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Foreword

I have the honor of serving Cleveland Clinic alongside 66,000 caregivers. We share
the vision to become the best place to receive care anywhere and the best place to
work in healthcare. In the course of my work as a cardiac surgeon and CEO, I have
the privilege of interacting with colleagues from a wide variety of backgrounds and
professional interests.

Dr. Ehab Farag, Dr. Andrea Kurz, and Dr. Christopher Troianos with the
Cleveland Clinic are the coeditors of Perioperative Fluid Management, Second
Edition. Working with a renowned team of international contributors, they have
developed a comprehensive study of perioperative fluid management. Their team is
comprised of highly accomplished anesthesiologists, intensivists, and surgeons
from the United States and Europe.

The team has explored perioperative fluid management in depth, ranging from
the history of intravenous fluid to the recent and exciting opportunities to employ
artificial intelligence. The book has clinical scenarios for almost every case in clini-
cal practice. Their work is a testament to the importance of research, collaboration,
and the need for continued innovation in healthcare. I believe their groundbreaking
analysis will lead to improved patient care and foster further innovation.

I am pleased to recognize the importance of this work and to recommend
Perioperative Fluid Management, Second Edition, to all the committed caregivers
who work in the critically important field of fluid management.

Tomislav Mihaljevic

Cleveland Clinic
Cleveland, OH, USA
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Preface for the Second Edition

Fluid management is still one of the most debated subjects in perioperative medi-
cine. There are a lot of misconceptions and unsettled issues in perioperative fluid
management. In the second edition of Perioperative Fluid Management, our motto
is to present the most advanced evidence-based science in fluid management.
Moreover, we tried our best not to leave a stone unturned in fluid management. In
this edition, most of the chapters have been updated and revised from the first edi-
tion. The chapters on “Endothelial Glycocalyx and Revised Starling Principle” by
Drs. Curry and Michel, the fathers of modern microcirculation, are of special recog-
nition in this updated edition. We have added new chapters on the use of venous
circulation in fluid management, the use of albumin in intensive care, and the use of
dynamic arterial elastance in goal-directed fluid therapy. In addition, we have added
new case scenarios in pediatric, obstetric, and intensive care patients to help clini-
cians have a strong armamentarium of fluid management strategies in every clinical
scenario. We would like this edition, as was our intent for the previous edition, to be
of benefit to all perioperative physicians in guiding fluid management.

Finally, we would like to express our gratitude to our colleagues who authored
the book chapters and for their dedication to advancing the field. We would also like
to thank the Springer publishing team for all their help and support during the pub-
lishing process of this book.

Editors
Cleveland, OH Ehab Farag
Cleveland, OH Andrea Kurz

Cleveland, OH Christopher Troianos
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A History of Fluid Management

Elizabeth A. M. Frost

Abstract

A history of fluid management is discussed focusing on the following key points:
Bloodletting has been performed for more than 2000 years and is still used today,
albeit for different reasons. While bloodletting was ordered by physicians, it was
usually carried out by barber surgeons, thus dividing the two. Circulation of
blood was not appreciated until William Harvey in the first century, and it was
not immediately accepted as it was contrary to the teachings of Galen and others.
The concept of the need for fluid replacement rather than bloodletting grew out
of the worldwide cholera epidemic of the nineteenth century. Only over the past
60 years have fluids routinely been given intraoperatively.

Key Points

1.

2.

Bloodletting has been performed for more than 2000 years and is still used today,
albeit for different reasons.

While bloodletting was ordered by physicians, it was usually carried out by bar-
ber surgeons, thus dividing the two.

. Circulation of blood was not appreciated until William Harvey in the first century, and

it was not immediately accepted as it was contrary to the teachings of Galen and others.

. The concept of the need for fluid replacement rather than bloodletting grew out

of the worldwide cholera epidemic of the nineteenth century.

. Only over the past 60 years have fluids routinely been given intraoperatively.

The life of the flesh is the blood (Leviticus 17:11-14)
Take drink...this is my blood which is shed for you for the remission of sins (Matthew 26)

E. A. M. Frost (D<)
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Earliest Times

Long before biblical times, blood and body fluids were believed to have magical
powers. Blood was the cornerstone of life and regarded as a gift. Hence, it was often
used in sacrificial offerings to appease the gods. The Sumerians of Mesopotamia
(4th—2nd millennium BCE) considered the vascular liver as the center of life [1, 2].
The priests of Babylon taught that there were two types of blood: bright red day
blood in the arteries and dark night blood in the veins. In the Yellow Emperor’s
Classic of Internal Medicine, the Nei Ching Su Wen, an ancient Chinese text com-
piled about 4500 BCE, the heart and pulse were connected and all the blood was
said to be under the control of the heart and flowed continually until death
(Fig. 1.1) [3].

Egyptian physicians were aware of the existence of the pulse and also of a con-
nection between the pulse and heart. The Smith Papyrus, ascribed by some to
Imhotep who lived around 2650 BCE and was the chief official of the Pharaoh
Dosier, offered some idea of a cardiac system, although perhaps not of blood circu-
lation (Fig. 1.2) [4]. Distinction between blood vessels, tendons, and nerves was not

Fig. 1.1 The Yellow + ]
Emperor’s classic of d [Theellow Emperor’s Classic
internal medicine. On page
34, one reads, “When
people lie down to rest, the
blood flows back to

the liver”

of Internal Medicine
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Fig. 1.2 The Edwin Smith Papyrus. The original is housed in the New York Academy of
Medicine, NY, NY

made. A theory of “channels” that carried air, water, and blood to the body was
analogous to the River Nile; if the river became blocked, crops were unhealthy. This
principle was applied to the body: If a person was unwell, laxatives should be used
to unblock the “channels.”

Greek philosophers began investigations into the circulation also in the second
millenium BCE. Aristotle, a physician of the fourth century BCE, believed that
blood was manufactured in the heart and then distributed to other tissues [1].
Erasistratus, an anatomist of the third century BCE, is credited for his description of
the valves of the heart. He also concluded that the heart was not the center of sensa-
tions, but instead functioned as a pump [5, 6]. He distinguished between veins and
arteries but believed that the arteries were full of air and that they carried the “ani-
mal spirit” (pneuma). But Galen, in the second century CE, disagreed with
Erasisratus, believing that blood was made in the liver and that it moved back and
forth until it was consumed [7]. This theory remained unchallenged until 1628 when
William Harvey published his treatise, De Motu Cordis [8].

Between the first and sixth centuries CE, consumption of the blood of Roman
gladiators was said to cure epilepsy [9]. After the banning of gladiatorial fighting
around 400 CE, it became the practice to drink the blood of executed prisoners,
especially if they were beheaded. Epileptic patients were described as crowding
around the scaffold, cups in hand, waiting to “quaff the red blood as it flows from
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the still quavering body of a freshly executed criminal” [10]. There are some
reports that this supposed cure for the “falling sickness” existed until the nine-
teenth century [9].

Consuming blood was also thought to restore youth. A fifteenth-century physi-
cian noted: “There is a common and ancient opinion that certain prophetic women
who are popularly called ‘screech-owls’ suck the blood of infants as a means, inso-
far as they can, of growing young again. Why shouldn’t our old people, namely
those who have no [other] recourse, likewise suck the blood of a youth?—a youth,
I say who is willing, healthy, happy and temperate, whose blood is of the best but
perhaps too abundant. They will suck, therefore, like leeches, an ounce or two from
a scarcely-opened vein of the left arm; they will immediately take an equal amount
of sugar and wine; they will do this when hungry and thirsty and when the moon is
waxing. If they have difficulty digesting raw blood, let it first be cooked together
with sugar; or let it be mixed with sugar and moderately distilled over hot water and
then drunk™ [11].

Suggested as perhaps the first attempt at blood transfusion, three young boys
were bled and the blood given to Pope Innocent VIII by his Jewish physician
Giancomo di San Genesio in 1492 [1, 2]. It is, however, more likely that the pope
drank the blood. Nevertheless, the boys and the pope all died and the physician
disappeared. It is also possible that the story was circulated as an anti-Semitic cam-
paign as the pope was very ill at the time.

Contrary to the idea of blood consumption was that propagated by the teachings
of Charles Taze Russell, founder of the Bible Student Movement. He started pub-
lishing Zion’s Watch Tower and Herald of Christ’s Presence in 1879. In 1881 he
founded Zion’s Watch Tower Tract Society, later the Jehovah’s Witness sect. Based
on quotations from the Bible, members must abstain from eating blood, also inter-
preted as, receiving blood transfusions (Acts 15: 20,29, Genesis 9: 3-5, Deuteronomy
15: 14-23, Leviticus 7: 26, 27).

Bloodletting

Bloodletting derived from a belief that proper balance to maintain health was
required between the four humors—blood, phlegm, black bile, and yellow bile—
based in turn on the Greek philosophy of the elements of water, air, fire, and earth
[12, 13]. Galen felt that blood was the dominant humor and the one most to be regu-
lated. To balance the humors required removal of blood or purging. Aretaeus of
Cappadocia, probably a first-century CE contemporary of Galen, advocated vene-
section for the treatment of “phrenetics”: “If the delirium and fever have come on in
the first or second day it will be proper to open a vein at the elbow, especially the
middle” [14].

Bloodletting was the most frequently performed medical practice for more
than 2000 years (Fig. 1.3) [15]. While trepanning of the skull allowed evil spirits
to be released from the head, bloodletting facilitated the removal of the demons
that caused disease from other parts of the body. The Egyptians used the
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Fig. 1.3 Iatros, an
ancient Greek word for
“physician,” is depicted
on this old Grecian
vase, bleeding a patient.
The Peytel Arybalos,
480-470 BC, Louvre,
Dpt.des Antiquites
Grecques/Romaines,
Paris. Photographer:
Marie-Lan Nguyen,
2011 (Reprinted under
Creative Commons
license. https://
creativecommons.org/
licenses/by/3.0/deed.en)

technique at least by 1000 BCE, followed by the Greeks and Romans [12, 13].
While teaching that many diseases were caused by an overabundance in the
blood, Erasistratus advocated initial treatment with vomiting, starvation, and
exercise [6]. Overabundance or plethora was recognized by headache, tiredness,
seizures, and fever. The practice of bleeding may have derived from the belief
that menstruation occurred to “scourge women of bad humors” as taught by
Hippocrates and Galen. Moreover, premenstrual cramps and pain were often
relieved when blood flowed [1, 7, 16].

Precise instructions dictated how much blood should be removed based on age,
general health, the season, and the weather. Either arterial or venous blood was
drained depending on the disease. Blood vessels were identified depending on
which organ they drained. The more severe the illness, the greater amount of blood
was to be removed. Different religions laid down specific rules as to appropriate
days; for example, select saints’ days in the Christian calendar. Specific days of the
week were also identified in the Talmud. The Talmud recommended specific days of
the week and of the month for bloodletting [17]. Bleeding charts aligned bodily
bleeding sites with the planets. Bloodletting was even used to treat hemorrhage
before surgery and during childbirth to prevent inflammation. The amount of blood
estimated to be in a limb was removed prior to amputation of that limb.

George Washington, the first US president, died on December 14th 1799 after
having 3.75 1 of blood removed from his body within a 10-h period as treatment for
cynanche trachealis by Drs. James Craik and Gustavus Brown (most likely the presi-
dent was suffering from a peritonsillar abscess, that would better have been managed
by tracheostomy, as recommended by Dr. Elisha C. Dick who was overruled by the
other two physicians because they were unfamiliar with the technique.) [18, 19].

Bloodletting was usually ordered by physicians but carried out by barber sur-
geons, thus dividing physicians from surgeons. The red-and-white-striped barber’s


https://creativecommons.org/licenses/by/3.0/deed.en
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Fig. 1.4 Bloodletting woodcut from Officia M.T.C Cicero, 1531 (Source: Wellcome Library,
London. Wellcome Images. Reproduced under Creative Commons Attribution 4.0 International
license. https://creativecommons.org/licenses/by/4.0/)

pole represented gauzes wrapped around a stick [13]. The practice was standard
treatment for all ailments, both prophylactically and therapeutically and persisted
into the twenty-first century (Figs. 1.4 and 1.5) [13, 20].

Pierre Alexander Louis, a French physician of the nineteenth century, disagreed
that fevers were the result of inflammation of the organs and bloodletting was an
effective treatment for pneumonia [21, 22]. He published a paper in 1828 (expanded
in 1834 to a book-length treatise in the American Journal of Medical Sciences enti-
tled “An essay on clinical instruction”), demonstrating the uselessness of bloodlet-
ting. He met with strong resistance by physicians who refused to wait for reviews to
determine if current treatments worked or change their practices of centuries.
Gradually Louis’ “numerical method” added objectivity to how patients should be
treated to improve outcomes. He used averages of groups of patients with the same
illness to determine effectiveness of therapies and accounted for age, diet, severity
of illness, and treatments other than bloodletting. He also wrote of “averages” and
“populations” and thus began the concept of “statistical probability.”

During the early nineteenth century, leeches became popular (Fig. 1.6a, b).
“Leech collectors,” usually women, would wade into infested ponds, their legs bare.
The leeches would attach themselves and suck several times their body weight of
blood and then fall off, to be collected and sold to physicians [23]. In the 1830s,
England imported about six million leeches annually for bloodletting purposes from
France. Initially a very inexpensive treatment, scarcity of the little worms drove the
price up and the treatment became less popular [23].


https://creativecommons.org/licenses/by/4.0/
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Fig. 1.5 An old photo
of bloodletting during

the nineteenth century.
From the collection of
the Burns

Archive, PD-US

Fig. 1.6 (a) An artistic representation of a woman who is self-treating with leeches from a jar
(Source: van den Bossche G. Historia medica, in qua libris IV. animalium natura, et eorum medica
utilitas esacte & luculenter. Brussels: Joannis Mommarti, 1639. US National Library of Medicine).
(b) Leeches as they were purchased in a jar
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Beginnings of Intravenous Therapy

In 1242, an Arabian physician, Ibn al Nafis, accurately described the circulation of
the blood in man [24]. He wrote: “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 or invis-
ible pores as Galen thought. The blood from the right chamber must flow through
the vena arteriosa to the lungs, spread its substances, be mingled there with air, pass
through the arteria venosa to reach the left chamber of the heart and there form the
vital spirit...” [24].

Nevertheless, credit for the discovery of the circulation is generally given to
William Harvey. He concluded: “The blood is driven into a round by a circular
motion and that it moves perpetually and hence does arise the action and function of
the heart, which by pulsation it performs” [8].

Harvey first presented his thesis, De Motu Cordis, at the Lumleian lecture (a
series started in 1582) of the Royal College of Physicians in 1616 [25]. His insights
evolved over several years thereafter and were finally published in 1628 in Latin in
a 72-page book in Frankfurt, probably because that venue was host to an annual
book fair that would allow the work greater attention [8]. The treatise was not trans-
lated into English until 1653. Such views of the circulation were contrary to the
teachings of Galen and thus Harvey’s work was not immediately appreciated.
Indeed, his practice suffered considerably, but no doubt the dedication of the book
to King Charles I, to whom he was personal physician, helped in the ultimate accep-
tance of his conclusions and set the stage for intravenous therapy and fluid adminis-
tration. Harvey did not know of the capillary system, the discovery of which is later
ascribed to Marcello Malpighi, but he did describe fetal circulation [24].

Andreas Libavius, a German alchemist, imagined how blood could be taken
from the artery of a young man and infused into the artery of an old man to give the
latter vitality. Although he described the technique quite accurately in 1615, there is
no evidence that he actually transfused anyone [1, 24]. The same can be said for the
Italian, Giovanni Colle da Belluno, who mentioned transfusion in 1628 in his writ-
ings on “methods of prolonging life” [24].

Perhaps the first person to conceive of transfusion on a practical basis was the
Vicar of Kilmington, in England, the Rev. Francis Potter [26]. Described as a reclu-
sive eccentric, he was befriended by John Aubery, a close acquaintance of Harvey.
Aubery an English antiquary and writer, recorded of Potter in 1649: “He then told
me his notion of curing diseases by transfusion of bloud out of one man into another,
and that the hint came into his head reflecting on Ovid’s story of Medea and Jason,
and that this was a matter of ten years before that time” [27].

Potter used quills and tubes and attempted transfusion between chickens but with
little success.

Francesco Folli, a Tuscan physician, claimed to be the originator of blood trans-
fusion [28]. He was aware of Harvey’s work and felt it possible to cure all diseases
and make the old young by transfusing blood. At the Court of the Medici he had
given a “demonstration” of transfusion (it actually may only have been by diagrams)
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to Ferdinand II, Duke of Tuscany, who was not impressed and dismissed Folli. The
latter went into seclusion and was unaware of the several advances by Richard
Lower, Jean Baptists Denys, and others in the intervening years before he rushed to
print a book, Stadera Medica (the Medical Steelyard, Florence, GF Cecchi, 1680),
in which in a second section “Della Trasfusione del sangue” he asserted his claim as
the inventor. He weighed the pros and cons of blood transfusion writing: ‘“Discovered
by Francesco Folli and now described and dedicated to His Serene Highness, Prince
Francesco Maria of Tuscany.” He postulated that 20 young men as donors could
allow the patient to get fresh blood over a considerable time. He described his appa-
ratus as a funnel connected by a tube from a goat’s artery with a gold or silver can-
nulain the patient’s arm [24]. Later he recanted and noted that it would be impertinent
of him to give directions about an operation that he himself had never attempted [28].

Richard Lower, a Cornish physician, is credited as the first to perform a blood
transfusion between animals (xenotransfusion) and from animals to man [29, 30].
Working with Christopher Wren, he performed a successful transfusion in 1665 by
joining the artery of one dog to the vein of another by means of a hollow quill.
Lower’s major work, Tractatus de Corde, was published in 1669 and traced the
circulation through the lungs, differentiating between arterial and venous blood.
Believing that patients could be helped by infusion of fresh blood or removal of old
blood, Lower transfused blood from a lamb to a mentally ill man, Arthur Coga,
before the Royal Society on November 23, 1667. The procedure was recorded in
Samuel Pepys’ diary:

...with Creed to a tavern and a good discourse among the rest of a man that is a little frantic
that the College had hired for 20 shillings to have some blood of a sheep let into his body...I
was pleased to see the person who had had his blood taken out...he finds himself better
since but he is cracked a little in his head [2].

The same year, a French physician, Jean Baptists Denys, had administered the
first fully documented human blood transfusion on June 15, 1667 [31, 32]. Using
sheep blood, he transfused about half a pint into a 15-year-old boy, who had been
bled with leeches 20 times (Fig. 1.7). Surprisingly, the boy recovered. Denys’ sec-
ond attempt at transfusion was also successful. However, his third patient, Baron
Gustaf Bonde, died. Later in 1667, undeterred, Denys transfused calf’s blood to
Antoine Mauroy, who also died. Denys was accused by Mauroy’s wife of murder.
He was acquitted, and it was later found that the patient had died of arsenic poison-
ing. But considerable controversy arose and in 1670 blood transfusions were banned
until the first part of the nineteenth century (around 1818) when James Blundell,
using only human blood, saved a number of postpartum women who had almost
bled out. He wrote: “appalled at my own helplessness at combating fatal hemor-
rhage during delivery” [2].

Blundell experimented by exsanguinating dogs and then reviving them by trans-
fusing arterial blood from other dogs. He concluded that blood replacement had to
be species-specific using initially vein-to-vein transfusion (Fig. 1.8). He later intro-
duced the use of the syringe, noting that air must be removed and the problem of
clotting: ““...the blood is satisfactory only if it allowed to remain in the container for
but a few seconds” [24].



12

E. A. M. Frost

Fig.1.7 Early
transfusions were carried
out between animals and
humans. In this early
illustration, blood is
transfused from a lamb
into a man. Wellcome
Library, London
(Reprinted under Creative
Commons Attribution only
license CC BY 4.0)

Part :.Cyi.ﬂ?-

No. 302,

L]
Ll

Fig. 1.8 Illustration of Blundell’s human-to-human blood transfusion (Source: Blundell

J. Observations on transfusion of blood. Lancet. Saturday, June 13, 1828; vol. II)
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Only with the discovery of the four groups of blood by Karl Landsteiner in 1900
did transfusion become safer and popular again.

(Of note, perhaps, is as recently as 60 years ago, the author of this chapter trans-
fused blood from a young man to a woman during a cesarean section for umbilical
prolapse at a small hospital in the mountains of Switzerland. The hospital main-
tained documentation of the blood type of all the inhabitants of the village. When
blood was needed, the type was determined and the appropriate villager instructed
to come to the hospital. Basic compatibility was then established and blood drawn
in 20 ml aliquots and immediately infused to the patient).

Intravenous Infusions of Drugs and Fluids: Mainly in Dogs

Sir Christopher Wren, along with Robert Boyle, experimented extensively with
intravenous administrations of many substances in animals [33]. An animal bladder
attached to two quills was designed to infuse beer, wine, opium, and other drugs. A
large dog was selected. Venous access was achieved and the vein stabilized with a
brass plate. As reported in one of the initial experiments, opium and alcohol were
injected (tincture of opium, which had long been used orally) resulting in a brief
period of anesthesia. The dog on trying to get up immediately became disoriented.
After a period during which the dog was kept moving to assist recovery, a full recov-
ery was made. Thomas Sprat in a history of the Royal Society recorded in 1657:
“Wren was the first author of the Noble Anatomical Experiment of Injecting Liquors
into the Veins of animals: an experiment now vulgarly known but long since exhib-
ited to the Meetings at Oxford, and thence carried by some Germans and published
abroad. By his operation, Creatures were immediately purged, vomited, intoxicated,
killed or revived according to the quantity of Liquor injected” [24].

Wren himself described the initial experiments carried out in Boyle’s quarters on
High Street in Oxford in 1656 in a letter to a friend, William Perry in Ireland: “I have
injected Wine and Ale in a living Dog into the Mass of Blood by a Veine, in good quan-
tities till I have made him extremely drunk but soon after he Pisseth it out” [33-36].

It is surprising that given the apparent anesthetic state realized in the dogs that a
potential for intravenous anesthesia during surgery in humans was not realized.
Difficulty in gaining and maintaining intravenous access, the political climate, wari-
ness regarding the technique, and observations that the amount of drug that would
be effective was impossible to judge may all have been factors. It is also possible
that the players were more interested in other pursuits—WTren as an architect, Boyle
as a chemist, Willis in anatomy of the central nervous system, Robert Hooke as
philosopher and machinist [35]. Or these experiments may have been viewed as
merely a diversion from the real work of the day.

Early Attempts with Needles and Syringes

Until the beginning of the nineteenth century, infusion of blood and other substances
was by direct cannulation of vessels using a quill or some other tube. Basically, a
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syringe is a simple pump and it is likely that syringe-type devices were produced by
many people. The earliest and most common syringe-type device was called a
“clyster”—a device for giving enemas. There were numerous parallel processes of
evolution and experimentation that led to the development of the hypodermic
syringe devices to inject drugs and medicines. Thus, several people have been cred-
ited with the “invention” of the syringe. In 1807, the Edinburgh Medical and
Surgical Dictionary defined a syringe as: “A well-known instrument, serving to
imbibe or suck in a quantity of fluid and afterwards expel the same with violence. A
syringe is used for transmitting injections into cavities or canals” [37].

Mr. Fergusson, of Giltspur Street in London, devised a glass syringe, used in
1853 by Alexander Wood for the subcutaneous injection of opiates for the relief of
pain [38]. Wood improved on the design, attaching a hollow needle that had been
invented by Francis Rynd in Ireland and attaching it to a syringe. He published a
description of the subcutaneous injection of fluid drugs for therapeutic purposes in
1855 [39, 40]. Wood believed that the action of opiates administered by subcutane-
ous injection was mainly localized. Using a syringe, he thought, would allow greater
accuracy in administering the drug in close proximity to a nerve, providing better
pain relief. Around the same time, Charles Pravaz of Lyon also experimented with
subdermal injections in sheep using a silver syringe measuring 3 cm (1.18 in) long
and 5 mm (0.2 in) in diameter. Pravas’s syringe had a piston that was driven by a
screw so he could administer exact dosages. The glass of Wood’s syringe allowed
for more accurate dosing [36].

Wood also believed that by injecting morphine into the arm, the problem of
addiction could be solved [41]. Given orally, morphine increased the appetite but
that was not the case if given intravenously [41]. Although it was reported that
Wood’s wife died of intravenous morphine at his hand, that is probably not true as
she outlived him by 10 years, dying in 1894 [41]. During the American Civil War
(1861-1865), an estimated 400,000 soldiers became addicted to morphine, a num-
ber that may be underestimated as as addiction was not recognized as a medical
condition and veterans were at risk of losing their job if it became known that they
depended on drugs Given that surgery was traumatic without anesthesia, the use of
morphine began to spread. Opium pills were widely dispensed when hypodermic
needles were unavailable. During the Civil War, solders were often dosed with enor-
mous amounts of morphine or opium to kill pain. While the potential for addiction
was already known, simple humanitarian concerns ensured that soldiers remained
liberally dosed with morphine.

Anecdotal accounts of Civil War doctors on both sides dispensing opium are
common. One Confederate doctor, William H. Taylor, gave a plug of opium to every
patient reporting pain. A Union doctor, Nathan Mayer, diagnosed patients from
horseback. If the wounded soldier needed morphine, Mayer would pour out an
“exact quantity into his hand and have him lick it off. “Soldiers’ Disease” was
ascribed to the returning veteran: “...Identified because he had a leather thong
around his neck and a leather bag with morphine sulfate tablets, along with a syringe
and a needle issued to the soldier on his discharge” [41].
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As Kane noted in his book, The Hypodermic Injection of Morphine: “There is no
proceeding in medicine that has become so rapidly popular; no method of allaying
pain so prompt in its action and permanent in its effect; no plan of medication that
has been so carelessly used and thoroughly abused; and no therapeutic discovery
that has been so great a blessing and so great a curse to mankind than the hypoder-
mic injection of morphia” [42].

The Cholera Epidemic

Clouds have a silver lining could not be more true than what black, thick, cold blood
in collapsed and dead patients led physicians to believe that the cure lay in bloodlet-
ting, inducing vomiting, and dosing with calomel, this last remedy used as a means
of “unlocking the secretions” [43]. By the end of 1832, there were at least 23,000
cases in England with a mortality rate of 33% [43, 44]. The first death in England
had occurred in Sunderland on October 26, 1831. There appeared to be a high inci-
dence of cholera in that part of the country, a finding that attracted the attention of a
22-year-old recent medical graduate from the University of Edinburgh, William
O’Shaughnessy. He read a paper before the Westminster Medical Society on
December 3, 1831, which was later published in the Lancet, pointing out the high
mortality rate of cholera and asking if: “the habit of practical chemistry which I
have occasionally pursued...might lead to the application of chemistry to its cure...
(and describing the end result of the disease as)... the universal stagnation of the
venous system and the rapid cessation of the arterialization of the blood are the
earliest as well as the characteristic effects...hence the skin becomes blue... if...we
could bring certain salts of highly oxygenated constitution fairly into contact with
the black blood of cholera, we would certainly restore its arterial (oxygenated)
properties and most probably terminate the bad symptoms of the case” [45].

Shortly after his address, O’Shaughnessy went to Sunderland to learn more
about the disease and the therapies used [46]. He carried out analyses on the blood
and excreta of several victims and concluded that the blood “has lost a large propor-
tion of its water...it has lost also a great proportion of its and neutral saline ingredi-
ents” [47, 48].

As the disease spread to London, O’Shaughnessy made a further report to the
Central Board of Health with “therapeutic conclusions”: “the indications of
cure...are two in number—viz. first to restore the blood to its natural specific grav-
ity; second to restore its deficient saline matters...the first of these can only be
effected by absorption, by imbibition, or by the injection of aqueous fluid into the
veins. The same remarks, with sufficiently obvious modifications apply to the sec-
ond...When absorption is entirely suspended...in those desperate cases...the author
recommends the injection into the veins of tepid water holding a solution of the
normal salts of the blood” [43].

Although O’Shaughnessy completed detailed analyses of the bodily fluids of
many cholera victims, and even experimented with intravenous infusions in
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animals, he did not extend his treatment to humans, although his descriptions are
precise: “When the current of the circulation is impeded, as in the blue cholera,
injections from the bend of the elbow can scarcely be efficient. I would, therefore,
suggest that the tube, which should be of gold or silver, be introduced into the exter-
nal jugular vein immediately as it crosses the sternomastoid muscle. The syringes
should contain no more than 3 ozs, the solvent should be distilled water heated to a
blood warmth and the syringe also equally warmed. The tube should not be more
than an inch long and curved gently for the convenience of manipulation and it
should have a marked conical form. After the vein is exposed, I would make a punc-
ture with a lancet just sufficient to permit the introduction of the tube. Injection
should be deliberately and slowly performed” [49].

While O’Shaughnessy understood the need to replace electrolytes, at about the
same time, others had recognized the need for fluid replacement and injected water.
Jaehnichen and Hermann, both from the Institute of Artificial Waters in Moscow,
during the same cholera epidemic may have injected 6 oz. of water into a cholera
patient who appeared to rally briefly but died 2 h later [50, 51]. However, based on
a report made later by Jachnichen, it is doubtful that venous injections were made,
rather suggestions were offered [52]. Others also injected water intravenously and a
few attempts were made with hypertonic saline but without success [53].

A few weeks after O’Shaughnessy’s publications in the Lancet, Thomas Latta, a
general practitioner in Leith, adopted the former’s principles. He did not seek pub-
licity or claim originality [44]. He noted that he “attempted to restore the blood to
its natural state, by injecting copiously into the larger intestine warm water, holding
in its solution the requisite salts and also administered quantities from time to time
by the mouth” [44, 49].

Finding that this approach provided no benefit, and indeed sometimes only
increased the vomiting and diarrhea, he “at length resolved to throw the fluid imme-
diately into the circulation” [54].

He described his first case, an elderly, moribund woman, who at the start of treat-
ment was pulseless. He inserted a tube into the basilic vein and cautiously began to
infuse 6 pints of salt solutions. The patient responded and appeared to have recov-
ered completely. Latta left her with the general surgeon. Unfortunately, a short
period later, the vomiting returned and she relapsed and died. Latta wrote: “I have
no doubt the case would have issued in complete reaction had the remedy which
already had produced such effect been repeated” [54].

Three weeks later, on June 16, 1832, Latta detailed three further cases in a letter
to the editor of the Lancet [55]. The intravenous infusion consisted of muriate of
soda and subcarbonate of soda in 6 pints of water, calculated at 58 meq/l sodium,
49 meq/l chloride, 9 meq/l bicarbonate [44]. The solution was strained through
chamois leather. Initially, Latta warmed the solution but later felt it preferable to
place the patient in a warm bath. He also increased the saline matter by one third
[56, 57]. He recognized that repeated infusions were necessary and in one case he
gave 330 oz. over 12 h (about 10 1). The therapy was not immediately accepted, as
of the first 25 reported cases, only eight recovered—probably because treatment
was delayed until the patients were practically moribund and infusions were not
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continued after the initial attempts [43]. However, Latta did have one important sup-
porter, Dr. Lewins, a colleague who encouraged him to report his findings to the
Central Board of Health. Lewins described the work as “a method of medical treat-
ment which will, I predict, lead to important changes and improvements in the prac-
tice of medicine” [58].

In his communication to the Central Board, Latta described how he injected the
solution, using Reid’s patent syringe. He emphasized the need to avoid accidental
introduction of air into the veins [59]. Despite the fact that 12 out of 15 patients
treated with intravenous solutions had died, the Board considered this was a favor-
able result and praised Latta for his scientific zeal [60].

John Mackintosh, a prominent Edinburgh physician was an early supporter of
Latta, although he too advocated saline infusion as a last measure [53]. He described
the method of infusion that was to be injected at 106-120 °F. Solid particles of
saline could be strained through leather rather than linen. Reed’s syringe was a
large, two-way device with ball valves, connected by a tube that often corroded.
Two persons were required for the procedure and up to 5 1 could be injected in
30 min [53]. Mackintosh noted that rigors almost invariably followed the infusions,
commencing, sometimes, during the infusions. He suggested that the fluid should
be made as close as possible to serum and added albumen from eggs to the solution,
without apparent improvement. Mackintosh felt that as the survival from cholera
was only 1:20 in severe cases and 1:6 with saline infusions, the latter therapy was
beneficial [53]. Sugar, cod liver oil, milk, and honey were all suggested as additives,
but few other advances were made [61].

Improving the Infused Solution

The cholera epidemic died down in Britain and physicians became less intent on
replacing fluids intravenously. The main protagonists of the practice were no longer
around. Latta died in 1833 and O’Shaughnessy went to India where he became
involved in developing telegraphic communications and also later introduced the
therapeutic use of Cannabis sativa to Western medicine for the treatment of tetanus,
epilepsy, and rheumatism [62].

But cholera continued in the Americas. Nevertheless, the use of intravenous saline
was not generally accepted. It was often given only to those who were about to die
and the public felt that the therapy hastened death. Also, not understanding that
severely dehydrated patients can no longer lose fluids, it was felt that rehydration
would provoke further purging. Treatment was rarely continued as Latta had sug-
gested. Perhaps also and of equal importance, the fluid was not sterile, chemically
impure, and very hypotonic. Thus, the more fluid that was infused, the greater the
risk of bacteremia, fever, and hemolysis [43]. Many patients who might have recov-
ered from cholera either died quickly of air embolism or slowly from sepsis [50].

Gradually, over the next 100 years principles of asepsis and anesthesia devel-
oped. The notion that disease could be transferred by very small particles was raised
by an Italian physician, Girolamo Fracastoro, in the sixteenth century. He authored
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a book in which he expounded on his theories, but they were not widely accepted
[63]. He used the Latin word fomes in 1546, which means tinder, implying that
books, clothing, etc., can harbor and hence spread disease. From this word comes
“fomites.”

Some 200 years later, and shortly before Louis Pasteur’s work, Agostino Bassi,
an Italian entomologist, introduced the idea of microorganism as a source of disease
[64]. Pasteur, working in Paris in the second half of the nineteenth century, devel-
oped the concept that without contamination, microorganisms cannot grow [65, 66].
Using sterilized and sealed flasks he demonstrated that nothing developed until the
flasks were opened. Joseph Lister, professor of surgery at the University of Glasgow,
furthered the idea of antisepsis and the germ theory of disease, noting especially the
importance of clean wounds in surgery to allow healing [67]. At that time, a mark of
a good surgeon was the amount of dried blood he had on his coat, often a black
frock coat. Lister used carbolic sprays in his operating theaters at the Glasgow
Royal Infirmary (Fig. 1.9). He also noted that the infection rate in the wards of the
hospital that abutted the necropolis was greater than at the other end—perhaps due
to the decomposing bodies that awaited burial outside the windows on the cemetery
side. Over three papers to the British Medical Journal and the Lancet, he laid out the
necessity for germ control [67-69].

Concurrently, other advances in the understanding of intravenous solutions were
made. Jean-Antoine Nollet first documented observation of osmosis in 1748 [70]
and Jacobus Henricus van’t Hoff, a Dutch physical chemist, was awarded the Nobel
Prize for Chemistry in 1901, for work on rates of chemical reaction, chemical equi-
librium, and osmotic pressure [71].

Attention again returned to infused solutions. A few studies were carried out in
1882-1883 by a Dutch physiologist, Hartog Jacob Hamburger, on concentrations of
salt solutions. He deduced, based on looking at red cell lysis, that 0.9% was the
concentration of salt in human blood. In 1896, he described the crystalloid solution
known as Hamburger’s solution or normal saline. Based on plant-based experiments
by a botanist, Hugo de Vries, Hamburger developed a salt solution that was thought

Fig. 1.9 Lord Joseph
Lister’s carbolic spray in
the Hunterian Museum
at the University

of Glasgow
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to have the same osmolality as human blood and therefore could not hemolyze red
blood cells. Whether saline was ever originally intended for intravenous administra-
tion is not known [72]. Matas in the United States published a case report of the use
of an IV infusion of saline for the treatment of shock in humans [73]. Some years
later, he described a continuous “drip” technique using glucose [74].

The next major advance came from a British cardiovascular physiologist, Sidney
Ringer, who was attempting to study isolated hearts, also during the 1880s, to deter-
mine what might keep them beating normally [75]. He used a saline solution con-
sisting primarily of sodium, potassium, and chloride ions, with an added buffer
using distilled water to prepare his solutions. However, he found that the isolated
heart muscle soon failed to contract. A somewhat anecdotal story reports that one
day cardiac action continued for hours [76, 77]. Apparently, having run out of dis-
tilled water, a lab technician had used river water, which contains many minerals
including calcium. This accidental discovery led to the finding that heart muscle,
unlike skeletal muscle, requires extracellular calcium to contract.

During the 1930s, Ringer’s solution was further modified by an American pedia-
trician, Alexis Hartmann, for the purpose of treating acidosis. He added lactate to
attenuate changes in the pH by acting as a buffer for acid. Thus, the solution became
known as “Ringers lactate solution” or “Hartmann’s solution” [78].

Another important development came with the realization that despite steriliza-
tion, febrile reactions were still common. Seibert discovered in 1923 that sterilized
and stored metabolic by-products of microorganisms, pyrogens, were formed if dis-
tilled water was not used [79].

Needles and Syringes

Now that sterilization and osmolarity were better understood, means to infuse fluids
more conveniently and safely became important.

As noted earlier, Wood can be largely credited with the popularization and accep-
tance of injection as a medical technique, as well as the widespread use and accep-
tance of the hypodermic needle [39, 40]. But the basic technology of the hypodermic
needle stayed largely unchanged as medical and chemical knowledge improved.
Small refinements were made to increase safety and efficacy, with needles designed
and tailored for particular uses after the discovery of insulin. Banting, a Canadian
surgeon had persuaded John Macleod in Toronto to lend him some lab space. During
the latter’s absence and working with his assistant Charles Best, they were able to
identify insulin (named after the Islets of Langerhans) in 1921 [80]. Insulin was to
be given intravenously.

During the early part of the twentieth century, “IV feedings” were only given to
the most critically ill patients. Fluids, usually boiled, were poured into an open
flask, which was covered with gauze. A rubber stopper attached to either glass or
rubber tubing was inserted into the neck. An extra needle was pushed through the
stopper for venting purposes. The bottles were all reused as was the tubing. A metal
screw clamp allowed for flow adjustment. A nurse stayed with the patient during the
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infusion [81]. Hospital pharmacies usually made their own solutions. Cleansing the
skin with alcohol prior to needle insertion was not common practice. Needles were
large, usually 14-16 g, and also reusable (Fig. 1.10a—e). Most were made of steel.
A stylet kept the lumen open. Small, 1-in., 22 gauge scalp vein needles for babies
were also available. There were three main methods of intravenous administration
of drugs: a new venipuncture each time, a continuous infusion through a hypoder-
mic needle, and venous cut-down. This last technique, usually performed at the
ankle, required tying off of the vein, prior to its opening and threading in a small
plastic catheter. Prior to the advent of autoclaving in the 1950s, all materials were
sterilized with boiling water. Even gauzes, usually handmade, were sterilized in
metal canisters and accessed using sterile forceps.

EAST AUTHERFORD SYRINGES, WHC,
East Rutharfand. M. 2
et Goedentinis Frtaried be WA Far e 4 ARy

Fig. 1.10 (a—e) An assortment of early needles and syringes
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Anesthesia was also advancing from the early days of inhalation agents. In 1869,
Oskar Liebreich advocated chloral hydrate as an induction agent [82], a technique
put into practice briefly by Pierre-Cyprien Ore in 1872 [83]. However, the high
mortality rate discouraged use of this drug. David Bardet used “Somnifen” in 1921
[84]. This barbiturate derivative had a low solubility and long duration of action but
was also not well received. However, the idea of an induction agent was considered
of considerable value to allay the fears of patients before entering the operating
room. “Pernosten” was introduced in 1927, and in 1932 [85], Weese and Scharpff
synthesized hexobarbital [86].

Volwiler and Tabern, working for Abbott Laboratories, discovered pentothal in
the early 1930s [87]. Ralph Waters in Wisconsin first used it in humans in March
1934. He found the drug to have short-lived effects and little analgesia. Some
3 months later, John Lundy at the Mayo Clinic started a clinical trial of thiopental
[88]. Although reported at the time, thiopenthal probably was not responsible for
large numbers of deaths at Pearl Harbor. A more recent report suggests gross exag-
geration: Out of 344 wounded that were admitted to the Tripler Army Hospital only
13 did not survive, and it is not likely that thiopental overdose was responsible for
more than a few of these [89].

Although induction doses of IV anesthetics became the norm, fluid infusions
were not necessarily added. Certainly through the 1960s in Great Britain, it was
standard practice to secure a vein with a right-angle steel needle. A moveable arm
with a rubber patch on the outside of the skin was then moved to cover the hole of
the needle within the vein. Should fluid or blood be required, small amounts could
be injected via syringe or by presterilized and packaged infusion set. These sets did
not have filters when blood was given (personal recollection, Glasgow Royal
Infirmary 1963).

During World War 11, partially disposable syringes were developed for adminis-
tration of morphine and penicillin in the battlefield. Working independently during
the 1940s, Meyers and Zimmerman devised through the needle cannulation with a
flexible tube to allow indwelling catheters that afforded greater mobility to patients
over rigid needles [90, 91]. Thrombosis within the catheter was decreased by the
addition of silicone. Massa, Luny, Faulconer, and Ridley introduced an apparatus in
1950 consisting of a metal needle stylet, a cannula hub, and an indwelling plastic
cannula that was the forerunner of the catheter around the needle design [92, 93]. It
became known as the Rochester needle, to be sold in unsterile packages of 12
(Fig. 1.11) [94]. Lundy later refined the design to a two-piece plastic catheter over
a plastic stylet in 1958 [95]. The same year, an anesthesiologist from Colorado,
George Doherty, came up with the scheme for the intracath: a plastic catheter
through a steel needle [96].

Plastics were also becoming more commonly used [97, 98]. Baxter Travenol, a
major manufacturer of intravenous equipment, was founded in 1931. The first IV
solutions were marketed by that company in vacuum bottles by 1933 [61]. But the
complications of IV infusions remained high, such that one physician predicted that
“this is a passing new-fangled notion” [61].
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Fig.1.11 A nonsterile package of 12 small, reusable needles

He referred to problems such as “speed shock” that caused systemic reactions
when the fluid was run in too fast [61]. There were no injection sites and no way to
remove air. Fatal air embolism resulted when blood was administered under pres-
sure by pumping air into the bottle to increase the rate of infusion. As soon as the
bottle emptied, air was forced into the circulation. Glass bottles were at risk of fall-
ing off unstable stands and landing on patient’s heads. Plastic IV tubing replaced
rubber tubing beginning in the 1950s and plastic bags were introduced in the 1970s.
The risk of air embolism diminished with the introduction of vented bottles. But
still there was little training for physicians and nurses in fluid administration [81].

That IV infusion was not a fad was borne out by the end of World War II when
Baxter had supplied the US military with more than four million bottles.

With the rise of awareness of cross-contamination from used needles, the need
for a fully disposable system was realized. A New Zealand pharmacist, Colin
Murdoch, met this challenge in 1956. His design was said to be “too futuristic” by
the New Zealand Department of Health and he was advised that it would not be
received well by doctors and patients. Murdoch worked on many permutations of
his device for drug injection, vaccination, infusions, and as tranquilizer darts.
Development of his invention was held off for several years due to lack of funding.
Eventually, he was granted the patent and the syringe became a huge success [99].

Infusion Rates

Considerable controversy arose over how much and when to infuse fluids.
After observing and treating wounded soldiers during World War I, W. B. Cannon,
an American physiologist, concluded that IV fluid infusion before surgical control
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would have the deleterious effect of actually promoting hemorrhage. He concluded:
“hemorrhage in the case of shock may not have occurred to a marked degree because
blood pressure has been too low and flow too scant to overcome the obstacle offered
by a clot. If the pressure is raised before the surgeon is ready to check any bleeding
that may take place, blood that is sorely needed may be lost” [100, 101].

Cannon was later appointed professor and chairman of the Department of
Physiology at Harvard Medical School. He coined the term “fight-or-flight response”
and expanded on Claude Bernard’s concept of homeostasis. Several years later,
Wangensteen repeated this concern for early and aggressive fluid replacement when
he reported that large volumes of IV crystalloid might be harmful in a patient with
a source of bleeding, not readily accessible to pressure [102]. Despite the fact that
several experimental data substantiated these conclusions, standard teaching
remained that all hypotensive patients with suspected hemorrhage should receive
fluids prior to surgery in an attempt to elevate blood pressure to so-called normal
levels. This “science” derived from animal experiments in which blood was removed
by withdrawal through a catheter, atraumatically to a predetermined endpoint of
pressure or volume over a set time period [103]. The Wigger’s model, for example,
bled dogs down to a set blood pressure, which was maintained for 2—4 h [104]. A
state of irreversible shock could be achieved in the lab. A few years later, Shires and
Dillon, using a similar preparation, showed that the addition of large volumes of
fluids to the reinfused blood enhanced survival over that achieved with blood
replacement alone [105, 106]. Convinced of the error of striving for an increased
blood pressure in traumatic hypovolemic shock in patients with vascular injury,
Bickell conducted a prospective clinical trial evaluating the timing of fluid resusci-
tation for hypotensive patients with torso injuries [107]. Delaying fluids until the
time of operative intervention improved survival and decreased the length of hospi-
tal stay. Pointing out that the trauma population is not a homogeneous group, but
rather one with enormous physiologic complexities, depending not only on associ-
ated injuries, the degree of blood loss, age, the ability to compensate, and comor-
bidities, Bickell noted that treatment recommendations must be modified from a
“one size fits all” Scheme [108].

Shires turned his attention to fluid replacement during elective surgical proce-
dures. He noted that during the perioperative period, there are acute changes in renal
function. He conducted a study with two groups of patients: The control group
consisted of five patients undergoing minor surgery with general anesthesia (cyclo-
propane and ether) and the second group (13 patients) underwent elective major
surgical procedures (cholecystectomy, gastrectomy, and colectomy) [109]. Plasma
volume, red blood cell mass, and extracellular fluid volumes were measured in all
patients on two occasions during the operative period by using I’ tagged serum
albumin, chromate’ red blood cells, and sulfur®® tagged sodium sulfate. Shires
determined that the loss of functional extracellular fluid was due to an internal redis-
tribution due to surgery; in other words, there is a “third space” that must be replaced
[109]. His findings were confirmed in the exsanguinated dog model described ear-
lier, which did better with immediate fluid rather than blood replacement [105].



24 E. A. M. Frost

These conclusions were argued by Moore (a surgeon from Boston), who postu-
lated that a metabolic response to surgical stress caused sodium and water retention
and perioperative fluid restriction was indicated [110]. The debate prompted a com-
bined editorial by Shires and Moore, both of whom urged moderation [111].

Nevertheless, the excessive fluid doctrine to replace the “third space” won. An
article had appeared in 1957 from Holliday and Segar [112]. They concluded that
the systems currently in place to guide fluid replacement using complex formulae
and nomograms in general were inefficient and would not gain widespread accep-
tance. Thus, they suggested a 100-50-20 rule as a base guideline, essentially for
children on a daily basis. They compared their admittedly arbitrary system to three
other systems in place at that time, postulating that as their proposal was close to
those in existence, it could be universally applied [113-115]. Crawford’s system
was based on water requirements dependent on surface area, relating the energy
expenditure of a rat and a steer. However, interspecies energy expenditure is not
comparable. Darrow and Pratt calculated energy expenditure based on nomograms
(some from the 1920s) and systems on units/100 calories expended. Wallace related
calorie requirements/kg to age, stating:

Caloric need/ kg =110—-3xpatient’s age

His system was intended for patients under the age of 20 and weight less than
60 kg. Holland Segar manipulated much of their data, using at times only two
babies, assuming the adult’s diet is equivalent to cow’s milk whereas an infant is
closer to glucose and quoting mostly unpublished studies.

But based on these assumptions, protocols were developed that calculated defi-
cits based on degree of trauma, insensible losses, and a host of other “variable” fluid
decreases, all of which were to be replaced with crystalloids. Holliday and Segar’s
proposal evolved into the 4:2:1 “rule,” which is still taught and found in major anes-
thetic and surgical textbooks (first 0—10 kg requires 4 ml/kg, next 11-20 kg 2 ml/kg,
then >21 kg is 1 ml/kg). The explanation for the “rule” is that “it segments the cur-
vilinear relationship between body weight and metabolic rate into 3 linear parts”
[116]. Basically, the calculations assume:

1. Surface area is a good estimate of water expenditure.

2. Caloric expenditure can be based on age, weight, activity, and food intake (com-
paring a rat and a steer).

3. Urinary volume and insensible losses relate to age.

No account is made of neurologic, endocrine, pharmacologic, and cardiovascular
status, or other pathologic conditions. The concept of preoperative deficit also enters
the equation, especially now that patients are advised to drink water 2 h preopera-
tively. Moreover, laparoscopic techniques are more often used with less fluid loss.

Acceptance of less fluid administration perioperatively has been only slowly
embraced. Fortunately, we are now seeing large randomized studies that endorse a
more limited and goal-directed approach to IV fluid replacement [117]. While nor-
mal saline was the preferred fluid for years, more recently it has been associated
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with hyperchloremic metabolic acidosis [118]. Colloid (hydroxyethyl starch) was
touted as a fluid that would mantain intravascular volume as opposed to crystalloids
that would quickly leave the vasculare space. Much of the early work on colloids
was published by Joachim Boldt, a Grman anesthesiologist. Because of lack or
Institutional Review Board approval in 89 or 102 of his studies combined with dou-
ble publications, manipulation of demographics and outcome data, 96 of his papers
were retracted starting in 1986 until 2017 [119]. Hydroxyethyl starch received a
black box warning, However, newer studies suggest that such a labelling may not
have been entirely warranted and addition of modest amounts of colloid with reduc-
tion of crystalloid administration is associated with better outcomes especially in
promoting enhanced recovery strategies [120-123]. Moreover, rather than simply
randomly infusing through large bore cannulae, both pleth variability index and
pulse pressure variation offer a more precise measure of fluid administration
[124,125].

Conclusion

The history of fluid administration spans thousands of years with many twists and
turns. From earliest times when disease was thought to be due to bad blood that had
to be drained to times when copious fluids were given, now returning to a more
restricted view, the story still evolves as the optimum fluid and most advantageous
amounts are better understood but still not realized.
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The Revised Starling Principle and Its
Relevance to Perioperative Fluid
Management

C. Charles Michel, Kenton P. Arkill, and Fitz Roy E. Curry

Abstract

The Starling Principle states that fluid movements between blood and the tissue
are determined by differences in hydrostatic and colloid osmotic pressures
between plasma inside the microvessels and fluid outside them. While experi-
mental evidence has established the general validity of Starling’s Principle, dif-
ficulties in interpreting it quantitatively became apparent when measurements of
interstitial fluid (ISF) hydrostatic and colloid osmotic pressures became possible.
The revised interpretation recognizes that since vessel walls are permeable to
macromolecules, a static equilibrium resulting from the balance of pressures
cannot be achieved. Colloid osmotic pressure differences between plasma and
interstitial fluid depend on low levels of filtration in most tissues. Plasma volume
is maintained as a steady state with fluid loss by filtration from plasma to ISF
being roughly matched by fluid gains from lymph. The differences in colloid
osmotic pressure that determine blood tissue fluid exchange are those across the
ultra-filter in vessels walls, namely the glycocalyx on the luminal surface of vas-
cular endothelium. The mean value of colloid osmotic pressure of the ISF in a
tissue can differ considerably from its value on the interstitial side of the glyco-
calyx since macromolecules are excluded from the main pathways through the
water-filled interstices in the glycocalyx available to water and small water-
soluble solutes (the small pore pathway). The macromolecules enter ISF via the
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large pore pathway, which consist of very occasional openings through the endo-
thelium and its glycocalyx (large pores) or vesicular transport. The transient
changes in the rates of fluid exchange between blood and tissues are directly
proportional to (linear with) transient changes in microvascular pressure. By
contrast, in tissues where all the ISF is initially formed by an ultrafiltrate of
plasma, the steady state levels of filtration from plasma to tissues are non-linear,
being close to zero over the range of pressure below the effective colloid pressure
differences and then, showing a sharp upward curvature which at higher pres-
sures approximates closely to a straight line. In those tissues where the relation
has been investigated in detail, the curve has the shape of an ice-hockey stick.
The curvature (non-linearity) reflects the fact that the colloid osmotic pressure of
the ultrafiltrate is dependent on filtration rate and ultimately upon the hydrostatic
pressure difference. Since pulmonary capillary pressures are low, monitoring
plasma colloid osmotic pressure during large crystalloid infusions may be useful
in averting pulmonary edema.

Abbreviations (Where Greek characters are used, English name is
given in brackets)

Js Solute flux

Jy Fluid filtration rate

Ly Hydraulic permeability (conductivity through) of
microvessel wall

P Hydrostatic pressure

P, P, Microvascular, interstitial hydrostatic pressures

P, Py Arterial, venous pressures

I = (pi) Colloid osmotic pressure

I I, IT; Plasma, microvascular, interstitial (including sub-gly-

cocalyx) colloid osmotic pressures

AP, Al = (delta P, delta pi) Hydrostatic and colloid osmotic pressure differences

across glycocalyx

Ra, Rv Pre-capillary and post-capillary resistance

o = (sigma) Membrane (osmotic) reflection coefficient

2 = (capital sigma) Summation

7 = (tau) Mean transit time.

Key Points

1. Fluid movements between plasma and interstitial fluid are determined by differ-

ences in hydrostatic and colloid osmotic pressures across the glycocalyx on the
luminal side of the endothelial cells. These differences in pressures are not the
same as (and may differ considerably from) the differences between their mean
values in plasma and interstitial fluid.
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2. A static equilibrium set by a balance of hydrostatic and osmotic pressures across
the glycocalyx cannot be maintained. Because microvascular walls are perme-
able to macromolecules, the colloid osmotic pressure difference depends on con-
tinuous filtration through the glycocalyx. In most capillaries and venules,
absorption of fluid from tissues into blood is transient and reverts to low levels
of filtration in the steady state. Continuous fluid uptake from tissues to blood can
only occur when a significant fraction of the interstitial fluid is formed as a
protein-free secretion from a nearby epithelium (e.g., intestinal mucosa, kidney
cortex, and medulla) or when there is a steady flow of interstitial fluid through
the tissue (e.g., lymph flowing through of lymph nodes is absorbed into the nodal
microcirculation).

3. Whereas transient changes in fluid transport across microvascular walls are
directly proportional to step changes in hydrostatic pressure when plasma and
interstitial fluid colloid osmotic pressure are constant (a linear relation), steady
state changes in fluid transport with changes in pressure are curvilinear (hockey
stick shape). For increments of pressure between zero and the plasma colloid
osmotic pressure, /Ip, increases of steady state filtration are very small but as
pressure reaches I1p, steady state filtration rates increase rapidly and approxi-
mate asymptotically to the hydraulic permeability.

4. Transient periods of fluid exchange following a step change in microvascular
pressure vary considerably from tissue to tissue. A steady state is reached within
a few minutes in lung, mesentery, and intestinal tract, but may take more than
30 min in skeletal muscle.

5. The hockey stick shape of the curve relating steady state fluid filtration to micro-
vascular pressure predicts that dilution of the plasma proteins by intravenous
infusion of crystalloid solutions increases fluid filtration when microvascular
pressures are equal to or above plasma colloid osmotic pressure, but have little
effect on steady state filtration rates when microvascular pressure is well below
this (as in shock). Because pulmonary capillary pressures (Pc) are low, it sug-
gests why moderate reductions of plasma colloid osmotic pressure by crystalloid
infusions do not precipitate pulmonary edema but reducing the colloid osmotic
pressure to levels just above Pc may do so.

Introduction

Intravenous fluid therapy dates from the First World War when the military surgeons
were confronted by large numbers of wounded soldiers with surgical shock. Blood
transfusion was experimental and difficult to carry out close to the front and the
beneficial effects of infusion of crystalloid solutions (0.9% saline or 2% sodium
bicarbonate solution) upon arterial blood pressure were short-lived. Following
experiments on anesthetized animals by William M. Bayliss [1], the Medical
Research Committee (MRC) on wound shock recommended that infusions of 0.9%
saline should contain a macromolecular solute. As collaborator, colleague, and
brother-in-law of Ernest H. Starling, Bayliss was, of course, familiar with Starling’s
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hypothesis that fluid was retained in the circulation by a balance of hydrostatic pres-
sures and colloid osmotic pressures across the walls of capillaries [2]. In 1918,
intravenous infusions of solutions of 7% gum Arabic in isotonic saline, which has
the same colloid osmotic pressure and viscosity as plasma, were used to resuscitate
wounded soldiers at the casualty clearing stations. It was reported to be much more
effective in reducing mortality than infusions of 0.9% saline alone. Unfortunately,
these reports were mainly anecdotal [3].

Although subsequent adverse reactions to artificial colloids (gum Arabic, gelatin,
and dextrans) inhibited their use, it was widely believed that in the absence of blood
for transfusion, infusion of plasma or isotonic salt solutions containing colloids
were more effective than infusions of crystalloid solutions alone. It therefore came
as a surprise when it was reported that trauma and burn patients had a lower mortal-
ity when initially treated with crystalloid infusions than when plasma or albumin
solutions had been used. While the infusion of a given volume of a crystalloid solu-
tion into healthy volunteers left the circulation more rapidly than an equal volume
of colloid solution, this difference was less clear when carried out in patients suffer-
ing from blood loss. The validity of the conclusions from the earliest reports were
challenged and the subsequent debate—the colloid crystalloid controversy—is con-
sidered in other sections of this book.

In 2012, Woodcock and Woodcock [4] pointed out that developments over the
previous 30 years in understanding microvascular fluid exchange offered a rationale
for the use of crystalloid infusions in maintaining plasma volume in patients. This
chapter describes these fundamental ideas, which have been called “the revised
Starling Principle”. First, however, we consider Starling’s hypothesis as it was origi-
nally stated, the evidence for it, and how it has been misinterpreted, before moving
on to discuss these more recent developments. In this chapter, the important role of
the glycocalyx in fluid exchange will be discussed, but its structure, permeability,
and other properties are considered in the next chapter.

Starling’s Hypothesis and Its Traditional Interpretation

Starling became interested in the mechanism of lymph formation in the early
1890s. At that time, it was widely believed that lymph (tissue fluid) was formed as
an active secretion of the capillary walls. Although it had been proposed that
lymph was formed as an ultrafiltrate of plasma, apparently convincing evidence
for lymph’s active secretion had been published by Heidenhain in 1890. In 1892,
Starling spent several months working with Heidenhain in Breslau (now the
Polish city of Wroclaw) familiarizing himself with Heidenhain’s experiments and
his methods. When he returned to London later that year, he started a series of
experiments in which he hoped to establish the secretory process more convinc-
ingly and show how it was regulated. The first set of experiments were carried out
in collaboration with Bayliss. Far from providing convincing proof that lymph
was formed as a secretion, Bayliss and Starling demonstrated that when
Heidenhain’s experiments were carefully controlled, they revealed powerful
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evidence that lymph was formed by the ultra-filtration of plasma through the cap-
illary walls (see [5, 6] for reviews).

At that time, it was believed that whereas fluid might be secreted from plasma
into the tissues, tissue fluid could only be returned to the blood via the lymph.
Convinced that interstitial fluid (ISF) was formed by the ultrafiltration of plasma,
Starling now suspected that fluid could move directly from the tissues into the
plasma. He assembled various lines of evidence for this, demonstrating that the fall
in hematocrit after hemorrhage could not be accounted for either by an increased
return of lymph from the thoracic duct to the blood or by increased uptake of fluid
from the gastrointestinal tract [2]. In experiments on anesthetized dogs, where he
perfused the isolated circulation of the hind limb with defibrinated blood, he then
showed that a volume of 1% solution of sodium chloride injected into the muscles
of the limb could be absorbed into the blood that circulated through it. An equiva-
lent volume of plasma could not be absorbed and remained in the tissues [2]. He
made the first measurements of the colloid osmotic pressure of plasma and found its
value lay in the range that Bayliss and he had estimated for capillary pressures in
anesthetized dogs. Here he had convincing evidence that fluid could flow directly
from the tissues into the circulating blood and he proposed that the driving force for
this was the difference between the colloid osmotic pressure of the plasma and that
of the interstitial fluid [2].

Box 2.1 gives quotations from Starling’s 1896 paper and reveals his insight in
arguing that the difference in osmotic pressure between the plasma and the intersti-
tial fluid would be proportional to the work done in forming the interstitial fluid
from the plasma by ultrafiltration. He also saw his hypothesis as the principle way
in which the blood volume was regulated.

Box 2.1 Starling’s Hypothesis in His Own Words

*“...the osmotic attraction of the serum for the extravascular fluid will be pro-
portional to the force expended in the production of this latter, so that, at any
given time, there must be a balance between the hydrostatic pressure of the
blood in the capillaries and the osmotic attraction of the blood for the sur-
rounding fluids.”

“With increased capillary pressure there must be increased transudation
until equilibrium is established at some higher point, when there is more
dilute fluid in the tissue-spaces and therefore a greater absorbing force to bal-
ance the increased capillary pressure.”

“With diminished capillary pressure there will be an osmotic absorption of
saline from the extravascular fluid, until this becomes richer in proteids; and
the difference between its (proteid) osmotic pressure and that of the intravas-
cular plasma is equal to the diminished capillary pressure.”

“Here then we have the balance of forces necessary to explain the accurate
and speedy regulation of the circulating fluid.”

From E. H. Starling J. Physiol. 1896 [2].



36 C. C. Michel et al.

Although Starling reported improvements in his method for measuring the col-
loidal osmotic pressure of plasma and appreciated its importance in limiting glo-
merular filtration in the kidney, he published no further experimental work to support
his hypothesis. He did, however, describe his ideas in the lectures that he gave and
incorporated it into the textbooks of physiology that he wrote. His hypothesis was
not accepted immediately and, as late as 1912, it was referred to in one influential
textbook that doubted that it was the likely explanation of blood-tissue fluid exchange
[6]. Some influential figures, however, were soon to be convinced. In his Silliman
lectures on the capillary circulation, Krogh [7] discussed Starling’s hypothesis at
length but noted that nothing new had been added to the subject since Starling’s paper.

Inspired by Krogh’s comments, a medical student at the University of
Pennsylvania, Eugene Landis, developed a method for measuring the hydrostatic
pressure in single capillaries in the frog mesentery by direct micro-puncture [8]. He
also developed an ingenious method for estimating the rate of fluid filtration and
absorption through the walls of single capillaries. When he plotted values of the
fluid filtration or absorption rates through the walls of single capillaries against the
hydrostatic pressures inside them, he found a strong positive linear correlation
(Fig. 2.1) [8]. When he could detect no fluid movements across the walls of a vessel,
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Fig. 2.1 The relationship between fluid movements through the walls of different capillaries in
frog mesentery and the capillary’s pressure as determined by Landis in 1927. Data re-plotted from
original in American Journal of Physiology. (Adapted with permission of the American
Physiological Society, from Michel CC. Fluid movements through capillary walls. In: Handbook
of Physiology. The Cardiovascular System., vol 4, Microcirculation, part 1, edited by Renkin EM,
Michel CC, Geiger SR. American Physiological Society. 1984. Bethesda MA USA. Chap. 9,
pp- 375-409
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he found the capillary pressure lay within a range of values that had been measured
for the colloid osmotic pressure of plasma of the same species of frogs. Landis indi-
cated that his findings could be summarized as the equation of a linear relation
between filtration rate and capillary hydrostatic pressure [8]. Using modern sym-
bols to represent the various terms, this is:

%L, [(R=P)=(-T)] e

where J,/A = filtration (+) and absorption (—) rates per unit area of capillary wall,
L, = the hydraulic permeability or conductivity of the capillary wall, P. and P; are
the hydrostatic pressures in the capillary and the interstitial fluid respectively and
I and IT; are the colloid osmotic pressures of the capillary plasma and the intersti-
tial fluid respectively. P, P, I1- and I, are often referred to as the Starling pressures.

These findings were both qualitative and quantitative evidence for Starling’s
hypothesis and immediately recognized as such, with Krogh rewriting the sections
on the fluid exchange and permeability for the new edition of his monograph on
capillaries [9].

After qualifying in medicine, Landis travelled to Europe and spent the winter of
1928/1929 in London in the laboratory of Sir Thomas Lewis. Here he measured the
pressures in the capillary loops of the fingernail beds of healthy human volunteers
[10]. With the subject’s hand at heart level, the pressure in the arteriolar limb of the
base of the capillary loops had a mean value of 32 mm Hg and in the venous limb a
mean of 12 mm Hg. At the halfway point at the tip of loop, its mean value was
25 mm Hg. The colloid osmotic pressure of plasma of healthy volunteers is approxi-
mately 25 mm Hg, so this gradient of pressure along the capillaries was consistent
with Starling’s speculation that fluid was filtered from the plasma into the tissues at
the arteriolar end of capillary beds and absorbed from the tissue spaces at the venous
end [11]. (This conclusion, however, assumed that both the hydrostatic and colloid
osmotic pressures of the interstitial fluid were zero).

From London, Landis moved to Copenhagen where he joined Krogh’s labora-
tory. Here he measured capillary pressure in different tissues of the frog and small
mammals. Again, he found capillary hydrostatic pressure lay in the range of values
for the plasma colloid osmotic pressure measured in these different species. Not
only did these findings provide further support for Starling’s hypothesis, they also
were consistent with Starling’s conjecture [11] that fluid was lost from the circulat-
ing plasma into the tissues as it flowed through the arterial side of the microcircula-
tion and regained fluid as the plasma flowed through the venous side. (Once again,
the assumption here is that P; and I1; are zero.) This idea could be shown as a dia-
gram, which was soon the standard way of teaching blood-tissue fluid exchange to
medical students (Fig. 2.2). In a very influential review, Landis and Pappenheimer
[12] attempted to estimate the daily flows of fluid between the arterial and venous
sides of the microcirculation and the tissues. Although they recognized that micro-
vascular walls were finitely permeable to macromolecules, they guessed that their
concentrations in the interstitial fluid were very low. Although their figures have
been very widely quoted, the authors themselves were cautious about conclusions
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Fig. 2.2 Standard model of blood-tissue fluid exchange where filtration is shown as occurring in
the upstream section of an exchange vessel where AP is greater than the plasma colloid osmotic
pressure, and absorption is downstream where AP is lower than the plasma colloid osmotic
pressure

drawn from them; Landis, both in this review and in his earlier writings, was well
aware that the simple picture might be complicated by differences in the height of
tissues relative to the heart in larger animals and particularly in humans. It was later
shown that during quiet standing, P in the capillaries of the toes of human subjects
could be 100 mm Hg or more than they were in the fingers of the same individual
when the hands were held at heart level [13, 14]. As Levick [15, 34] has pointed out,
there is no evidence for the textbook picture of simultaneous fluid filtration from the
arterial half and fluid uptake into the venous half occurring in the microcirculation
of any tissue, with the possible exception of the vasa recta of the renal medulla
where other forces are involved.

Quite apart from direct measurements of capillary pressure in animals and
humans, Landis’s most important legacy was his demonstration of the linear rela-
tion between filtration rates and capillary pressure. He saw its importance in human
physiology, developing a plethysmograph while in Krogh’s laboratory for estimat-
ing fluid filtration rates in the forearm of human volunteers; he continued this
approach when he returned to the United States. Here Landis and Gibbon [17] were
able to show that increases in venous pressure were accompanied by increases in the
rate of swelling of the tissues resulting from greater rates of ultrafiltration of fluid
from the microvascular blood. If one were to assume a proportionate relationship
between increments in the venous pressure and increments in the mean microvascu-
lar pressure, then their findings were consistent with Starling’s Principle as expressed
in eq. (2.1). More than 10 years were to elapse before the relations between arterial
and venous pressures and the mean microvascular pressure in a tissue were clearly
defined. Establishing these relations allowed investigators to demonstrate Starling’s
Principle in entire microvascular beds.



2 The Revised Starling Principle and Its Relevance to Perioperative Fluid Management 39

Microvascular Pressures, Vascular Resistance, and Fluid
Exchange in Organs and Tissues

The relations between the mean microvascular pressure in an organ or tissue and the
co-existing arterial and venous pressures was spelt out clearly by Pappenheimer and
Soto-Rivera in 1948 [18]. Arguing that if the net rate of loss or gain of fluid by the
blood flowing through a tissue is negligible compared with the blood flow itself, the
flow of blood into a microvascular bed from the arteries is equal to the flow out into
the veins. This means the blood flow from arteries to capillaries is equal to the flow
of blood from the capillaries into the veins. Since flow through a section of the cir-
culation may be expressed as the ratio of the fall in pressure across that section to
the resistance to flow through the vessels, the fall in pressure from the arteries to the
capillaries divided by the pre-capillary resistance should equal the fall in pressure
between the capillaries and the veins divided by the post-capillary resistance. If
P, = arterial pressure, Pc = mean microvascular pressure, Py = venous pressure and
Ra and Ry are the precapillary and post-capillary resistances of the circulation, then:

Pa—Pc _Pc—Pv

Flow = )
Ra Rv
which may be re-arranged as:
Pa+ (I;aj Py
pe=— Y (2.2)
Ra
1+—
Rv

Pappenheimer and Soto-Rivera [18] worked with isolated perfused limbs of cats
and dogs, which they weighed continuously to measure fluid accumulation or fluid
loss from the tissues. Adjusting the arterial and venous pressures until the limb nei-
ther gained fluid from the blood nor lost it to the circulation, they argued that the
mean capillary pressure in the microcirculations of the limb balanced the other pres-
sures in the Landis-Starling equation [see eq. (2.1)] under these conditions, which
they called the iso-gravimetric state. Then by adjusting the arterial and venous pres-
sures they were able to vary the blood flow through the limb and hold the weight of
the limb constant. They found that under iso-gravimetric conditions, blood flow
increased linearly with reduction in the venous pressure. Arguing that in the iso-
gravimetric state, the mean capillary pressure was constant, they used the linear
relation between the fall in venous pressure and blood flow and determined the
mean capillary pressure by backward extrapolation of the values of venous pressure
to its value at zero flow when capillary pressure and venous pressure were equal.
With a set of values of P, Py, and P, they could calculate Ra/Rv from eq. (2.2).
Knowing the value of Ra/Rv, they could now calculate the values of P, from the
arterial and venous pressures when the limb was no longer in an iso-gravimetric
state. Following this protocol, Pappenheimer and Soto-Rivera [18] were able to
establish (in a mammalian preparation) nearly all the predictions made by Starling.
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They were also able to demonstrate the linear relation between filtration and fluid
absorption rates and mean capillary pressure (eq. 2.1) seen by Landis in frog capil-
laries [8]. Also, by varying the protein concentration of the plasma and adjusting the
arterial and venous pressures, they showed that the mean capillary pressures, which
were required to prevent net fluid gain or loss to or from the tissues, approximated
very closely to the colloid osmotic pressures of the perfusates. These results sug-
gested that, in their isolated perfused limb preparations, the interstitial hydrostatic
and colloid osmotic pressures were small, being of the order of 1 to —=3 mm Hg. It
seemed that Starling’s hypothesis had been emphatically confirmed.

The physiological importance of eq. (2.2), was demonstrated in a series of stud-
ies by Folkow, Mellander, Oberg and their colleagues in the 1960’s [19-21]. They
demonstrated that, in skeletal muscle, sympathetic stimulation increased R/R,,
leading to a fall in P, and a shift of fluid from the tissues to the blood.

The Osmotic Reflection Coefficient

A new conceptual interpretation of osmotic pressure measurements, based on the
thermodynamics of the steady state, was introduced in 1951 by A. J. Staverman
[22]. He concluded that the full theoretical osmotic pressure of a solution, 77, as
defined by van’t Hoff (= RTC, where R = the universal gas constant, 7' = absolute
temperature, and C = molal concentration of solute in the solution) can only be
measured across a perfectly semi-permeable membrane; i.e., a membrane that is
completely impermeable to the solute while being permeable to the solvent. If the
membrane is permeable to the solute, the effective osmotic pressure difference
across it, A1, is reduced to a value of 6AIl. The coefficient o is the reflection coef-
ficient of the membrane to the solute and is a measure of the relative ease with
which the solute and the solvent of a solution may pass through the membrane. For
an ideal solution, o0 may be defined either as the fraction of its total osmotic pressure
that may be exerted by a solution across the membrane, or the fraction of solute that
is separated from its solution as it is filtered through the membrane in the absence
of a concentration gradient across the membrane or at an infinitely high filtration
rate. The equivalence of these definitions can be appreciated intuitively by consider-
ing the osmotic pressure of a solution as the pressure that opposes its ultra-filtration
through a membrane. The fraction of solute molecules that is reflected at the
upstream surface of the membrane during ultrafiltration represents that fraction of
the osmotic pressure of the solution opposing filtration. (This is like Starling’s
insight that the “attraction of the plasma for the extravascular fluid will be propor-
tional to the force expended in the production of this latter”; see Box 2.1). If the
membrane is completely impermeable to the solute but permeable to the solvent
(i.e., a truly semi-permeable membrane) ¢ of the membrane to the solution is 1.0
and the full value of the solution’s osmotic pressure opposes its ultrafiltration. If, on
the other hand, the concentration of the solution leaving the downstream surface of
the membrane during ultrafiltration is unchanged from that entering at its upstream
surface, the membrane is unselective as an ultra-filter to the solution, ¢ = 0 and the
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solution’s osmotic pressure will not oppose its filtration. This equivalence of the
definition of reflection coefficient in terms of osmotic pressure and ultra-filtration
assumes that the osmotic pressure of a solution is directly proportional to the frac-
tion of the solute molecules in the solution. This is true only for “ideal” solutions,
but is a good approximation for dilute solutions where the molecular size of the
solute is comparable with that of the solvent; i.e. dilute solutions of urea, glucose,
and sucrose where there is a linear relation between solute concentration and
osmotic pressure. For macromolecules, such as the plasma proteins, the osmotic
pressures of their solutions rise more rapidly with increasing concentration, and the
equivalence between the osmotic reflection coefficient and the ultra-filtration reflec-
tion coefficient is only approximate.

Because the reflection coefficients of the plasma proteins responsible for its col-
loid osmotic pressure are high (> 0.9) at the walls of microvessels in most tissues,
the concept of the reflection coefficient appears in most accounts as a minor modi-
fication of eq. (2.1), i.e.:

J
XV:LPI:(PC_PI)_G(HC_HI)] (23)
Equation (2.3) is a useful way of representing microvascular fluid exchange but,
strictly speaking, it is inexact. The colloid osmotic pressure of the plasma is the sum
of the products of the osmotic pressures and their reflection coefficients of all the
solutes in the plasma and should be written as Xoll; and differences of colloid
osmotic pressure across microvascular walls as Xo,AIT; where subscript i represents
the individual solutes that contribute to the effective osmotic pressure differences.
Equation (2.3) is more accurately written as:

J
XV =L, (AP - Zi:o,.AH,.J (2.4)

where AP = P-— P,

Further development of the theory by Kedem and Katchalsky [23] led to a much
clearer understanding of the relations between the rates of microvascular fluid and
solute exchange, pressure and solute concentration differences and the permeability
coefficients. Two examples are illustrated in Fig. 2.3 in terms of the relations
between filtration rates and microvascular pressure (the Landis diagram, Fig. 2.1).
Figure 2.3a shows an experiment where a single capillary has been perfused with
two different Ringer’s solutions [24]. The first contained 80 g/l serum albumin, but
in the second solution the albumin concentration was only 25 g/1. The initial rates of
fluid exchange intersect the pressure axis at approximately 30 cm H,O when the
albumin concentration is high and at approximately 12 cm H,O when albumin con-
centration is low. The shift represents the difference in the effective colloid osmotic
pressures (cAIT) exerted by the two solutions. In Fig. 2.3b, a single rat venule has
been perfused in situ with same solution throughout an experiment [25]. Here, how-
ever, the initial measurements of filtration rates were made under control condi-
tions. The mesentery was then treated with histamine and over the following few
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minutes the filtration rate rose and its relation to capillary pressure was shifted to the
left indicating that the reflection coefficient of the vessel wall to the macromole-
cules in the perfusate was reduced. Note also that the slope of the relation between
filtration rate and pressure was increased, indicating that the hydraulic permeability
was increased also.

The introduction of the reflection coefficient had another important implication
for the interpretation of Starling’s Principle that was not immediately recognized.
Until this time, it had been assumed that an equilibrium could be established
between the osmotic and hydrostatic pressures differences across microvascular
walls; i.e., the pressures in eq. (2.1) balance and hence zero fluid flow. The reflection
coefficient was a signal that, even when the pressures were unchanging, there was
no equilibrium but a steady-state could exist. This steady state was maintained by a
small but steady flow of fluid from plasma to interstitial fluid to lymph. The signifi-
cance of this was not appreciated for another 30 years.

The Hydrostatic and Colloid Osmotic Pressures
of the Interstitial Fluids

Because the few direct measurements of capillary hydrostatic pressure that had been
made before 1963 had values similar to the plasma colloid osmotic pressures and
because lymph flow was low in tissues other than those of the liver and gastro-
intestinal tract, it was assumed that net fluid movements across microvascular walls
were very low and the interstitial fluid hydrostatic and colloid osmotic pressures
were small. It seemed possible that a small positive interstitial hydrostatic pressure
offset the interstitial colloid osmotic pressure. The significant levels of plasma pro-
teins found in the lymph from most tissues were believed to reflect the interstitial
fluid surrounding the venules and venular capillaries where microvascular hydro-
static pressures were low. Attempts to measure interstitial fluid hydrostatic pressure
by inserting a fine needle into the tissues suggested that its value was close to or
slightly greater than atmospheric pressure.

In 1963, Guyton reported a novel method of estimating interstitial hydrostatic
pressure (Fig. 2.4) by measuring the pressure of the fluid that accumulated in a cap-
sule, which had been implanted and allowed to heal into the subcutaneous tissues of
a dog [26]. The values he measured were between 2 and 7 mm Hg below atmo-
spheric pressure. In later experiments, Pi measured in capsules chronically implanted
in the dog lungs were found to be as low as 9-11 mm Hg below atmospheric pres-
sure. Although soon reproduced in other laboratories, the sub-atmospheric (or nega-
tive) pressures were very controversial and there was great interest and speculation
as to how they arose. Toward the end of the decade, Scholander et al. [27] reported
somewhat smaller (less negative) sub-atmospheric pressures in interstitial fluids
using wicks of cotton fibers saturated with isotonic saline solutions to make contact
between the tissue fluids and the experimenter’s manometer. Controversy as to
whether the sub-atmospheric pressures were artefacts of the measuring techniques
was heightened when direct measurements using the servo-nul micropipette
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Fig. 2.4 Schematic diagram to illustrate the Guyton capsule (a) and the Aukland-Reed wick in
needle (b) methods for measuring interstitial hydrostatic pressure and mean interstitial colloid
osmotic pressure. Interstitial fluid hydrostatic and colloid osmotic pressures have also been mea-
sured in joint cavities and interstitial hydrostatic pressure has been measured using the servo-nul
micropipette technique

technique, which had been developed to measure pressure in small blood vessels,
yielded P; values around atmospheric pressure [28].

Fluid from the implanted capsules could be removed and analyzed for its protein
content and colloid osmotic pressure. A careful study by Aukland and Fadnes [29]
showed that interstitial fluid protein concentration could also be obtained from
implanted wicks. The values of interstitial colloid osmotic pressure, I1;, were of the
order of 10 mm Hg in subcutaneous tissues of rats and dogs. If the colloid osmotic
pressure of the plasma was 25 mm Hg, this indicated that the osmotic pressure dif-
ference available to move fluid from the tissues into the plasma was only 15 mm Hg.
At the same time, the sub-atmospheric values of P; would add to the mean capillary
pressure and increase the hydrostatic pressure difference favoring filtration of fluid
from plasma to tissues. The direct measurements of capillary pressure, which
approximated to the plasma colloid osmotic pressure and had appeared as strong
evidence for a “Starling equilibrium,” now seemed to suggest the differences
between the hydrostatic and colloid osmotic pressures across capillary walls
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amounted to 10 mm Hg or more. These implications for the concept of a balance of
pressures, however, were initially overshadowed by the controversy over the mea-
surement of P; and what it represented.

Later, as fluid exchange came to be considered in the light of the new measure-
ments of P;and /7, the inconsistency between the few direct measurements of capil-
lary hydrostatic pressure and the other variables of the Starling equation in the
resting state led to the idea that the mean capillary pressures that determined fluid
exchange were well downstream in the venular section of the microvascular beds
rather than at the mid-capillary level [30-33]. The concept was reinforced by Chen
et al. [31] who estimated that in order to balance the hydrostatic and colloidal
osmotic pressures between the capillary blood and the interstitial fluids, the mean
capillary pressure in the limb of a dog had to be as low as 12.2 mm Hg when 71 was
greater than 20 mm Hg. It was observed, however, that with small increments in
interstitial fluid volume, P, rose rapidly to zero (atmospheric pressure) and remained
there as the interstitial fluid volume was increased, only rising significantly above
zero after the tissues were conspicuously edematous. This, together with the older
observation that increases in filtration into the tissues are accompanied by increases
in lymph flow and reductions in lymph protein concentration, led to the idea that
changes in the interstitial hydrostatic pressure and colloid osmotic pressure acted to
minimize edema formation [31-33].

The idea that low values of the mean microvascular pressures could balance the
other pressures of the Starling equation was challenged by Levick in a review pub-
lished in 1991 [34]. By this time, values for the interstitial hydrostatic and colloidal
osmotic pressures had been determined in many different tissues and in some cases
there had also been concomitant measurements of the venular or venous pressures.
Levick estimated the mean microvascular hydrostatic pressure, P (0), that would
balance the plasma colloid osmotic pressure and the interstitial pressures by rear-
ranging eq. (2.3); i.e.:

P.(0)=c(T1.-11,)-P, (2.5)

He then compared these values of P, (0) with the measured values of venous or
venular pressure. His findings supplemented by a few additional values, are shown
as a graph relating Py to Pc (0) in Fig. 2.5 [34]. Only in the intestinal mucosa and
the kidney, two tissues whose specialized function is to deliver fluid and solutes
into the circulation, are values of Py below those estimated for P, (0). In other
tissues, the higher values of Py than P (0) suggest significant levels of fluid filtra-
tion. In most of these tissues, the vascular endothelium of the capillaries and
venules is continuous (non-fenestrated) and where estimates of the hydraulic per-
meability have been made, minimal fluid filtration rates can be calculated using
the pressure differences shown in Fig. 2.5. These greatly exceed measured lymph
flows from these tissues. Indeed, so large was this discrepancy that the hypothesis
suggested to resolve it has been called the “revised” Starling Principle [6, 35, 36].
It involves a closer look at microvascular permeability and microvascular fluid
exchange.
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Fig.2.5 The hydrostatic pressures in veins and venules of different tissues plotted against the sum
of the pressures in those tissues that oppose fluid filtration. The Starling equilibrium or balance
would be present if points lay on the line of equality. The points based on data from most tissues
lie above this line indicating significant levels of fluid filtration into the tissues. Only points repre-
senting renal cortex and medulla and intestinal mucosa during absorption lie below the line. Note
how the point for the intestinal mucosa lies above the line when in a non-absorptive state.
(Reprinted with permission from Levick JR, Michel CC. Microvascular fluid exchange and revised
Starling principle. Cardiovascular Res. 2010; 87:198-210)

Steady State Fluid Exchange Between the Plasma and the Tissues

The extension of the Starling Principle has two components. The first is the recogni-
tion of the relations between fluid exchange and microvascular pressure under
steady state conditions. The second component is the hypothesis to account for the
much lower filtration rates in tissues such as muscle than those that are predicted
from the mean values of the capillary hydrostatic and plasma colloid osmotic pres-
sures and the mean values of hydrostatic and colloid osmotic pressures of the inter-
stitial fluid. In this section we consider the steady state relations.

Earlier it was noted that the concept of the reflection coefficient meant that one
could no longer think in terms of the difference in hydrostatic and osmotic pressures
across microvascular walls reaching an equilibrium. If microvascular walls are per-
meable to both proteins and water, the only true equilibrium that could be reached
would be one where there were no differences in hydrostatic pressure or in protein
concentration (and hence no difference in osmotic pressure) across the membrane.
If a difference in hydrostatic pressure across microvascular walls is established with
a higher pressure in the plasma, fluid from the plasma is filtered into the tissues and
if the water molecules are able to pass more rapidly through the microvascular walls



2 The Revised Starling Principle and Its Relevance to Perioperative Fluid Management 47

Box 2.2 Diffusion and Convection
Diffusion is the process whereby molecules initially confined to one part of a
system are able to distribute themselves throughout the system by their ther-
mal motion. Thus, in an aqueous solution, which is concentrated in part of a
region, the random kinetics of the solute and water molecules lead to net
movements of solute from regions of initially high concentration to those
where the concentration was initially low, exchanging places with water mol-
ecules, which show a net movement in the opposite direction. Essentially it is
a mixing process on a molecular scale so that gradients of concentration are
dissipated and concentration becomes uniform throughout the system with no
change in volume.

Convection in this context refers to net movements of the solution (both
solute and water moving together) from one part of the system to another. It is
sometimes referred to as “bulk flow” or “solvent drag.”

than protein molecules, a concentration difference of plasma protein across the
membrane is established. The presence of a concentration difference stimulates a
net diffusion of solute from plasma to tissue fluid so the maintenance of the concen-
tration difference involves a constant race between the filtration of water molecules
(convection) and the convective transport and diffusion of the solutes (Box 2.2). It
requires a constant flow of fluid from the plasma into the interstitial spaces to main-
tain the difference in colloid osmotic pressure across microvascular walls. If the
hydrostatic pressure difference is held constant for sufficient time, a steady state
concentration difference develops, its value being determined by the filtration rate
(and its relation to the hydrostatic pressure difference) and the relative permeability
of microvascular walls to water and macromolecules.

Starling (see Box 2.1) argued that an increase in the difference in hydrostatic
pressure across microvascular walls would increase filtration of fluid from plasma
into the interstitial spaces concentrating the proteins in the plasma and diluting
those in the interstitial fluid, so increasing the osmotic pressure difference opposing
filtration. This in turn curbs the filtration rate until the latter is brought to a halt when
hydrostatic pressures and osmotic pressures are equal. Starling believed at this stage
a new equilibrium would be achieved, but this is not possible if microvascular walls
are permeable to macromolecules.

In the absence of continued filtration, diffusion of macromolecules will dissipate
their concentration difference, reducing the colloid osmotic pressure difference and
allowing filtration to increase once again. For a given difference in hydrostatic pres-
sure across the microvascular wall, however, there is a steady state difference in col-
loid osmotic pressure that minimizes the filtration rate. The reflection coefficient, o,
for macromolecules is high at most capillary walls and when AP falls below the effec-
tive osmotic pressure difference, cA7l, filtration in the steady state may be very low.

Figure 2.6a shows the way in which the concentration of proteins in the filtrate
passing through microvascular walls varies with filtration rate when the plasma
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concentration is constant. Because the reflection coefficient of microvascular walls
to macromolecules is high (> 0.90) the protein concentration in the filtrate falls
rapidly at first as filtration rate is increased and levels off to a value of less than a
tenth of the plasma concentration approaching an asymptote equal to (/-¢) multi-
plied by the plasma concentration. A derivation of this curve from first principles,
showing its dependence on the permeability properties of microvascular walls, is
given in the Appendix to this chapter.

Figure 2.6b shows how the effective osmotic pressure difference across micro-
vascular walls varies with the filtration rate when the plasma protein concentration
is held constant under steady state conditions. As one might expect from Fig. 2.6a,
the effective osmotic pressure difference rises to a maximum value that is just less
than the osmotic pressure of the plasma. Because the effective osmotic pressure dif-
ference, 0AIl, is dependent upon the filtration rate, which in turn is dependent on the
differences between the hydrostatic and colloid osmotic pressures, (AP—ocAll), the
steady state relations between fluid movements and AP do not follow the simple
linear relation that might be expected from eq. (2.3) or those shown in Figs. 2.1 and
2.3. The steady state curve predicted from the basic theory is markedly curvilinear
and is shown in Fig. 2.7a [38].

1Y
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Fig. 2.6 The effects of changing filtration rate: (a) on steady state interstitial protein concentra-

tion and (b) the effective colloid osmotic pressure difference, 6A7l, across microvascular walls.
Note how ¢AIT appears to reach a plateau at higher filtration rates
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The curve was first published in a review as a way of interpreting measurements
that had been reported in the literature and appeared inconsistent with contemporary
interpretations of the Starling Principle in the early 1980s [32]. It departed in one
conspicuous way from the traditional interpretation of Starling’s Hypothesis
(Fig. 2.2) in that it predicted there could be no steady state absorption of fluid into
the microcirculation in tissues such as muscle, skin, and connective tissue where the
interstitial fluid was formed entirely as an ultrafiltrate of the plasma. It was also
inconsistent with the classical diagram for teaching Starling’s Principle where there
is a steady filtration from the arterial side of the microcirculation and a steady fluid
uptake on the venous side.

Its general form was confirmed in experiments on single perfused microvessels,
where most of the variables could be controlled with reasonable confidence (Fig. 2.7b)
[37, 39]. The time course of the transient changes in fluid exchange following step
changes in microvascular pressure to steady state values were also followed. The
importance of making experimental investigations to check theory was underlined
here, for while the experiments were able to confirm the shape of the steady state rela-
tion between fluid exchange and microvascular pressure and its relation to the tran-
sient changes, they also revealed that changes in fluid exchange from their initial
values to their steady state values occurred far more quickly than was anticipated. This
implied that the colloid osmotic pressure of the fluid immediately outside the exchange
vessels reached their steady state values much more rapidly than the interstitial fluid
as a whole. At the time it was thought that the relatively short time course of the tran-
sients was the result of slow equilibration of the proteins in the peri-vascular fluid with
the rest of the interstitial fluids. Another possibility was that there were rapid changes
in the interstitial hydrostatic pressure, but this seemed most unlikely in the exposed
frog mesentery, which was continuously washed with a Ringer solution. Later experi-
ments showed that in the exposed and superfused mesenteries of both frogs and rats,
large changes in the filtration and absorption rates were accompanied by negligible
changes in P; when this was measured directly with a counter-pressure micropipette
servo-nul system just outside the microvessels [39]. The experiment showing the
change from the linear transient relation between fluid exchange and capillary pres-
sure to the non-linear steady state relation is shown in Fig. 2.7b.

It is useful to consider that each point on the curved steady state relation between
fluid exchange rate and AP is coincident with another linear relation that describes
the transient increase in fluid exchange rate if pressure is raised or lowered. This is
depicted in Fig. 2.8 where the solid curves represent the steady state relations and
the parallel dashed lines are the transient relations. As mean hydrostatic pressure
difference approaches and then exceeds the plasma colloid osmotic pressure, the
steady state relation bends sharply upward and with further increases in AP the rela-
tion becomes linear and almost parallel to the transient relations. This is the stage,
shown in Fig. 2.6a, b, where the concentration of plasma protein in the ultrafiltrate
and the effective osmotic pressure difference across the vessel walls become nearly
constant. In Fig. 2.8, we can trace how fluid exchange might change in a tissue when
AP is suddenly reduced and remains low long enough for a new steady state to be
established. Starting at point A on the steady state curve, the fall in pressure
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Fig. 2.8 Steady state relation between fluid movements and trans-capillary hydrostatic pressure
difference (solid curve) and transient changes in fluid movement following step changes in hydro-
static pressure. Dashed lines represent transient relations (see text)

immediately moves fluid exchange from a low level of filtration to a brisk rate of
fluid uptake from the tissues shown at point B. Then as a new steady state is estab-
lished at the lower pressure, fluid absorption is reduced along the arrow at constant
AP to point C where the steady state value of cAII consistent with this new level of
AP is reached. If AP is now raised to its initial value, there is an immediate increase
in filtration rate to point D, which is considerably greater than the initial steady state
level, but this diminishes as the higher filtration rate increases oAl reducing filtra-
tion to the lower level at point A.

The rate at which a new steady state of fluid exchange is reached varies from tis-
sue to tissue. In the pulmonary vascular bed, changes in fluid exchange rates follow-
ing changes in mean capillary pressure attenuate to new steady state values within a
minute or two. Here the changes in 6AII are accompanied by changes in P;, which
become less sub-atmospheric (less negative) to buffer rises in P and more negative
when P falls. In skeletal muscle, where initially P. has been adjusted for fluid
exchange between circulating blood and tissue to be undetectable, a subsequent step
reduction in P¢ is followed by brisk fluid uptake from the tissue which falls with
time becoming undetectable after 30 min or more.

Steady State Fluid Uptake in Specialized Tissues

So far we have considered only those tissues where the interstitial fluid is formed
entirely as an ultrafiltrate of the plasma flowing through its microcirculation and
here we have concluded that there can be no continuous (steady state) fluid uptake
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from interstitial space directly back into the blood. If edema is to be avoided in a
tissue, the net gain of fluid by the interstitial space from microvascular filtration has
to be balanced by drainage from the tissue of an equal volume of lymph. In tissues
such as the cortex and medulla of the kidney and the intestinal mucosae, fluid is
continuously absorbed into the microcirculation. In these absorptive tissues, the
microcirculation lies close to epithelia, which secrete a protein-free solution into the
interstitial fluid dominating its composition. It can be seen in Fig. 2.5 that these are
the only tissues where the Starling pressures favor fluid uptake and in the case of the
small intestine, this is true only during the absorptive phases. It seems that the
protein-free secretion from the neighboring epithelium prevents the protein concen-
tration from rising as fluid is absorbed into the circulation (see Fig. 2.9). The higher
the rates of secretion of protein-free fluid into the ISF by the epithelium, the lower
is I1;, which increases cAIl and so increases fluid uptake. In both the renal cortex
and in the intestinal mucosa, lymph flow increases with absorption rates into the
blood, preventing proteins from accumulating in the ISF so that steady uptake of
fluid into the blood flowing through the microcirculation can continue. When the
intestinal epithelium is no longer absorbing fluid and consequently not adding pro-
tein-free secretion to the ISF, fluid uptake into the microcirculation reverts to low
levels of filtration (Fig. 2.5).

In the renal medulla, there are no lymphatics. Here interstitial proteins are car-
ried directly back into the blood with the fluid that is absorbed into the ascending
vasa recta. This process should concentrate the interstitial proteins, but this is

Epithelium

(A 2 2 A

Protein free secretion

Lymph » Lymph

v
T e 0

Fig. 2.9 Diagram to illustrate how the continuous uptake of fluid in capillaries of the intestine and
renal cortex and medulla can be maintained by the secretion of protein-free fluid into the interstitial
space from the nearby epithelium. In this way the protein concentration of the interstitial fluid can
be prevented from rising and so maintains the effective colloid osmotic pressure difference across
microvascular walls upon which fluid uptake depends
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prevented by the continuous secretion of protein-free fluid by the epithelia of the
collecting ducts and thick ascending limbs of the loops of Henle [40-42].

Steady fluid uptake also occurs into the high endothelial microvessels of lymph
nodes [43]. Here the interstitial fluid is the lymph and its flow keeps protein concen-
tration low enough for the effective osmotic pressure difference across the micro-
vascular walls to be greater than the opposing hydrostatic pressure gradients
(6AIl > AP in eq. 2.3).

Which Effective Colloid Osmotic Difference Is Relevant
to Fluid Exchange?

Steady state fluid exchange helps us to understand why the neutral position for fluid
exchange in tissues such as skeletal muscle is one of filtration. It does not, however,
account for the high levels of net filtration, which may be calculated from eq. (2.4)
using the plasma osmotic pressure and mean values of interstitial hydrostatic and
colloid osmotic pressures in tissues such as muscle even when the venous pressure
is substituted for the mean capillary pressure. Under transient conditions, the effec-
tive osmotic pressure that determines net fluid exchange is not the mean difference
in pressures between the plasma and the interstitial fluid, but the hydrostatic and
osmotic pressure differences across the ultra-filtering structures in microvascular
walls. In experiments where the mean interstitial concentration of plasma proteins
is maintained independently of the composition of the capillary ultra-filtrate, steady
state differences can be maintained between the mean value of 77, and the colloid
osmotic pressure of ultrafiltrate emerging on the tissue side of endothelial ultrafilter
[16]. Under physiological conditions, however, where the interstitial fluid of tissues
such as skin and muscle is derived from the capillary filtrate, it is difficult to account
for such large deviations (seen in Fig. 2.5) between the value of 6AII across the
microvascular filtering structures and that calculated from mean values for intersti-
tial fluid and plasma under steady state conditions. The suggested solution to this
question arises from the special characteristics of microvascular permeability to
macromolecules.

It has been recognized for 60 years that most water and small water soluble mol-
ecules cross microvascular walls by a route that is not available to macromolecules.
This pathway has been referred to as the “small pore pathway” because its perme-
ability to water soluble molecules of differing molecular size can be modelled as
diffusion and convection through a membrane penetrated by small cylindrical pores
with radii of between 3.5 and 5 nm. The small pores have now been identified as the
fluid-filled spaces between the fibrous molecules of the matrix that makes up the
glycocalyx on the luminal surface of the endothelium. After crossing the glycocalyx
of non-fenestrated endothelia, the ultrafiltrate flows through the intercellular clefts,
being channeled through occasional breaks in the tight junctional strands to reach
the basement membrane. To account for the permeability of microvascular walls to
macromolecules, a second very much smaller population of larger pores has been
proposed with radii of 15-30 nm. This is referred to as the “large pore pathway.”
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Box 2.3 Aquaporin Channels in Endothelia

There is an additional pathway for water molecules that involves the aquapo-
rin channels of the endothelial cell membranes of continuous (non-fenestrated)
endothelia. This has not been convincingly shown so far to account for more
than 10% of the overall hydraulic permeability. Furthermore, since it is imper-
meable to small water soluble molecules and ions, the role of this pathway is
unclear when net flows of fluid are driven by small hydrostatic pressure
gradients.

There has been much controversy as to whether the “large pores™ are indeed water-
filled channels through which large and small molecules are carried by convection
or whether their role is played by transcytosis. There are undoubtedly specific trans-
endothelial transport mechanisms for some macromolecules in some vessels (e.g.,
transferrin in the cerebral capillaries) but the passage of many macromolecules
(including the most plentiful plasma proteins) is increased by net filtration, consis-
tent with convective transport, and follows a general pattern consistent with their
molecular size and charge (Box 2.3).

Estimation of the colloid osmotic pressure difference across microvascular walls
from the protein concentrations of the plasma and their mean values in the intersti-
tial fluid assumes that there is complete mixing of the solutions leaving the small
pores and the large pores on the tissue side of the endothelial cells. The effective
osmotic pressure, however, is that exerted across the membrane components of the
vessel wall that act as an ultra-filter; i.e., the glycocalyx. It was realized that if mix-
ing of the solutions leaving the small and large pores could be prevented from
occurring immediately behind the glycocalyx, the effective osmotic pressure differ-
ence across the vessel wall would be increased because a larger difference in protein
concentration would be present across the pathway that had the higher osmotic
reflection coefficient. Figure 2.10 shows how this difference should vary with the
net fluid filtration rate. It should be noted that while the increase in cAIl with the
channels separated is only 4 mm Hg (an improvement of 20%) the important differ-
ence is that between the curves at higher filtration rates and the plasma colloid
osmotic pressure is an improvement of 75%. The difference in effective osmotic
pressure here approximates to plasma colloid osmotic pressure.

How can this separation of the downstream effluents from the two pathways be
achieved? The deviations from a balance of the pressures revealed by Levick’s anal-
ysis [34] showed that it was most significant in those microvessels where the endo-
thelia were continuous (non-fenestrated). For these vessels the same possible
mechanism for separating the flows was suggested independently by Michel [6] and
Weinbaum [44]. Plasma ultrafiltrate, which is formed by flow through the glycoca-
lyx at the luminal endothelial surface, has to pass by a tortuous route through infre-
quent breaks in the tight junctional strands of the intercellular clefts of the
endothelium to reach its abluminal surface and the basement membrane (Fig. 2.11)
[38]. The structural equivalent of the large pores are possibly very rare open inter-
cellular clefts or channels formed by fused vesicles that pass directly through the
endothelium to its abluminal surface. Macromolecules passing through these



2 The Revised Starling Principle and Its Relevance to Perioperative Fluid Management 55

30

Plasma colloid osmotic pressure

N
&

Small pores

N
o

Mean values

—_
o

[¢)]

Effective colloid osmotic pressure
difference cAll(mm Hg)
o

0 1 2 3 4 5 6 7 8
Filtration rate (Arbitrary units)

Fig. 2.10 Steady state relations between the effective osmotic pressure difference across skeletal
muscle micro-vessels and fluid filtration rates comparing the mean values with those across the
small pores (glycocalyx). Note how the effective osmotic pressure difference seen across the small
pores (glycocalyx) approximates more closely to the plasma colloid osmotic pressure than the
mean difference. The difference between oAl and 1, across the small pores is a quarter of that
based on mean values
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Fig. 2.11 Diagrams to illustrate the ultrastructure within an intercellular cleft between endothelial
cells and the pathways through them for water and small hydrophilic solutes that have passed
through the glycocalyx. (a) Part of the cell in the foreground has been removed to display the cleft
interior. Note the junctional strands and the potential pathways through the breaks in them. (b) After
flowing through the glycocalyx, which excludes macromolecules, the ultra-filtrate enters the lumi-
nal section of the intercellular cleft and is diverted to where there are breaks in the first tight junc-
tional strand. The dashed lines with arrows indicate the potential pathways through intercellular
clefts in different capillaries: (a) mesenteric capillary; (b) cardiac muscle capillary; (c) skeletal
muscle capillary. (Reprinted with permission from Michel CC. Exchange of fluid and solutes across
microvascular walls. In: Seldin DW, Giebisch G (eds). The Kidney: Physiology and pathophysiol-
ogy. Vol 1. 2000. Philadelphia, Pennsylvania, USA: Lippincott, Williams & Wilkins. 2000: p 61-84)
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Endothelial

Endothelial cell
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Fig. 2.12 A schematic diagram of fluid and protein exchange across walls of microvessels with
continuous (non-fenestrated) endothelia. Small open circles represent water molecules; large filled
circles represent protein molecules, with the plasma shown above the endothelium and the intersti-
tial fluid below. Water crosses the endothelium through the intercellular clefts (left of picture) after
having passed through the glycocalyx which filters out the protein (the small pores). Proteins cross
by the large pore to the right of the picture below an opening in the glycocalyx. Large pores are
relatively few (one per 10,000 small pores). The thickness and length of the arrows indicate the
mean velocities of the molecules. Because the velocity of the water molecules in the intercellular
clefts in amplified by 1-4 orders of magnitude, it prevents protein molecules from back diffusing
up the clefts to the underside of the glycocalyx. (Reprinted with permission from Michel
CC. Microvascular fluid filtration and lymph formation. In: Santambrogio L (ed). Immunology of
the lymphatic system. New York: Springer, 2013: p 35-51)

channels from the plasma may be expected to arrive at the basement membrane and
equilibrate with fluid there, most of which will have been filtered through the glyco-
calyx before passing through the intact intercellular clefts. In the absence of flow
through the clefts, plasma proteins may be able to diffuse back through the breaks
in the tight junctions to reach the underside of the glycocalyx. But calculations indi-
cate that in the presence of even a low level of filtration through the intercellular
clefts, such as might result from a difference in AP of as little as 1 cm H,O0, it is
unlikely that proteins such as serum albumin would be able to back diffuse from the
basement membrane beyond the tight junction. This is because the flow velocity of
the filtrate as it leaves the underside of the glycocalyx is amplified many times over
as it is funneled through the breaks in the junctional strands, which form the tight
junctions. These openings constitute no more than 10% of the length of the clefts in
the most permeable microvessels with continuous endothelium and in mammalian
skeletal muscle, the freeze-fracture studies of the junctional strands suggest an open
fraction of closer to 1%, which would increase the flow velocity of the fluid 100
times more than its velocity upon entering and leaving the intercellular clefts.
Detailed modeling of this effect suggested that back diffusion of protein to the
underside of the glycocalyx would be even less likely than initial rough calculations
had indicated. The hypothesis is summarized in Fig. 2.12 [45].
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Fig. 2.13 Serum albumin concentration gradients around a venule in the rat mesentery at vari-
ous times after fluorescently labeled albumin has been added to the superfusate. (a) Fluorescence
image of a transverse section through the vessel and surrounding tissue. The vessel is perfused
with an unlabeled albumin solution at the same concentration as the labeled albumin in the
superfusate and appears as a dark circle. (b) Intensity profiles, taken from images such as that
shown in (a), showing how the concentration in the tissue builds with time, taking between 12
and 20 min to a reach a steady state. It is seen that the interstitial albumin concentration in this
experiment is equal to that in the superfusate within one p(mu)m of the vessel lumen. (Reprinted
with permission from Adamson RH, Lenz JF, Zhang X, Adamson GN, Weinbaum S, Curry
FE. Oncotic pressures opposing filtration across non-fenestrated rat microvessels. J Physiol.
2004; 557: 889-907)

Shortly after this hypothesis was proposed, Curry suggested an experiment to
test it. If the interstitial space is loaded with protein to the same concentration as
that present in the plasma, it should only influence filtration rates through capillary
walls when the microvascular pressures were below the plasma colloid osmotic
pressure. This was soon shown to be so, first in single perfused capillaries of the
frog mesentery [46] and later in rat mesenteric venules [47]. Figures 2.13 and 2.14
are taken from the paper by Adamson et al. [47]. In each experiment, a single
microvessel was perfused in situ through a micropipette with a Ringer solution
containing 5% serum albumin while the exposed surface of the mesentery was
washed initially with a protein-free Ringer solution (the superfusate). The relations
between fluid filtration rates and microvascular pressures were determined for the
vessel and the effective osmotic pressure exerted by the perfusate opposing filtra-
tion was determined.

The superfusate was then changed to one that was identical to the perfusate in all
respects except here the albumin was fluorescently labelled so its presence in the
tissues could be monitored. When the fluorescent intensity of albumin surrounding
the perfused capillary had reached the level indicating that its concentration was
equal to that inside the vessel, the relations between the fluid filtration rates and
microvascular pressure was re-determined. Under these conditions, one might
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Fig.2.14 Transient relations between filtration rates from a rat venule and microvascular pressure
perfused with a solution containing serum albumin (50 mg/ml) when the superfusate washing the
surface of the mesentery contains no albumin (open circles) and the same albumin concentration
as that in the solution perfusing the vessel (closed circles). Measurements of filtration rates were
made when there appeared to be no difference in albumin concentration across the vessel walls.
The classical interpretation of Starling’s principle would predict the relation should pass through
the origin of the graph. The large intercept at Jy/A = 0 indicates a substantial colloid osmotic pres-
sure still opposes filtration. (Reprinted with permission from Adamson RH, Lenz JF, Zhang X,
Adamson GN, Weinbaum S, Curry FE. Oncotic pressures opposing filtration across non-fenestrated
rat microvessels. J Physiol. 2004; 557: 889-907)

expect that the effective osmotic pressure opposing filtration from the vessel would
now be zero. Where, however, pressure was several cm H,O above the colloid
osmotic pressure of the perfusate, the effective osmotic pressure opposing filtration
was very little less than it had been when the superfusate contained no protein.
Furthermore, as shown in Fig. 2.14, the transient changes in filtration rate when
microvascular pressure was dropped to lower levels remained unchanged. Only
when the vessel was perfused at low levels for a few minutes did the effective
osmotic pressure opposing filtration diminish. The experiments clearly demonstrate
how the effective osmotic pressure difference across microvascular walls may be
independent of the mean colloid osmotic pressure of the interstitial fluid.
Furthermore, the changes in filtration rates with pressure are entirely consistent
with the prediction of the Michel-Weinbaum hypothesis, strengthening its claim as
an explanation of low filtration rates consistent with local lymph flows.

This series of experiments also confirmed the validity of the steady state theory
and like the earlier experiments of Michel and Phillips [37] found that the transi-
tion from transient to steady state fluid exchange occurred very much more quickly
than would be expected if it involved the entire interstitial fluid of the tissue equili-
brating with microvascular filtrate. Electron microscopy of mesenteric microves-
sels reveals that these vessels are closely sleeved by pericytes. It was argued that
the narrow spaces between the abluminal surface of the endothelial cells and the
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pericytes act as a compartment or “micro-domain,” which equilibrates quickly with
the capillary filtrate, rapidly increasing the rate at which a new steady state is estab-
lished [48].

A Picture to Forget

A popular textbook diagram to illustrate the Starling Hypothesis depicts a linear fall
in pressure along a capillary with its value at the arterial end in the range of
35 mm Hg and with the venous end around 15 mm Hg (Fig. 2.15a). This sloping line
crosses the horizontal line, which indicates the colloid osmotic pressure of the
plasma of 25 mm Hg. In the space between the lines when pressure is greater than
25 mm Hg, a series of downward pointing arrows indicate fluid being filtered from
the vessel into the tissues; over the second half of the capillary when pressure is less
than 25 mm Hg, the arrows point upward, indicating the uptake of fluid from the
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Fig.2.15 (a) Version of the widely used textbook diagram to illustrate Starling’s Hypothesis with
filtration occurring in the upstream section of an exchange vessel where AP > plasma colloid
osmotic pressure, /7,, and absorption downstream where AP < IT,. Interstitial colloid osmotic pres-
sure is incorporated by subtracting its mean value from /7, at all points along the vessel. (b)
Changing values of AP and 6AII across the microcirculation of a tissue such as skeletal muscle
under steady state conditions consistent with revised Starling Principle. AP > ¢AIT at all points
although difference is less than 1 mm Hg for a majority of vessels. If net filtration were indicated
by arrows drawn between the curves for AP and cAll as in (a), its low near constant value across
the microcirculation would not be conveyed. (¢) When differences in exchange surface area and L
are taken into account, near constant filtration into the tissues consistent with AP — 6AIT is achieved
as expected
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tissues. This diagram has been remarkably successful in enabling medical students
to satisfy their examiners with their understanding of blood-tissue fluid exchange.
Attractive though it is, the diagram implies several things for which there is no
experimental evidence and are probably never true.

The diagram suggests that it represents the net fluid movements in a typical
microcirculation such as that of skin or muscle. Quite apart from there being no
evidence that both filtration and absorption occur simultaneously in these microcir-
culations (see later), it would be atypical of most vascular beds for it implies that the
exchange vessels are present in equal numbers at the arterial and venous ends of a
microcirculation and are also of equal permeability to fluid and macromolecules.
Arterioles, arteriolar capillaries, mid-capillaries, and venules are all recognized to
be involved in the blood-tissue exchange of solutes. In the arterioles, exchange is
probably confined to the respiratory gases with fluid exchange occurring to some
degree in all the other exchange vessels downstream. There are more mid-capillaries
than arterial capillaries resulting in an increase in the surface area of the vessel walls
available for exchange. The exchange area is further increased by an increase in
vessel radius as one moves to the venular capillaries. In most tissues, the wall sur-
face area is maintained in the small venules where a reduction in the number of
vessels is compensated for by an increase in vessel diameter. There are two obvious
consequences. First, the fall in hydrostatic pressure is greatest between arterioles
and mid-capillaries and becomes progressively less steep as one passes through the
microvascular bed toward the veins; this has been demonstrated very clearly in
microcirculations of mesentery and skeletal muscle [49]. Second, the increase in
area available for exchange means that even if the hydraulic permeability were the
same in all exchange vessels, a small difference in pressure across vessel walls at
the venous end of the microcirculation has greater net effect on fluid exchange than
it would have at the arterial end. Also, where measurements of L, have been made
in single vessels, L, has higher values in venular capillaries and venules than in ves-
sels upstream. If this arterio-venous gradient of Lp is present in most microvascular
beds, it will multiply with the increasing area for exchange and be consistent with
the conclusion reached earlier: that microvascular fluid exchange occurs mainly in
the region of the venular capillaries and venules.

An obvious criticism of Fig. 2.15a is that it ignores, /1;, the colloid osmotic pres-
sure of the interstitial fluid. We have seen that 7, cannot be taken as a constant that
can be subtracted from the plasma colloid osmotic pressure. For the revised Starling
Principle, the colloid osmotic pressure difference, which influences fluid exchange,
is that across the glycocalyx. This varies with the filtration rate and ultimately with
the hydrostatic pressure difference across the vessel wall. As we have seen, the col-
loid osmotic pressure underneath the glycocalyx can differ considerably from the
mean colloid osmotic pressure of the ISF. To illustrate this for a microcirculation
such as that in skeletal muscle, the hydrostatic pressure difference, AP, and the
effective colloid osmotic pressure difference, cAIl, have been plotted against the
distance from the arteriolar capillaries to the larger venules in Fig. 2.15b. The non-
linear fall in AP is shown as the upper curve and the lower curve is cA7l, estimated
for steady state conditions of fluid exchange. Whereas the difference (AP — 6AIl) is
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initially more than 10 mm Hg, it is soon reduced to 1 mm Hg and continues to fall
to less than this. The largest differences in pressure driving fluid from plasma to tis-
sue are seen in the arteriolar capillaries, which contribute least to the exchange area
of the microvascular bed. Probably they also have the lowest values of L, and so the
net movement of fluid from blood to tissue from this part of the microcirculation is
relatively small. This is illustrated in Fig. 2.15¢, which shows a low and almost
constant level of fluid filtration from the plasma as it flows through the microvas-
cular bed.

The low level of filtration represents the steady state condition in microcircula-
tions of tissues such as muscle. These low levels of filtration are expected in muscle
tissues when subjects are supine and P lies in the range of 15-35 mm Hg, but most
of the daytime of healthy subjects is spent standing, sitting, and walking when most
of their body lies below heart level and when P, is both variable and considerably
higher than this range [13, 14, 32]. These conditions do increase interstitial volume
in the lower parts of the body and increase the lymph flow from them [50]. Some of
this additional extravascular fluid will be absorbed directly into microcirculation
during the first hour of bed rest, but probably more is absorbed from the lymph as it
flows through the lymph nodes. Independent studies by Adair et al. [43] and Knox
and Pflug [51] demonstrated that the protein concentration of post-nodal lymph was
on average twice that in pre-nodal lymph. Both groups investigated lymph flows
through the popliteal nodes of anesthetized dogs. Estimates of the pre-nodal and
post-nodal lymph flows by Adair et al. [43] indicated that the doubling of protein
concentration in the post-nodal lymph was accompanied by a halving of lymph
flow, indicating that half the pre-nodal flow was absorbed into the blood flowing
through the node. Knox and Pflug [51] noted that the ratio of concentrations in the
post-nodal lymph to those in the pre-nodal lymph was the same for all proteins and
independent of their absolute values. From this they concluded that higher concen-
trations in the post-nodal lymph were consistent with fluid removal from the lymph
as it flowed through the node rather than by the addition of protein to the lymph.
Further experiments in which labelled albumin was injected directly into the pre-
nodal lymph confirmed this interpretation [51]. Because lymph flows through the
nodes and continually renews the fluid outside the blood capillaries and venules,
steady state fluid uptake can occur here. Its importance can be appreciated if we
make rough estimates of the volume of fluid filtered daily from plasma into the total
muscle mass of a human subject.

Skeletal muscle mass of a 70 kg male subject is approximately 28 kg and esti-
mates of the product of LpA for soft tissues of the forearm and calf regions, which
are largely muscle, lie in the range of 0.0025 to 0.004 ml min~' mm Hg~' 100 g~! of
tissue. Using the difference (AP — 6All), as shown in Fig. 2.15b, and averaging it
over the exchange area of the muscle microcirculation leads to a mean value of just
less than 1 mm Hg. Using these values, one calculates a net daily filtration of
between 800 ml and 1300 ml. These figures represent the basal levels that might
occur during sleep (or bed rest) and additional volumes of fluid filtered into muscles
of the lower half of the body during sitting or standing would probably double these
figures. If during the first hour or so of bed rest transient absorption of fluid was
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driven by a mean pressure of 2 mm Hg, 100-300 ml of extravascular fluid might be
absorbed directly into the circulation. A further 800-1300 ml would be absorbed
from the lymph flowing through regional lymph nodes over 8 h of bed rest and pos-
sibly a similar volume during the daytime. This would mean that of the 1600-2600 ml
of fluid filtered into skeletal muscle during a day, between 900 ml and 1600 ml
would be absorbed mostly at the lymph nodes leaving a remaining volume to be
added to thoracic duct lymph of between 700 ml and 1 L. The estimates of the tho-
racic duct lymph flow in human subjects have been restricted to a few measure-
ments made on patients with thoracic duct fistulae and are approximately 4 L per
day in non-fasting subjects when two-thirds of the lymph is derived from the liver
and gastrointestinal tract. Since skeletal muscle constitutes 40% of the total body
mass, a contribution of approximately 20% to thoracic duct lymph seems reason-
able. This is a rather more realistic figure than that to which Levick [34] drew atten-
tion 29 years ago. Following the argument implied in Fig. 2.15a, by subtracting
mean ISF 77, from I1,, Bates et al. [52] found that (AP — 6AIl) exceeded the venous
pressure in human forearm skeletal muscle by 4-5 mm Hg. Because the mean capil-
lary pressure is likely to be 5-15 mm Hg greater than the venous pressure, the net
pressure driving filtration throughout the microvascular bed could be as high as
10 mm Hg. Even if it were only 5 mm Hg and also that both the patient remained
supine and half the fluid filtered into 28 kg muscle were absorbed in the lymph
nodes, there would remain 6 L of fluid to be added to thoracic duct lymph every day;
i.e., 150% of the maximum estimates for the sum of the daily flows for both thoracic
duct and right lymph ducts. However useful Fig. 2.15a may have been as an aide
mémoire, it is misleading and cannot be used for clinical decision making.
Figure 2.15b is much closer to the truth.

Relevance of the Revised Starling Principle to Intravenous
Fluid Therapy

Woodcock and Woodcock [4] drew attention to the relevance of the revised Starling
Principle in guiding and interpreting the effects of intravenous fluid therapy. The
name “Revised Starling Principle” is, however, unfortunate for it implies that the
original principle was incorrect and required revising. Perhaps because of this mis-
nomer, the revised Starling Principle has been misunderstood and subsequently
misrepresented.

For example, in a recent publication [53] it is said that the revised Principle “has
challenged the traditional Starling formula equation”, that “the plasma’s oncotic
pressure is less important than previously thought” and that fluid absorption from
the tissues does not occur. It has also been suggested that the “Revised Principle”
predicts that the movement of fluid from the interstitial spaces into plasma can only
occur via the lymphatics and not by raising the plasma colloid osmotic pressure
[53]. All these statements are incorrect.

First, far from challenging the equation which describes the classical Starling
Principle, the development uses the traditional equation to show what its
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consequences are when the exchange vessels in tissues have a low but finite perme-
ability to macromolecules.

Second, the revised principle does not say that fluid uptake from the tissues can-
not occur. If this were so, it would be difficult to account for fluid uptake from the
gastro-intestinal tract or reabsorption of most of the glomerular filtrate in the kid-
neys, let alone the inconsistency between such a claim and the large body of evi-
dence demonstrating the direct uptake of fluid from the tissues into the blood,
including Starling’s own experiments. What the revised principle does say is that
where the ISF of a tissue is formed entirely from the ultrafiltrate of the plasma flow-
ing through its microcirculation, fluid uptake from tissues directly into blood is
always transient. Thus, a fall in the mean microvascular pressure difference across
microvascular walls below the effective colloid osmotic pressure difference between
plasma and ISF in these tissues results in fluid uptake from ISF directly into the
circulating plasma but the rate of fluid uptake diminishes with time and eventually
reverts to a low level of filtration. The revised principle argues that in these tissues,
steady states of blood-tissue fluid exchange are established only when there is at
least a very low level of net filtration of plasma into tissues. This is an obvious con-
clusion since in this type of tissue where all the ISF is generated by filtration from
the plasma. The volume of the ISF here is maintained by a low level of filtration into
the tissue, which is matched by the flow of lymph out of the tissue. These tissues
include both skeletal and smooth muscle, skin and connective tissues and constitute
a large fraction of the body mass. In tissues where the source of some ISF is a pro-
tein free secretion from adjacent epithelia (eg in the intestinal mucosa and the post
glomerular renal microcirculation) steady state conditions of fluid uptake can occur
(as discussed in section on “Steady state fluid uptake in specialized tissues”).

Third, following on from this, the revised Starling Principle does not suggest that
raising the colloid osmotic pressure of plasma is an unimportant method for moving
fluid from ISF into plasma. This, of course, increases the effective colloid osmotic pres-
sure difference across microvascular walls and if this difference now exceeds the dif-
ference in hydrostatic pressures, fluid should flow from tissues into circulating blood.

Perhaps the most important contribution that the Revised Principle might make
to peri-operative care lies not so much in the detail of the steady state relations or
even the recognition that there often are differences between the mean colloid
osmotic pressure of the ISF and that of the peri-capillary fluid but by the graphical
analysis used to demonstrate that fluid exchange is determined by AP-cAIl as
Starling recognized. When this difference is positive, fluid is filtered from the circu-
lation into the tissues. When the difference is negative, fluid is absorbed into the
plasma from the tissues. The rates of filtration and absorption are directly propor-
tional to these differences and serve to return fluid exchange to the point on the
steady state curve at that value of AP. While AP in the different tissues cannot be
measured, their presence cannot be neglected when trying to interpret changes fol-
lowing intravenous infusions. To illustrate this, we consider a question central to the
controversy of whether intravenous infusion of crystalloid solutions is more effec-
tive in expanding plasma volume of patients with severe blood loss than it appears
to be in normovolemic subjects.
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Consider first a healthy volunteer in a supine resting position, in whom /7, has an
initial value of 25 mm Hg and the mean value of P.is 23 mm Hg. If a purely crystal-
loid solution is intravenously infused in this subject, it dilutes the plasma protein,
decreasing I1p and increasing AP — 6AIl and consequently increasing filtration from
plasma to tissues. The filtration rate increases further if P rises as the blood volume
expands, either as a consequence of an increase in cardiac output or of a compensa-
tory vasodilatation (with a reduction of the pre- to post capillary resistance ratio)
particularly in skeletal muscle, with its large contribution to the total body mass.
Glomerular filtration rate and subsequently urine flow both increase, resulting in the
slow excretion of the fluid load. A large number of studies of this kind have been
carried out, notably by Hahn and his colleagues and analyzed using their volume
kinetics model [54-56].

Anecdotal reports that crystalloid infusions are more effective than this in clini-
cal situations has been supported in a series of trials, which have found that for
patients in intensive care, similar hemodynamic measures can be achieved by vol-
umes of crystalloid solutions only slightly greater than those of solutions containing
colloids (e.g. [57, 58]). A mechanism for the increased effectiveness of crystalloid
infusions under these conditions involves the physiological response to hypovole-
mia. Hypovolemia triggers vasoconstriction in much of systemic circulation and the
consequent increase in precapillary resistance (particularly in skin and muscle)
greatly increases the Ra/Rv ratio and lowers P¢ (see eq. 2.2 above). The fall in P,
may be increased further by an accompanying fall in P, with a reduced cardiac out-
put. Such a fall in P results in the driving pressure for filtration, AP — cAII, becom-
ing negative and consequently fluid moves from ISF into the plasma. These changes
are shown in terms of the relations between filtration and absorption rates and P, in
Fig. 2.16a and b. In Fig. 2.16a, the expected changes in filtration rate and P are
shown following intravenous infusion of crystalloid solution in the healthy normo-
volemic subject. The vertical arrow, AB, indicates the rise in filtration rate if AP
remains constant and the line, AC, how this rise may be amplified if, as seems likely,
AP increases. The changes in the hypovolemic patient are shown in Fig. 2.16b.
Here, the effects of the instantaneous vasoconstriction are the same shown as for a
step fall in AP, previously illustrated in Fig. 2.8. If the vasoconstriction and conse-
quent fall in AP occurs more slowly, a curvilinear path might be followed. The
upward pointing vertical arrow indicates the effects of either the physiological
uptake of fluid from the tissues or infusing a crystalloid solution at constant
P. Intravenous infusion of crystalloid solutions at this stage not only speeds up this
process of restoring the circulating volume but aids its completion. Reports in the
older literature indicate that physiological compensation is limited in the short term.
Kaufmann and Miiller [59] reported that in healthy individuals, estimates of the
dilution of the plasma proteins immediately after blood donations of 400 ml, indi-
cated that while 50-60% of the plasma volume was restored in 15 min, no further
changes occurred over the subsequent 15 min. The effects of both physiological
compensatory fluid uptake and intravenous crystalloid infusions should be the same,
diluting the circulating plasma protein concentration and consequently shifting the
position of the steady state curve so that its inflexion occurs at a lower value of
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Fig.2.16 Relationships between microvascular fluid filtration (/,/A) and microvascular pressure
difference (AP) before during and following intravenous infusion of an isotonic crystalloid solu-
tion. Point A indicates values of J, and AP before infusion and blue arrow, the changes in Ji/A at
constant AP to point B where infusion ends. If, as is most likely, expansion of the circulating vol-
ume leads to vasodilatation, with reduced Ra/Rv and a consequent rising P, changes in Jy are
shown by the red arrow leading towards point C. Green dashed arrows indicate excretion of the
fluid load. (b) Changes in Jv/A in an acutely hypovolemic patient. Initial vasoconstriction with
increase in Ra/Rv, leads to a rapid fall in Pc with a consequent reversal of fluid filtration to fluid
uptake from tissues to plasma (red arrow A to B). If crystalloid solution is infused at B, fluid is
retained and plasma volume restored to a degree determined by dilution of plasma proteins to the
stage where Al = AP at the value of Pc at point C. Fluid is no longer retained if infusion is con-
tinued beyond this stage (c) Predictions of the fraction of a crystalloid infusion that is retained in
the circulation in a tissue such as muscle at normal and reduced Pc

AP. Based on the calculations underlying Fig. 2.16a, b, and assuming the mean
value of the product of the hydraulic permeability and exchange surface area for all
the microvascular beds of the body is similar to that in human skeletal muscle, the
percentage of the infusion which is retained in the circulation over a 40 min period
are shown for the healthy subject and the patient in Fig. 2.16c. We have pointed out
that in the hypovolemic patient, the infusion of crystalloid solutions has the same
effect on /1, as the physiological compensatory response of absorption of largely
protein-free fluid from tissues into the plasma. One big difference, however, is that
as I1p is reduced and oA/T falls towards AP in the vasoconstricted systemic circula-
tion, the rate of physiological fluid uptake into the plasma also decreases and comes



66 C. C. Michel et al.

to halt when 6AIl = AP. Unfortunately, the clinician has no obvious means of know-
ing when this occurs. In most organs and tissues supplied by the systemic circula-
tion, a low level of edema is reversible but this is not the case for the pulmonary
circulation. The greatest risk from over-transfusion is pulmonary edema.

The clinician may, however, be guided by the revised interpretation when consid-
ering the effects of fluid therapy on the pulmonary circulation. The lungs of healthy
individuals are protected from edema by the low microvascular pressures in pulmo-
nary capillaries (7-10 mm Hg) and by the speed with which transient changes in
filtration rate reach new steady state values following small changes in the Starling
pressures. In addition to the brisk increase of ¢AII that follows an increase in filtra-
tion rate, there is also a reduction of AP since interstitial hydrostatic pressure in the
lungs lies normally in the range of —5 to —10 mm Hg (sub-atmospheric) and rises
rapidly with expansion of pulmonary interstitial volume acting as an additional buf-
fer against edema formation. The low pulmonary capillary pressures mean that fluid
filtration rates sit on the flat region of the steady state curve, 10 mm Hg or more
below its upward inflection (similar to point C in Fig. 2.16b). This means that dilu-
tion of the plasma proteins during intravenous infusions of crystalloid solutions
should have little effect upon pulmonary interstitial volume until the plasma colloid
osmotic pressure is reduced to a value just above the mean pulmonary P.. When
large fluid volumes are infused intravenously, a logical precautionary measure
might be to monitor patients’ plasma protein concentrations, or even better, their
plasma colloid osmotic pressures together with pulmonary artery pressure. The
infusion of crystalloid could then be discontinued as soon as the colloid osmotic
pressure approached 10-12 mm Hg.

Although changes in circulating plasma volume are shown in Fig. 2.16c, it
should be remembered that the near constant value maintained for nearly 30 min
following a 12 min infusion of crystalloid solution when P- = 12 mm Hg is pre-
dicted on the assumption that P, remains low and all micro-vessels have the same
permeability properties to fluid and macromolecules as those found in skeletal mus-
cle of healthy subjects. This, of course, is, at best, an approximation. Until there is
a more complete quantitative understanding of the dynamics of blood volume regu-
lation and methods available for assessing this in the operating room, predictions of
the effects of intravenous infusions are at best imprecise. At present, there is no easy
way for the clinician to know the value of the mean P, in most major components
of the systemic circulation.

A Note on the Measurements of Changes in Plasma Volume

To manage intravenous fluid therapy efficiently one should have a rapid and reliable
method for estimating changes in plasma volume. Unfortunately, there is no method
of this kind available. Whereas plasma volume can be estimated from the dilution of
a labeled plasma protein, the time taken for the tracer to mix sufficiently to reach a
uniform concentration within circulation is sufficient for a significant fraction of
tracer to have left the plasma and entered the tissues. To remedy this, serial
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measurements of plasma tracer concentration are made and once they are seen to
follow a steady exponential decline, back-extrapolation to zero time (the time of
injection) provides a value of concentration that can be taken to represent that which
would be present when the injected mass of tracer was uniformly distributed
throughout the plasma volume. Hence if m is the amount of tracer injected into the
circulation, Cj is the concentration at zero time and V is the plasma volume, then
Ve = m/Cy. This is not a method that can be used to estimate rapidly changing
plasma volumes and most investigators have instead used changes of hematocrit as
an index of the relative changes in plasma volume when total red cell volume in the
circulation is considered to be constant. This may seem to be a reasonable approach
but it involves major uncertainties. Before considering these, let us revise the basic
idea of the method. Let H be the hematocrit and V. and V, are the total circulating
volumes of the red cells and plasma, it seems reasonable to say:

i= Ve ,and
100 V. +V,
V.+V,
@:u:l-{-& (2.6)
H Ve V.

Let H, be the hematocrit of a sample of blood taken from a patient before a pro-
cedure and H, be its value 40 min after infusion of 500 ml of a crystalloid solution.
Providing the total volume of circulating red cells has remained unchanged, the
ratio of the plasma volumes corresponding to H; and H, is calculated from eq.
(2.6) as:

— -1
H, = ﬁ& = & 2.7
@ _1 VC Pl VPI
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The relative change in plasma volume is:
V,,Z—V,,l=ﬁ_1=(100/H2)—1_1 2.8)
I’ I’ (100/H,)-1

If, initially, the total volumes of circulating plasma and cells are 3 L and 2 L respec-
tively and 300 ml of the infused 500 ml of crystalloid solution is retained when the
blood has a hematocrit of H,, then V,,/V;,; should equal 1.1, and plasma volume
would be 3.3 liters. If H, was 40% then H, should be 37.7%. With an error of 1% in
the estimation of hematocrit, H; could be 41% and H, = 37%. Using these slightly
erroneous values, the relative change in plasma volume would be estimated as
1.183. With an initial plasma volume of 3 L, the measured change of hematocrit
would now suggest the plasma volume was 3.550 L, an overestimate of 250 ml and
a plasma volume 50 ml greater than the infused volume. This calculation empha-
sizes how very small errors in the measurement of hematocrit lead to large errors in
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the interpretation of changes in plasma volume. Obviously, such errors can be mini-
mized by making multiple determinations of hematocrit on each blood sample.

A second problem, when estimating changes of plasma volume from changes in
hematocrit, arises from the differences between the hematocrit determined on blood
taken from a large vessel and that calculated from measurements of the total plasma
volume and total red cell volume, the whole body hematocrit. In most individuals
the large vessel hematocrit (Hyy) is greater than the whole body hematocrit (Hy),
with the ratio of Hy/H;y (described as the F-cell ratio) falling between 0.88 and 0.94
for most healthy (and non-pregnant) adults [60—-63]. In pregnancy (where maternal
blood volume is expanded) the ratio falls and in the new born it may be as low as 0.8
[60]. Variations in the ratio in the same individual occur from time to time and it is
suggested that these are associated with the redistribution of blood in the systemic
circulation [64]. Thus estimates of changes of plasma volume with acute changes in
posture using dye dilution have been reported to be twice as great as those made
from changes in hematocrit [64].

A contributing factor is that red cells circulate through most peripheral circula-
tions more rapidly than plasma and that rather than representing the ratio of the
volume of red cells to the volume of blood, the hematocrit in large vessels reflects
the ratio of the flow of cells to the flow of blood. The flows of red cells and plasma
are related to their overall volumes through their mean transit times. If t. and 7, are
transit times for the red cells and the plasma respectively, then eq. (2.6) may be
rewritten as:

100V, 1,

=1+
Ver,

(2.9)
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When a change of plasma volume is calculated from eq. (2.7), the result becomes:

[IOO/H :| P2 C2 TP]
Jda (2.10)
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where subscripts 1 and 2 represent the initial and final volumes and transit times
respectively. Only if the ratio 7./z, remains unchanged will the estimate of a change
in V, be correct. A small change in the value of t./t, accompanying a change in V)
can lead to misinterpretation.

This can be illustrated by the following numerical example. If the intravenous
infusion of a fluid increases V, from 3.0 to 3.5 1 and is accompanied by an increase
in red cell velocity relative to plasma velocity, reducing t./t, from 0.9 to 0.85, by
ignoring the transit time ratios one might conclude that the increase in plasma vol-
ume was 306 ml instead of 500 ml; i.e., an underestimate of just under 40%. If, by
contrast, the red cell velocity was slowed by the infusion, increasing t./t, from 0.9
to 0.95, ignoring this change would suggest that the increase in plasma volume was
694 ml—an overestimate of nearly 40%. This margin of error indicates that small
changes in the relative transit times of red cells and plasma in the circulation can
compromise estimates of changes in plasma volume following the intravenous infu-
sion of fluids. The message from this is that estimates of changes in plasma volume
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based on changes in large vessel hematocrit should be regarded with critical
caution [64].

Conclusion

The so-called “revised Starling Principle” develops the interpretation of Starling’s
Hypothesis in two ways. First it recognizes that the permeability of microvascular
walls to macromolecules means that there is never an equilibrium between the
hydrostatic and colloid osmotic pressure between the plasma and interstitial fluid.
The colloid osmotic pressure difference is itself dependent on filtration of fluid from
plasma into the tissues, and fluid uptake from ISF to plasma can only occur tran-
siently in tissues where the ISF is formed entirely as a plasma filtrate. Steady state
uptake of fluid into the circulation occurs only in those tissues where a large com-
ponent of the ISF is a protein-free secretion from a neighboring epithelium or where
the ISF flows through the tissue as in lymph nodes.

The second way in which the revised principle develops the classical hypothesis
is that it recognizes that the difference in colloid osmotic pressure holding fluid
within the vascular system is not between that of the plasma and its mean value for
ISF but the difference across the primary ultra-filtering structure within micro-
vascular walls. This is the glycocalyx at the luminal surface of endothelium. In ves-
sels with continuous (non-fenestrated) endothelia, the low flux of macromolecules,
which cross the endothelium by breaches in the glycocalyx, are prevented from
back-diffusing from the basement membrane to the underside of the glycocalyx by
a low level of filtration, the velocity of which is amplified a hundredfold during its
passage through the narrow breaks in the junctional strands. As a consequence, the
relevant effective osmotic pressure across the glycocalyx differs from the difference
in colloid osmotic pressure between that of the plasma and its mean value for the
interstitial fluid.

When plasma colloid osmotic pressure, /1, is constant, changes in net fluid
transport rates are transiently directly proportional to step changes in hydrostatic
pressures. With different time courses in different tissues, these initial rates move
toward steady state values. Graphs relating steady state fluid transport to microvas-
cular pressures in most tissues (e.g., muscle, skin, connective tissues) are not lin-
ear, showing a marked inflection when microvascular pressures are close to plasma
colloid osmotic pressure. As pressure rises between 0 and /7, fluid filtration is very
small and difficult to detect; when pressure is greater than I7p, filtration rate rises
sharply, and with further increases in pressure becomes linear with a slope equal to
the hydraulic permeability of the microvascular wall. This nonlinear behavior of
steady state fluid exchange is of potential importance in guiding intravenous fluid
therapy. It predicts that the effects of dilution of the plasma proteins and reduction
of I, on blood-tissue fluid exchange are different when microvascular pressure
(P¢) is in the range of 1, and when P is well below this. When P, is initially equal
to or greater than /1p, dilution of the plasma increases filtration into tissues; when
P is well below [1p, dilution of the plasma proteins has little effect. This is because
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the steady state filtration rates at normal and reduced 71, differ by very little until
I, falls to within a couple of mm Hg of the low P.. Low values of P, occur in
muscle with intense peripheral vasoconstriction (e.g., following blood loss) and are
also normally present in pulmonary capillaries. This suggests that monitoring /1p
may help to avert pulmonary edema during infusions of large volumes of
crystalloids.

Appendix

Some readers may be interested to follow the theoretical derivation of the steady
state relation between fluid filtration through a membrane and the pressure differ-
ence across the membrane when the solute responsible for an osmotic pressure dif-
ference opposing filtration has a reflection coefficient of less than one.

The rate of transport of the solute through the membrane is Js and transport
occurs by convection (fluid filtration per unit area of membrane = Jy) and diffusion
(diffusion coefficient of the solute in the membrane water = D). If the overall thick-
ness of the membrane between its upstream and downstream surfaces = A and
x = any distance measured in the membrane from the upstream surface between 0
and A, the flux of solute at x is given by:

Jg=1J, (l—cr)C(x)+D(—m),

X

Where C(x) is solute concentration at x. Rearranging this expression leads to:

dC(x) _ J, (1—G)C( )_J_S
dx D D
Both Js and Jy are time invariant in the steady state and ¢ and D are constants; defin-
ing a = Jy(1-0)/D and b = J¢/D, allows simplification of 2.1A to:

@2.11)

dC(x)
Cdx

When x = 0, C(x) = C, the concentration of solute as the solution enters the mem-
brane; when x = X, C(x) = C,, the concentration solute in the ultrafiltrate leaving the
membrane. Integrating eq. (2.12) between the limits of 0 and X:

=a.C(x)-b. (2.12)

T dc jdxleads to:
0

In (aC2 —b)

= aX,whichmaybewrittenas :
(aC1 - b)

aC,—b=(aC, —b)e™. (2.13)
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The exponent, aX, is the ratio of the convective velocity of the solute through the
membrane to its diffusion velocity and is known as the Péclet number, Pe. In the
steady state, the ratio Js/Jy = C,, and dividing eq. (2.13) through by a and expressing
the full meaning of @ and b leads to:

Pe_
(g:C&%—é@”—Q=c&%—c£i——Q

a ’ (1-0)’
Which can be reduced to:
e —o
Q = Q (2.14)
C, (1 -0 ) e’
Dividing the RHS of 2.4 through by e and inverting yield
l-o
g = g (2.15)
C (1 —ce ™ )
The concentration difference across the membrane is:
(1 —e )
C,-C,=Co (2.16)

If we assume the osmotic pressures of the solutions at the upstream surface and
leaving the membrane downstream are directly proportional to their solute concen-
trations, the difference in osmotic pressure opposing filtration, AI7, can be expressed
in terms of the upstream osmotic pressure, I7;,

(1 - e’P")
AT :Hlom (2.17)

For fluid filtration through microvascular walls, 77, is equivalent to /1p, the plasma
colloid osmotic pressure, so that the steady state relation between fluid filtration and
microvascular pressure difference can be written (approximately) as:

(2.18)

Equation (2.19) resembles eqs. (2.1) and (2.3) but because Pe is a function of J, the
equation should be written as an expression for AP in terms of Jy.

_ P
AP:ZL+G%;11J1_1
L, (1 —cre’Pe)

When appropriate values for the permeability coefficients are substituted into eq.
(2.19), non-linear curves similar to those shown in Figs. 2.6, 2.7 and 2.14a can be

(2.19)
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constructed. Equations (2.18) and (2.19) are approximations because the assump-
tion made in eq. 2.17 is only approximately true as the relation between osmotic
pressure and concentration for macromolecular solutions is not linear but its slope
increases with concentration and it is best described by a polynomial expression. To
obtain more accurate predictions, numerical solutions can be used to estimate the
osmotic pressure difference from the difference in concentration.
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Abstract

The endothelial glycocalyx establishes the osmotic pressure difference of the
plasma proteins across the vascular wall and plays a major role to determine
the distribution of infused fluids in both normal and clinical settings. Loss of the
glycocalyx compromises the retention of infused fluid in the plasma volume. On
the basis of results from improved approaches to preserve and image glycocalyx
structures, and quantitative evaluations of water and red cell interactions with
glycocalyx components, the glycocalyx is now best understood as fibrous net-
works with varying composition within a three dimensional structure: a quasi-
periodic inner matrix associated with the endothelial cell membrane that forms
the permeability barrier, and a more porous outer region whose composition var-
ies with distance from the endothelial membrane and which determines red cell
hemodynamics. This chapter evaluates the strength and weakness of experimen-
tal and theoretical investigations that have led to this understanding and points to
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the emerging methods to investigate glycocalyx structure using advanced imag-
ing methods. The increasing awareness of the importance of changes in the gly-
cocalyx as an early indicator of microvascular dysfunction in both acute and
chronic disease requires methods to evaluate the glycocalyx in the clinical set-
ting. The methods to measure whole body glycocalyx volume from the differ-
ence between the distribution volumes of red cells and macromolecular tracers
overestimate glycocalyx volume and are likely of limited usefulness. The com-
mon concept that the changes in the thickness of the glycocalyx layers extending
more than 0.5 pm from the endothelial surface can be used as reliable biomarkers
of the function of the glycocalyx as a permeability barrier must also be carefully
evaluated. While direct visualization of changes in the penetration of red cells
into the cell-free layer at the walls of sublingual microvessels appears to charac-
terize some glycocalyx dysfunction, the approach ignores differences in porosity
between inner and outer layers of the glycocalyx, and the role of changes in red
cell mechanics, independent of the glycocalyx, to influence penetration into the
cell free layer. By identifying these limitations, the chapter should provide a
basis to re-evaluate ideas about the distribution of infused fluids within and
across the glycocalyx during perioperative fluid therapy, encourage further
improvements of these and similar methods, and enable comparisons with ana-
Iytical approaches to measure the accumulation of specific glycocalyx compo-
nents in plasma and urine as biomarkers of glycocalyx function. On the basis of
the principles outlined in this Chapter, the final summary addresses some of the
frequently asked questions about glycocalyx function and fluid balance that are
likely to arise during perioperative fluid therapy.

Key Points

1.

The glycocalyx establishes the osmotic pressure difference of the plasma pro-
teins across the vascular wall and plays a major role to determine the distribution
of infused fluids in both normal and clinical settings. One of the most important
modern concepts in perioperative fluid therapy is that loss of glycocalyx
components is an early step in microvascular dysfunction, leading to distur-
bances of plasma volume and transvascular fluid distribution.

The glycocalyx is extremely difficult to preserve and visualize in its normal
state. The glycocalyx is best understood as a fibrous network with varying com-
position within a three-dimensional structure. A quasi-periodic inner matrix
associated with the endothelial cell membrane forms the permeability barrier
and a more porous outer layer determines red cell hemodynamics. The common
concept that the changes in the thickness of the glycocalyx layers extending
more than 0.5 microns from the endothelial surface can be used as biomarkers of
glycocalyx function in model systems and patients must be carefully evaluated.

. Preservation of the glycocalyx requires suppression of matrix metalloproteinase

activity and free radical generation and avoidance of conditions of both hypovo-
lemia and hypervolemia. The potent glycolipid antiinflammatory agent
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sphingosine-1-phosphate (S1P) plays a critical role to maintain glycocalyx and
endothelial barrier integrity. S1P is carried in the circulation by albumin and the
Apolipoprotein-M fraction of high density lipoprotein. Conditions that limit S1P
availability (low Apo-M levels and decreased synthesis of S1P) likely contribute
to loss of endothelial glycocalyx.

4. The most direct evidence of damage to the glycocalyx comes from increased
concentrations of glycocalyx components in the circulation or urine. New ana-
lytical methods based on mass spectroscopy may measure organ specific changes
in glycocalyx injury. Measurements of a glycocalyx volume as a difference
between the distribution volumes of red cells and macromolecular tracers such
as dextran and albumin always overestimate the volume of plasma within the
glycocalyx and are not a reliable index of the way the glycocalyx modifies intra-
vascular fluid distribution.

5. Direct visualization of changes in the penetration of red cells into the cell free
layer at the walls of sublingual microvessels of patients using side stream dark
field imaging is currently being actively evaluated as a biomarker of changes in
the glycocalyx. While there is increased penetration of red cells towards the ves-
sel wall in microvessels vessels up to 50 pm in diameter in some disease states,
the claim that such changes are a reliable biomarker of the function of the glyco-
calyx requires much more careful evaluation, particularly with regard to changes
in the glycocalyx that are important for peri-operative fluid therapy.

Introduction

Glycocalyx is a term that describes the sugar based extracellular matrix present on
all cells. The endothelial glycocalyx is a specialized version and forms the first con-
tact surface between blood and tissue. It is involved in physiological responses that
determine tissue homeostasis including fluid, nutrient, and large molecule transport
between blood and tissue. Preclinical investigations have demonstrated that the gly-
cocalyx forms part of the barrier that regulates water and large molecules movement
through vascular endothelium, senses the magnitude of local blood flow and regu-
lates local nitric oxide production. The glycocalyx also senses the direction of local
blood flow and modulates endothelial remodeling, and forms the layer over which
red cells transit through microvessels. By limiting access of leukocytes and other
vascular cells, including platelets, to the endothelial surface, the glycocalyx also
plays a key role in inflammation and the coagulation system [1-8]. These homeo-
static functions are compromised when all or part of the glycocalyx is lost or dam-
aged [9-12]. Mounting evidence also indicates that a clear understanding of the
functions of the glycocalyx has the potential for improved clinical outcomes in both
acute and chronic disease states including interventions involving perioperative
fluid management [13—15]. The glycocalyx is the primary determinant of fluid flows
and plasma protein concentration differences between circulating blood and the
body tissue, and the consequences of this for fluid therapies is described in accom-
panying Chap. 2 on the Revised Starling Principle.
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In this Chapter the focus is on the evolving understanding of the glycocalyx as a
3-dimensional layered structure close to the endothelial surface. Figure 3.1 shows a
state-of-the art view of the glycocalyx on a glomerular capillary built up from
images obtained by the process of focused ion beam scanning electron microscopy
in which layers of fixed tissue 10 nm thick are successively removed [16]. The
image is from the most recent of a series of investigations reported by the authors of
this chapter that have provided new understanding of structure-function relations in
the glycocalyx in both fenestrated and non-fenestrated microvessels fixed under a
variety of conditions and using both conventional as well as newer ways to stain
glycocalyx components ([16, 17] and see Sections “Imaging the Glycocalyx and
Structure-Function Relationships” and “Background: Imaging the Glycocalyx:
More Detailed Technical Issues” below). An evaluation of such a 3D structure is
important because: (1) the regulation of the different physiological functions of the
glycocalyx described above (e.g. permeability barrier versus lubrication layer for

Fig. 3.1 The endothelial glycocalyx of a renal glomerular filtration capillary. The original data
(from [16] with permission) was: (a) 3D series built from a scanning electron microscope sequence
with 10 nm of material milled away between images by a focused ion beam. The front edge of
glycocalyx is 4 pm wide. (b) 3D reconstruction of a transmission electron tomogram into a 1.2 pm
by 0.73 pm by 0.16 pm cuboid. The glycocalyx was stained with the LaDy GAGa technique. The
figure with parts of the glycocalyx (yellow), endothelium (blue) and podocyte foot processes (red)
colored for emphasis is adapted from [16]. Details of the glycocalyx staining and 3D scanning
electron microscopy of the glycocalyx are in Sect. 10
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red cell movement through microvessels) depends of different properties of its sub-
structure; (2) measurements of biomarkers for glycocalyx function in clinical set-
tings (distribution space for red cells in microvessels or the volume of the glycocalyx)
can result in misleading estimates of changes in the glycocalyx structure when its
3D organization is not taken into account; (3) understanding the mechanisms that
degrade the glycocalyx or that contribute to its protection and stability require
knowledge of the heterogeneity of the glycocalyx and its internal organization; and
(4) new approaches to the investigation of the glycocalyx at a molecular level
require better understanding of the limitations of current approaches which often
assume that the glycocalyx is a relatively uniform structure.

We discuss these topics below, beginning with a brief overview of glycocalyx
composition in relation to 3D structure, and how current knowledge provides some
insight into ways to protect the glycocalyx. In the second part of the review we
evaluate approaches to measurement of changes in the glycocalyx both in clinical
settings and in basic research. Because of the layered structure we generally use the
term glycocalyx to describe the molecular components that form a physical struc-
ture directly and indirectly attached to the endothelial cell surface. The term endo-
thelial surface layer (ESL) is also often used as a less specific term to describe the
region next to the blood vessel wall, and is generally assumed to also refer to the
whole glycocalyx but it is likely that the thickness of the ESL is modulated by
mechanisms in addition to the glycocalyx, including the micromechanics of red cell
movement through blood vessels.

Composition in Relation to a Layered Structure

Overall the glycocalyx is a complex fibrous network of molecules that extends from
the endothelial cell membrane for distances that range from about 0.5 to possibly
several microns. The mechanisms determining the overall organization of the glyco-
calyx are still poorly understood but include the anchoring of core proteins to the
endothelial cell membrane and its underlying cytoskeleton, charge interactions
between the side chains of these core proteins, which carry a net negative charge,
and other electrostatic and weak chemical interactions with plasma constituents
including hyaluronan, plasma proteins, and small electrolytes. The structure is
maintained by a dynamic balance between mechanisms to degrade the layer and
mechanisms for its restoration by synthesis of components. This is suggested by the
top panel of Fig. 3.2. There are several detailed reviews of glycocalyx structure [2,
4, 5, 8]. Here we briefly review the properties of known components that can be
used to place constraints of glycocalyx structure. As illustrated in the lower panel of
Fig. 3.2, these include:

(a) The syndecan family of core proteins: Endothelial cells (ECs) express several
forms of this family which have glycosaminoglycan (GAG) attachment sites
close to their N-terminus substituted by heparan sulfate (HS) [19]. Syndecan-1
contains two additional sites closer to the membrane for chondroitin sulfate
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Fig. 3.2 One of the earliest attempts to illustrate the endothelial glycocalyx as a complex three-
dimensional structure is shown in the top panel. The hypothetical model emphasizes the presence
of an inner region consisting of glycoproteins and proteoglycans associated with the endothelial
cell membrane and an outer layer with structure and composition varying with distance from the
endothelial surface and in the plane of the endothelial surface. Hyalunonan forms part of the scaf-
fold for the outer layer, which also includes adsorbed plasma proteins and solubilized glycosami-
noglycans. A more detailed recent illustration of some of the inner structure components is shown
in the lower panel. The physical and chemical properties of components of the inner layer have
guided recent attempts to quantify the functions of glycocalyx as a permeability barrier and to form
part of the lubrication layer for red cells. The section to the right of the red dashed line shows the
consequence of glycocalyx degradation resulting in exposure of endothelial cell surface receptors
to circulating plasma components. Top panel from [3] with permission. Lower panel modified
from [18] with permission

(CS) [20]. Syndecans have many biochemical roles and often dimerize with
cytoplasmic tails associated with the cytoskeleton. These attachments are
assumed to play a role in the organization of the glycocalyx and contribute to
signal transduction mechanisms [21-25]. Because the molecular weights of
GAGs and core proteins suggest molecular lengths from the endothelial surface
of the order of 100 nm, i.e. ~0.4 nm per disaccharide residue and >200 residues,
it is likely that syndecans form part of the inner layers of the glycocalyx [26].
(b) The glypicans: Glypican-1(64 kDa), a member of the Glypican family of core
proteins, is expressed on ECs. Glypican-1 is bound directly to the plasma mem-
brane through a C-terminal glycosylphosphatidylinositol (GPI) anchor [27].
The GPI anchor localizes this proteoglycan to specialized membrane microdo-
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(©)

(d)

(e)

mains, often termed lipid rafts, that include the endothelial surface caveolae.
The GAG attachment sites in Glypican-1 are exclusively substituted with hepa-
ran sulfate.

Hyaluronan: In contrast to these core proteins, hyaluronan or hyaluronic acid
(HA) is a much longer disaccharide polymer, of the order of 1000-10,000 kDa
(lengths can be of the order of several microns), synthesized on the cell surface
and not covalently attached to a core protein [23]. HA associates with the gly-
cocalyx through its interaction with surface receptors, such as the transmem-
brane glycoprotein CD44, and CS chains [28—30]. Because of its large molecular
dimension and cable forming property, HA side chains can extend well beyond
the core proteins and thereby form part of the scaffold for the glycocalyx [31,
32]. HA is not sulfated but obtains its negative fixed charge density from car-
boxyl groups that endow it with exceptional hydration properties.

Plasma Components: The interaction of many plasma proteins with the endo-
thelial surface is regulated by charge and chemical binding with the side chains
of the glycosaminoglycans (see for example [33]). Of particular importance to
the organization of the glycocalyx is albumin, which not only binds to the gly-
cocalyx via positively charged arginine and lysine groups to contribute to sta-
bility and organization, but also is part of a signaling cascade that regulates
matrix metalloproteinase release to degrade the glycocalyx (see details in
Section “Restoration and Preservation of the Glycocalyx”).

Loss of Glycocalyx components: One of the most important modern concepts
in vascular physiology is that loss of glycocalyx components is an early step in
vascular dysfunction [6, 9, 34]. Similarly, loss of glycocalyx components indi-
cates that the integrity of the endothelial barrier as an osmotic and permeability
barrier has been compromised. The most direct evidence of damage to the gly-
cocalyx comes from increased concentrations of glycocalyx components in the
circulation or urine, above that due to the normal breakdown and continual re-
constitution of the glycocalyx at the vascular interface. Examples of conditions
that have been associated with glycocalyx damage include hypovolemia, lead-
ing to poor tissue perfusion and subsequent ischemia/reperfusion-injury [35],
diabetes [36], sepsis [37-39], and exposure to a range of inflammatory agents
including tumor necrosis factor-(a), cytokines, proteases, heparinase, and
viruses such as the Dengue virus [40, 41]. Most current analytical techniques to
measure circulating glycocalyx components rely mainly on ELISA based
assays, which, though of varying specificity, do provide clear evidence of loss
of glycocalyx components after injury. Examples include increased syndecan-1
(42-fold from a baseline of 12 ng/ml) and heparan sulphate (ten-fold from a
baseline of 5 mg/ml) in patients undergoing major vascular surgery [42] and
increased syndecan-1 (27.1-110 ng/ml) and HA (16.8-35.0 ng/ml) in dialysis
patients [43]. Similarly increased levels of plasma HA in type 1 diabetes are
associated with increased circulating level of hyaluronidase (170-236 U/ml).
All these methods require extensive and relatively slow analytic procedures.
This limitation is a major driver of attempts to develop more direct approaches
to evaluate the glycocalyx as will be discuss later. Nevertheless it is likely that
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detailed analyses of the chemical composition of glycosaminoglycan products
and core proteins in circulating plasma using sophisticated mass spectroscopy
and other spectrographic methods will become an important part of future anal-
yses. This is especially the case if the origin of fragments from different vascu-
lar locations can be identified. For example, using these more sophisticated
methods a 23 fold increases in the amount of HS fragments after lung injury has
been reported [44].

Restoration and Preservation of the Glycocalyx

The glycocalyx is a dynamic structure whose structure and function is determined
by the balance between synthesis and degradation of glycocalyx components [9, 11,
45]. In both animal models and clinical studies, direct restoration of glycocalyx
components to circulating plasma (e.g. HA and CS [29]) or the infusion of glycos-
aminoglycan precursors, are reported to restore some function [46]. However the
mechanisms to stimulate synthesis and reassembly of the glycocalyx remain to be
investigated in much more detail.

Useful insight into the balance between stabilization of the glycocalyx and its
degradation came from the observation that albumin, previously understood as an
essential structural component of the glycocalyx, was part of a homeostatic mecha-
nism that regulates glycocalyx degradation. Specifically, Zeng and colleagues [47]
demonstrated that heparan sulphate, chondroitin sulphate, and the ectodomain of
syndecan-1 were shed from the endothelial cell surface after removal of plasma
proteins, but were retained in the presence of the potent glycolipid antiinflammatory
agent sphingosine-1-phosphate (S1P) at concentrations greater than 100 nM. S1P1
receptor antagonism abolished this protection of the glycocalyx by S1P and plasma
proteins. The action of S1P to preserve glycocalyx components was shown to
involve suppression of matrix metalloproteinase (MMP) activity by S1P. Specific
inhibition of MMP-9 and MMP-13 also protected against glycocalyx loss [47].
These results are consistent with observation in other animal experiments that acti-
vated MMPs lead to loss of glycocalyx and increased leukocyte attachment. Further,
agents such as doxycycline that protect the glycocalyx act, at least in part, by inhib-
iting MMPs [48].

Another key observation was that, after red cells were removed from the perfus-
ate, albumin alone was not sufficient to maintain the normal permeability of rat
mesenteric microvessels. However when both albumin and red cells were present,
or when albumin solutions were pre-conditioned by exposure to red cells, permea-
bility was maintained and S1P concentrations in the perfusate exceeded 100 nM
[49]. These observations established that albumin not only binds S1P but also facili-
tates the release of S1P from red cells and carries it to the endothelium. Normally
albumin carries 40% of the circulating S1P [50].

The actions of S1P and abumin-bound-S1P to regulate glycocalyx degradation
are now recognized as part of a wider range of actions of S1P to stabilize the endo-
thelial barrier. Previous investigations demonstrated that S1P and S1P analogs
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maintained the barrier by stabilizing adhesion complexes between adjacent endo-
thelial cells, focal adhesion to extracellular matrix, and the actin cytoskeleton [45].
Equally important is the growing understanding of the delivery of S1P to the endo-
thelial surface receptors by Apolipoprotein-M, a component of high-density lipo-
proteins (HDLs), which binds S1P and carries up to 60% of the circulating S1P [50,
51]. The Apo-M fraction of HDLs likely contributes to the vasoprotective actions of
HDLs. Both albumin bound S1P and Apo-M bound S1P modulate the stability of
intercellular junction complexes, but investigations by Hla and coworkers demon-
strate that there is preferential activation of S1P receptors and signaling pathways in
endothelial cells depending on the carrier [50, 52]. For Apo-M this may involve
co-operative interaction of S1P and HDL binding sites on the endothelium and gly-
cocalyx. In in vitro investigations, Apo-M delivery is more effective than albumin
delivery to modify junctional complexes but the actions of Apo-M dependent deliv-
ery to stabilize the glycocalyx and to modulate release of SI1P from circulating
sources have not been investigated. A recent report also describes a separate path-
way for S1P to protect the glycocalyx and junction complexes via mechanisms to
inhibit mitochondrial dysfunction [53].

Some of the SIP-dependent mechanisms regulating the glycocalyx are illustrated
in Fig. 3.3. The clinical significance of these new areas of investigation is that S1P
delivery may be limited in a number of disease states. For example, reduced plasma
Apo-M levels have been associated with acute myocardial infarction, endotoxemia,
diabetes, and metabolic syndrome [52]. It is possible that the capacity to carry S1P
may also be limited by oxidation of HDL or albumin glycosylation. Further,
although it is known that activated platelets secrete S1P, the primary source of S1P
in normal plasma is red cells that synthesize and store high levels of SIP [54]. There
may be reduced synthesis of S1P in diseased or infected red cells. Also the increased
mortality and morbidity described in patients transfused with red cells older than
about 14 days may be explained, in part, by reduced S1P synthesis and correspond-
ing loss of glycocalyx protection [54].

Other strategies to protect the glycocalyx involving inhibition of proteases and
hyaluronidase are being explored, but the regulation of these processes remains an
area for investigation [9]. Perhaps the most direct strategy to preserve the glycocalyx
is avoidance of conditions likely to damage the glycocalyx including hypovolemia
and associated reperfusion injury. Thus fluid therapy that aims to maintain tissue
perfusion is likely to be protective of the glycocalyx. On the other hand there is evi-
dence that excessive fluid infusion leading to hypervolemia results in damage to the
glycocalyx due to the release of atrial natriuretic peptide [55] although the mecha-
nism of action is not clear because ANP can also have vasoprotective actions [56-58].

As these and other approaches are evaluated in more detail in different clinical
settings there is a need for new strategies to assess the integrity of the glycocalyx.
In addi