergoing surgical procedures with high risk of 
bleeding in order to attempt to limit allogeneic transfusion of 
red blood cells, platelets, and clotting factors. It was first 
described in the 1970s [21, 22]. ANH is a blood conservation 
technique that sequesters the patient’s whole blood prior to 
surgical intervention in order to administer at the conclusion 
of the case when surgical bleeding has been controlled and to 
treat coagulopathy. The blood is stored during the procedure 
until such time it is needed to transfuse back to the patient. 
Following withdrawal of whole blood, the blood volume is 
replaced with crystalloid or colloid to maintain intravascular 
volume. In some more recently published studies, it has 
demonstrated a statistically significant reduction in the 
reduction of allogeneic transfusions for high-risk surgical 
cases [23].

While the potential benefits of ANH are still being inves-
tigated, recent retrospective analysis, meta-analysis, and 
prospective trials have demonstrated reduced transfusion 
requirements in cardiac surgical patients who receive ANH 
[24, 25]. ANH has also demonstrated a myocardial protec-
tive effect during cardiac surgery, with less inotropic sup-
port, reduced incidence of dysrhythmias, and lower levels 
of circulating biomarkers indicative of myocardial injury 
[26]. Future studies may provide further insight into 
whether a specific subset of patients would benefit from 
ANH during cardiac surgery. The technique is not widely 
utilized because of the challenges of both blood acquisition 
and storage. Should the autologous blood be compromised 
or otherwise prevented from transfusing back to the patient, 
there is additional risk of necessary allogeneic blood 
transfusion.

 Platelet-Rich Plasma

Originally reported to reduce bleeding in cardiac surgery in 
1977 by Harke et  al., the use of platelet-rich plasma in 
cardiac surgery has yielded mixed results in subsequent 
studies [27]. A recent randomized controlled trial in aortic 
surgery with deep hypothermic circulatory arrest 
demonstrated reduced allogeneic transfusion in patients 
who received autologous platelet-rich plasma [28]. It is 
reasonable to consider the use of autologous platelet-rich 
plasma as part of a blood conservation plan in cardiac 
surgery, but there are remaining questions as to the utility of 
platelet-rich plasma in cardiac surgery. Questions that 

require additional investigation include improvement in 
clinical outcomes, indications for its use, and cost-
effectiveness, among others [29].

 Management of Bleeding Cardiac Surgical 
Patients

It is recommended in both the STS/SCA 2011 guidelines and 
the more recent EACTA/EACTS 2017 guidelines that a mul-
tidisciplinary team should be involved in managing the post- 
cardiopulmonary bypass patient with coagulopathy by 
formulating a plan to treat bleeding patients using evidence 
to guide therapy (Class I, Level of Evidence C) [11]. 
Antifibrinolytic agents, tranexamic acid or epsilon- 
aminocaproic acid, have Class I, Level A evidence of effi-
cacy for limiting coagulopathy and bleeding in cardiac 
surgery and should be utilized to reduce allogeneic blood 
transfusion. Using targeted products with evidence of coagu-
lopathy, including TEG, ROTEM, or POC testing, is prefer-
able to subjectively treating coagulopathy in 
non-life-threatening bleeding in cardiac surgical patients 
(Class IIa, Level of Evidence B) [11]. In patients with appro-
priate oxygen delivery undergoing cardiopulmonary bypass, 
a hematocrit of 21–24% during cardiopulmonary bypass to 
limit allogeneic transfusion is sufficient [30]. Massive trans-
fusion protocols should be utilized when life-threatening 
bleeding occurs. A general approach would be to address 
post-cardiopulmonary bypass in the manner presented in 
Fig. 33.3.

The patient’s preoperative medication profile should be 
considered when treating coagulopathy. Additionally, surgi-
cal hemostasis should be secured while the anesthesiologist 
should be vigilant in physiological management, including 
active warming and pH management of acidosis, and treat-
ment of hypocalcemia and anemia.

With regard to specific targeting of bleeding with prod-
ucts of the coagulation cascade, it should be further empha-
sized that fibrinogen is an important component of clot 
formation. Fibrinogen makes up the largest component of 
the coagulation factors by weight and is found only in the 
vascular space, with no reserves [32]. Indeed, perioperative 
fibrinogen level has been shown to correlate with bleeding in 
cardiac surgery in multiple studies [33, 34]. 
Hypofibrinogenemia in the setting of coagulopathy and evi-
dence of bleeding should be treated (cryoprecipitate or 
fibrinogen concentrate), but a recent meta-analysis failed to 
show benefit of routine use of fibrinogen concentrate for 
hypofibrinogenemia in cardiac surgical patients [35]. More 
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recently, the role of fibrinogen therapy has been assessed by 
consensus in a subcommittee of the European Association of 
Cardiothoracic Anesthesiology. The recommendations 

include testing and correction of hypofibrinogenemia but 
also recognize the paucity of data to endorse the routine use 
of fibrinogen concentrate [36]. A recent noninferiority study 
(FIBRES) of fibrinogen concentrate versus cryoprecipitate 
for the management of symptomatic hypofibrinogenemia 
(defined as <150–200 mg/dL) demonstrated that concentrates 
are noninferior to cryoprecipitate administration [37]. 
Fibrinogen levels necessary to counter coagulopathy have 
yet to be determined, but hypofibrinogenemia as defined by 
<150–200  mg/dL in the setting of coagulopathic bleeding 
should be considered as a corrective measure to minimize 
other allogeneic blood products or riskier prothrombotic 
concentrates, such as PCCs or rVIIa [38].

The use of platelets in cardiac surgery should be lim-
ited to severe thrombocytopenia (<50  ×  109/L) or in the 
setting of concomitant antiplatelet drug use with evidence 
of bleeding [11]. The prothrombin complex concentrate 
(PCCs) are three- or four-factor preparations that include 
vitamin K-dependent coagulation factors (II, IX, X, VII) 
and varying concentrations of protein C, protein S, and 
antithrombin. The evidence for administration of these 
agents or fresh frozen plasma (FFP) involve bleeding with 
deficiency of vitamin K-dependent coagulation factors. 
There is no evidence to support the use of recombinant 
factor seven (rFVIIa) in cardiac surgery at this time. Its 
use should be used in uncontrolled bleeding refractory to 
other measures only.

Cardiac surgical patients are at high risk for the com-
plications of allogeneic transfusion given the massive 
assault on the coagulation cascade as a result of systemic 
heparinization, preoperative comorbidities (anemia, kid-
ney disease), perioperative medical therapy targeting 
platelet function or the coagulation system, hypother-
mia, ischemia, and the proinflammatory response that 
occurs in response to a surgical stress. While much work 
is needed to determine optimal management of these 
patients, there is consensus on a framework of manage-
ment that involves a large, multidisciplinary team. The 
perioperative physician should be apprised of the recom-
mendations to provide optimal care for these patients. 
Figure 33.4 provides an overview of the entire periopera-
tive period, wherein monitoring, interrogation, and inter-
vention are needed to limit unnecessary transfusion and 
provide evidence- based care.

Fig. 33.3 Pyramid of therapy in coagulopathic patients. (Modified 
from Görlinger [31]). The sequence of hemostatic therapeutic interven-
tions starts from the bottom of the pyramid and then continues to the top 
until hemostasis is achieved. Cai, ionized calcium; FFP, fresh frozen 
plasma; FVIII, coagulation factor VIII/von Willebrand factor concen-
trate; FXIII, coagulation factor XIII concentrate; Hb, hemoglobin; 
PCC, prothrombin complex concentrate; rFVIIa, activated recombinant 
factor VII; Tc, core temperature [31, 32]
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Platelet-Rich Plasma: Not for Athletes Only

Ryan T. Gualtier, Luis Chabla-Penafiel, and Anuragh Trikha

Platelet Rich Plasma (PRP) is increased concentration of 
autologous platelet suspended in small amount of plasma pro-
duced by centrifugation of patient’s own blood. Use of PRP 
has been widely studied in bone and tendon tissue healing and 
reconstruction [1]. Platelets contains alpha granules which are 
important source of anabolic growth factors including fibro-
blast growth factors (FGF), bone morphogenic proteins 
(BMP), transformation growth factor beta-1 (TGF-β1), plate-
let-derived grown factor (PDGF), basic fibroblast grown fac-
tor (BFGF), vascular endothelial grown factor (VEGF), 
epidermal grown factor, insulin-like growth factor, and several 
others [2]. In fact, PRP is known to contain more than 1,500 
bioactive proteins [1]. These factors are important for biologi-
cal processes including wound healing, inhibiting inflamma-
tion and pain, chemotaxis, neovascularization, synthesis of 
extracellular matrix, and scar formation which aides in 
improvement in soft tissue healing, vascularization of grafts 
and bone [3]. Normal platelet ranges between 150,000 and 
350,000  μ/L. PRP contains four to six times concentration 
greater than whole blood. Improvement in bone and soft tissue 
healing properties have been demonstrated with concentration 
of platelets of 1,000,000 μ/L, which is the concentration of 
platelets in commercial platelet systems [2].

There are four different types of PRP variations which 
give each commercial system its unique properties, includ-
ing leukocyte-rich PRP (LR-PRP), pure PRP, or leukocyte-
poor PRP (LP-PRP), platelet-rich fibrin, and 
leukocyte-and- platelet- rich fibrin. LP-PRP increases anti-
inflammatory mediators including IL-4 and IL-10, whereas 
LR-PRP significantly increases proinflammatory markers 
including TNF-alpha, IL-6, INF-gamma, and IL-1-beta and 
metalloproteinases which antagonize the anabolic cytokines 
within platelets [2].

Commercial PRP systems use different methods to collect 
platelets concentrate layer. Generally, whole blood is mixed 
with anticoagulation factors and centrifuged to obtain plate-
lets. The centrifugation process separates whole blood to 
RBC layer, platelet-poor plasma layer, and “buffy coat” layer 
containing platelets with or without leukocytes. The platelet 
concentrate layer is isolated using various processing tech-
niques. These platelets can then be either directly injected 
into the patient or activated via different compounds that 
leads to degranulation and release of growth factors [2].

The current clinical review shows abundant high-quality 
evidence of use of LP-PRP for osteoarthritis (OA) of the 
knee and LR-PRP for lateral epicondylitis. Moderate high- 
quality evidence supports the use of LR-PRP injection for 
patellar tendinopathy and LP-PRP for donor site pain in 
patellar tendon graft BTB (bone-tendon-bone) ACL recon-
struction and plantar fasciitis [1]. At this time, the following 
diagnoses do not have high-quality evidence available; how-
ever, small clinical trials have shown promising results. 
These include rotator cuff tendinopathy, osteoarthritis of the 
hip, donor site pain in ACL reconstruction with patellar ten-
don autograft, and high ankle sprains.

 Osteoarthritis of the Knee

Osteoarthritis is a disease of synovial joints caused by failure 
in repair of joint damage resulting in alteration of joint struc-
tures. It is the most common musculoskeletal disorder lead-
ing to functional decline, mobility limitations, and disability 
of aging population. The most common clinical manifesta-
tion of osteoarthritis is joint pain. 240 million people suffer 
from osteoarthritis globally. Current nonsurgical treatment 
modalities include physiotherapy, analgesia, nonsteroidal 
anti-inflammatory drugs, and intra-articular injections, such 
as hyaluronic acid, corticosteroids, or ozone, with the pur-
pose of reducing symptoms and improving joint function [4]. 
In vitro and ex vivo studies have provided the foundation for 
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this interest, and positive effects of PRP have been observed, 
including chondrogenic differentiation of pluripotent mesen-
chymal cells with expression of cartilage specific genes, 
chondrocyte proliferation, increased extracellular matrix 
production, and inhibition of catabolic pathways [5]. Despite 
the prevalence, no FDA-approved disease- modifying osteo-
arthritis drugs currently exist to prevent, slow, or halt knee 
osteoarthritis [6].

Abundant high-quality evidence supports the use of 
LP-PRP intra-articular injection for osteoarthritis of the 
knee. Shen et al. [4] performed a meta-analysis of 14 ran-
domized clinical trials comprising 1423 individuals between 
2011 and 2016 to compare intra-articular PRP injections to 
various controls including saline placebo, hyaluronic acid, 
ozone, and corticosteroids. Compared with control, PRP 
injections significantly reduced WOMAC (Western Ontario 
and McMaster Universities Osteoarthritis Index) pain sub- 
scores at 3, 6, and 12  months follow-up (p  =  0.02, 0.004, 
<0.001, respectively); PRP significantly improved WOMAC 
physical function sub-scores at 3, 6, and 12  months 
(p  =  0.002, 0.01, <0.001, respectively); PRP also signifi-
cantly improved total WOMAC scores at 3, 6, and 12 months 
(all p < 0.001). PRP did not significantly increase the risk of 
post-injection adverse events (RR, 1.40 [95% CI, 0.80–2.45], 
I2 = 59%, p = 0.24). Subgroup analysis further showed that 
PRP is more efficacious in patients with mild-to-moderate 
osteoarthritis [2].

Lucia et al. [7] performed a narrative review of the meta- 
analysis and systemic reviews in 2019, and according to the 
narrators, at present, results from RCTs seem to favor PRP 
use over other intra-articular treatments to improve pain 
scales in the short and medium term (6–12 months), but the 
overall level of evidence is low. They concluded that this is 
likely the result of a lack of standardization of PRP prod-
ucts, scarceness of high-quality RCTs not showing high 
risks of bias, and poor patient stratification for inclusion in 
the RCTs.

A meta-analysis by Riboh et al. [5] included six random-
ized controlled trials and three prospective comparative stud-
ies with a total of 1055 patients. Injection of LP-PRP resulted 
in significantly better WOMAC scores than did injection of 
hyaluronic acid (mean difference, −21.14; 95% CI, −39.63 
to −2.65) or placebo (mean difference, −17.84; 95% CI, 
−34.95 to −0.73). No difference was observed in 
LR-PRP.  SUCRA (surface under the cumulative ranking) 
analysis showed that LP-PRP was the highest ranked treat-
ment for both measures of clinical efficacy using the 
International Knee Documentation Committee (IKDC) sub-
jective score and WOMAC score. This is likely due to the 
biological basis of LP-PRP and LR-PRP as mentioned in the 
Introduction section. Thus, intra-articular LP-PRP may be 
the preferred preparation for the treatment of knee osteoar-
thritis symptoms [2].

 Lateral Epicondylitis

Lateral epicondylitis, also known as tennis elbow, affects 
1–3% of adults each year. It often affects the dominant arm 
in patients with high demand of gripping or repetitive wrist 
movements. Individuals between the ages of 35 and 
50 years are at high risk. Elbow tenderness and pain with 
resisted wrist extension are common manifestations of lat-
eral epicondylar tendinopathy. Overuse and repetitive 
microtraumas of wrist extensor tendons are believed to be 
the mechanism of injury of lateral epicondylitis. The lesion 
starts as a tear in the extensor tendon leading to abnormal 
microvascular response. It is commonly associated with 
functional disorder and pain of the elbow joint. Initial 
interventions include rest, activity or equipment modifica-
tion, nonsteroidal anti- inflammatory medication, bracing, 
and physical therapy. If these treatments fail to improve 
the pain and tenderness, second-line treatments such as 
cortisone injections, prolotherapy, autologous blood injec-
tions, PRP injections, and needling of the extensor tendon 
origin have been recommended. If patients continue to 
report pain and dysfunction despite these measures, sur-
gery is then considered [8]. Abundant high-quality evi-
dence supports the use of LR-PRP injection for lateral 
epicondylitis who have failed to respond to conservative 
treatments [2].

Mishra et al. [8] evaluated 230 patients in a large multi-
center double-blinded prospective randomized controlled 
trial. All the patients had at least 3 months of symptoms and 
failed conservative therapy. The patients were randomly 
divided into PRP treatment and active control, and all patients 
had their extensor tendon needled with and without PRP, 
respectively. No statically significant difference was found at 
12  weeks in this study. However, at 24  weeks, the PRP- 
treated patients reported an improvement of 71.5% in their 
pain scores compared with 56.1% in the control group 
(P = 0.019). 29.1% of the PRP-treated patients reported sig-
nificant elbow tenderness versus 54.0% in the control group 
(P = 0.009). Success rates for patients with 24 weeks of fol-
low- up were 83.9% in the PRP group compared with 68.3% 
in the control group (P = 0.037).

Gosens et al. [9, 10] conducted a double-blind random-
ized controlled trial with a 2-year follow-up to determine 
effectiveness of LR-PRP compared with corticosteroid injec-
tion in patients with chronic lateral epicondylitis. The pri-
mary analysis included visual analog scale (VAS) pain scores 
and disabilities of the arm, shoulder, and hand (DASH) out-
come scores. When baseline VAS and DASH scores were 
compared with the scores at 1 year follow-up, VAS was suc-
cessful and statistically significant in PRP as compared to 
corticosteroid (73% vs. 49%, P < 0.001), as well as DASH 
when compared to corticosteroid (73% vs. 51%, p = 0.005). 
When baseline VAS and DASH scores were compared with 

R. T. Gualtier et al.



347

the scores at a 2-year follow-up, both groups significantly 
improved over time. However, the DASH scores of the corti-
costeroid group returned to baseline levels, while those of 
the PRP group significantly improved.

 Rotator Cuff Tendinopathies

Rotator cuff tendinopathies are one of the most common rea-
sons why patients present with shoulder pain and disability. 
In fact, it’s not only athletes who suffer from rotator cuff 
tears, but they can happen to anyone with routine daily activ-
ities or with overuse. An estimated 50% of patients present-
ing with shoulder pain may be diagnosed with rotator cuff 
tendinopathy, including supraspinatus partial thickness tears 
and tendonosis [11]. The goal of the treating physician is to 
reduce patients’ pain and, by doing so, hopefully improve 
function. Unfortunately, many patients are refractory to these 
conservative therapies, which include rest, multimodal pain 
regimen, physical therapy, and corticosteroid injections, and 
surgery becomes the only viable option. Due to the relative 
avascular nature of tendons, their regenerative potential is 
limited; however, there is some clinical evidence that PRP 
may help revascularize the area of injury and promote 
 healing. Several RCTs have investigated whether PRP can be 
utilized for improving pain and functional outcomes in rota-
tor cuff pathology.

In a placebo-controlled double-blind randomized clinical 
trial by Kesikburun et  al. [12], a total of 40 patients were 
enrolled, with [12] history of shoulder pain for >3 months 
during overhead-throwing activities [1], MRI findings of 
rotator cuff tear, and [11] minimum of 50% reduction in 
shoulder pain with administration of anesthetic injection. 
Patients received 5 ml of PRP or 5 ml of saline via ultra-
sound-guided injection into the subacromial space. In addi-
tion, all patients underwent a 6-week standard exercise 
program. Outcomes were measured via the Western Ontario 
Rotator Cuff (WORC) Index, Shoulder Pain and Disability 
Index (SPADI), VAS, and shoulder pain with Neer Test at 3, 
6, 12, and 24 weeks, as well as 1 year after injection. At the 
1-year follow- up, PRP was found to be no more effective in 
improving quality of life, pain, disability, and shoulder ROM 
than placebo patients who were treated with physical 
therapy.

Rha et al. [2] went on to compare the effects of PRP with 
those of dry needling on shoulder pain and function in 
patients with rotator cuff disease. 39 patients with supraspi-
natus tendon lesions less than 1.0  cm, but not a complete 
tear, were included. Half of the group received two dry- 
needling procedures, and the other half received two PRP 
injections to the affected shoulder at 4-week intervals utiliz-
ing ultrasound guidance. SPADI, passive ROM, and a physi-
cian rating scale at 6 months follow-up were used to measure 

outcomes. The clinical effect of PRP was found to be supe-
rior to dry needling at 6 months.

In another study by Shams et al. [11], a similar outcome 
was reached in regard to PRP vs corticosteroid for the treat-
ment of symptomatic rotator cuff tears. 40 patients with 
symptomatic rotator cuff tears were assessed pre-injection, 
6  weeks, and 3 and 6  months after injection utilizing the 
American Shoulder and Elbow Surgeons Standardized 
Shoulder Assessment Form (ASES), Constant-Murley Score 
(CMS), Simple Shoulder Test (SST), and Visual Analog 
Scale (VAS) for pain. Both injection groups showed statisti-
cal significance with outcomes over time compared to those 
pre-injection. At 12 weeks, there was also a statistically sig-
nificant difference between the PRP and corticosteroid 
group, in favor of PRP, although there was no significance 
after 6 months. Therefore, the group summarized that sub-
acromial PRP may be considered a good alternative to corti-
costeroid injections in those with a contraindication to 
corticosteroid administration.

 Osteoarthritis of the Hip

Osteoarthritis (OA) of the hip has not been studied as exten-
sively as OA of the knee; however, little evidence of its effi-
cacy does exist. OA is a slowly evolving process, which 
typically is characterized by pain, stiffness, and decreased 
range of motion. Overall, roughly 40% of those over 65 years 
old may suffer from OA of the hip or knee [13]. The preva-
lence of hip OA alone may account for 7–25% in white 
patients over 55 years [11]. OA is brought on by biomechani-
cal and biochemical factors which leads to cartilage disrup-
tion and bone hypertrophy. Within the knee or hip joint, 
proinflammatory cytokines and proteinases interfere with the 
normal production of hyaluronic acid (HA), which results in 
a significantly reduced molecular weight and viscoelasticity 
leading to degradation of articular cartilage and joint func-
tion [14]. As the joints affected by OA have a lower than 
normal concentration of HA, any exogenous administration 
of HA should increase the synovial fluid viscosity, leading to 
improved shock absorption and lubricating capabilities. In 
addition, HA is known to stimulate the body’s own endoge-
nous HA synthesis via CD44 receptor binding [15].

The current non-operative treatment modalities for OA of 
the hip include both non-pharmacologic and pharmacologi-
cal therapies aimed at reducing pain, stiffness, and disability. 
Intra-articular corticosteroid injections tend to temporarily 
reduce pain and improve function [16], however do not 
change the natural progression of the disease and may also 
have negative effect on hip structures [17].

There have been four major RCTs comparing PRP to 
hyaluronic acid for OA of the hip. Battaglia et al. [5] looked 
to compare clinical efficacy of PRP vs HA at 12 months of 
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follow-up in patients with hip OA. 100 patients with chronic 
unilateral hip OA were enrolled and randomly assigned PRP 
or HA via ultrasound-guided injection. Patients were evalu-
ated at 1, 3, 6, and 12 months using visual analog scale and 
Harris Hip Score (HHS). At the 1- and 3-month follow-up, 
both groups showed overall improvement. At 6 and 
12 months, there was a slight worsening, however no statisti-
cal difference between HA and PRP. In conclusion, the study 
noted PRP injections to be efficacious in terms of functional 
improvement and pain reduction, but not superior to HA at 
12 months’ follow-up.

Di Sante et al. also compared the efficacy of HA vs PRP 
with ultrasound-guided intra-articular injection [18]. They 
looked at 43 patients with unilateral severe hip OA. Patients 
were randomly assigned to receive HA or PRP and received 
three injections in total (one per week). Patients were evalu-
ated at baseline, week 4, and week 16. Primary outcomes 
were measured with VAS and WOMAC.  Results revealed 
that compared to baseline, the PRP-treated VAS scores were 
significantly decreased at 4  weeks, but not at 16  weeks, 
which indicates an early effect on pain that was not sustained 
at a longer-term follow-up. In contrary, the HA group had a 
significant decrease in both VAS and WOMAC values 
between baseline and 16 weeks.

In an RTC performed by Dallari et al. [14], ultrasound- 
guided injection of PRP and hyaluronic acid was per-
formed separately and in combination for hip osteoarthritis. 
The primary outcome measure was a change in pain inten-
sity as assessed by VAS at 2, 6, and 12 months. Other mea-
sures included WOMAC and concentration of growth 
factors in PRP and their correlation with clinical outcomes. 
A total of 111 patients were randomly assigned to receive 
three weekly injections of either PRP (44 patients), 
PRP + HA (31 patients), or HA (36 patients). At all follow-
ups, PRP had the lowest VAS scores. The results indicated 
the intra-articular PRP injections do offer significant clini-
cal improvement in patients with hip OA without relative 
side effects.

Doria et al. [13] also performed a prospective controlled 
double-blinded RCT on 80 patients with symptomatic early 
hip OA. The measures included WOMAC, VAS, and Harris 
Hip Score, which were evaluated before and at 6 and 
12 months post-treatment. Both groups showed a significant 
improvement from baseline at both endpoints; however, PRP 
did not offer significantly better results compared to HA in 
patients with moderate OA.

Although data is limited in regard to PRP for intra- 
articular injections for hip osteoarthritis, it does show some 
promising results with pain reduction and improved function 
by patient-reported scores. Several studies do show PRP 
with an earlier onset to pain reduction compared to HA; 
however there is no statistical difference as time goes on, 
particularly at 12 months post-injection. More high-quality 

studies are necessary to see whether PRP can be utilized as a 
modality for delaying hip surgery due to OA.

 Anterior Cruciate Ligament Tears

Anterior cruciate ligament (ACL) tears are one of the most 
common sports medicine-related injuries, which makes ACL 
reconstructive surgery one of the most frequently performed 
procedures in the field [19]. Majority of these patients are 
young and athletic, with high expectations of recovering 
from their injury and returning to the sport. Although most of 
the current surgical techniques can provide satisfactory 
results, it’s not 100% guaranteed, and not all patients are able 
to regain their pre-injury activity level. Clinical results may 
be shaped not only by the type of graft used but even factors 
such as pre-injury knee laxity. Due to the nature of these 
injuries and the expectations by the patients, most research is 
looking into ways to improve ACL healing, reduce failure 
rate, and improve on recovery times. PRP is one of these 
sought-after approaches that are being looked at more closely 
as a potential therapeutic agent.

A prospective randomized trial performed by Vogrin et al. 
[20] concluded that platelet gel produced from autologous 
platelet-rich plasma and applied locally demonstrated a signifi-
cantly higher level of vascularization in the osteoligamentous 
interface in 4–6 weeks (0.33 ± 0.09) in PG-treated group than 
the control group (0.16 ± 0.09, p < 0.001). An observational 
study performed by Sanchez et  al. [21] evaluated the gross 
morphologies of the grafts on second-look arthroscopy in 37 
volunteers who underwent either conventional (control group, 
n = 15) or platelet-rich plasma preparation rich in growth fac-
tors assisted (n = 22) ACL reconstruction with an autogenous 
hamstring. Biopsy specimen was evaluated by the use of 
Ligament Tissue Maturity Index to assess the histologic 
changes during the 6- to 24-month postoperative period of graft 
maturation. It was found that newly formed connective tissue, 
resembling synovial-like tissue, enveloped the treated graft in 
77.3% of the PRGF-treated grafts and 40% of the controls.

Systematic literature review by Di Matteo et  al. [22] 
showed that the only advantage of PRP is related to a better 
graft maturation over time, without clear beneficial effects in 
terms of clinical outcome, bone-graft integration, and pre-
vention of bony tunnel enlargement. Recent literature review 
by Riediger et al. [23] concluded that the research failed to 
show significant clinical benefit of using biologics like PRP 
and therefore does not support the routine use in 
ACLR.  However, there is some evidence that use of PRP 
may promote graft harvest site healing, graft maturation and 
reduce tunnel widening in the short term. A prospective, ran-
domized, and double- blinded clinical study by Seijas et al. 
[24] evaluated the donor site anterior knee pain in “patellar 
graft” or “bone- tendon- bone” (BTB) autograft ACL recon-
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struction with the application of autologous plasma rich in 
growth factors (PRGF). PRGF group showed decreased 
donor site pain in comparison to the control group, with sig-
nificant differences in the first two postoperative months of 
follow-up. The current study does not show clinical effect of 
PRP on graft integration or maturation, but limited studies 
have shown positive results in decreasing patellar tendon 
donor site pain.

 Patellar Tendinopathy

Patellar tendinopathy is a common cause of pain among ath-
letes, known as “jumper’s knee.” It has been associated with 
activities involving jumping, more specifically repetitive 
jumping. Patellar tendinopathy is not an inflammatory disor-
der; it’s a degenerative disorder. Tendinosis occurs with pro-
gressive degeneration of the tendinous tissue and inability 
for repair.

Risk factors associated with patellar tendinopathy include 
high body mass index, large abdominal circumference, limb- 
length discrepancy, flat foot arch, weak quadriceps, and low 
flexibility of both quadriceps and hamstring muscles. 
However, tendinopathy does not occur in all people with the 
same type of activity; therefore there must be both intrinsic 
and extrinsic factors.

Patellar tendinopathy can cause pain that is debilitating 
and impede with a patient’s mobility. Patients usually pres-
ent with pain over the proximal and distal part of the patella 
tendon. Patients will report pain of the proximal tendon 
when the knee is flexed and report pain of the distal tendon 
when the knee is extended. A provocative test is the single 
leg squat test, which causes increased load on the patellar 
tendon. Ultrasound and MRI are useful imaging for diagno-
sis. Common differential diagnosis includes patellofemoral 
pain syndrome, fat-pad syndrome, meniscal tears, cartilage 
lesions, and referred pain.

Common treatment modalities include eccentric exer-
cises, extracorporeal shock wave therapy, steroid injections, 
sclerosing agents, and hyaluronic acid. The last resort is sur-
gery. There is interest in PRP. PRP has a high concentration 
of growth factors, which can help stop the degeneration of 
the tendon. These growth factors work on tenocytes, cells 
that maintain homeostasis in tendons. Some of these growth 
factors include platelet-derived growth factor, vascular endo-
thelial growth factor, epidermal growth factor, and insulin- 
like growth factor. They promote proliferation, cell 
differentiation, chemotaxis, and angiogenesis. However, 
there is conflicting evidence to support PRP over other 
modalities for patellar tendinopathy.

There have been several studies looking at PRP for patel-
lar tendinopathy. They have looked at PRP vs saline, PRP vs 
dry needling, PRP vs extracorporeal shock wave therapy, and 

PRP vs steroids. Some studies have shown that PRP is supe-
rior over other modalities, and some studies have not. A 
study conducted by Scott et al. [17] showed that PRP was not 
more effective than saline for the improvement of patellar 
tendinopathy symptoms. His study looked at both LR-PRP 
and LP-PRP. The study occurred over 3 sites, with a sample 
size of 20 patients in each arm, followed over 12  weeks. 
There was no statistical difference, but he noted that the 
LR-PRP arm at both 6 weeks and 12 weeks had an increase 
in pain. They hypothesized that this was due to the introduc-
tion of WBC, which increased the inflammatory process. 
The study was limited by the sample size and the lack of 
standardization of physical therapy, and the patients were 
mostly young adults to middle-aged males.

PRP may be effective over dry needling. A study con-
ducted by Dragoo et al. [15] showed that PRP plus dry nee-
dling was superior over dry needling alone. He showed an 
acceleration in recovery but that over time the effects were 
decreased. Notable in this study was that the PRP group 
reported significant decrease in pain and an improvement in 
symptoms and function. PRP may also be more effective 
over extracorporeal shock wave therapy (ESWT). Vetrano 
et al. [25] looked at a total of 43 patients that were compa-
rable in age, sex, and level of sport participation. He fol-
lowed the patients over 1  year. At both 6  months and 
12 months, there was an improvement in pain and function. 
The researchers noted that the improvement of tendinopathy 
with PRP might be possible because they did not inject PRP 
with local anesthetics. However, previous investigations 
have shown that both ESWT and PRP increase the number of 
tenocytes and production of collagen type I and type III, 
which are needed for tendon repair.

The discrepancies in the studies can be attributed to the 
preparation of PRP and with the amount of PRP injected into 
the tendon. Amounts have ranged from 3 mL to 5 mL. Moreover, 
there is a lack of standardization on how PRP is prepared. 
Another question that has yet to be answered is the frequency 
of injections. Most studies have looked at single injections, 
with an average follow-up of 1 year. These patients may ben-
efit from repeat injections in lieu of a single injection.

 Plantar Fasciitis

Plantar fasciitis is a common cause of heel pain, affecting 
people of different lifestyles. It can be caused by overuse 
from prolonged standing and running. Risk factors include 
high arch, leg length discrepancy, obesity, sedentary life-
styles, and tightness of the Achilles tendon and intrinsic foot 
muscles. Like patellar tendinopathy, it is a chronic process of 
degeneration and not believed to be secondary to acute 
inflammation. Plantar fasciitis is diagnosed through physical 
exam and history. Patients will report heel pain, tightness in 
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the morning, and improvement of pain after ambulation. 
However, toward the end of the day, there may be increased 
pain. On physical exam, it will be noted that the patient usu-
ally guards the foot that is affected. Pressure on the medial 
plantar calcaneal region will cause a sharp and stabbing pain. 
Imaging is not necessary to diagnose plantar fasciitis. But 
both ultrasound and MRI are the best modalities.

Plantar fasciitis is treated conservatively. This includes 
rest, acetaminophen, nonsteroidal anti-inflammatory drugs, 
massage, and modification of activity. If there is no improve-
ment, or little improvement with physical therapy, other 
modalities are recommended. These include percutaneous 
needling, steroid injection, anterior night splint, and Botox. 
The use of PRP for plantar fasciitis seems appealing and is 
being used more.

A study by Sherpy et al. [26] showed that PRP vs steroid 
injection had comparable results. Patients in both groups 
improved clinically. Patients that received steroid injection 
had better outcome with ultrasound evaluation, with a 
decrease in thickness, and the fascia became more hyper-
echoic. Monto et al. [27] showed that PRP was superior to 
steroid injections for severe chronic plantar fasciitis. He 
studied patients over 24  months and showed that patient’s 
function initially improved with steroid injections, and then 
there was a decline. With PRP there was a steady increase in 
function, the maximum function at 3 months, which stayed 
stable until 24 months. It should be noted that most studies 
looking at PRP injections usually use a volume of 3–5 mL; 
Monto et al. [27] used 9 mL.  It is uncertain if the volume 
contributed to a positive effect. But it can be hypothesized 
that with increased volume, there are more growth factors 
released that aid in the repair of the damaged collagen. 
Research conducted by Jain et al. also showed the PRP was 
more beneficial over steroid injections, highlighting that the 
effects of PRP were longer-lasting than steroids.

A meta-analysis by Yang et  al. [28] showed that PRP 
does not have a short-term benefit on functional status or 
pain, but it has a better long-term effect. The reason why 
PRP may not have a short-term effect is because the growth 
factors in PRP need time for the regenerative process. The 
advantage of PRP compared to steroids is that there is less 
risk for abscesses, osteomyelitis, fat pad atrophy, and plan-
tar fascia tears.

In contrast to steroid injections, Kim et al. [29] looked at 
PRP vs dextrose prolotherapy (DP). He took 11 patients and 
injected them with dextrose prolotherapy, a total of 2 injec-
tions. Ten patients were injected with PRP, in a series of two 
injections. He found that there was an improvement in both 
pain and function that was sustained over 6  months, and 
there was no difference between DP and PRP. His study was 
limited by the small sample size, and there was no placebo. 
Therefore, there are an abundance of studies looking at PRP 

for PF, with conflicting efficacy. However, PRP may be more 
appealing with less risk of side effects when compared to 
steroids. Moreover, patients may need more than one injec-
tion of PRP.

 Conclusion

PRP shows promise in treating several musculoskeletal dis-
eases. PRP works by releasing factors that are important for 
wound healing, inhibiting inflammation and pain, chemo-
taxis, neovascularization, synthesis of extracellular matrix, 
and scar formation, which aids in soft tissue healing. There 
are several studies looking at PRP for osteoarthritis of the 
knee, lateral epicondylitis, ACL reconstruction, rotator cuff 
tendinopathy, osteoarthritis of the hip, patella tendinopathy, 
and planter fasciitis. These studies have demonstrated that 
PRP may be an alternative treatment and may avoid some 
side effects of common treatments, i.e., steroid injections. 
However, there is no consensus into which PRP variation is 
better and which preparation process is superior. Larger 
studies and standardization of PRP processing may be mov-
ing forward.
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Blood Transfusions for Burn Patients
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 Introduction

An estimated 180,000 deaths annually are caused by burns- 
related injury worldwide [1]. Nearly 500,000 people receive 
medical treatment for burn-related events, and 3500 burn 
patients die annually from their burn injury in the United 
States alone. There were 40,000 burn patients hospitalized in 
the United States in 2016, including 30,000 at hospital burn 
centers [2]. The length of hospitalization is approximately 
calculated for an average of 1 day per 1% burned total body 
surface area (TBSA) and increases with age and the presence 
of inhalation or other co-existing injuries [3].

Anemia is one of the major challenging consequences 
after severe burn injury and often requires blood transfusion. 
There are two types of anemia that present in burn patients: 
anemia due to acute blood loss and due to critical illness. 
During the first 1–2  weeks after severe burn injury, acute 
blood loss anemia develops from thermal injury and repeated 
surgical procedures for the burn wounds as well as from 
intrinsic physiologic changes such as decreased hematopoi-
esis, red blood cell (RBC) sequestration, and increased RBC 
destruction [4, 5]. Anemia of critical illness prevails usually 
after week 3 and is multifactorial, and it can be caused by an 
imbalance between decreased production (dampened eryth-
ropoiesis, reduced erythropoietin production, nutritional 
deficits) and increased destruction (amplified sequestration, 
abnormal RBC morphology, increased metabolism and 
inflammatory response) of RBCs [6]. Burn patients with 

>20% TBSA usually need intensive care hospitalization with 
the probability of multiple blood transfusions over the course 
of hospitalization. Burn patients were transfused a mean of 
14 units of packed RBCs during their hospitalization.

Massive blood transfusion is often common and substan-
tial in burn patients as mentioned above. Blood transfusion 
carries its own risks which include immunosuppression, 
transfusion-related lung injury (TRALI), transfusion- 
associated circulatory overload (TACO), and infection trans-
mission. A correlation between blood transfusions and 
infection in burn patients is well-documented for many years 
[6, 7]. One multicenter retrospective study and one retro-
spective single center study both reported an increased risk 
of blood stream infection by 11% for each unit transfused [7, 
8]. An increased mortality has also been reported with 
increased transfusion rate.

Hypercoagulability and coagulopathy are also major 
challenging consequences of severe burn injury and require 
early detection and extensive intervention. A burn injury can 
potentially induce a systemic hypercoagulable state shortly 
after admission and during period of recovery. This hyperco-
agulability is usually driven by tissue injury, excessive 
inflammatory response, and hypoperfusion. A coagulopathic 
status, such as disseminated intravascular coagulopathy 
(DIC), is associated with severe burn injuries greater than 
40% TBSA [9]. Risk of coagulopathy and excessive bleed-
ing leads to a wide range of clinical presentation in hemo-
static profiles in burn patients including anemia; normo-, 
hyper-, and hypocoagulability; and hyperfibrinolysis.

 Epidemiology of Blood Transfusion  
in Burn Injury

Several studies have described the transfusion need in burn 
patients in relationship between percentage of TBSA burn and 
the transfusion rate. Birdsell et al. reported in a study with 109 
pediatric burn patients that 100% of children with ≥30% 
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TBSA received a blood transfusion, but no blood transfusions 
were given for TBSA ≤5% [8]. Yogore et al. described in a 
study with 1282 burn patients that 5.7% of patients with ≤10% 
TBSA burn, 21% patients with 11 to 20% TBSA burn, 39% 
patients with 21–30% TBSA burn, and 62% patients with 
>30% TBSA burn required blood transfusion [10]. Palmieri 
et al. noted that 74.7% of 620 patients with ≥20% TBSA burn 
from 21 medical centers needed blood transfusion(s) [6]. 
Posluszny et  al. found that 88.7% of patients with ≥20% 
TBSA required a blood transfusion(s) [11]. Wu et al. described 
that 86.5% of 133 patients with ≥40% TBSA demanded blood 
transfusion(s) and 97.7% demanded a plasma transfusion(s) 
[12]. Lu et  al. reported a necessity for blood transfusion in 
71.9% of 89 patients with 15–65% TBSA and a necessity for 
plasma transfusion(s) in 44.9% [13].

It is noteworthy the historical rate of blood transfusion as 
it relates to TBSA burn percentage. The transfusion rate has 
been documented in several studies in earlier days. Graves 
et al. noted an average of 19.7 units in patients with >10% 
TBSA [7]. Vasko et al. found that patients with >10% TBSA 
received an average of 8.94  units and patients with >30% 
TBSA required 17 units [14]. Palmieri et al. described that 
patients with ≥20% TBSA were transfused on average with 
13.7  ±  1.1  units and patients with burns ≥50% TBSA 
received >30 units of RBC transfusion. Patients with >40% 
TBSA required at least 11 units of RBCs [6]. Posluszny et al. 
showed that patients with >40% TBSA demanded on aver-
age a blood transfusion of 20 units [11]. Wu et al. reported 
that patients with ≥40% TBSA were given an average of 
68.2 units of blood [12].

These numbers showed the liberal trend for blood transfu-
sion in burn patients traditionally. The Transfusion 
Requirements in Critical Care (TRICC) trial for stable ICU 
patients triggered a shift from traditionally liberal transfu-
sion strategy (hemoglobin 10–12  g/dL) toward a currently 
more restrictive strategy (hemoglobin 7–8 g/dL), supported 
by outcomes that a restrictive strategy was at least as safe as 
the liberal strategy and was able to decrease hospital mortal-
ity in restrictive group [15]. Burn patients were excluded in 
the TRICC trial and its following studies. In 2017, a large, 
multicenter, randomized, and prospective trial of blood 
transfusion investigation, entitled “Transfusion Requirement 
in Burn Care Evaluation (TRIBE),” compared the restrictive 
strategy of blood transfusion versus the liberal strategy in 
patients with burn injury >20% TBSA [16]. The results 
showed no statistically significant differences in mortality, 
hospital length of stay, ICU stay, or safety [16].

 Burn Injury and Coagulopathy

While blood transfusion in a burn patient may reduce the 
adverse effect associated with anemia, blood transfusion is 
associated with some side effects of its own. The major side 
effects include pulmonary edema, volume overload, immune 

suppression, TRALI, and potentially coagulopathy. 
Transfusion-related coagulopathy is usually secondary to 
massive transfusion which leads to dilutional coagulopathy. 
Burn injury is a known disruptor of coagulation cascade dis-
playing a wide range of presentations from sub-clinical 
 manifestation to fulminant DIC. The underlying pathophysi-
ology is the propagation of both thrombosis and fibrinolysis 
mediated by inflammatory cytokines and release of tissue 
factors. The natural anticoagulants are subsequently depleted. 
The hypothermia and hemodilution secondary to aggressive 
fluid resuscitation also contribute to the coagulation abnor-
mality. These changes resemble those disturbances in major 
trauma or sepsis [17]. Because of previously mentioned rea-
sons, it is very helpful to obtain a dynamic measurement of 
blood coagulation for an accurate assessment of the current 
coagulation status for the management of these burn patients. 
This can be achieved quickly and point-of-care basis by vis-
coelastic testing of blood in current medical practice. 
Correction of the coagulopathic defects decreases the associ-
ated morbidity and mortality. Empirical evidence suggests 
that viscoelastic tests such as thromboelastography can bet-
ter guide transfusion when used in complement with the tra-
ditional blood coagulation tests [18]. The use of specific 
blood components could somewhat limit the patients’ expo-
sure to the risk associated with blood products. However, it 
seems like the use of viscoelastic testing or specific blood 
component products (cryoprecipitate, fibrinogen concen-
trate, and prothrombin complex concentrate) is still not 
widely adopted, especially in developing countries [19].

 TRIBE Trial and the Optimal Blood 
Transfusion Threshold in Burn Patients

It is widely accepted now that restrictive blood transfusion is 
as effective as liberal strategy in ICU patients. This is largely 
the result of the 1999 Transfusion Requirements in Critical 
Care (TRICC) trial. However, the TRICC trial was not 
designed to be specific to burn patients and considered a mix 
of all the ICU patients. Burn patients have some unique 
pathophysiological alterations. A hypermetabolic state, pro-
longed hospitalization, and need for multiple surgeries are 
some of the characteristic features of severe burn injury in 
critical care facility. The Transfusion Requirement in Burn 
Care Evaluation (TRIBE) trial is one of the first major pro-
spective, randomized, controlled clinical trials that focused 
 particularly on transfusion-related issues in burn patients. The 
goal of TRIBE was to compare outcomes under a restrictive 
blood transfusion policy (maintaining a hemoglobin level at 
7–8  g/dL) to a traditional transfusion policy (maintaining 
hemoglobin at 10–11 g/dL) [16]. In this TRIBE clinical trial, 
345 patients across 18 medical centers were randomized to a 
restrictive (hemoglobin level at 7–8 g/dL) or liberal (hemo-
globin level at 10–11 g/dL) transfusion strategy throughout 
hospitalization. The median blood transfusion in restrictive 
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group was 8 units, i.e., half of the 16 units in the liberal group. 
Patients were studied during their entire hospital stay includ-
ing any ICU stay and surgical procedures. The authors found 
no difference in incidence of bloodstream infections, organ 
dysfunction, mechanical ventilation days, time to wound 
healing, and 30-day mortality. This well-designed clinical 
trial presents high-quality evidence that a conservative blood 
management therapy is non-inferior to liberal approach in 
burn patients while reducing exposure to blood products and 
conserving this very valuable commodity.

 Summary

In the United States, nearly 500,000 people will need certain 
medical treatment for burn-related injuries, and 3500 burn 
patients die from their burn injury annually. Risks of exces-
sive bleeding and sepsis cause a wide range of abnormal 
hemostatic profiles in burn patients including anemia; 
normo-, hyper-, and hypocoagulability; and hyperfibrinoly-
sis. Correction of the coagulopathic defects decreases the 
associated morbidity and mortality. Viscoelastic tests such as 
thromboelastography and other point-of-care tests can better 
guide transfusion practice and management of coagulation 
problems when used in complement with the traditional 
blood coagulation tests. These measured deficits of platelets, 
fibrinogen, and factors then be then replenished with more 
specific blood components. The TRIBE trial identified the 
optimal blood transfusion threshold in burn patients. The 
TRIBE trial was a well-designed prospective randomized 
multicenter trial that showed similar outcomes in a restrictive 
(hemoglobin 7–8 g/dL) versus liberal (hemoglobin 10–11 g/
dL) transfusion strategy. A restrictive blood transfusion was 
well tolerated in burn patients while reducing exposure to 
blood products and providing economic benefits by reducing 
blood consumption and hospital stay.
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Prehospital Transfusions by First 
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Marie-Christine Wright, Chikezie N. Okeagu, 
Alaina L. Broussard, Keith P. Delaune, Shukan Patel, 
Elyse M. Cornett, and Alan David Kaye

 Introduction

In 1628, English physician William Harvey published his 
landmark work, Exercitatio Anatomica de Motu Cordis et 
Sanguinis in Animalibus (commonly De motu cordis), in 
which he described the circulation of blood in the body by 
the heart. Although it was widely accepted that blood played 
an essential role in the sustenance of life, little was known 
about how it was delivered to the tissues to serve this vital 
function. In fact, the prevailing belief theorized by Galen 
~1500 years earlier stated that blood was continuously pro-
duced and distributed by the liver and completely absorbed 
by the tissues [1]. His discovery led to intense investigation 

into blood circulation, resulting in successful transfusion 
experiments in animals within a few decades of the publica-
tion of De motu cordis, and ultimately culminating in the 
successful transfusion of human blood by Dr. James 
Blunndell in 1818 [2, 3]. Today, blood transfusion is the most 
common procedure performed in US hospitals [4].

The indications for blood transfusion are vast and include 
a number of conditions that result in blood loss and anemia, 
including hemorrhage [5]. Hemorrhage is responsible for up 
to 40% of deaths in trauma [6]. Massive hemorrhage also 
presents a host of physiological derangements that jeopardize 
the survival of trauma patients. Recognized as the “triad of 
death,” the combination of hypothermia, metabolic acidosis, 
and coagulopathy, when present, portends a poor prognosis 
(see Fig. 36.1). Severe hemorrhage can directly lead to hypo-
thermia. Failure to control hemorrhage leads to increased 
sympathetic tone, which diverts blood away from non-vital 
organs in an attempt to preserve perfusion of vital organs. 
This eventually leads to a mismatch between oxygen demand 
and oxygen delivery, forcing the body to rely on anaerobic 
metabolism, which results in the accumulation of acidic com-
pounds such as lactic acid and ketone bodies. It also results in 
a drop in pH and the development of metabolic acidosis. In an 
attempt to control the massive blood loss, the body activates 
the coagulation cascade, and clotting factors are quickly 
depleted leading to a consumptive coagulopathy. Furthermore, 
these derangements each can potentiate each other leading to 
worsening acidosis, coagulopathy, and hypothermia [7–10].

The recognition that promptly addressing these factors 
gives patients the best chance at a favorable outcome has led 
to the development of various damage control resuscitation 
(DCR) strategies [11]. Transfusion of blood products is a 
staple of DCR protocols and one of the first tools employed 
upon the arrival of the patient at a trauma center [6, 10, 11]. 
However, elements of the triad can present within minutes, 
long before patients arrive at the hospital [12, 13]. In fact, up 
to 56% of trauma patients die before arrival at the hospital 
[14]. As such, there has been much interest in resuscitation 

36

M.-C. Wright 
University of Toledo School of Medicine, Department of 
Pediatrics, Toledo, LA, USA
e-mail: Marie.wright@utoledo.edu 

C. N. Okeagu 
Department of Anesthesiology, LSU School of Medicine,  
New Orleans, LA, USA
e-mail: cokeag@lsuhsc.edu 

A. L. Broussard · K. P. Delaune 
Ochsner Clinic, Department of Anesthesiology,  
New Orleans, LA, USA
e-mail: Alaina.broussard@ochsner.org; keith.delaune@ochsner.org 

S. Patel 
Department of Anesthesiology, LSU Health Sciences Center,  
New Orleans, LA, USA
e-mail: spat23@lsuhsc.edu 

E. M. Cornett (*) 
Department of Anesthesiology, LSU Health Shreveport, 
Shreveport, LA, USA
e-mail: ecorne@lsuhsc.edu 

A. D. Kaye 
Departments of Anesthesiology and Pharmacology, Toxicology 
and Neurosciences, Louisiana State University School of 
Medicine-Shreveport, Shreveport, LA, USA

LSU Health Shreveport School of Medicine, New Orleans, LA, USA

Tulane School of Medicine, New Orleans, LA, USA
e-mail: akaye@lsuhsc.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-59295-0_36&domain=pdf
https://doi.org/10.1007/978-3-030-59295-0_36#DOI
mailto:Marie.wright@utoledo.edu
mailto:cokeag@lsuhsc.edu
mailto:Alaina.broussard@ochsner.org
mailto:keith.delaune@ochsner.org
mailto:spat23@lsuhsc.edu
mailto:ecorne@lsuhsc.edu
mailto:akaye@lsuhsc.edu


358

measures that can be initiated prior to arrival at the hospital, 
and this includes the administration of prehospital blood 
transfusions (PHBT) [11, 14–17].

Developed with influence from treatment regimens for sol-
diers injured during military conflict, modern DCR aims to 
mitigate rapid hemorrhage, with a balanced ratio of plasma, 
platelets, and red blood cells to mimic reconstituted whole 
blood [18, 19]. Traditionally, crystalloid-based resuscitation in 
the prehospital setting has been common; however there has 
been recent interest in developing approaches that emphasize 
earlier transfusion of blood [11, 20]. While administering 
blood products should theoretically help to curb the physio-
logical effects of hemorrhage and lead to increased survival, 
research into the outcomes of these protocols has yielded 
mixed results. A randomized trial by Sperry et  al. demon-
strated that prehospital administration of thawed plasma 
resulted in a lower 30-day mortality than standard resuscita-
tion with crystalloid solution (23% vs 33%) [20]. Shackelford 
et  al. also found reduced 24-hour and 30-day mortality in 
those that received prehospital transfusion (red cells within 
30 minutes of injury) in the US military combat setting [21]. 
Contrarily, Moore et al. found no difference in a 28-day mor-
tality in trauma patients receiving plasma vs saline [22]. 
Similarly, a recent systematic review and meta- analysis exam-
ining the effectiveness of PHBT in reducing mortality by 
Rijnhout et al. could not find conclusive benefit of PHBT [23].

Aside from the equivocal outcomes data, there is addi-
tional controversy surrounding prehospital transfusion. The 
practice of administering blood outside of the hospital set-
ting carries with it inherent feasibility and logistical issues. 
For instance, there are legitimate concerns regarding the 
availability and storage of blood products [17]. Blood prod-
ucts need to be stored at acceptable temperatures and have to 
be utilized before expiration. Moreover, warming of blood 

products before administration is advised [23, 24]. Failure to 
do so will worsen hypothermia and exacerbate the physio-
logic derangements of the triad [8, 9, 13, 23]. Ensuring that 
these requirements are met can be expensive [23, 24]. 
Furthermore, as there is not time to determine the blood type 
of a trauma victim in the setting of life-threatening traumatic 
hemorrhage, universal donor types must be on hand to avoid 
inciting immunological rejection of the donor blood and 
worsening the patient’s condition. Additionally, even if blood 
is properly cross-matched or universal donor blood is used, 
there can be negative reactions to blood transfusion such as 
anaphylaxis, circulatory overload, and lung injury that first 
responders administering transfusions outside of the hospital 
may be ill-equipped to deal with [20, 23].

Despite these potential risks, very few patients are 
reported to have these complications [20, 23]. A lack of stan-
dardization of PHBT protocols makes it difficult to defini-
tively determine their contribution to mortality prevention in 
trauma, and the promise that has been shown by some stud-
ies suggests that PHBT may in fact provide benefit if proto-
cols can be optimized. The prospect of being able to reduce 
the percentage of negative outcomes associated with trau-
matic hemorrhage makes further exploration into the concept 
a worthwhile endeavor. This chapter will explore different 
aspects of PHBT. It will provide an overview of the different 
blood products available for transfusion and discuss in more 
detail aspects of storage and transportation and guidelines 
for PHBT.  Finally, we will further discuss recent clinical 
findings and potential considerations for the future of PHBT.

 Blood Products

Blood donation is highly regulated in the United States by the 
Food and Drug Administration (FDA). Blood donors must be 
between 16 and 65  years of age, must weigh at least 110 
pounds, and exclude those with certain medical conditions or 
other infectious etiologies [25]. Donors are also screened for 
recent travel exposures, new tattoos or piercings, hemoglobin 
concentration, blood pressure, medications, and pregnancy 
[25]. In addition to screening questionnaires, blood is tested 
for different infectious diseases after donation including HIV, 
hepatitis B and C, WNV, HTVL, CMV, EBV, syphilis, and 
Chagas [25]. Blood facilities in the United States are fre-
quently inspected and are required to meet high-quality stan-
dards which are outlined in the Public Health Service Act 42 
and enforced by the FDA to ensure the US blood supply is as 
safe as possible [26]. Whole blood is collected from donors 
and should be separated into components within 5–8 hours 
via refrigerated centrifugation [27]. Apheresis is an alterna-
tive blood collection method which collects specific compo-
nents of blood while simultaneously returning the remaining 
blood back to the donor using filtration techniques [27].

Whole blood is an unprocessed blood product which con-
tains all components of physiologic circulating blood includ-

Coagulopathy

Metabolic AcidosisHypothermia

Rapid
Hemorrhage

Fig. 36.1 Triad of death

M.-C. Wright et al.



359

ing red blood cells (RBC), plasma, platelets, and leukocytes 
[27]. Since whole blood contains multiple different elements, 
there are many adverse reactions that can occur when foreign 
blood is given to a recipient [27]. Antigens on a red blood cell, 
such as “A” or “B,” determine a person’s blood type as “A,” 
“B,” “AB,” or “O.” Rh factor is another antigen that determines 
if blood type is “positive” or “negative” [25]. If ABO blood 
type is not correctly matched beforehand, antibodies can be 
formed against the foreign antigen and can cause fatal acute 
hemolytic transfusion reactions [25]. To avoid this type of 
reaction, if a blood type is unknown, the universal blood donor 
“O negative” should be given [25]. Whole blood can be stored 
at a licensed blood bank for 35 days at 1–6 °C in an anticoagu-
lant solution, citrate phosphate dextrose adenine (CPDA-1) 
[27]. The US military occasionally uses “warm fresh whole 
blood” (WFWB) donated from “walking blood banks” (WBB) 
in combat- related trauma [28]. WFWB expires after storage at 
room temperature for 24 hours or refrigerated for 8 hours [28]. 
The biggest disadvantage for using WFWB in traumatic com-
bat situations is the risk of acute hemolytic reaction. This is 
related to mismatched blood types and the possibility of trans-
mitting infections [28]. The advantages for using whole blood 
transfusions is that whole blood contains all natural blood 
components in physiologic ratios without preservatives or 
additives and can be stored as one modality allowing easier 
access in emergency situations [28]. A 2009 study by Spinella 
et al. demonstrated that WFWB is associated with an improved 
30-day survival in combat-related patients with hemorrhagic 
shock compared to component blood transfusion [28]. Due to 
the physiologic components of whole blood, easier storage, 
and access, whole blood may be advantageous to prevent hem-
orrhagic mortality before first responders reach the hospital 
with a critical patient.

Packed red blood cells (PRBCs) are blood products that 
contain 200  mL of concentrated RBCs to a hematocrit of 
75% [29]. PRBCs are used to quickly increase oxygen- 
carrying capacity in patients who are severely anemic (hemo-
globin < 7 g/dl) or have severe occult blood loss [29]. After 
receiving 1 unit of PRBC, a patient’s hemoglobin and hema-
tocrit are expected to rise by 1 g/dl and 3%, respectively [29]. 
As with whole blood, ABO compatibility is essential to avoid 
transfusion reactions [25]. Packed red blood cells are also 
available to certain populations as “washed,” “leuko- 
reduced,” or “irradiated.” Washed red cells are washed with 
sterile saline which removes 98% of plasma, platelets, and 
cellular debris and reduces leukocyte concentration [29]. 
Washed PRBCs are indicated in patients with a history of 
allergic reaction to transfusion and IgA deficiency but must 
be used within 24 hours of saline washing [29]. Leukoreduced 
red cells are PRBCs with 99.9% of leukocytes filtered out 
reducing the risk of CMV, EBV, and HTLV infections and 
febrile reactions [29]. Irradiated red cells are gamma- 
radiated PRBCs which kill all lymphocytes [29]. This blood 
product is indicated to prevent donor versus host disease in 
immunocompromised patients, lymphoma patients, stem 

cell and marrow transplant patients, and intrauterine transfu-
sions [29]. PRBCs can be stored at 1–6 °C at a blood bank 
for up to 42 days. When dispensed, PRBCs can be stored in 
a blood bank cooler for 6  hours [27]. Transfusion with 
PRBCs can play an important role in prehospital treatment of 
patients who experience hemorrhagic shock because the 
highly concentrated hemoglobin allows for a rapid increase 
in oxygen-carrying capacity which is vital for organ function 
in patients who have lost severe amounts of blood.

Fresh frozen plasma (FFP) contains all clotting factors, 
protein C, protein S, antithrombin III, albumin, immunoglob-
ulins, tissue factor pathway inhibitor, and fibrinogen [30]. 
These elements are separated from whole blood and must be 
frozen within 6 hours of phlebotomy to preserve clotting fac-
tors [30]. FFP is indicated in patients with significant coagu-
lation factor deficiencies including congenital deficiencies, 
microvascular bleeding with elevated PT and PTT, dilutional 
coagulopathy related to massive blood replacement, dissemi-
nated intravascular coagulation, and coagulopathy secondary 
to liver pathology [29]. FFP is also used in urgent reversal of 
warfarin therapy and in combination with plasmapheresis to 
treat thrombocytopenic purpura and hemolytic uremic syn-
drome [29]. FFP expires after 1 year in a blood bank freezer 
at ≤18 °C but must be used 5 days after thawing [27].

Liquid plasma (LP) contains the same blood components as 
FFP, but it is immediately stored at 1–6 °C instead of freezing 
after phlebotomy. Liquid plasma expires 5 days after the whole 
blood that it was extracted from, so approximately 26–40 days 
depending on anticoagulation solution used [27]. Liquid 
plasma contains less clotting factors than FFP, for example, 
clotting factors V and VIII begin to decrease after 6 hours [27]. 
The longer shelf life of LP compared to thawed FFP is advanta-
geous for adequate supplies of plasma. ABO compatibility is 
also a concern for plasma transfusions, but the matching sys-
tem is opposite to that of RBC compatibility [31]. Since plasma 
contains only antibodies, as opposed to antigens that are located 
on RBCs, the universal plasma donor type is AB plasma which 
contains no antibodies [31]. Liquid plasma may play a larger 
role in prehospital transfusion in the future related to its longer 
shelf life as compared to thawed FFP.

Platelets are an essential component of clot formation in the 
blood. Platelets can be collected from single whole blood, 
pooled whole blood (platelets from 4–6 donors), or apheresis 
procedures [29]. Prophylactic platelet transfusions are indi-
cated in thrombocytopenic patients or bleeding surgical patients 
when the platelet count is below 50,000 or below 100,000 if the 
risk of bleeding is clinically significant [29]. They are also 
needed in patients with microvascular bleeding with known 
platelet dysfunction but contraindicated in idiopathic thrombo-
cytopenia purpura (ITP) [29]. Platelets are stored at room tem-
perature (20–24 °C) with continuous gentle agitation to avoid 
clot formation, but the shelf life is only 5 days [29].

Cryoprecipitate is a blood product that contains concen-
trated factor VIII, factor XIII, fibrinogen, fibronectin, and von 
Willebrand’s factor [29]. Cryoprecipitate is indicated for pro-
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phylaxis in perioperative patients with congenital fibrinogen 
deficiencies, patients with von Willebrand’s disease that is 
unresponsive to DDAVP or currently bleeding, and correction 
of microvascular bleeding in massive blood transfusions with 
fibronectin concentrations between 80 and 100  mg/dl [29]. 
Blood fibronectin concentration can be raised by 50 mg/dl with 
administration of one unit of cryoprecipitate per 10 kg [29]. 
Cryoprecipitate transfusion allows for replenishment of impor-
tant end components for the formation of fibrin clots and does 
not require ABO matching before use [25]. For these reasons, 
cryoprecipitate may also play an important role in prehospital 
treatment when massive transfusion protocol is needed.

Currently, the massive transfusion protocol requires 
PRBC, FFP, and platelets transfused in a 1:1:1 ratio for 
“damage control resuscitation” in hemorrhaging patients 
with severe trauma [32]. These traumatic scenarios are seen 
daily throughout the United States by first responders. 
Massive transfusion achieves the goals of quickly enhancing 
oxygen-carrying capacity and correcting intravascular vol-
ume depletion and trauma-induced coagulopathies while 

administering in a 1:1:1 ratio to prevent dilutional coagu-
lopathy [32]. Prehospital transfusions of hemorrhaging 
patients can address these fatal problems before reaching a 
medical facility (Table 36.1).

 Transportation, Storage, and Expiration

Prehospital transfusions by first providers may improve out-
comes in patients; however, implementing such protocols in 
Emergency Medical Services (EMS) in the United States is 
futile if the blood products reaching patients are of lesser quality 
than those received at a hospital. Intense oversight and regula-
tion are needed to preserve blood product quality from the time 
of deployment until administration in the field. Unfortunately, 
such tight regulations can be logistical barriers to the wide-
spread implementation of prehospital transfusion practices. Of 
these barriers, the regulation of temperature during transport 
remains the most difficult aspect of bringing blood into the field. 
Above ideal temperatures, the blood products may expire rap-
idly, making the practice of bringing blood on every emergency 
call (where they might not be used) extremely costly. Maintaining 
a lower temperature minimizes the metabolic activity of the 
blood, prolonging its shelf life. Freezing the blood, however, is 
not feasible—at temperatures below 2 °C, the red blood cells 
may become dehydrated and subsequently hemolyze. 
Additionally, ice crystal formation can cause RBC membrane 
damage [33]. That being said, whole blood and pRBCs are not 
the only products used in transfusion, and unfortunately, differ-
ent products are best maintained at different temperatures.

The tight control of temperature maintains the standard of 
care, ensuring patients receive the same quality of blood 
products administered in the Emergency Room. These tem-
peratures, in addition to preventing damage and contamina-
tion, prolong the shelf life of the products. Shelf life is 
generally described as the maximum time at which adminis-
tered products are still effective. The American Association 
of Blood Banks (AABB) works closely with the FDA to pro-
duce standards for temperature targets in both the storage 
and transport of each blood product [34]. The following 
descriptions of each type of blood products’ recommended 
storage/transportation temperatures and expiration dates are 
from the 2018 AABB Temperature Standards [35].

The AABB recommends the storage of pRBC prepara-
tions at a temperature between 1 and 6 °C and transportation 
at a temperature between 1 and 10  °C.  The shelf life for 
pRBCs is determined by the time at which 75% of transfused 
red blood cells are still viable in the circulation 24 hours after 
administration. Depending on the specific anticoagulant 
used, shelf life varies from 21 to 42 days.

For platelet preparations, the AABB recommends storage 
at temperatures between 20 and 24 °C (room temperature) 
with continuous agitation. During transportation platelet 
preparations should be kept at the same temperature; how-

Table 36.1 Blood products analyzed by components, expiration date, 
and storage requirements

Blood product Composition
Expiration 
date Storage

Whole blood Unprocessed RBC, 
plasma, platelets, 
clotting factors, and 
leukocytes in 
physiologic ratios

21 days in 
CPD or 
CP2D
35 days in 
CPDA-1

1–6 °C

Packed red 
blood cells 
(PBRCs)

RBCs only (small 
residual plasma and 
leukocytes unless 
radiated or filtered)

42 days 1–6 °C

Fresh frozen 
plasma (FFP)

All clotting factors, 
antithrombin III, 
albumin, 
immunoglobulin, 
fibrinogen protein C 
and S, and tissue 
factor pathway 
inhibitor

365 days
5 days after 
thaw

≤−18 °C
1–6 °C 
before 
transfusion

Liquid plasma 
(LP)

Same as FFP, but less 
clotting factors, never 
frozen

5 days after 
expiration 
of whole 
blood 
extracted 
from
(21 + 5 or 
35 + 5)

1–6 °C

Cryoprecipitate Clotting factors VIII 
and XIII, von 
Willebrand factor, 
fibrinogen, and 
fibronectin

365 days ≤−18 °C

Platelets Platelets only 5 days 20–24 °C 
with 
continuous 
gentle 
agitation

M.-C. Wright et al.



361

ever continuous agitation is not necessary. The continuous 
agitation in storage has been thought to reduce platelet 
hypoxia and the subsequent damaging decrease in pH due to 
lactic acid production [36]. The shelf life for platelet prod-
ucts is generally only 5 days.

The AABB recommends FFP storage at temperatures less 
than or equal to −18 °C. At these temperatures, the shelf life 
is up to 12  months from the date of collection (up to 
36 months if kept at temperatures below −25 °C). However, 
FFP must be thawed before administration, and once thawed, 
the shelf life decreases to between 1 and 5 days depending on 
the preparation.

For cryoprecipitate, the AABB recommends storage at 
temperatures less than or equal to −18 °C. Similar to FFP, 
cryoprecipitate also has to be thawed. Once thawed it should 
be kept at room temperature until administration; however, it 
quickly expires within 6 hours.

As mentioned earlier, a major obstacle for the systematic 
implementation of prehospital transfusions is the transport 
of these products into the field at temperatures meeting the 
demands of regulatory laws and recommendations. 
Specialized containers used for transport are primarily built 
around their ability to keep whole blood and blood compo-
nents at the target temperature for transport. Such containers 
are usually coolers of some sort with the ability to be 
remotely monitored and controlled to maintain a very spe-
cific temperature, regardless of the external environment. 
Coolers seem to be preferred over the use of standard blood 
product refrigerators due to the mobility of coolers in the 
field. The two main components of these storage devices are 
an insulated container and a coolant insert or packet. One 
commonly used product is Pelican BioThermal’s (USA) 
Crēdo™ Medic Pack Series 4 EMT cooler, capable of hold-
ing 2 units of pRBCs and 2 units of plasma. The Medic Pack 
consists of an outer carrying shell, a middle vacuum pack 
container, and an internal thermal container filled with 
heavy water [37]. The heavy water is frozen (for at least 
8 hours) prior to use and once used thaws to around 3.8 °C, 
the melting point of heavy water. Results of testing showed 
the pack could maintain blood product temperatures 
between 1 and 6 °C for runs up to 24 hours [38]. Similarly, 
companies have started production on coolers made specifi-
cally for temperature- sensitive blood/medication transport. 
FaraeTec’s (USA) LifeBox 50 consists of a rugged outer 
shell (unlike the Crēdo™ Medic Pack) with a reticulated 
polystyrene shell beneath it, a carbon aerogel vacuum-insu-
lated panel, a zero- permeability vapor barrier for panel pro-
tection, and an inner plastic corrugated lining [39]. The 
LifeBox, like the Crēdo™ Medic Pack, contains a phase 
change material to help maintain target temperatures. 
Neither box requires batteries for operation, giving them 
both an advantage over more expensive options. However, 
these containers are not cheap. Investigations into more 
affordable options (containers not specifically made for 

such extreme temperature control) found that safe storage 
and transport weren’t possible with simpler, cheaper materi-
als [40]. It can be postulated that as more EMS departments 
throughout the country adopt prehospital transfusion proto-
cols, companies will develop more optimal storage contain-
ers perhaps at a more affordable price.

With the advent of prehospital transfusions in the field, 
much of what has been implemented does not follow a nation-
ally standardized protocol. A few EMS programs throughout 
the country have successfully implicated protocols that make 
prehospital transfusions by EMS personnel effective both 
medically and financially. Departments must take care to 
maintain low wastage and misuse of an already diminished 
national supply of blood. To mitigate this risk, it’s imperative 
that EMS departments engage in a partnership with a local 
hospital or blood bank to allow rotation of the EMS’s blood 
supplies. Short shelf lives mean that products not used in the 
field may go to waste; therefore “exchanging” them for newer 
supplies from a local hospital or blood bank ensures that the 
near-expiration blood products will likely be used quickly in 
the hospital setting [41]. Certain EMS departments have also 
implemented a standard that all onboard units of blood or 
blood components are to be from different donations, allow-
ing first providers to continue to administer indicated prod-
ucts if one of the units causes a transfusion reaction [38].

EMS stations have used other equipment in the introduc-
tion of prehospital transfusion protocols. In some instances, 
temperature probes were added to the specialized coolers, 
able to display the temperature on the dashboard of an ambu-
lance, personnel department of an aircraft, or remotely to a 
supervisor. EMS stations also invested in specialized refrig-
eration units that allow for precise temperature control of 
stored blood products [38]. Such refrigerators have advanced 
technology including triple-redundant thermometers with 
software that can send texts and alert staff in cases of mal-
function or rising temperatures [42]. Some programs incor-
porated devices including point-of-care hemoglobin meters 
to assist in determining if transfusion is indicated. 
Additionally, portable warming devices are necessary to 
allow first providers to rapidly heat blood products for trans-
fusion of large amounts. In experimental trials, one of these 
warming devices, the Warrior Lite, was able to warm blood 
products from 10 °C to 35 °C at a rate of 200 mL/min [43].

The process of integrating prehospital transfusions into 
emergency medical services in the field is not without logis-
tical complications. Each department must decide if imple-
menting such protocols is cost-effective for their area. 
Factors to consider include the incidence of shock/trauma in 
the area, availability of a local hospital system and/or blood 
bank to establish a blood-sharing program with, cost of fit-
ting emergency vehicles and stations with the appropriate 
equipment, and equipment upkeep. Equipment such as cool-
ers are the victims of excessive wear and tear due to the 
demanding environment first providers operate in daily. Not 
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only are these coolers expensive, but the process of precon-
ditioning and installation are expensive and time-consuming 
[38]. Wastage of expensive blood products due to misuse, 
poor storage protocols, or uncontrollable factors (i.e., vehicle 
breakdown) may also contribute to increased costs. It is also 
expensive, yet exceedingly important, to train all personnel 
in the storage, transportation, and administration per proto-
col of these products [44]. Departments also must implement 
strict documentation protocols, which can be time- consuming 
for personnel. Much of the current research on prehospital 
transfusions by first providers understandably focuses on 
indication criteria for transfusion and patient outcomes. 
However, as more EMS departments throughout the country 
develop prehospital transfusion programs, more research 
should be directed at the cost-effectiveness of these programs 
to determine if the process can be financially streamlined.

All of the logistical barriers discussed above have pre-
vented widespread implementation of such practices in EMS 
throughout the United States. Historically, the US military 
has carried blood products in medical evacuation helicopters 
for some time [45]. The timeline of different departments 
implementing similar practices is hard to delineate. The 
Norwegian Helicopter Emergency Medical Services has 
reportedly deployed aircraft with blood on board intermit-
tently for the last 30 years before finally making it standard 
for every flight to carry blood products in 2013 [17]. Australia 
seems to be one of the first to implement prehospital transfu-
sions in civilian air ambulances circa 2011, with the United 
Kingdom following soon after [46]. In 2016, a study showed 
that of 235 helicopter emergency medical services in the 
United States, only 25.3% carried blood products. Of those 
that did, only 60% carried blood products on every flight [47]. 
Since then many different emergency services such as Life 
Flight (USA) have implemented prehospital transfusion pro-
tocols where possible. Interestingly, since 2009, cruise lines 
have successfully implemented protocols for warm fresh 
whole blood transfusion (WFWB) using donors on- board 
[17]. Reportedly in 2017, Cypress Creek EMS and Harris 
County Emergency Services District 48 of Harris County, 
Texas, were the first to carry and transfuse whole blood to 
patients as a civilian ground EMS service in the United States 
[41]. In 2018, San Antonio, Texas, became the first metropoli-
tan area to equip paramedics and seven fire departments with 
whole blood for prehospital transfusions [48]. As research on 
the results of these programs surfaces, the United States can 
anticipate the implementation of similar practices in EMS 
departments throughout the country. As the prevalence of pre-
hospital blood transfusions further increases, more research 
should highlight the main logistical barriers to program incor-
poration and allow the healthcare community to delineate 
areas of improvement that increase the cost-effectiveness of 
these programs, standardize protocols for transfusion, and 
most importantly improve patient outcomes.

 Guidelines for Transfusion and Risks

Guidelines for transfusions vary from hospital to hospital and 
from society to society; however the general purpose and 
backbone of various guidelines all express the same thing. 
During a surgical procedure, the responsibility of transfusing 
blood usually falls on the anesthesiologist; as such the 
American Society of Anesthesiologists has published its own 
guidelines on the subject. These guidelines are broken down 
into four sections: Patient Evaluation, Preadmission Patient 
Preparation, Preprocedure Preparation, and Intraoperative and 
Postoperative Management of Blood Loss (see Table 36.2).

Transfusion in critical care and trauma medicine has dif-
ferent guidelines than that of a preplanned surgery. However, 
the overall goal of both scenarios is the same which is to 
stabilize the patient and prevent any long-term complica-
tions, if possible. The American College of Critical Care 
Medicine in conjunction with the Society of Critical Care 
Medicine has transfusion recommendations relating to seven 
areas: (1) critically ill, (2) sepsis, (3) patients at risk for or 
with acute lung injury or ARDS, (4) neurological injury and 
disease, (5) RBC transfusion risks, (6) alternatives to RBC 
transfusion, and (7) strategies to reduce transfusions. See 
Table 36.3.

The American Association of Blood Banks has also put 
forth their own guidelines for transfusions; however in the 
surgical and acute setting, guidelines by the ASA and 
ACCCM may be more practical. The AABB sets forth its 
guidelines in the form of two recommendations. See 
Table 36.4.

In many instances, a RBC transfusion is critical to the sur-
vival of the patient; however, transfusion reactions do occa-
sionally occur and should be accounted for any time blood 
products are given. Acute intravascular hemolytic transfu-
sion reactions occur when red blood cells break down due to 
either a complement-mediated immune mechanism (usually 
secondary to ABO incompatibility) or physical damage to 
the cells (osmotic or temperature related). Severe complica-
tions such as shock and DIC are often related to ABO incom-
patibility and less so with physical damage. Signs of ABO 
incompatibility in the operating room include hypotension, 
shock, and fever. If ABO incompatibility is suspected, the 
transfusion should be stopped immediately, and supportive 
measures to maintain blood pressure should be done. 
Transfusion of blood products such as platelets, FFP, and 
cryoprecipitate will help in decreasing the consumptive 
coagulopathy [52]. Syndromes such as transfusion- associated 
circulatory overload (TACO) and transfusion-related acute 
lung injury (TRALI) usually occur 6 hours after transfusion 
which involve respiratory distress and are oftentimes life- 
threatening. TACO is characterized by pulmonary hydro-
static edema, while TRALI presents as pulmonary 
permeability edema [53]. TRALIs are caused by donor anti-
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bodies in plasma containing blood components (FFP, plate-
lets, RBCs) interacting with antigens on the patient’s 
granulocytes. This reaction subsequently results in granulo-
cyte aggregation and complement activation in the lung cap-
illaries, leading to fever, hypoxemia, acute respiratory 
distress, and increased peak airway pressure. The symptoms 

are similar to the symptoms seen in transfusion-related cir-
culatory overload, but fever sets TRALI apart [54]. Platelet 
transfusion often puts the patient at risk for bacterial con-
tamination. Platelets are stored at 20–24 degrees Celsius 
which facilitates growth of bacteria. There has been a large 
decline in the number of transfusion reaction cases related to 
new screening methods to detect contamination being imple-
mented. However, contaminated products are occasionally 
missed by screening, as such patients who develop hyper-
thermia and hypotension after a transfusion should be sus-
pected for having bacterially contaminated products given to 

Table 36.2 (continued)

Intraoperative and postoperative management of blood loss
  1. Allogenic RBC transfusion
   (a) Administer blood without consideration of length of storage
   (b)  Leukocyte-reduced blood may be used for reducing 

complications with allogenic blood transfusion
  2. Reinfusion of recovered RBCs
   (a)  Reinfuse recovered RBCs as a blood-sparing intervention 

when applicable
  3. Intraoperative and postoperative patient monitoring
   (a)  Visual assessment of the surgical field in collaboration with 

the surgeon to look for any excessive bleeding should be 
performed periodically

   (b)  Inspect suction canisters, surgical sponges, and surgical 
drains to access for a quantitative measurement of blood 
loss

   (c)  Monitor perfusion of vital organs using standard ASA 
monitors (i.e., blood pressure, heart rate, oxygen saturation, 
EKG)

   (d)  In patients where anemia is suspected, the monitoring of 
hemoglobin and hematocrit levels is vital and should 
account for estimated blood loss

   (e)  In patients where coagulopathy is suspected, monitoring 
coagulations studies such as INR, aPTT, and fibrinogen 
concentration may be warranted

   (f)  Signs and symptoms of transfusions reactions should be 
looked for periodically (hyperthermia, urticaria, respiratory 
distress, etc.). Should these symptoms occur, stop the 
transfusion immediately

  4. Treatment of excessive bleeding
   (a)  Ordering a platelet count before transfusion may be 

beneficial; however it is often times not possible. 
Anticoagulation drug status should also be assessed in 
patients with excessive bleeding

   (b)  If at all possible, order coagulation studies such as PT, INR, 
and aPTT before transfusion with FFP

   (c)  Fibrinogen levels should be monitored before the infusion of 
cryoprecipitate

   (d)  In patients with excessive bleeding and platelet dysfunction, 
desmopressin may be considered. Topical agents such as 
fibrin glue or thrombin gel may be used as well

   (e)  If the cause of the excessive bleeding is fibrinolysis, then 
agents such as ɛ-aminocaproic acid or tranexamic acid may 
be used

   (f)  If the coagulations studies reveal an increased INR, then 
PCCs may be used

   (g)  After all other approaches have been exhausted, one may 
consider using recombinant factor VII to alleviate the 
bleeding

   (h)  Concentrated fibrinogen may also be beneficial

Table 36.2 Transfusion guidelines set forth by the American Society 
of Anesthesiologists [49]

Patient evaluation
 1.  Review of previous medical records, paying particular attention 

to history of previous blood transfusion and current medications 
(warfarin, clopidogrel, aspirin, or other NOACs)

  2.  History of congenital coagulopathies, thrombotic events, and 
risk factors for organ ischemia

  3.  Efforts should be made to discuss the possible need for a 
transfusion, and the risk and benefits of such a procedure and 
patient preferences toward a blood transfusion should also be 
elicited

  4.  Current labs should be checked, a physical exam performed, 
and any additional labs ordered

Preadmission patient preparation
  1.  For patients with CKD, renal insufficiency, or transfusion 

refusal, erythropoietin with or without iron may be used to help 
lower risks

  2.  For patients on anticoagulants, discontinuation should only be 
done after consulting with the proper specialist

  3.  For patients on antiplatelet agents, discontinuation is desired 
before the start of the procedure

  4.  For patients undergoing procedures where significant blood loss 
is expected, blood products should be available on short notice

Pre-procedure preparation
  1.  A restrictive RBC strategy should be used
   (a)  Transfusion requirements for hemoglobin’s ranging between 

6 and 10 g/dL should be based on current or potential 
bleeding, intravascular volume status, signs of end-organ 
ischemia, and cardiopulmonary reserve

   (b) Administration of RBCs should be done unit by unit
   (c)  A protocol for avoidance of transfusions may be used as a 

strategy to reduce blood loss for patients whom transfusion 
is refused or is not possible

   (d)  Massive transfusion protocol may be implemented when 
available as a method to optimize RBC delivery in 
massively bleeding patients

  2. Reversal of anticoagulants
   (a)  For urgent reversal of warfarin, administer prothrombin 

complex concentrates or FFP
   (b)  Admitter vitamin K for selected patients for nonurgent 

reversal of warfarin, except when rapid restoration of 
anticoagulation after surgery is required

  3. Antifibrinolytics for prophylaxis of excessive blood loss
   (a)  For patients undergoing cardiopulmonary bypass, the use of 

antifibrinolytic therapy for prophylaxis of the use of 
allogenic blood transfusions is recommended

   (b)  Antifibrinolytic therapy for prophylaxis should be 
considered in certain orthopedic surgery

   (c)  Antifibrinolytic therapy for prophylaxis should be 
considered in liver surgery and other clinical circumstances 
at high risk for excessive bleeding

  4. Acute normovolemic hemodilution (ANH)
   (a)  Consider ANH to reduce the need for allogeneic blood 

transfusion in patients at high risk for excessive bleeding (e.g., 
major cardiac, orthopedic, thoracic, or liver surgery), if possible
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them. In patients who develop hypocalcemia and hypomag-
nesemia, citrate toxicity should be considered. Citrate is 
commonly used as an anticoagulant in blood products; how-
ever, it also readily binds calcium and magnesium. In cases 
where large numbers of blood components are transfused 
over a short time, the metabolism of citrate is overcome. 
Lastly, allergic reactions due to patient IgE antibodies attack-
ing proteins in the plasma of donated blood products do 
occur. Patients usually develop urticaria and other erythema-
tous skin manifestations, which can subside spontaneously 
or with diphenhydramine administration. Occasionally, the 
reaction is so severe that it can lead to anaphylaxis [55].

 Recent Clinical Findings

Hemorrhagic shock is the leading cause of preventable death 
among trauma patients, with risk highest in the prehospital set-
ting [56, 57]. Rapid transport is “essential” but can be delayed 
by uncontrollable variables. Prehospital transfusion combined 

Table 36.4 Transfusion guidelines from the American Association of 
Blood Banks [51]

First recommendation
  1.  A hemoglobin of 7 g/dL should be used as the threshold to 

initiate RBC transfusion in hemodynamically stable patients, 
including critically ill patients

  2.  For patients undergoing orthopedic or cardiac surgery and those 
with preexisting cardiovascular disease, transfusion threshold of 
8 g/dL may be used

  3.  The recommendations do not apply to the following conditions: 
acute coronary syndrome, severe thrombocytopenia, patients 
treated for hematological or oncological disorders at risk of 
bleeding, and chronic transfusion dependent anemia

Second recommendation
  1.  Patients, including neonates, should receive RBC units selected 

at any point within their dating period rather than limiting 
patients to RBC units stored for less than 10 days

Table 36.3 Transfusion guidelines from the American College of 
Critical Care Medicine [50]

Recommendations regarding RBC transfusion in the following 
patient populations
Generally, critically ill patient
  1.  Indications for RBC transfusions include signs of extreme 

blood loss such as in hemorrhagic shock, hemorrhage, 
hemodynamic instability, or below average oxygen delivery

  2.  A threshold of 7 g/dL to transfuse RBCs is as effective as using 
a threshold of 10 g/dL in critically ill patients with 
hemodynamically stable anemia, except possibly in patients 
with acute myocardial ischemia

  3.  Solely using hemoglobin as a marker for transfusion is not 
advised. Several factors such as intravascular volume status, 
shock, duration of symptoms, and hemodynamic parameters 
should be taken into account

  4.  Transfusion of RBCs should be administered as single units 
when possible

  5.  Consider transfusion if Hb is 7 g/dL in critically ill patients 
requiring mechanical ventilation (MV), resuscitated critically ill 
trauma patients, and critically ill patients with stable cardiac 
disease. Using a threshold of 10 g/dL is not beneficial in these 
instances

  6.  RBC transfusion should not be considered as the sole method to 
improve tissue oxygen consumption in critically ill patients

  7.  Patients with a history of acute coronary syndromes with 
associated anemia may benefit from an RBC transfusion

Sepsisa

  1.  The transfusion needs for septic patients must be assessed 
individually because optimal transfusion thresholds in septic 
patients are not known and there is no clear evidence that blood 
transfusions increase tissue oxygenation

Patients at risk for or with acute lung injury (ALI) or acute 
respiratory distress syndrome (ARDS)a

  1.  ALI and ARDS are common clinical complications of massive 
transfusions

  2.  In patients at risk for ALI or ARDS, every attempt should be 
made at avoiding RBC transfusions

  3.  TRALI or ARDS events following transfusions should be 
reported to the blood bank

  4.  RBC transfusion is not a viable option to help wean a patient 
from mechanical ventilation

Patients with neurological injury and diseasea

  1.  There are no benefits in using a threshold of 10 g/dL to initiate 
transfusions in patients with moderate-to-severe traumatic brain 
injury

  2.  RBC transfusions in patients with neurological injury should be 
assessed on an individual basis as there are currently no 
guidelines

Transfusion risksa

  1.  RBC transfusion is associated with increased risk of nosocomial 
infection (wound infection, pneumonia, sepsis)

  2.  Multiple organ failure and systemic response syndrome are rare 
but often deadly risk factors that must be considered when 
performing a transfusion

  3.  The benefits of leukocyte depletion of RBC transfusions is still 
being studied

  4.  RBC transfusions are independently associated with increased 
ICU and hospital stays, complications, and mortality

  5.  Patients who undergo a RBC transfusion are at a higher risk for 
an increased ICU and hospital admission, complications, and 
death

There is a relationship between transfusion and ALI and ARDS

Table 36.3 (continued)

Recommendations regarding RBC transfusion in the following 
patient populations
Alternatives to RBC transfusionsa

  1.  Increased reticulocytosis via recombinant human erythropoietin 
can decrease transfusion requirements

  2.  Hemoglobin-based oxygen carriers (HBOCs) are being studied 
for use in critically ill patients but have not yet been approved 
for use in the United States

Strategies to reduce RBC transfusionsa

  1.  The use of low-volume adult or pediatric blood sampling tubes 
and reduction of diagnostic laboratory testing are associated 
with a reduction in phlebotomy volumes and a reduction in 
blood transfusion

  2.  Devices that conserve waste blood for use again are connected 
with a reduction in phlebotomy volume

aThere is insufficient data to support Level 1 recommendations on this 
topic
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with hemorrhage control techniques can save lives of trauma 
patients [56–58]. The “golden hour” following a major trauma 
is the most decisive, and prehospital transfusion can optimize 
transport survival and coordination with the receiving hospital 
to improve patient outcome [58]. Prehospital blood transfu-
sion does not result in increased transport times to the hospital 
and may shorten transport time [57, 59].

Coagulopathy, hypothermia, and acidosis comprise the 
lethal triad in hemorrhaging trauma patients [23, 60]. 
Damage control resuscitation attempts to correct or mitigate 
the effects of this triad using early hemorrhage control, per-
missive hypotension, warming the patient to reduce coagu-
lopathy, minimizing crystalloid use, and early transfusion of 
RBCs, plasma, and platelets [15, 58, 61–63].

Coagulopathy begins shortly after trauma, and massive 
bleeding rapidly leads to hypoperfusion and shock [58]. 
Trauma-induced coagulopathy is the primary predictor of 
blood transfusion requirements and increased mortality. 
Over-dilution with crystalloids and RBCs, acidosis, over- 
activated coagulation cascade, fibrinolysis, and hypothermia 
are all contributing factors to trauma-induced coagulopathy 
[15, 58, 61].

Transfusion does not guarantee that bleeding will stop, 
and post-traumatic injury fibrinolysis can exacerbate bleed-
ing. An antifibrinolytic agent like tranexamic acid (TXA) 
can be used with blood products [61]. Additionally, prehos-
pital plasma transfusion quickly corrects deficiencies of crit-
ical coagulation factors and acts as an ideal volume expander 
by “[remaining] in the intravascular space.” Plasma also 
reduces endothelial permeability by preventing endothelial 
glycocalyx degradation [60].

Hemorrhagic damage control guidelines in the United 
States and Europe prefer “early transfusion of warmed 
blood products” [56]. Whole blood is best for transfusing 
hemorrhaging trauma patients, as it eliminates the issue of 
storage lesion in both red blood cells and platelets [61]. 
Blood components replaced fresh whole blood related to the 
ability to store these longer. A minority of Helicopter 
Emergency Medical Services (HEMS) carry cold whole 
blood, while the US military uses warm fresh whole blood 
because each soldier is prescreened as a source [23]. While 
hospitals administer RBC/FFP/platelets in the optimal 1:1:1 
ratio, most HEMS carry only RBCs due to storage logistics, 
and plasma and platelets are not necessarily available in pre-
hospital settings [23].

Storage and transportation of blood products for prehos-
pital transfusion are feasible [64, 65]. Refrigeration with 
continuous temperature monitoring and an active cooler 
need to be on-board the transport vehicle [23, 64]. Ideally, a 
fluid warmer should be on-board, as transfusing cold blood 
products may exacerbate hypothermia and lead to complica-
tions [23, 57]. Fresh dried plasma may provide a solution to 
the logistical issues involved in thawing FFP for prehospital 

transfusion [23]. The cost and short shelf half-life of blood 
products remain a concern, but supplying and storing blood 
products for prehospital transfusion can be done easily while 
minimizing wastage by consistently returning unused prod-
ucts before expiration [56, 63].

Prehospital transfusion is safe, with rare minor adverse 
events, although blood transfusion in any setting is not risk- 
free [15, 22, 23, 56, 57, 66]. Most prehospital emergency 
treatment is administered by personnel who do not com-
monly transfuse blood. These caregivers would need educa-
tion and training/support to regularly include transfusion as 
an option in prehospital care. However, studies have shown 
similar outcomes among professions [56, 64].

The most commonly used criterion for prehospital trans-
fusion is SBP < 90 mmHg; tachycardia (rate > 120), unquan-
tified hypoperfusion, GCS < 8, and loss of verbal contact are 
also used as criteria. Other indications for transfusion 
included penetrating trauma, traumatic limb amputation, and 
suspected ongoing bleeding. Physicians clinically assess 
patient volume status, while paramedics use “defined param-
eters for blood pressure or heart rate” [56].

Many studies on prehospital transfusion exclude patients 
with traumatic brain injury, although traumatic brain injury 
continues to be a primary cause of death among trauma patients 
[61, 67]. Hypertonic saline is preferable to blood products, 
because its osmolarity—which is higher than that in blood—
draws fluid away from edematous brain tissue, thus reducing 
ICP and secondary brain injury by ameliorating brain perfusion 
[61]. Among hypotensive patients with traumatic brain injury 
and poly-trauma patients with traumatic brain injury, patients 
who received plasma benefited from improved neurological 
outcomes. Improved outcomes associated with prehospital 
plasma transfusion were likely attributable to coagulation fac-
tors and fibrinogen that promote neuroprotective mechanisms 
that “reduce brain lesion size and swelling” [67].

While most patients requiring prehospital blood transfu-
sions are severely injured male trauma patients, studies 
should also address pediatric patients receiving prehospital 
blood transfusions [20, 64, 65]. A sizeable subset of pediatric 
patients requiring transport includes non-trauma neonates 
with symptomatic anemia or thrombocytopenia, and pediat-
ric prehospital transfusion protocols should be developed for 
such patients, including “point-of-care evaluation of Hgb 
and platelet counts” versus the more typical hemodynamic 
criteria [65]. Because the pediatric patient population 
includes neonates, infants, and children under 14, transport 
teams must carry specialized infusion equipment [65].

Recognizing the need for evidence-based guidelines on 
prehospital transfusion, the Department of Defense funded 
three controlled, randomized trials: the COMBAT (Control 
of Major Bleeding After Trauma) trial, the PAMPer 
(Prehospital Air Medical Plasma) study, and the PUPTH 
(Prehospital Use of Plasma in Traumatic Hemorrhage) trial 

36 Prehospital Transfusions by First Providers



366

[60]. The PUPTH trial was withdrawn related to lack of 
patient enrollment.

The PAMPer Study conducted a pragmatic, multicenter 
cluster-randomized phase 3 trial comparing patients receiv-
ing thawed plasma against patients receiving standard-of- 
care (crystalloid) resuscitation before RBCs during 
emergency air transport, using 30-day mortality as the pri-
mary outcome. The intervention group experienced signifi-
cantly lower 24-hour and 30-day mortality, and a lower 
median prothrombin-time ratio than the standard-of-care 
group, regardless of subsequent prehospital RBC transfu-
sion [20]. Survival curves showed differences beginning 
3 hours after randomization and continuing through the 30 
days noteworthy given most hemorrhagic deaths take place 
within the first 3 hours following the trauma injury [20, 56]. 
Moreover, the intervention group did not experience a 
higher rate of inflammatory-mediated complications and 
had a low rate of minor allergic or transfusion-related events 
[20]. The authors reasoned that reduced bleeding and/or 
coagulopathy, attenuation of inflammatory response, and 
decreased endothelial trauma-induced dysfunction as mech-
anisms by which prehospital plasma transfusion conferred 
these survival benefits [20].

The COMBAT study was a pragmatic, randomized, 
single- center trial comparing trauma patients in hemorrhagic 
shock receiving 2 units of plasma against patients receiving 
normal saline during rapid ground transport to a level 1 
trauma center in an urban setting. The primary outcome was 
28-day mortality. Prehospital plasma transfusion did not cor-
relate with a significant reduction in 28-day mortality. For 
urban areas with short transport times, the effort to thaw and 
transfuse plasma may outweigh any benefits [22].

Most of the literature has failed to establish positive short- 
or long-term survival benefits for civilian patients [57], with 
some studies showing improved outcomes and others show-
ing no difference [15, 59, 66]. Prehospital research, includ-
ing randomized controlled trials, carry logistical and ethical 
challenges, including difficulty with “cohort matching, sam-
ple sizes, and data collection” [23, 56, 68]. Increased sur-
vival to hospital, but no difference in in-hospital survival 
benefits [15]. This indicates the need to reevaluate how 
receiving hospitals manage trauma patients in hemorrhagic 
shock. See Table 36.5.

 Summary and Conclusion

The practice of blood transfusion has evolved. While origi-
nally considered a risky practice, transfusion of blood prod-
ucts has become a staple of medical care around the world. 
In fact, blood donation is now highly regulated in the 
United States by the Food and Drug Administration. There 
are many kinds of blood products including whole blood, 
packed red blood cells, fresh frozen plasma, liquid plasma, 
platelets, and cryoprecipitate. Guidelines for transfusions 
vary from hospital to hospital and from society to society; 
however, the general purpose and backbone of various 
guidelines express similar things, and during a surgical pro-
cedure, the responsibility of transfusing blood usually falls 
on the anesthesiologist. Since there is so much variability 
in guidelines for blood transfusions, the Department of 
Defense funded three controlled, randomized trials: the 
COMBAT (Control of Major Bleeding After Trauma) trial, 
the PAMPer (Prehospital Air Medical Plasma) study, and 

Table 36.5 Positive and negative benefits of prehospital transfusion blood products and crystalloids (note that all can exacerbate hypothermia if 
products or patient are not warmed)

PRBCs Plasma Plasma/RBCs (1:1) Whole blood Crystalloids
Positive Transport oxygen to 

tissues
(1) Quickly corrects deficiencies 
of critical coagulation factors
(2) Ideal volume expander; 
remains in intravascular space
(3) Reduces endothelial 
permeability
(4) Promotes neuroprotective 
mechanisms in TBI patients

Provides both oxygen 
transport to tissues and 
mitigates TIC

(1) Ideal because it is 
physiologically 
closest
(2) No storage lesion 
issues

(1) Easier to store
(2) Less costly and 
more readily available 
than blood products
(3) No transfusion- 
related adverse events

Negative (1) Can cause 
overdilution with 
crystalloids, 
contributing to TIC
(2) Does not stop 
bleeding
(3) Requires 
refrigeration with 
continuous temperature 
monitoring
(4) Small-risk adverse 
transfusion events

(1) FFP must be kept in cold 
storage and takes time to thaw; 
correctable by using freeze-dried 
plasma
(2) Small-risk adverse 
transfusion events

(1) Logistics of air and 
ground transport storing 
two types of blood 
products
(2) Small-risk adverse 
transfusion events

(1) Shorter storage 
time
(2) Small risk of 
adverse transfusion 
events

Dilutes coagulation 
factors
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the PUPTH (Prehospital Use of Plasma in Traumatic 
Hemorrhage) trial. However, prehospital research, includ-
ing randomized controlled trials, carry logistical and ethi-
cal challenges, including difficulty with cohort matching, 
sample sizes, and data collection. In the future, there is a 
need for studies that are consistent and take these concerns 
into consideration.
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Whole Blood Is Back
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Abbreviations

CDP Citrate phosphate dextrose
CPDA Citrate phosphate dextrose adenine
EMS Emergency medical services
FFP Fresh frozen plasma
FST Forward Surgical Team
FWB Fresh whole blood
PRBCs Packed red blood cells
PT Prothrombin time
PTT Partial thromboplastin time
SWB Stored whole blood
WFWB Warm fresh whole blood

 Introduction

In the early years of transfusion therapy, whole blood was 
the only option available to practitioners. Over time with the 
emergence of blood banking technology and the fraction-
ation of whole blood into its separate components, transfu-
sion therapy and the treatment of hemorrhage have evolved 
away from the use of whole blood to component therapy. 
This allows for more efficient utilization of products. 
However, wide-scale use of warm fresh whole blood 
(WFWB) by the military in Iraq and Afghanistan has reig-
nited interest in the civilian sector, with major trauma centers 
evaluating the use of whole blood in the treatment of hemor-
rhage. This chapter will examine the history of blood trans-
fusions and the impact of trauma on coagulation and then 

provide the benefits of whole blood transfusions to compo-
nent therapy in the treatment of traumatic hemorrhage and 
massive transfusion.

 The History of Blood Transfusion Therapy

The first documented blood transfusion into a human was 
performed in France in 1667. Dr. Jean-Baptiste Denys 
directly transfused blood from the femoral artery of a lamb 
through a silver tube inserted into the patient’s vein. The 
transfusion was a success and prompted further experimenta-
tion with transfusion therapy. A subsequent patient received 
lamb to human transfusion with the goal of treating the man’s 
psychosis, and he ended up receiving multiple transfusions 
due to the drastic improvement in his condition. He was later 
found to be suffering from neurosyphilis secondary to a 
Treponema pallidum infection, and the systemic reaction to 
the lamb’s blood transfusion was causing a fever high enough 
to kill the bacteria. Due to continuing transfusion reactions 
in subsequent patients, the practice of blood transfusion was 
banned in England, France, and even by the Pope [1]. The 
practice of blood transfusion did not resume again until the 
1800s, and in 1818, Dr. James Blundell, an obstetrician at 
Guy’s Hospital, carried out the first documented direct trans-
fusion when he aspirated venous blood from a donor with a 
syringe and injected it into a patient for the treatment of post-
partum hemorrhage [2]. The practice was refined with the 
discovery of blood types by Karl Landsteiner in 1900, and 
further with the development of crossmatching techniques 
by Ottenberg in 1912 [1]. With the development of citrated 
solutions in 1910, it became possible to carry out the transfu-
sion of stored whole blood, a practice that saw widespread 
use for the first time in World War I [3]. The emergence of 
blood banking from World War I was one of the most impor-
tance medical advances of the conflict, and it grew and 
refined over the course of the coming decades. With the 
advent of whole blood fractionation techniques following 
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World War II, it came to be agreed upon that donated whole 
blood could be used more efficiently if it was separated into 
packed red cells (PRBCs), fresh frozen plasma (FFP), plate-
let concentrates, and cryoprecipitate. This modern practice 
of blood banking makes it possible to correct hematologic 
deficiencies with specific components, so now a single 
donated unit of whole blood may serve many patients. Facing 
a potential shortage of donors in the years to come, this solu-
tion was much more desirable and economic. As a result, the 
use of whole blood therapy fell out of common practice in 
the civilian community. Over the 1970s and 1980s, the tran-
sition was made from whole blood therapy to component 
therapy [4]. The current-day indications for whole blood use 
are few and far between (Table 37.1). The current guideline 
for treatment of massive hemorrhage in civilian practice is 
replacement of components in a 1:1:1 ratio of PRBCs, FFP, 
and platelet concentrates, which has become accepted and 
promoted as a standard of care by the American College of 
Surgeons [5]. However, there is limited data to support this 
drastic shift in practice, the aim of which is to replicate whole 
blood.

Despite the advances in blood banking to come, fresh 
whole blood continued to be the military’s treatment of 
choice for traumatic hemorrhage through World War II and 
Vietnam. It continues to saw widespread utilization, and has 
as recently as Operation Iraqi Freedom, where 13% of the 
patients who received blood transfusions received fresh 
whole blood. The continued use in the military was borne out 
of necessity. The earliest levels of care in the combat trauma 
chain are known as Forward Surgical Teams (FST). These 
teams focus on damage control, aiming to stabilize patients 
for transport to a higher level of care. Given the sometimes- 
remote locations of these teams, often the only available 
blood products are PRBCs. This is due to the level of 
resources required for the storage of FFP and platelets. Given 
the limited amount of blood products available, this supply 
can be rapidly depleted by one severe trauma. This necessi-
tates the utilization of a “walking donor program” which 
allows the rapid integration of fresh whole blood (FWB) into 
the resuscitation algorithm during situations when RBC 
requirements have outpaced the available supplies. It is this 

recent utilization of whole blood that has piqued the interest 
of civilian trauma surgeons for possible utilization in the 
treatment of hemorrhage and coagulopathy.

 Trauma and the Resultant Coagulopathy

Trauma is a major public health issue in the United States. 
Traumatic injuries remain the leading cause of death for 
Americans up to the age of 45, and it is the fourth leading 
cause of death overall for all ages in the United States [11]. 
Data from the US military shows that up to 80% of the pre-
ventable traumatic deaths are secondary to hemorrhage [12], 
and if this is applied to civilian data, it accounts for a sub-
stantial number of preventable deaths each year in the United 
States. Furthermore, data shows that deaths due to hemor-
rhage usually occur within the first 24 hours of presentation 
to a hospital [13], making early identification and control of 
hemorrhage, as well as correction of coagulopathy, a major 
priority in order to improve survival.

Coagulopathy has long been associated with trauma and 
recognized as a major contributor to trauma-related mortal-
ity [14]. Recent data shows that independent of all other vari-
ables, the initial prothrombin time (PT) and partial 
thromboplastin time (PTT) are independent predictors of all-
cause mortalities in trauma patients. An initial PT elevated 
above 14.0  seconds is associated with a 35% increase in 
mortality, while an initial elevated PTT was associated with 
a 32% increase in all mortality [15]. With this in mind, it is 
important to understand the cause of the coagulopathy asso-
ciated with trauma and the most efficient way to correct it in 
order to save future lives and resources [16].

In the setting of severe trauma coagulopathy is nearly uni-
versal is likely due to loss of coagulation factors and platelets 
to hemorrhage, as well as consumption of clotting compo-
nent [17]. This will be further complicated and exacerbated 
by the triad known as the “vicious bloody cycle”: hemodilu-
tion, hypothermia, and acidosis [18].

 Hemodilution

First and foremost, coagulation factors and platelets will be 
lost directly in bleeding. This loss is exacerbated as blood 
pressure drops and interstitial fluid is mobilized into the vas-
cular space to make up for the losses, further diluting the 
clotting elements that remain [17]. Lastly, the replacement of 
the lost blood volume during the resuscitation will further 
dilute the clotting elements in the blood. Recent studies show 
that in instances where larger volumes of crystalloid have 
been used for trauma resuscitation, a deleterious effect on 
outcomes, leading to an increased mortality and longer need 
for mechanical ventilation [19]. The repletion of lost blood 

Table 37.1 Possible indications for whole blood use

Indication Reason
Pediatric Neonatal exchange 

transfusion
Treatment of hyperbilirubinemia [6]

Cardiac surgery Minimize donor exposure [7]
Craniofacial 
surgery

Reduced incidence of coagulopathy, 
minimized donor exposure [8]

Adult Cardiac surgery 
(autologous 
transfusion)

Improved platelet function, 
minimized coagulopathy, reduced 
need for allogenic blood [9]

Obstetric 
hemorrhage

Volume resuscitation, correction of 
coagulopathy [10]
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volume with crystalloid will also lead to further hemodilu-
tion of clotting factors. While counterintuitive, this also 
holds true with blood components.

When a 500 mL unit of blood is processed into compo-
nents, 180 mL of solutions containing a variety of preserva-
tives (dextrose, mannitol, sodium phosphate, sodium 
bicarbonate, etc.) is added. The resulting 680 mL solution is 
one of components that is anemic (hematocrit < 30%), aci-
dotic (pH < 7), and thrombocytopenic (80,000 platelets per 
microliter) and has a concentration of coagulation factors 
that is 60% that of whole blood [3]. If a patient were to 
receive 10 units of PRBCs, that patient will have lost around 
70% of their plasma and coagulation factors, resulting in a 
prolongation of the PT and PTT.

 Hypothermia

In the setting of trauma, hypothermia will usually begin at 
the time of the injury due to decreased motor activity result-
ing in decreased heat generation and increased loss of heat 
[17]. This will be continued upon arrival to a trauma center, 
as the patient is immobilized and exposed in the trauma bay 
for further examination. Resuscitation fluids are adminis-
tered, which may not be warmed. If the patient undergoes 
surgery, conductive heat loss will occur as the patient lies on 
potentially blood saturated sheets, as heat is redistributed 
from the core to the periphery secondary to vasodilation 
from general anesthesia, and heat will be lost as moisture 
evaporated from the exposed visceral and serosal surfaces 
[20]. For each degree centigrade the body temperature low-
ers, the rate of the reactions of plasma coagulation is reduced 
by 10% [21]. Additionally, lower temperatures have adverse 
effects on the activation of platelets and von Willebrand fac-
tor, which will be completely inactivated at temperatures 
below 30 °C [22]. In conditions of hypothermia, platelets are 
unable to synthesize thromboxane, which is instrumental in 
the initiation of the vasoconstriction phase of the clotting 
cascade. This defect is completely reversible if the patient is 
rewarmed [23]. If core body temperature drops below 34 °C, 
coagulopathy rapidly progresses, and below 32 °C, the coag-
ulopathy is so severe that bleeding often cannot be stopped 
and is fatal [17].

 Acidosis

Acidosis will have a direct effect on both the intrinsic and 
extrinsic coagulation pathways, prolonging both the PT and 
PTT, as well as affecting platelet activation and aggregation. 
At a pH of 6.8, these tests will become abnormal. At a pH of 
6.4, the function of coagulation factors is reduced by half, 
and platelet aggregation is decreased by more than half [24].

 Component Therapy

As was previously mentioned, the current standard of prac-
tice in the resuscitation of severe hemorrhage is known as 
damage control resuscitation, where the patient receives 
equal parts RBCs, FFP, and platelets (i.e., 1:1:1 transfusion 
ratio) [25]. The aim of this resuscitation is to replicate whole 
blood in vivo. However, due to the addition of preservatives 
and anticoagulants to the stored blood components, it is not 
possible to duplicate whole blood in vivo.

One modern unit of packed, leukoreduced RBCs typically 
measures between 330 and 350  mL of volume. Around 
195 mL of this will be RBCs and the rest in a suspending 
fluid. This unit will also subject the patient to a significant 
burden of acid and cold, as they are stored between 1 and 
6 °C. After 2 weeks of storage, it will have a pH below 7. If 
not properly rewarmed during infusion, for example, during 
a massive transfusion situation when time is of the essence, 
5 units of cold RBCs would be expected to lower the body 
temperature of a 70 kg man by 1 °C [17].

One unit of FFP contains 80% of the plasma from one 
unit of whole blood, usually in a volume of 220–250 mL. Of 
that total volume, 80% will be plasma and the rest additives. 
When transfused, one unit of FFP will deliver 500  mg of 
fibrinogen and 200 units of all of the other coagulation fac-
tors. This means that five units of FFP will contain close to 
one total liter of plasma, which is enough to replace only 
around 25% of the coagulation factors of a 70 kg man. Stored 
at 4 °C, thawed FFP will pose a thermal burden similar to 
that of RBCs [17].

Apheresis platelets contain at least 3.0 × 1011 platelets 
and are stored at 20–24 °C. Due to their higher storage tem-
perature, they pose less of a thermal burden than RBCs and 
FFP [17]. However, stored platelets do demonstrate a 
decreased thrombotic function, secondary to a decrease in 
expression of high-affinity thrombin receptors during stor-
age [26].

Bearing all of this in mind, it can seem irrational to 
approach massive transfusion situations with a clinical strat-
egy that will deliver a mixture that is, under the best of condi-
tions, anemic, thrombocytopenic, and acidotic with 60% the 
concentration of coagulation proteins [3]. This obligates pro-
viders to consider an alteration to the standard of care and to 
find a better solution for massive transfusion situations with 
a more physiologic profile. And providers need to look no 
further than whole blood.

 The Re-emergence of Whole Blood

The original blood used for the first 250  years of transfu-
sions, whole blood has worked its way back into the discus-
sion for the treatment of massive hemorrhage. Its use in 
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military settings has prompted discussion for implementa-
tion in civilian practice, including recent randomized con-
trolled trials in the United States. One such pilot study was 
recently carried out at a level I trauma center in Texas [27]. 
When discussing transfusion options for whole blood, there 
are two to consider.

 Warm Fresh Whole Blood

WFWB is defined as whole blood collected and transfused 
within a time span of 24 hours. In a combat situation, a trans-
fusion may occur within minutes of donation. The “walking 
donor program” previously discussed relies on the utilization 
of WFWB to deliver large amounts of blood in a short 
amount of time. Due to the minimal amount of processing 
involved in the collection and the minimal amount of antico-
agulant required upon procurement of the unit, this is the 
most optimal choice of resuscitation fluid in a massive trans-
fusion situation. Due to the significant buffering capacity of 
whole blood, WFWB can be stored at room temperature for 
up to 24 hours and still remain usable with preservation of 
the function of platelets and plasma coagulation factors [28]. 
However, it is not approved for use in the civilian setting by 
the US Food and Drug Administration (FDA), as it does not 
undergo disease screening prior to use (this risk being miti-
gated in the military setting by the pre-screening of soldiers 
for blood-borne diseases).

 Stored Whole Blood

Stored whole blood (SWB) is a unit of blood that is refriger-
ated to a temperature from 1 to 6 °C within 8 hours of dona-
tion and minimally processed. Although some preservatives 
are added, they are done so at smaller volumes, and the blood 
still undergoes leukoreduction. However, the final product 
does not undergo fractionation into the individual compo-
nents [3]. This product can be refrigerated and stored for up 
to 21 days in citrate phosphate dextrose (CDP) or for up to 
35 days in citrate phosphate dextrose adenine (CPDA-1) [29]. 

SWB is FDA approved for use in the civilian setting when 
stored in the appropriate anticoagulant solutions and tested 
for  transfusion-related diseases [30].

 The Argument for Stored Whole Blood

Recent studies show that in adhering to component therapy 
administered in a 1:1:1 ratio of PRBCs, FFP, and apheresis 
platelets, the product being delivered to the patient does not 
resemble blood in  vivo as much as was initially believed. 
Due to the addition of preservative solutions and anticoagu-
lants, the mixture of fluid delivered to the patient is diluted to 
a hematocrit of 29% and a platelet count of 90,000/μL 
(Table  37.2). In addition, the coagulation factors are only 
62% as concentrated compared to those of SWB, and the 
endogenous thrombin potential is significantly reduced [31].

Historically, a concern with storage of blood products has 
been diminishing platelet and hemostatic function with 
storage. Current standards for storage of platelets mandate 
that they are maintained between 20 and 24 °C for no longer 
than 5  days from the date of collection [17]. This 
understandably poses a question about the viability of 
platelets during the storage of whole blood units. Despite 
these concerns, platelet function and the overall hemostatic 
function of a unit of cold whole blood stored for up 
14–21 days remains comparable to that of a traditional unit 
of platelets stored at room temperature [32]. Furthermore, 
previous studies in cardiac surgery have also shown improved 
platelet function of SWB compared to the function of 
apheresis platelets delivered as a part of component therapy. 
In one such study, the data revealed that providing one unit 
of whole blood increased the patient’s platelet count by a 
quantity comparable to providing six platelet units, with an 
increase in mean platelet volume to a level higher than that 
achieved by providing ten platelet units [33].

Current data shows that when transfused via a rapid 
rewarming infuser, SWB provides a superior product for 
resuscitation than component therapy. Whole blood provides 
a product that will most closely resemble what the patient is 
losing, and does so with a smaller overall volume of blood 

Table 37.2 Comparison of blood components vs. stored whole blood [14, 17]

PRBCs FFP Platelets SWB
Volume
(1 unit)

300–350 mL 220–250 mL 200–300 mL 500 mL

Contents 195 mL RBCs
155 mL suspending fluid (preservative 
solution, anticoagulant)

20% solution of citrate, sugar, 
and anticoagulant

50 mL anticoagulated 
plasma
10 mL citrate and sugar 
solution

70 mL anticoagulant and 
preservative solution

Combination:
Volume 720–900 mL
Hematocrit 29%
90,000 platelets/μL
62% coagulation factor activity

Hematocrit 38–50%
150–400 k platelets/μL
100% coagulation factor 
activity
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product required, and a smaller volume of preservative and 
anticoagulant solution exposed to the patient. An additional 
benefit to stored whole blood is decreased donor exposure.

 Challenges for Implementation

While the benefits of whole blood transfusion have been 
reflected in recent data, there are still several obstacles to its 
widespread implementation in civilian practice. Due to the 
current prevalence of component therapy, most blood banks 
at this time will be unfamiliar with the storage and process-
ing of whole blood. Another important logistical challenge 
will be the availability of whole blood for emergency medi-
cal services (EMS) on patient transport vehicles. In the pre- 
hospital setting, whole blood transfusion could have a 
tremendous impact on patient care and in preventing early 
coagulopathy of trauma. Given whole blood’s relatively 
short shelf life compared to that of PRBCs, guidelines and 
protocols must be developed early to ensure proper storage 
and handling of cold whole blood.

These logistical challenges are best addressed by multi- 
disciplinary teams involving every level of patient care under 
the direction of physicians from anesthesiology, surgery, and 
emergency medicine. Such teams will be crucial in the devel-
opment of standardized protocols for the collection, testing, 
and storage of whole blood units, as well as the indications 
and contraindications for transfusion. These protocols will 
provide a firm foundation upon which to build a whole blood 
transfusion program and will help to overcome and adapt to 
any unforeseen obstacles with initiation of the program.

 Conclusion

Once the only option for transfusion therapy, the use of 
whole blood for transfusion became less common with the 
emergence of modern blood banking and component ther-
apy. However, continued successful use of whole blood 
transfusions in military theaters has prompted new investiga-
tions into its utilization in a civilian setting. The re- emergence 
of whole blood offers the most physiologic solution for treat-
ing coagulopathy and drastically simplifies transfusion pro-
tocols and therapy in guiding patient care. With current trials 
taking place at major trauma centers across the United States, 
whole blood transfusion offers a wealth of potential to have 
a profound impact anesthesia practices going forward.
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Normal Saline: Not So Normal at All 
in the Bleeding Patient

Brandan Kovacs, Hermandeep Dhami, and Erica Ash

 Introduction

The discussion of blood products would be incomplete with-
out mention of the role that non-blood fluids play in resusci-
tation. The infusion of crystalloid fluids is a clinical tool 
often used when blood products are limited or unavailable. 
Crystalloids serve as a means to rapidly volume resuscitate a 
patient that may be otherwise hypovolemic and hypotensive 
or, to a greater degree, in shock. The ultimate goal of intrave-
nous fluid resuscitation is to maintain end-organ perfusion in 
situations where it is not feasible to rapidly infuse blood 
products.

While there are many crystalloid options, including plas-
malyte, acetate buffered solutions, dextrose in water, normal 
saline, lactated Ringer’s, and several more, the two most 
common crystalloids are lactated Ringer’s and normal saline 
[1]. Normal saline is the focus of this chapter. The history 
and composition of normal saline, including its role and lim-
itation in resuscitation, as well as current trends regarding 
crystalloid resuscitation are presented.

 A Brief History of Normal Saline

What makes normal saline “normal?” The definitive origins 
for normal saline are not entirely clear. Historical refer-
ences indicate that the first forays into the development of 
intravenous fluids occurred during the initial outbreak of 

the English cholera epidemic in 1831 [2]. Cholera-afflicted 
victims experienced severe diarrheal illness. The practitio-
ners of the time sought a treatment that would improve sur-
vival in these patients who experienced dehydration 
secondary to significant gastrointestinal fluid loss. One of 
the potential treatments was to infuse a solution with a sim-
ilar consistency to blood in the hopes of creating a net neu-
tral fluid balance. These early fluid administration 
techniques are unrecognizable compared to common prac-
tices. With significant ongoing research into determining 
the composition of a physiologically neutral fluid, several 
fluids were investigated and proposed to fit this billing. It 
was during this period of research that the initial Ringer’s 
solution was formulated, although even this formula is sub-
tly different than the current design. W.S. Barlow cited the 
first reference to a study regarding 0.92% saline as nearly 
physiologic in the mid-1890s [2]. This cited study, per-
formed by Dr. Hartog Jacob Hamburger, was an in  vitro 
study of the effects of varying concentrations of saline on 
the hemolysis of blood. In his study, Hamburger discovered 
that saline concentrations of 0.9% had a similar freezing 
point to human serum and were the least likely to cause 
hemolysis. For physicians of this time, this discovery 
implied that 0.9% is the most physiological and therefore 
“normal.” Hamburger subsequently referred to this fluid as 
“indifferent fluid” which was eventually altered to its cur-
rent name, normal saline [3]. The exact trajectory from this 
single in vitro study to widespread in vivo use is unclear. 
One thought is that the simplicity of mixing salt and water 
was easy and inexpensive and therefore became ubiquitous 
[2]. While Hamburger’s trial holds biological relevance as 
the lack of hemolysis being a particularly important quality 
of an infused fluid, he did not quite hit the mark. It is impor-
tant to note that normal saline is neither “indifferent,” “nor-
mal,” nor physiologic to human serum.
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 The Composition of Normal Saline

In the simplest terms, the composition of normal saline is 
merely sodium chloride, better known as salt water. Sodium 
and chloride dissociate when dissolved in water. One liter of 
normal saline contains 154  millimoles per liter (mmol/L) 
each of sodium and chloride. Normal saline has a pH of 5.0 
and an osmolarity of 309 milliosmoles (mOsm) [3]. To com-
pare these values to normal human physiology, blood sodium 
levels typically range between 135 and 145  mmol/L, and 
chloride is typically between 98 and 107 mmol/L. The nor-
mal physiologic pH of human blood is described as 7.4, and 
osmolarity ranges from 275 to 295 mOsm [3]. Thus, normal 
saline is hypernatremic, hyperchloremic, acidotic, and 
hyperosmolar when compared to human baseline, confirm-
ing that it is far from normal or physiologic. Infusion of nor-
mal saline has predictable side effects based on the obvious 
differences between the crystalloid fluid and human serum. 
Given the significant excess of chloride ions in normal saline 
compared to serum, hyperchloremic acidosis is perhaps the 
most notable. Rapid infusion of normal saline causes a rise in 
chloride ions which leads to a corresponding increase in the 
elimination of bicarbonate. This practice causes a predict-
able, dose-dependent hyperchloremic non-gap metabolic 
acidosis following normal saline administration [4]. While 
normal saline is clearly hypernatremic compared to human 
serum, studies demonstrate that the sodium burden is insuf-
ficient to cause clinical hypernatremia, provided preserved 
kidney function in the patient. It is important to note that 
critical patients with severe renal dysfunction are relatively 
incapable of regulating their intake and water-solute balance 
and may have subsequent sodium dysregulation. This notion, 
however, should be considered the exception rather than the 
rule [5].

 Why Use Normal Saline?

Normal saline bears little resemblance to human serum, par-
ticularly in relation to sodium, chloride, and acidity levels. 
Why use normal saline at all? The exact historical reasons 
are nebulous; however, modern history offers context. Many 
soldiers in the Vietnam War who experienced severe blood 
loss had improved survival following rapid administration 
of blood products or crystalloid fluids. The observed ratio 
during this time of crystalloid infusion to blood loss was 
found to be roughly 2:1 or 3:1. This historical footnote was 
adopted into guidelines with little further study and became 
part of the Advanced Trauma Life Support (ATLS) protocol 
[6]. Perhaps the most significant reason for crystalloid 
administration as fluid resuscitation in the recent era relates 
to a study published in the early 2000s on fluid administra-

tion in sepsis. This 2001 New England Journal of Medicine 
published study demonstrated that the administration of a 
30 milliliter per kilogram (ml/kg) bolus over the first 3 hours 
after identification of sepsis, known as early goal-directed 
therapy (EGDT), decreased mortality [7]. Sepsis is widely 
prevalent and has high rates of mortality. This study bore 
significant clinical promise and was quickly embodied in 
the guideline recommendations set by the following 
Surviving Sepsis Campaign. The significance of this finding 
has been challenged, however, as of late as three large mul-
ticenter trials demonstrated no survival benefit when 
employing EGDT.  Furthermore, studies in resource-
deprived environments support an increase in mortality 
when fluid bolus was used as early therapy [8]. With evi-
dence of this contradiction emerging, the 2016 Surviving 
Sepsis Campaign guidelines issued a strong recommenda-
tion for continuation of the 30 ml/kg EGDT fluid resuscita-
tion with crystalloids while simultaneously acknowledging 
that there was limited evidence to support the benefit of this 
intervention. The three large multicenter trials were specifi-
cally cited as giving evidence contrary to the initial position 
on EGDT, but the Surviving Sepsis authors also referenced 
that in the three multicenter trials, there was no clearly iden-
tified harm and as such the potential benefits of fluid resus-
citation may outweigh any unidentified harms [9]. Other 
trials indicate that the known hyperchloremic metabolic aci-
dosis from normal saline use is associated with increased 
mortality. Normal saline has been shown to preferentially 
decrease renal glomerular flow compared to plasmalyte. 
The combination of hyperchloremia, acidosis, and decreased 
renal perfusion is associated with an increased risk for acute 
kidney injury (AKI), particularly in critically ill patients. 
Use of alternative fluids avoided this increased risk in these 
trials [10].

 Normal Saline Versus Balanced Crystalloids

While data demonstrates both support and opposition for nor-
mal saline use, several recent studies have compared the use 
of normal saline to balanced crystalloids in order to deter-
mine if the use of these fluids provides a greater physiological 
benefit than the theoretical harms of normal saline. Balanced 
crystalloids, such as plasmalyte and lactated Ringer’s solu-
tion, have a content that better matches human serum param-
eters. Are the compositional differences between normal 
saline and balanced crystalloids distinctive enough to cause 
clinically significant differences in patient outcomes?

One meta-analysis looked at nine randomized controlled 
trials that compared the use of normal saline to balanced 
crystalloids in critically ill patients. The primary outcome 
was differences in mortality, and secondary outcomes 
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included acute kidney injury and the risk of receiving renal 
replacement therapy related to previously established side 
effects of normal saline infusion. The findings ultimately 
determined no difference between the two groups, but the 
study listed a limitation of not further subcategorizing the 
critically ill patients. This limitation gives pause when con-
sidering whether normal saline differs from balanced crys-
talloids in a physiologically at-risk patient such as in 
decompensated heart failure or end-stage renal disease. 
This limitation highlights the importance of ongoing 
research [11].

Another recent study, a retrospective cohort, sought to 
compare the differences between normal saline and plasma-
lyte use in the treatment of diabetic ketoacidosis (DKA). 
This research was prompted by a prior study associating 
hyperchloremic metabolic acidosis related to normal saline 
use as a contributing factor in prolonging time to episode 
resolution in DKA patients [12]. Eighty-four patients with 
DKA were evaluated  – 23 assigned to resuscitation with 
plasmalyte and 61 to normal saline. The primary outcome of 
mean time of resolution was similar between the two groups. 
However, there was a statistically significant rise in pH for 
the 4- to 6-hour and 6-to 12-hour period for those resusci-
tated with plasmalyte. The limitation of this study is that pH 
was only measured in a small portion of the study population 
[13]. Ultimately, both of these studies highlight the impor-
tance of further randomized controlled trials that explore the 
effects of normal saline’s composition on resuscitation in 
various disease states, though they each failed to identify 
clinically significant differences between the administration 
of normal saline and balanced crystalloid.

Other studies have sought to determine which fluid is the 
best following initial resuscitation. One recent study in burn 
patients compared lactated Ringer’s solution, a balanced 
crystalloid, to dextrose in normal saline in terms of mainte-
nance for evaporative losses after burn injury. This study 
found that patients receiving exclusively lactated Ringer’s 
solution were more likely to become hyponatremic over 
time, most likely due to the lower sodium concentration. 
Additionally, this study found that patients in the lactated 
ringer’s solution only group were more likely to have lower 
blood glucose levels. Patients enrolled in the dextrose in nor-
mal saline group were more likely to have both a normal 
sodium level and higher blood glucose levels [14]. The 
authors refer to this study as evidence that even current bal-
anced crystalloids are not physiologically similar enough to 
be used as maintenance fluids exclusively. There is no con-
clusive determination at this time whether normal saline or 
balanced crystalloids are superior. The decision of which 
fluid to use for resuscitation and maintenance will vary by 
situation until further research can show significant benefit 
toward a given fluid.

 Emerging Trends in Crystalloid 
Administration: The Trauma Patient

The accepted protocol for administering crystalloid fluids to 
replace blood loss in trauma patients has existed since the 
Vietnam War [6]. With this recommendation ingrained in 
ATLS protocol for decades, change has been slow paced 
regarding this field. Recently, several studies challenged this 
dogma. These studies focus on the concept of damage con-
trol resuscitation (DCR), providing the least resuscitation 
possible to keep “the ship,” in this case the human body, 
from sinking. The theory behind DCR is multifactorial, with 
hyperchloremic metabolic acidosis, mean arterial pressure, 
coagulopathy, and crystalloid volume infused as all factors. 
The final key component of DCR is damage control surgery 
to induce hemostasis prior to correcting any underlying 
abnormalities. Studies show that a focus on DCR leads to 
decreased mortality in severely injured trauma patients, yet 
is associated with other morbidity.

Comparatively low mean arterial pressure is a core con-
cept of DCR.  Studies demonstrate that goal mean arterial 
pressures (MAPs) of 50 mm of mercury (mmHg) are associ-
ated with decreased coagulopathy and bleeding when com-
pared to the previously accepted standard of care of the 
MAPs of 65  mmHg goal. The prevailing theory as to the 
mechanism of this benefit is related to clot formation itself. 
In the actively bleeding trauma patient, hypovolemia leads to 
decreased blood pressure, and small, tenuous clots may be 
able to form at these sites of bleeding. While elevated MAPs 
may be advantageous for tissue perfusion, they may addi-
tionally be responsible for the rupture of these tenuous initial 
clots and lead to further bleeding. Maintenance of the lower 
goal MAPs of 50 mmHg has not been shown to be associated 
with increased 30-day mortality and is associated with 
increased incidence of lower blood loss volumes. The rec-
ommendation of DCR is to use fewer infused fluids and to 
infuse smaller volume boluses to maintain these low MAPs.

Coagulopathy is common in trauma patients. The under-
lying cause of this deregulation is unclear, but may be due to 
ongoing bleeding and consumption of coagulation factors. 
DCR proposes that the infusion of large volumes of clear 
fluids can cause further dilutional coagulopathy that will pro-
long bleeding. Instead, DCR focuses on goal-directed rever-
sal of coagulopathy with blood products to minimize this 
dilutional coagulopathy. In resource-limited settings, or if 
blood products are not readily available, usage of limited 
clear fluids is an acceptable resuscitation strategy. Recent 
data shows that a more appropriate ratio of blood loss to 
crystalloid replacement may be closer to 1:1.6 rather than the 
traditional 1:3 espoused by ATLS.

Hyperchloremic metabolic acidosis is a concern addressed 
previously in this chapter but is again emphasized in 
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DCR. DCR recommends against using hyperchloremic flu-
ids in non-cerebral trauma because of the risk of 
AKI. Instead, DCR favors balanced crystalloids for limited 
volume resuscitation. There is one notable exception to 
this recommendation in the case of cerebral trauma. 
Normal saline remains the recommended crystalloid fluid 
in cerebral trauma due to its association with reduced 
edema and swelling of brain tissue. Normal saline is 
slightly hypertonic compared to balanced crystalloid solu-
tions. Overall, the advent of DCR may signal a significant 
paradigm shift in the usage of crystalloids in resuscitation 
[15–17].

 Conclusion

Normal saline is a key crystalloid fluid that has been histori-
cally used for volume resuscitation. There are several known 
risks associated with normal saline, most notably hyperchlo-
remic metabolic acidosis and kidney dysfunction. Despite 
these risks, studies have been largely unsuccessful in deter-
mining clinically significant differences between normal 
saline and balanced crystalloids, although emerging data 
may more clearly show an increased risk of AKI in specific 
populations. For decades, ATLS has delineated the accepted 
ratio of blood loss to crystalloid to be 1:3. This practice has 
been challenged of late, both by the suggestion of new blood 
loss to fluid ratios, 1:1.6, and new treatment algorithms such 
as DCR. These arguments both advocate for limited crystal-
loid resuscitation. While the growing body of data suggests 
that increased use of blood products may be beneficial com-
pared to clear fluid administration, there will likely always 
be resource limitations that will drive providers to use crys-
talloid fluids. With many recent and ongoing trials providing 
new data, the future use of normal saline is ambiguous. For 
the time being, however, normal saline remains a valuable 
clinical tool.

References

 1. Epstein EM, Waseem M. Crystalloid fluids. StatPearls [Internet]. 
Treasure Island: StatPearls Publishing; 2019.

 2. Awad S, Allison SP, Lobo DN.  The history of 0.9% saline. Clin 
Nutr. 2008;27(2):179–88.

 3. Li H, Sun S-R, Yap JQ, Chen J-H, Qian Q. 0.9% saline is neither 
normal nor physiological. J Zhejiang Univ Sci B. 2016;17(3):181–7.

 4. Eisenhut M. Adverse effects of rapid isotonic saline infusion. Arch 
Dis Child. 2006;91(9):797–.

 5. Sam R, Feizi I.  Understanding hypernatremia. Am J Nephrol. 
2012;36(1):97–104.

 6. Krausz MM.  Initial resuscitation of hemorrhagic shock. World J 
Emerg Surg. 2006;1:14.

 7. Rivers E, Nguyen B, Havstad S, Ressler J.  Early goal-directed 
therapy in the treatment of severe sepsis and septic shock. N Engl J 
Med. 2001;345:1368–77.

 8. Brown RM, Semler MW. Fluid management in sepsis. J Intensive 
Care Med. 2018;34(5):364–73.

 9. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonellil M, 
Ferrer R. Surviving sepsis campaign: international guidelines for 
management of sepsis and septic shock: 2016. Critical Care Med. 
2017;45(3):503–504.

 10. Semler MW, Rice TW. Saline is not the first choice for crystalloid 
resuscitation fluids. Crit Care Med. 2016;44(8):1541–4.

 11. Liu C, Lu G, Wang D, Lei Y, Mao Z, Hu P. Balanced crystalloids 
versus normal saline for fluid resuscitation in critically ill patients: 
a systematic review and meta-analysis with trial sequential analy-
sis. Am J Emerg Med. 2019;37(11):2072–8.

 12. Chua HR, Venkatesh B, Stachowski E, et  al. Plasma-lyte 148 vs 
0.9% saline for fluid resuscitation in diabetic ketoacidosis. J Crit 
Care. 2012;27:138–45.

 13. Oliver WD, Willis GC, Hines MC, Hayes BD.  Comparison 
of plasma-lyte a and sodium chloride 0.9% for fluid resus-
citation of patients with diabetic ketoacidosis. Hosp Pharm. 
2018;53(5):326–30.

 14. Bedi MK, Sarabahi S, Agrawal K. New fluid therapy protocol in acute 
burn from a tertiary burn care centre. Burns. 2019;45(2):335–40.

 15. Chatrath V, Khetarpal R, Ahuja J.  Fluid management in patients 
with trauma: restrictive versus liberal approach. J Anaesthesiol Clin 
Pharmacol. 2015;31(3):308.

 16. Chang R, Holcomb JB. Optimal fluid therapy for traumatic hemor-
rhagic shock. Crit Care Clin. 2017;33(1):15–36.

 17. Wise R, Faurie M, Malbrain MLNG, Hodgson E.  Strategies for 
intravenous fluid resuscitation in trauma patients. World J Surg. 
2017;41(5):1170–83.

B. Kovacs et al.



379© Springer Nature Switzerland AG 2021
C. S. Scher et al. (eds.), Essentials of Blood Product Management in Anesthesia Practice, 
https://doi.org/10.1007/978-3-030-59295-0_39

Blood Management for the Geriatric 
Patient

Arnaldo Vera-Arroyo and Richard A. Zack-Guasp

Longevity has been increasing, and there have been a rapidly 
growing number of elderly patients being treated in the med-
ical ward and undergoing major surgical procedures. The 
elderly suffer from an aging physiology, chronic conditions, 
polypharmacy, and overall decreased physical performance. 
Overall, mortality for elderly patients undergoing major sur-
gery has been low, but suffering from one or more complica-
tions while undergoing surgery is associated with a high 
30-day mortality [1].

Anemia is commonly seen in the elderly. Studies have 
shown that 11% of men and 10.2% of women above age 65 
are anemic, and these rates rose rapidly with increasing age 
and reached 20% above age 85 [2] with more recent litera-
ture placing it closer to 32% [3]. Anemia is defined since 
1968 by the World Health Organization (WHO) with thresh-
olds established as hemoglobin level (Hg) <13.0 g/dL in men 
and <12.0 g/dL in women [4]. The report places men and 
women >15 years of age into the adult category and does not 
differentiate ages further into subgroups. A recent publica-
tion from the WHO includes degrees of severity of anemia 
but yet groups adults above 15 years of age [5].

The aging patient suffers from anemia related to diseases 
like neoplasms; infections; inflammatory conditions; chronic 
kidney disease; malnutrition leading to iron, folate, or B12 
deficiencies, and a wide array of acute bleeds, among others 
[3, 6]. These factors contribute to preoperative anemia. A mul-
ticenter survey revealed that the main reasons clinicians do not 
routinely treat preoperative anemia is the lack of organization 
and time, where results of blood test where near to the surgical 
date and postponement of the procedure was not accepted [7]. 
The preoperative period can allow for a comprehensive under-
standing of those patients that present with even mild degree 

of preoperative anemia have been associated with an increased 
risk of 30-day mortality and cardiac events in older, mostly 
male patients [8] and a wide array of comorbidities [9]. 
Identifying anemia and its causes will allow for providers to 
treat anemia which could impact outcomes. Perioperative sur-
gical blood loss, coagulopathy, hemodilution and phleboto-
mies, and postoperative blunted erythropoiesis contribute to 
further degrees of anemia in surgical patients [10] (Table 39.1).

In the elderly population, we encounter that 6.9–50% of 
aging adults could be classified as frail, depending on the cri-
teria used [11, 12]. Frailty is the state of vulnerability of a 
patient’s physiologic reserve to stressors that could contribute 
to overall poor health outcomes [13]. It takes into account 
involuntary weight loss, exhaustion, muscle weakness, slow 
gait speed, and sedentary behavior [13]. Frailty has been asso-
ciated with a higher hospital mortality in the general popula-
tion [14] and 30-day mortality in octogenarians [15]. These 
patients are found to have lower levels of hemoglobin along 
with higher chances of congestive heart failure and lower 
mean Folstein’s Mini Mental Status Examination (MMSE) 
scores when assessing cognitive impairment [12]. Anemia is 
an independent risk factor for decline in physical performance 
in the elderly [16] and affects activities of daily living (ADL). 
Anemia is a potential modifiable risk factor for frailty [11]. As 
the physiologic decline of adults progresses with aging and the 
importance of frailty and cognitive changes emerges, attempts 
are being made to focus on identification, management, and 
treatment in the elderly to decrease mortality, complication 
rates, adverse outcomes, and prolonged hospital stays.

The most efficient way to increase red blood cell (RBC) 
mass and hemoglobin (Hg) is by transfusion. Blood transfu-
sions have been in practice for more than a century. During 
WWI, soldiers in the battlefield underwent arm-to-arm transfu-
sions, and by the end of 1914, 44 cases were reported [17]. 
Other treatments have been identified to increase red blood cell 
mass and Hg. Recent studies have looked at the administration 
of intravenous and oral replacement of iron for iron deficiency 
anemia, folic acid, and B12 and erythropoietin administration.
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Transfusion in the perioperative period has been identified 
among six other anesthesia intervention themes to have a sig-
nificant impact on mortality [18]. Research has been done to 
establish safe transfusion thresholds for patients and, in our 
interest, the geriatric population. Thresholds are divided into 
liberal or restrictive, and most literature reports transfusion 
less than 8 g/dL and hematocrit < than 25% as restrictive [19]. 
A recent meta-analysis showed that older patients treated 
with a liberal transfusion strategy had a significant lower risk 
of 30-day mortality and better outcomes when it came to car-
diac complications [20]. The concern regarding lower Hg lev-
els in this population stems from the theoretical increased risk 
of myocardial ischemia or infarction, cerebro vascular, acci-
dents and potential exacerbation of any underlying medical 
conditions. Interestingly, recent meta-analysis showed that 
transfusion strategies might differ for critically ill patients vs 
perioperative patients [21]. Others recommend that restrictive 
strategies in the perioperative period should be applied cau-
tiously in high-risk patients undergoing major surgery as 
restrictive strategies seemed to increase the risk of adverse 
events from inadequate oxygen supply and mortality in car-
diac/vascular surgery and similarly in orthopedic surgery but 
not in critically ill patients [22]. Guidelines for perioperative 
management of blood transfusions have been published and 
are applied to elderly patients as well.

Transfusions are not without complications with trans-
fusion reactions occurring up to 1/100 transfusions. Degree 
of transfusion reactions are variable, and they could 
express mild to severe signs or symptoms. Signs and 
symptoms of adverse reactions to blood transfusion include 
hyperthermia, chills and rigors, rash and hives, urticaria, 
hemoglobinuria, microvascular bleeding, hypoxemia, 
respiratory distress, increased airway peak pressures, 
hypotension, and hypocalcemia [23]. Geriatric patients 
experiencing these could be detrimental in light of the cur-
rent disease state in addition to a possible low reserve 
physiology (Table 39.2).

 Transfusion in Cardiac Surgery Patients

Patient undergoing cardiac surgery have a high likelihood of 
receiving blood transfusions. Historically, the Hg10/Hct 30 
rule has been used for patients with coronary artery disease 
and acute myocardial ischemia. patients undergoing cardiac 
surgery, coronary artery bypass graft (CABG), and/or valve 
replacements carry a burden of disease, and anemia is com-

mon in this population. Their decision for surgery, could be 
elective or as an emergency which can contribute to morbid-
ity. Age above 60 years has been a predictor of mortality in 
cardiac surgery but its impact has reduced throughout the 
years [24]. EURSCORE II is a modified version of the origi-
nal score that includes age as one of its variables, and it is 
used as a tool to assess cardiac surgical risk [25]. Scoring 
systems have been developed to predict the need for blood 
transfusion in patients undergoing cardiac surgery. The 
Transfusion Risk Understanding Scoring Tool (TRUST) by 
Alghamdi et  al. [24] and Transfusion Risk and Clinical 
Knowledge (TRACK) by Ranucci et al. [25] both take into 
account age as one of the variables: TRUST for age >65 and 
TRACK for age >67. These scoring systems can identify 
those patients at high risk for transfusion, and practices to 
optimize and avoid transfusion can be set in place [26]. 
Those patients might benefit from optimization prior to 
undergoing surgery and can be considered for interventions 
to reduce transfusion rates, including stopping platelet inhib-
itors and administration of folate, iron, and erythropoietin if 
feasible [26] (Table 39.3).

Early literature addressed hemodilution during cardiopul-
monary bypass (CBP) which has an increased morbidity and 
mortality by causing ischemia and/or inflammatory or vital 
organ injury [27], especially renal injury [28], and stroke 
[29]. More recent RCTs, like the TRACS [30] (mean age ~ 69) 
and TRICS [31] (older population, mean age 72 years), have 

Table 39.1 Clinical relevance of low Hg levels [9]

Low hg levels are a risk factor for
cardiovascular diseases Cognitive impairment Insomnia Impaired mood
Low Hg levels are associated with
reduced executive function Physical performance Increased risk of falls and fractures Frequent hospitalization Longer hospital stays

Table 39.2 Signs and symptoms of adverse reactions to blood transfu-
sions [23]

Allergic and 
anaphylactic 
transfusion 
reactions

Hyper- 
hemolytic 
transfusion 
reactions

Septic 
transfusion 
reactions

Transfusion- 
related acute 
lung injury 
(TRALI)

Acute hemolytic 
transfusion 
reactions

Hypotensive 
transfusion 
reaction

Transfusion- 
associated 
circulatory 
overload 
(TACO)

Delayed 
hemolytic or 
delayed 
serological 
transfusion 
reactions

Massive 
transfusion- 
associated 
reactions 
(citrate, 
potassium, and 
cold toxicity)

Transfusion- 
associated 
graft-versus-
host disease

Febrile 
non-hemolytic

Post-transfusion 
purpura

Transfusion-
associated 
necrotizing 
enterocolitis
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placed restrictive strategies non-inferior to liberal ones, while 
TITRe2 [32] (median age 70  years) refers that restrictive 
strategies were not superior to liberal strategies with respect 
to morbidity which mortality. Others have associated intraop-
erative transfusion of red blood cells with increased mortality 
and was seen most commonly in patients of older age with 
higher EUROSCORE [33]. Meta-analysis refers that restric-
tive transfusion strategies with Hg 7–8 g/dL in patients under-
going cardiac surgery are safe [34, 35].

But patients who will require massive transfusions would 
benefit of less organ dysfunction and lower mortality with 
high-ratio transfusions [36]. For patients who are recognized 
to be anemic in the preoperative period, a RCT using an 
ultrashort-term combination treatment of intravenous iron, 
subcutaneous erythropoietin, alpha and vitamin B12, and 
oral folic acid will reduce blood product transfusions [37]. 
Further studies are required to explore benefits and adverse 
effects of this therapy.

 Transfusion in Critical Care

Transfusion practices in the critical care unit are driven 
mostly by thresholds and influenced by patient factors such 
as age, severity of illness, reason for ICU admission, 

presence of gastrointestinal bleeding, comorbid heart dis-
ease, or acute myocardial infarction. One of the landmark 
studies done in the critical care setting is the TRICC 
(Transfusion Requirements in Critical Care) which 
showed that a restrictive transfusion strategy (Hg < 7.0 g/
dL) was associated with a significant decrease in hospital 
mortality when compared to liberal transfusion strategies 
(Hg < 10 g/dL), but 30-day mortality was similar and sig-
nificantly decreased among those less acutely ill and those 
younger than 55  years of age who received a restrictive 
strategy [38]. Patients in the critical care setting are sicker 
and have a wider range of comorbid medical conditions, and 
their admission diagnosis could be unique or multifactorial. 
The heterogeneity of the profile of the patients needs to be 
considered and could influence the threshold used to trans-
fuse blood products. A mortality benefit has been observed 
when increasing the transfusion threshold for comorbid 
heart disease from 8 to 9 g/dL and 9 to 10 g/dL in patients 
admitted for acute myocardial infarction in a population 
with mean age of 66.1 ± 12.5 [39]. Anemia in this popula-
tion could lead to myocardial ischemia and the inability to 
appropriately increase oxygen delivery by means of increas-
ing the cardiac output.

 Transfusion in Gastrointestinal Bleed

Gastrointestinal bleeding carries high morbidity and mor-
tality, and it is common among elderly patients. Upper gas-
trointestinal bleeds (UGIB) is the most common due to 
PUD, and causes of lower gastrointestinal bleeds (LGIB) 
are diverticular bleeding, ischemic colitis, hemorrhoids, 
colorectal polyps/neoplasms, and angioectasia among oth-
ers. There are various risk stratification scores used for 
patients who have gastrointestinal bleed. The Rockwall 
score is used to assess further bleeding and risk of death in 
patients with gastrointestinal bleeds. This is the only score 
to include age into its criteria: <60 (0 points), 60–79 (1 
point), and >80 (2 points). Most of the studies include 
adults above 18 years of age, and information on the elderly 
is scant. In patients with acute upper gastrointestinal bleed-
ing, patients randomized to restrictive transfusion practices 
had higher survival rates at 6 weeks when compared to a 
liberal strategy [39]. This meta- analysis included Villanueva 
et al.’s study that suggests that a restrictive transfusion 
strategy in adults with acute UGIB could have improved 
outcomes [40] but which excluded patients with recent 
ischemic events. Thus, the risk in myocardial infarction and 
other ischemic events is unknown. A post hoc analysis in 
patients with men age of LGIB found no difference between 
liberal and restrictive RBC transfusion strategies, but age 
was an independent risk factor for rebleeding and inpatient 
mortality [19].

Table 39.3 Scoring systems to predict the use of blood transfusions

TRACK [25] Score TRUST [24] Score
Age >67 years of age 6 Age >65 years of age 1
Weight <60 kg for 
females and <85 kg 
for males

2 Preoperative 
hemoglobin level 
<13.5 g/dL

1

Female gender 4 Female gender 1
Complex surgery 7 Weight < 77 kg 1
Preoperative 
hematocrit

1 point per 
each % value 
below 40% 
(max 13 
points)

Non-elective surgery 1

Transfusion risk in percentage is 
extrapolated to a TRACK score in the 
report

Serum creatinine 
level >1.36 mg/dL

1

Non-isolated 
procedure

1

Previous cardiac 
surgery

1

Baseline risk = 0; 
probability of transfusion 
0–19%
Low risk = 1; probability of 
transfusion 20–39%
Intermediate risk = 2; 
probability of transfusion 
40–59%
High risk = 3; probability of 
transfusion 60–79%
Very high risk 4–8; 
probability of transfusion 
80–100%
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 Transfusion in Sepsis/Septic Shock

Another major cause of admission to the critical care unit is 
septic shock. The 2016 Surviving Sepsis Campaign guide-
lines recommend for blood transfusions in patients with sep-
tic shock to be reserved for Hg < 7.0 g/dL in the absence of 
myocardial ischemia, severe hypoxemia, acute hemorrhage, 
or other extenuating circumstances, fresh frozen plasma to 
correct clotting abnormalities in the presence of active bleed-
ing and/or planned invasive procedures, and platelets at 
<10,000/mm3 prophylactically, <20,000/mm3 with signifi-
cant risk of bleeding, and >50,000/mm3 for active bleeding, 
surgery, or invasive procedures [41]. The recommendations 
come from two trials, the Transfusion Requirements in 
Septic Shock trial (TRISS) and the Protocol-Based Care for 
Early Septic Shock (ProCESS) trial which is less directed to 
transfusion therapy. TRISS concluded that the patients who 
received leukoreduced transfusions in a restrictive strategy, 
received less amount of transfusions and had similar mortal-
ity at 90 days, use of life support, and number of days alive 
when compared to those who were transfused liberally for 
hemoglobin levels less than 9 g/dL [24]. TRISS also showed 
no heterogeneity on mortality at 90 days for between patients 
with and without cardiovascular diseases and when patients 
were divided into younger than 70 and older than 70 years of 
age [25]. There was no difference at 60 in hospital mortality 
or 90-day mortality in the ProCESS trial where patients 
(mean age ~ 61 ± 16) were transfused at Hg < 10 g/dL when 
the ScVo2 was <70% vs the standard at Hg < 7.5 g/dL [25]. 
A recent trial observed a mortality benefit at 90 days in criti-
cally ill oncologic patients (mean age  ~  61  ±  13.5) who 
received a liberal transfusion strategy [24], but no subgroup 
analyses was done for elderly patients. Clinicians will base 
their decision-making following the Surviving Sepsis guide-
lines, but no specific transfusion guidelines have been pub-
lished on elderly patients with sepsis/septic shock.

 Transfusions in the Elderly Suffering Trauma

As the percentage of our population who suffer falls within 
the geriatric age increases, the number of geriatric patients 
presenting to the trauma setting is expected to increase 
accordingly. Statistically, trauma in the geriatric population 
has mostly been orthopedic secondary to falls, but every day 
more hemorrhagic blunt trauma is seen in this population. 
Most research in trauma has been done focusing on adults 
18–45 years of age, which has left treatment of the elderly in 
this setting in the dark.

As is to be expected in the trauma setting, hemorrhagic 
complications secondary to primary trauma mechanism or 
extensive surgical interventions have made transfusion of 

blood products a mainstay of resuscitation efforts. Prevalence 
and adverse effects of baseline anemia are magnified in the 
setting of acute blood loss and trauma, which is associated 
with a proinflammatory state that leads to inhibition of bone 
marrow and iron metabolism, affecting, as a consequence, 
erythropoiesis. Elderly trauma patients were found to have 
lower hemoglobin levels on admission and discharge from 
trauma units, despite receiving more transfusions [42]. The 
hemoglobin levels at discharge were hypothesized to remain 
low due to an increased suppression of the bone marrow by  
trauma-induced hypercatecholaminemia, erythropoietin 
resistance, and overexpression of proinflammatory cyto-
kines. Despite of this, anemia at discharge was not predictive 
of 60-day mortality or unplanned readmission in this popula-
tion [43]. As for the increased rate of transfusions, it has been 
seen that despite the available guidelines, transfusion thresh-
olds vary from clinician to clinician and historically have 
been higher in the elderly population in deference two their 
age-related cardiovascular physiologic alterations.

A retrospective study of patients >70  years old, which 
spanned 8 years and set restrictive thresholds below 7.0 g/dL 
and liberal thresholds below 10.0 g/dL, observed that liberal 
protocols in this population are not beneficial and receiving 
a transfusion was an independent risk factor for complica-
tions [44]. Survivors who had a liberal transfusion threshold 
were observed to have increased hospital length of stay and 
days in the ICU [44]. Transfusion strategies in the trauma 
geriatric population should adhere to a restrictive protocol, 
as this decreases the risk of developing adverse secondary 
effects.

 Transfusions in the Elderly: Orthopedic 
Surgery

Orthopedic surgery is one of the most common surgical pro-
cedures performed in the geriatric population. These proce-
dures could be performed electively but also could be as a 
result of a fall or trauma resulting in fractures and acute large 
amounts of blood loss. Many elderly adults are on anticoagu-
lation medications depending on present comorbidities. 
These could impact ongoing bleeding, reversal of anticoagu-
lants, timing on surgery, and requirement of blood transfu-
sions. The FOCUS trial which included patients >65 of age 
(mean 81.6) with risks of cardiovascular disease suggests 
that liberal strategies did not reduce rate of death and with-
holding transfusion unless there are symptoms of anemia 
and Hg drops below 8 g/dL is reasonable [39]. This same 
group was followed for 3 years, and liberal transfusion strat-
egies did not affect mortality when compared with restrictive 
strategies [40]. But an RCT of frail elderly patients from 
nursing homes or shelter suggests that implementation of a 
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liberal transfusion strategy has a potential to increase sur-
vival among nursing home residents [19]. Retrospective 
studies suggest that in hip fracture surgeries, restrictive strat-
egies show increased risk of cardiovascular events [41]. 
What has been seen though is that most patients undergoing 
hip fracture repair that required transfusions received them 
in the postoperative setting and in a more liberal manner. An 
increased number of infections and length of stay were 
observed, but without any changes in mortality in patients 
transfused liberally [24]. Either liberal or restrictive strate-
gies showed no difference when observing for recovery from 
physical disabilities [25].

 Transfusion in the Setting of Delirium

One of the major postoperative complications seen in the 
elderly is the development of delirium. This has been linked 
with prolonged length of hospitalization, poorer rehabilita-
tion outcomes, increased institutionalization, and higher 
morbidity and mortality rates. Some studies have focused 
on examining the effect of blood transfusions in the postop-
erative development of delirium in hip fracture patients, and 
have found that more liberal strategies aiming for higher 
hemoglobin levels (above 10  g/dL) have not reduced the 
likelihood of postoperative delirium when compared to a 
more restrictive threshold of 8 g/dL [25]. These results have 
also been seen in studies focusing on elderly patients under-
going elective, unilateral, total hip replacement surgery. A 
post hoc analysis of data provided by the TRIFE study 
observed that liberal transfusion strategies aiming to a 
hemoglobin above 11.3 g/dL prevent delirium on postopera-
tive day 10 [24]. Patients in this study were discharged back 
to their nursing facility within the first 2 postoperative days 
and followed by an orthogeriatric team. Having elderly 
patients in surroundings that are known to them has been a 
well-described factor that reduces incidence of delirium in 
this population. Although prevention of postoperative delir-
ium is not currently an indication for transfusions, risks vs 
benefits should always be closely considered in elderly 
patients.

Although the literature mostly groups adults and the geri-
atric patients together, some studies have been done specifi-
cally on geriatric patients, but guidelines make no distinction 
on age but do take into account clinical condition. The 
American Society of Anesthesiologists guidelines of 2014 
agree that a restrictive blood transfusion strategy will result 
in fewer transfusions and determine that red blood cell trans-
fusion for Hg levels between 6 and 10 should be based on the 
risk of presence of bleeding, intravascular volume status, 
signs and symptoms of organ ischemia, and cardiopulmo-
nary reserve [19].

An international consensus statement on anemia after 
major surgical procedures recommends testing, identifica-
tion, treatment of anemia with iron and/or erythropoiesis-
stimulating agents if required and feasible, and adoption of a 
restrictive transfusion threshold (Hg 7–8 d/d) in clinically 
stable patients [45]. The 2018 Frankfurt Consensus 
Conference published their clinical and research recommen-
dations on blood management [39]. A strong recommenda-
tion is to detect and manage perioperative anemia and 
suggest conditional recommendations on the use of iron and 
erythropoiesis-stimulating agents in certain scenarios. They 
also strongly recommend a restrictive RBC transfusion 
threshold defined as Hg concentration <7 g/dL in critically ill 
but clinically stable intensive care patients and Hg concen-
tration <7.5  g/dL in patients undergoing cardiac surgery. 
Conditional recommendations when the Hg concentration 
<8 g/dL in patients with hip fracture and cardiovascular dis-
ease or other risk factors and Hg concentration 7–8 g/dL in 
hemodynamically stable patients with acute GI bleeds. It is 
agreed upon that hospitals need perioperative blood manage-
ment programs to improve appropriate RBC utilization.

 Conclusion

More geriatric patients will be seen in the medical ward, will 
undergo elective procedures, and will be admitted for surger-
ies or intensive care units emergently, and there will be a 
high likelihood of these presenting with or developing with 
anemia. Not all anemias are made equally and should not be 
treated equally especially on the geriatric population. 
Transfusion decisions should be made taking into consider-
ation comorbid disease, active symptomatology, initial 
hemoglobin levels, and the possibility of other forms of 
treatment of anemia, adequate control of source of disease, 
and adequate medical optimization. The lack of information 
of comprehensive data of the geriatric population renders us 
to fit them with the rest of the population according to the 
existing guidelines.

More data needs to be collected for evidence-based trans-
fusion practices and medical decisions across the different 
medical and surgical specialties regarding transfusion and 
anemia in the geriatric population.
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 Introduction

Maintaining blood in a homeostatic liquid state is crucial for 
adequately supplying oxygen and nutrients to peripheral tis-
sues. Conversely, when the body is exposed to vascular 
injury, it is a healthy physiologic adaptation for the blood to 
convert to a solid-state at the injury site. This mechanism is 
called coagulation. Coagulation is a highly dynamic process 
largely determined by a balance of pro-coagulation factors, 
anticoagulants, and fibrinolysis [1]. The set of diseases that 
alter this intricate balance of bleeding and vessel thrombosis 
is called coagulopathies.

Coagulopathies are a highly concerning cause of morbid-
ity and mortality in hospitals that drive significant economic 

burden in our healthcare system. Common causes of coagu-
lopathy are drug-related, drug-drug interactions, and nutra-
ceutical agents. In this regard, nosebleeds, abnormal bruising, 
and GI bleeding are linked to oral anticoagulant use, while 
hemorrhoidal bleeding can be linked to drugs that cause con-
stipation [2]. Additionally, several other factors contribute to 
drug-induced bleeding, including advancing age, polyphar-
macy, drug-drug interactions, and coexisting medical condi-
tions. As the chronic disease burden continues to rise, multiple 
medical regimen therapies are more commonplace than ever 
and can be directly related to abnormal bleeding states.

More recent clinical literature has linked illicit and recre-
ational drug use to coagulopathy with significant clinical 
consequences. Literature shows that recreational alcohol 
consumption is on the rise [3]. The role of alcohol on coagu-
lopathy has been controversial, but it is currently hypothe-
sized that alcohol has a bidirectional effect on coagulopathy 
and fibrinolysis [4].

In the setting of complex medication regimens and risk- 
adverse recreational drug use, patient education offers a 
rationale model for optimizing patient safety in both the hos-
pital and outpatient settings. In particular, as an increasingly 
large number of drugs are introduced every year, it becomes 
no longer practical for the pharmacist to take sole responsi-
bility of patient education or the physician to rely on mem-
ory to avoid drugs, which may induce bleeding [5].

Therefore, a multidisciplinary approach is necessary to 
develop pharmacotherapeutic regimens designed to mini-
mize bleeding risk, downstream morbidity, and economic 
and clinical burden. Patients undergoing surgical operations 
and procedures require adequate anesthesia consultation to 
ascertain whether the drugs and medications they are taking 
can increase the risk of bleeding and consequently increase 
the risk of morbidity and/or mortality.

This chapter discusses the prevalence of substance 
abuse  and coagulopathies and focuses on in-depth assess-
ment of patients, anesthesia considerations, and treatment 
strategies.
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 States of Coagulopathy

Patients with liver disease may have complex alterations in 
procoagulant and anticoagulant profiles resulting in 
increased risk of bleeding and thrombosis [6]. This is fur-
ther complicated by the etiology of liver disease, which 
may independently influence hemostasis. For example, in 
addition to its propensity to lead to chronic liver disease 
and cirrhosis, hepatitis C virus (HCV) infection causes 
changes in hemostasis by disrupting vascular endothelium, 
altering procoagulant and anticoagulant pathways, and 
influencing platelet function [7]. Furthermore, positivity 
for HCV is present in approximately 21% of HIV-infected 
adults [8, 9]. In patients such as these, the concomitant 
presence of liver cirrhosis, chronic HCV infection, HIV 
infection, and the potential presence of alcohol abuse, hep-
atitis B virus (HBV) infection, malnutrition, or other 
comorbid conditions further complicate the hematologic 
balance. This makes it difficult to fully elucidate the etiol-
ogy of coagulopathy.

Chronic liver disease is a significant cause of morbidity 
and mortality in the United States and in the world, account-
ing for 44,000 deaths nationally and two million deaths 
worldwide each year [10–12]. Approximately 4.5 million 
people are living with diagnosed liver disease [13]. Infection 
with HBV and HCV is a known risk factor for the develop-
ment of chronic liver cirrhosis and cancer. The prevalence of 
HBV in the United States is approximately 0.35%, and most 
HBV-related deaths are due to hepatocellular carcinoma and 
decompensated cirrhosis [12, 14, 15]. The prevalence of 
chronic HCV infection in the United States is 1% [12]. It is 
estimated that up to 68% of chronic hepatitis C infections 
remain undiagnosed [16].

HIV infection is associated with an increased risk for 
thromboembolic events. Although the precise mecha-
nisms behind this effect are inadequately understood, it is 
thought that prolonged inflammatory states, chronic 
immune activation, and alterations in coagulation factors 
are contributing factors [17–19]. Thrombocytopenia is 
commonly associated with HIV, putting infected patients 
at increased risk for major bleeding events [20, 21]. The 
prevalence of HIV-related thrombocytopenia has 
decreased with the introduction of antiretroviral therapy 
(ART). In the pre-ART era, thrombocytopenia may have 
been present in up to 40% of patients with HIV [22]. In 
today’s era of highly active antiretroviral therapy, this 
number is likely between 0.6% and 15% [21, 23, 24]. 
Comorbidities such as hepatitis C virus infection and cir-
rhosis are risk factors for thrombocytopenia in HIV- 
infected patients [20].

 Drugs Associated with Coagulopathies

 Synthetic Cannabinoids

The term “synthetic cannabinoids” describes a heterogeneous 
group of chemical compounds that functionally resemble Δ9- 
tetrahydrocannabinol (THC) [25]. The development of synthetic 
analogs of THC has been an area of interest ever since its dis-
covery as the active ingredient in marijuana [26]. Given their 
ease of synthesis, low cost, high potency, and inability to be 
detected on routine drug screenings, synthetic cannabinoids 
have become attractive to the illicit drug market and, in recent 
years, have emerged as a popular alternative to marijuana. They 
are listed as Schedule I substances under the Controlled 
Substances Act, and due to lack of regulation, the composition 
of these substances is highly variable [27]. They have become 
commercially available in products sold on the Internet and in 
convenience stores and gas stations, often under the name of 
herbal blends, incense, and air fresheners with labels such as 
“not for human consumption.” [25, 28, 29]. Despite attempts to 
create legislation controlling the production and distribution of 
these compounds, manufacturers commonly manipulate chemi-
cal structures as necessary to evade legal ramifications [29–33].

The lifetime prevalence of synthetic cannabinoid use is 
between 0.2% and 4% and peaks in the late teen years and 
early 20s [34]. These drugs tend to be popular among recre-
ational cannabis users [35]. Among US, high school seniors, 
the annual prevalence of synthetic cannabinoid use is second 
only to cannabis [36]. Between 6% and 17% of US college 
students have used synthetic cannabinoids at least once dur-
ing their college years, and 1% of Europeans between the 
ages of 14 and 18 have used synthetic cannabinoids at least 
once in their lifetime [37–39].

In the United States, there have been hundreds of cases of 
contamination of synthetic cannabinoids with long-acting 
anticoagulant rodenticides (LAARs) resulting in coagulopa-
thy and bleeding complications. Synthetic cannabinoids 
received national attention in March and April of 2018 when 
the Illinois Department of Public Health reported an out-
break of severe coagulopathies among patients with recent 
synthetic cannabinoid use [40]. Over 150 cases, including 5 
deaths, were reported. Further investigation revealed that the 
coagulopathy was related not directly to the consumption of 
synthetic cannabinoids but rather to the contamination of the 
drugs with vitamin K antagonists such as brodifacoum, bro-
madiolone, and/or difenacoum, agents used in commercially 
available rodenticides [25, 40–42]. In July of 2018, the 
US.  Food and Drug Administration issued a press release 
warning of significant health risks related to the use of syn-
thetic cannabinoids contaminated with brodifacoum and 
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other LAARs, stating that hundreds of patients have been 
hospitalized after consuming these products [29].

While the rationale for adulteration with LAARs is not 
clear, it is speculated that the compounds either prolong or 
enhance the psychoactive effect of the drug [27, 43]. 
Among reported cases of coagulopathy associated with the 
use of synthetic cannabinoids contaminated with vitamin K 
antagonists, brodifacoum seems to be the most common 
contaminant [25].

To date, state health departments in Illinois, Maryland, 
Florida, Indiana, Kentucky, Missouri, Pennsylvania, Virginia, 
and Wisconsin have reported at a total of 202 cases of acci-
dental brodifacoum poisoning [40, 42]. The exact prevalence 
of synthetic cannabinoid-associated coagulopathy is 
unknown. However, given the relative lack of awareness and 
the illicit nature of the topic, it is not unquestionable that the 
total number of cases remains underrepresented [41].

 Alcohol

Alcohol is a commonly used substance. According to the 
2017 National Survey on Drug Use and Health, in the United 
States, 86.3% of people report that they have used alcohol at 
some point in their lifetime, and 70.1% report using it in the 
past year. An estimated 14.1 million people aged 18 and older 
have alcohol use disorder [44, 45]. Alcohol is responsible for 
as many as 88,000 deaths annually, making it the third lead-
ing cause of preventable death in the United States [46].

Alcohol is a known hepatotoxin that can cause hepatitis, 
steatosis, fibrosis, cirrhosis, and liver cancer [47, 48]. 
Additionally, alcohol consumption has been shown to affect 
the vascular endothelium, platelets, and the fibrinolytic sys-
tem [49, 50]. Liver cirrhosis is associated with both increased 
bleeding risk due to abnormalities in procoagulant and anti-
coagulant protein synthesis and a prothrombotic state due to 
the systemic inflammation associated with liver dysfunction 
[51]. In a prospective study of over 48,000 men, alcohol con-
sumption was associated with an increased risk of major gas-
trointestinal bleeding [52]. The number of annual deaths due 
to alcoholic liver disease is approximately 14,000 [53].

 Patient Assessment

The first step in the clinical evaluation of a patient with sus-
pected substance abuse is to perform an assessment – the 
next step is to treat, which will be covered later in this chap-
ter. Depending on the clinical setting, there are two forms of 
initial substance abuse workup: assessment and screening. 

Screening is a process used in primary care to evaluate the 
possible presence of a substance abuse problem generating a 
simple “yes” or “no” answer (i.e., CAGE, AUDIT, and 
TCUDS II alcoholism questionnaires) [54]. Conversely, 
assessment is a process for defining the nature of the prob-
lem, determining the diagnosis, and developing treatment 
recommendations. An array of assessment tools are typically 
employed in anesthesia, intensive care, and emergent care 
settings to treat high-acuity patients and will be the subject 
of interest herein.

 Normal Blood Homeostasis and Clinical 
Evaluation

A review of normal clot physiology will help make sense of 
the substance-induced disease states to follow in this review. 
There are two clotting pathways, the extrinsic pathway and 
the intrinsic pathway, that meet to form the common pathway. 
The extrinsic pathway is activated by endothelial secreted tis-
sue factor (TF). In contrast, the intrinsic pathway is activated 
when vascular endothelium is damaged, exposing subendo-
thelial type IV collagen, von Willebrand factor (vWF), and 
other negatively charged surfaces [55]. The extrinsic pathway 
involves a waterfall-type coagulation cascade of plasma factor 
VII and the common pathway. The intrinsic pathway is the 
long pathway made up of a similar coagulation cascade of 
plasma factors XII, XI, IX, and VIII, and the common path-
way. The elaboration of both the intrinsic and extrinsic path-
ways is the common pathway summarized as a coagulation 
cascade of plasma factors X and V, thrombin (factor II), and 
insoluble fibrin clots (factor I) [56]. Alterations in fibrin clot 
homeostasis by exogenous substances (e.g., drugs) can induce 
clot formation and if left untreated, may progress to dissemi-
nated intravascular coagulopathy (DIC). DIC characterizes a 
group of systemic processes, not a single disease entity repre-
senting a pathologic balance between coagulation factor/plate-
let consumption and production leading to organ damage [56]. 
It is clinically imperative to understand the mechanisms of 
substance- induced coagulopathies to perform thorough clini-
cal assessments.

Clinicians utilize a host of clinical tools to assess blood 
homeostasis and coagulopathies. Relevant labs include a 
complete blood count, clotting time assays (aPTT, PT, TT), 
individual clot-based assays (plasma fibrinogen, factor V), 
chromogenic assays (factor VIII), and cross-linked fibrin 
assays (D-dimer). Prothrombin time (PT) measures the time 
it takes plasma to clot post-exposure to TF, otherwise known 
as the extrinsic and common pathways, and is an easy first 
laboratory to measure, especially in patients who will be 
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undergoing surgical procedures or interventional pain proce-
dures with appropriate histories or taking known medica-
tions that alter the coagulation cascade. INR is also a gold 
standard for monitoring warfarin and is simply the individu-
al’s PT/control subjects PT. A normal PT is 11–13 seconds. 
The activated partial thromboplastin time (aPTT) measures 
the time it takes plasma to clot when exposed to substances 
that activate contact factors known as the intrinsic and com-
mon pathways. A normal aPTT is 25–35 seconds. Thrombin 
time (TT) measures the final step of coagulation, conversion 
of fibrinogen to fibrin, and is usually 14–19 seconds. Clot-
based assays assess a single clotting factor, like factor V or 
fibrinogen, by running a normal PT/aPTT assay with plasma 
deficient for a single factor. Slightly different,  the chromo-
genic assay uses the cleavage activity of a colored/chromo-
genic substrate against a calibration curve to determine 
the percent activation of a particular clotting factor. Factor 
VIII chromogenic assays can be used to rule out haemophilia 
A (deficiency of factor VIII). Finally, fibrin degradation 
products assays – such as d-dimer – are ordered as non- 
specific markers to evaluate for the presence of thrombi.

If a drug inhibits the normal coagulation cascades clotting 
time will increase resulting in prolonged clotting times 
(aPTT, PT, TT). Table  40.1 displays the changes in blood 
homeostatic lab values when exposed to a drug that progress 
to a state of DIC characterized by a consumption of coagula-
tion factors.

 Clinical Management of Drugs Associated 
with Coagulopathies

 Synthetic Cannabinoids

The clinical management of toxicities associated with syn-
thetic cannabinoids is a challenge [57]. Current guidelines 
for reversal of LAAR-associated bleeding include adminis-
tering blood products if necessary and vitamin K1 (phyllo-
quinone/phytonadione) and adjusting doses based on close 
monitoring of coagulation assay values, clinical presenta-
tion, and serum LAAR concentrations [27, 57–65]. For acute 

severe bleeding with elevated INR, the recommendation is to 
give fresh frozen plasma or four-factor prothrombin complex 
plus intravenous vitamin K, check INR every couple hours, 
and repeat or adjust dose if INR remains elevated [58, 62–
66]. Lowering vitamin K dose should be considered when 
INR returns to normal and serum levels of brodifacoum 
become non-detectable, keeping in mind that coagulopathy 
may persist even at this point [57, 62–64]. Most recently, in 
2019, the Johns Hopkins Health System published a protocol 
for the acute treatment of LAAR toxicity; the protocol effec-
tively reduced  INR below two  within 24  hours in 75% of 
patients in their study [27]. A few case reports indicated use 
of recombinant activated factor VII as an alternative for acute 
treatment of LAAR-associated coagulopathy, but it has a 
relatively short duration of action (around 3 hours), and there 
is limited data available on the effectiveness of this therapy 
[67, 68]. Given the long half- lives of LAARs and the possi-
bility of persistent or recurrent coagulopathy, acute care 
needs to be followed with long- term maintenance therapy 
with vitamin K [62–64]. The management of LAAR coagu-
lopathy is similar to management of warfarin overdose, but 
since LAARs are more potent than warfarin, patients with 
LAAR toxicity require higher doses of vitamin K [27]. 
Exogenous administration of vitamin K, with doses ranging 
from 20 to 600 mg/day, is required to treat LAAR-induced 
coagulopathy, but determining the exact dosing and duration 
of treatment is difficult due to the potency and long-half lives 
of LAARs [27, 62–64]. Depending on the degree of toxicity 
and LAAR serum levels, long-term daily administration of 
vitamin K may be required for weeks to over 1 year [57]. In 
addition to the typical treatment regimen for LAAR coagu-
lopathy reversal, case reports have used phenobarbital, a 
cytochrome P450 inducer, to accelerate brodifacoum clear-
ance, but the interactions of phenobarbital with vitamin K 
and safety data have not been established [69, 70]. For this 
reason, a 2019 review advises against the use of cytochrome 
P450 inducers for now until there is more research available 
to suggest otherwise [70]. An important complication to con-
sider with cases of LAAR- induced hemorrhage is paradoxi-
cal thrombosis, which has been described in case reports 
[71–74]. Paradoxical thrombosis may be the result of early 
depletion of anticoagulant proteins C and S caused by LAAR 
or a complication of blood product transfusion therapy [71–
74]. Effective management of patients with suspected LAAR 
toxicity requires careful examination of risk-benefit, factor 
levels, coagulation assays, and clinical presentation.

 Nutraceuticals

There has been an explosion of over-the-counter products 
over the past two decades that are affordable and accessible 
and have not gone through the rigors required to achieve drug 

Table 40.1 Parameter changers in setting of acute disseminated intra-
vascular coagulopathy (e.g., substance-induced coagulopathy)

Parameter Acute DIC
Platelet count Reduced
Prothrombin time Prolonged
Activated partial thromboplastin time (aPTT) Prolonged
Thrombin time Prolonged
Plasma fibrinogen Reduced
Plasma factor V Reduced
Plasma factor VIII Reduced
Fibrin degradation products Elevated
D-dimer Elevated
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status. Many of these agents are marketed as wonder agents 
that can restore vitality and aid in complex medical condi-
tions with limited therapies. In a study performed by Kaye 
et al. 70% of patients did not disclose that they were taking 
herbal products during routine anesthesia preoperative assess-
ment. Furthermore, the prevalence of taking one or more of 
these herbal products was roughly one-third of the population 
scheduled to undergo surgery or a pain procedure [75]. In this 
regard, the kava plant, aloe vera, black cohosh, cascara, chap-
arral, comfrey, ephedra, and many other herbal products com-
monly sold worldwide over the counter have been linked to 
liver damage. Acetaminophen, aspirin, ibuprofen, and 
naproxen are examples of common over-the-counter analge-
sic that are linked to liver damage in a dose- dependent 
manner.

 Alcohol

Alcohol use disorder is associated with trauma, liver cir-
rhosis, and end-stage liver damage (ESLD), which leads 
to massive reduction of pro- and anticoagulant factors. 
Additionally, previous studies showed a direct association 
between alcohol and coagulopathy in the trauma patients 
[76]. Therefore, proactive treatment of alcohol use disor-
der is a necessary prophylaxis to a subset of coagulopa-
thies. Examples of prophylaxis include  medication, 
psychosocial treatment, or both, depending on the sever-
ity of alcohol use disorder. For a mild disorder, the effec-
tiveness of medication is  unclear; thereby  appropriate 
psychosocial treatments are  recommended, includ-
ing motivational interview, brief intervention, cognitive-
behavioral therapy, residential treatment, mutual help 
group, and contingency management [77–79]. For moder-
ate-to-severe disorders a combination of medication and 
proper psychosocial treatment are efficacious. Naltrexone 
and acamprosate are two commonly used medications to 
treat alcohol use disorder. Meta-analysis studies have 
shown no difference in efficacy between them [80, 81]. 
However, naltrexone may be a preferred choice for newly 
diagnosed patients because patients can initiate the admin-
istration while still drinking. Also, patients may be more 
compliant with naltrexone than acamprosate because they 
take one pill daily for naltrexone but two pills three times 
a day for acamprosate. On the other hand, in patients who 
are comorbid with liver damage (e.g., acute hepatitis and 
liver cirrhosis) due to chronic alcohol use disorder, acam-
prosate is the favored treatment because it is excreted 
mostly through the kidney rather than metabolized by the 
liver. In patients with liver cirrhosis, baclofen is consid-
ered safe and is associated with a higher abstinence rate. 
However, there is a lack of evidence regarding the efficacy 
of baclofen [82].

When surgical operations become necessary, patients 
with alcohol use disorder and cirrhosis are at higher risk in 
perioperative settings. Examples include aspiratory pneumo-
nia, difficulty in the titration of oxygen, the special require-
ment of fluid and electrolytes, hypotension caused by 
dehydration, and wound infection due to immunosuppres-
sion [83]. A  life-threatening postoperative complication is 
delirium tremens, which manifests as hallucinations, disori-
entations, tachycardia, hypertension, hyperthermia, agita-
tion, and diaphoresis [84]. The first-line treatment is 
intravenous long-lasting benzodiazepines (e.g., diazepam 
and chlordiazepoxide) combined with supportive care. 
However,  lorazepam and oxazepam are favored to 
treat patients with acute hepatitis or liver cirrhosis since their 
short-acting mechanism prevents oversedation. 

When liver cirrhosis and the consequent liver failure 
develop due to chronic alcohol use disorder, balance between 
pro- and anticoagulant factors is disrupted, which may lead 
to coagulopathy and high bleeding risk. It is classically 
assessed by standard coagulation laboratory test in which 
prothrombin time (PT) is longer than 18 seconds, the acti-
vated partial thromboplastin time (aPTT) is longer than 
60  seconds, the international normalized ratio (INR) is 
higher than 1.5, or any of these values is higher than 1.5 
times of the laboratory reference value [85, 86]. Among 
them, the prolongation of the aPTT is more specific for diag-
nosis. Point-of-care techniques, including thromboelastogra-
phy (TEG) and rotational thrombelastometry (RoTEM), 
measure the integrated viscoelastic properties of clot forma-
tion [76]. Vitamin K deficiency is often seen in decompen-
sated liver cirrhosis. Injection of 10  mg vitamin K 
for three days is considered an adequate supplement to cor-
rect vitamin K deficiency-induced coagulopathy [87].

In trauma patients with massive hemorrhage, volume 
resuscitation with crystalloid and colloid is the first step to 
stabilize systemic circulation, although large-volume infu-
sion may further dilute the concentrations of erythrocytes 
(RBC), coagulant factors, and platelets. Therefore, fresh fro-
zen plasma (FFP) is often co-administered with packed RBC 
and platelet with a ratio of 1:1:1 [88, 89]. FFP contains pro- 
and anticoagulant factors, antifibrinolytic factors, albumin, 
and immunoglobin. FFP infusion offers fast compensation of 
coagulant factors, but associated risks such as acute lung 
injury, viral infection, exposure to immunoglobulin, and vol-
ume overload should be noted [90]; especially in patients 
with liver cirrhosis and ESLD, since potential volume over-
load may exacerbate the portal venous pressure [91].

Prothrombin complex concentrate (PCC) contains highly 
concentrated factors II, VII, IX, and X and small amounts of 
protein C and S, heparin, and antithrombin. It has been 
used to treat hereditary deficiency of coagulant factors men-
tioned above and rapidly reverse the effects of vitamin K 
antagonism (warfarin) [92]. PCC does not easily cause vol-
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ume overload like FFP, and it has also been suggested to be 
superior to FFP in thrombin generation, which facilitates 
fibrin production [93]. Additionally, PCC is suggested to be 
not associated with the increased risk of thrombosis [94]. 
Therefore, PCC may be a good candidate in treating 
 coagulopathy in patients with ESLD who are already at 
higher risk of venous thrombosis.

Recombinant FVII (rFVII) is commonly used, but its effi-
cacy has become controversial. It is beneficial for obstetric 
hemorrhage and blunt trauma, where  rFVII helped reduce 
massive transfusion without increased thromboembolic 
complications [90]. However, other studies suggested  that 
rFVII may increase thromboembolic risk [54]. Given the 
inconsistent results from different studies, rFVII may be rec-
ommended only when other therapies fail.

The hyperfibrinolytic state that worsens bleeding has 
been discovered in patients with trauma and liver cirrhosis, 
probably due to the altered level of plasminogen activator 
inhibitor-1 [95]. Thus, antifibrinolytics are potentially bene-
ficial in the situations of active bleeding and hemodilution. 
Currently available antifibrinolytics include lysine analogs, 
e-aminocaproic acid, and tranexamic acid. They strengthen 
the weak fibrin clots that are otherwise susceptible to plas-
min. Lysine analogues have been reported to reduce blood 
loss and the need for RBC transfusion in cardiac, orthopedic, 
and hepatic surgery [96]. Randomized placebo-controlled 
trials have demonstrated the efficacy of tranexamic acid in 
the reduction of patient mortality [90].

Venous thrombosis is another primary concern in patients 
with liver cirrhosis and ESLD, due to the imbalance of the 
pro- and anticoagulation processes. Prevention of deep 
venous thrombosis and pulmonary embolism can be per-
formed both mechanically and pharmacologically. 
Compression stockings and pneumatic compression exem-
plify the former. Commonly used pharmacological anti- 
thromboembolic prophylaxis includes enoxaparin, 
low-weight-molecular heparin, warfarin, and direct oral anti-
coagulants [54].

 Summary and Conclusion

Coagulation is a dynamic process primarily determined by a 
balance of pro-coagulation factors, anticoagulants, and fibri-
nolysis. One particular cause of coagulopathy – drug induced 
bleeding – has gained attention because of  increasing drug 
use, drug-drug interactions, and natural medicines. Drug-
induced bleeding is commonly thought of as gastrointestinal 
bleeding after NSAID use. Still several  other factors  
contribute to drug-induced bleeding including advancing age, 
nutraceuticals, polypharmacy, drug-drug interactions, and 
coexisting medical conditions. Recent clinical literature sug-
gests that alcohol and synthetic cannabinoids are large con-

tributors to drug-induced coagulopathies. There  have been 
hundreds of cases of contamination of synthetic cannabinoids 
with long-acting anticoagulant rodenticides (LAARs), in the 
United States alone, resulting in coagulopathy and bleeding 
complications. Alcohol is a known hepatotoxin; however, 
alcohol consumption has been shown to affect the vascular 
endothelium, platelets, and the fibrinolytic system. 
Additionally, patients with liver disease may have complex 
alterations in procoagulant and anticoagulant profiles result-
ing in an increased risk of bleeding and thrombosis.

The first step in the clinical evaluation of a patient with 
suspected substance abuse is to perform an assessment. 
Screening is a process used in primary care to evaluate the 
possible presence of a substance abuse problem. Clinicians 
utilize a host of clinical tools to assess blood homeostasis 
and coagulopathies. Relevant labs include a complete blood 
count, clotting time assays (aPTT, PT, TT), individual clot-
based assays (plasma fibrinogen, factor V), chromogenic 
assays (factor VIII), and cross-linked fibrin assays (D-dimer). 
Concerning  treatment, proactive treatment of alcohol use 
disorder is a necessary prophylaxis to a subset of coagulopa-
thy. This can be achieved by medication, psychosocial treat-
ment, or a combination of both, depending on the severity of 
alcohol use disorder. When surgical operations become nec-
essary, patients with alcohol use disorder and cirrhosis are at 
a higher risk for perioperative complications. The clinical 
management of toxicities associated with synthetic cannabi-
noids is a challenge. Current guidelines for reversal of 
LAAR-associated bleeding include administering  blood 
products if necessary and vitamin K1 (phylloquinone/phyto-
nadione) and adjusting doses based on close monitoring of 
coagulation assay values, clinical presentation, and serum 
LAAR concentrations. Ultimately, however, patient educa-
tion about substance abuse and the potential for exacerbated 
existing coagulopathies or the development of coagulopathy 
is the most critical tool healthcare providers can utilize.
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 Background

Correction of anemias has traditionally been thought to 
improve outcomes in patients undergoing cancer resection 
[1, 2]. Consequently, allogeneic blood products are readily 
used in the perioperative setting to optimize this medically 
tenuous patient population. In recent years, however, there 
have been increasing studies suggesting that perioperative 
transfusion of blood products may paradoxically increase 
recurrence of cancer [3–5].

Cancer recurrence is a devastating clinical outcome as it 
often confers an increase in overall morbidity and mortality. 
Therefore, long-term outcomes must be considered even in 
early cancer management. Incorporating preemptive mea-
sures early in the treatment course may be consequential in 
preventing cancer recurrence and improving long-term 
patient outcomes. Conservative use of blood products has 
been proposed as a means of risk mitigation for cancer 
recurrence.

There has been increasing literature in cancer patients 
within the past decade that has associated blood transfusions 
with adverse perioperative morbidity, metastatic progres-
sion, and decreased disease-free and overall survival. These 
studies range in clinical context, cancer type, and surgical 
technique. The greatest evidence supporting this theory are 
in gastroesophageal, colorectal, pancreatic, and prostate can-

cers, with the most randomized control trials in colorectal 
cancer [3, 6, 7]. The association between perioperative blood 
transfusion (PBT) and adverse long-term outcomes remains 
controversial, however, because most studies to date have 
been retrospective and observational. Literature in other 
solid tumors are even more limited in quantity, quality, and 
consensus. Overall, despite PBT being a pervasive consider-
ation in patients undergoing surgical management in malig-
nancy, there exists a paucity of high-level evidence and 
recommendations for clinical practice.

While there have been multiple theories attempting to pro-
pose possible mechanisms for PBT contributing to cancer 
recurrence, the precise pathophysiology underlying this phe-
nomenon remains poorly understood and has yet to be clearly 
delineated. Transfusion-related immunomodulation (TRIM) 
is considered the prevailing theory for contextualizing the 
molecular machinery responsible for post-PBT cancer recur-
rence [3, 8, 9]. This theory proposes that blood transfusions 
serve to downregulate the inflammatory response of the recip-
ient, thereby producing a pro-tumor host environment. Pro-
inflammatory cytokines, growth factors, and microparticles 
contained in the blood are all thought to change the immune 
milieu to favor oncogenesis [10, 11]. Secondary non-immune 
mechanisms proposed as to how blood transfusions lead to 
adverse patient outcomes include postoperative infectious 
complications, lung and cardiac injury, and disruption of the 
coagulation cascade [3]. There are also theories proposed that 
blood transfusion may lead to higher likelihood of leakage at 
the surgical anastomotic site and subsequent decrease in over-
all survival [12, 13]. However, the majority of the highest-
level evidence exploring PBT and cancer recurrence has 
implicated dysregulated immunomodulation as responsible 
for the underlying pathophysiology.

Host immunity is suppressed in different degrees depend-
ing on the type of blood product used, features of the donor, 
quantity of blood transfused, and timing of transfusion. 
TRIM has been seen in the transfusion of all blood products, 
including whole blood, packed red blood cells, plasma, and 
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platelets [14]. Autologous blood is less implicated in adverse 
outcomes than allogeneic [15]. Multiple studies have also 
suggested age of the blood donor affects patient outcome 
[16]. Dose of product transfused, leukoreduction status, and 
timing of the transfusion (whether pre-operative, intraopera-
tive, or postoperative) also affect patient outcomes [3, 16–
20]. Through these aforementioned parameters, host 
immunomodulation is disturbed in different capacities and 
leads to differences in tumor recurrence and patient 
outcome.

There are confounding factors unassociated with transfu-
sion that oppose the view that PBT independently leads to 
adverse outcomes in cancer patients. Risks inherent to the 
patient population, cancer type, and surgical procedure must 
be considered. The patients and procedures that require more 
transfusions may also be the ones at higher risk for recurrent 
disease, separately from the transfusion itself. Baseline char-
acteristics of patients who require perioperative transfusions 
typically include poor pre-operative nutrition, functional sta-
tus, and anemia. Patients may also have advanced stage or 
poorly resectable cancers, requiring long procedures, high 
amounts of blood loss, and use of specific types of anesthe-
sia. These surgeries may be more likely to increase malig-
nant cells in circulation through tumor manipulation, and 
they may require more potent anesthetics and medications 
that can depress host immunity [21, 22]. Perioperative stress, 
inflammatory response, metabolic perturbation, and postop-
erative complications may also be higher in this patient sub-
set. All of these confounding factors affect patient outcome 
and tumor recurrence separately from the transfusion itself. 
Some of the literature supporting TRIM account for these 
confounding factors through multivariable analysis, while 
others do not [23]. Additionally, most of our clinical evi-
dence is retrospective, which creates difficulty separating 
confounding factors. This further necessitates quality ran-
domized control trials to show transfusion can increase 
recurrence of the tumor independently of the factors associ-
ated with the surgical procedures and population at risk.

Although blood transfusions were long considered bene-
ficial for perioperative management in persons undergoing 
cancer resection, increasing literature suggests that they may 
promote the risk of cancer recurrence. Unfortunately, this 
novel concept is substantiated by few well-designed and 
impactful studies and requires further exploration. Several 
existing studies are burdened with numerous clinical con-
founders and fail to clearly delineate PBT and long-term 
effects on recurrence-free and overall survival. Consequently, 
evidence-based data to dictate the judicious use of PBT for 
both optimizing perioperative risk and prevention cancer 
recurrence are largely lacking. Nonetheless, a thorough 
understanding of this phenomenon is instrumental for con-
textualizing forthcoming literature and transfusion guide-
lines. This chapter serves to present the proposed mechanisms 

of transfusion-related immunomodulation, risk factors for 
cancer recurrence, and clinical considerations for PBT.

 Transfusion-Related Immunomodulation

The most investigated and cited mechanism suggested for 
perioperative blood transfusion and cancer recurrence is that 
of TRIM [3, 8, 9]. This theory suggests that the transfused 
blood changes the immune environment to suppress host 
immunity and allow tumor recurrence. Subsequently, meta-
static progenitors may interact with immune modulators to 
survive and proliferate. By affecting the immune milieu, 
PBT theoretically adversely impacts postoperative compli-
cations, disease recurrence, metastasis, and overall mortality. 
Through immune dysregulation, PBT has been associated 
with patients having increased susceptibility to nosocomial 
infections in the short term and oncogenesis in the long term 
after surgery.

Host immune disruption has been suggested to occur 
through several mechanisms. These include transfusion- 
induced suppression of natural killer (NK) cell activity, 
depression of monocyte phagocytosis, increase in T-helper 
(Th) cell subtypes that favor host immunosuppression, 
upregulation in T-regulatory (Treg) cell activity with inhibi-
tion of interleukin-2 (IL-2) production, and augmented solu-
ble microparticles such as human leukocyte antigen (HLA) 
Class I peptides and fibroblast-associated (FAS) ligand [3, 8, 
9, 24]. Other mechanisms proposed include clonal deletion, 
induction of host anergy and tolerance, and alteration of 
B-cell antibodies in donor plasma that alter host response.

Cellular-based host interference primarily occurs through 
disturbance of normal Th cell subtype, Treg, NK, and mono-
cyte activity [24–26]. Th1 cells are widely implicated in gen-
erating immune response against intracellular pathogens and 
tumorigenesis. Conversely, Th2 cells primarily target extra-
cellular pathogens and permit tumor survival and invasive-
ness. PBT has been associated with gene expression profiles 
demonstrating decreased Th1 and increased Th2 activity, 
allowing for decreased host defense and recurrence of can-
cer. Tregs are similarly thought to suppress host immunity 
through decrease in IL-2 production. Additionally, NK cells 
and monocytes normally serve as immune regulators by 
decreasing the cytotoxic nature of tumor-infected cells and 
preventing tumor survival and metastasis. NK cell and mono-
cyte reduction is also seen after transfusion, allowing for the 
cancer cells to not only recur in a debilitated host immune 
system but also survive and proliferate. Reduction of cyto-
toxic NK cells and phagocytic monocytes may also activate 
free tumor thrombus, causing postoperative recurrence and 
metastasis. Thus far, only decrease in Th1/Th2 ratio and sup-
pression of NK cell activity have been studied, and these 
studies primarily exist in gastrointestinal cancers. The theory 
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that PBT leads to host immune suppression and tumor recur-
rence needs to be further explored in other types of cancer 
and other cell types.

The details of the immune mechanisms responsible for 
oncogenesis are still being elucidated to prevent tumor recur-
rence. Leukodepletion is thought to decrease TRIM through 
limiting exposure to immune-stimulatory antigens. 
Decreased storage length is also hypothesized to minimize 
TRIM.  Despite current standards of leukoreduction and 
blood storage, donor products are thought to still contain 
activated pro-inflammatory cytokines, chemokines, growth 
factors, prostaglandins and other biochemical microparticles 
(such as HLA Class I peptide and soluble FAS ligand) that 
shift the immune environment toward host immune suppres-
sion and tumor proliferation. These inflammatory biochemi-
cal substances are theorized to promote oncogenesis along 
every stage of tumor growth. They promote epithelial- 
mesenchymal transition and vascular permeability that facil-
itates cancer mobility and metastasis. Transfusion 
components may also include vascular endothelial growth 
factors, plasminogen activators, and other biochemical sub-
stances that subsequently allow metastasized cells to survive, 
invade, and proliferate. More laboratory research is neces-
sary to further elucidate the exact molecules, pathways, and 
mechanisms of immune suppression and cancer survival. 
Nevertheless, TRIM remains the primary theory implicated 
in PBT and cancer recurrence.

Blood transfusions can also lead to poor patient outcomes 
through non-immune mechanisms. These non-immune 
sequelae of blood transfusion may independently cause 
increased perioperative and postoperative mortality. PBT 
confers increased risk of postoperative nosocomial infec-
tions (wound site, catheter-related) [5, 24, 27]. There have in 
fact been well-documented immunosuppressive patterns of 
gene expression associated with perioperative infective com-
plications. Postoperative abdominal infection has also been 
shown to independently adversely affect overall outcome. 
PBT is also associated with pulmonary complications 
(thromboembolism, acute respiratory failure, and pneumo-
nia), cardiac complications (myocardial infarction, angina, 
arrhythmia, and cardiac arrest), and non-immune transfusion- 
related complications (hemolytic reactions due to ABO mis-
match, blood mismatch reactions, and concomitant 
hypoxia-induced factors that promote tumor angiogenesis).

Anastomotic leakage (AL) is a special category of com-
plication that is frequent and well-established to be associ-
ated with blood transfusions in gastroesophageal junction 
and colorectal cancers [13]. PBT is intriguingly thought to 
compromise the microcirculation rheology and cause inflam-
mation, especially at the anastomotic site. This phenomenon 
has mostly been seen to occur within 1 week of receiving 
perioperative blood products and may lead to the need for 
reoperation. Multivariate analysis data has shown AL to be 

an independent risk factor for decreased overall and cancer- 
specific survival. These non-immune mechanisms of PBT 
contributing to adverse patient outcome offer alterative 
explanations to the primary theory of TRIM leading to can-
cer recurrence. Whether through immune or non-immune 
mechanisms, PBT is implicated in adverse short-term and 
long-term outcomes following surgery.

 Risk Factors for Cancer Recurrence

The risk factors associated with cancer recurrence signifi-
cantly overlap with those of patients necessitating periopera-
tive blood transfusion [1–6]. Patients who require PBTs are 
typically also ones with poor baseline functional status, 
advanced stage cancers, and need for lengthier surgical pro-
cedures. Cancer recurrence is thus more likely in these 
patients, separate from the effect of transfusions, and may 
confound the association of PBTs with overall outcome. 
While some of the literature account for these confounding 
factors and show PBT as an independent risk factor for can-
cer recurrence, others demonstrate a dependent association.

It is intuitive and supported by data that patients with poor 
ECOG and Karnofsky status generally have poor overall and 
cancer-specific survival after surgical intervention. Patients 
who are more malnourished and, anemic and have lower 
baseline functional reserve are more likely to have poor tol-
erance of the stressors introduced by surgery. This leads to 
more complications both intraoperatively and postopera-
tively that compromise outcome, separately from the effect 
of PBT [28–30].

Patients who have decreased survival also tend to have a 
higher proportion of tumor burdens that are high grade, 
advanced stage, and poorly resectable. Furthermore, these 
patients often require lengthier surgeries that are associated 
with more extensive blood losses. They may also necessitate 
stronger anesthetics and for protracted time periods that 
cause host immune suppression. There are also certain loca-
tions of tumors, such as intraabdominal or associated with 
the gastrointestinal tract, that are more likely to introduce 
malignant cells into circulation and have independently been 
associated with cancer recurrence. Thus, in a parallel way to 
PBT, immune and non-immune mechanisms contribute to 
adverse patient outcome. These high-risk patients, tumor 
types, and surgical procedures introduce perioperative stress, 
metabolic disturbances, and foreign products that confound 
the association of PBT with adverse patient outcome.

All of these confounding factors affect patient outcome 
and tumor recurrence separately from the transfusion itself. 
High-risk physiologic factors [e.g., older age, lower BMI, 
smoking status, worse performance status, pre-operative 
anemia, underlying comorbidities, neoadjuvant chemother-
apy (NAC) requirements], or patient-specific surgical  factors 
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[pathologic stage, nodal metastases, tumor size, operative 
time, difficulty of the operation, estimated blood loss] affect 
not only the decision to transfuse but also cancer-specific 
outcomes. Significant postoperative complications that have 
been associated with worse patient outcomes after PBT that 
are separate from the effects of blood transfusion included 
thromboembolic events, delayed gastric emptying, uncon-
trolled hyperglycemia, and increased length of stay.

Some of the literature supporting PBT account for these 
confounding factors through multivariable analysis, while 
others do not. Still others do not perform multivariate analy-
sis to adjust for confounding factors. Additionally, known 
data on PBT and adverse outcome association is primarily 
retrospective. Available clinical evidence creates difficulty 
separating confounding factors. This further necessitates 
quality randomized control trials to show transfusion can 
increase recurrence of the tumor independently of the factors 
associated with the surgical procedures and population at 
risk.

Certain cancer types are also more associated with poor 
outcomes after PBT. Specifically, gastroesophageal, colorec-
tal, pancreatic, and prostate cancers have the most data sup-
porting this theory [30–44].

PBT has also been implicated in bladder cancer and renal 
cancer; however studies available in current literature are 
more heterogeneous and poor in quality [45–52]. 
Unfortunately, evidence is even sparser in other tumor types. 
Conflicting or limited evidence exists in head and neck, 
lung, hepatic, biliary, peritoneal, ovarian, and cervical 
cancers [17, 18, 22, 53–55]. Available literature on PBT 
being unassociated with cancer recurrence includes spinal 
metastases of various primary tumors; however, this 
evidence is limited [56].

Overall, data is significantly lacking despite PBT com-
prising a universal problem surrounding surgical manage-
ment of cancer. Most available evidence is retrospective and 
observational. Randomized control trials are limited, with 
the most associating PBT and cancer recurrence in colorectal 
cancer. More quality evidence is necessary to elucidate the 
association or lack of association of PBT with cancer recur-
rence. Public support is necessary to garner much needed 
high-level evidence to affect guidelines in clinical practice.

 Clinical Practice Considerations 
for Perioperative Transfusions

Currently, as is reasonable and clinically appropriate, trans-
fusion patterns are directed toward correcting the anemic 
statuses of cancer patients in anticipation of operative inter-
ventions [3]. These transfusion practice patterns themselves 
range from conservative to liberal, so as to prevent early 

transfusion-related adverse outcomes and effectively pro-
duce anemia correction. However, there exist very limited 
literature and no guidelines to direct transfusion practice pat-
terns. Additionally, literature delineating the long-term 
adverse risks of cancer recurrence associated with various 
transfusion practices are also lacking. Regardless, the litera-
ture to date allows practitioners to consider several important 
parameters in their transfusion decision-making: conserva-
tive vs. liberal transfusion thresholds, low vs. high total 
transfusion dosages, and autologous vs. allogeneic donor 
sources. Of note, however, transfusion practices largely vary 
upon the particular clinical context, and parameters includ-
ing cancer type, severity, and operative bleeding risk must 
always be considered.

Transfusion thresholds are highly dependent on the clini-
cal context. Nonetheless, conservative transfusion parameters 
were thought to possibly be superior to more liberal parame-
ters [17, 18, 41]. Xue et al. explored transfusion practices in a 
cohort of gastric adenocarcinoma patients undergoing surgi-
cal resection [34]. Firstly, they found that those patients who 
received transfusions had lower overall survival across a 150-
month follow-up period. Most importantly, these trends were 
maintained when subgroup analyses exploring per-operative 
anemic status were considered, i.e., transfused patients had 
higher mortalities in the chronic phase irrespective of their 
pre-operative anemic status. While not overtly apparent in 
persons with 7–10  g/dl of pre- operative hemoglobin, those 
“non-anemic” persons with >10 g/dl of pre-operative hemo-
globin that were transfused had much lower survival than 
their non-transfused counterparts. Additionally, they also 
found that transfusions were detrimental in “non-anemic” 
persons with stage 3 gastric adenocarcinoma. Following that, 
Liu et al. found that all stage 3 gastric cancer patients who 
received transfusions had lower cumulative survival regard-
less of anemic status [31]. Baumeister et al. also found similar 
patterns in a cohort of persons with head and neck cancers 
[22]. They conclude that restrictive transfusion thresholds 
should be utilized perioperatively in persons undergoing head 
and neck squamous cell cancer resection.

Past the decision toward transfusing patients, total trans-
fusion loads are thought to carry a dose-dependent detriment 
in the perioperative phase [17, 18, 41]. This is particularly 
noteworthy as practitioners also utilize varied practices for 
total transfusion dosing after the decision to transfuse has 
been established. Thus, total transfusion loads are reflective 
of another point of possible intervention and investigation. 
Nizri et al. explored patient outcomes in persons with diffuse 
malignant peritoneal mesothelioma in the context of total 
transfusion dosages [17]. They found a direct dose-depen-
dent relationship between total transfusion dosage inversely 
to both progression-free survival and overall survival. 
Interestingly, similar explorations by Latif et al. in a cohort 
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of persons with non-small cell lung cancer found that a 
 single-unit packed red blood cell transfusion did not confer 
any increased risk of cancer recurrence [18]. However, they 
found that increased transfusions were inversely related to 
disease-free survival and overall survival. These findings 
support the utilization of judicious, conservative transfusion 
parameters.

In addition to the above factors, blood product donor 
source is vital to consider in the preparation of blood 
transfusions [3]. As expected, autologous transfusions are 
thought to be less detrimental compared to allogeneic 
products in regard to cancer recurrence [32, 33]. The 
superiority of autologous products has not been fully 
determined – largely because the vast majority of studies 
exploring this phenomenon involve allogeneic transfu-
sions, as is standard in current clinical practice. 
Additionally, there exist safety concerns with autologous 
products given the theoretical risk that autologous blood 
may contain malignant cells that may be reintroduced fol-
lowing resection. However, the use of autologous prod-
ucts has been established as a safe practice across 
numerous cancer contexts. In fact, a few small, retrospec-
tive studies including cohorts with head and neck cancers 
have found that allogenic products confer greater cancer 
recurrence relative to autologous products [57]. More 
impactful evidence is largely lacking, however.

 Conclusion

While PBTs are necessary in appropriate clinical contexts 
to correct pre-operative anemias, they have also been asso-
ciated with increased risk of cancer recurrence in persons 
undergoing cancer resection interventions. Notably, it has 
been extensively shown that this increased risk was second-
ary to the PBT itself rather than the anemic status in this 
tenuous population. However, some studies have found that 
clinical parameters – ranging from cancer severity to perfor-
mance status – ultimately drive cancer recurrence risk rather 
that PBT status. A clear understanding of PBT-induced can-
cer recurrence has yet to be clearly elucidated. The prevail-
ing theory explaining this phenomenon suggests that TRIM 
downregulates immunogenic machinery in the transfusion 
recipient and facilitates the production of an oncogenic 
host environment. Regardless of the precise molecular 
mechanisms, judicious transfusion practices are necessary 
to optimize patient safety profiles and long-term disease-
free survival. Unfortunately, this concern of PBT conferred 
cancer recurrence is still novel and further studies exploring 
underlying mechanisms and directing clinical practice pat-
terns for PBT usage are necessary.
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Perioperative Management 
of Polycythemia

Jianli Zhao, Liang Huang, David Matson, Na Li, 
and Henry Liu

 Introduction

Polycythemia refers to clinical scenarios in which there is 
an absolute increase in total red cell mass. This condition 
has also been termed as erythrocytosis. Polycythemia has 
three different forms being recognized: primary polycythe-
mia, secondary polycythemia, and mixed (i.e., primary and 
secondary). Polycythemia vera (PV) is the most common 
form of the primary polycythemias, which is a clonal disor-
der of hematopoietic stem/progenitor cells [1]. While low-
risk patients can be treated with aspirin and phlebotomy, 
high-risk patients will likely need cytoreductive therapy, 
which most commonly consists of hydroxyurea therapy in 
the United States. In perioperative settings, patients with 
PV may pose challenges because it may cause an increased 
incidence of thromboembolic and hemorrhagic complica-
tions [1, 2]. Contemporary medical management of PV 
consists of phlebotomy, anticoagulation, hemodilution, and 
cytoreductive therapy attempting to maintain the hemato-
crit (Hct) level at below 45% and prevent thromboembolic 
event. High-risk patients with PV often require cytoreduc-
tive therapy typically with hydroxyurea [3, 4].

 Classification of Polycythemia

 Primary Polycythemia

Primary polycythemia is caused by acquired (somatic) or 
inherited (germline) mutations expressed within the ery-
throid progenitors that increase their proliferation and cause 
an accumulation of erythrocytes in the blood circulation (i.e., 
polycythemia). Such mutations occur in PV and in domi-
nantly inherited polycythemias caused by “gain-of-function” 
mutations of the erythropoietin receptor (EPOR) gene [3]. 
Primary polycythemias can usually be distinguished from 
secondary polycythemias by in vitro assays that reveal pro-
liferation of erythroid progenitors with minimal or no added 
erythropoietin (EPO) [3].

 Secondary Polycythemia

Secondary polycythemia refers to conditions in which there 
are circulating plasma factors (EPO, testosterone, etc.) that 
stimulate erythropoiesis. In rare instances, exposure to 
cobalt, dysregulated angiotensin/angiotensin receptor 1 ery-
throid signaling (e.g., in post-renal transplant erythrocyto-
sis), or elevated plasma levels of insulin-like growth factor-1 
can stimulate erythropoiesis [5].

Both primary and secondary categories of polycythemia 
can have acquired and congenital causes. Secondary polycy-
themia can be due to “appropriate” or “inappropriate” physi-
ological responses. Typical examples of appropriate 
physiological response include physiological response to tis-
sue hypoxia and hypoxemia which induce an increase in red 
blood cell (RBC) mass in the blood; this can also be seen in 
patients with pulmonary pathologies with low hemoglobin 
oxygen saturation level, and heavy smokers with high 
carboxy- hemoglobin level, or congenital diseases, such as 
mutant hemoglobin with increased oxygen affinity, inherited 
defect of 2,3- diphosphoglycerate [2,3-DPG] synthesis. 
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Examples of inappropriate responses include EPO-secreting 
tumors or increased EPO due to congenital disorders of 
hypoxia sensing [6].

Mixed (primary and secondary) congenital disorders of 
hypoxia sensing: Some patients with polycythemia share 
features of both primary (i.e., increased sensitivity of ery-
throid progenitors to EPO) and secondary polycythemia 
(i.e., elevated EPO levels). Examples of mixed polycy-
themia include Chuvash polycythemia, congenital von 
Hippel-Lindau (VHL) gene mutations, and gain-of-function 
mutations of EPAS1 (encoding hypoxia-inducible factor 
(HIF)-2 alpha) [6, 7].

 Pathogenesis

PV is the most common of the primary polycythemias. As 
with other Philadelphia chromosome-negative chronic 
myeloproliferative neoplasms (essential thrombocythemia 
and primary myelofibrosis), PV is often caused by more than 
one genetic, either acquired somatic or inherited germline, 
mutations in a single hematopoietic progenitor, leading to an 
increase in RBC production with simultaneous increase of 
platelets and myeloid cells at variable amount [8].

Clonality: PV arises from a single hematopoietic progeni-
tor. Thus, the vast majority of the circulating myeloid cells 
are clonal in origin [8]. The mutational event leads to clonal 
myeloid expansion as in patient with PV with affected plu-
ripotent stem cell. However, the majority of T lymphocytes 
and natural killer cells remain polyclonal [9]. The first 
in  vitro abnormality in PV progenitor cells observed was 
these cells form erythroid colonies in the absence of exoge-
nous EPO, a phenomenon not found in progenitor cells from 
normal subjects. This finding has been used as a diagnostic 
assay to help distinguish PV from other causes of polycythe-
mia [9]. The unusual presence of erythroid colonies without 
exogenous EPO is called spontaneous, EPO-independent, or 
endogenous erythroid colonies. This atypical erythroid col-
ony is the hallmark of PV.

JAK2 (JAK2V617F) mutation: Multiple studies have 
shown that JAK/STAT signaling plays a critical role in 
cellular proliferation and cell survival [10], particularly in 
EPO- EPOR signaling in erythropoiesis [11]. JAK2 defi-
ciency in mice has shown embryonic lethality due to the 
absence of definitive erythropoiesis [12]. Additionally, 
JAK2-/- fetal liver myeloid progenitors failed to respond 
to several hematopoietic growth factors including EPO 
[13]. Abnormal signaling in PV through JAK2 was pro-
posed first in 2004 [14], and then the finding of a single 
nucleotide JAK2 somatic mutation (JAK2 V617F) in the 
majority of PV patients [15], which was confirmed by four 
separate studies [16]. This single nucleotide change was 
shown to emulate many properties of native PV erythroid 

progenitors as EPO independence and hypersensitivity of 
PV erythroid colonies.

Several JAK2 inhibitors have been developed and tested 
in clinical trials, showing some clinical benefit in patients 
with PV, especially in primary and secondary myelofibrosis 
patients. Ruxolitinib is the first FDA approved of its kind for 
the use in primary myelofibrosis and also in patients with 
PV.  While Ruxolitinib decreases symptoms and partially 
ameliorates splenomegaly, it does not seem to change the 
biology of the disease [16].

Additional genetic features: the vast majority of patients 
with PV will have a JAK2 mutation involving either exon 14 
or 12. JAK2 mutations can also present in other myeloprolif-
erative neoplasms with different clinical phenotypes, as 
essential thrombocythemia and primary myelofibrosis, and 
JAK2 mutations do not seem to explain the heterogeneity of 
prognosis among patients with PV. Potential mechanisms for 
these phenotypic variations may include mutations in addi-
tional genes, variabilities in the expression level of alterna-
tive genes, and epigenetic modifications.

 Perioperative Complications

Thromboembolic complications are the main concerns for 
the perioperative care of patients with PV. The increased cir-
culating RBCs in patients with PV are associated with blood 
hyperviscosity, which can lead to an increased risk of throm-
botic/embolic complications such as cerebrovascular acci-
dents, myocardial infarction, or peripheral vascular events. 
Almost half of the patients with PV may also have prolifera-
tion of other blood cell lines in addition to RBCs. Thus, these 
patients with PV may also suffer from thrombocytosis and 
leukocytosis [17, 18]. An increased risk of “hemorrhagic” 
(7.3%) as a complication of patients with PV has also been 
reported; this might be related to increased leukocyte burden 
during disease course [19]. A concurrently increased risk of 
bleeding has also been attributed to acquired von Willebrand 
disease, especially in PV patients with thrombocytosis, and 
possibly to other platelet function defects [9, 20].

 Perioperative Management

 Preoperative Evaluation

All patients with PV should have a complete history and 
physical examination preoperatively to document symptoms, 
signs, and laboratory studies that may potentially alter prog-
nosis or management strategy. The preoperative evaluation 
should also include history of venous or arterial thrombosis; 
symptoms as pruritus, erythromelalgia, fever, sweating, 
weight loss, early satiety, fatigue, headache,  lightheadedness, 
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visual disturbances, atypical chest pain, and paresthesia; car-
diovascular risk assessment; and assessment of spleen and 
liver size by physical examination. In addition to routine 
laboratory tests like a complete blood cell count with differ-
ential, peripheral blood smear, and chemistries with liver and 
renal function and electrolytes, tests for JAK2 V617F muta-
tion and, if negative, for mutations of CALR exon 9 and 
MPL exon 10 should be done; testing for acquired von 
Willebrand disease in patients with clinical evidence of 
bleeding or platelet counts >1 million/mL also needs to be 
done. Some patients may need bone marrow biopsy. PV is a 
panmyelopathy. When it presents with erythrocytosis, leuko-
cytosis, and thrombocytosis with or without splenomegaly, 
the diagnosis of PV is confirmed, regardless of the clonal 
marker. However, if it can present as isolated erythrocytosis, 
leukocytosis, or thrombocytosis, with splenomegaly and/or 
myelofibrosis, or any combination of these, JAK2 driver 
mutation expression eliminates the possibility of secondary 
or spurious erythrocytosis.

 Perioperative Management

In general, treatment of PV has two goals: alleviating symp-
toms and prolonging survival by prevention of thrombosis, 
intractable splenomegaly, and leukemic transformation. 
Specifically, for perioperative care, the goal is simple, pre-
vention and management of thromboembolic complications 
by phlebotomy therapy to reduce blood hyperviscosity and 
control of thrombocytosis [21]. A Dutch study showed that 
major clinical variations exist in treatment strategies for 
PV. Phlebotomy shortens the time to achieve hematocrit con-
trol, while hydroxyurea seems to better control platelet and 
leukocyte levels. The thrombotic vascular event rate remains 
clinically significant [22].

 Phlebotomy

Thrombosis, without any doubt, is the most immediate threat 
to patient with PV. Phlebotomy is the cornerstone of man-
agement for these patients. Phlebotomy reduces the RBC 
mass and expanding the plasma volume [23]. Phlebotomy 
can be accomplished by daily or every-other-day procedures, 
or all at once by erythrocytapheresis [24]. Phlebotomy usu-
ally neither causes myelofibrosis nor stimulates hematopoi-
esis because PV hematopoiesis is autonomous [25].

 Cytoreductive Therapy

PV patients at high risk of thrombosis is indicated to have 
cytoreductive therapy, typically with hydroxyurea, which is 

adopted by the PV Study Group. Hydroxyurea is a non- 
alkylating agent used to treat patients with PV [21, 26]. 
Hydroxyurea can decrease the production of 
deoxyribonucleotides via inhibition of the enzyme 
ribonucleotide reductase by scavenging tyrosyl free radicals 
as they are involved in the reduction of nucleoside 
diphosphates. It suppresses the bone marrow production of 
blood cells [25]. Hydroxyurea does impair DNA synthesis; 
it may cause therapy-related acute myeloid leukemia 
because they facilitate clonal expansion of hematopoietic 
stem cell bearing harmful mutations [27].

 Prevention and Treatment of Thrombocytosis

Aspirin: Aspirin plays an important role in management of 
patient with PV [28]. A randomized, controlled study has 
demonstrated the efficacy of low-dose aspirin therapy in pre-
venting thrombotic complications in PV patients [29].

 Other Symptomatic Management

Aquagenic pruritus: Ruxolitinib, psoralen and ultraviolet 
A, PegFIN, and hydroxyurea are all therapeutic options 
depending on its severity. Thrombocytosis-induced von 
Willebrand syndrome usually does not cause spontaneous 
bleeding; for minor surgery or dental procedures, 
tranexamic acid or e-aminocaproic acid should be adequate 
treatment. For major surgery in patient with thrombocytosis-
induced von Willebrand syndrome, platelet count reduction 
therapy to achieve normal ristocetin cofactor activity is 
necessary [21, 28]. Interferon: PegFIN is a good therapeu-
tic option for the control of thrombocytosis for migraine 
relief or TIA [21].

For venous thromboembolism, anticoagulation should be 
immediately commenced. Low molecular weight heparin is 
still the first choice in the acute setting, followed by vitamin 
K antagonists as per guidelines [30]. Direct oral anticoagu-
lants are also increasingly used in the non-myeloproliferative 
neoplasm population for prophylaxis and venous thrombo-
embolism therapy [30].

 Prognosis

Patients with PV require long-term management to prolong 
survival and improve quality of life. Nearly all patients 
should initially receive treatment with aspirin [29] and phle-
botomy to achieve a target hematocrit <45% [28]; manage-
ment should evolve with the natural course of the disease [8, 
28]. Management decisions should be modified or updated 
by new conditions and new evidence (Fig.  42.1) based on 
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both objective measures and subjective measures. Some 
patients will benefit from the addition or modification of 
therapeutic approaches [28, 31]. Early diagnosis and 
evidence- based patient management will improve long-term 
clinical outcomes and better quality of life.

 Anesthetic Considerations

Patients with PV should have a thorough preoperative evalu-
ation and risk stratification and control of hematocrit level 
to <45%. Intraoperatively hemodilution may be considered 
to avoid blood hyperviscosity by infusion of crystalloid flu-
ids. Postoperative care should emphasize close monitoring 
of hematocrit level and occurrence of potential 
complications.

 Summary

Perioperative patients more likely have anemic problem than 
polycythemia. Polycythemia means more total red blood cell 
mass than a normal human body needs. Polycythemia can be 
primary, secondary, and mixed types. PV is the most com-
mon type of primary polycythemias. PV is a neoplasm with 
overproduction of both morphologically and functionally 
normal blood cells. Polycythemia leads to high blood viscos-
ity which predisposes patients to thrombotic/embolic com-
plications as stroke, heart attack, and peripheral vascular 
events. Patients with PV may suffer from hemorrhagic com-
plication as well. Patients with PV are usually treated with 
phlebotomy to Hct level < 45% and aspirin, which will suf-
fice for low cardiovascular risk patients. High-risk patients 
will often warrant cytoreductive therapy with hydroxyurea. 

Sometimes interferon or Ruxolitinib will be needed. The 
anesthesia team should emphasize thorough preoperative 
evaluation and Hct control to <45%, and appropriate hemo-
dilution intraoperatively, close monitoring of Hct level, and 
clinical indications of postoperative complications.
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Blood Management  
in the Premature Neonate

Robert Jungerwirth, Hao Wu, and Hannah J. Hsieh

 Introduction

Advances in neonatology over the past two decades have 
resulted in increased survival of preterm neonates. This has 
resulted in an increased number of procedures, anesthetics, 
and transfusions in this patient population [1]. Neonates (and 
particularly premature neonates) pose many unique 
perioperative challenges for the anesthesiologist (smaller 
size, increased airway complications, apneic and bradycardia 
episodes, developing cardiac and respiratory physiology, 
metabolic derangements due to immature renal and hepatic 
systems, and comorbidities of prematurity such as intracranial 
hemorrhage, necrotizing enterocolitis, sepsis). Anemia and 
thrombocytopenia are very common in neonates, especially 
preterm neonates [2–5]. Preterm infants are likely over-
transfused in general as a population [6, 7]. Although rigor-
ous regulations and screening of donor blood have decreased 
the incidence of infectious transmission, preterm infants are 
a vulnerable population and are at higher risk for complica-
tions given their comorbidities.

There is much debate regarding the effectiveness of trans-
fusion and optimal transfusion thresholds, and there is no 
consensus among NICUs [8, 9] or pediatric anesthesiologists 
[10, 11]. Many of our current guidelines directing manage-
ment are based on expert opinion. The research and evidence 
to guide transfusion practice in neonates is ongoing; research 
has come out attempting to define red blood cell transfusion 
triggers and thresholds in neonates and infants, and there are 
ongoing studies looking at platelet and plasma transfusions 
[12].

 Causes and Risk Factors for Anemia

After birth, both term and preterm infants experience a pro-
gressive decline in hemoglobin (Hgb). For healthy term 
infants, Hgb concentrations range from 14.6 to 22.5 g/dL at 
birth and decline to a nadir of 10–12 g/dL by 8–10 weeks of 
age. This is often termed the “physiologic anemia of infancy” 
and is well tolerated in healthy term infants without need for 
treatment. Levels of Hgb gradually increase over time and 
reach adult levels by 2 years of age [13].

In contrast, preterm infants experience a more precipitous 
decline in Hgb concentration to a nadir of 7–8  g/dL at 
4–6 weeks of age termed “anemia of prematurity” [14]. This 
is often accompanied by clinical signs of anemia such as pal-
lor, poor weight gain, decreased activity, tachycardia, and 
tachypnea [15]. This anemia of prematurity occurs due to a 
combination of physiologic and nonphysiologic factors. 
Several of these physiologic processes are related to birth 
and the transition to extrauterine life, including shorter neo-
natal RBC survival time compared to adults, shift of the oxy-
gen dissociation curve due to the change from 
high-oxygen-affinity hemoglobin F to low-oxygen-affinity 
hemoglobin A, and lower plasma concentrations of erythro-
poietin in response to anemia [13, 14].

Nonphysiologic factors that contribute to this anemia of 
prematurity include iatrogenic blood loss from phlebotomy, 
sepsis, inadequate nutrition, acute blood loss or hemorrhage, 
hemolytic disease of the newborn, and cardiorespiratory dis-
ease [13, 15, 16].

Surgery is a major cause of acute blood loss and anemia 
requiring transfusion in neonates. In an examination of all 
RBC transfusions over a period of 2  years at The Royal 
Children’s Hospital in Melbourne, Australia, neonates were 
significantly more likely to receive an RBC transfusion than 
older children. Neonates were also more likely to undergo 
major surgery such as laparotomy and thoracic surgery, with 
laparotomy associated with a higher incidence of RBC trans-
fusion in neonates than in older children [17].
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Anemia has been shown to be significantly associated 
with mortality and increased incidence of red blood cell 
transfusion in premature neonates [18]. In a study by Goobie 
et al., preoperative anemia was an independent risk factor 
for postoperative mortality in neonates, with a preoperative 
Hct <40% as the optimal cutoff point to predict overall 
mortality [19].

Even though RBC transfusion can be a life-saving mea-
sure, especially in the setting of acute perioperative blood 
loss, transfusion of RBC has also been suggested to be asso-
ciated with increased mortality in preterm infants [20–22]. 
There has been a concerted effort to find ways to prevent 
anemia and the need for unnecessary transfusion and their 
associated possible side effects.

 Use of Hemoglobin and Hematocrit to Guide 
RBC Transfusion

In adults, guidelines for transfusion traditionally rely on 
maintaining a certain Hgb and Hct that we believe can ade-
quately maintain oxygen delivery to tissues. However, in 
preterm neonates it is unclear what parameters best indicate 
an imbalance in oxygen delivery and demand and subse-
quently need for transfusion. Several countries have pub-
lished national transfusion guidelines for neonates; however 
there are wide variability among them and no general con-
sensus (Table 43.1).

 Liberal Versus Restrictive RBC Transfusion 
Guidelines

As there is no consensus on what the threshold should be for 
transfusion in premature neonates, there have been several 
studies comparing restrictive and liberal Hgb thresholds to 
identify an optimal transfusion threshold. Adopting a restric-
tive transfusion threshold would not only significantly 
decrease the number of transfusions and exposure to blood 

products but will also result in financial savings. After 
implementing a program to improve guideline compliance, 
one center saw a financial savings of $780,074 over 
12 months [27].

A randomized control trial by Bell et al. found that prema-
ture infants in the restrictive transfusion group had signifi-
cantly higher rates of severe adverse brain events (defined as 
grade 4 intraparenchymal brain hemorrhage or periventricu-
lar leukomalacia, or both) and increased episodes and fre-
quency of apnea compared to those in the liberal transfusion 
group. They postulated that those in the restrictive transfusion 
group likely had lower systemic oxygen transport to the brain, 
possibly leading to increased brain injury and apneic events. 
This decreased arterial oxygen content likely leads to 
increased cerebral blood and severe brain hemorrhage. It is 
unclear whether these short-term findings will result in long-
term issues with brain development and function [28].

In comparison, there have been several studies that 
showed no significant difference in outcomes between 
patients transfused under liberal or restrictive guidelines [6, 
7, 29, 30]. One study reported that after adopting a more 
restrictive transfusion strategy in ELBW infants, their trans-
fusion rate decreased by 71% without a change in their pri-
mary outcomes of overall survival rate or acute complications. 
Of note, all of their study participants received concomitant 
weekly recombinant human erythropoietin treatment [7].

An observational study by Valieva et al. found that lib-
eral transfusion had no significant effect on several clinical 
indices for anemia such as weight, heart rate, or apneic epi-
sodes. They did, however, see an increase in oxygen sup-
plementation and use of diuretics after transfusion and 
found an association between transfusion and the 
development of necrotizing enterocolitis. Given these 
results, the center subsequently adopted a more restrictive 
transfusion strategy [29].

In the Premature Infants in Need of Transfusion (PINT) 
study, researchers found no difference in their primary out-
come of death or major morbidity (defined as BPD, ROP, or 
ultrasound findings of brain injury) in premature ELBW 

Table 43.1 Comparison of most recent international guidelines for RBC transfusion in neonates

American Red Cross [23] British Committee for Standards 
in Hematology [24]

Australian National Blood 
Authority [25] Canadian Blood Services [26]

Postnatal 
age

No 
respiratory 
support

With 
respiratory 
supporta

No respiratory 
support

With 
respiratory 
support

No respiratory 
support

With 
respiratory 
support

No 
respiratory 
support

With 
respiratory 
support

0–7 days Hct <20–30% Hct <30–45% Hgb <10 g/dL Hgb 
<10–12 g/dL

Hgb 10–12 g/
dL

Hgb 11–13 g/
dL

Hgb 10 g/dL 
Hct 30%

Hgb 11.5 g/
dL Hct 35%

8–14 days Hct <20–30% Hct <30–45% Hgb <7.5–8.5 g/
dL

Hgb 
<9.5–10 g/dL

Hgb 8.5–11 g/
dL

Hgb 
10–12.5 g/dL

Hgb 8.5 g/dL 
Hct 25%

Hgb 10 g/dL 
Hct 30%

≥14 days Hct <20–30% Hct <30–45% Hgb <7.5–8.5 g/
dL

Hgb 
<8.5–10 g/dL

Hgb 7–10 g/
dL

Hgb 8.5–11 g/
dL

Hgb 7.5 g/dL 
Hct 23%

Hgb 8.5 g/dL 
Hct 25%

aRespiratory support is defined as moderate to severe cardiopulmonary disease with need for supplemental oxygen, continuous positive airway 
pressure, or mechanical ventilation
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infants randomized to restrictive versus liberal transfusion 
thresholds [6]. The same patients were subsequently fol-
lowed up at 18 and 21 months of age, and researchers found 
no significant difference between groups in combined death 
or severe adverse neurodevelopmental impairment (cerebral 
palsy, cognitive delay, visual or hearing impairment) [31].

As of the date of publication, there are two ongoing trials 
looking at the neurocognitive development of premature 
infants who were transfused according to liberal or restric-
tive guidelines. The Effects of Transfusion Thresholds on 
Neurocognitive Outcome of Extremely Low Birth-Weight 
Infants (ETTNO) study included 920 ELBW neonates ran-
domized into restrictive vs liberal blood transfusion groups. 
They followed the long-term development of these patients 
and will report on the incidence of death or major neurode-
velopmental impairment at 24 months of age (ClinicalTrials.
gov, NCT 01393496) [32]. The Transfusion of Prematures 
(TOP) trial included more than 1800 preterm ELBW neo-
nates randomized to either a liberal or restrictive transfusion 
algorithm. Their primary outcome is death of neurodisability 
at 22–26 months of age. They will also follow up with these 
patients at 5–6 years of age to assess their neurological and 
functional outcomes (ClinicalTrials.gov, NCT 01702805). 
The results of these two upcoming studies are highly antici-
pated and will no doubt contribute to this field.

 Other Transfusion Markers

In neonates, typical indications for transfusion include main-
tenance of specific Hgb or Hct level, replacement of phle-
botomy losses, or clinical symptoms such as apnea, 
tachycardia, tachypnea, or growth failure [9]. More recent 
research has suggested that Hgb and Hct are not adequate 
measures of tissue oxygenation and need for transfusion 
[33–35]. In addition, evidence has shown that our conven-
tional clinical and laboratory indices (such as hypotension, 
tachycardia, hematocrit, and metabolic acidosis) are poor 
predictors of measured blood volume and hypovolemia in 
sick preterm infants [36]. One study by Keyes et al. showed 
that transfusion in premature infants did not result in a pre-
dictable change in several traditional clinical indicators for 
transfusion (heart rate, respiratory rate, or incidence of apnea 
or bradycardias). There was also no correlation between 
these clinical variables and Hct [37]. More research needs to 
be done to find superior indicators of perfusion and oxygen-
ation to possibly use as transfusion markers.

 Red Cell Volume and Blood Volume

Red cell volume (RCV), the total amount of red cells in the 
circulation expressed as mL/kg body weight, has been pur-
ported to be superior to hematocrit as a surrogate for total 

blood volume [38]. Blood volume is important in anemia, as 
a reduction in total blood volume leads to redistribution of 
blood flow to essential organs such as the brain and heart. 
This results in hypoperfusion and hypoxia of low flow tis-
sues in the early stages of anemia [39]. Additionally, very 
low RCV values have been associated with high mortality 
rate in high-risk newborns [40].

In healthy patients, Hct correlates with total body 
RCV. But in sick infants, there is a poor correlation between 
Hct and RCV [41], because plasma volume tends to fall and 
fluctuate due to impaired capillary integrity and subsequent 
extravasation of plasma components. In these patients, blood 
volume cannot be accurately predicted from Hgb or Hct con-
centration [36]. Some infants can maintain a relatively nor-
mal Hgb level while in fact they have a low RCV [42]. 
However, RCV is difficult to measure and likely has limited 
clinical utility in estimating total blood volume and need for 
transfusion [33].

 Reticulocyte Count

Reticulocytes are immature red blood cells and a marker for 
the bone marrow response to anemia. In conjunction with 
Hgb and Hct, the reticulocyte count may be useful in deter-
mining whether a transfusion is indicated. Some guidelines 
have cited an absolute reticulocyte count of <100,000 cells/
μL or reticulocyte count <5% along with Hgb and Hct as an 
indication for RBC transfusion [9, 43]. However, evidence 
for reticulocyte count as a reliable transfusion trigger is still 
lacking [44].

 Serum Lactate

Lactate is an end product of anaerobic metabolism and can 
be an indication for hypoxia and hypoperfusion. It has been 
looked at as a possible biochemical trigger for transfusion in 
preterm neonates. Studies have shown that lactate signifi-
cantly decreases after RBC transfusion. However, there has 
been no correlation between pretransfusion lactate and Hgb, 
Hct, or other clinical variables for anemia (heart rate, respi-
ratory rate, number of apneas or bradycardias, or weight 
gain) [45–47]. Many clinical conditions such as sepsis, 
asphyxia, and congenital cardiac lesions and use of inotropes 
may also lead to increased serum lactate levels. While lactate 
is a marker for anemia, it is too nonspecific to serve as a 
transfusion trigger in preterm neonates [16, 44].

 Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) is a noninvasive and con-
tinuous monitoring tool that measures regional tissue oxygen 
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saturation (rSO2) by determining the ratio of oxygenated Hgb 
to total Hgb. NIRS has been advocated as an important clini-
cal tool in conjunction with Hgb and Hct to determine an 
imbalance between oxygen delivery and demand and possible 
need for transfusion. Since 75–85% of the total cerebral blood 
volume is venous, NIRS measurement of cerebral regional 
tissue oxygen saturation (CrSO2) is therefore a surrogate for 
the cerebral venous saturation. Using pulse oximetry satura-
tion (SaO2) as the measure for cerebral arterial saturation, the 
cerebral fractional tissue oxygen extraction (FTOE) can then 
be calculated. FTOE reflects the ratio of cerebral oxygen sup-
ply and demand and may serve as an indication of cerebral 
hypoxia and ischemia [48, 49].

Much of the research utilizing NIRS in neonates has 
looked specifically at cerebral saturation and perfusion, as it 
is thought that many of the neurological injuries in this 
patient population are due to imbalances in cerebral perfu-
sion [50]. There is evidence showing that CrSO2 increases 
after RBC transfusion, consistent with the belief that CrSO2 
is a marker for tissue oxygenation. This has not only been 
shown in adults after intraoperative RBC transfusion [51] but 
also in children and neonates [34, 35, 48, 52, 53]. While 
CrSO2 measurements in neonates were found to be reliable, 
several studies determined that NIRS is unreliable to mea-
sure absolute concentrations of oxygenated and deoxygen-
ated Hgb [49, 54]. In fact, many studies have since shown a 
poor correlation between pre- and post-transfusion Hgb and 
CrSO2 [33–35, 48, 55], suggesting that Hgb is a poor marker 
for tissue oxygenation [34, 55].

A study by Wardle et al. found only a weak correlation 
between FTOE and Hgb, further supporting the idea that 
Hgb concentration is a relatively poor indicator of adequate 
tissue oxygenation. Interestingly they found a significant 
correlation btw RCV and FTOE. They also confirmed that 
preterm infants with symptomatic anemia had higher FTOE 
(increased tissue extraction of oxygen), while those with 
asymptomatic anemia had FTOE similar to controls [33]. 
Van Hoften et  al. observed that FTOE decreased immedi-
ately after RBC transfusion along with a significant increase 
in CrSO2 [48].

NIRS has not only been utilized to measure cerebral satu-
ration and perfusion in neonates, but also to measure the 
regional saturation of other peripheral tissues [34, 35, 53]. 
Bailey et al. saw a significant increase in regional splanchnic 
tissue oxygen saturation (SrSO2) after transfusion [34], and 
a study by Dani et al. showed that RBC transfusions resulted 
in increase in cerebral, splanchnic, and renal oxygenation in 
preterm infants with symptomatic anemia of prematurity. Of 
note, this study also observed an associated decrease in 
FTOE after transfusion [53].

A study conducted by Seidel et al. found that infants with 
very low initial NIRS values had the highest number of oxy-
gen desaturations and after transfusion had the most reduc-

tion in the number of desaturations. This suggests that infants 
with low CrSO2 values (<55%), especially those with fre-
quent desaturations, may benefit the most from RBC transfu-
sions [35].

Bailey et al. looked at the usefulness of a metric called 
splanchnic-cerebral oxygenation ratio (SCOR) as a marker 
for need for transfusion in preterm infants. In the infants that 
clinically improved after transfusion, their pretransfusion 
SCOR was significantly lower than those who did not have a 
clinical improvement after transfusion. These patients also 
had a significant increase in SCOR during the transfusion. 
The authors hypothesized that symptomatic neonates had 
low SCOR because they maintained cerebral blood flow and 
oxygenation by shunting blood away from their splanchnic 
circulation. This evidence suggests that SCOR may be useful 
as a transfusion trigger in this patient population [55].

All of these findings suggest that NIRS may be a reliable 
marker for an imbalance between tissue oxygen delivery and 
demand and useful as a marker for the need for RBC 
transfusion.

 Selection of RBC Products

 Leukoreduced

Leukoreduction of RBCSrSO2 is the process of removing 
donor leukocytes from RBC units to decrease the risk of 
transfusion reactions such as febrile nonhemolytic transfu-
sion reactions, allergic reactions, and alloimmunization [56]. 
Leukoreduction also filters out pre-inflammatory cytokines 
that have accumulated during the storage period such as 
tumor necrosis factor (TNF-alpha), interleukin-1 (IL-1), and 
interleukin-8 (IL-8). Leukoreduction may also decrease 
transmission of infectious agents commonly transmitted via 
leukocytes such as Epstein-Barr virus (EBV), cytomegalovi-
rus (CMV), and human T-cell lymphocytic virus (HTLV)-I 
[57]. Leukoreduction of RBC however is not as effective at 
preventing transfusion-related graft-versus-host disease 
(GVHD).

Given their immature immune systems, donor leukocytes 
from red blood cell transfusions may depress the immune 
response, generate alloantibodies, and result in microvascu-
lar injury through the generation of free radicals in suscepti-
ble tissue beds such as the lungs and retina. After the 
institution of a nationwide Canadian universal pre-storage 
leukoreduction program in 1999, a study looking at prema-
ture infants showed that there were no significant reductions 
in NICU mortality or bacteremia. However, there was a 
reduction in clinical outcomes such as bronchopulmonary 
dysplasia, retinopathy of prematurity, necrotizing enterocoli-
tis, and intraventricular hemorrhage. They also saw an aver-
age decrease of 11 days of NICU stay [58].
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 Irradiated

Exposing blood products to ionizing radiation damages 
nuclear DNA in order to inactivate donor T cells, thereby 
significantly decreasing the risk of transfusion-related 
GVHD in at-risk patients (including low birth weight neo-
nates, neonates who have undergone intrauterine transfu-
sions, newborns undergoing exchange transfusion, and those 
with congenital immunodeficiencies). For at-risk patients, all 
blood components with viable T cells should be irradiated, 
including RBCs, platelets, granulocytes, and fresh plasma. 
Cryoprecipitate is unlikely to contain viable T cells, and 
there is controversy whether irradiation of frozen plasma is 
necessary given the destructive effect of the freezing- thawing 
process on donor T cells. In comparison to leukoreduction, 
blood product irradiation does not produce a CMV-safe 
product.

Irradiation of RBC however can damage the cell mem-
brane, reducing its shelf life to 28 days. This damage is also 
thought to cause increased concentrations of potassium in 
irradiated units. Reducing the time between irradiation and 
transfusion can minimize the potassium leak, and RBC 
washing is indicated prior to large-volume transfusions to 
reduce the risk of hyperkalemia. Platelet properties and stor-
age, contrastingly, do not appear to be affected by 
irradiation.

 Age of Blood

Refrigerated RBCs can be stored up to 42 days in the United 
States, with average shelf life between 2 and 3 weeks. There 
have been several studies investigating the effect of age of 
RBC on outcomes, without significant differences. The Age 
of Red Blood Cells in Premature Infants (ARIPI) trial was a 
double-blind, randomized controlled trial where 377 very 
low birth weight neonates were assigned to receive transfu-
sions of RBCs stored less than 7 days (mean 5.1 days, SD 
2.0 days) or standard blood bank practice (mean 14.6 days, 
SD 8.3 days). They found no significant difference in mortal-
ity or major neonatal morbidities (bronchopulmonary dys-
plasia, retinopathy of prematurity, necrotizing enterocolitis, 
intraventricular hemorrhage) [59]. These results may not be 
generalizable, however, given that transfusion thresholds 
were not standardized across patients, and average storage 
duration of refrigerated RBCs is around 18 days in the United 
States [12].

The Tissue Oxygenation by Transfusion in Severe Anemia 
with Lactic Acidosis (TOTAL) trial randomized 290 children 
aged 5 months to 5 years in Uganda with lactic acidosis from 
severe anemia (mostly secondary to malaria) to leukoreduced 
RBC transfusion of units stored 1–10 days (median 8 days) or 
25–35 days (median 32 days). There were no significant dif-

ferences in the groups in terms of clinical assessment, cere-
bral oxygen saturation, electrolyte abnormalities, adverse 
events, survival, or 30-day recovery [60]. There is also an 
ongoing study investigating outcomes after transfusion of 
RBC less than 7  days versus standard blood bank practice 
(oldest in inventory) called the Age of Blood in Children in 
Pediatric Intensive Care Units (ABC PICU) study [61].

 Complications and Risks of Transfusion

Neonates pose some unique challenges with respect to anes-
thesia and blood products. Infants and neonates are dispro-
portionately more likely to have adverse events from RBC 
transfusions – Stainsby et  al. estimated the incidence of 
adverse events for infants less than 12  months to be 
37:100,000, compared to 18:100,000 in children 1–18 years 
and 13:100,000 in adults [62]. Given the high probability of 
transfusion among preterm infants, there is a risk of exposure 
to multiple donors. Implementation of transfusion guidelines 
and transfusion reduction methods can reduce both the risk 
of blood transfusion and number of donors to whom infants 
are exposed. Some have suggested multipack collection or 
directed donation to minimize exposure to multiple donors.

Premature infants may be more susceptible to hyperkale-
mia (especially after transfusion of older or irradiated blood), 
hypocalcemia, hypoglycemia (possibly due to a reduction in 
glucose infusion during transfusion), and hypothermia with 
large-volume blood transfusions. Transfusion-related graft- 
versus- host disease occurs more often in sick neonates, so 
the use of directed donor products from close relatives and 
irradiated products is important [63]. Furthermore, an analy-
sis of UK adverse outcomes of blood transfusion in children 
found a significant number of cases with errors at different 
stages in the transfusion chain including patients receiving a 
blood component that did not meet the required specifica-
tion, and even was intended for a different patient [62].

 Transfusion-Related Lung Injury

Although transfusion is relatively safe, neonates (particu-
larly preterm neonates) are at increased risk for transfusion 
related lung injury (TRALI) [12, 62, 64, 65]. TRALI can be 
a difficult diagnosis, especially in neonates because they are 
often already critically ill. It is challenging to exclude a pre-
vious history of acute lung injury, as many are already intu-
bated with abnormal chest radiographs. These patients are 
also very vulnerable to fluid overload, but it can be quite dif-
ficult to determine fluid status in these patients. They also 
have relatively immature immunosuppression and immature 
neutrophil physiology. This also contributes to the possible 
underreporting of TRALI in neonates and infants [65].
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 Infection

Blood transfusion carries the risk of transmitting bacteria, 
viruses, and other pathogens, the most common one being 
CMV. It is estimated that the prevalence of CMV is 30–70% 
in blood donors in the United States. As such, seronegative 
neonates should be transfused CMV-seronegative or leukore-
duced units. Glanternik et al. also report three neonatal cases 
of transfusion-transmitted babesiosis, for which there is no 
FDA-approved test in donated blood nor is testing mandated. 
Susceptibility to babesiosis was correlated with lower birth 
weight and lower gestational age [66].

 Bronchopulmonary Dysplasia

Bronchopulmonary dysplasia (BPD) is a chronic lung dis-
ease resulting from disrupted alveolar growth. It is the most 
common sequelae of preterm birth, characterized by supple-
mental oxygen requirement and severity assessment at 
36 weeks, corrected gestational age. Many factors contribute 
to BPD, including oxidative and inflammatory injury to the 
immature lungs. RBC transfusion may increase oxidative 
stress, and neonates who developed BPD have been shown to 
have received more RBC transfusions than those who did not 
[67]. Valieva et al. however found that the incidence of BPD 
was significantly associated with number of transfusions at 
day of life 28, but not at 36 weeks corrected gestational age 
[29]. Similarly, Chen et al. did not find a significant difference 
in respiratory outcomes among 36 very low birth weight 
preterm babies randomized to liberal versus restrictive PRBC 
transfusion criteria. They did however find that development 
of chronic lung disease was associated with total transfused 
volume over 30 mL over 30 days in very low birth weight 
infants [30].

 Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is characterized by intestinal 
inflammation and ischemic necrosis. Incidence of NEC ranges 
from 2 to 15% among preterm infants and mortality rate of 
15–30%, inversely related to gestational age and birth weight. 
Its pathogenesis is likely multifactorial, related to genetic 
predisposition, immaturity of neonatal GI tract vascular 
autoregulatory responses, anemia, changes in intestinal 
microbial colonization, intestinal and immunologic immaturity, 
and a highly immunoreactive intestinal mucosa [68].

There have been some studies reporting an association 
between RBC transfusion and increased risk of NEC [69, 
70]. However, more recent studies have found no association 
between transfusion and NEC [71–73], and some have found 
transfusion to be protective against NEC [74]. Patel et  al. 

conducted a prospective multicenter observational cohort 
study among 598 VLBW infants, adjusting for birth weight, 
center, breastfeeding, illness severity, and duration of initial 
antibiotic treatment. They found that severe anemia (within 
the week of developing NEC) was associated with increased 
risk of NEC (adjusted cause-specific HR 5.99, 95% CI 2–18). 
They however found no difference in the rate of NEC among 
patients who were transfused versus not transfused within a 
week of developing NEC (adjusted cause-specific HR 0.44, 
95% CI 0.17–1.12) [75]. It is unclear that blood transfusion 
increases the risk of NEC, or rather that transfusion is a sur-
rogate marker for severe anemia-related NEC.  It has also 
been suggested that blood transfusion can blunt the prandial 
increase in mesenteric perfusion, and there is some evidence 
that withholding feeds during blood transfusion may reduce 
the risk of NEC [76].

 Severe Intraventricular Hemorrhage

Intraventricular hemorrhage (IVH) is a significant cause of 
brain injury among premature infants, often due to germinal 
matrix fragility and changes in cerebral blood flow. A retro-
spective case-control study looking at VLBW with initial 
head US showing no hemorrhage found that those with sub-
sequent grade 3 or 4 IVH were significantly more likely to 
have received a blood transfusion [77]. The same group 
looked at neonates with grade 1 IVH who subsequently 
extended to grade 3 or 4 hemorrhage and found that blood 
transfusion was associated with IVH extension. It is unclear 
however whether the extension of IVH is in part due to blood 
transfusion or rather the reason for transfusion itself [78]. In 
a multicenter prospective study of VLBW infants, Bednarek 
et al. (1998) suggest a higher risk of grade 3–4 IVH among 
patients in NICUs with liberal transfusion guidelines, though 
not clinically significant [8].

 Retinopathy of Prematurity

Several studies have suggested that there is a correlation 
between both the number and volume of blood transfusions 
and retinopathy of prematurity (ROP); however, the 
 pathophysiology is unclear. It is thought that transfusing pre-
mature infants with adult hemoglobin that has a greater affin-
ity to offload oxygen causes increased oxygen delivery to the 
immature retina. Furthermore, increased free iron and free 
radical generation could contribute to retinal injury. Given 
their susceptibility to ROP risk factors as early as birth to 
4 weeks of life, it is important to use methods to avoid unnec-
essary transfusions among preterm infants [79].

Several studies have found a correlation between blood 
transfusion and ROP. A prospective observational study of 
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45 preterm low birth weight infants found that transfusion 
volume during the first week (OR 1.16, 95% CI 1.03–1.3) 
and during the first 2 months of life (OR 2.93, 95% CI 1.52–
5.62) were associated with the development of ROP.  Inder 
et al. also found that among 56 VLBW infants, transfusion 
volume to 28 days was associated with risk of developing 
ROP (adjusted OR 2.03, CI 1.13–4.49). And among a cohort 
of 98 extremely low birth weight infants, the number of 
transfusions within 30 days was correlated with the develop-
ment of ROP (OR 1.27, 95% CI 1.04–1.55) [22, 80, 81].

More recently, Lundgren et al. have conducted a prospec-
tive study of 78 and retrospective cohort of 227 extremely 
preterm infants, both of which found that anemia during the 
first week of life was an independent risk factor for ROP. In 
the cohort of 227 infants, both the duration of anemia and 
blood transfusion were associated with ROP warranting 
treatment; in the multivariate models however, only the 
number of anemic days during the first week of life was 
included in the best-fit model (as well as sepsis during the 
first 4  weeks of life and days of ventilation from birth to 
35 weeks) [82, 83].

 Alternatives to Transfusion

Prevention of anemia can significantly impact the number of 
blood transfusions among preterm infants, reducing its asso-
ciated morbidity and mortality. A retrospective analysis of 
four western US NICUs with the same RBC transfusion 
guidelines found that despite no difference in compliance to 
their guidelines, blood transfusion rates varied widely 
between the units. The lower-transfusing NICUs had lower 
rates of NEC and IVH, as well as cost savings of $6970 per 
1000 NICU days. Moreover, the units with lower rates of 
transfusion had written anemia-prevention guidelines which 
included measures like umbilical milking at VLBW delivery, 
use of cord blood for admission studies, and darbepoetin 
dosing for selected neonates [84].

 Blood Conservation

Blood conservation methods can reduce the contribution of 
phlebotomy to neonatal anemia, especially among low birth 
weight infants. Such methods include microtechnique labo-
ratory procedures, noninvasive monitoring, and the use of 
fetal blood from the placenta for baseline laboratory tests. 
Grouping lab draws can help reduce the amount of blood 
overdraw, and any blood waste can be re-administered.

Among 63 patients admitted to the PICU for greater than 
48 hours, patients less than 10 kg had the greatest amount of 
phlebotomy-induced blood loss per kilogram, due to their 
small size and proportion of blood loss to body weight. They 

were also subjected to a greater number of blood draws with 
a longer length of stay and greater amount of blood loss per 
kilogram per PICU stay. Furthermore, blood drawn for sin-
gle test had significantly more blood overdraw than for mul-
tiple tests [85].

Use of an in-line, ex  vivo bedside monitor in the first 
2 weeks of life of critically ill ELBW infants with UAC had 
significantly less laboratory blood loss (22%) and received 
significantly less RBC transfusion volumes (33%). The mon-
itor drew 1.5 mL blood samples; analyzed them for blood 
gas, electrolytes, and hematocrit levels; and then reinfused 
all except 25 microL of blood. The study was terminated 
 prematurely when one center’s NICU changed its method of 
lab testing, however, and there were no differences in 
 mortality, morbidity, and neurodevelopmental outcomes at 
18–24 months [86]. Mahieu et al. also showed that the intro-
duction of a point-of-care-testing analyzer (for bedside blood 
gases, hemoglobin, electrolytes, and bilirubin) significantly 
decreased transfusions among VLBW infants from 50% to 
38.9%, with overall cost reduction of 8.51% per neonate 
[87].

 Delayed Umbilical Cord Clamping and Cord 
Stripping

Delayed umbilical cord clamping (DCC) may provide a 
newborn more time for the transition from fetal to neonatal 
life, especially among premature infants. It also allows for 
placental transfusion which increases neonatal blood vol-
ume, ameliorates the hemodynamic changes associated with 
the transition, and may reduce the risk of IVH, blood transfu-
sion, respiratory distress or support, and death.

A randomized controlled trial in which very preterm 
infants either had their cord clamped immediately or delayed 
showed that delayed cord clamping was significantly associ-
ated with decreased incidence of IVH and sepsis, with no 
difference in incidence of BPD and NEC [88]. Another study 
found that delayed cord clamping was associated with 
decreased hypothermia, neonatal respiratory interventions 
(surfactant therapy or intubation in the delivery room, in the 
first 24 hours of life, or during the NICU stay), and blood 
transfusions [89]. Strauss et al. however showed that although 
a 1-minute delay in cord clamping resulted in higher hema-
tocrit and RBC volume and mass, there was no difference in 
number of blood transfusions [90].

In a retrospective cohort study of 4680 premature neo-
nates, those who received DCC had reduced odds of severe 
neurologic injury (adjusted OR 0.80, 95% CI 0.64–0.99) and 
mortality (adjusted OR 0.74, 95% CI 0.59–0.93); there were 
no significant differences in the odds of BPD, ROP stage >3, 
NEC stage >2, late-onset sepsis, or receipt of >2 blood trans-
fusions [91]. A case-control study of 45 infants monitored 
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cerebral autoregulatory dampening using NIRS and mean 
arterial blood pressure among infants who had DCC versus 
early cord clamping. They found that the DCC group had a 
significantly more dynamic cerebral autoregulatory function 
and lower rate of IVH (OR 0.14, p < 0.01) compared to the 
early cord clamping group. They postulate that DCC is neu-
roprotective by stabilizing the cerebrovascular system and 
improving resistance to fluctuations in systemic blood pres-
sure [92].

Umbilical cord milking (stripping) may enable blood to 
more quickly be transferred from the placenta to the infant, 
reducing the time away from neonatal care during 
DCC. Among 40 preterm infants randomized to early cord 
clamping or clamping after umbilical cord milking, the 
milked group was less likely to be transfused and had a lower 
number of transfusions, higher initial hemoglobin, and 
higher mean blood pressure. The milked group also had a 
shorter duration of ventilation or supplemental oxygen, with 
no significant difference in mortality [93].

A Cochrane review updated in 2019 of randomized con-
trolled trials comparing early with delayed umbilical cord 
clamping for births before 37  weeks showed that delayed 
cord clamping may reduce the risk of death before discharge 
and any grade IVH for preterm infants, without sufficient 
evidence to show optimum timing of cord clamping or the 
effect of umbilical milking [94].

 Erythropoietin

Erythropoietin (EPO) and darbepoetin have been suggested 
as methods to reduce neonatal transfusion, given that prema-
ture infants often have lower erythropoiesis and EPO levels. 
A randomized controlled trial of 157 preterm infants found 
that treating patients with recombinant human EPO versus 
placebo reduced the number (1.1 versus 1.6, p = 0.046) and 
volume (16.5 versus 23.9 mL, p = 0.023) of blood transfu-
sions. Despite this reduction in transfusion, patients given 
EPO had higher reticulocyte counts (p = 0.0001) and hema-
tocrit values (p = 0.0001); they found no difference in the 
incidence of major complications of prematurity [95]. Ohls 
and colleagues further compared EPO to darbepoetin and 
placebo in a randomized trial of 80 low birth weight infants. 
They found that EPO and darbepoetin recipients had higher 
cognitive scores and lower incidence of cerebral palsy when 
compared to placebo [96].

A Cochrane review of EPO or darbepoetin effect on blood 
transfusions among preterm or low birth weight infants 
found that early EPO reduced the risk of transfusion (risk 
ratio 0.79, 95% CI 0.73–0.85), volume of transfusion (mean 
difference 7 mL/kg, 95% CI 2–12), and number of donors to 
whom the infants were exposed (mean difference 0.54, 95% 
CI 0.20–0.89). There were no significant differences in out-

comes such as mortality, IVH, and NEC, with varying neuro-
developmental outcomes. There was however an increased 
risk of ROP found in post-hoc analysis. Given the smaller 
reductions in transfusions and exposure with “likely...limited 
clinical importance,” the authors did not recommend EPO 
(darbepoetin required further study) in light of the possible 
increased risk of ROP [15].

Studies have found increased levels of EPO in vitreous 
fluid when compared to serum. It has been proposed that 
EPO’s effect in preventing vascular apoptosis and stimulat-
ing angiogenesis may be important in preventing ROP in its 
first phase (when low IGF-1 levels prevent angiogenesis) 
and worsening proliferative ROP [97]. A retrospective 
cohort study of 327 low birth weight preterm infants found 
that recombinant EPO exposure was associated with an 
increased risk of progression of retinopathy (OR 1.27, 95% 
CI 1.04–1.55) [98]. Suk and colleagues also found that the 
infants who received more than 20 doses of recombinant 
EPO were at higher risk of developing ROP (OR 3.53, 95% 
CI 1.59–7.85); of note, infants treated with EPO starting 
after 20  days of age (compared to starting EPO before 
20 days) were similarly at higher risk (OR 3.57, 95% CI 
1.59–8.03) [99].

 Thrombocytopenia

Preterm infants are more likely to have thrombocytopenia 
compared to term infants [100]. Approximately 22–35% of 
neonates in NICU developed thrombocytopenia [101]. In 
addition to decreased platelet count, preterm neonates have 
platelet hyporeactivity for up to 3–4  days after birth. 
Thrombocytopenia is associated with bacterial and fungal 
infection, small for gestational age, low birth weight, preg-
nancy-induced hypertension, necrotizing enterocolitis, and 
DIC [102]. Thrombocytopenic babies also have significantly 
more skin, renal, pulmonary, or CNS hemorrhage, as well as 
higher mortality rate [100].

 Causes/Risk Factors

Neonatal thrombocytopenia is defined as less than 150,000/
mL [104]. Marked thrombocytopenia is defined as less than 
100,000/mL, and severe thrombocytopenia is less than 
50,000/mL. However, a study in 2009 suggested that the cut-
off for neonatal thrombocytopenia may need to be revised, as 
normal platelet counts can fall below 150,000 and still be 
within the reference range of 5th–95th percentiles [100].

Thrombocytopenia can be divided into early onset (within 
3  days of birth) and late onset (>3  days after birth) [5]. 
Causes of early onset thrombocytopenia are prenatal factors 
such as severe intrauterine growth restriction and maternal 
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factors such as preeclampsia, HELLP syndrome, immune 
thrombocytopenia, pregnancy-induced hypertension, sys-
tematic lupus erythematosus, and cancer [103]. Late-onset 
thrombocytopenia can be caused by bacterial sepsis, necro-
tizing enterocolitis, or thrombotic events associated with the 
use of central lines [104].

The mechanisms of thrombocytopenia include decreased 
production, increased platelet consumption, increased extra-
vascular loss, or a combination of these factors. Preterm 
infants with thrombocytopenia had fewer circulating mega-
karyocyte progenitors, compared to non-thrombocytopenic 
counterparts. Small for gestational age (SGA) neonates are 
also at risk for developing thrombocytopenia in the first 
week after birth [105]. A third of SGA infants have early 
thrombocytopenia. About 10% of these neonates have an 
obvious cause of thrombocytopenia, whereas 90% have 
thrombocytopenia that is hyporegenerative rather than plate-
let consumption or destruction [105]. Transplacental passage 
of maternal allo antibodies and auto-antibodies is responsi-
ble for 9–20% of all neonatal thrombocytopenias [106].

Very low birth rate infants have the highest rate of IVH, 
up to 25% [107]. Severe thrombocytopenia predisposes 
infants to intraventricular brain hemorrhage, but most 
 preterm infants who develop a severe IVH do not have 
thrombocytopenia before their IVH, but rather develop 
thrombocytopenia and coagulopathy after the IVH [102]. 
IVH cause thrombocytopenia by increased consumption. 
Thrombocytopenia (platelet count below 150 × 109/L) is a 
risk factor for IVH among VLBW infants (hazard ratio of 
2.17), but there was no relationship between severity of 
thrombocytopenia and risk of subsequent IVH.

 Treatment (Platelet Transfusion)

Consider the condition of the neonate and the platelet count. 
Stable neonates have a much lower risk of ICH [102]. Among 
the different studies, there is no consensus in regard to the 
exact threshold to transfuse.

 Thresholds

An observational study showed that of the neonates that had 
severe neonatal thrombocytopenia (platelet count <60 × 10^9 
platelets/L), approximately 1/3 of them had platelet counts 
as low as <20 × 10^9. However, only 9% of these neonates 
developed major hemorrhage. There was no significant cor-
relation between nadir of platelet count and risk of major 
hemorrhage. The majority of neonates that had major hemor-
rhage were gestational ages <28 weeks (85% of those with 
hemorrhage) and were within 14 days of birth. This suggests 
that gestational age and postnatal age were more of a risk 

factor. Majority (84%) of platelet transfusions were given to 
neonates with either no bleeding or only minor bleeding [5].

There was a randomized controlled trial that compared 
higher (<150 × 10^9/L) and lower (<50 × 10^9/L) platelet 
count thresholds for prophylactic transfusion. The incidence 
of ICH did not differ between the two groups. Early prophy-
lactic platelet transfusion did not reduce the incidence or 
extent of intracranial hemorrhage [108].

A recent large randomized prospective multicenter trial of 
platelet transfusion thresholds in preterm infants showed that 
those transfused at a threshold of 50,000 cubic millimeter vs 
25,000 cubic millimeter had a higher incidence of death or 
major bleeding up to day 28 of life. The odds ratio is 1.57 
(95% confidence interval, 1.06–2.32; P = 0.02). Reasons for 
this difference is unknown. It could be 2/2 immunologic and 
inflammatory effects of platelets. This suggests that a restric-
tive platelet transfusion trigger may be preferable [109].

Platelet transfusion should not be given to patients with 
low risk of IVH for the sole purpose of maintaining platelet 
count above an arbitrary level. The mortality rate of infants 
who received transfusion is twice that of those who did not 
receive transfusions, although the mortality rate is likely sec-
ondary to underlying illness rather than negative effects of 
transfusion [3]. Furthermore, mortality is associated with 
number of platelet transfusions [103]. Severity of thrombo-
cytopenia did not correlate with risk for IVH [110].

 Transfusion Markers

Immature platelet fraction is a marker for megakaryopoietic 
activity in neonates and reflects the platelet production rate. 
The IPF can be useful in predicting the course of thrombocy-
topenia and can identify patients at risk of severe drop in 
platelet count. This information is helpful for identifying 
which neonates would benefit from platelet transfusions 
[111].

 Complications

Platelet transfusion can worsen outcome in NEC [112]. 
Other risks of transfusion include bacterial contamination 
and CMV infection. Ways to decrease risk of platelet trans-
fusion include photochemical inactivation by crosslinking 
DNA and RNA of viruses, bacteria, and host cells [107].

 Treatment Alternatives

Alternative to transfusion includes recombinant human 
thrombopoietin (TPO). Thrombopoietin (Tpo) is the pri-
mary regulator of megakaryopoiesis and platelet produc-
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tion [100]. However, some patients developed anti-Tpo 
antibodies which can lead to aplastic anemia and severe 
hyporegenerative thrombocytopenia [113]. There are two 
thrombopoietin receptor agonists, eltrombopag and romip-
lostim, that have been approved by the FDA, but only few 
neonates have been treated with these agents [3]. 
Furthermore, Tpo receptor agonists require 7–10  days 
between commencement of dosing and a significant 
increase in platelet count [105].
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Coagulation and Regional Anesthesia

Chrissy Cherenfant and Uchenna Umeh

 Overview of the Coagulation Cascade

Coagulation is the intricate process of clot formation that is 
fundamental in preventing bleeding and facilitating healing. 
This process is initiated by primary hemostasis, which entails 
platelet adhesion, aggregation, and plug formation. A plate-
let plug has the dual capability of activating the coagulation 
cascade while also being an unstable, temporary measure for 
bleeding cessation [3, 4]. The relationship between platelets 
and the coagulation cascade illustrates the importance of 
acknowledging the influence some antiplatelets may have on 
regional anesthesia.

Anticoagulants operate by inhibiting certain aspects of 
the coagulation cascade. The coagulation cascade is com-
posed of calcium, phospholipids, and coagulation proteins. 
The proteins, also known as clotting factors, are sequentially 
activated into serine proteases to ultimately develop a fibrin 
clot. Clot formation is achieved through two collaborating 
pathways: extrinsic and intrinsic. Initiated by endothelial 
damage and exposure of blood to an artificial surface, the 
intrinsic pathway begins with the transformation of factor 
XII into its activated serine protease, factor XIIa [5]. Factor 
XIIa then serves as a stimulant of the downstream generation 
of activated factors XI and IX. Factor IXa forms a complex 
with factor VIII, as its cofactor, to activate factor X to factor 
Xa (Fig 44.1) [4, 5].

The extrinsic pathway is also initiated by vascular insult 
but through the release of tissue factor from endothelial 
cells. Tissue factor then activates factor VII to factor VIIa, 
and together they activate factor X to factor Xa, which is the 

converging point of both pathways [6, 7]. This convergence 
continues as the “common pathway” [3, 4, 8]. Thereafter, 
factor Xa is aided by factor Va as a cofactor to activate and 
cleave prothrombin (factor II) into thrombin (factor IIa). 
Thrombin then cleaves fibrinogen to fibrin (factor Ia). 
Thereafter, fibrin monomers aggregate with each other to 
form a fibrin mesh that stabilizes the platelet plug to facili-
tate the goal of the coagulation cascade and ultimately gen-
erate a fibrin clot [5–8].

 Anticoagulants and Its Implications 
on Regional Anesthesia

Regional anesthesia encompasses spinal anesthesia, epidural 
anesthesia, and nerve blocks [9, 10]. Examples of surgeries 
that benefit from regional anesthesia include hip, knee, ankle, 
breast, thoracic, major abdominal, and cesarean sections 
[11–13]. As with most medical interventions, it is always 
important to weigh the benefits versus the risks of regional 
anesthesia. A major, yet rare, complication that may occur is 
a hematoma in the spinal or epidural space and its associated 
neurological complications [9, 14–16]. Thus, it is crucial to 
be cognizant of the risk factors that may make this occur-
rence more likely. Certainly, a patient’s use of anticoagulants 
augments the possibility of bleeding and, similarly, spinal 
hematomas. To address this concern, guidelines have been 
developed to aid anesthesiologists in providing their patients 
with the benefits of regional anesthesia while diminishing 
the risks. The majority of guidelines mentioned in this chap-
ter will be from the latest American Society of Regional 
Anesthesia and Pain Medicine (ASRA) guidelines from 
2018. Fundamentally, these guidelines are evidence-based 
recommendations that assist anesthesiologists and other 
healthcare providers in executing safe peripheral and neur-
axial regional anesthetic care [9, 17–20].
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 Heparin: Unfractionated and Low Molecular 
Weight

Heparin and its derivatives interfere with the coagulation 
cascade by binding to antithrombin, which inactivates throm-
bin (factor IIa), factor Xa, and factor IXa. Consequently, the 
fibrin clot is not formed [21, 22]. Heparin’s anticoagulant 
effects can be reversed by protamine, with LMWH requiring 
more time for reversal due to reduced protamine binding. 
When given therapeutically, heparin can be monitored by 
partial thromboplastin time (PTT) and more accurately by 
anti-factor Xa. However, for neuraxial blocks, anti-factor Xa 
has not been found to be a predictor of the risk of bleeding. 
Since a specific level of anti-factor Xa has yet to be deter-
mined for optimal regional anesthesia, it is therefore not rec-
ommended as a mode of monitoring LMWH.  During 

cardiopulmonary bypass, activated clotting time (ACT) is 
used to monitor the higher doses of heparin use.

Unfractionated heparin (UFH) and low molecular weight 
heparin (LMWH) have different biochemical and pharmaco-
logical properties, with LMWH often being preferred over 
UFH. LMWH has more favorable properties such as longer 
half-life, lower risk of hemorrhagic side effects, and more 
predictable pharmacokinetics [23, 24].

ASRA recommendations for spinal anesthesia with 
unfractionated heparin use include the following [9]:

• Discontinuing intravenous heparin 4–6  hours prior to 
neuraxial blockade.

• Verifying normal coagulation.
• Delaying heparin administration for at least 1 hour after 

needle placement.

Fig. 44.1 Coagulation 
cascade
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• Removing neuraxial catheters 4–6  hours after the last 
heparin dose.

• Monitor the patient postoperatively to provide early 
detection of motor blockade, and consider the use of min-
imal concentration of local anesthetics to enhance the 
early detection of spinal hematoma.

• In the setting of more than a 4-day course of either UFH 
or LMWH, it is recommended to obtain a platelet count 
prior to neuraxial block or catheter removal, in light of the 
possibility of heparin-induced thrombocytopenia.

Of note, subcutaneous (SC) unfractionated heparin has 
different recommendations based on its dosing. For low-dose 
UFH with doses of 5000 units BID or TID, neuraxial block 
should occur 4–6 hours after last dose. There is no contrain-
dication in maintaining catheters in the setting of low-dose 
UFH postoperatively. For higher doses such as 7500–
1000 units BID or a daily dose greater than 20,000 units, it is 
suggested that neuraxial anesthesia occur 12  hours later. 
Postoperatively, these higher doses of UFH and their safety 
with indwelling neuraxial catheters have not been estab-
lished. Thus, the management of these patients must be 
based on individual assessment of the risks and benefits [9].

The recommendations for spinal anesthesia among 
patients who use low molecular weight heparin are different 
from those regarding UFH.  The difference in guidelines 
exist because of their distinct pharmacological profiles and 
knowledge acquired from case reports and clinical data. 
This data allowed the FDA to create a Drug and Safety 
Communication in 2013 that entailed updated information 
on LMWH, with the goal of decreasing the risk of neuraxial 
hematoma and paralysis. Interestingly, for LMWH, anes-
thetic and patient risk factors associated with spinal hemato-
mas were ascertained such as female sex, age greater than 
65, epidural technique, early postoperative administration 
(<12 hours), and greater than one dose daily [25]. Notable 
ASRA recommendations regarding low molecular weight 
heparin include the following [9]:

• Needle placement should occur at least 12 hours after a 
prophylactic LMWH dose.

• LMWH prophylactic dose should be administered no ear-
lier than 12 hours after catheter/needle placement. If there 
is a second dose to be given, it should be administered at 
least 24  hours after the first dose. Remove the catheter 
12 hours after the last dose of LMWH.

• If a dose of LMWH was given preoperatively within 
2 hours, refraining from neuraxial technique is ideal, as 
needle placement would occur near peak anticoagulant 
activity.

• A delay of at least 24 hours prior to needle/catheter place-
ment is recommended for higher (therapeutic) doses of 
LMWH (enoxaparin 1 mg/kg every 12 hours, enoxaparin 

1.5  mg/kg daily, dalteparin 120  U/kg every 12  hours, 
dalteparin 200 U/kg daily, or tinzaparin 175 U/kg daily).

• After surgery with non-high bleeding risk, therapeutic 
dose of LMWH can be resumed in 24  hours. For high 
bleeding risk surgery, therapeutic dose LMWH can be 
reinstituted 48–72 hours after.

 Warfarin

Warfarin is an oral anticoagulant that affects the clotting cas-
cade by interfering with the synthesis of clotting factors II, 
VII, IX, and X. This is done by warfarin’s ability to inhibit 
vitamin K epoxide reductase, which is necessary in the 
development of specific clotting factors from the liver [26]. 
Thus, warfarin’s inhibition of vitamin K leads to decreased 
clotting factors and clot development by impeding both the 
intrinsic and extrinsic pathways. The anticoagulant effect of 
warfarin can be monitored by prothrombin time (PT) and 
international normalized ratio (INR). Warfarin can be 
reversed by fresh frozen plasma (FFP), prothrombin  complex 
concentrate (PCC), and vitamin K [27]. PCC can be catego-
rized as three-factor with factors II, IX, and X or four-factor 
consisting of factors II, VII, IX, and X. PCC may also be 
composed of protein C and S and heparin whose purpose is 
to balance the large clotting factor concentration that can be 
25 times higher than that in normal plasma [28].

ASRA recommendations for regional anesthetic manage-
ment for patients on warfarin are as follows [9]:

• Stop warfarin ideally up to 5  days prior to a neuraxial 
block and with INR normalization.

• Perform routine testing of sensory and motor function 
during epidural analgesia for patients on warfarin therapy, 
with the use of anesthesia that minimizes sensory and 
motor blockade.

• In the setting of reinitiating warfarin thromboprophylaxis, 
remove neuraxial catheters when INR is less than 1.5. Of 
note, although this recommendation was based on labora-
tory and clinical data, the risk of an INR greater than 1.5 
but less than 3 is unknown.

• Hold or reduce warfarin in patients with indwelling cath-
eters with an INR greater than 3.

• Continue neurologic assessment at least 24  hours after 
catheter removal.

 Fondaparinux

Fondaparinux is an injectable synthetic pentasaccharide. Its 
benefits include rapid absorption, lack of platelet interaction, 
and a long half-life of 17–21 hours that allows for one-time 
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dosing. However, a detriment of its use is that there is no 
reversal or antidote [29]. Fondaparinux’s anticoagulant effect 
is that it inhibits factor Xa. During the initial clinical trials 
that helped determine the dose ranging of fondaparinux, no 
spinal hematomas were reported. This occurred because 
strict parameters were used such as patients being excluded 
from the study if needle placement was not accomplished on 
the first attempt or if there was traumatic bleeding. Therefore, 
the true risk of fondaparinux use on regional anesthesia is 
unknown, which provides more insight to the ASRA recom-
mendations [9]:

• Until further clinical experience is available, performance 
of neuraxial technique should occur under the conditions 
used in clinical trials (single needle pass, avoidance of 
indwelling neuraxial catheters, atraumatic needle place-
ment). If this is not feasible, an alternate method of pro-
phylaxis should be considered.

• Neuraxial catheters should be removed 6 hours prior to 
the first postoperative dose.

 Direct Parental Thrombin Inhibitors

Desirudin, bivalirudin, and argatroban are parenteral antico-
agulants commonly used for treating heparin-induced throm-
bocytopenia. They all share the anticoagulant mechanism of 
inhibiting thrombin. Their effect can be monitored by acti-
vated PTT, and there is no pharmacological reversal. Due to 
the lack of information available to determine patient man-
agement and risk, ASRA recommends against the perfor-
mance of neuraxial anesthesia in patients receiving these 
parenteral thrombin inhibitors [9].

 Novel Oral Anticoagulants

Novel oral anticoagulants or non-vitamin K antagonist oral 
anticoagulants, also known as NOACs, are increasingly used 
due to many advantages. NOACs can be given without the 
need for monitoring. They are associated with less intracra-
nial bleeding and more rapid onset and are often just as 
effective in preventing clots such as those seen in venous 
thromboembolism. NOACs include dabigatran, apixaban, 
betrixaban, edoxaban, and rivaroxaban [30–33].

Dabigatran is an oral direct thrombin inhibitor with a 
half-life of 12–17 hours. More than 80% of it is renally elim-
inated. The most reliable monitoring of dabigatran is by 
thrombin time (TT), ecarin clotting time (ECT), and diluted 
thrombin time (dTT) [34]. In 2015, the FDA approved idaru-
cizumab as a rapid reversal of dabigatran. Idarucizumab is a 
monoclonal antibody that is a non-competitive irreversible 
inhibitor of the dabigatran-thrombin complex that works in 

minutes [35]. Initially, the manufacturer of dabigatran 
advised against placing epidural catheters due to limited 
experience, which consequently led to limited data on dabi-
gatran and neuraxial anesthesia. However, with increased 
understanding of its pharmacokinetics and expert opinion, 
recommendations on neuraxial anesthesia amidst dabigatran 
use have been made. Of note, the suggestions are largely 
influenced by the renal excretion of dabigatran. The ASRA 
guidelines state [9]:

• We suggest that dabigatran be discontinued 120  hours 
prior to neuraxial block. However, if renal function has 
been reliably determined, and there are no additional risk 
factors for bleeding (e.g., age > 65 years, hypertension, 
concomitant antiplatelet medications), a more graded 
approach may be considered:
 – For all suggestions, consider checking ecarin clotting 

time and diluted thrombin time. However, an accept-
able level of residual dabigatran activity to proceed 
with neuraxial block remains undetermined.

 – In patients with creatinine clearance (CrCl) 80 mL/min 
or greater, discontinue dabigatran 72 hours prior neur-
axial block.

 – In CrCl of 50–79 mL/min, discontinue 96 hours prior.
 – In CrCl of 30–49 mL/min, discontinue 120 hours prior.
 – We suggest against the performance of neuraxial 

blocks in patients with a CrCl less than 30 mL/min.
• We suggest removing neuraxial catheters 6 hours before 

first postoperative dose.
• Before removing an indwelling catheter during adminis-

tration, hold dabigatran for 34–36 hours or assess dTT or 
ECT.

Rivaroxaban, apixaban, edoxaban, and betrixaban are all 
NOACs that exhibit their anticoagulant effects by inhibiting 
factor Xa. Therefore, the best mechanism of monitoring 
their effect is by anti-factor Xa assays [9]. There are recently 
developed reversals for NOACs: idarucizumab, andexanet, 
and ciraparantag. Idarucizumab was previously discussed as 
a reversal agent for dabigatran. Andexanet binds to apixa-
ban, edoxaban, rivaroxaban, and betrixaban as a decoy 
receptor, thereby inhibiting their mechanisms of action. It 
also reverses the antithrombotic effects of low molecular 
weight heparin, unfractionated heparin, and fondaparinux. 
Lastly, ciraparantag/aripazine uses its hydrogen bonding 
sites to bind to and reverse all NOACs and heparin [35, 36]. 
Since these reversals are fairly new and ciraparantag is still 
under investigation. Other antidotes are often used such as 
recombinant coagulation factor VIIa and PCC, which is a 
known reversal for warfarin [37]. Factor eight inhibitor 
bypassing activity (FEIBA) is another reversal agent that 
stops bleeding by generating thrombus due to its composi-
tion of factors II, IX, X, and VIIa, prothrombin, and pro-
thrombin complex factors [38].
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ASRA suggested management for patients on rivaroxa-
ban as follows [9]:

• Discontinue rivaroxaban 72  hours prior to neuraxial 
block. Consider checking rivaroxaban or anti-factor Xa 
activity level if less than 72 hours. An acceptable level of 
residual rivaroxaban activity to proceed with neuraxial 
block remains undetermined.

• Remove neuraxial catheters 6 hours prior to the first post-
operative dose.

• With unanticipated administration with indwelling cathe-
ter, hold rivaroxaban dosing 22–26 hours before catheter 
removal, or assess an anti-factor Xa assay calibrated to 
rivaroxaban until the catheter is removed.

ASRA suggested management for patients on apixaban as 
follows [9]:

• Discontinue apixaban 72 hours prior to neuraxial block. 
Consider checking apixaban or anti-factor Xa activity 
level if less than 72 hours. An acceptable level of residual 
apixaban activity to proceed with neuraxial block remains 
undetermined.

• Remove catheters 6 hours prior to the first postoperative 
dose.

• With unanticipated administration with indwelling cath-
eter, hold apixaban dosing for 26–30 hours, or calibrate 
an anti-factor Xa assay to apixaban before catheter 
removal.

ASRA suggested management for patients on edoxaban 
as follows [9]:

• Discontinue 72 hours prior to neuraxial block. Consider 
checking edoxaban or anti-factor Xa activity level if less 
than 72 hours. An acceptable level of residual edoxaban 
activity to proceed with neuraxial block remains 
undetermined.

• Remove neuraxial catheters 6 hours prior to the first post-
operative dose.

• Hold edoxaban for 20–28 hours, or perform an anti-factor 
Xa assay calibrated to edoxaban before catheter removal.

ASRA suggested management for patients on betrixaban 
as follows [9]:

• Discontinue a minimum of 72 hours prior to a neuraxial 
block. Consider checking betrixaban or anti-factor Xa 
level if less than 72 hours.

• There is a suggestion against the performance of neurax-
ial blocks in patients with CrCl less than 30 mL/min.

• Remove neuraxial catheters 5 hours prior to next dose.
• With indwelling catheter, hold betrixaban dose for 

72 hours, and then remove the catheter.

 Thrombolytic Therapy

Thrombolytics, also known as fibrinolytics, dissolve fibrin 
clots through the action of plasmin. Plasmin is derived from 
its inactive precursor plasminogen. Plasmin’s mechanism of 
action is dissolving fibrin clots. This results in fibrin 
degradation products that inhibit platelet aggregation, 
furthering their role in anticoagulation. Examples of 
thrombolytics include exogenous plasminogen activators 
such as streptokinase and urokinase and formulations of 
tissue plasminogen activator (t-PA) like alteplase and 
tenecteplase. Plasminogen activators incite the reaction of 
plasminogen to plasmin and dissolve fibrin, thereby decreas-
ing the amount of both fibrin and plasminogen. t-PA is more 
fibrin selective, where it binds to fibrin stimulating the dis-
solving of clots [9, 39, 40].

In patients taking fibrinolytics, ASRA recommends the 
following [9]:

• Against spinal or epidural anesthesia except in “highly 
unusual circumstances” [9].

• A 48-hour time interval and documentation of normaliza-
tion of clotting studies, like fibrinogen, is suggested 
between discontinuation of these medications and the time 
of neuraxial puncture. This is because fibrinogen can be 
used to determine residual thrombolytic effect since it is 
one of the latter clotting factors to recover. It is also noted 
that puncture of “noncompressible vessels” was an original 
contraindication to thrombolytic therapy, with a now 
suggestion of 10 days following puncture for therapy.

• In patients who receive neuraxial anesthesia during or 
near the time of thrombolytic use, it is recommended for 
them to undergo neurological checks, no more than 
2  hours apart. In this setting, if the anesthesia is an 
epidural catheter infusion, the anesthetic should have 
minimal sensory and motor block to allow for neurological 
monitoring.

• There is no recommendation for removal of neuraxial 
catheters in patients who receive thrombolytics 
unexpectedly, yet it is suggested to measure fibrinogen 
level.

 Antiplatelets

Antiplatelet medications include nonsteroidal anti- 
inflammatory drugs (NSAIDs), aspirin, platelet receptor 
antagonists, and platelet phosphodiesterase IIIA inhibitors. 
NSAIDs and aspirin have not been found to increase risks for 
complications related to regional anesthesia, due to their 
minimal effect on platelet function. Therefore, there are no 
recommendations for timing of anesthesia administration or 
catheter techniques for patients on aspirin or NSAIDs [9, 
41]. However, ASRA cautions performing regional anesthesia 
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in the setting of NSAIDs or aspirin with simultaneous use of 
other medications such as antiplatelets and anticoagulants 
due to an increased risk of bleeding [9].

Ticlopidine, clopidogrel, and prasugrel are thienopyridine 
derivatives that irreversibly inhibit the P2Y12 component of 
ADP receptors on the platelet surface. This prevents the 
GPIIb/IIIa receptor complex from activating and 
consequently reduces platelet aggregation. Ticagrelor also 
has a similar mechanism of binding to the P2Y12 receptor; 
however, it is not a thienopyridine derivative, and its binding 
is reversible and noncompetitive. Cangrelor selectively and 
reversibly binds to the P2Y12 receptor, also preventing 
platelet activation and aggregation, but its administration is 
intravenous [42].

ASRA recommendations for patients taking these medi-
cations are as follows [9]:

• The recommended time interval between discontinuation 
of therapy and neuraxial blockade is 10 days for ticlopidine, 
5–7 days for clopidogrel, 7–10 days for prasugrel, 5–7 days 
for ticagrelor, and 3 hours for cangrelor.

• Therapy may be reinstituted 24 hours postoperatively for 
ticlopidine, clopidogrel and prasugrel (thienopyridine 
therapy), and ticagrelor.

• Neuraxial catheters should not be maintained with prasu-
grel or ticagrelor due to their rapid onset.

• Neuraxial catheters may be maintained for 1–2 days with 
ticlopidine and clopidogrel, in the setting of no 
administration of a loading dose, since these antiplatelets 
do not have an immediate antiplatelet effect.

• Remove neuraxial catheter 8 hours prior to reinstitution 
of cangrelor therapy postoperatively.

• Thienopyridine and ticagrelor therapy may be resumed 
immediately after needle placement/catheter removal, if a 
loading drug is not given. If a loading dose is administered, 
a suggested time interval between catheter removal and 
administration is 6 hours.

GPIIb/IIIa receptor antagonists include abciximab, eptifi-
batide, and tirofiban. They greatly inhibit platelet aggre-
gation, which impacts the recommendations made with 
their involvement in regional anesthesia. For context, after 
administration of abciximab, normal platelet aggregation 
reoccurs in 24–48 hours, while normalcy occurs 4–8 hours 
after eptifibatide and tirofiban [43]. In patients taking these 
medications, ASRA suggests avoiding neuraxial procedures 
until platelet function has recovered. If these therapies are 
given after neuraxial technique, it is recommended to use 
drugs that minimize sensory and motor blocking so patient 
can be monitored neurologically. No catheter removal time 
has been suggested; rather it is recommended to weigh the 
risk of spinal bleeding against the benefits of antiplatelet 
therapy [9].

Cilostazol reversibly inhibits platelet aggregation by 
inhibiting phosphodiesterase III. As its bleeding risk effect 
on neuraxial block is unknown, it is suggested that cilostazol 
be discontinued for 2  days prior to neuraxial anesthesia, 
which is based on its elimination half-life. ASRA also 
suggests neuraxial catheter removal prior to restarting 
therapy, with the first postoperative dose being administered 
6 hours after catheter removal [9].

Dipyridamole’s antiplatelet effect is also through inhibi-
tion of platelet aggregation. ASRA recommendations are as 
follows [9]:

• Discontinue the extended release form 24 hours prior to 
neuraxial block.

• Remove neuraxial catheters prior to reinstitution of ther-
apy, with suggested administration 6 hours after removal.

 Herbal Therapy

Examples of herbal remedies that are known to affect hemo-
stasis are garlic, ginseng, and ginkgo. These therapies are 
all known to impact platelet aggregation and are therefore 
relevant to our discussion [44–46]. Although there are case 
reports of neuraxial bleeding following the consumption of 
garlic and ginkgo, larger studies have found no difference 
in bleeding after surgery among patients on herbal therapy 
[47–49]. This gives insight to the ASRA recommendation 
which states that herbal medications does not create a level 
of risk that will interfere with the performance of neuraxial 
block. Among patients on these herbal therapies, there is also 
a recommendation against the discontinuation of these medi-
cations or avoidance of regional anesthesia [9]. However, 
just as there are reservations against neuraxial anesthesia 
in patients using dual antiplatelet or antiplatelet and antico-
agulant therapy simultaneously, there is a similar discretion 
regarding herbs with concurrent anticoagulation use [9].

 Peripheral Nerve Blocks

Among patients who are on anticoagulants, the feared conse-
quences of regional anesthesia via peripheral and plexus tech-
niques are bleeding, hematoma formation, and subsequent 
neurological effects. There are limited case reports and stud-
ies that have evaluated and described the complications of 
peripheral nerve and plexus blocks in anticoagulated patients. 
Among the data available, profound bleeding has been found 
to be the critical complication, when compared to neurologi-
cal deficits. This may be due to bleeding occurring into fixed, 
noncompressible, deep spaces, at which hemorrhage contrib-
utes to patient morbidity [9, 50]. For patients taking antico-
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agulants who undergo peripheral or more superficial plexus 
blocks, ASRA suggests that the similar guidelines for neur-
axial techniques be used. However, for patients undergoing 
deep plexus or deep peripheral blocks, it is suggested that the 
anesthetic performance, catheter maintenance, and catheter 
removal be based on each site and its vascularity, bleeding 
consequences, and compressibility. Of note, the lack of more 
specific recommendations, like those pertaining to certain 
anatomical locations, serves as a reminder for the need of fur-
ther studies and case reporting in this topic.

 Anticoagulation in Obstetric Patients

Pregnancy is a state of hypercoagulability. Factors such as 
cesarean delivery, increased age, previous thromboembo-
lism, and obesity all increase the preexisting prothrombotic 
state. The 6 weeks after pregnancy is also associated with 
higher rates of thrombosis [51]. These characteristics may 
contribute to certain patients benefiting from anticoagula-
tion. Since neuraxial anesthesia is a common effective 
method of pain management during vaginal and cesarean 
delivery, it is important to acknowledge neuraxial anesthetic 
management in anticoagulated patients. Heparins are the 
main anticoagulant used in pregnancy because they do not 
affect fetal development [18, 51–53].

A systematic review of obstetric patients receiving throm-
boprophylactic dose of UFH or LMWH did not identify a 
single case of causally related spinal epidural hematoma 
(SEH) [54]. In contrast, a study involving direct oral antico-
agulants during pregnancy resulted in miscarriages, fetal 
anomalies, and questionable efficacy with a lack of reported 
thrombotic or bleeding complication [55]. For parturients, 
ASRA suggests similar recommendations regarding anes-
thetic management amidst heparin use, which we previously 
discussed. However, in patients who are taking anticoagu-
lants and require urgent intervention, these guidelines should 
be modified as found appropriate, and the risks of general 
anesthesia versus neuraxial anesthesia should be assessed 
[9]. Overall, the limited data on the implications of antico-
agulant use during pregnancy on neuraxial anesthesia and 
epidural hematoma incidence serves as a reminder for the 
need of more studies [54].

 Spinal Hematoma

Since bleeding is the major complication of anticoagulant 
therapy, neuraxial anesthesia in patients on anticoagulation 
poses a risk of hematoma formation. Hematomas can develop 
in the epidural, subdural, or subarachnoid space. However, 
bleeding occurs more commonly in the epidural space due to 
its venous plexus. Spinal hematomas are rare, and the true 

incidence in anticoagulated patients is unknown due to 
underreporting [9, 56].

Spinal hematomas are asymptomatic until they begin 
to compress the spinal cord, causing neurological symp-
toms and pain. These neurological consequences include 
bladder/bowel dysfunction and most commonly motor and 
sensory deficits [54, 57, 58]. MRI of the spine is the most 
sensitive and specific diagnostic method of spinal hemato-
mas. If paralysis or significant deficits have not occurred, 
recovery can occur with conservative management that 
often includes close follow-up, frequent neurological 
exams, imaging, and coagulation. There have also been 
cases with spontaneous resolution of hematomas [57–62]. 
However, if paralysis occurs, the treatment is rapid sur-
gical decompression of the spinal cord by laminectomy, 
evacuation of the hematoma, and coagulation of the bleed-
ing [60–62].

 Conclusion

The guidelines provided by the American Society of 
Regional Anesthesia and Pain Medicine are based on case 
reports, clinical studies, expert opinion, hematology, phar-
macological data, and recommendations from other organi-
zations like the European Society of Anaesthesiology. 
Although these guidelines are evidence-based reviews, it is 
crucial to note that they should not preclude weighing the 
risks and benefits for each individual patient. In performing 
regional anesthesia in patients on hemostasis-altering ther-
apy, it is also important to determine their risk factors and 
enhance their coagulation status. Nevertheless, these recom-
mendations are fundamental in aiding to provide safe, qual-
ity care to patients while simultaneously decreasing the risk 
of adverse events like spinal hematomas. The evidence-
based guidelines discussed in this chapter are undoubtedly 
advantageous, but are not infallible. It is essential to remem-
ber that there is always a need for further studies, data, and 
case reporting to establish updated recommendations based 
on strengthened evidence.
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Iron Overload

Michael Godbold and Patrick D. McFarland

 Anesthetic Implications of Iron Overload

 Introduction

Iron overload is defined as excessive levels of circulating 
iron in the body. An estimated 16 million Americans have 
some form of iron overload with hereditary hemochromato-
sis being the most common form of iron overload [11]. It is 
estimated that 10–14% of the population are a genetic muta-
tion carrier for some form of iron overload [14]. Iron over-
load affects a variety of organ systems including hepatic, 
cardiac, and endocrine. The symptoms of this condition 
range from changes in skin pigmentation to severe end-organ 
damage including cirrhosis and heart failure. Current treat-
ment options are highly effective at controlling circulating 
iron levels. However, if left untreated, iron overload can 
progress to cirrhosis and increased morbidity and mortality 
associated with anesthesia.

 Iron Metabolism

To understand iron overload and other disorders of iron bal-
ance, one must study how the body regulates iron metabo-
lism. Iron metabolism is well regulated by specific proteins 
and homeostatic mechanisms including the balance between 
iron absorption and iron release from cells. Specific proteins 
involved in regulating this balance include transferrin, ferri-
tin, ferroportin, and hepcidin, among others. Synthesized in 
the liver, transferrin is the primary protein responsible for 
iron transport in plasma. The transporter protein binds two 

ferric (Fe 3+) molecules at a time during iron trafficking [7]. 
Ferritin functions as a storage protein for iron in cells. A rela-
tively large protein, ferritin has a molecular weight of 
440 kDa and can store up to 4500 atoms of iron at a time [3]. 
Additionally, ferritin acts as an acute phase reactant and will 
experience elevated levels during times of stress and inflam-
mation to protect against oxidative damage. Serum levels of 
ferritin are a good surrogate measure for total body iron stor-
age. Roughly 1 ng/mL of ferritin equals 10 mg of total body 
iron [7]. Iron overload is characterized by an elevated ferritin 
level in the absence of any confounding infection or 
inflammation.

Iron exportation from cells into the circulation is accom-
plished by ferroportin. Ferroportin allows both enterocytes 
in the gut to export iron absorbed from diet and macrophages 
in circulation to export iron recovered from heme resorption. 
The protein hepcidin serves as the main regulator in the neg-
ative feedback mechanism ensuring normal iron balance. 
Hepcidin prevents iron overload by limiting iron absorption 
from diet and iron release from macrophages [13]. The pro-
tein’s activity directly correlates with serum ferritin levels; in 
other words, when ferritin levels are high, hepcidin activity 
is also high, and vice versa. Mutations in hepcidin gene 
expression or protein dysfunction result in pathological pri-
mary iron overload states.

Normal total body iron levels are 3–4 grams with the 
majority found in heme [7]. The element is also found in 
iron-containing proteins, such as cytochromes and myoglo-
bin, as well as transferrin-bound in plasma. Iron itself is 
insoluble in plasma and would result in toxicity from the 
generation of free radicals; however, transferrin acts to coun-
ter this effect, providing solubility to transferrin-bound iron. 
As such, virtually all iron circulating in plasma is bound to 
transferrin [7]. The remainder is mainly stored in the form of 
ferritin in organs such as the liver and spleen. Additionally, 
there are gender differences with regard to normal iron stor-
age. Due to menstruation, adult women typically experience 
lower levels of iron storage as compared to adult men.
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Absorption of iron occurs primarily through the gastroin-
testinal tract. The amount of iron absorbed varies by dietary 
intake and rate of gastrointestinal absorption. Gastrointestinal 
absorption is almost exclusively regulated by the protein, 
hepcidin. Produced by hepatocytes and expressed by the 
hepcidin antimicrobial peptide (HAMP) gene, hepcidin is 
the primary mechanism for control of iron absorption 
through the gastrointestinal tract. Hepcidin binds to the pro-
tein ferroportin and causes its internalization and degrada-
tion. As described above, ferroportin is the protein 
responsible for the transcellular movement of iron within 
the GI tract, macrophages, and hepatocytes. Inhibition of 
the function of ferroportin results in loss of iron through the 
GI tract and low iron states [13].

Homeostatic control of iron absorption through the gas-
trointestinal tract is primarily regulated through control of 
hepcidin production. The primary control of hepcidin pro-
duction is through iron levels and erythropoietic activity. 
High levels of circulatory iron cause an increase in hepcidin 
synthesis and subsequently a decrease in iron absorption. 
Secondly, increased erythropoietic activity in the bone mar-
row will cause a decrease in production of hepcidin and 
increase circulatory levels of iron. In addition to these two 
primary mechanisms of control, hepcidin is also upregulated 
in states of inflammation, infection, and chronic kidney dis-
ease. Conversely, hepcidin is downregulated in states of 
hypoxia, hereditary hemochromatosis, and hepatitis C.

Hepcidin also controls iron release from macrophages. 
Through phagocytosis, macrophages will resorb heme from 
broken-down red blood cells. Depending on the local con-
centration of hepcidin, macrophages will utilize ferroportin 
to release the resorbed iron into the circulation or rely on 
ferritin to store iron for later release [9].

Iron loss is not regulated as strictly as iron absorption and 
release. Normal iron loss occurs at a rate of about 1–2 mg/
day through processes such as sweating and gastrointestinal 
excretion [7]. Through diet alone, both adult men and women 
can compensate for these daily losses; however, adult women 
are more prone to deficiency given the additional iron losses 
experienced through menstruation. Regarding possible 
future pharmacological therapies, some studies have shown 
the kidney may contain possible excretory pathways that 
could be a drug target to combat iron overload states [2].

 Signs and Symptoms of Iron Overload

Iron overload can cause a variety of clinical manifestations. 
Complications can be mild, such as in skin hyperpigmenta-
tion, or major, such as in advanced end-organ failure. In 
hemochromatosis, men are more likely than menstruating 
women to show symptoms of iron overload due to a lack of 
menses [11]. Ultimately, end-organ failure can be fatal if 

enough liver or cardiac damage occurs. The severity of dam-
age is directly related to the degree of iron overload as toxic-
ity results from free iron deposition in organ tissues [17]. 
Typical clinical findings are wide-ranging, depending on the 
extent of organ involvement, and include:

• Nonspecific abdominal pain and generalized malaise
• Bronze pigmentation of skin
• Joint pain
• Polyuria and polydipsia secondary to diabetes mellitus 

development
• Decreased libido and impotence due to hypogonadism 

from pituitary and gonadal involvement
• Abnormal liver function and inflammation that can prog-

ress to cirrhosis
• Palpitations, dyspnea on exertion, and peripheral edema 

secondary to dysrhythmias and cardiomyopathy from car-
diac tissue deposition

In the past, iron overload had been referred to as “bronze 
diabetes” due to the bronzing of skin from hyperpigmenta-
tion and development of diabetes mellitus from free iron 
deposition in pancreatic tissue. The lack of specificity of 
early signs and symptoms often leads to a delay in diagnosis 
once advanced end-organ injury has already occurred [17].

 Etiologies of Iron Overload

The etiology of iron overload can be divided into two main 
categories: increased iron intake and increased gastrointes-
tinal absorption. Increased iron intake occurs primarily from 
either increased dietary intake or from a need for frequent 
blood transfusions. Iatrogenic increases in dietary intake 
include oral iron supplementation or intravenous iron 
administration. Iron overload resulting from chronic 
transfusion- related medical conditions is also called trans-
fusion-associated iron overload. In this patient population, it 
is important to evaluate transfusion needs and requirements 
as each unit of transfused red blood cells contains roughly 
200 mg of iron [17]. Transfusion-associated iron overload 
commonly results from the following medical conditions:

• Sickle cell disease and other hemolytic anemias
• Myelodysplastic syndromes
• Beta-thalassemia major
• Chemotherapy, bone marrow replacement, or stem cell 

transplantation
• Intrinsic RBC and hemoglobin abnormalities

Conditions resulting in increased GI absorption of iron 
include hemochromatosis, ineffective erythropoiesis, and 
chronic liver disease. Primary hereditary hemochromatosis 
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is the most common form and results from a mutation in the 
HFE gene resulting in decreased production of hepcidin. 
Other forms of hemochromatosis include juvenile (which 
results from a mutation in the hemojuvelin gene) and neona-
tal hemochromatosis, which is normally not compatible with 
life. Anemias which result from ineffective erythropoiesis 
include thalassemias, sideroblastic anemias, and other inher-
ited anemias. Ineffective erythropoiesis results in the destruc-
tion of RBC precursors, which subsequently increases 
overall erythropoietic activity, decreases hepcidin produc-
tion, and increases circulatory iron.

Another way to classify iron overload is primary (genetic) 
versus secondary (acquired). Any intrinsic deficiency in the 
normal iron regulatory pathway resulting in excess iron 
burden is characterized as primary iron overload. Primary 
iron overload includes rare genetic disorders, such as 
hereditary hemochromatosis, hypotransferrinemia, and 
aceruloplasminemia. With low levels of transferrin available 
to transport iron, hypotransferrinemia results in excess iron 
storage in various organs. Ceruloplasmin is involved in the 
iron exportation and transportation pathway. Ceruloplasmin 
works with ferroportin and transferrin to process iron during 
exportation and transportation, respectively. Its absence 
results in inefficient iron recycling in the liver and excess 
iron accumulation. Hereditary hemochromatosis is 
described above.

Any extrinsic insult resulting in excess iron burden is 
characterized as secondary iron overload. Secondary iron 
overload includes chronic transfusion-related medical condi-
tions as well as increased ingestion and excess intravenous 
administration of iron.

 Laboratory Tests and Diagnostic Imaging

The diagnosis of iron overload is confirmed with two blood 
tests, ferritin level and transferrin saturation (TSAT). As pre-
viously described, ferritin correlates directly with the total 
amount of iron in the body. Elevated ferritin levels are 200–
300 μg/L for men and 150–200 μg/L for women. Iron over-
load is defined as ferritin levels greater than 1000 μg/L [17]. 
Of note, ferritin is considered an acute phase reactant and 
can be elevated in non-iron overload states. Therefore, a 
transferrin saturation is also needed to confirm the diagnosis 
of iron overload. Transferrin saturation is calculated as serum 
iron divided by total iron-binding capacity. A normal TSAT 
ranges from 20% to 50%, and iron overload is confirmed 
with a TSAT greater than 50% [5].

In severe cases of iron overload, end-organ damage must 
also be considered when determining necessary diagnostic 
imaging. To evaluate iron content in the body, magnetic reso-

nance imaging (MRI) is recommended over computed 
tomography (CT) as the latter has limited sensitivity [17]. 
Individuals with signs or symptoms of cirrhosis should have 
appropriate liver function testing. Cardiac evaluation with 
electrocardiogram (ECG), echocardiography (ECHO), or 
even cardiac MRI is also warranted in some circumstances. 
As always, clinical characteristics of the patient will dictate 
further cardiac and hepatic workup.

 Iron Overload Complications

Complications due to iron overload are often encountered 
given the difficulty in recognizing the condition. Early signs 
and symptoms are nonspecific, and clinical manifestations 
can range from skin hyperpigmentation and joint pain to 
fatal end-organ disease. The liver is iron’s primary storage 
site, and hepatocytes commonly experience cell death in iron 
overload states. Reactive oxygen species from toxic iron lev-
els result in oxidative damage which can have cancer- causing 
effects [5]. Additionally, hepatoportal fibrosis can result 
from oxidative damage which can progress to cirrhosis and 
even hepatocellular carcinoma [4]. Some studies have shown 
patients dependent on blood transfusions can develop portal 
fibrosis and cirrhosis within 2–10 years if the disease is left 
untreated [8].

Excess iron burden can also significantly impact the myo-
cardium. In fact, even small concentrations of free iron are 
toxic to cardiac cells [17]. Often, cardiac insult occurs only 
after the liver has experienced injury. The most frequent car-
diac complication encountered with iron overload is conges-
tive cardiomyopathy, although pericarditis and dysrhythmias 
can occur [10]. Furthermore, in advanced disease, sudden 
cardiac death has been reported [6]. Like other involved 
organs, the extent of cardiac injury directly correlates with 
the amount of free iron deposition in organ tissue. Studies 
have shown worsened outcomes with ferritin levels greater 
than 1000 μg/L [12]. Again, given the lack of specificity of 
early signs and symptoms, disease is often advanced once 
cardiac complications occur. When iron levels reach critical 
levels, systolic dysfunction eventually follows as well as the 
potential rapid deterioration of clinical status.

Other organ systems can be affected as well, including the 
endocrine system and the hypothalamic-pituitary-adrenal 
(HPA) axis. As previously mentioned, diabetes mellitus 
results from pancreatic dysfunction due to iron deposition 
and subsequent oxidative damage. Also, the development of 
hypocalcemia and its associated complications can occur 
due to parathyroid involvement. Free iron deposition in the 
pituitary gland can result in a wide array of symptoms, such 
as infertility and growth failure [5].
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 Perioperative Implications

In patients susceptible to chronic iron overload, one must 
carefully assess the degree of end-organ involvement prior to 
proceeding to the operating theatre. As always, preoperative 
cardiac risk stratification and optimization of medical co- 
morbidities should occur to guide intraoperative anesthetic 
management and to minimize risk of perioperative complica-
tions. As mentioned above, the nonspecific early manifesta-
tions of iron overload necessitate vigilance in screening 
at-risk patients who have yet to showcase advanced disease. 
Screening is accomplished with serum ferritin and transfer-
rin saturation levels. A long-term study of hemochromatosis 
patients showed no change in survival if development of cir-
rhosis was avoided. Therefore, careful management of these 
patients includes early diagnosis of iron overload and contin-
ued attempts to reduce iron levels and prevent the life-short-
ening consequence of cirrhosis [1].

When advanced end-organ injury presents, one must 
assess the impact such injury will have on anesthetic man-
agement. Pharmacodynamic effects from advanced liver dis-
ease should be considered when selecting anesthetic agents 
as alterations in drug metabolism and protein binding may be 
observed. Additionally, altered hemostasis may result as 
platelets and coagulation factors become affected. In this 
patient population, a restrictive transfusion management 
strategy is prudent given the nature of chronic iron overload 
and the additional iron burden present in transfused blood 
units as well as to limit the other associated risks of a liberal 
transfusion strategy [15]. Cardiac involvement may warrant 
additional testing such as electrocardiogram to assess base-
line rhythm and echocardiography to assess cardiac anatomy 
and systolic function. Decompensated heart failure and 
unstable dysrhythmias should be managed and optimized 
prior to proceeding with elective surgery.

Chronic iron overload is often treated with iron chelators 
or therapeutic phlebotomy. Iron chelation therapy has spe-
cifically been shown to benefit patients with transfusion- 
dependent anemia [16]. The anesthesia provider must 
consider the adverse effects of these medications during the 
perioperative period. Iron chelators, such as deferasirox and 
deferoxamine, can affect the cytochrome P450 drug- 
metabolism pathway, potentially affecting perioperative dos-
ing of anesthetic medications [18]. Also, therapeutic 
phlebotomy schedules should be investigated, and appropri-
ate cell counts assessed, to ensure adequate oxygen delivery 
to organ tissues.

 Summary

Iron overload is an uncommon disease process that results 
in specific anesthesia-related implications. The homeo-

static regulation of iron levels in the body is achieved 
through a complex process involving the liver, GI tract, 
and circulating hemoglobin. This chapter reviewed the 
roles that transferrin, ferritin, ferroportin, and hepcidin 
have in the metabolism and regulation of iron levels. 
Symptoms of iron overload vary greatly from mild abdom-
inal pain to severe end-organ damage including liver and 
cardiac failure. Because of the wide range of symptoms, a 
high clinical suspicion is necessary to make the diagnosis 
of iron overload. This diagnosis is achieved through two 
blood tests, ferritin level and transferrin saturation (TSAT). 
Further testing is focused on identifying the primary cause 
of iron overload and assessing any end-organ damage if 
present. Hereditary etiologies of iron overload include 
hemochromatosis, hypotransferrinemia, and 
aceruloplasminemia. Secondary causes of iron overload 
include transfusion-associated iron overload and excessive 
supplemental administration.

The anesthetic management of a patient with iron over-
load should focus on addressing the degree of iron overload 
through laboratory testing as well as determining the cause 
of iron overload. Ultimately, assessing end-organ damage 
is the primary concern of the anesthesiologist. Thorough 
evaluations of the hepatic, cardiac, and hematologic sys-
tems are warranted and must be completed prior to con-
ducting an anesthetic on a patient with iron overload 
syndrome.
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Blood Product Management 
in Developing Countries

Kyle Gress, Karina Charipova, Mitchell C. Fuller, Ivan Urits, 
and Alan David Kaye

 Introduction: Understanding the Problem

Transfusion of blood and blood products is not only critical 
in life-threatening emergencies but also facilitates manage-
ment of acute and chronic conditions in routine patient care 
[1]. In developing countries (DGCs) such as those in sub- 
Saharan Africa, the greatest need for transfusions is in chil-
dren with malaria-related anemia and women with obstetric 
hemorrhage [1, 2]. These clinical scenarios are associated 
with a mortality index of up to 25.5% [2]. Although the 
World Health Organization (WHO) included fresh frozen 
plasma, platelets, red blood cells, and whole blood on its 
Model List of Essential Medicines in 2019, many DGCs lack 
reliable access to these products [3].

Adequate blood product management requires a stable 
supply, a standardized procedure for processing and testing, 
and appropriate clinical and laboratory skills for use of prod-
ucts [1]. The problem faced by most DGCs can be broken 
down into three basic components: insufficient supply, 
excess demand, and inadequate quality of available supply. 

This problem is further complicated by the issue of cost. It 
has been shown that international organizations such as the 
Red Cross cannot permanently fund blood transfusion sys-
tems and that this responsibility belongs to national authori-
ties [4]. In sub-Saharan Africa many countries have utilized 
external funding to establish national blood management 
services, but few have been able to convert to reliable self- 
sufficient systems [1].

Compared to developed countries, DGCs lack voluntary 
non-remunerated blood donors that are essential to maintain-
ing adequate supply [5]. Due to a combination of infection- 
related apprehension and local and cultural beliefs, these 
countries rely heavily on replacement donations [5, 6]. Even 
so, proportions of repeat donors are low, resulting in an 
unstable supply of blood and a severe lack of plasma deriva-
tives since very few DGCs have the fractionation plants 
required for their production [5]. The shortage of donors in 
DGCs is compounded by unindicated transfusion and a large 
volume of discarded blood [5]. Blood should be transfused 
only when clinically appropriate. Unfortunately, most clini-
cal transfusion guidelines rely on formal assessments such as 
quality-assured hemoglobin measurements [1]. In places 
where these services are unavailable, clinicians rely solely 
on clinical judgment which, when faulty, can result in the 
transfusion of a unit of blood that costs 40 times more than 
an accurate hemoglobin test [1]. Despite the fact that the 
majority of transfusion-related research has focused heavily 
on preventing transfusion-transmitted infections rather than 
addressing blood shortage, the scope for increasing supply 
by reducing unnecessary transfusion is likely substantial [1].

Quality of available blood products in DGCs has bene-
fited substantially from increased awareness of the human 
immunodeficiency virus (HIV), but efforts to improve test-
ing for other transfusion-transmissible infectious agents are 
still warranted [5]. Recent data have shown that transfusion- 
associated infection rates in sub-Saharan Africa remain 
astronomically higher than those in high-income countries, 
with risk of HIV, hepatitis B (HBV), and hepatitis C (HCV) 
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transmission reaching 1, 4.3, and 2.5 infections per 1000 units 
of blood, respectively [7]. In high-income countries, these 
rates are approximated to be 1 in 2 million, 1 in 100,000, and 
1 in 2.5 million, respectively [7]. Unfortunately, these infec-
tion rates likely underestimate true transmission of disease 
since acquired viruses can be passed on via a wave of sec-
ondary infections [1]. As of 2016, antibody to HCV is not 
part of routine blood screening in many parts of Africa, and 
only a small proportion of blood banks use enzyme-linked 
immunosorbent assay (ELISA) kits for HBsAg because test-
ing is not considered cost-effective given the endemic nature 
of the virus [1]. The delicate interplay between quantity and 
quality of supply is exemplified by malaria, a leading cause 
of anemia requiring transfusion in Africa that can also be 
transmitted by transfusion [1]. Despite the morbidity and 
mortality associated with malaria, excluding donors with 
low-grade parasitemia in endemic areas has the potential to 
significantly reduce supply of available blood [1]. Of note, it 
is equally important for DGCs to assure quality of blood 
products by pairing donors and recipients using appropriate 
blood groupings and crossmatching techniques [5]. Infection 
by bacterial components secondary to blood bank contami-
nation and breakdown of the cold chain, often due to fre-
quent power cuts during transport, are factors that are 
frequently overlooked yet have a significant capacity to 
decrease quality of available supply [1].

 Looking Ahead: Solutions 
and Recommendations

The approaches that are typically used to secure an adequate 
supply of high-quality blood in high-income countries are 
not necessarily appropriate, validated, or practical for imple-
mentation in DGCs [8]. In DGCs, realistic solutions must 
encourage reliance on local resources, establish networks for 
research and education, and promote use of guidelines and 
audits for gradual improvement of clinical practice [1]. In 
many countries where inadequate supply and lack of funding 
are significant obstacles, progress can be made by reorganiz-
ing existing systems [4]. First, transfusion medicine should 
be integrated into the national health-care system [1, 4]. 
Second, a national blood policy must be created to define the 
organization(s) responsible for providing blood services, 
means of funding these services, acceptable forms of dona-
tion, and regulations for conducting procurement and trans-
fusion [4]. Unfortunately, in 2016 while nearly all African 
states had established a national blood policy, more than half 
were unable to implement their policies [1]. In many cases, 
inability to carry out a national blood policy stems from a 
system of organization that relies on the ability of hospitals 
to run their own blood services without national control or 
coordination [4]. The International Foundation of Patient 

Blood Management (PBM) structures the development of a 
successful PBM program around the idea of “giving the right 
blood products in the right amount to the right patient at the 
right time” [9]. It provides formal recommendations for 
transfusion guidelines, appropriate education and training 
for clinical staff, and feedback mechanisms for evaluating 
appropriateness of transfusion [9]. Using this framework, 
countries like Uganda have been able to develop patient 
blood management (PBM) programs featuring national over-
sight committees and standard operating procedures within 
individual hospitals [9]. Currently, most sub- Saharan African 
countries, including Uganda, are in the early stages of devel-
oping PBM programs [9].

 Bolstering Supply

It is important to keep in mind that at present, approximately 
80% of the world has access to only 20% of the world’s 
blood products [10]. Unfortunately, the best way to bolster 
supply is to encourage repeat donation by non-remunerated 
voluntary donors who, in a study of 2880 units of blood in 
Egypt, have been demonstrated to have significantly better 
health profiles than replacement or remunerated donors [11]. 
While it is difficult to motivate donors, entities like the 
Federal Ministry of Health in Nigeria have seen success by 
engaging the media and televising donations by public fig-
ures [1]. Nigeria has also implemented strategies such as 
Club 25 to recognize donors under the age of 25 years, while 
Zimbabwe created the Pledge 25 Club, a program that uses 
education incentives to attract students to give blood 25 
times [1]. In India, issues in access resulting from a dispersed 
population were addressed by the institution of a system of 
“walking blood banks,” which consists of a pool of pre- 
approved, healthy donors who can be recruited by rural hos-
pitals to provide a reliable and timely supply of blood [12, 
13]. Educational programs and materials created by the Red 
Cross and the WHO have proven helpful in dispelling appre-
hensions and false beliefs about the process of blood dona-
tion, especially in rural areas [1, 5]. It is likely that the most 
effective approaches for recruiting new donors and convert-
ing replacement donors to become repeat donors will involve 
the combined efforts of local and international organizations. 
Going hand in hand with augmentation of supply is reduc-
tion of waste. Some surgical procedures are associated with 
an inherent risk of blood loss and typically require pre- 
emptive crossmatching of blood, but this blood is often 
wasted at a cost of approximately $40 per unit [14]. Studies 
out of Britain recommend that crossmatching be performed 
only if audits suggest that there is a greater than 50% likeli-
hood that the unit will be used. This practice, along with the 
general practice of auditing usage of blood supply, is likely 
to promote better stewardship of available products [14].
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 Decreasing Demand

A significant proportion of the blood requirement in DGCs is 
dedicated to the treatment of anemia, especially in children. 
In South Africa, the prevalence of anemia is estimated to be 
31% in females and 17% in males [15]. While many of these 
cases of anemia require treatment, demand can be managed 
by considering alternative interventions such as use of hema-
tinics for the treatment of nutritional anemia and stimulation 
of erythropoiesis prior to resorting to transfusion [5, 15]. 
Similarly, treatment with hydroxyurea can be used to 
decrease transfusion requirements in sickle cell anemia, and 
high-hematocrit placental blood can be useful for small- 
volume emergency transfusion in cases of neonatal anemia 
[1]. Novel strategies have also been developed to reduce 
excessive rates of exchange transfusions in infantile hyper-
bilirubinemia [16, 17]. It is proposed that formally assessing 
total serum bilirubin and clinical signs of encephalopathy 
allows for better prediction of kernicterus risk, reducing 
transfusion requirements and improving overall health out-
comes [17]. In cases of trauma associated with significant 
blood loss, investigations like the Clinical Randomisation of 
an Antifibrinolytic in Significant Haemorrhage (CRASH-2) 
study demonstrated that tranexamic acid, an antifibrinolytic, 
reduces all- cause mortality by 10% when administrated 
within 3 hours of the initial trauma [1]. Per PBM recommen-
dations, minimizing blood loss through anesthetic and surgi-
cal techniques as well as optimizing coagulation status 
before and during procedures is essential to reducing blood 
requirements in both emergency and scheduled operations 
[15]. Educating transfusion prescribers about appropriate 
protocols and available alternatives such as saline and col-
loids may also help decrease demand [5]. Given that strict 
enforcement of a transfusion protocol in a Malawian hospital 
reduced transfusion numbers by 75%, it is possible that 
implementation of these innovative interventions in conjunc-
tion with strict transfusion guidelines may help significantly 
decrease demand for blood and blood products in DGCs 
without negatively impacting mortality [1].

 Improving Quality

There are two main strategies for improving quality of avail-
able blood and blood products: pre-donation testing and 
post-donation pathogen reduction. Recommendations for 
blood product monitoring include testing for direct antiglob-
ulin and screening all donations for HIV, HBV, HCV, and 
syphilis, as well as regional pathogens such as arboviruses, 
Trypanosoma cruzi, and human T-lymphotropic virus [1, 5, 
18]. Unfortunately, the specificity, sensitivity, ease of use, 
and costs associated with anti-HIV, anti-HCV, and HBsAg 

testing vary [1]. For instance, widespread use of nucleic acid 
testing (NAT) is limited in most DGCs by cost [1, 11]. 
Fortunately, more cost-effective substitutes for NAT such as 
the use of two anti-HIV ELISA tests performed in parallel 
are being investigated [1]. Similarly, there are data out of 
Egypt suggesting that core antigen testing is more effective 
than RNA testing for determining the presence of HCV with-
out sacrificing specificity [18]. Rapid immunochemical tests, 
such as that developed for the HIV antibody, are under devel-
opment for other infectious agents [1]. The development of 
these tests has the potential to cut costs by decreasing the 
need for highly skilled staff and advanced processing equip-
ment [1]. Alternatively, researchers are considering the 
option of prophylactically treating recipients of red blood 
cells (RBCs) in endemic regions with antimalarial agents 
instead of excluding donors with low-grade parasitemia [1]. 
Pathogen reduction refers to a series of interventions that 
involve using heat or alcohol fractionation to eliminate viral 
components from plasma products. Pathogen reduction is 
promising but cannot be used for whole blood or packed 
RBCs and is associated with logistic concerns such as cost 
and requirements for complex equipment and skilled person-
nel [19]. It is important to note that as long as the prevalence 
of these viruses remains high, residual risk of transmission 
will not decrease even in the setting of adequate testing given 
the existence of the window period [1]. Thus, while it is 
important to channel efforts into developing adequate screen-
ing protocols, it is equally if not more vital to address avail-
ability of antiretroviral therapy.
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 Introduction

Chronic pain is increasingly treated via interventional pain 
management. This is an emerging specialty involving proce-
dures used to both diagnose and to treat patients. In most 
interventional pain management cases, the procedures are 
performed percutaneously. Additionally, regional anesthesia 
and perioperative analgesia are percutaneously administered, 
all of which carry risks germane to bleeding [1]. Patients 
themselves may also have genetic risks of bleeding, and both 
inherent and the iatrogenic anticoagulated merit additional 
consideration for interventional techniques.

Procedures involving interventional pain management 
and regional anesthesia all can be significantly compli-
cated by altered hemostasis. To address the risk of bleed-
ing and hematomas following regional and neuraxial 
techniques, the American Society of Regional Anesthesia 
published guidelines, with the most recently updated 
guidelines from 2018 [2]. Importantly, several studies have 

offered conflicting recommendations that the guidelines 
seek to reconcile, especially in the setting of increasingly 
potent antithrombotic medications.

Interventional pain management is outpatient-oriented 
with a greater overall variety of procedures [3]. Although the 
ASRA guidelines address numerous important risks, they 
were not intended for interventional pain practitioners. In 
response, a summary of the literature and bleeding risk 
stratification was developed and updated for interventional 
pain physicians [1]. As in all procedures, the procedure’s 
therapeutic benefit must outweigh the risk involved when 
assessing for the risk of bleeding in patients. Ultimately, the 
practitioner must make an informed decision about whether 
to continue the procedure after evaluating and analyzing the 
risks and benefits involved. To do so, the practitioner must 
understand coagulation physiology, pathophysiological 
mechanisms of bleeding disorders, anticoagulation 
pharmacology, and the technical risks associated with 
individual procedures.
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 Coagulation Physiology

Normally, a balance exists between hemostasis and bleeding, 
maintaining an equilibrium. To keep this equilibrium, there 
are complex interactions between activators, cofactors, and 
inhibitors. Three processes essentially comprise the overall 
process of hemostasis: (1) primary hemostasis, (2) secondary 
hemostasis, and (3) fibrinolysis.

Primary hemostasis results in a weak platelet plug, mak-
ing platelets crucial to this step [4]. Needle trauma to the 
vascular endothelium induces the creation of a friable plate-
let plug to arrest bleeding. When the underlying extracellular 
matrix is exposed during endothelial injury, platelets change 
in a series of phases: adhesion, activation, and aggregation. 
This process resulting in platelet deposition is known as pri-
mary hemostasis.

Platelets are derived from fragments of bone marrow 
megakaryocytes and are surrounded by a coat of glycopro-
teins critical to the process of adhesion to the vascular endo-
thelium. Upon endothelial injury, a subendothelial protein 
called von Willebrand factor (vWF) is exposed. Platelets 
express a glycoprotein Ib receptor that binds to the exposed 
vWF, which facilitates platelet adhesion to damaged endo-
thelium. After glycoprotein Ib binds to vWF, the platelet acti-
vates, degranulating and changing shape. Upon activation, 
platelets express glycoprotein IIb/IIIa receptors, which initi-
ate the platelet aggregation phase. Fibrinogen binds the gly-
coprotein IIb/IIIa receptors on the platelet surface, allowing 
other platelets to aggregate and form bridges between IIb/
IIIa receptors via fibrinogen. This process is under tight reg-
ulation, with the surrounding intact endothelium, local anti-
coagulants, and humoral inhibiting factors preventing 
inappropriate platelet adhesion outside the area of vascular 
injury.

The coagulation cascade is the driving mechanism behind 
secondary hemostasis, which follows primary hemostasis to 
stabilize the weak platelet plug formed during primary hemo-
stasis [4]. Inactive clotting factors constantly circulate until 
activation through exposure to tissue factor or damaged endo-
thelium. All clotting factors are synthesized in the liver in 
zymogen form, except for von Willebrand factor (formed from 
platelet alpha granules and endothelial cells) and factor VIII 
(formed in endothelial cells). Activation of clotting factors 
involves proteolysis into the active enzyme. Cleavage of clot-
ting factors occurs in a stepwise fashion with each clotting 
factor resulting in the cleavage and activation of a subsequent 
clotting factor. The final step is the activation of fibrinogen to 
fibrin by thrombin. Fibrin is water-insoluble, while fibrinogen 
is soluble before activation. Fibrin is the predominant factor 
that results in stabilization of the platelet plug formed in pri-
mary hemostasis. Cross-linking of fibrin then strengthens the 
already stabilized platelet plug, forming a clot.

Multiple theories exist about the precise mechanisms of 
secondary hemostasis. The leading theory for much of the 
time is founded on an intrinsic and an extrinsic coagulation 
pathway. More recent research suggests an alternate mecha-
nism, that of a “cell-based” pathway.

The extrinsic and intrinsic pathways of secondary hemo-
stasis merge into a common pathway leading to a stable 
hemostatic plug. The extrinsic pathway is activated only in 
the presence of endothelial trauma, exposing tissue factor. 
The exposure of tissue factor leads to factor VII activation to 
factor VIIa, initiating the clotting cascade pathway [5]. The 
intrinsic pathway does not require additional activation com-
ponents, ki activating only with intrinsic components of 
blood upon contact with artificial surfaces [5]. Both intrinsic 
and extrinsic pathways lead to the common pathway with the 
activation of factor X to factor Xa with cofactor Va. Factor 
Xa then cleaves factor II (prothrombin) to factor IIa (throm-
bin), which cleaves factor I (fibrinogen) to factor Ia (fibrin).

The cell-based theory of coagulation espouses three dis-
tinct phases in clot formation: initiation, amplification, and 
the propagation phase. The central entity (i.e., the cell) in this 
pathway is the platelet, and it is thought to provide a sub-
strate to and physical locale for the reaction. Tissue factor 
(TF) is the other key constituent. In initiation, TF-laden cells 
complex with factor VII and activate it. This complex then 
activates factors X and IX, which in turn activates factors V 
and II. In normal circulation this small amount of IIa is kept 
quiescent by local and humoral inhibitors, but in altered cir-
culation, an amplification phase occurs. Platelets activated in 
primary hemostasis have an enlarged, procoagulant surface, 
and the small amount of thrombin (IIa) in turn activates IXa. 
IX and VIIIa form a stable complex. In the propagation 
phase, this IX + VIII complex readily activates X to Xa and 
is called the “Xase.” The stable “Xase” then hydrolyzes mul-
tiple profactors into their active forms, primarily creating 
more Va and IIa. This is known as the thrombin burst [6].

Coagulation is under strict regulation as to only occur 
in areas of injury to prevent bleeding; dysregulation would 
have severe consequences manifest as arterial and venous 
thrombotic events. Three inhibitory pathways preside 
over-regulation: (1) antithrombin III, (2) thrombomodulin, 
and (3) tissue factor inhibitor. Antithrombin III inhibits 
factors IIa, IXa, XIa, and especially Xa. Thrombomodulin 
activates anticoagulant proteins C and S by binding throm-
bin, leading to proteolysis of factors Va and VIIIa. Tissue 
factor pathway inhibitor utilizes a negative feedback loop 
to prevent factor X activation. The fibrinolytic system also 
regulates coagulation through plasmin, the activated form 
of plasminogen. Plasminogen is cleaved to activated plas-
min by tissue-type plasminogen activator (TPA). Plasmin 
is a proteolytic enzyme capable of degrading fibrin, fibrin-
ogen, factor V, factor VIII, prothrombin, and factor XII. 
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Because TPA binds the clot to activate plasminogen, prote-
olysis is limited to a localized clot.

 Coagulation Pathophysiology

Pathological disturbance of the coagulation cascade mani-
fests as either a hemorrhagic or thrombotic disorder. 
Hemorrhagic disorders can be either acquired or inherited 
conditions. The three most common inherited disorders of 
hemostasis are von Willebrand disease, hemophilia A, and 
hemophilia B [7, 8].

von Willebrand disease affects approximately 1 in 1000 
people, making it the most prevalent inherited bleeding dis-
order [8]. It is caused by either a quantitative or qualitative 
defect in von Willebrand factor (vWF) [7]. As mentioned 
above, vWF functions in primary hemostasis by binding sub-
endothelial components and circulating platelets, causing 
platelet adhesion by forming a bridge between the platelet 
and subendothelial tissue. Additionally, vWF has a role in 
stabilizing factor VIII by acting as a carrier protein for factor 
VIII and increasing the half-life of factor VIII. In patients 
with von Willebrand disease, both of these functions of von 
Willebrand factor are impaired; platelet adhesion is degraded, 
and factor VIII levels are reduced. Hereditary von Willebrand 
disease is passed as an autosomal dominant disorder. Primary 
symptoms include bruising and mucosal bleeding, especially 
epistaxis and menorrhagia. In surgical procedures, prolonged 
oozing at the surgical site may also manifest. Bleeding time 
is not useful in diagnosing von Willebrand disease; instead, 
evaluation of closure time by platelet function analyzer 
(PFA-100) has better diagnostic value [7]. Treatment includes 
desmopressin and factor VIII replacement. Clarifying the 
specific type of vWD is important before treatment as “gain 
of function” mutations exist, whereby pharmacological treat-
ment can result in disastrous thrombotic complications.

Hemophilia A is a bleeding disorder that results from a 
defect in factor VIII, preventing activation of factor X, 
therefore, interrupting the intrinsic coagulation cascade. 
The disease is X-linked and therefore primarily affects 
males. Plasma concentrations of vWF are unchanged in 
hemophilia A, but the risks associated with hemophilia A 
are high. Bleeding events can be life-threatening, particu-
larly intracranial bleeding, which is associated with a 30% 
mortality rate. The activated partial thromboplastin time 
(aPTT), a measure of the intrinsic coagulation cascade, 
will be prolonged to diagnose hemophilia A. The pro-
thrombin time as well as bleeding time will remain normal 
in hemophilia A. The severity of the disease depends on 
the plasma concentration of factor VIII; thus factor replace-
ment is an essential component of therapy for hemophilia 
A [8]. While factor VIII replacement is an option, a more 

universal treatment in the setting of surgical or traumatic 
bleeding is recombinant activated factor VII, which is 
thought to ensure hemostasis by interacting with tissue 
factor and the platelet surface [8]. Hemophilia B is clini-
cally indistinguishable from hemophilia A, but the defi-
ciency is in factor IX. Treatment is similar to hemophilia 
A, except recombinant or plasma-derived factor IX is 
replaced, rather than factor VIII.

Vitamin K is crucial to the function of several coagula-
tion factors; thus, a vitamin K deficiency can cause a defect 
of coagulation. Vitamin K deficiency can be caused by mal-
nutrition, fat malabsorption, antibiotic use, and liver dis-
ease [4]. The liver enzyme microsomal carboxylase is 
necessary to convert factors II, VII, IX, and X into their 
gamma-carboxylated, active forms. Microsomal carboxyl-
ase is dependent on vitamin K; thus a vitamin K deficiency 
reduces functionality of all four coagulation factors. 
Vitamin K-deficient patients may develop melena, hematu-
ria, ecchymosis, and hematomas as a result of the impaired 
coagulation [4]. In anticipation of a procedure, vitamin K 
can be supplemented to prevent bleeding complications.

Normal liver function is crucial to production of circulat-
ing coagulation factors. Grossly impaired hepatic synthetic 
function may impair coagulation in multiple ways. Liver 
dysfunction deranged hemostasis can occur via thrombocy-
topenia, platelet dysfunction, reduced production of clotting 
factors, increased clotting factor consumption, and increased 
fibrinolysis. Hemostatic dysfunction increases sequentially 
with the stage of liver disease, but at all stages, a risk of 
bleeding exists [8]. Screening for liver disease before a pro-
cedure may reduce the risks of unexpected bleeding events. 
By analyzing hemoglobin, PT, aPTT, platelet count, platelet 
function analysis, fibrinogen level, and bilirubin levels risk 
stratification can be performed. In patients identified with 
liver disease at risk of a bleeding complication, therapies 
include vitamin K supplementation, fresh frozen plasma, 
platelets, and cryoprecipitate. In patients with biliary tract 
disorders, vitamin K supplementation alone may suffice [9].

Impaired renal function may also lead to defective hemo-
stasis [10]. Renal impairment may lead to qualitative defects 
in platelets, subendothelial metabolism, and platelet-vessel 
interactions. The effects of antiplatelet drugs and low molec-
ular weight heparins are also enhanced by impaired renal 
function, primarily via reduced excretion of the drugs. In a 
renal failure patient, a complete coagulation study is critical 
to patient safety. Bleeding time may indicate platelet dys-
function due to renal disease, while elevated PT or aPTT 
may be indicative of coagulation factor deficiency. To restore 
homeostatic coagulation treatment of renally impaired 
patients may include dialysis, anemia correction, desmopres-
sin, cryoprecipitate, estrogens, and avoiding antiplatelet 
drugs [10].
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 Hemostasis Pharmacology: Clinical 
Relevance to the Interventionalist

 COX Inhibitors

Direct cyclooxygenase (COX) inhibitors work by directly 
inhibiting the COX-2 and/or COX-1 prostaglandin pathway, 
which results in numerous physiological changes ranging 
from deficits in homeostasis of coagulation to decreased 
bodily inflammatory responses [11]. Administration of non-
specific COX inhibitors results in reduced levels of throm-
boxane A2. This substance triggers platelet aggregation, 
vasospasm, and eventually serotonin release from the plate-
lets themselves [12]. Aspirin is a COX-inhibiting drug that 
disrupts thromboxane A2 by irreversibly inhibiting the 
COX-1 pathway via enzyme acetylation. Related to this 
mechanism of action, it has been shown to be beneficial in 
decreasing thrombus formation and clotting by boosting the 
prostacyclin/thromboxane A2 ratio, which leads to reduced 
platelet aggregation [13]. This decrease in clot formation 
also puts patients at a theoretical risk for increased bleeding; 
however, this eventuality is uncommon. Aspirin at low doses 
can trigger an antiplatelet effect that lasts 7–10 days until 
the  bone marrow can replace the current platelets [14]. 
In  high doses ASA inhibits prostacyclin (PGI2) through 
COX-2, which can counteract the antiplatelet mechanism. 
NSAIDs also work in decreasing prostaglandin production 
to limit the inflammatory response that results in analgesic 
effects [15].

 Warfarin

Vitamin K is needed for synthesis of the G1a protein family 
that includes four coagulation factors (II, VII, IX, X) needed 
for blood clotting in a normal individual [16]. These coagula-
tion factors are important for homeostasis, and a deficiency 
can lead to life-threatening bleeding. Warfarin directly inhib-
its the gamma-carboxylation of glutamate residues in pro-
thrombin and factors VII, IX, and X, preventing the vitamin K 
epoxide from adopting its active form. This inhibition is not 
immediate, but rather only becoming apparent when such 
time has passed that the active factors have been consumed or 
reabsorbed. The net effect on homeostasis caused by warfarin 
is reliant on the half-life of each coagulation factor it impacts, 
which ranges from 6–8 hours (VII) to 50+ hours (II) [17]. 
Warfarin, therefore, produces its maximal anticoagulant 
effect 3–5 days after administration. Paradoxically, owing to 
inhibition of proteins C and S, warfarin has a short procoagu-
lant effect after initiation. Warfarin’s efficacy is extremely 
dependent on the individual (age, gender, medical conditions, 
genetics, diet), and initiation of therapy requires close moni-

toring [18]. Warfarin effect is monitored by prothrombin time 
(PT) and international normalized ration (INR). PT measures 
the extrinsic and common pathways of coagulation to deter-
mine the amount of time a patient’s plasma takes to clot via 
fibrinogen and factors V, VII, and X. INR helps to monitor PT 
and relate it to other patient labs to better control the dosage 
of anticoagulants [19].

 Glycoprotein Receptor Antagonists

The platelet aggregation pathway has a final common recep-
tor known as the glycoprotein IIb/IIIa receptor, which, if 
blocked or inhibited, will cause reversible blocking of aggre-
gation [20]. This mechanism still allows for the early stages 
of the coagulation pathway and initial binding of platelets to 
damaged vascular surfaces to occur [21]. Inhibitors of the 
GPIIb/IIIa receptor include abciximab (ReoPro), eptifibatide 
(Integrilin), and tirofiban hydrochloride (Aggrastat). 
Abciximab is the Fab fragment of a humanized monoclonal 
antibody that works as an antagonist to the Glycoprotein IIb 
(GPIIb) receptor. It can inhibit close to 80% of platelet 
aggregation when administered intravenously. Eptifibatide 
blocks the fibrinogen binding site on GPIIb, causing a 
50–80% drop in platelet aggregation. Tirofiban is a nonpep-
tide tyrosine derivative designed to mimic the natural ligand 
of the IIB/IIIa receptor [21].

 Thienopyridine Inhibitors

These inhibitors work primarily by binding to P2Y12 recep-
tor, which irreversibly modifies and significantly inhibits 
ADP-dependent platelet aggregation after 2 hours of admin-
istration with peak effect at 6 hours [22]. Platelets treated 
with this class are affected for their life (7–10 days); how-
ever, only 60–70% of the ADP receptors have been shown to 
be sensitive to thienopyridines. Due to their consideration as 
selective platelet-receptor inhibitors, thienopyridine inhibi-
tors are considered relatively safe antiplatelet drugs. Drugs 
included in this category are clopidogrel (Plavix), prasugrel 
(Effient), and ticlopidine (Ticlid). Clopidogrel is used for the 
prevention of ischemic stroke, myocardial infarction, and 
vascular death in patients with a history of atherosclerosis or 
vascular disease [6].

 Heparin

Heparin is one of the oldest biological medications used for 
the prevention and/or treatment of thrombosis [23]. Heparins 
work by increasing antithrombin III activity to inhibit clot-
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ting factors thrombin, IXa, and Xa. This activity is increased 
due to the conformational change that ATIII undergoes to 
reveal its active site. High molecular weight heparin 
(HMWH) is known for its higher molecular weight ranging 
anywhere from 5000 to 40,000 Da, making it unable to be 
absorbed from the GI tract. It is administered intravenously 
or subcutaneously and has limited utility in the outpatient 
setting due to its short 1-hour half-life. Heparin is commonly 
used in inpatient settings to prevent venous thrombosis. 
Heparin effectiveness is measured by partial thromboplastin 
time (PTT); however, close monitoring of heparin therapy is 
not required, unlike warfarin therapy.

 Low Molecular Weight Heparin

Low molecular weight heparins (LMWH) are fractionated 
like their HMWH counterparts, but this process limits them 
to lower molecular weights (most molecules under 8000 
Da). LMWH works by binding to antithrombin, causing a 
conformational change and increasing the propensity for 
inhibition of thrombin and factor Xa [24]. Compared to the 

high molecular weight fractions, LMWH have a higher bio-
availability, longer half-life, and potential for once-daily 
dosing. The drug is given primarily subcutaneously [23] 
(Table 47.1).

 Direct Thrombin Inhibitors

While heparins and vitamin K antagonists are the most com-
monly used agents in anticoagulation, direct thrombin inhibi-
tors (DTIs) also play an expanding and key role in 
anticoagulation. DTIs work by inactivating free thrombin and 
thrombin already bound to fibrin. This inactivation is caused 
by binding the active site and/or the exosites of thrombin. The 
role of DTIs in the management of acute coronary syndromes 
was reviewed by the Direct Thrombin Inhibitor Trialists’ 
Collaborative Group in a meta-analysis of data on individual 
patients. As compared with heparin, DTIs reduced the inci-
dence of the composite outcome of death and myocardial 
infarction both at the end of treatment and at 30 days [25].

DTIs can be univalent or bivalent inhibitors. Univalent 
inhibitors, such as argatroban and dabigatran, work by 

Table 47.1 Comparison of commonly used anticoagulants

Drug class Drugs MOA Effect Monitored Adverse effects
COX inhibitors 
(COX-1 and 
COX-2)

NSAIDs
Aspirin

Block cyclooxygenase-1 
and -2

Inhibit TXA2 (blood 
thinner) and inflammation 
(prostaglandins)

Increased bleeding 
(COX-1)
Inhibited immune and 
inflammation response
(COX-2)

Warfarin Inhibits gamma-
carboxylation of 
prothrombin, factors VII, 
IX, and X

Decreased coagulation Prothrombin time 
(PT) +
international 
normalized ratio 
(INR)

Increased probability of 
bleeding and/or 
hemorrhage
Bruising
Nausea and vomiting

Glycoprotein 
receptor 
antagonists

Abciximab 
(ReoPro)
Eptifibatide 
(Integrilin)
Tirofiban 
Hydrochloride 
(Aggrastat)

Antagonist to 
glycoprotein IIb receptor

Decreased platelet 
aggregation

Increased bleeding
Thrombocytopenia

Thienopyridine 
inhibitors

Clopidogrel 
(Plavix)
Prasugrel (Effient)
Ticlopidine 
(Ticlid)

Binds P2Y12 leading to 
decreased ADP-
dependent platelet 
aggregation

Decreased clotting ability Increased bleeding
Nausea and vomiting
Thrombotic 
thrombocytopenic 
purpura

Heparin HMWH Increasing antithrombin 
III activity

Leads to inhibition of 
thrombin, IXa, and Xa, 
which decreases clotting

Partial 
thromboplastin 
time (PTT)

Increased bleeding
Heparin-induced 
thrombocytopenia (HIT)
Osteoporosis
Injection site reactions

LWMH Binding antithrombin Increases inhibition of 
thrombin and factor Xa, 
leading to decreased 
clotting

Partial 
thromboplastin 
time (PTT)

Increased bleeding
Injection site reactions
HIT (less commonly 
than unfractionated 
heparin)
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 binding to the active sites of thrombin. Bivalent inhibitors, 
such as hirudin derivatives desirudin, lepirudin, and bivaliru-
din, work by binding to the active site on thrombin with one 
of its exosites.

Argatroban reversibly binds to the active site on thrombin 
and inhibits thrombin’s ability to activate several clotting 
factors. Importantly, argatroban has played a major role in 
heparin-induced thrombocytopenia (HIT), being used as an 
alternate form of anticoagulation when heparins are contra-
indicated. This can include systemic anticoagulation for car-
diac bypass circuit initiation. Argatroban anticoagulation, 
compared with historical control subjects, improves clinical 
outcomes in patients who have HIT, without increasing 
bleeding risk [26]. Dabigatran is the other univalent DTI that 
is being used as a substitute for warfarin in acute venous 
thromboembolism and prevention of stroke in patients with 
atrial fibrillation. As with all anticoagulation, there is an 
increased risk of bleeding. Dabigatran’s utility for atrial 
fibrillation had been questioned on these grounds, particu-
larly before the advent of a widely available reversal agent 
(idarucizumab). Dabigatran administered at a dose of 150 
mg, as compared with warfarin, was associated with lower 
rates of stroke and systemic embolism but similar rates of 
major hemorrhage [27]. Recombinant hirudin derivatives 
such as desirudin, lepirudin, and bivalirudin are all alterna-
tives for heparin. Compared with historical controls, lepiru-
din treatment of HIT complicated by thrombosis was 
associated with reduced thrombotic events (relative risk 
reduction [RRR], 0.63–0.78) [28] (Table 47.2).

 Factor Xa Inhibitors

Direct factor Xa drugs are a modern class of drugs that 
inhibit the clotting cascade. They have become popular in the 
treatment of patients with pulmonary embolism, deep vein 
thrombosis, and embolic stroke from atrial fibrillation. These 
drugs are used in clinical care because they can be adminis-
tered in fixed doses without routine coagulation monitoring. 
Factor Xa inhibitor therapy is well tolerated, and the most 
common adverse event reported with the agents is bleeding. 
Factor Xa inhibitors have black box warnings for increased 
risk of stroke upon discontinuance of therapy and increased 
risk for developing epidural or spinal hematomas. There is 

no specific reversal agent for the factor Xa inhibitors, but a 
new drug, andexanet, is promising. Andexanet is biologically 
recombinant factor Xa, which acts as a decoy receptor, and 
reversed the anticoagulant activity of apixaban and rivaroxa-
ban in older healthy participants within minutes after admin-
istration and for the duration of infusion, without evidence of 
clinical toxic effects [29].

 Bleeding Complications and Risks in 
Regional Anesthesia

Neuraxial procedures carry risks that are rare but can be 
potentially devastating for patients, and bleeding complica-
tions are of particular concern [30]. This is especially true for 
patients who present with bleeding disorders and/or those 
taking antithrombic medication as this can increase the 
potential risk of bleeding. Physicians must weigh the risks 
and benefits for this subset of patients before the start of a 
procedure to reduce the chance of morbidity and mortality.

Some neuraxial procedure risk factors involve location of 
the target structure, size of needle, and the number of needle 
insertion attempts. A traumatic needle insertion can have 
minor consequences, such as post-dural puncture headache, 
or major consequences, such as spinal hematoma [31]. A 
traumatic needle insertion increases the likelihood of spinal 
hematoma by 11-fold [32]. The risk of needle insertion com-
plications is influenced by age, gender, BMI, and spinal cord 
defects. For instance, patients without a spinal deformity 
have a 2.6 greater chance of first-pass success than those 
with spinal deformities [33]. Preoperative assessment of a 
patient’s risk associated with a successful needle insertion 
can aid in reducing complications associated with multiple 
needle insertion attempts.

Spinal hematomas can result in permanent loss of neuro-
logic function, and the incidence of hematomas is signifi-
cantly greater for those on anticoagulant medications. For 
patients on anticoagulants, the approximated frequency of 
epidural hematoma is 33 in 100,000 patients for epidural 
anesthetics and 1 in 100,000 patients for spinal anesthetics. 
This is greater than the estimated number of 1 in 150,000 and 
1 in 220,000 patients not on anticoagulation for epidural and 
spinal anesthetics, respectively [34].

Table 47.2 Direct thrombin inhibitors

Parameter Lepirudin Argatroban Dabigatran
Class Bivalent Univalent Univalent
Indication Anticoagulation in HIT Anticoagulation in HIT Stroke prevention
Administration Parenteral Parenteral Oral
Time to peak concentration 2.0 to 3.0 hours 2.0 to 4.0 hours 1.5 to 2 hours
Clearance Kidneys Liver Kidneys
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Anticoagulation medication such as heparin and warfarin 
must be timed appropriately for the administration of neur-
axial anesthesia and removal of an epidural catheter. Analysis 
of drug-related factors in the development of spinal hemato-
mas in neuraxial procedures showed that out of the 160 
reported cases of spinal hematomas, 31% of the cases 
involved use of low molecular weight heparin, 24% involved 
unfractionated heparin, and 11% of the cases involved war-
farin [35]. The FDA also highlighted 30 reports of patients 
who were on low molecular weight heparin and developed 
epidural or spinal hematomas [36]. There have been two 
cases reported through MedWatch system since 1998 that 
involved preoperative warfarin and the development of spi-
nal hematomas when preforming a neuraxial block [37].

Physicians should also be aware of the increased risk of 
bleeding during neuraxial procedures in patients with medi-
cal disease. Hepatic failure may cause thrombocytopenia and 
other alterations in normal coagulation physiology [38]. In a 
report of 166 cases of spinal hematomas, 4 cases were asso-
ciated with liver disease, and 10 cases were associated with 
renal insufficiency [35].

Antithrombic medications work to decrease thrombosis 
by interfering with the blood coagulation cascade. This 
results in increased bleeding, and as such, physicians may 
discontinue the use of this medication to decrease the risk of 
bleeding before performing pain management procedures. 
However, physicians must consider potential thrombosis 
complications posed by the removal of antithrombic medica-
tions, particularly for those with a history of coronary artery 
disease or cerebrovascular disease [35]. An online survey of 
interventional pain physicians reported withdrawal of anti-
thrombic medication before pain management techniques in 
a substantial number of cases. According to the survey, “97% 
discontinued clopidogrel; 96% ticlopidine; 95% Aggrastat 
(tirofiban); 93% cilostazol, 85% dipyridamole, 60% aspirin 
350 mg; 39% aspirin 81 mg; and 39% other non-steroidal 
anti-inflammatory drugs (NSAIDs) before performing inter-
ventional pain management techniques.” An assessment per-
formed indicated that complications due to thrombosis 
formation were more severe and three times more likely to 
occur than bleeding complications during pain management 
procedures [1]. This information should give practitioners 
pause for thought and the merits of ceasing medically indi-
cated anticoagulation be carefully weighed. Knowing the 
reason why patients are on anticoagulants can help facilitate 
safe practices, and it may also be prudent to consult with the 
patient’s prescribing physician regarding discontinuation of 
their anticoagulants.

 Physicians must consider the risks associated with alter-
ing antithrombotic medication before, during, and after pain 
management procedures to ensure patient safety. For 
instance, NSAIDs, including aspirin, do not appear to pose 
risk of spinal hematomas during neuraxial procedures [32, 

39]. Hence, discontinuing the use of low-dose aspirin may 
increase risk of thrombosis while having no impact on risk of 
bleeding. This is true only when aspirin is taken alone; aspi-
rin taken with other antithrombic medications, SSRIs, and/or 
supplement such as fish oil increases the risk of hematomas 
[30]. For example, aspirin combined with the anticoagula-
tion medication heparin increases risk of development of spi-
nal hematoma during neuraxial procedures by a magnitude 
of 26 [32].

 Recommendations and Safety

In patients undergoing interventional techniques, the man-
agement of antithrombotic therapy requires consideration of 
several factors, primarily the balance between the bleeding 
risk associated with continuation of antithrombotic therapy, 
the medical indication for anticoagulation, and the thrombo-
embolic risk associated with its discontinuation or interrup-
tion [40–42]. While interruption is often required to minimize 
risk of bleeding after surgery, discontinuation, continuation, 
and recommencing of anti-clotting therapy in the periopera-
tive setting come with associated risks [40–42]. In clinical 
practice, patients receiving antithrombotic therapy are rou-
tinely discontinued on their medication before undergoing 
interventional techniques despite a paucity of evidence of 
significant bleeding risk during these procedures and limited 
evidence to guide clinical practice [40, 43–46]. In fact, there 
is considerable risk with the traditional attitude of discon-
tinuing medication 10 days before intervention and the indis-
criminate use of bridging therapy [40, 46]. When managing 
anti-clotting medication in these patients, recent studies sug-
gest that it is beneficial to stratify the anticipated surgical 
intervention into a low-risk (<4% per annum), moderate-risk 
(4–10%), and high-risk (>10%) category and adjust accord-
ing to patient-specific risk factors [40, 46]. Additional con-
siderations should include assessment for the need of 
bridging therapy, patient co morbidities, and the individual 
properties of the specific anti-clotting agent being utilized 
[41, 46, 47].

 Estimation of Thromboembolic Risk

The three most common indications for anticoagulation 
therapy are atrial fibrillation, recent history of thromboem-
bolism, and presence of prosthetic heart valves [41, 46–49]. 
The CHA2DS2-VASc score, a risk-stratification system 
used to predict future risk of stroke and thromboembolism 
in patients with nonvalvular atrial fibrillation (although not 
prospectively validated in the perioperative setting), may 
be useful in estimating relative thromboembolic risk in 
patients undergoing surgical procedures and assessing the 
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need for bridging therapy. The CHA2DS2-VASc score cal-
culator gives 1 point each for the presence of congestive 
heart failure, hypertension therapy, age 65–74 years, his-
tory of diabetes, history of vascular disease, and female 
sex. Two points are given for age greater or equal to 75 
years and/or prior history of stroke, transient ischemic 
attack, or venous thromboembolism. Zero points are given 
for age less than 65 years and male sex. A score of 0–2 is 
considered low risk for thromboembolism; a score of 3–4 is 
considered intermediate risk; and a score of >4 is consid-
ered high risk [46, 47, 50]. With respect to thromboembo-
lism, those in the first 6 months following an event are at 
the highest risk. Prosthetic heart valves are a non-native tis-
sue within the body that may be non- or incompletely epi-
thelialized. Replacement mitral valves and those of older 
generations (cage and ball/tilting disc) are the highest risk 
for an embolic phenomenon. Modern bi-leaflet prostheses 
at the aortic position confer moderate or even low risk 
dependent upon patient factors.

 Risk Stratification for Severe Bleeding

Several factors influence the potential for severe bleeding 
complications, including the type of surgical/interventional 
technique performed, the anatomy of the region of interest, 
and individual factors such as patient age and obesity [40, 
47]. There is good evidence for stratifying interventions 
into low risk for severe bleeding, intermediate risk for 
severe bleeding, and high risk for severe bleeding. This 
often relates to the compressibility of and access to the site 
to be operated upon. If performing a low-risk or intermedi-
ate-risk procedure on a patient with a high risk of bleeding, 
these patients should be regarded as intermediate-risk or 
high-risk, respectively. Examples of conditions that confer 
a high risk of bleeding include advanced age, history of 
bleeding tendency, concurrent treatment with other antico-
agulant or antiplatelet agents, presence of advanced liver 
disease or cirrhosis, and presence of renal disease [40, 47]. 
Recommendations regarding when to discontinue anti-
thrombotic and anticoagulant usage preoperatively and 
when to resume therapy post-operatively are influenced by 
the category of risk assigned to the intervention and patient 
and the type of anticoagulant used. In this regard, addition-
ally it should be noted that many herbals and over-the-
counter medications can interfere with the coagulation 
cascade and have additive and/or synergistic effects. Some 
of these agents have relatively short half-lives, and their 
effects last only a few days; however, the American Society 
of Anesthesiology recommends 2–3 weeks off these agents 
to ensure that there are not any significant effects since 
many of these products’ half-lives are unknown and prepa-
rations vary considerably.

The risk stratification of several spinal procedures based 
on the potential risk for bleeding is outlined below [40]:

Low-risk procedures:
• Trigger point and muscular injections
• Peripheral joints
• Peripheral nerve blocks
• Sacroiliac joint and ligament injections and nerve blocks
• Caudal epidural injections
• Ganglion impar blocks

Intermediate-risk procedures:
• Facet joint interventions
• Lumbar transforaminal epidural injections at L4, L5,  

or S1
• Lumbar intradiscal procedures
• Hypogastric plexus blocks
• Lumbar sympathetic blocks
• Peripheral nerve stimulation trial and implant
• Pocket revision and implantable pulse regenerator/intra-

thecal pump replacement
• Caudal percutaneous adhesiolysis
• Lumbar percutaneous disc compression below L4
• Intervertebral spinous prosthesis
• Lumbar discography
• Lumbar interlaminar epidural injections at L5–S1

High-risk procedures:
• Cervical, thoracic, and high lumbar (above L4–L5) inter-

laminar epidurals
• Cervical, thoracic, and lumbar above L3 transforaminal 

epidural injections
• Spinal cord stimulator trial and implant
• Percutaneous adhesiolysis with interlaminar or transfo-

raminal approach
• Percutaneous disc decompression above L4/L5
• Stellate ganglion, thoracic, splanchnic, or celiac plexus 

sympathetic blocks
• Thoracic and cervical intradiscal procedures
• Vertebral augmentation in the cervical, thoracic, and lum-

bar spine (above L4)
• Intrathecal catheter and pump implant
• Interspinous prosthesis

Abdominal hernia repair, axillary node dissection, and 
cholecystectomy may additionally be considered low risk for 
severe bleeding. Posterior chamber eye procedures, vascular 
surgery, general surgery, prostatic resection, and polypec-
tomy are considered high risk for severe bleeding [47].

 Bridging Therapy

The bridging of patients with heparin or other anticoagula-
tion before or after procedural intervention is recommended 
only for patients with a significantly high thromboembolism 
risk. This may include patients with recent ischemic stroke 
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or cerebrovascular accident, mitral position or older- 
generation mechanical heart valve, or CHA2DS2-VASc 
score of 5 or greater [46, 47]. In most patients, however, 
bridging therapy results in convoluted anticoagulation plans, 
excessive bleeding, longer hospital stays, and significant 
comorbidities while producing no significant difference in 
prevention of thromboembolism [40, 46, 48]. 
Multidisciplinary discussion with all stakeholders regarding 
the practicalities of bridging anticoagulation, the small risk 
of major complications off anticoagulation often leads to a 
plan that often does not include bridging.

 Additional Considerations

Guidelines for the timing of anticoagulant interruption vary 
depending on the nature of the medication. For example, 
vitamin K antagonists must be discontinued sooner than fac-
tor Xa inhibitors due to the need for coagulation factors to be 
resynthesized. Patient age, weight, hepatic function, renal 
function, and other comorbidities must also be considered in 
the management of perioperative or periprocedural antico-
agulant interruption [40, 46, 47].

If an interventional technique is deemed to have moderate 
to severe bleeding potential, most anticoagulant medications 
should be discontinued beforehand to minimize the risk of 
bleeding events. Of course, due to differences in pharmaco-
logic properties, each specific agent or class of agents has 
different recommendations on the timing and method of dis-
continuation. ASRA and ASIPP have published recommen-
dations for the handling of anticoagulant drugs based on 
extensive literature reviews [40]. Medication and class-
specific management guidelines are summarized below 
based on low-, moderate-, and high-risk interventional pain 
management techniques.

 Warfarin

Recommendations for the discontinuation of warfarin are 
based on the patient’s INR. ASIPP and ASRA agree that pain 
interventions deemed low risk for adverse bleeding out-
comes can safely be completed with an INR < 3. For moder-
ate- to high-risk procedures, ASRA recommends a normal 
INR, while ASIPP considers an INR ≤ 1.5 adequate. In 
patients at high risk for thromboembolic events, consider a 
LMWH bridge [39, 50].

 NSAIDs/Aspirin

For patients on daily aspirin, the decision to stop or continue 
the therapy should be based on the indication with bleeding 

and clotting risks weighed carefully. Patients taking aspirin 
for primary prophylaxis can stop therapy without hesitation. 
ASRA recommends stopping both high- and low-dose aspi-
rin therapy 4 days before low- and moderate-risk interven-
tional techniques and 6 days before high-risk interventional 
techniques. For low- to moderate-risk interventions, ASIPP 
recommends the physician’s discretion to either continue 
aspirin therapy or discontinue for 3 days but recommends 
discontinuation of therapy 5 days prior to intervention tech-
niques deemed high risk [39].

There is limited evidence for the stopping or continuation 
of NSAIDs around spinal procedures. The consensus 
between ASRA and ASIPP is that NSAIDs do not provide a 
protective effect; however, patients may complain of more 
uncontrolled pain with their discontinuation due to their use 
in analgesia. ASRA recommends discontinuing NSAIDs 
anywhere from 1 to 10 days before the procedure, suggesting 
drugs like piroxicam be stopped 10 days prior while drugs 
like ibuprofen and diclofenac be continued up until 1 day 
before. There is little evidence for significant bleeding risk 
with the use of NSAIDs, and clinicians may choose to con-
tinue these drugs perioperatively for their pain relief benefits 
to the patients. ASIPP suggests that regardless of risk strati-
fication of the proposed intervention, NSAIDs can be contin-
ued or may be stopped 1–10 days before as stated in ASRA’s 
guidelines [40].

 ADP Receptor Inhibitors

ADP receptor inhibitors such as clopidogrel and ticagrelor 
block the aggregation of platelets. For spinal interventional 
techniques deemed low risk, both ASIPP and ASRA state 
that platelet aggregation inhibitors may be continued safely. 
For moderate-risk procedures, ASIPP leaves the decision to 
the discretion of the provider, stating that the agents may be 
continued or stopped for 3–7 days depending on the drugs’s 
individual pharmacodynamic and pharmacokinetic proper-
ties. ASRA recommends stopping the platelet aggregation 
inhibitors for 7–10 days before moderate-risk interventions. 
Both ASRA and ASIPP recommend ceasing therapy with 
these agents before high-risk spinal pain interventions for 
3–10 days, again depending on the properties of the individ-
ual agents [40, 51].

 GPIIb/IIIa Inhibitors

Abciximab, eptifibatide, and tirofiban are GPIIb/IIIa inhibi-
tors, which block platelet aggregation. Due to the little to no 
evidence of increased bleeding with continuation of these 
drugs in interventional pain procedures stratified as low risk, 
both ASIPP and ASRA state these drugs may be continued. 
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For moderate- to high-risk interventional spinal procedures, 
ASIPP recommends stopping abciximab for 1–2 days and 
eptifibatide and tirofiban for 8 hours, while ASRA recom-
mends stopping abciximab 2–5 days and eptifibatide and 
tirofiban 8–24 hours before the interventional techniques are 
performed [40].

 Phosphodiesterase Inhibitors

Cilostazol and dipyridamole reversibly inhibit platelet 
aggregation through inhibition of phosphodiesterase. 
Aggrenox is also a phosphodiesterase inhibitor that com-
bines dipyridamole with aspirin. For interventional pain 
procedures classified as low or moderate risk, both ASRA 
and ASIPP state these agents may be continued except for 
Aggrenox. Due to the aspirin component, ASRA recom-
mends discontinuation of this drug for 4 days, consistent 
with their aspirin recommendations. Aggrenox should be 
stopped 5 days before a high-risk intervention according to 
ASIPP. According to ASRA, Aggrenox should be stopped 6 
days before a high-risk intervention. For patients undergo-
ing high-risk intervention taking cilostazol or dipyridamole 
alone, ASIPP states that therapy may be continued or 
stopped for 2 days, while ASRA recommends stopping 
therapy for 2 days [40].

 Heparin/LMWH

Heparin and low molecular weight heparin are frequently 
used for bridging other anticoagulants up until the time of the 
procedure. Both ASRA and ASIPP share recommendations 
for the use of these drugs around spinal pain procedures. For 
IV heparin treatment, regardless of the procedure’s risk strati-
fication level, discontinue therapy for 4 hours before. For sub-
cutaneous heparin treatment, discontinue 8–10 hours before 
the intervention. For low molecular weight heparin, ASRA 
and ASIPP recommend discontinuation of therapy for 24 
hours before any interventional spinal procedure [40, 52].

 Direct Thrombin Inhibitors (Dabigatran)

Direct thrombin inhibitors, such as dabigatran, directly 
block thrombin’s ability to convert fibrinogen to fibrin. 
Careful consideration of a patient’s renal function must be 
considered with decisions to cease therapy before spinal 
procedures for pain intervention [52, 53]. For procedures 
classified as low risk, both ASRA and ASIPP state that dabi-
gatran can be continued or stopped for 2 days. For both 
moderate- and high-risk interventions, ASRA and ASIPP 
recommend stopping therapy for 4–5 days in patients with 

normal renal function and 6 days for patients with impaired 
renal function [40].

 Conclusion

The pharmacopeia of agents that impact coagulation is 
extensive. This is a vast and expanding medical field, and 
knowledge of the pharmacodynamics and pharmacoki-
netics is essential for any proceduralist. The physician’s 
responsibility is to carefully weigh the risk of bleeding and 
the risk of developing thrombosis when performing neur-
axial procedures. A bleeding risk score can enable physi-
cians to quickly and effectively decide whether to perform 
the neuraxial procedure. Evaluating the risk involves under-
standing the technical risks of a procedure, and the compli-
cations that can arise with patients who have a higher risk of 
bleeding [30]. Absolute risk of neuraxial procedures cannot 
be eliminated but can be reduced with adherence to guide-
lines. Like the one proposed by the American Society of 
Regional Anesthesia, a risk score enables the physician to 
evaluate the risk effectively and efficiently to ensure patients 
receive adequate interventions with minimal risks of adverse 
sequelae [30]. Finally, herbals, over-the-counter products, 
fish oils, and many other agents can interfere with the coag-
ulation cascade and provide additive and/or synergistic anti-
coagulant effects. These effects can increase the risk of 
bleeding and catastrophic complications.
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The Red Blood Cell Storage Lesion: 
A Controversy of Biology Versus 
Randomized Controlled Trials

Lauren Smajdor and Bruce D. Spiess

 Introduction

Blood transfusion (Tx) has been a mainstay of modern medi-
cine since the early 1900s, when ABO histocompatibility 
antigens were discovered [1, 2]. Today, Tx of banked blood 
is the leading hospital therapy in the United States and in 
most developed countries. Blood banking evolved (never 
having undergone safety/efficacy testing) prior to and during 
World Wars I and II as refrigeration improved in parallel 
with methods to anti-coagulate blood [2]. Focus in the blood 
banking field upon infrastructure has assured supply for ever 
growing demands. Transfusion safety has focused on the 
elimination of transmissible viral, parasitic, and bacterial 
contamination with wonderful success [1–4]. The HIV crisis 
of the 1980s spurred action to assure that the blood supply 
was the “safest” possible, with a laser focus only upon viral 
diseases [1–4]. Progress in safety should not be underappre-
ciated. Reduction of viral transmission risk by advanced test-
ing and self-reporting by donors has made risk of HIV and 
hepatitis C so small as to be only calculable by computer 
modeling (as opposed to actual measurements) [1–6].

Blood may be kept up to 42 days in the United States and 
49 days in some European countries. More recently, transfu-
sion risk research has shifted to outcomes: immunomodula-
tion (infection in hospital and cancer recurrence), 
transfusion-related acute lung injury (TRALI), organ dys-
function (renal and lung), as well as some oxygen (O2) deliv-
ery data [6]. Retrospective work sparked anxiety regarding 
relationships between age of red blood cells (RBCs) and 
negative outcomes [7]. Because of a sentinel paper [7] and 
others that preceded, RCTs have been sponsored to investi-

gate the link between age of blood and outcome (mortality) 
[8–13]. This review will first examine what is known today 
regarding the biology of RBC storage lesions and second 
look at retrospective data and third the RCTs. Does a dichot-
omy between biologic storage changes and the majority of 
RCTs exist? Doctors examining this data without under-
standing the implications and limitations of such studies 
should be rightly confused. Retrospective comparisons trig-
gered RCTs, not the biologic data alone [14]. Few criticisms 
and considerable praise exist regarding the negative out-
comes of the RCTs [15]. Blood bankers do not completely 
agree with their own conclusions that have been drawn from 
the RCTs. A survey of blood bankers (97% agreement) dem-
onstrated that the utilization of fresher blood at their hospi-
tals could produce clinical benefits though 80% believed the 
RCTs [16]. Sixty-six percent stated they feel length of stor-
age is a major concern, but 81% said their institutions are 
doing nothing to improve usage of fresher blood [16]. 
Confusion exists, therefore, not only due to the conflicting 
biologic and outcome data but also due to messages from 
“experts,” i.e., blood bankers. This manuscript is meant to 
help health-care workers understand the conflicting/confus-
ing data.

 Storage Lesions

Stored RBCs (up to 42 days) demonstrate biochemical, meta-
bolic, structural, inflammatory, and physiologic changes that 
occur over time as well as worsen with time. These changes 
are collectively known as the storage lesion [17]. With time, 
RBCs undergo deterioration, shape changes, loss of cell 
membrane material, leakage of intracellular ions, changes in 
membrane protein expression, and hemolysis. These complex 
changes have relations to oxidative stress (inflammation/
heme release and reactive oxygen species) overload com-
bined with consumption of antioxidants during storage [18–
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21]. Survival of transfused RBCs is measured by radioactively 
labeling infused RBCs with sodium chromate and then sam-
pling periodically to determine the clearance and kinetics of 
RBCs after transfusion [19]. Regulatory standards are that 
there should be no more than 1% hemolysis in the stored 
blood bag prior to infusion and that 75% of RBCs infused 
should survive in vivo for 24 hours (US FDA). Tests for stor-
age were done on a small number of units, and then it was 
assumed that all other units treated in the same manner will 
comply with the initial findings from those original units that 
led to regulations. For the in vivo breakdown, healthy volun-
teers were given blood stored, and then hemolysis was calcu-
lated at 24 hours. A substantial portion of transfused RBCs is 
cleared from the patient’s circulation within the first 24 hours, 
and the percentage of these non-viable RBCs increases with 
duration of storage. Currently, the FDA requires that stored 
RBC experience less than 1% hemolysis and that at least 75% 
of stored RBC survive in the recipient 24 hours after transfu-

sion [20]. Conversely, it is deemed acceptable by regulators 
that 25% of infused cells are cleared within the body as cel-
lular debris. There are no regulatory requirements that any of 
the transfused cells function normally, and in vivo testing for 
hemolysis has not been done in patients with abnormal vascu-
latures, or who are inflamed with disease processes.

 Oxygen (O2) Carrying/Delivery

RBCs have no aerobic respiration. They lack mitochondria. 
RBCs rely on anaerobic glycolysis for adenosine triphos-
phate (ATP) production, which produces 2,3-diphosphoglyc-
erate (2,3-DPG) as a byproduct. Stored blood may contain 
dextrose, phosphate, citrate, and adenine to aid in energy pro-
duction for membrane integrity. As storage time increases, 
lactate accumulates, and pH decreases, as does ATP and 
2,3-diphosphoglycerate (2,3-DPG) [22–32] (Fig. 48.1).
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Decreased 2,3-DPG results in increased affinity of hemo-
globin (Hgb) for O2, a lowered P50, with decreased O2 deliv-
ery. The decrease in 2,3-DPG acts much as would sickle cell 
or fetal Hgb [31]. Aged blood (from transfusion) passing 
through the lungs is oxygenated but does not unload its O2 
well in the peripheral tissues [28–33]. Transfusion results in 
a left P50 shift persisting for up to 3 days [32]. Human gastric 
mucosal O2 levels after transfusion show a decrease, exacer-
bated when older blood was infused [33]. Transfusion has 
not always demonstrated an increase in tissue O2 delivery 
[30–35]. In contrast, one of the recent RCTs (to be discussed 
later) demonstrated improved cerebral oxygenation after 
transfusion [36].

In a rodent model of hemorrhagic shock with species- 
specific blood for resuscitation, the blood pressure, central 
venous pressure, and mixed venous O2 tension all improved 
equally upon infusion of either fresh or aged stored blood 
[31]. However, if aged blood was infused, sensitive intra- 
cellular monitors of O2 tension found a 400% decrease in 
cellular O2 tension. Only fresh whole blood restored cellular 
O2 delivery [31]. Healthy humans do not hit critical O2 
delivery until the Hgb level is below 5gm/dl, as seen in the 
African study of old vs. newer blood in children with sickle 
cell disease and malaria [36, 37]. A study of healthy volun-
teers who donated their own blood and were electively 
hemodiluted to 5.5 gm/dl began having neurologic changes 
which was relieved by getting their own blood back. The 
investigator used this as indirect proof of critical O2 delivery 
in humans [38].

Efforts to slow the storage decay of 2,3-DPG are on-
going. Additives to banked blood can enhance 2,3-DPG lev-
els up to 8 days before all 2, 3-DPG is exhausted. On average, 
blood is approximately 21  days old when transfused [16]. 
Efforts to use additives to preserve 2,3-DPG thus far are 
functionally ineffective if average blood utilized is 21 days 
old. Rejuvenation additives to boost both erythrocyte ATP 
and 2,3-DPG exist [37]. These agents are not often used 
because they require a minimum of an hour to rejuvenate the 
blood followed by another hour in cell washing [37]. 
Rejuvenation technologies have not been studied in RCTs. 
2,3-DPG changes are an area of controversy when discussing 
old vs. fresh blood.

 Cell Rigidity/Fracture and Inflammation

Increased membrane rigidity from storage causes RBCs to 
aggregate, adhere to endothelial cells, become inflexible, and 
inhibit movement through capillaries. RBC rigidity leads to 
increased microvascular resistance [39–41]. Models of red 
cell shear stress involving older erythrocytes interacting with 
live single layer endothelial cells demonstrated that the 
increased shear-related cellular injury of endothelial cells 

mimics what has been described in the pulmonary microvas-
culature after transfusion [39].

In 21 patients receiving chronic frequent transfusion, 
standard blood transfusion (mean age 24.5 days) was com-
pared within each subject at different transfusion events to 
blood less than 5  days old [40]. Endothelial function was 
measured using a previously validated hyperemia tonometry 
index. Hyperemic response was decreased by the infusion of 
older blood, signaling endothelial cell dysfunction and 
inflammation [40].

Other data regarding older blood and endothelial cell 
functions was implicated in a novel metabolomics study 
[42]. Over 280,000 patients from Denmark had profiles of 
their blood studied with and without transfusion [42]. The 
metabolomics changes are far more detailed than pH, or free 
Hgb. RBC flexibility indices from metabolomics were asso-
ciated with outcome in the 280,000 transfused patients as 
markers of cellular RBC quality [42].

In healthy volunteers given their own autologous blood 
aged 5 days or 30–42 days, there was no difference in pulmo-
nary artery pressures depending upon the age of blood 
infused [43]. The lack of pulmonary artery vasoconstriction 
after older blood was interpreted to be an indication of no 
difference in aged nitric oxide binding activity [ 43]. Perhaps 
it could be that young healthy volunteers given 1 unit of their 
own blood (roughly 5% volume) have a great capability to 
adapt and do not have reactive pulmonary vasculature. This 
same group of researchers demonstrated that aged blood did 
indeed worsen endothelial dysfunction by measuring pulmo-
nary artery pressures in either obese or those with underlying 
endothelial dysfunction [39–43]. We rarely transfuse per-
fectly healthy patients [43].

Functional capillary density (the number of open capillar-
ies per unit of tissue) decreases with age, in many diseases, 
and with the transfusion of older blood [28, 29]. Older and 
more ill patients with a lower functional capillary density at 
baseline are exactly the patients who are most likely to be 
transfused. No animal research has focused upon transfusion 
in such diseases.

Data from a cardiac RCT has demonstrated differences in 
delirium outcome – perhaps related to microvascular impair-
ment [44].

Dysfunctional shape along with reduced RBC flexibility 
leads to endothelial cell dysfunction with a tendency toward 
more inflammation as the age of RBCs increases [45–47]. 
Endothelial cells are sensitive to vascular shear forces from 
flowing blood. Older blood increases endothelial shear stress 
and upregulates these cells’ reactivity to platelets, white 
cells, and other cellular insults [45, 47]. This data is in con-
tradistinction to the previously noted findings with healthy 
volunteers instrumented with PA catheters. Herein we see 
the contrast between some basic science animal model 
research and RCTs.
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 Hemolysis, Potassium, and Free Hgb

As storage time increases, RBCs release free Hgb, a nitric 
oxide scavenger. In the RBC, Hgb is surrounded by large 
amounts of glutathione, an antioxidant. Hgb is toxic to neu-
rological tissues, endothelial cells, and renal cells, if it is 
free and unbound. The release of free Hgb results in vaso-
constriction, endothelial dysfunction, and the potential for 
more platelet and neutrophil adhesion to the microcircula-
tion. With longer storage RBCs may have reduced nitric 
oxide arteriole vasodilatation in response to hypoxia [47]. 
Again this nitric oxide response is in contrast to what was 
found with healthy volunteers but fits with research on 
functional capillary density.

Free Hgb is toxic to tissues and is scavenged by haptoglo-
bin. Iron metabolism is central to multiple metalloproteins 
(Hgb, cytochromes, catalase, tryptophan pyrolase); hence 
free iron is tightly scavenged. Free iron as well as unbound 
heme are profound oxidizers [48–51]. High levels of free Hgb 
are associated with renal dysfunction/kidney failure. In a 
guinea pig model of massive transfusion, older blood (2-days-
old vs. 21–28-days-old blood) demonstrated an increase in 
hypertension, vascular injury, and renal insufficiency [48–
51]. The amount of post-transfusion hemolysis and free Hgb 
was correlated with the severity of the organ injuries as well 
as the age of the units transfused. Furthermore, when hapto-
globin was infused along with transfusion, the levels of free 
Hgb dropped as did adverse outcomes [48–50]. Other work 
regarding transfusion release of free Hgb discussed ektacy-
tometry or shear stress analysis of aged versus younger eryth-
rocytes [51]. In a small sub-group analysis of a randomized 
trial in 20 septic patients who received fresh blood, <10 days 
vs. > 15 days old, sublingual microcirculation function was 
measured by sidestream dark field imaging. Dark field imag-
ing in humans can be utilized to assess functional capillary 
density as well with newer techniques to assess the thickness 
of the endothelial glycocalyx. Furthermore in this study, the 
assessment of the glycocalyx was performed in conjunction 
with near-infrared spectroscopy to find tissue O2 levels [51]. 
Functional capillary density decreased (worsened) in con-
junction with increased free Hgb, and tissue Hgb index (a 
measure of red cell transit per gram of tissue) was worse with 
aged blood [51]. What might be especially interesting about 
this study is that the rise in free Hgb occurred after the aged 
red cells were transfused, meaning they were broken apart in 
the circulation with lysis in vivo [51]. This finding fits with 
what has been described earlier regarding the biology of 
increased cellular fragility with storage [51, 52]. As stated, 
extravascular hemolysis seems to be the prevalent destruction 
of transfused erythrocytes, not destruction in the stored bag. 
When comparing blood aged up to 6 weeks in healthy volun-
teers, more red cell destruction and free Hgb was found in 
older blood samples [53]. That is an important piece of biol-

ogy because it signals that the red cell membranes after stor-
age are indeed fragile.

As erythrocytes are stored, extracellular potassium rises 
[29, 54, 55]. Hyperkalemic arrest in pediatric patients has 
occurred [54, 55]. This mortality risk is increased when 
patients have underlying acidosis, low cardiac output, hypo-
calcemia, hyperglycemia, and hypothermia [38]. Critically 
ill infants are susceptible to Tx-related incidents with case 
reports of sudden death in young children being transfused 
[47, 54, 55]. A recommendation exists in pediatric cardiac 
surgery; if 4 or more units may be transfused, they should 
receive the freshest blood [56].

In 2014, the Society for Pediatric Anesthesia (SPA) and 
its patient safety organization, “Wake up Safe,” released an 
advisory in response to concern about transfusion-related 
hyperkalemic cardiac arrest. SPA advocated for “anticipat-
ing and replacing blood loss before significant hemodynamic 
compromise occurs” [55]. Baseline electrolyte abnormali-
ties, impaired renal function, using larger-bore peripheral 
IVs which allow for longer infusion times (faster infusion 
rates pose a greater hyperkalemic burden to the body), and 
less RBC hemolysis were advocated [54]. It is unclear how 
RCTs might affect these recommendations.

 Unique Proteins/Micro-particles

Band 3 ion exchanger protein is an anchor for many glyco-
lytic enzymes. Its destruction has detrimental effects on the 
erythrocyte. Longer storage stimulates RBCs to release 
submicron- sized fragments of the cell’s plasma membranes 
into the supernatant − micro-particles [57–65]. It is thought 
that the oxidization of cell membrane lipids in stored eryth-
rocytes as well as oxidization of many proteins leads to 
destabilization of the membrane. Band 3 ion exchange pro-
tein is involved in this process with increased oxidative dys-
function during blood bank storage [66].

When band 3 ion exchanger is destroyed, its aggregates 
move within the cell membrane for vesiculation serving as a 
signal for the body to remove the senescent or damaged (oxi-
dized) cell [66]. The movement of damaged parts of band 3 
ion exchanger protein to the cell surface creates neo- antigens, 
which in turn stimulates macrophages to clear these cells. 
The breakup of band 3 ion exchange protein may be related 
to a series of pro-inflammatory events and is implicated in 
TRALI. Other cell markers associated with apoptosis, such 
as phosphatidylserine (cell membrane structures), along with 
the number of vesicles that express them, increase propor-
tionally due to the duration of storage. The release erythro-
cyte micro-particles in normal physiology serves a protective 
role, allowing the older/damaged RBCs to be cleared away 
when these detrimental oxidized proteins are present. 
However, micro-particle formation and band 3 expression 
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could also have the opposite effect when we transfuse large 
numbers of dysfunctional cells into the circulation [66].

The term “eryptosis” was coined by Lang and colleagues in 
2006 to describe the suicidal death of erythrocytes [65]. Micro-
vesicles/ micro-particles, expressing oxidized phosphatidylser-
ine (dysfunctional cell membrane components), actually create 
a surface for pro-coagulant reactions [60]. These surface oxi-
dized lipids are capable of facilitating thrombin generation, and 
platelet activation which is a process detrimental to the vascu-
lature and an amplifier of inflammation [60].

Solomon and Klein studied the effects of transfusing 
older blood to septic dogs, using a canine model of 
Staphylococcus aureus pneumonia to represent critically ill 
patients in an ICU setting [67]. Just as in human patients, the 
dogs were treated with mechanical ventilation, fluid infu-
sions, vasopressors, sedation, and antibiotics. The animals 
were randomized into groups that received 7-day-old canine 
blood, or 42-day-old blood. Mortality in the older blood 
group significantly increased. Notably the dogs receiving 
older blood also had worsening of lung injury and degree of 
shock. Pertinent to this discussion, the older blood had 
increased free Hgb, which can scavenge NO.  This canine 
study was the first blinded randomized trial that used stan-
dard blood banking techniques to show that older transfused 
blood increased mortality in a large animal model [67]. It is 
important to note how much different canine model is than 
what will be described in the human RCTs. The canine study 
examined blood at the far ends of the aging spectrum, some-
thing avoided in RCTs. Also, it examined animals in extremes 
of clinical stress, not done in RCTs.

Micro-particles are budded pieces of cell membrane, and 
with storage they are found from both red cells and platelets 
[60–63, 68]. They are particularly pro-inflammatory as well 
as stimulate thrombin generation and fibrinolysis [69]. 
42-day-old blood has been shown to have more micro- 
particles than does fresh blood [61]. The older the blood, the 
more micro-particles. In animal studies red blood cell 
micro- particles from stored blood scavenge nitric oxide and 
contribute to pneumocyte dysfunction as well as pulmonary 
artery dysfunction [62, 67]. Micro-particles are present in 
fresh frozen plasma (FFP) both of which have been impli-
cated in TRALI [62]. Oxidized micro-particles are immuno-
modulatory, upregulating macrophages initially. With 
enough micro-particle loading, the effect can overwhelm, 
leading to immunosuppression [57]. The literature regard-
ing micro-particles in transfusion should be a review paper 
unto itself [ 57].

 Retrospective Outcome Data

Observational/retrospective studies have not always shown 
increased morbidity and mortality in patients who have 

undergone cardiac surgery or trauma or are critically ill after 
receiving older blood. As early as 1997, in a 37-patient retro-
spective study in critically ill patients, the age of the blood 
transfused was shown to be associated with increased mor-
tality [64]. Shortly thereafter, in trauma patients with large 
blood transfusion loads, the age of blood using multi- variable 
logistic regression was found to have relation to multi- system 
organ failure [68]. In contrast, in cardiac surgery when con-
founders were loaded into models, age of blood transfused 
did not influence outcomes [69].

Colorectal cancer recurrence was associated with age of 
blood during resection [70]. Of 740 patients analyzed in this 
national database study with follow-up for a mean of 
6.8  years, age of blood infused was traced. Those who 
received older blood had more cancer and worse outcomes 
[70]. In trauma, relationships between more and older blood, 
immunomodulation was manifested by increased infection 
rates in those that survived when older or more blood was 
utilized [71]. In two cardiac surgery databases, associations 
between age of blood and adverse outcomes were not forth-
coming [72, 73]. However, the one big study that changed 
focus was the one by Koch and of course was in cardiac 
patients [7].

In 2008, Koch et  al. did a retrospective (1998–2006) 
single- center study at the Cleveland Clinic, comparing 
CABG or valve surgery patients who received “newer blood” 
(≤14 days) versus “older blood” (>14 days) [7]. In order to 
reduce confounding factors, data from patients who received 
a mixture of older and newer blood were excluded. The study 
found that older blood increased in-hospital mortality (2.8% 
vs. 1.7%, P = 0.004), with more prolonged ventilation (9.7% 
vs. 5.6%, P < 0.001), increased renal failure (2.7% vs. 1.6%, 
P = 0.003), sepsis (4.0% vs. 2.8%, P = 0.01), and/or multi-
system organ failure (0.7% vs. 0.2%, P = 0.007). Older blood 
was associated with multiple serious adverse events (25.9% 
vs. 22.4%, P = 0.001). A 1-year survival of 92.6% was found 
in the group receiving newer blood and 89.0% for the group 
receiving older blood (P < 0.001) [7].

Koch’s study was both praised and criticized [14]. It was 
praised since she analyzed the age of transfused blood as a 
continuous variable. That has been done also in the delirium 
in cardiac surgery study noted above [36]. The major criti-
cisms were that ABO grouping was different in the two 
groups and other potentially important confounders were not 
evenly distributed. The editorial criticism pointed out that 
over the time of the study, 8 years, perhaps the utilization of 
leukoreduced blood may have changed as did severity of dis-
ease of the patients studied [14]. Together the criticisms fur-
ther strengthened the calls for RCTs.

In 2012, a retrospective/prospective meta-analysis of 21 
studies (18 observational studies with an n = 409,966 and 
three randomized, controlled trials with n = 126) of cardiac 
and trauma patients did indicate that each unit of older blood 
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was associated with a 16% increase in the risk of death (OR 
1.16) [74–77]. Clearly the RCTs in this meta-analysis were 
overwhelmed with the data driven by the large retrospective 
studies.

 Randomized Controlled Trials

Most RCT findings stand in contrast to the biologic as well 
as the retrospective data. A meta-analysis from 2016 evalu-
ated 12 RCTs that had enrolled 5229 participants [77]. No 
effect of fresher versus older RBCs on mortality was found 
(relative risk [RR], 1.04; 95% confidence interval [CI], 0.94–
1.14; P = 0.45; I2 = 0%, moderate certainty evidence) or on 
adverse events (RR, 1.02; 95% CI, 0.91–1.14; P  =  0.74; 
I2 = 0%, low certainty evidence) [78]. This analysis had limi-
tations. The trials analyzed had a priori variable cut-points to 
define fresher versus older RBCs. The profiled trials also 
used different values, such as the mean or median, to report 
the blood transfusion utilization range. None looked at age of 
blood as a continuous variable, which is important. Also the 
trials had transfusion for a number of different disease states, 
and some were not limited to only one age of blood versus 
another. Some studies had leukoreduced or irradiated blood, 
while others did not. Manipulating RBCs through irradiation 
or washing can change the impact of a storage lesion. The 
methods of blood processing and storage solutions varied 
throughout the studies. This was a sample size of greater 
than 5000 patients, and while such a sample size might 
appear adequate, no power analysis can be done to judge the 
power when searching for a negative outcome.

The ARIPI (Age of Red Blood Cells in Premature Infants) 
study examined 377 neonates (potentially at risk for transfu-
sion adverse outcomes with potassium as well as necrotizing 
bowel) across Canada who were randomized to receive either 
extremely fresh blood (≤7 days old) versus standard blood 
banked blood of many different ages (mean of 14.6  days) 
[79]. There were no differences in outcome. ARIPI was one 
of the first RCTs. They looked at super fresh versus fresh 
blood. One can criticize it in that the “standard age” blood 
had a wide range of ages of units transfused but in the end it 
was what would be otherwise considered fresh. There was no 
defining power analysis based upon the necrotizing bowel 
complication which in this age group is the feared complica-
tion associated with blood transfusion [79]. Also, the centers 
doing this study were very focused upon the adverse events 
of blood transfusion, so perhaps a bias existed in the study 
for selection toward “best practices.”

In 2015, the “ABLE” (Age of Blood Evaluation) study 
enrolled 2510 patients from tertiary care intensive care units 
at 64 centers in 5 countries across Canada and Europe [80]. 
ABLE compared patients who received “fresh” blood (mean 
age 6.1  days) to those who received standard Tx (mean 

22 days) [80]. Patients were assigned in a 1:1 ratio to one of 
the two study groups with permuted blocks of 6, 8, or 10. 
Using an “intention to treat” analysis, they found that at 
90  days into the study, 37% of the patients who received 
fresh blood had died, compared to 35% of patients in the 
standard group. While there was no benefit to fresher blood, 
the groups did note that they used a “restrictive transfusion 
strategy,” with their patients having a mean pre-transfusion 
level of 7.7 g/dl. This is significant because many institutions 
transfuse at higher or more liberal levels, which could affect 
outcomes as these patients are exposed to higher levels of 
blood products. In addition, the overall adherence rate to 
protocol was said to be >95%; however 16% of patients ran-
domized to the “fresh” group received at least 1 RBC unit 
that had been stored for >7 days, so clearly adherence was 
not 95% [80]. Does 1 unit of old blood invalidate the data 
when intention to treat analysis is done?

The INFORM (Informing Fresh versus Old Red Cell 
Management) trial was prospective/randomized from 2012 
to 2015 at multiple centers with all types of surgery, in over 
31,000 patients who were recruited, but 29,000 had usable 
data (outwardly a large number) focused on mortality [81]. 
The study had a 1:2 randomization (more received old blood) 
for fresh blood – ≤ 7 days old vs. 8–35 days old and a very 
few who received older than 35-day-old blood. Mean age of 
blood in the old grouping was 23.6 days, whereas the mean 
age in the fresh blood group was 13.0 days. Extremes of aged 
blood were not studied, nor was blood age evaluated as a 
continuous variable although they drew the conclusion that 
blood over 35 days old was just fine. Many patients had over-
lap of aged vs. fresh blood. Furthermore, many patients 
received platelets, FFP, and cryo, yet these blood products 
were disregarded as having any influence upon outcome. 
Because it was such a large study, INFORM could be con-
strued as being the final answer. It complimented itself for a 
“pragmatic” design, investigating relatively small amounts 
of transfusion, in other words a study that could be done.

The design did not compare oldest versus freshest blood 
as was done in the canine septic shock study. Even though 
INFORM had as its strength that multiple types of surgery 
were recruited, enrollment bias may have crept in. For one 
example, it was considered a strength that cardiovascular 
surgery was included, as a subset. There were over 9000 
patients with cardiovascular surgery. The outcome found 
was alarmingly high in hospital mortality rate for heart sur-
gery which was 12.3% in short-term storage and 11.2% in 
long-term storage. Most cardiovascular surgery programs 
accept in- hospital mortality rates at or below 5%. Such an 
alarming high mortality rate in cardiac surgery begs the 
question – who were these patients?

A strength to INFORM could be argued that if in rou-
tine surgery there is no difference in 29,000 patients. The 
outcome examined was death. What is the expected mor-

L. Smajdor and B. D. Spiess



461

tality rate in those particular 29,000 surgeries? Is mortal-
ity the correct outcome for RCTs in transfusion to begin 
with? If mortality is the end point, then one needs to know 
the risk of mortality due to blood transfusion before we 
can dichotomize or segregate transfusion age as a variable 
(segmented or continuous). Mortality due to transfusion is 
not known because nobody has ever done the study com-
paring transfusion to patient blood management (PBM) 
(non-transfusion).

The largest cause of mortality due to transfusion is 
TRALI. The incidence of TRALI is quoted at 1/6000–20,000 
cases. With such an infrequent incidence, the power analysis 
for an RCT based upon this one side effect is astronomical. 
It begs the question once again that perhaps RCTs cannot be 
performed with old vs. fresh blood where mortality is the end 
point unless we go to immense numbers of patients (perhaps 
millions with very clear separation of groups). That realiza-
tion supports the contention that if it takes that many for 
power to be accumulated, then age of blood really makes 
little difference. But, perhaps, the question should not be 
examined for “all comers” but for high-risk groups who have 
a considerably higher mortality related to TRALI. Researchers 
are loath to design such studies. In contrast TRALI in ICU 
critically ill patients may be higher than 1/200 units trans-
fused with 50% mortality [82]. Would not the power needed 
to understand that randomization be considerably less?

Within INFORM there were over 10,000 patients who 
spent time in the ICU. But that does not mean that ICU care 
was their primary site for transfusion intervention. An edito-
rial published along with the INFORM study took the RCTs 
at the time and stated that now we know the answer that older 
blood is of no consequence.

A non-randomized, but prospective observational, study 
was conducted focusing upon the extremes of blood age. 
Extremely aged blood, 35–42 days old, was associated with 
an increased death rate. Just as in canine septic shock, this 
study was focused upon highest-risk patients. Observational 
studies have been deemed less “weighty” than RCTs [83].

The Red-Cell Storage Duration Study (RECESS) was 
designed to compare clinical outcomes after complex car-
diac surgery in 1481 patients, 12 years or older, who received 
a transfusion [84]. Patients were selected to receive blood 
that was stored for ≤10 days or ≥ 21 days, perhaps trying to 
mimic the timing of blood Tx that Koch utilized. It should be 
pointed out that all patients were already undergoing hemo-
lysis by virtue of having cardiopulmonary bypass. The effect 
of on-going hemolysis might be a confounder. Investigators 
measured the change in Multiple Organ Dysfunction Score 
(MODS) from before and after surgery on a scale of 0 to 24, 
with 24 being death of the patient. The scores were obtained 
7  days after surgery or until the patient’s time of death, 
whichever came first [84]. The primary outcome of the study 
showed the mean 7-day change was 8.5 points in the short 

group compared to 8.7 in the long group, a difference of 0.2 
points in favor of shorter-term storage but of no significance 
(95% confidence interval for difference, −0.6 to 0.3; 
P  =  0.44). Their conclusions were that all-cause mortality 
was similar. Fifteen patients in the shorter-term group and 
11  in the longer-term group died by post-operative day 7 
(p  =  0.43). There were no differences in hospital or ICU 
stays. One limitation was that the expiration dates of each 
transfused unit were not concealed due to hospital policies, 
which could have introduced bias into the study. The 
researchers also noted that they were unable to design the 
study to differentiate differences in mortality or other uncom-
mon clinical events. Once again, another limitation of the 
study is that while the effects of fresh and moderately old 
blood were examined, they did not study the effects of oldest 
blood (35–42 days) [84].

The study from Africa wherein severely anemic critically 
ill children who had elevated serum lactate levels along with 
very low Hgb levels were randomized to get newer vs. older 
blood had been mentioned before [36]. This study deserves 
special mention because it looked both at mortality but also 
in depth at key physiologic events: lactate production/ clear-
ance, pulmonary dysfunction, coma and electrolyte distur-
bances. This study found no differences between newer and 
older blood for these physiologic measurements. In other 
words, older blood corrected the lactate production/acidosis 
and cerebral oxygen deficit as quickly as did fresher blood 
[36]. The median age of units used in the fresher blood group 
was approximately 8 days old, while the older units had a 
mean age of 32 days, a considerable difference to be sure. 
Does this single RCT then settle the question or negate all 
the biologic research to date? That is hard to say, but it cer-
tainly is worthy of note for all those interested in this com-
plex quandary. This study was well designed in terms of 
separation of age of blood, and it looked at complex physio-
logic events that have previously been implicated in aging of 
stored blood. Indeed, it is very hard to reconcile this single 
RCT with the animal- and biochemical-based data.

One RCT did find differences in outcome and was per-
formed in cardiac surgery. That RCT demonstrated differ-
ences in delirium with older versus fresh blood when the 
blood age was analyzed as a continuous variable [44]. The 
analysis was complicated, but blood beyond 21  days 
increased delirium (odds ratio of 1.02–1.23 per day of 
increased storage) [44]. They found no difference with a 
lumped comparison of fresh (<14  days) versus older 
(21 days) blood. Examination of blood age as a continuous 
variable, as Koch did, may be extremely important [44].

As noted above a major problem completing RCTs is that 
patients might receive blood with different ages, and unless 
all blood used is tightly controlled, such variations in age of 
blood may invalidate some findings. How does the research 
team deal with transfusions that involve units of many 
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 different ages of banked blood, perhaps being used outside 
of the “study period”? Relatively few patients who are criti-
cally ill get only 1 unit of blood. Some RCTs controlled the 
age of blood only during certain parts of the hospitalization, 
leaving other time periods to get a transfusion of any age of 
blood.

By limiting RCTs such that they cannot compare the 
farthest ends of the blood age spectrum and being “prag-
matic” (meaning most patients got multiple different ages 
of blood – INFORM study), bias has been created. All 
units of blood do not age the same. Wide ranges of lactate 
levels, micro- particle production, potassium level, and free 
Hgb are found in aged blood. Therefore each 14-day-old or 
35-day-old unit is not alike.

In Koch’s analysis age of blood was analyzed both as a 
lumped (averaged age) and as a continuous variable. The 
RCTs mostly examine data by only comparing mean or 
median unit ages. If groups overlap, like they did in INFORM, 
then continuous variable analysis makes the most sense.

 Conclusions/Going Forward

No research to date has studied really fresh warm whole 
blood which is what was given during the World Wars and 
then shown (non-randomized) to be most effective in the Iraq 
conflict. Also, no research has been done to compare stan-
dard practice (21–25-day-old) to the best practices of patient 
blood management limiting all blood transfusions. It is fun-
damental that we do not know the mortality risk of transfu-
sion. Therefore, a power analysis of all the RCT studies 
attempting to find no difference is impossible. To show no 
difference in outcome, one has to rigorously design a non- 
inferiority trial with proper controls [85]. Such design should 
be based upon the known biology from prior work, as well as 
the known risk of the adverse outcome being tested (mortal-
ity – an unknown in this case). For blood transfusion, TRALI 
is the largest cause of mortality. INFORM and all the other 
RCTs did not consider the FDA guidelines for non- inferiority 
trials [86]. Without proper design, RCTs cannot claim the 
question has been answered. This review was not focused 
upon study design for each RCT.

The current practice at some blood centers is to give ter-
tiary centers old blood to avoid outdating. Sicker patients as 
well as complex trauma patients tend to be in tertiary care 
centers. These patients in particular could be more sensitive 
to older blood products, as they are often in more critical 
condition. Few of the randomized prospective trials, with the 
exception of the African study in severely anemic children 
and the cardiac study of delirium, have been built upon 
hypotheses generated from biologic changes that are known 
in the storage lesion. In other words, we have not translated 
the physiology-based research to hypotheses-based human 

trials. Rather we have created trials that seemingly (just 
because they seem big), but not really, answer the question 
about age of blood and outcomes.

So, what should the anesthesiologist conclude? There is a 
paucity of data to show that Tx improves outcome in sub- 
groups of high-risk patients. There is a tremendous amount 
of association data implicating transfusion in immunosup-
pression, TRALI, prolonged length of hospital stay, increased 
renal dysfunction/failure, and many other adverse outcomes. 
There are extensive biological reasons for the potentially 
increased danger of infusing stored and aged blood. Yet, 
RCTs to date have given medicine some conflicting evidence 
that older blood does not create worse outcome. Perhaps it is 
more accurate to say that the biologic individual mechanistic 
studies, retrospective studies, meta-analyses, and RCTS are 
rather contradictory. The RCTs were not designed as hypoth-
esis testing or non-inferiority testing of oldest blood versus 
youngest blood.

The opinion poll of blood bankers is very instructional in 
that most (97%) still believe that minimizing the RBC stor-
age lesion would provide clinical benefit [16]. Most (81%) 
know that their centers are not changing practice to fresher 
blood [16].

Medicine is not completely practiced based upon RCTs, 
and transfusion is the prime example. RCTs never proved a 
link between smoking and cancer, heart disease, and vascular 
disease. Biology in that case made sense.

It seems for the time being there will be few if any new 
RCTs since the American Association of Blood Bankers has 
said the question is answered [87]. One has to ask the rhe-
torical question: if the RCTs were not designed to reflect and 
test the biologic questions, and the RCTs had inherent flaws/
bias (not designed for non-inferiority testing according to 
FDA guidelines), are we indeed done?

New technologies to improve storage are being devel-
oped. If age of stored blood makes no difference and the 
blood banking industry truly believes that (which they appear 
not to), then how can industrial money be put forward to 
reducing the storage lesions? Indeed, the question is far from 
settled. The reader should remember that when blood trans-
fusion was first utilized in war zones, it was practiced with 
warm, fresh, whole blood from soldiers in the theatre of 
operation. We know the efficacy of allogeneic blood itself 
has not yet been appropriately tested to give us best practice 
answers, as well as to provide mortality risk from which non- 
inferiority testing should have been designed.
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TRANSFUSE trial, 23
transfusion associated acute lung injury, 21
whole blood collection, 22

platelets, 25, 26
Blood conservation methods, 417
Blood conservation strategies, 129

acute normovolemic hemodilution, 131, 132
in cardiac surgery, 132
intraoperative blood salvage/cell salvage, 131
intraoperative management, 130, 131
in orthopedic surgery, 132
postoperative management, 132
preoperative management, 130

Blood Conservation Using Antifibrinolytics in a Randomized Trial 
(BART), 42

“Bloodless medicine” programs, 129, 132, 133
Blood management

clot formation and fibrinolysis, 8
genetic approaches, 8
implementation of, 8
in modern era, 7
Joint Commission, 8

Blood, physiology of, 2
Blood preservatives, 252
Blood products origin

blood cells types, 329
blood transfusion, 329
bone marrow structure, 330
cryoprecipitate, 333
fresh frozen plasma, 333
hematopoetic components, 330, 331
mesenchymal stem cells, 332
packed red blood cells, 333
platelets, 333, 334
stroma, 331, 332

Blood Supply Chain Management (BSCM), 159, 160
Blood transfusion, 129

burn (see Burn)
complications

bacterial infection, 117, 118
transfusion associated circulatory overload, 114–116
transfusion reactions, 116, 117
transfusion-related acute lung injury, 113, 114
viral infection, 118

Blood transfusion with Gravitator, 5
Blood vessel integrity, 81
Blood volume, 244
Blundell, James, 4, 5
Bone marrow structure, 330
Boswellia serrata, 93
Bradykinin, 304
Brain derived cellular micro vesicles (BDMV), 314
Brightness mode, 102
British Society of Haematology (BSH), 296
Bromelain extract, 93
Bronchopulmonary dysplasia (BPD), 416
Burn

anemia, 353
burn injury, 354
coagulopathy, 353, 354
epidemiology, 353, 354
hypercoagulability, 353
massive blood transfusion, 353
transfusion threshold, 354, 355
TRIBE trial, 354, 355
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C
Cannabis extract, 93
Carbamazepine (Tegretol), 179
Cardiac anesthesia, 285
Cardiac surgery, 42, 75

acute normovolemic hemodilution, 340
anticoagulants and antiplatelet drugs management, 338, 339
blood conservation guidelines, 337
cardiopulmonary bypass circuit, 338
coagulopathy, 340
fibrinogen therapy, 340, 341
haemostatic monitoring, perioperative period, 341, 342
hematologic inflammatory response, 338
off-pump cardiac surgery, 339
platelet-rich plasma, 340
preoperative anemia, 338
retrograde autologous priming, 339

Cardiopulmonary bypass (CPB), 285
CD-40L, 324
Cell salvage, 131, 337
Cellular injury, 81
Cerebral perfusion pressure (CPP), 314
Cerebral regional tissue oxygen saturation (CrSO2), 414
Cerebral thrombosis, 167
Ceruloplasmin, 435
Chagas disease, 304
Chelation therapy, 436
Child-Pugh class C cirrhosis, 275
Chitin dressings, 85
Christmas disease, see Hemophilia B
Chronic liver disease, 388
Chronic myeloid leukemia, 58
Chronic Wasting disease, 304
Cilostazol, 184
Cimetidine (Tagamet), 180
Ciprofloxacin (Cipro), 177
Circulation, 2, 3
Clarithromycin (Biaxin), 177, 178
Class I antigens, 13
Clay based hemostatic agents, 85
Clopidogrel, 184
Clot stability, 33
Clotting factors deficiencies, 70
CMV-negative blood components, 23
Coagulation, 387

clot formation, 423
interventional pain management

hemophilia A, 445
liver function, 445
renal function, 445
vitamin K deficiency, 445
Von Willebrand’s disease, 445

tissue factor, 423
Coagulation cascade, 29, 30

amplification phase, 32
extrinsic pathway, 31
initiation phase, 31
intrinsic/contact pathway, 31, 32
propagation phase, 32
regulation, 32

Coagulopathy
alcohol, 389

aPTT, 391
aspiratory pneumonia, 391
FFP, 391
hyperfibrinolytic state, 392

mild disorder, 391
naltrexone and acamprosate, 391
PCC, 391, 392
prothrombin time, 391
rFVII, 392
severe disorders, 391
venous thrombosis, 392
vitamin K deficiency, 391

chronic liver disease, 388
coagulation, 387
etiology of liver disease, 388
factors, 387
HCV, 388
HIV infection, 388
morbidity and mortality, 387
multidisciplinary approach, 387
nutraceuticals, 390, 391
patient assessment

normal blood homeostasis and clinical evaluation, 389, 390
substance abuse, 389

recreational alcohol consumption, 387
synthetic cannabinoids, 388–390
traumatic brain injury, 314

Committee on Trauma and Emergency Preparedness (COTEP), 157
Complementary and alternative medicine (CAM), 89
Component therapy, 21
Comprehensive conservative strategies, 272
Conceptual humoral homeostasis, 1
Congenital amegakaryocytic thrombocytopenia (CAMT), 280
Control of Major Bleeding after Trauma (COMBAT) trial, 365, 366
Cornelia de Lange syndrome (CdLS), 281
Coronary arterial thrombosis, 167
Cranberry juice or supplements, 93
CRASH-2 trial, 43, 317
Creutzfeldt-Jakob disease (CJD), 17, 304
Cryoglobulinemia

diagnosis, 126
etiology, 126
signs and symptoms, 126
treatment, 126

Cryoprecipitate, 26, 27, 316, 317, 333
Cryoprecipitate transfusion guidelines, 255, 256
Curved array, 101
Cyclooxygenase (COX) inhibitors, 446
CYP450 isoenzymes, 90
Cytomegalovirus (CMV), 23, 304
Cytoreductive therapy, 405, 407

D
Dabigatran (Pradaxa), 172, 426, 448, 452
Damage control resuscitation (DCR), 357, 377, 378
Danshen, 93
Darbepoetin, 418
De motu cordis, 357
Defense Advanced Research Projects Agency (DARPA), 156
Deferasirox (DFX), 292, 293
Deferiprone (DFP), 293
Deferoxamine (DFO), 291, 292
Delayed hemolytic transfusion reaction (DHTR)

clinical presentation, 303
incidence, 303
mechanism, 303
prevention, 303
treatment, 303

Delayed umbilical cord clamping (DCC), 417, 418
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Dengue fever, 304
Dense granule disorders, 280
Desmopressin, 61
Desmopressin acetate (DDAVP), 124
Developing countries (DGCs)

bolstering supply, 440
clinical practice, 440
components, 439
decreasing demand, 441
human immunodeficiency virus, 439, 440
malaria, 440
mortality index, 439
national blood policy, 440
PBM, 440
quality-assured hemoglobin measurements, 439
quality improvement, 441

Devil’s Claw, 93
Diabetes mellitus, 226, 227
Diabetic ketoacidosis (DKA), 377
Diamond-Blackfan anemia (DBA), 297
Dietary Supplement Health and Education Act, 90
Di-2-ethylhexylphthalate (DEHP), 22
DiGeorge syndrome, 281
Dilutional coagulopathy, 71
2,3-diphosphoglycerate (2,3-DPG), 302, 303, 456, 457
Dipyridamole, 184
Direct antiglobulin test (DAT), 13
Direct thrombin inhibitors (DTI), 447, 448, 452
Disseminated intravascular coagulopathy (DIC), 389
Divalent Metal Transporter 1 (DMT1), 290
Dong quai, 93
Down’s syndrome (DS), 280, 281
Dual antiplatelet therapy (DAPT), 338

E
EACTS/EACTA 2017 Guidelines, 338
Early goal directed therapy (EGDT), 376
Edoxaban, 171, 427
Ehlers Danlos syndrome (EDS), 281
Elective surgical procedure, 97
Elective urologic extracorporeal shockwave lithotripsy procedure, 97
Endocrine system, 435
Endothelial cells, 331
Endothelial dysfunction (ED), 457

atherosclerosis, 222
ECM deposition, 221
modifiable risk factors, 222, 223
non-modifiable risk factors, 222

cell characteristics and physiologic functions, 219
definition, 217, 218
description, 217
diabetes mellitus, 226, 227
endotheliopathy (see Endotheliopathy)
E-Selectin, 217
etiologies

aging, 221
iatrogenic, 219
reactive substrates, 220
viruses and bacteria, 219

hypertension, 223, 224
neoplasm, 227, 228
pathophysiology, 219
prevention management

lifestyle modification, 229
pharmacological, 229

physical activity, 229
vascular aneurysm and dissection, 224, 225
vasculitis, 225, 226
vasomotor balance, 217

Endotheliopathy, 43
intraoperative consideration, 228–229
postoperative consideration, 229
preoperative consideration, 228
shock-induced sympatho-adrenal hyperactivation, 228

Epidural anesthesia, 427
Epigenetic methylation, 331
Epsilon-aminocaproic acid (EACA), 39, 41
Eryptosis, 459
Erythrocytosis, 405
Erythropoiesis, 331
Erythropoietic-stimulating agents (ESAs), 273
Erythropoietin (EPO), 418
European Association for Cardiothoracic Surgery (EACTS), 337
European Association of Cardiothoracic Anaesthesiology (EACTA), 

337, 341
European Blood and Marrow Transplantation Inborn Error Working 

Party, 297
Evening primrose oil, 93
External hemostatic dressings, 81, 84
Extrinsic pathway, 389

F
Factor eight inhibitor bypassing activity (FEIBA), 426
Factor V Leiden (Activated Protein C Resistance), 52, 53
Factor VIII deficiency, 29
Fanconi syndrome, 293
Fast Flow Fluid Warmer, 305
Febrile non-hemolytic transfusion reactions (FNHTRs), 251

clinical presentation, 301
incidence, 301
mechanism, 301
prevention, 301
treatment, 301

Fechtner syndrome, 280
Fenugreek, 93
Ferritin, 291, 433
Ferroportin, 433
Ferroportin 1 (FPN1), 290
Feverfew, 93
Fibrin-based hemostatic intravenous agent, 82

artificial platelet, 83
fibrin-binding microgel particles, 83

Fibrin-binding microgel particles, 83
Fibrin degradation products, 390
Fibrinogen based hemostatic dressings, 85
Fibrinolysis, 33, 34

measurement, 39
molecular regulation, 37–39

Fibrinolytic phenotypes, 44
Fibrinolytics, 427
Fibrinolytic system, 38
Fibroblasts, 332
Field Emergency Donor Panel Questionnaire, 162
Fluconazole (Diflucan), 180
Fluoxetine (Prozac), 179
Fluvastatin (Lescol), 178
Fluvoxamine (Luvox), 179
Fondaparinux, 172, 425, 426
Forward surgical teams (FST), 370
Fractional tissue oxygen extraction (FTOE), 414
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Fractionated blood products, 7
Fresh blood, 458, 460, 461
Fresh frozen plasma (FFP), 25, 332, 333, 341, 391
Functional capillary density, 457
Functional Outcomes in Cardiovascular patients Undergoing Surgical 

repair (FOCUS) trial, 273
Functional platelet disorders

Bernard-Soulier syndrome, 279
Glanzmann thrombasthenia, 280
storage pool disorders, 279, 280

G
Gamma-carboxyglutamic acid-rich (GLA) domain, 31
Garlic, 94
Gastrointestinal absorption, 434
Geriatric patients

anemia, 379
clinical relevance of low hg levels, 379, 380
frailty, 379
meta-analysis, 380
perioperative period, 380
safe transfusion thresholds, 380
signs and symptoms, 380
transfusion

cardiac surgery, 380, 381
critical care unit, 381
elderly suffering trauma, 382
gastrointestinal bleeding, 381
orthopedic surgery, 382, 383
sepsis/septic shock, 382
setting of delirium, 383

Ginger, 94
Ginkgo biloba, 94
Ginseng (Panax ginseng), 94
Glanzmann thrombasthenia (GT), 59, 280
Glasgow Coma score, 313
Glycoprotein IIb (GPIIb) receptor, 446
Glycoprotein receptor antagonists, 446
GPIIb/IIIa inhibitors, 184
Granulocyte colony-stimulating factor (G-CSF), 293
Granulocytopoiesis, 331
Gravitator, 5
Gray platelet syndrome, 279, 280
Green Tea, 94

H
Haematinics, 441
Hawthorn, 94
Hematopoiesis, 330–332
Hematopoietic stem cell (HSC), 330, 331
Hematopoietic stem cell transplant (HSCT), 297
Hemodilution, 339, 340
Hemoglobin based oxygen carriers (HBOCs), 141, 142
Hemolytic anemia, 13
Hemolytic diseases, 55
Hemophilia, 279

anesthetic considerations, 124
desmopressin acetate, 124
factor inhibitors, 123, 124
tranexamic acid, 124
treatment, 123

Hemophilia A, 445
acquired hemophilia, 122
diagnosis, 122

etiology, 121
signs and symptoms, 121
von Willebrand disease, 121
X-linked genetic disease, 121

Hemophilia B
diagnosis, 122
etiology, 122
signs and symptoms, 122

Hemophilia C
estimated prevalence, 123
factor XI deficiency, 123
symptoms, 123

Hemorrhage, 69
Hemosiderosis, 291
Hemostasis, 29, 167

ADP receptor inhibitors, 451
anticoagulant medications, 451
bridging therapy, 450, 451
COX inhibitors, 446
direct thrombin inhibitors, 447, 448, 452
factor Xa inhibitors, 448
glycoprotein receptor antagonists, 446
GPIIb/IIIa inhibitors, 451, 452
heparin/LMWH, 446, 447, 452
NSAIDs/aspirin, 451
phosphodiesterase inhibitors, 452
recommendations and safety, 449
regional anesthesia, 448, 449
risk-stratification for severe bleeding, 450

high-risk procedures, 450
intermediate-risk procedures, 450
low-risk procedures, 450
recommendations, 450

thienopyridine inhibitors, 446
thromboembolic risk, 449, 450
warfarin, 446, 451

Hemostatic resuscitation, 72
Henry’s law, 142
Heparin, 446, 447
Heparin-induced thrombocytopenia (HIT), 58, 448
Hepatitis C virus (HCV) infection, 388
Hepatolenticular degeneration, see Wilson’s disease
Hepatosplenomegaly, 280
Hepcidin, 290, 298, 434
Hepcidin antimicrobial peptide (HAMP) gene, 434
Herbal and nutritional supplements, 89, 90
Herbal dietary supplements, 89
Herbal therapy, 428
Herbs and herbal extracts, 91–92

andrographis, 92
ashwagandha, 93
Boswellia, 93
Bromelain, 93
cannabis, 93
cranberry juice/supplements, 93
Danshen, 93
Devil’s Claw, 93
Dong quai, 93
evening primrose oil, 93
fenugreek, 93
Feverfew, 93
garlic, 94
ginger, 94
Ginkgo biloba, 94
Ginseng (Panax ginseng), 94
Green Tea, 94
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Herbs and herbal extracts (cont.)
Hawthorn, 94
Horse chestnut, 94
Kava, 95
Motherwort, 95
Oregano, 95
policosanol, 95
Resveratrol, 95
Saw palmetto, 95
Skullcap, 95
St. John’s wort, 95
turmeric, 95
Willow tree bark extract, 95
wintergreen oil/methyl salicyclate, 96

Hereditary coagulation disorders
cardiac anesthesia, 285
Cornelia de Lange syndrome, 281
DiGeorge syndrome, 281
Down’s syndrome, 280, 281
Ehlers Danlos syndrome, 281
hereditary liver disease

AAT deficiency, 283
hereditary hemochromatosis, 283
viscoelastic coagulation tests, 283
Wilson’s disease, 283

history and physical exam features, 284
inherited thrombophilias, 282
Jacobsen syndrome, 281
laboratory studies, 284
Noonan syndrome, 281
obstetric anesthesia

hematologic state during pregnancy, 284
mode of delivery, 285
neuraxial anesthesia, 284

orthopedic surgery, 285
primary hemostasis

functional platelet disorders, 279, 280
quantitative platelet disorders, 280

regional anesthesia, 285
secondary hemostasis, 281, 282
tertiary hemostasis, 282
Trisomy 13 and 18, 281
vasculitis and autoimmune conditions

antiphospholipid antibody syndrome, 282, 283
hereditary hemorrhagic telangiectasias, 282
systemic vasculitis, 283

Hereditary hemochromatosis (HH), 283, 290, 433–435
Hereditary hemorrhagic telangiectasias (HHT), 282
Hermansky-Pudlak syndrome, 280
High frequency probes, 101
High molecular weight heparin (HMWH), 447
Hippocrates, 1, 2
HIV infection, 388
Homeostatic control, 434
Hormonal therapy, 62
Hormone replacement therapy (HRT), 54
Horse chestnut, 94
Human immunodeficiency virus (HIV), 439, 440
Human leukocyte antigen (HLA) system, 13
Human Parvovirus B19 (HPV B19), 304
Hydroxyurea, 441
Hydroxyurea therapy, 405, 407
Hyperchloremic metabolic acidosis, 377
Hypercoagulable states

primary (congenital)
antithrombin deficiency, 51, 52
decreased antithrombotic proteins, 51

Factor V Leiden (Activated Protein C  
Resistance), 52, 53

hyperhomocysteinemia, 53
increased prothrombotic proteins, 51
protein C deficiency, 52
protein S deficiency, 52
relative risk, 53
specific coagulation factors (VII, XI, IX and  

vWF), 53
tissue plasminogen activator deficiency, 53

secondary (acquired)
antiphospholipid syndrome, 54
deficiency of coagulation inhibitors, 53
hemolytic diseases or diseases, 55
hormone replacement therapy, 54
increased prothrombotic proteins, 53
nephrotic syndrome, 55
oral contraceptives, 54
pregnancy and periperium, 54
relative risk, 54
thromboembolic phenomenon, 55

Hyperfibrinolysis, 44
Hyperhomocysteinemia, 53
Hypertension, 223, 224
Hypofibrinogenemia, 340, 341
Hypothalamic-pituitary-adrenal (HPA) axis, 435
Hypovolemia, 270, 271
Hypoxia sensing, 406

I
Idarucizumab, 426
Immature platelet fraction (IPF), 419
Indinavir (Crixivan), 181
Ineffective erythropoiesis, 435
Infections

incidence, 303, 304
prevention, 304
treatment, 304

Informing Fresh vs. Old Red Cell Management  
(INFORM) study, 460, 461

Inherited platelet disorders, 59
Inherited thrombophilias, 282
Integral bag system, 22
Interventional pain management

chronic pain, 443
coagulation

pathophysiology, 445
physiology, 444, 445

hemostasis
ADP receptor inhibitors, 451
anticoagulant medications, 451
bridging therapy, 450, 451
COX inhibitors, 446
direct thrombin inhibitors, 447, 448, 452
factor Xa inhibitors, 448
glycoprotein receptor antagonists, 446
GPIIb/IIIa inhibitors, 451, 452
heparin/LMWH, 446, 447, 452
NSAIDs/aspirin, 451
phosphodiesterase inhibitors, 452
recommendations and safety, 449
regional anesthesia, 448, 449
risk-stratification for severe bleeding, 450
thienopyridine inhibitors, 446
thromboembolic risk, 449, 450
warfarin, 446, 451
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regional anesthesia, 443
risks, 443

Intracranial pressure (ICP), 314
Intraoperative blood management, 248
Intraoperative blood product transfusions, 129
Intraoperative blood salvage, 131
Intravenous hemostats, 82
Intravenous liposome based platelet substitutes, 83, 84
Intravenous polymeric nanoparticles, 84
Intraventricular hemorrhage (IVH), 416
Intrinsic pathway, 389
Iron chelation therapy

goals, 294
myelodysplastic syndrome, 295, 296
non-transfusion-dependent thalassemia, 295
pretreatment investigations, 295
sickle-cell disease, 295
transfusion-dependent thalassemia, 295

Iron deficiency anemia (IDA), 145, 148–149
Iron, homeostasis, 290
Iron overload

complications, 435
definition, 433
diagnosis, 291
etiology, 434, 435
iron metabolism, 433, 434
laboratory tests and diagnostic imaging, 435
pathophysiology, 290, 291
perioperative implications, 436
signs and symptoms, 291, 434
treatment, 291

calcium channel blockers for thalassemia, 297
chelators DFO and DFP, combination therapy, 293
children, 297
deferasirox, 292, 293
deferiprone, 293
deferoxamine, 291, 292
exchange transfusion for sickle cell disease, 296
future aspects, 298
hematopoietic stem cell transplant, 297
iron chelation therapy (see Iron chelation therapy)
phlebotomy, 296
pregnancy, 297, 298
splenectomy, 296, 297

Irradiated components, 23
Itraconazole (Sporanox), 179

J
Jacobsen syndrome, 281
JAK2 (JAK2V617F) mutation, 406
Jehovah's Witness patient

acceptable and unacceptable treatments, 137
anemia tolerance, 138
blood product transfusions, 135, 136
history, 136
legality, 136, 137
medical history, 135
patient outcomes, 138
perioperative blood management, 135
peri-operative blood management strategies, 137, 138
pre-operative assessment, 137

Joint Trauma System Clinical Practice Guideline (JTS CPG), 161

K
Kava, 95

L
Landsteiner, Karl, 5, 6
Language of humoral theory, 1–2
Laser Speckle Rheology (LSR), 213
Lateral epicondylitis, 346, 347
Leukocyte depletion filter (LDF), 22, 131
Leukocyte poor PRP (LP-PRP), 345
Leukocyte reduced blood components, 22
Leukodepletion, 399
Leukoreduction, 22, 306
Liberal vs. conservative blood strategies

anemia, 270
conservative transfusion strategies, 272
intraoperative transfusion strategies

ATLS of hemorrhage, 271
Hgb measurements, 272
hypovolemia, 271
intravascular blood volume estimation, 271
patient comorbidities, 270
tissue perfusion and DO2, 270

tissue hypoxia, 270
transfusion strategies

cardiac surgery, 272, 273
gastrointestinal bleeding, 275
geriatric population, 275
neurological injuries, 276
obstetric population, 275
orthopedic surgery, 273
pediatric surgery, 273, 274

Liberal transfusion strategy, 380–382
Linear array, 101
Liver dysfunction, 445
Liver surgery and transplantation, 44, 45
Liver transplantation

antifibrinolytic agents, 265
bleeding and thrombosi, 259
blood conservation, 262, 263
coagulation defects in ESLD, 260, 261
coagulopathy in cirrhosis, 259, 260
endothelial glycocalyx injury, 263
fibrinogen, 263
and intraoperative changes

anhepatic stage, 261, 262
neohepatic stage, 262
pre-anhepatic stage, 261

PCC, 264
red blood cell transfusion, 262
replacement of factors, 263
rFVIIa, 264, 265
standard laboratory assessment, 259
TRALI and TACO, 263

Long-acting anticoagulant rodenticides  
(LAARs), 388, 389

Lower gastrointestinal bleeds (LGIB), 381
Lower’s experiments, 4
Low molecular weight heparin (LMWH), 424, 425, 447
L-type calcium-channel channels (LTCC), 297
Lumbricus terrestris (LtEc), 132, 133
Lymphopoiesis, 331

M
Macrophages, 332
Major histocompatibility complex (MHC), 13
Malaria, 304
Massive hemorrhage, 357, 370, 371
Massive obstetric hemorrhage, 71
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Massive transfusion protocol (MTP)
bleeding consumption score, 73
blood products

complications and drawaback, 74
fibrinogen component, 72
hemodynamic monitoring and coagulation tests, 73
laboratory directed transfusion management, 73
massive hemorrhage and initiation of protocol, 72, 73
RBC, FFP and PLT, 72
termination of, 74
trauma strategies and non-trauma settings, 74
whole blood vs. component therapy, 72

coagulation abnormalities
acute traumatic coagulopathy, 70
clotting factors deficiencies, 70
dilutional coagulopathy, 71
obstetric diseases, 71

common component, 71
complications, 74
damage control resuscitation components, 71
definition, 69
etiologies of, 69
hemostatic resuscitation, 72
laboratory directed transfusion management

activated partial thromboplastin time, 73
POC testing, 73
prothrombin time, 73

liver disease on coagulation, 70
predefined ratio, 71
PT/aPTT, 73
shock index, 73
for specific patient groups

cardiac surgery, 75
liver transplantation, 75
major hepatic surgery, 74
obstetric hemorrhage, 75
outcomes, performance, and complication monitoring, 76
pediatric population, 76
trauma, 74, 75

surgical procedures
cardiothoracic/major vascular surgeries, 70
liver transplantation, 69, 70
major cancer and spine surgery, 70

trauma, 69
Massive transfusion strategies, 21
MATTERs trial, 43
May-Hegglin anomaly, 280
MDS Foundation Working Group for Transfusional Iron Overload, 

295
Mean arterial pressures (MAPs), 377
Medical Emergency Response Team (MERT), 153
Megakarocytopoiesis, 331
Megakaryopoiesis, 57
Mesenchymal stem cells, 331
Mesenchymal stem cells (MSCs), 331, 332
Metformin, 185
Metronidazole (Flagyl), 178
MHY9-related thrombocytopenia, 280
Miconazole (Monistat), 180
Mild platelet dysfunction, 58
Modern blood banking

ABO and Rh blood system, 11–12
alloimmunization, 13, 14
emerging infections

arboviruses, 16, 17
Babesia species, 17

Creutzfeldt-Jakob disease, 17
pathogen reduction technology, 17

human leukocyte antigen system, 13
inventory management

ordering practices, 15, 16
plasma considerations, 15
platelet considerations, 15
RBC considerations, 14, 15
serologic vs. computer crossmatch, 16

Monocytopoiesis, 331
Motherwort, 95
Motion mode/m-mode, 102
Multivitamins and vitamin supplements

coenzyme Q10 supplementation, 96
fish oil, 96
glucosamine and chondroitin sulfate supplements, 96
vitamin E supplements, 96, 97

Myelodysplastic syndrome (MDS), 295, 296

N
National Comprehensive Cancer Network, 295
National Institutes of Health National Center for Complementary and 

Integrative Health, 90
Natural disasters

anesthesiologists, 153
ASBP, 156, 157
blood component therapy, 161
blood stock and blood donation management, 160, 161
BSCM, 159, 160
damage control resuscitation, 154
damage control surgery, 154
definitive surgical repair, 154
early blood grouping and transfusion triage, 160
hemorrhage, 154
mass casualty event, 153
Medical Emergency Response Team, 153
pre-hospital and emergency room preparedness, 153
terrorist attacks, 154
transfusion demand forecasting and planning, 160
transfusion disaster plan, 157, 158
transfusion disaster preparedness, 162, 163
U.S. blood supply system, 155, 156
whole blood transfusion, 161, 162

Near infrared spectroscopy (NIRS), 413, 414
Necrotizing enterocolitis (NEC), 416
Nephrotic syndrome, 55
Nephrotoxic drugs, 296
Neuraxial anesthesia, 284, 425–429
Non-immune mediated acute hemolysis, 306
Noninfectious serious hazards of transfusions (NISHOT), 273
Nonsteroidal anti-inflammatory drugs (NSAIDs), 427
Nontransferrin-bound iron (NTBI), 291, 293, 294, 298
Non-transfusion dependent thalassemia (NTDT), 295
Non-vitamin K antagonist oral anticoagulants (NOACs)

apixaban, 427
betrixaban, 427
dabigatran, 426
FEIBA, 426
inhibiting factor Xa, 426
rivaroxaban, 427

Noonan syndrome, 281
Normal coagulation cascade, 31, 32
Normal saline

ATLS protocol, 376
vs. balanced crystalloids, 376, 377
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composition of, 376
crystalloid administration, 377, 378
crystalloid fluids, 375
crystalloid options, 375
EGDT, 376
history of, 375

Norwegian blood supply, 162
Nose bleed treatment, 62
Nucleic acid testing (NAT), 441
Nutraceuticals, 390, 391
Nutritional and herbal supplementation, 89
Nutritional supplement associated hemorrhage, 97
Nutritional supplements, 97

O
Obstetric diseases, 71
Obstetric hemorrhage, 75, 209, 210
Obstetric patients, 429
Obstetricians revive transfusion medicine, 5
Obstetrics, 45
Old blood, 458–462
Optic nerve sheath diameter (ONSD), 102
Oral contraceptives, 54
Oregano, 95
Organ dysfunction, 81
Orthopedics, 44
Orthopedic surgery, 285
Osler-Weber-Rendu syndrome, see Hereditary hemorrhagic 

telangiectasias (HHT)
Osteoarthritis (OA)

of hip, 347, 348
of knee, 345, 346

Osteoblasts, 331
Osteoclasts, 331
Oxygen dissociation, 245

P
Packed red blood cells (PRBCs)/red blood cell (RBC) units, 252, 253, 

332, 333
anticoagulant-preservative (A-P) solution, 22
apheresis systems, 22
ARIPI trial, 23
autoimmune cold-induced hemolysis, 23
CMV-negative blood components, 23
CMV seronegative components, 23
concomitant diuretics, 24
di-2-ethylhexylphthalate, 22
infectious diseases, 24
irradiated components, 23
leukocyte depletion or reduction, 22
leukocyte reduced blood components, 22
leukoreduction, 22
noninfectious serious complications, 24
physiologic triggers, 24
RECESS trial, 23
screening and laboratory testing, 21
10/30 rule, 24
TOTAL trial, 23
TRANSFUSE trial, 23
transfusion associated acute lung injury, 21
whole blood collection, 22

Paris Trousseau syndrome, 279
Partial thromboplastin time (PTT), 31
Passive hemostats, 81

Patellar tendinopathy, 349
Pathogen reduction technology (PRT), 17
Patient blood management (PBM) programs, 440
Patient populations selection, 90
Patient’s pharmaceutical anticoagulant, 90
Pediatric cardiac surgery, 249
2018 Pediatric Critical Care Transfusion and Anemia Expertise 

Initiative (TAXI), 274
Pediatric Diseases Working Party, 297
Pediatric patient blood management (PBM), 243

blood volume, 244
coagulation system development, 245
estimating allowable blood loss, 246
fetal blood development, 244
goals, 246
history, 243
normal red blood cell parameters, 244
oxygen dissociation, 244, 245
preoperative assessment, 246
standards, 246

Pediatric population, 76
Pediatrics, 46
Perfluorocarbons (PFCs), 141
Perioperative anesthesiology ultrasonographic evaluation (PAUSE) 

approach, 110
Perioperative blood transfusions (PBT)

clinical evidence, 397
clinical practice, 400, 401
host immunity, 397, 398
immunomodulation

anastomotic leakage, 399
cellular-based host interference, 398
components, 399
host immune disruption, 398
leukodepletion, 399
metastatic progenitors, 398
NK cells and monocytes, 398, 399
non-immune mechanisms, 399
post-operative abdominal infection, 399

inflammatory response, 397
recurrence, 397
risk factors, 398–400
TRIM, 397

Peripheral nerve blocks, 428, 429
Pernicious anemia, 150
Pharmacodynamic antiplatelet effect, 90, 436
Phased array probe, 101
Phlebotomy, 296
Phosphodiesterase inhibitors, 452
Plantar fasciitis, 349, 350
Plasma transfusion guidelines, 254
Plasma transfusion, traumatic brain injury, 315, 316
Plasma turbidity methods, 39
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