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Abstract

The early descriptions of abnormalities in the peripheral
circulation date back to the 18th century during the American
Civil War when the British surgeon Jordan Furneaux wrote
what is considered to be one of the first elaborate descriptions
of abnormalities in the peripheral circulation during shock.
However, one of the earliest references to the dynamic
component of the peripheral vascular bed is the work of the
Danish scientist August Krogh, in the 1920s. His work was
followed by a new generation of clinical investigators such as
the American physiologist Carl John Wiggers, who introduced
the term ‘peripheral circulation failure’ in his experimental
studies of haemorrhagic shock. The introduction of the mercury
sphygmomanometer in 1896 and the first performance of right
heart catheterisation in 1929 contributed to a great extent to
the understanding of the pathophysiology of shock and the
associated haemodynamic changes. Over time, pathogenic
theories have evolved, providing a better understanding
of regulatory mechanisms for the central and peripheral
circulation during the state of shock. The connection between
hypotension and peripheral vasodilatation in ‘vasodilatory
shock’” was first published in a review by Gilbert in 1960, who
was the first to provide evidence of heterogeneous distribution
of peripheral blood flow in sepsis. With his experiments in
the 1960s, physiologist Arthur Clifton Guyton described
the behaviour pattern between peripheral circulation within
organs and systemic circulation during acute shock. In the
early 1970s, critical care medicine emerged and sophisticated
haemodynamic methods of monitoring were introduced, which
allowed physicians to understand the relationship between
changes in the peripheral circulation and the prognosis of
shock. The introduction of gastric tonometry in the 1990s
signalled the ability to measure gastric perfusion, and opened a
window to systematically assess regional perfusion in patients
with shock, proving the concept that the peripheral circulation
is the first to deteriorate and the last to reperfuse during
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cardiovascular collapse. During the last few years, studies have
focused on monitoring other vascular beds also susceptible to
hypoperfusion, such as skin, subcutaneous tissue and muscle.
Progression in the understanding of the role of peripheral
circulation in haemodynamic regulation during shock has
led to the application of different investigative techniques to
continually monitor peripheral circulation in the critically ill
patient.

Introduction

Shock

The evolution of medical knowledge during history is more
recent than advances in art, industry and other sciences. The
industrial revolution through the 18th and 19th centuries
brought innovations and transformed life in America and
Europe, whereas it was widely accepted that diseases were the
result of an imbalance in humours, and one of the conventional
treatments to bring back good health was draining blood
through phlebotomy (bloodletting).! Bloodletting was a
common ‘cure for everything’ from ancient times until the 19th
century. The practice gained wide acceptance in America in
the 18th century with Dr. Benjamin Rush, who treated George
Washington for acute laryngitis by draining one litre (nine
pounds) of blood in less than 24 hours.? George Washington
died soon afterwards. At that time, there was no knowledge of
the association between loss of blood and circulatory shock.
In fact, shock was still an abstract concept, usually described
as ‘sudden vital depression’, ‘great nervous depression’, or ‘final
sinking of vitality’. The history of haemodynamic monitoring
overlaps with the history of shock and much of the history
of shock relates to the history of traumatic shock. The term
shock only came into clinical use with Edwin A. Morri, who
began to popularise the term by using it in his 1867 American
Civil War text, ‘A Practical Treatise on Shock After Operations
and Injuries’.? Since then, the word shock started to be linked
with the concept of cardiovascular collapse. In the same year,
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Figure 1. One of the first descriptions of abnormalities in peripheral circulation during shock conditions by Dr. Jordan Furneaux. He emphasised

the cold, clammy and mottle skin associated with high heart rate (underlined in red)
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a British surgeon, Jordan Furneaux, wrote what is considered
to be one of the first elaborate descriptions of abnormalities
in the peripheral circulation during shock conditions.* In his
description, he emphasised the cold, clammy and mottle skin
associated with a high heart rate (figure I). The belief held by
notable physicians of that time was that those alterations in
the peripheral circulation during shock were the result of a
disorder of the nervous system, known as ‘nervous collapse’.
Despite these results, the final studies on neural regulation of
cardiovascular function in shock did not occur until 1950s.

The era of modern haemodynamic monitoring begins, in
many ways, with two important technological advancements:
the ability to measure blood pressure noninvasively and
cardiac output. After the introduction of the mercury
in 1896,
hypotension started to be used to define shock.® Riva-Rocci

sphygmomanometer by Scipione Riva-Rocci
introduced the now familiar instrument that collapses vessels
by means of an inflatable cuff, which was widely adopted
(figure 2). Later on, the work of the German doctor, Werner
Forssmann, with his studies of right heart catheterisation,
earned him the Nobel Prize in Medicine and Physiology
in 1956 (figure 3).° The primary purpose was to develop a
technique for direct delivery of drugs to the heart. His success
culminated later on with the development of thermodilution
cardiac output measurements with a flow-directed pulmonary
artery catheter by Swan and Ganz.” The ability to measure
blood pressure and cardiac output contributed to a great extent
to the understanding of the pathophysiology of shock. Thus,
the definition of shock and how it changed over the decades
correlated with the advancements in technology used to assess
the condition. In the 1940s, the definition of shock was based
only on blood volume alterations.® In 1950s, the definition
was expanded to the concept that the shock condition could
become irreversible.’ In 1960s, low cardiac output started
to be used to define shock, and more recently, with current
knowledge, the definition of shock is extended to the cellular
level (table 1).10-12

Systemic versus local regulation of circulation

One important step in the understanding of the dynamics
of shock was the recognition of the role of the peripheral
circulation. In this context, one of the earliest references to
the dynamic component of the peripheral vascular bed was the
work of the Danish scientist, August Krogh, in the 1920s. He
addressed fundamental issues underlying the behaviour of the
microvasculature during physiological stimulus. In his line of
work, he demonstrated adaptive microvascular adjustments
in the muscle during exercise.!* His investigations suggested
a selective increase in the delivery of oxygen to the tissue by
mechanisms of recruitment or derecruitment of capillaries with
an active blood flow. For this, he was awarded the Nobel Prize in

1920 and he became an internationally well-known biomedical
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Figure 2. The ability to measure blood pressure with the mercury
sphygmomanometer was first developed by Scipione Riva-Rocci

Figure 3. Werner Forssmann (1904-1979), Berlin, introduced a ureteral
catheter into his left basilic vein (1929). Chest X-ray and his paper. Later
on his success culminated in the development of thermodilution
cardiac output measurements

Table 1. Definitions of shock over the last decades. From ‘blood
volume alterations’ to ‘inadequate cellular utilisation’

“Shock is a peripheral circulatory failure resulting from a discrepancy in
the size of the vascular bed and the volume of the intravascular fluid.”
Alfred Blalock, 1940s®

“Shock is a syndrome that results from a depression of many functions,
but in which reduction of the effective circulating blood volume is of
basic importance, and in which impairment of the circulation steadily
progresses until it eventuates in a state of irreversible circulatory failure.”
Carl Wiggers, 1950s°

“A clinical condition characterised by signs and symptoms, which arise
when the cardiac output is insufficient to fill the arterial tree with blood,
under sufficient pressure to provide organs and tissues with adequate
blood flow.”

Simeone, 1960s™

“State in which profound and widespread reduction of effective tissue
perfusion leads first to reversible, and then if prolonged, to irreversible
cellular injury.”

Kumar and Parrillo, 2001"

“Clinical expression of circulatory failure that results in inadequate cellular
oxygen utilisation.” De Backer and J-L Vincent, 2013
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scientist during the first decade of the 20th century. August
Krogh’s studies not only provided one of the fundamental
principles of the blood-tissue perfusion relationship, but
also attracted a new generation of clinical investigators who
ameliorated human studies in circulatory function. From
the 1930s and 1940s, physiology was beginning its growth as
a science and investigations of the phenomena of shock and
variations of local blood flow in the peripheral circulation
became the focus of scientists’ attention. During this period,
many investigators showed that the terminal network of
microscopic-sized vessels represents an organic unit essential in
the maintenance of tissue perfusion. But it was in 1950 that the
American physiologist, Carl John Wiggers, in his experimental
studies of haemorrhagic shock, introduced the term ‘peripheral
circulation failure’ by demonstrating the association between
acute reduction of circulating blood volume and impairment
of perfusion at the tissue level.* His studies were followed by
a broad spectrum of basic physiological questions that were
posed with respect to the role of the peripheral circulation
under circulatory shock conditions.

Although in the early 1900s the scientific community had
already realised there were other origins of shock than
trauma, it was only in the 1920s and 1940s that it became
recognised that intravenous administration of endotoxins
(e.g., typhoid toxin) could produce hypotension. Some doctors
even suggested a therapeutic use for endotoxin derived from
P. aeruginosa to treat malignant hypertension, fortunately
a treatment further rejected by the medical establishment.”®
The connection between hypotension and peripheral
vasodilatation in vasodilatory shock was first published in a
review by Gilbert in 1960." It was clear from his review that
local vascular changes and general cardiovascular alterations
were both part of the endotoxin challenge. He suggested that
changes in systemic vascular resistance could not provide
information about local vascular resistance changes and
described this phenomenon as “dilation in one (vascular) bed
might be accompanied by constriction elsewhere”; he was one
of the first to provide evidence of heterogeneous distribution
of blood flow in sepsis. This phenomenon was later confirmed
with the use of intravital microscopy with experimental shock
models in the 1960s, when the different behaviour between
peripheral circulation within organs and systemic circulation
during acute shock situations became apparent.”” This overlap
in systemic versus local regulation led to a shift in thinking
concerning separate sets of regulatory mechanisms for central
and peripheral circulation during shock conditions. In this
regard, the work of the physiologist, Arthur Clifton Guyton,
was perhaps one of the most important scientific contributions
in this field. Guyton is most famous for his experiments in
the 1950s and 1960s, which studied the physiology of cardiac
output and its relationship with the peripheral circulation. He
elaborated on the Frank-Starling law of the heart by showing
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that it is not only the function of the heart which controls
cardiac output but instead that cardiac output is controlled
by various factors in the peripheral circulatory system which
regulate the return of blood to the heart. It was Guyton who
formulated the concept that the venous return is approximately
proportional to the mean circulatory filling pressure minus
the right atrial pressure; this pressure difference is called the
pressure gradient for venous return.’* The clinical relevance
of such studies became apparent in the 1970s and 1980s
when investigators recognised that resuscitation is based on
knowledge of fundamental physiological variables not only of
the central but also of the peripheral circulation.

Monitoring of the peripheral circulation

In 1958, in an attempt to perform real-time measurements
of vital signs and alarms in a four-bed unit called the ‘Shock
Ward’, Dr. Weil introduced continuous monitoring of the
electrocardiogram, blood pressure, pulse rate, respiratory rate,
and other vital signs complemented by arterial and central
venous pressures, urine output and by peripheral temperatures.
With the
complicated by cardiogenic shock, it was the first prototype

initial emphasis on myocardial infarction
of an intensive care unit with continuous monitoring, which
later became a 42-bed intensive care unit at the University
of Southern California. His service pioneered routines of
bedside monitoring and measuring devices, including the
earliest use of arterial and central venous catheters.”® In the
1960s, respiratory and haemodynamic measurements were
complemented by laboratory measurements, including lactate
and blood gases analysis.

Critical care medicine has emerged as an independent
multidisciplinary speciality with the first organisation created
by Drs. Safar, Shoemaker and Weil in 1967, which evolved
into the Society of Critical Care Medicine. Over the years
that followed, increasingly sophisticated haemodynamic and
respiratory methods of monitoring were introduced. Weil was
one of the first investigators to study the relationship between
peripheral circulation measured with skin temperature and
prognosis of low flow shock. In 1969, in a cohort of 100 patients
(44 non-survivors) admitted with the diagnosis of cardiogenic
or hypovolaemic shock, he showed that the likelihood of death
was high when the skin temperature measured on the big toe
was persistently low (< 27°C) during the first three hours of
admission.”® He also found a high correlation between skin
temperature and cardiac output. Weil suggested that skin
temperature measurements in low flow shock could be an
alternative approach to overcome the technical difficulty
of measuring cardiac output, which by that time was still
problematic at the bedside.

New concepts have evolved which have defined organ or
systemic failures. Clinical reports of patients who developed
multiple organ failure after trauma, shock or sepsis started
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to emerge describing the factors contributing to organ
dysfunction. In the 1970s, systemic organ perfusion was
assessed indirectly at the bedside by measuring the degree of
derangement in global variables, such as cardiac output, lactic
acidosis and base deficit, and resuscitation of the critically ill
was based on normalisation of these haemodynamic values.
In the 1980s, some studies proposed increasing cardiac output
or oxygen delivery to ‘supranormal’ values, an alternative
approach aimed at adequate organ utilisation.?** In the
1990s, it became clear that even though global haemodynamic
variables may be normalised, there could be regions with
inadequate oxygenation at the tissue level, suggesting the
importance of assessment of regional oxygenation at the
organ level. Of all of the tissue-specific vascular beds that
could be monitored, the gut mucosa, and specifically the
gastric mucosa, was more commonly appropriated due to
its easy assessment. Gastric tonometry was then effectively
introduced into clinical practice for assessing the adequacy
of local gastrointestinal perfusion, and this represents an
important landmark in the history of peripheral circulation
monitoring.?>?* Because gastric tonometry has demonstrated
its prognostic value, the field of regional noninvasive
monitoring has gained wide interest, and studies have begun
to address the importance of monitoring peripheral vascular
beds that are more susceptible to hypoperfusion. This
scenario has led to growing interest in noninvasive methods
designed to evaluate regional perfusion in peripheral tissues
as a valuable adjunct to standard global parameters to predict
or diagnose ongoing tissue hypoperfusion. During the last
few years, the advent of techniques enabling the continuous
monitoring of peripheral circulation has shifted the clinical
focus to maintaining normal perfusion in non-vital organs,
such as the skin, subcutaneous tissue and muscle. Today,
noninvasive monitoring of the peripheral circulation is based
on the measurement of physiological variables directly or
through signal processing (with the use of a data processor),
and these methods do not involve intravascular catheters,
transoesophageal probe insertion, blood component analysis
or penetration of the skin.”” Direct means of assessing the
peripheral circulation are limited to the clinical evaluation
and measurements of body temperature gradients. Processed
noninvasive variables include transcutaneous oximetry and
optical monitoring. Transcutaneous oximetry is based on
the electrochemical properties of noble metals to measure
the oxygen content of the tissue, whereas optical monitoring
utilises the optical properties of haemoglobin to measure
the partial pressure of oxygen and haemoglobin saturation.
Recent progress in understanding the role of the peripheral
circulation in haemodynamic regulation during shock has
led to the application of these investigative techniques to
continually monitor peripheral circulation in critically ill
patients. However, the true clinical implications of this strategy
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may be better defined in future clinical trials of peripheral
perfusion target resuscitation. Noninvasive monitoring of the
peripheral circulation is growing, and it is the hope that simple
direct measures and instruments can continue to provide new
knowledge for the resuscitation of critically ill patients.
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