
Why bother learning the basics?
The first protocol?

Arthur Guedel, M.D., and the Eye Signs of Anesthesia

Selma Harrison Calmes, M.D.

Today anesthesiologists rarely examine a patient’s eyes
to determine the depth of anesthesia. Our sophisti-

cated monitors usually tell us all we need to know. In the
early days of anesthesia, how-
ever, eye signs were enormously
important. Physiologic monitors
were nonexistent then, anesthetic
techniques were simple (usually
only one agent was used) and eye
signs were easy to observe. This
article discusses how Arthur
Guedel, M.D. (1883-1956) devel-
oped the eye signs of anesthesia
during World War I.

Dr. Guedel, who made many
vitally important contributions to
anesthesia practice, equipment
and knowledge, began his career
with severe handicaps. Born in
Indianapolis, Indiana, to a poor
family, he had to leave school at
age 13 to work. A machine shop
accident led to the loss of the first
three fingers of his right hand —
and he was right-handed. Guedel
dreamed of practicing medicine,
even though he had no high
school diploma and no financial
resources. With the assistance of
his family’s physician, he was
able to graduate from the Univer-
sity of Indiana Medical School in
1908. Dr. Guedel administered
his first anesthetics while an intern at Indianapolis City
Hospital. This was a common duty for interns at the time
because there were so few physicians interested or trained
in anesthesia. Dr. Guedel established a practice in Indi-
anapolis in 1909 and earned additional income by giving
anesthesia in hospitals and dental offices.1 Part-time anes-
thesia practice was also common at the time.

From the earliest days of anesthesia, physicians had
tried to define the “stages” of anesthesia. When Dr. Guedel
began administering anesthetics, four stages of anesthesia
were generally accepted:

Induction: Beginning of administration until loss of
consciousness.

Stage of struggling, breath-holding, delirium: From
loss of consciousness to onset of surgical anesthesia.

Surgical anesthesia: Characterized by deep, regular,
automatic breathing. Some authors also noted loss of the
corneal reflex.

Overdose, or stage of bul-
bar paralysis. No exact signs
except shallow, irregular breath-
ing and dilated pupils that no
longer reacted to light.2

Dr. Guedel was a careful
observer. As he anesthetized his
patients, he tried to verify these
observations and to look for
other possible signs, for exam-
ple, the characteristics of respi-
ration and what was happening
to the eyes. He then tried to
organize these observations. Dr.
Guedel’s contributions better
defined stage III, the all-impor-
tant level at which surgery could
be done, by further dividing it
into four planes and by adding
the eye signs.

The eye signs were new2 and
the most significant contribution
to Dr. Guedel’s signs of anesthe-
sia. His eye signs included the
activity of motor muscles of the
eyeball, pupillary dilatation and,
later, the eyelid reflex. (The
eyelid reflex is tested by gently
raising the upper eyelid with the

finger. If the reflex is present, the eyelid will attempt to
close at once or within a few seconds. The corneal and
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Lieutenant Arthur Guedel, “The motorcycle anes-
thetist of World War I.” Photo courtesy of Guedel
Memorial Center

eyelash reflexes are better known to us today but were not
mentioned.)

The setting for these contributions was the great need
for anesthesia during World War I. When America
entered the war in April 1917, the U.S. Army had not a
single trained specialist in anesthesia among its 491 med-
ical officers.3 Dr. Guedel was called to service in June
1917 and arrived in France in August. Due to a crush of
casualties from a major battle, his staff of three physicians
and one dentist needed to run as many as 40 operating
room tables at a time. After working 72 hours straight, Dr.
Guedel decided that other staff would have to be trained
quickly to meet this overwhelming need. He developed a
school that trained physicians, nurses and orderlies in
open-drop ether.4 However, how could he help these
trainees work safely once they left the school and Dr.
Guedel’s immediate supervision? He prepared a little
chart of his version of the signs and stages of ether anes-
thesia, the most common agent in use at the time and an
agent with a wide margin of safety. This chart was a
visual version of the concepts he had been developing for
himself before his Army service.

Armed with their charts, the trainees went
out to nearby hospitals to work on their own.
Dr. Guedel was given a motorcycle to make
weekly rounds of the six hospitals for which
he was responsible. He would roar from
hospital to hospital through the deep mud
that characterized WWI’s battlefields, check-
ing on his trainees. This led to his becoming
known as “the motorcycle anesthetist of
World War I.”3

Dr. Guedel returned to the United States
in April 1919.4 The same month, he pre-
sented the chart at a meeting of the Indi-
anapolis Medical Society and later at the
state medical society and the Interstate Asso-
ciation of Anesthetists. In 1920, it appeared
in Anesthesiology, the only anesthesia jour-
nal of the time.5 There were still the four
accepted stages of anesthesia, but stage III
had now been divided into four planes.
There were only two eye signs, eyeball oscil-
lation and pupillary dilatation, in the original
chart. Entry into stage III, where surgery
could be performed safely, could now be
determined by the onset of eyeball oscilla-
tion. Eyeball oscillation indicated a safe
plane; it meant the patient could have

surgery and was not too deeply anesthetized. A more dan-
gerous level began when the oscillation stopped. Pupillary
dilatation was an indication of deep anesthesia. Dr. Guedel
also emphasized the need for the lightest anesthesia possi-
ble and the need for deeper anesthesia at certain points of
the operation. Because of their simplicity and usefulness,
Dr. Guedel’s stages and signs became widely known.

Dr. Guedel moved to Los Angeles, California, in 1929
because of his health. In addition to practicing anesthesia,
he continued work in his research laboratory at home.
Items to come out of the home laboratory during this
period were studies of cyclopropane and CO2, the Guedel
laryngoscope blade and the Guedel oropharyngeal airway,
which is still in use today. (Work in his home laboratory in
Indiana led to the cuffed endotracheal tube while in collab-
oration with his close friend Ralph M. Waters, M.D.) Dr.
Guedel continued working on his chart, further refining it
based on his careful observations of clinical cases. A series
of four articles on his signs and stages of anesthesia
appeared in 1935-36.6A-C In 1937, this revised material
appeared in his notable book, Inhalation Anesthesia: A
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Earliest version of Guedel’s stages and signs of anesthesia.5 Courtesy of Guedel
Memorial Center
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Clinical Case

77 yr old lady

C. Difficile toxic mega colon

Peripherally very oedematous

Received 6 L fluid

Blood Pressure = 95/55 

Heart Rate 110

Respiratory Rate = 35

Urine output = 15 ml/hr



Oxygen delivery ~ 

Cardiac output  x  Hb  x  % Sat O2
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Summary of this lecture

❖ Importance of cardiac output 

❖ Physiology of cardiac output and venous return

❖ Consequences of "guessing" wrong

❖ Too much fluid

❖ Too little fluid



Summary of this lecture

❖ Importance of cardiac output 

❖ Physiology of cardiac preload and venous return

❖ Consequences of "guessing" wrong

❖ Too much fluid

❖ Too little fluid



Why is cardiac output so 
important ?

Cardiac output  x  Hb  x  % Sat O2

Cardiac output the only parameter that:



Consider:

❖We can easily measure Hb and O2 Sat.

❖The most important factors,                
cardiac output is estimated clinically.

❖Imagine if we had to look for cyanosis or pale 
conjunctiva.
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First optimise filling

Achieving effective cardiac output 

Only then use cardiac stimulants if needed

This lecture will be about 
optimising cardiac stretch !



Clinical Case

77 yr old lady

C. Difficile toxic mega colon

Peripherally very oedematous

Received 6 L fluid

Blood Pressure = 95/55 

Heart Rate 110

Respiratory Rate = 35

Urine output = 15 ml/hr



How do you know?

So do you give more 
fluid or not?



How about measuring the 
central venous pressure ?
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In fact....the only “hard” evidence 
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and following discussion, competing proposals for wording 
of recommendations or assigning strength of evidence were 
resolved by formal voting within subgroups and at nominal 
group meetings. The manuscript was edited for style and form 
by the writing committee with final approval by subgroup 
heads and then by the entire committee. To satisfy peer review 
during the final stages of manuscript approval for publication, 
several recommendations were edited with approval of the SSC 
executive committee group head for that recommendation and 
the EBM lead.

Conflict of Interest Policy
Since the inception of the SSC guidelines in 2004, no members 
of the committee represented industry; there was no industry 
input into guidelines development; and no industry represen-
tatives were present at any of the meetings. Industry awareness 
or comment on the recommendations was not allowed. No 
member of the guidelines committee received honoraria for 
any role in the 2004, 2008, or 2012 guidelines process.

A detailed description of the disclosure process and all 
author disclosures appear in Supplemental Digital Content 1 
(http://links.lww.com/CCM/A615) in the supplemental mate-
rials to this document. Appendix B shows a flowchart of the 
COI disclosure process. Committee members who were judged 
to have either financial or nonfinancial/academic competing 
interests were recused during the closed discussion session and 
voting session on that topic. Full disclosure and transparency 
of all committee members’ potential conflicts were sought.

On initial review, 68 financial conflict of interest (COI) 
disclosures and 54 nonfinancial disclosures were submitted 
by committee members. Declared COI disclosures from 19 
members were determined by the COI subcommittee to be 
not relevant to the guidelines content process. Nine who 
were determined to have COI (financial and nonfinancial) 
were adjudicated by group reassignment and requirement 
to adhere to SSC COI policy regarding discussion or voting 
at any committee meetings where content germane to their 
COI was discussed. Nine were judged as having conflicts 
that could not be resolved solely by reassignment. One of 
these individuals was asked to step down from the commit-
tee. The other eight were assigned to the groups in which 

they had the least COI. They were required to work within 
their group with full disclosure when a topic for which they 
had relevant COI was discussed, and they were not allowed 
to serve as group head. At the time of final approval of the 
document, an update of the COI statement was required. No 
additional COI issues were reported that required further 
adjudication.

MANAGEMENT OF SEVERE SEPSIS
Initial Resuscitation and Infection Issues (Table 5) 
A. Initial Resuscitation
1. We recommend the protocolized, quantitative resuscitation of 

patients with sepsis- induced tissue hypoperfusion (defined in 
this document as hypotension persisting after initial fluid chal-
lenge or blood lactate concentration ≥ 4 mmol/L). This proto-
col should be initiated as soon as hypoperfusion is recognized 
and should not be delayed pending ICU admission. During the 
first 6 hrs of resuscitation, the goals of initial resuscitation of 
sepsis-induced hypoperfusion should include all of the follow-
ing as a part of a treatment protocol (grade 1C):
 a) CVP 8–12 mm Hg
 b) MAP ≥ 65 mm Hg
 c) Urine output ≥ 0.5 mL·kg·hr
 d)  Superior vena cava oxygenation saturation (ScvO

2
) or 

mixed venous oxygen saturation (SvO
2
) 70% or 65%, 

respectively.
2. We suggest targeting resuscitation to normalize lactate in 

patients with elevated lactate levels as a marker of tissue 
hypoperfusion (grade 2C).

Rationale. In a randomized, controlled, single-center study, 
early quantitative resuscitation improved survival for emer-
gency department patients presenting with septic shock (13). 
Resuscitation targeting the physiologic goals expressed in rec-
ommendation 1 (above) for the initial 6-hr period was associ-
ated with a 15.9% absolute reduction in 28-day mortality rate. 
This strategy, termed early goal-directed therapy, was evalu-
ated in a multicenter trial of 314 patients with severe sepsis in 
eight Chinese centers (14). This trial reported a 17.7% absolute 
reduction in 28-day mortality (survival rates, 75.2% vs. 57.5%, 

TABLE 4. Factors Determining Strong vs. Weak Recommendation

What Should be Considered Recommended Process

High or moderate evidence  
(Is there high or moderate quality 
evidence?)

The higher the quality of evidence, the more likely a strong recommendation.

Certainty about the balance of benefits vs. 
harms and burdens (Is there certainty?)

The larger the difference between the desirable and undesirable consequences and 
the certainty around that difference, the more likely a strong recommendation. The 
smaller the net benefit and the lower the certainty for that benefit, the more likely a 
weak recommendation.

Certainty in or similar values  
(Is there certainty or similarity?)

The more certainty or similarity in values and preferences, the more likely a strong 
recommendation.

Resource implications  
(Are resources worth expected benefits?)

The lower the cost of an intervention compared to the alternative and other costs related to 
the decision–ie, fewer resources consumed–the more likely a strong recommendation.
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“resuscitate with fluids, pushing the CVP 
up to a maximum of 17 mm Hg”!!!
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Recommendation 12 
When the diagnosis of hypovolaemia is in doubt and the central venous pressure is 
not raised, the response to a bolus infusion of 200 ml of a suitable colloid or 
crystalloid should be tested. The response should be assessed using the patient’s 
cardiac output and stroke volume measured by flow-based technology if available. 
Alternatively, the clinical response may be monitored by measurement/estimation 
of the pulse, capillary refill, CVP and blood pressure before and 15 minutes after 
receiving the infusion. This procedure should be repeated until there is no further 
increase in stroke volume and improvement in the clinical parameters.  
Evidence level for flow-based measurements: 1b51  
For bolus infusion: Evidence level 1b52 
Volume to be given: Evidence level 5 (consensus) 
For suitable colloid: Evidence level 1b37 
 
Intra operative fluid management 
Recommendation 13 
In patients undergoing some forms of orthopaedic and abdominal surgery, intra-
operative treatment with intravenous fluid to achieve an optimal value of stroke 
volume should be used where possible as this may reduce postoperative 
complication rates and duration of hospital stay.  
Orthopaedic surgery: Evidence level 1b29,34 
Abdominal surgery: Evidence level 1a31-33,35,52-54 

 
Recommendation 14 
Patients undergoing non-elective major abdominal or orthopaedic surgery should 
receive intravenous fluid to achieve an optimal value of stroke volume during and 
for the first eight hours after surgery. This may be supplemented by a low dose 
dopexamine infusion. 
Evidence level 1b25-28,54,55  
 
Postoperative fluid, and nutritional management. 
Recommendation 15 
Details of fluids administered must be clearly recorded and easily accessible.  
Evidence level 5 
 
Recommendation 16 
When patients leave theatre for the ward, HDU or ICU their volume status should 
be assessed. The volume and type of fluids given perioperatively should be 
reviewed and compared with fluid losses in theatre including urine and insensible 
losses.  
 
Recommendation 17 
In patients who are euvolaemic and haemodynamically stable a return to oral fluid 
administration should be achieved as soon as possible.  
 
 

Don’t you just love guidelines?



Summary of this lecture

❖ Importance of cardiac output 

❖ Physiology of cardiac preload and venous return

❖ Optimising cardiac output with fluids

❖ What works and what doesn’t



Understanding 

the Physiology of Preload



What does a bag of lettuce have to do with 
Starling’s Law?

807 m



Illustration of transmural pressure

1424 m



Illustration of transmural pressure



Starlings Law of the Heart

‘the greater the stretch of the 
ventricle in diastole, the greater the 

stroke work achieved in systole”

SarcomereGreater overlap of 
actin-myosin 
crossbridges



Journal of Physiology; 1914, 48, 465-511

Starling’s experiment

NB. this heart is  
outside the chest



Stroke 
volume

Preload (= muscle stretch)



Intra-thoracic presure

Nature 1969; 221 : 1199-1204
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Squeezing the heart

Air Fluid
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Little increase in pressure

Non compressible
Large increase in pressure
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Negative pressure pulmonary oedema

D. Stresses in the Blood-Gas Barrier

Two mechanisms by which stresses are developed in
the blood-gas barrier are shown in Figure 18. The first is
the hoop or circumferential stress that develops as a
result of the transmural pressure difference acting across
the curved capillary wall according to the Laplace rela-
tionship. We can regard the capillary as part of the thin-
walled cylindrical tube in which case the hoop stress S is
given by

Pr
t

where P is the transmural pressure, r is the radius of the
capillary, and t is the thickness of the load-bearing struc-
ture.

The second mechanism for raising the stress in the
blood-gas barrier is increased tension in the alveolar wall
when the lung is inflated. In this context we can think of
the alveolar wall as a string of capillaries with part of the
longitudinal tension of the wall being transmitted to the
capillary wall. It is true that the type I collagen fiber
scaffolding that runs through the thick portion of the
blood-gas barrier almost certainly bears some of these
loads. Nevertheless, we know that when the lung is in-
flated to high volumes the diameter of the capillaries
orthogonal to the alveolar wall is markedly reduced if the
transmural pressure of the capillaries remains constant
(77). Further evidence of an increase in capillary wall
stress at high lung volumes is that the frequency of stress
failure of the blood-gas barrier is greatly increased, again
for the same capillary transmural pressure (68).

A third though minor factor that apparently influ-
ences hoop stress is the surface tension of the alveolar
lining layer. When the capillaries protrude into the alve-
olar space as a result of a high capillary transmural pres-
sure, there is evidence that the surface tension protects
them from stress failure to some extent (176). This factor
will not be present unless the capillaries bulge outward as
shown histologically in Figure 1D of Glazier et al. (77) and
diagrammatically in Figure 18 of this review. To quantify
the supportive role of surface tension, ultrastructural
studies were carried out on both air-filled and saline-filled
lungs at the same capillary transmural pressures and lung
volumes (176). Saline filling was used to abolish the nor-
mal air-liquid surface tension. The results showed that the
frequency of breaks in the endothelium was not signifi-
cantly different between air and saline filling and that
there were actually fewer breaks in the outer boundary of
the epithelial cells with saline filling. In contrast, a larger
number of breaks were seen in the inner boundary of the
epithelium in the saline-filled lungs. These results are
difficult to interpret but suggest that the role of surface
tension is generally small but that not all portions of the
blood-gas barrier are subjected to the same tensile forces.
In interpreting these data it should be pointed out that the
measurements were made in air-filled lung at a normal
transpulmonary pressure of 5 cmH2O, and the same lung
volume was used for saline filling. However, the surface
tension of the alveolar lining layer varies considerably
with lung volume being as high as 30 mN/m (dyn/cm) at
total lung capacity but only about 1–2 mN/m at functional
residual capacity (6a).

It is instructive to calculate the approximate hoop
stress in the blood-gas barrier of the human lung during
severe exercise. Although capillary pressures have not
been measured directly, mean pulmonary artery pressure
has been shown to increase from !13 mmHg (1.7 kPa) at
rest to as much as 37 mmHg (4.9 kPa) during severe
exercise (58, 89, 229). Pulmonary arterial wedge pres-
sures as a measure of venous pressure have been mea-
sured as high as 21–30 mmHg (2.8–4.0 kPa) (199, 229).
Although the exact relationship between pulmonary cap-
illary, arterial, and venous pressures is not known, mi-
cropuncture studies of pressures in small pulmonary
blood vessels in anesthetized cats have shown that the
capillary pressure is about halfway between arterial and
venous pressure, and more importantly, much of the pres-
sure drop occurs in the capillary bed (14). The implication
is that at midlung during heavy exercise, the mean capil-
lary pressure is at least 30 mmHg (4.0 kPa), although
some capillaries at the upstream end of the bed will be
exposed to a higher pressure. If we now add the hydro-
static gradient to capillaries at the bottom of the upright
lung, we end up with a capillary pressure of !36 mmHg
(4.8 kPa) (253). Alveolar pressure on the other side of the

FIG. 18. Diagram showing two mechanisms that can cause an
increased stress in the blood-gas barrier. 1, Hoop or circumferential
stress caused by the capillary transmural pressure; 2, results from linear
tension in the alveolar wall which increases as the lung is inflated. P,
capillary hydrostatic pressure. [Modified from West et al. (253).]
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Whether the disruptions of the endothelium occur at
intercellular junctions or within cells is not possible to
determine from these studies. However, other investiga-
tors have clearly shown that intracellular disruptions in
endothelial cells can occur. Neal and Michel (177) in-
creased the pressure in the capillaries of frog mesentery
and used electron micrographs to make three-dimen-
sional reconstructions. They found breaks in the endothe-
lium that were transcellular and in fact reported that
!80% of the breaks were transcellular rather than inter-
cellular. It is interesting that these investigators also re-
ported that the mesenteric capillaries began to fail at a
transmural pressure of "30 cmH2O (22 mmHg # 3 kPa),
which is similar to that required to cause breaks in the
rabbit pulmonary capillaries.

A striking feature of the disruptions of the pulmo-
nary capillaries is that many are rapidly reversible
when the capillary transmural pressure is reduced. For
example, Elliott et al. (59) raised the pressure to 52.5
cmH2O (39 mmHg # 5.2 kPa) for 1 min of blood per-
fusion and then reduced it to 12.5 cmH2O (9.2 mmHg #
1.2 kPa) for 3 min of saline/dextran perfusion followed
by intravascular fixation at the same pressure. The
results showed that "70% of both the endothelial and
epithelial breaks closed within that short period of
time. It was also found that most of the breaks that
closed were those that were initially small, and those
associated with an intact basement membrane.

F. Possible Micromechanics of Stress Failure

Very little is known about the micromechanics of the
ultrastructural changes described above. One important
clue may be the rapid reversibility of many of the disrup-
tions when the capillary transmural pressure was re-
duced. This suggests that there is an elastic component to
the process, elasticity being defined as the tendency of a
distorted structure to return to its original configuration
when the distorting stress is removed. One possibility is
that the basement membrane scaffolding is elongated in
the direction of the applied stress. As indicated earlier,
type IV collagen molecules are assembled into a matrix
configuration rather like chicken wire (Fig. 15). As also
mentioned above, type IV collagen molecules have bend-
ing sites that may allow the matrix to distort. Figure 20
shows how the matrix configuration might be elongated
rather as occurs when chicken wire is pulled in one
direction. If the overlying cells are not able to elongate to
the same extent, intracellular disruptions might be inevi-
table.

A feature of the electron micrographs shown in Fig-
ure 19 is that the disrupted ends of the cells can be far
apart while the basement membrane remains intact. This
is clearly shown in Figure 19A for a capillary endothelial
cell, and even more strikingly in Figure 19B where near
the top of the micrograph the ends of the disrupted alve-
olar epithelial cell are separated by "6 !m. These appear-

FIG. 19. Examples of stress failure
in pulmonary capillaries. A: disruption of
the capillary endothelial cell (arrows)
but the alveolar epithelium and two base-
ment membranes are intact. B: disrup-
tion of an alveolar epithelial cell at the
top (arrows), and disruption of a capil-
lary endothelial cell near the bottom (ar-
rows). A blood platelet is adhering to the
exposed basement membrane below. C:
disruption of all layers of the capillary
wall with a red blood cell apparently
passing through the opening. D: scanning
electron micrograph showing breaks in
the alveolar epithelium. [A and B modi-
fied from West et al. (253); C from Tsuki-
moto et al. (223); D from West and
Mathieu-Costello (251).]
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Fractured femoral shaft
Distended abdomen

Partially resuscitated with fluids
In great pain, so you give morphine

Blood pressure crashes
Why?

Clinical Case



Mean circulatory 
pressure

Mean circulatory pressure (“MCP”) = pressure 
throughout vascular circuit if no flow

MCP ~ 8 mmHg
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downstream pressure
“CVP”

Venous return
Venous return =MCP - CVP

upstream pressure
“MCP”



 the volume of blood in excess of the total volume 

of the heart and blood vessels at a relaxed, 

nondistended state.

Stressed venous blood volume =



mcp = 8

mcp = 0

mcp = 0

“unstressed” volume

“unstressed” volume

“stressed” volume



Opioids
GTN

Sedatives

BEWARE!

Vasopressors are 5 X more potent on the 
venous (capacity) side then on the arterial 

(resistance) side

mcp = 8

mcp = ↓0 

venodilate

mcp = ↑12

venoconstrict
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❖ The cardiac output and venous return axes are same

Starling meets Guyton

❖ Venous return = Cardiac output 

but measured at the venous end

❖ The circulation is in steady state only at one point      

= where CVP creates the same output and return



CVP serves 2 functions

“Opposes” venous return
(Intraluminal “Guyton")

lower 
downstream pressure

“CVP”

higher 
upstream pressure

“MCP”

 “Drives” the ventricle
 (Transmural “Starling”)

8



Venous return

cardiac function curve
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Increase in cardiac output by venoconstriction or 
increased blood volume

Flow

Pressure MCP

The heart is volume responsive, cardiac output increases…… 
the MCP increases more than CVP 

venoconstriction

↑ 
blood volume

CVP

MCP

CVP

Cardiac
Output



No change in cardiac output by venoconstriction 
or increased blood volume

Flow

Pressure

venoconstriction

↑ 
blood volume

MCP
The heart is volume unresponsive,  cardiac output does not 

increase….. 
the change in MCP  ~ equals CVP

CVP

Cardiac
Output

MCP

CVP



Decrease in cardiac output by venodilation or 
decreased blood volume

Flow

Pressure

Current Opinion in Critical Care 2005, 11:264 -270

venodilation

 ↓ 
blood volume

Mean circulatory pressure

lower 
downstream pressure

“CVP”

higher 
upstream pressure

“MCP”

CVP

Cardiac
Output



Patient has suspected small bowel obstruction

Taken to the operating room for laparotomy

An “rapid sequence induction” performed

Drugs used are Propofol and Rocuronium

BP crashes

Why?

Clinical Case

lower 
downstream pressure

“CVP”

higher 
upstream pressure

“MCP”
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Clinical Case
The flip side

Lancet 2016; 387: 1856–66 

lower 
downstream pressure

“CVP”

higher 
upstream pressure

“MCP”

During weaning from ventilation

“….intrathoracic pressure changes abruptly…. 

….venous return significantly increases, an acute increase in 
preload is imposed on the left ventricle. 

….. shown by increased concentrations of brain natriuretic 
peptides.”



Double role of CVP
Inside chest

Determines cardiac “stretch” (intra-thoracic pressure-CVP)
“Starling” curve

Outside chest
Determines venous return (MCP-CVP)

“Guyton” curve

Recap

lower 
downstream pressure

“CVP”

higher 
upstream pressure

“MCP”



Recap
Think O2 Delivery

O2

❖ Cardiac output - most important factor
Cardiac output x Hb x O2 saturation

❖ Cardiac filling - most commonly treated

❖ Physiology of filling :
❖ CVP - 2 roles

❖ Starling
❖ Guyton
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Fluid resuscitation - 

Effects of getting it wrong

 

Part 2



Summary of this lecture

❖ Importance of cardiac output 

❖ Physiology of cardiac preload and venous return

❖ Consequences of getting it wrong

❖ Too much fluid

❖ Too little fluid



Cardiac output - what are we trying to achieve?

❖ Adequate “effective” cardiac output

❖ Adequate blood pressure

❖ Adequate macro and micro-circulation

Correcting general haemodynamics is a pre-requisite 
but not necessarily enough.



“Adequate” cardiac output?

❖ Biochemistry

ScV02

Lactate

Base deficit

❖ Advanced technology
“Visualising” the micro-circulation

❖ Clinical signs

                 Normal BP Normal sensorium

                 Warm toes Urine output

                 < 3 sec capillary refill Small core-peripheral temperature 
gradient



59 yr old male
Previous healthy and active
Undergoing routine surgery

Suddenly develops massive myocardial infarction
Taken to ITU with cardiogenic shock

low BP, low cardiac output, low O2 sats and 
pulmonary oedema

On maximal doses of inotropes

Fluid or not?

Clinical Case



Do we have “adequate” microcirculatory flow?
Normal microcirculatory flow



Microcirculation in cardiogenic shock



Fluid responsiveness   
= where is patient on the Starling curve?

Cardiac output

Preload

∆ P

 ∆ CO

Fluid responsive

∆ P
∆ CO

Not fluid responsive



63 year old woman

3 days nausea, vomit, diarrhoea

Arrives on the Thursday at 16:30

BP 70/40;  HR 110;  urine output 10ml/hr;  lactate 7

9.5 L crystalloid 

BP 80/40;  HR 115;  urine output 5ml/hr;  lactate 14

Friday 07:30 

Call ITU and ask for admission

20 min later patient arrests and dies

What were the 2 things that went wrong?

Clinical Case



Half of ITU patients are fluid responders

Michard & Teboul. Chest 121:2000-8, 2002

Calvin (Surgery 81)

Schneider (Am Heart J 88)

Reuse (Chest 90)

Magder (J Crit Care 92)

Diebel (Arch Surg 92)

Diebel (J Trauma 94)

Wagner (Chest 98)

Tavernier (Anesthesiology 98)

Magder (J Crit Care 99)

Tousignant (A Analg 00)

Michard (AJRCCM 00)

Feissel (Chest 01)

Mean

% Responders

71%

72%

63%

52%

59%

40%

56%

60%

45%

40%

40%

53%

52%



How to tell if fluid responsive

Either

❖Give a bolus and watch response

- Probably safe if small volumes required

- If small risk of pulmonary oedema

Or 

❖Try to predict how patient will respond



Predicting fluid responsiveness



Consequences of too 
much fluid



Preload

Why try predicting fluid responsiveness?

Starling curve

Lung water
Cardiac 
output

 / 
Lung 
water



Too fluid much endangers the ……..Glycocalyx

The glyco…..what?



Ernest Starling: 1866-1927

Single vascular barrier

Intravascular space

Interstitial space

COP

COP

Hydrostatic pressure

Hydrostatic pressure



Microvascular fluid exchange and the revised Starling principle

But.....


❖ lymph flow produced is orders of magnitude smaller 
then predicted 

❖ In experiments, even when the COP inside and outside 
of the vessel were equal, there was still effective COP 
drawing fluid in ! 

Cardiovascular Research (2010) 87, 198–210



Albuminintravascular 
space

Double vascular barrier

Rehm et al Anesthesiology 2004;100:1211

glycocalyx

endothelial 
cells

interstitial 
space



Glycocalyx - electron microscopy

1 µm 1 µm

Rehm et al Anesthesiology 2004;100:1211



Electron microscopy - glycocalyx

Rehm et al Anesthesiology 2004;100:1211

Endothelial 
cell

glycocalyx
1000 nm

nucleus

50
0 n

m



Glycocalyx - components

Pries et al Eur J Physiol; 440:653-666, 2000

heparansulfate

hyaluronane

syndecan-1



Healthy endothelial glycocalyx

Nieuwdorp et al Curr Opin Lipidol 2005; 16:507

erythrocyte

plasma proteins

platelets

monocyte

plasma proteoglycan

vWF
antithrombin

NO synthase



Destruction of the glycocalyx

Nieuwdorp et al Curr Opin Lipidol 2005; 16:507

monocytes

adhering 
 platelets

leak of proteins

proteoglycans

loss of NO synthase



Sepsis-destruction of glycocalyx

Nieuwdorp et al Curr Opin Lipidol 2005; 16:507

TNF, endotoxin, 
leukocytes, I/R, ANP

Capillary leak



Healthy Sepsis Severe 
Sepsis

Septic 
Shock

**

Glycocalyx in sepsis

Increased shedding of glycocalyx in plasma with increasing 
severity of illness...a prognostic factor
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Total Body Water
45 L Intravascular space 3 

L

Dextrose

Saline

Extracellular space
15 L

Intracellular space
30 L

Colloid

1 L infused, how much 
stays

intravascular ? 

All Fluids are Not Created Equal

• Dextrose - 70 ml 

• Saline - 250 ml

• Colloid - 1000 mL



Glycocalyx - volume of colloids effects are “context sensitive”

0
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40
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80

100

%

Albumin 5% HES 6%

normovolaemic 
hemodilution

86% 90%

Albumin 5% HES 6%

38% 43%

Jacob et al Lancet 2007 16;369:1984-6

Alterations of the glycocalyx reduces the volume effects of colloids 

ANP

Ringers

18%

hypervolaemic 
“volume 
loading”



Glycocalyx alteration

Atrial Natriuretic Peptide (ANP) 

a cardiac hormone released by acute 
volume loading, plays a key role in 

blood volume regulation

Isbister (1997) Trans Sci; 18:409-423

Tucker (1996) Am J Physiol; 271:R591



ANP “strips off” the glycocalyx

Am J Physiol Heart Circ Physiol 289: H1993–H1999, 2005

Control ANP



Glycocalyx - summary

Large structure with important functions 

❖ Vascular barrier function 
❖ Thrombocyte and leucocyte adhesion (“teflon”) 
❖ Inflammation 
❖ Vessel diameter

Jacob et al Anesthesiology 2006, 104:1223-1231 Jacob et al Cardiovasc Res 2007, 73:1235-1242



Other consequences of 
too much fluid



If extreme, high venous pressures do have negative 
“upstream” consequences

❖Right heart

❖ Septal shift (impairs Lt Ventricle)    

❖ Kidney 

❖ Liver (cardiac cirrhosis)

❖Gut

❖Head (raised ICP)

❖Lungs (reduced lymph flow)

Use CVP to measure “safe limit” when fluid resuscitating



Critical Care 2014, 18:104

COMMENTARY

Venous congestion: are we adding insult to
kidney injury in sepsis?
Rajkumar Rajendram1 and John R Prowle2*

See related research by Legrand et al., http://ccforum.com/content/17/6/R278

Abstract

In critical illness, septic shock is a contributing factor in
nearly half of all cases of acute kidney injury (AKI).
Traditional approaches to prevention of organ
dysfunction in early sepsis have focused on prevention
of hypoperfusion by optimisation of systemic
haemodynamics, primarily by fluid resuscitation. Fluid
administration to a target central venous pressure
(CVP) of 8 to 12 mmHg (12 to 15 mmHg in
mechanically ventilated patients) is currently
recommended for the early resuscitation of septic
shock. However, in the previous issue of Critical Care,
Legrand and colleagues report that higher CVP in the
first 24 hours of ICU admission with septic shock was
associated with increased risk for development or
persistence of AKI over the next 5 days. This study
highlights a potential association between venous
congestion and the development of septic AKI,
suggesting that CVP-targeted fluid resuscitation in
septic shock might not be beneficial for renal function.

Septic shock is consistently the most common causative
factor identified for acute kidney injury (AKI) in critical
illness, and has been associated with nearly 50% of cases
internationally. Despite advances in our understanding
of the pathophysiology of septic AKI, treatment aimed at
reversing or preventing septic AKI remains primarily
based on supportive haemodynamic management. In the
previous issue of Critical Care, Legrand and colleagues
examine the association between haemodynamic targets
of resuscitation (cardiac output, mean or diastolic blood
pressure, central venous pressure (CVP) and central ven-
ous oxygen saturation) and development or persistence

* Correspondence: John.Prowle@bartshealth.nhs.uk
2Adult Critical Care Unit, The Royal London Hospital, Barts Health NHS Trust,
Whitechapel Road, London E1 1BB, UK
Full list of author information is available at the end of the article

of AKI in a single centre study of patients with septic
shock admitted to a surgical ICU [1].
The authors found that only higher CVP and low dia-

stolic blood pressure were associated with increased risk
of development of new AKI, or persistence of renal dys-
function present at ICU admission. In these patients
new or persistent AKI was significantly associated with
increased risk of death in hospital. Importantly, the asso-
ciation between CVP and AKI remained when poten-
tially confounding effects of positive fluid balance and
higher positive end-expiratory pressure were accounted
for in a multivariable analysis. So, a 5 mmHg increase in
CVP predicted 2.7-fold odds of new or persistent AKI.
Furthermore, when the association between different
levels of mean CVP and AKI was examined in a non-
parametric logistic regression, there was a trend for
higher CVP to be associated with worse renal outcome
for all levels of CVP from 4 mmHg upward, so that a
CVP of 15 mmHg was associated with an approximately
80% risk of new or persistent AKI, compared to approxi-
mately 30% at a CVP of 6 mmHg.
These findings are important because current sur-

viving sepsis campaign guidelines recommend fluid
resuscitation of patients with sepsis-induced tissue hypo-
perfusion to target a CVP of 8 to 12 mmHg (or 12 to
15 mmHg in mechanically ventilated patients) within 6
hours of presentation [2]. In patients with sepsis-
induced hypotension the rationale for CVP targeted fluid
resuscitation is to ensure ‘adequate’ cardiac preload and
hence maintain cardiac output and organ perfusion.
However, absolute levels or changes in CVP poorly
predict cardiovascular response as sepsis-induced
hypotension is multi-factorial, related to changes in
myocardial performance, vascular tone, regional blood
flow distribution, venous reservoir capacity and capillary
permeability. In contrast, elevated CVP will cause a dir-
ect and predictable increase of renal venous pressure
that, experimentally, has been associated with elevated
renal interstitial and intra-tubular pressure [3]. Resultant

© BioMed Central Ltd.

Rajendram and Prowle Critical Care

2014

2014, 18:104
http://ccforum.com/content/18/1/104

Results
Patients’ characteristics
The study patients’ characteristics are presented in Table 1.
After screening and application of selection criteria, 137
patients were included (Figure 1). AKI was diagnosed in
105 patients (77%) upon ICU admission. From among
those patients, 69 were found to have new or persistent
AKI after admission. Respectively, 5 (16%) of 32 patients
with AKIN stage 1 AKI upon admission, 14 (46%) of 30 pa-
tients with AKIN stage 2 AKI upon admission and 35
(47%) of 47 of patients with AKIN stage 3 AKI were subse-
quently classified as AKI + (that is, persistent AKI).
Thirty-two patients required RRT, which was initiated

early (1 day (1 to 2) after ICU admission). The AKI +
group scored higher on the Simplified Acute Physiology
Score II, as well as higher base deficit and bilirubin
levels upon admission. AKI + patients had a higher posi-
tive fluid balance during the first 24 hours after admission
(3,591.5 ml/kg/h (2,597.5 to 5,714) vs. 2,905 ml/kg/h
(1350 to 4717.5); P = 0.008) and lower urinary output
(0.6 ml/kg/h (0.4 to 1.2) vs. 0.9 ml/kg/h (0.7 to 1.4);
P = 0.0045). Need for mechanical ventilation, use of vaso-
pressors and/or use of inotropes did not differ between
groups. The origin of infection and causative pathogens
did not differ between groups either (Table 1).

Relation between acute kidney injury and systemic
hemodynamics
The tested hemodynamic variables are presented in
Table 2. Only CVP level and DAP (mean and ULR) were
statistically different between patients with AKI + and
AKI−. CVP values were higher in the AKI + group (4 mmHg
(2 to 6) vs. 6 mmHg values in brackets are Interquartile
range, as specified in the Methods (statistical analysis) sec-
tion (3 to 8), respectively; P < 0.0001). In addition, CVP
was associated with new or persistent AKI (odds ratio
(OR) = 1.23 (1.10 to 1.38); P = 0.0003). In the full adjusted
model, the ORs were 1.05 (0.93 to 1.19; (P = 0.3988) for
PEEP (for 1 cmH2O) and 1.05 (1.01 to 1.09; P = 0.0154)
for positive fluid balance (for each 250 ml). The associ-
ation between CVP and new or persistent AKI remained
(OR = 1.22 (1.08 to 1.39) for an increase of 1 mmHg;
P = 0.002) after adjustment for fluid balance and PEEP
level), together with a quasi-linear relationship between
CVP level and the risk of developing new or persistent
AKI (Figure 2). The excretion fraction of sodium was
higher (1% (0.3 to 2.9) vs. 0.5% (0.2 to 0.9); P = 0.031),
and the urine/plasma creatinine ratio (38.3 (23.7 to 62.5)
vs. 65.5 (44.1 to 115.3); P = 0.001) was lower, in the AKI +
group than in the AKI − group. The excretion fraction of
urea (26.2% (13.8 to 62.5) vs. 30.1% (18 to 46.5); P = 0.21),
urinary sodium/potassium ratio (0.6 (0.4 to 1.3) vs. 0.7 (0.4
to 1.3); P = 0.77) and plasma urea/creatinine ratio (96.8

(60.9 to 119.6) vs. 100.6 (74.2 to 132.5); P = 0.19) did
not differ between groups.

Outcomes
The cohort ICU length of stay was 9 days (5 to 17). The
mortality rates were 23% (32 patients) and 26% (37
patients) in the ICU and at 28 days, respectively. The
AKI + group had a higher mortality rate in the ICU
(39% vs. 6%; P = 0.0003), in the hospital (45% vs. 16%;
P = 0.0004) and at day 28 (38% vs. 15%; P = 0.003) than
AKI − patients (Figure 3). Among the 14 survivors re-
quiring RRT, 1 was continued on it after ICU discharge.

Discussion
In the present study, we observed a weak association be-
tween systemic hemodynamic parameters and the deve-
lopment of AKI among septic ICU patients. The
hemodynamic parameter most associated with the deve-
lopment or progression of AKI, regardless of the level of
fluid balance and PEEP, was the CVP level. This suggests
participation of venous congestion in the physiopatho-
logy of AKI in severe sepsis and septic shock.
Although the role of renal hypoperfusion is believed to

contribute to the development of sepsis-induced renal
dysfunction, AKI appears to be only partially reversible
after optimization of systemic hemodynamics [14]. Re-
cently, Schnell et al. found that fluid loading did not in-
fluence the Doppler renal resistive index in septic ICU

Figure 2 Statistical model of nonparametric logistic regression
showing the relationship between mean central venous
pressure during the first 24 hours after admission and the
probability of new or persistent acute kidney injury. Note the
plateau for the incidence of acute kidney injury (AKI) when the
lower limit of central venous pressure (CVP) was between 8 and
12 mmHg. Over this limit, the rise in CVP was associated with a
sharp increase in new or persistent AKI incidence.

Legrand et al. Critical Care 2013, 17:R278 Page 5 of 8
http://ccforum.com/content/17/6/R278

“… a 5 mmHg increase in CVP predicted 2.7-fold odds of AKI.”

“Renal outcomes were worse for all CVPs from 4 mm Hg and above”
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Consequences of too 
little fluid



6 healthy volunteers bled 2 x 600 ml

600 ml -> 

No significant change in BP,  HR,  stroke volume 

Decrease in gut intramucosal pH

1200 ml ->

No significant change in BP,  HR 

Decrease in stroke volume, 

Gut intramucosal pH worsened

Re-transfusion -> variables recovered, but ‘flu-like” symptoms
ICM (1997) 23: 276–281

Effects of compensated “hypovolaemia” on gut



Adequate microcirculatory flow?

This seems to be the new “frontier”



❖ 50 ICU patients resuscitated to adequate global 
haemodynamic endpoints 

❖ After successful resuscitation, peripheral perfusion 
assessed: 

❖ Capillary refill, Core-peripheral temperature, 
Peripheral Flow Index 

❖ Compared lactate levels, on-going organ failure

Crit Care Med 2009 Vol. 37, No. 3

Microvascular dysfunction



Crit Care Med 2009 Vol. 37, No. 3

               Peripheral perfusion after resuscitation


Normal (27) Abnormal (23)
HR 90 94

MAP 80 81

CVP 14 13

% Normal 
Lactate 69    31 **

rSOFA >0 23     77 **

Microvascular dysfunction

Adequate global values with poor peripheral perfusion probably a 
sign of compensatory mechanisms still present.



Before Terlipressin

MAP 58

HR 98

CVP 13

UO 20 ml/hr



After Terlipressin

MAP 80

HR 98

CVP 12

UO 110 ml/hr





Disseminated intravascular coagulation



How do you fluid load ?

Give small volume (~ 250 ml) quickly 
and measure response immediately



Preload

> 10 % increase in 
stroke volume curve

Cardiac
output

> 10 % increase in 
stroke volume curve

< 10 % increase in 
stroke volume curve

How do you fluid load ?

Stop !



OR



Or raise ze legs!

Intensive Care Med (2008) 34:659–663

Not TrendelenburgRapidly “transfuses” ~ 500 mL



Optimal fluid

Volume of fluid

C
om

pl
ic

at
io

ns
Under- and over-resuscitation are associated 

with increased mortality

“The end-point of fluid resuscitation remains the Holy Grail of ITU medicine”
Crit Care Med 2012 Vol. 40, No. 6

Organ ischaemia

too little

Organ oedema

too much

Recap



❖ Cardiac output the most important determinant of O2 delivery

❖ Venous return determined by vascular factors 

❖ stress vs unstressed volume ➔ MCP

❖ “Fluid responsive or not? - that is the question”   

❖ Don’t guess

❖ Too much fluid - 

❖ Too little fluid -

❖ Only after fluids optimised consider inotropes

Recap

lower 
downstream pressure
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Acute Respiratory Distress Syndrome 
(ARDS)

Oxygen delivery ~ 

Cardiac output  x  Hb  x  % Sat O2
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24 hours later

A patient admitted with H1N1 pneumonitis (“Swine flu”)



Histopathology of ARDS



Ware LB, Matthay MA. The acute respiratory distress syndrome. NEJM. 2000;342:1334
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ARDS Histology

Ware LB, Matthay MA. The acute respiratory distress syndrome. NEJM. 2000;342:1334
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larger alveolar ventilation targets than the so-called lung pro-
tective or low volume arm. Three trials turned out to be nega-
tive; i.e., there was no difference in survival, length of mechan-
ical ventilation, or hospital stay among the treatment groups.
Two trials, a Brazilian single-center study and the ARDS Net-
work trial (5, 6), attributed a statistically significant survival
benefit to the lung protective treatment. A number of design
features appear to distinguish positive from negative clinical
trials. (

 

1

 

) In positive trials there was a greater difference in
tidal volume settings among the treatment groups. The tidal
volume target in the conventional treatment arm of the two
positive trials approximated 12 ml/kg, whereas those of the
three negative trials was only 10.3 (71), 10.8 (73), and 10.2 ml/kg
(72). (

 

2

 

) Judged by the lung mechanics parameters, patients in
the negative trials may have had lesser degrees of injury than
did patients in the positive trials. For example, the respiratory
system compliance (a measure of the size of the baby lung) of
patients randomized to the low volume arms of the two posi-
tive trials averaged approximately 0.4 ml/cm H

 

2

 

O/kg, whereas
it averaged approximately 0.5 ml/cm H

 

2

 

O/kg in the negative
trials. All that can be concluded at this point is that tidal vol-
umes approaching 12 ml/kg are injurious to the lungs of pa-
tients with ARDS.

More relevant to this perspective is that the five randomized
trials have provided little information about “best PEEP.”
The arguments for and against PV curve–based PEEP man-
agement have been elegantly articulated (74). The hypothesis
that the injured lung is fully recruited at pressures greater than
LIP has been rejected (75). High degrees of PEEP and recruit-
ment maneuvers are the centerpieces of the open lung ap-
proach. Yet, in the ARDS Network trial, recruitment maneu-
vers failed to show a sustained benefit on gas exchange in
supine patients (8). Four of five trials (5, 71–73) used similar
and relatively modest PEEP settings (
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 10 cm H

 

2

 

O), which
differed little among the treatment arms. In contrast, patients
in the lung protective treatment arm of the Brazilian trial were
managed with high PEEP settings averaging 17 cm H

 

2

 

O. Be-
cause the two positive trials differed dramatically in their ap-
proach to PEEP but were quite similar with respect to tidal
volume, it is hard to conclude anything about best PEEP from
them. Patients in the ARDS network trial were more likely to
receive bicarbonate buffers and respiratory rate adjustments
with the aim of correcting acidemia. It has been argued that
the higher rates might have produced auto-PEEP, but no mea-
surements to support this are available.

 

EVIDENCE IN SUPPORT OF EDEMA AS THE SOURCE 
OF REGIONAL IMPEDANCE IN ARDS

 

Parenchymal Marker Studies

 

Cognizant of CT’s limitations as a measurement tool of re-
gional lung mechanics, our group used the parenchymal marker
technique to quantify both spatial and temporal heterogeneity
in lung deformation in oleic acid–injured dogs (76, 77). The
parenchymal marker technique describes the topographic dis-
tribution of regional volume and ventilation in laboratory ani-
mals. The transthoracic injection of metallic markers and their
subsequent imaging with biplane fluoroscopy make it possible
to track the same anatomic regions in space and time. As a re-
sult, the topographic distributions of volume, ventilation, and
strain may be computed.

We were initially surprised to find that oleic acid injury did
not produce the collapse of dependent lung units in this model
of ARDS (77). However, in hindsight this finding is consistent
with earlier observations by Slutsky and colleagues, who re-
ported significant reductions in intrathoracic gas volume but

found no changes in chest wall dimensions in oleic acid–injured
dogs (78). We have simply extended this finding to a smaller
scale, i.e., regions as small as 1 cm

 

3

 

. The other surprise was
that it proved impossible to demonstrate opening and collapse
on this scale no matter how hard we looked for it. For example,
during sinusoidal oscillations of the respiratory system, 95%
of the regions of the oleic acid injured caudal lobe expanded
within 12

 

!

 

 (phase angle) of each other. This means that during
mechanical ventilation at a rate of 20 per minute, 95% of the
regions reach their peak volume within the same 100-millisec-
ond window. On the basis of these findings, we proposed an
alternative mechanism for the topographic variability in re-
gional impedances and lung expansion after injury, namely,
liquid and foam in alveoli and/or conducting airways. Our in-
ability to demonstrate temporal heterogeneity on a cubic cen-
timeter volume scale does not establish airway liquid and foam
as the prevailing mechanism. The fact that neither temporal nor
spatial heterogeneity was organized along gravitational lines,
however, was difficult to reconcile with the “weight of the lung
hypothesis.”

 

Alveolar Microscopy

 

Most of the evidence I have presented so far, be it pro or con
recruitment and collapse, represents inferences about alveolar
micromechanics from measurements that were made on a
scale several orders of magnitude greater than that of the
structures of interest. It therefore seems prudent to examine
data about lung deformation that were derived from micro-
scopic images. Current views on alveolar micromechanics and
the interactions between surface tension and tissue stress can
be traced to the classic morphometric studies by Bachofen,
Weibel, and colleagues (79–82) and the consequent quantita-
tive analysis by Wilson and Bachofen (83). Accordingly, tension
is carried by a helical network of collagen and elastin fibers
that surround and support alveolar ducts, whereas surface ten-
sion acting in parallel to alveolar walls counterbalances the
hoop stress at the alveolar entrance ring. It is remarkable how
little is known about alveolar deformation during breathing.
Most believe that alveoli unfold in the tidal breathing range
and only get stretched at high lung volumes (84, 85). Others
believe that only the alveolar ducts expand during breathing,
whereas alveolar volume and surface area remain more or less
constant (86). These uncertainties place substantial constraints
on analyses of alveolar mechanics in injury states.

Figure 3 shows subpleural alveoli of two isolated perfused
rat lungs that were imaged with laser confocal microscopy.
The image on the left is a three-dimensional representation of

Figure 3. Laser confocal images of subpleural alveoli of a normal (left) and
an edematous (right) rat lung. The perfusate was labeled with fluorescein
labeled dextran, i.e., edema fluid appears white, the alveolar walls gray,
and air pockets are black. (Gajic and Lee; unpublished observations.)
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larger alveolar ventilation targets than the so-called lung pro-
tective or low volume arm. Three trials turned out to be nega-
tive; i.e., there was no difference in survival, length of mechan-
ical ventilation, or hospital stay among the treatment groups.
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is carried by a helical network of collagen and elastin fibers
that surround and support alveolar ducts, whereas surface ten-
sion acting in parallel to alveolar walls counterbalances the
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Figure 3. Laser confocal images of subpleural alveoli of a normal (left) and
an edematous (right) rat lung. The perfusate was labeled with fluorescein
labeled dextran, i.e., edema fluid appears white, the alveolar walls gray,
and air pockets are black. (Gajic and Lee; unpublished observations.)
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❖ Treat primary condition 
❖ Avoid further harm: 

❖ Volutrauma 
❖ Barotrauma 
❖ Biotrauma 
❖ Recruitment/de-recruitment 
❖ Fluid overload

Only really effective treatment is to avoid further harm !!

Goals of treatment



Clinical Case

Why?

49 yr old female 
Acute respiratory distress following H1N1 flu 
Ventilated for 8 days with high Fi02  
Tidal volumes ~ 500 mL 
No improvement in deteriorating 02 sats 
Called Leicester ECMO center for transfer 
Refused!



Ventilator Induced Lung Injury-“VILI”



“...we have made major progress …. over the past 
30 years through the recognition and avoidance of 
iatrogenic ventilator-induced lung injury (VILI)  
by limiting tidal volumes and airway pressures.”



PIP of 45 cm H20

Control 5 min 20 min

Avoid over-stretch of lungs



5 µm

Endothelium and epithelium are injured at high lung 
volumes and pressures

Fu Z et al J Appl Physiol 1992 73: 123-133



Critical Care 2009, 13:R1 
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Third, our non-ventilated control animals were not sham oper-
ated, did not receive fluid resuscitation and were breathing
room air as opposed to our ventilated animals. It can be sug-
gested that the invasive surgical procedure has an influence
on the inflammatory reaction by entering endotoxins and/or
bacteria into the circulation. MV in combination with prolonged
exposure to hyperoxia (> 95% of oxygen) augmented lung
injury [24]. However, lung injury caused by 50% of oxygen, as
used in our ventilated mice, has not been previously reported.

Fourth, in accordance with previous models of murine ventila-
tion, we did not use moisture breathing gas. The problem is
that drops will obstruct the inspiratory tubing. We do realise
that this is a limitation of our and previous models of murine
ventilation.

VILI was clearly present with the use of HVT after five hours of
MV. For most of our endpoints of VILI significant differences
were found between HVT mice and LVT mice. Of more interest,
with LVT VILI also developed. This finding is in accordance with
a previous report, where low VT (8 ml/kg) for four hours in mice
resulted in a reversible inflammatory reaction, while preserving
tissue integrity [25]. On the other hand, Altemeier and col-
leagues demonstrated that MV with tidal volumes of 10 ml/kg
for six hours did not cause significant cytokine expression [26].
In the study of Altemeier and colleagues, cytokines were
measured in the BALF, while in our study and in the study of
Vaneker and colleagues cytokines were measured in lung
homogenate. Maybe cytokines were still in the sub-epithelium
and did not migrate further into the alveoli. Thus, even the use
of LVT could be considered to be potentially harmful, at least in
a murine setting. In disagreement with some reports that did
not show any effect of larger VTin patients with non-injured
lungs [21,22], several articles did display harmful effects of
large VT. In one study on postoperative MV after cardiopulmo-
nary bypass surgery, MV with tidal volumes of 6 ml/kg pre-
dicted bodyweight (PBW) resulted in significantly lower BALF
TNF-� levels as compared with tidal volumes of 12 ml/kg
PBW [27]. These results were confirmed by others, who
showed that the use of large tidal volumes of 10 to 12 ml/kg
resulted in an increase of bronchoalveolar lavage fluid and
plasma IL-6 and IL-8 levels as compared with lower VT of 8 ml/
kg [28]. In our study, patients ventilated with HVT (12 ml/kg
PBW) for five hours showed upregulation of pulmonary inflam-
matory mediators as opposed to patients ventilated with LVT
(6 ml/kg) [29]. Unrecognised differences in MV between mice
and the human setting may be responsible for this difference.

With VT as used in our experiments histopathological changes
were minor. In previously published studies the VILI score was
about 2 in the low VT or low pressure group and about 7 in the
high VT or high pressure group [2,30]. Worth mentioning is
that VT or pressures used in the high VT group in these former
studies were about twice as high as in our study protocol. In a
previously mentioned study in which C57Bl/6 mice were ven-

Figure 3

Pulmonary levels of tumour necrosis factor (TNF)-�, interleukin (IL)-6, keratincyte-derived cytokine (KC) and macrophage inflammatory pro-tein (MIP)-2 in lung tissue homogenatePulmonary levels of tumour necrosis factor (TNF)-�, interleukin 
(IL)-6, keratincyte-derived cytokine (KC) and macrophage inflam-
matory protein (MIP)-2 in lung tissue homogenate. Pulmonary levels 
of TNF-�, IL-6, KC and MIP-2 and in lung tissue homogenate in control 
mice, and in mice ventilated with low tidal volumes (LVT) and high VT 
(HVT) for five hours. Two fluid strategies (normal saline (white boxes) 
and sodium bicarbonate (grey boxes)) were compared. Data represent 
median and interquartile range of six mice. *p < 0.05 (LVT vs. control or 
sodium bicarbonate vs. saline, IL-6 and MIP-2 in C57Bl/6 mice); †p < 
0.01 (HVT vs. LVT or LVT vs. control); ‡p < 0.001 (HVT vs. LVT or LVT vs. 
control).

High tidal volumes 
associated with 
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of cytokines

Systemic effects of volutrauma



Low vs high tidal volumes in ARDS/ALI

The Acute Respiratory Distress Syndrome Network. N Engl J Med 2000;342:1301-1308 

Probability of Survival and of Being Discharged Home and Breathing without Assistance during the 
First 180 Days after Randomization in Patients with Acute Lung Injury and the Acute Respiratory 

Distress Syndrome 

Survival

Discharge

Mortality

12 ml/kg pbw 
40%

6 ml/kg pbw 
30%

NEJM 2000;342:1301-1308



How do you best predict lung volume ?

Vt mL/kg actual body weight
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Crit Care Med 2004 Vol. 32, No. 9

The correlation between actual body weight and 
%Total Lung Capacity is extremely poor



Don’t forget protective tidal volumes are based on 
 ideal (or predicted) body weight, which are based on 
 SEX and HEIGHT (NOT weight!!)



Lung Volume 
= 3245 mL 

Lung Volume 
= 3364 mL 

Marie-Thérèse S. 
53 ans 

162 cm 132 kg 

Julia R. 
49 ans 

161 cm 47 kg 

Don’t forget protective tidal volumes are based on 
 ideal (or predicted) body weight, which are based on 
 SEX and HEIGHT (NOT weight!!)



So don’t forget the tape measure!



Avoid recruitment/de-recruitment

“Lung protective ventilation”



Preventing overdistension and under-recruitment 
injury
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Recruitment/de-recruitment



Recruitment manoeuvre and PEEP



Recruitment manoeuvre and PEEP



Airway Pressure Release Ventilation 
(“APRV”)



Use compliance to titrate PEEP in ARDS

Carvalho AR et al. Intensive care medicine 2008 Dec; 34(12):2291-9
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Other considerations



Clinical Case

Why? 
What does this signify? 

What might we do? 

21 yr old female 
Acute respiratory distress following flu-like symptoms 
(H1N1) 
Requires intubation 
02 sats continues to drop rapidly from 87% to 78% on 
100% 02 
Central venous saturation 72%  
Attempt at higher PEEP of 25cm H20  
Little improvement in 02 sats 
But now central venous saturation is 52%
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 O2 delivery



Clinical Case

What would you do?

21 year old woman 

Very recent Cesarian Section 
Increasing respiratory difficulty 

Diagnosis of H1N1 (“swine flu”) 
O2 saturations dropping to 75% despite 100% O2 

and pressure manoeuvres
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WE TURNED HER PRONE



N Engl J Med 2013; 368:2159-2168



in the prone than in the supine position, whereas perfusion is
similar in both conditions, the ventilation–perfusion ratios are
more homogeneously distributed in the prone position (9).
ARDS lung. During ARDS, the primary alteration of this

schema owes to increased lung mass (10), which may develop
a superimposed pressure four to five times greater than normal
and collapse the most dependent lung regions (compression at-
electasis) (2). The contributions of shape matching, heart weight,
and abdominal pressure (11) to lung collapse are overshadowed
by the increase in superimposed pressure, which remains its pri-
mary cause. When patients are shifted into the prone position,
chest wall compliance decreases (12) and lung density redistrib-
utes from dorsal to ventral (6) as a consequence of recruitment in
dorsal lung regions and collapse of ventral ones (see Figure 2).
The decrease in chest wall compliance, per se, would result in an
increase in plateau pressure during volume control ventilation or
a decrease in tidal volume during pressure control ventilation.
These effects, however, may be offset if dorsal recruitment pre-
vails over ventral derecruitment, leading to increased lung com-
pliance. Because the lung mass is anatomically greater in dorsal
regions (nondependent when prone) than in ventral regions (de-
pendent when prone), the increased aeration and recruitment of
the dorsal regions tend to exceed the decreased aeration and
derecruitment of the ventral regions (6, 13).

Gas Exchange in Prone Position

Oxygenation. The PaO2
improvement, observed without excep-

tion in all clinical (14) and experimental (15, 16) studies dealing
with the prone position, may be due either to recruitment and
aeration of perfused and previously degassed lung regions or to
diversion of blood flow from gasless regions to aerated ones.
The redistribution of blood flow seems unlikely as the primary
mechanism. In fact, the bulk of available data, obtained in ex-
perimental animals with microspheres (17) and by positron

emission tomography (18), suggests that blood flow distribution
does not change substantially in the conversion from the supine
to prone position. The fact that nitric oxide inhalation adds to
the positional PaO2

increase (19–22) suggests indirectly that
blood flow is not redirected by prone positioning per se. There-
fore, the most probable mechanism of oxygenation improve-
ment is that the recruitment of perfused tissue in dorsal
regions exceeds ventral derecruitment. To improve oxygenation
it is sufficient that the recruited regions remain inflated; such
zones, however, are not necessarily well ventilated. Therefore,
the responses of oxygenation and CO2 clearance to proning may
present different patterns (23).
CO2 clearance. In ARDS, impaired CO2 clearance reflects

structural changes of the lung parenchyma, such as alveolar wall
destruction, microthrombosis, cysts, blebs, and edema (24), and
strongly predicts outcome (25, 26). Dead space and PaCO2

do
not necessarily change when patients are transitioned from su-
pine to prone. However, by dividing patients with ARDS into
two groups according to the median change in PaCO2

after the
first pronation, we found that those who decreased PaCO2

in the
prone position with unchanged minute ventilation experienced
greater lung recruitment (23) and better outcomes (27) than
those who increased their PaCO2

. This benefit occurred indepen-
dently of oxygenation response.

Proning may improve CO2 clearance if repositioning causes
dorsal recruitment to prevail over ventral derecruitment, and/or
if hyperinflation that occurs in ventral regions when supine
decreases to improve compliance (13, 28). In the first case, the
increase in CO2 clearance owes to an increased number of open
and ventilated alveoli; in the second case, reduced overdisten-
tion allows better ventilation of previously hyperinflated units.
Both mechanisms lead to a decrease in regional stress and strain
and may explain why improved CO2 clearance, and not oxygen-
ation, relates to outcome.

Figure 1. A model showing the relative
and combined effects of shape matching
of the lung to the chest wall and of grav-
ity on the distribution of alveolar size (in-
flation) along the vertical axis. Top,
supine position: (A) Original shape of the
isolated lung (cone). In the absence of
gravity, all pulmonary units (spheres)
are equally inflated. (B) In the absence
of gravity, the cone, attempting to adapt
its shape to the confining chest wall (cyl-
inder), must expand its upper regions
more than the lower regions. Therefore
the upper pulmonary units increase their
size (and experience greater strain). (C)
With the application of gravitational
force the chest wall–confined pulmonary
units at a given level are compressed by
the weight of the units of the levels
above. The composite effect is reflected
in the scale of the upper panel, in which
we show the decrease in the gas-to-tissue
ratio from sternum to vertebra in normal
subjects (n ¼ 7) and in patients with
acute respiratory distress syndrome (n ¼
10), rearranged from Reference 6. Bot-

tom, prone position: (D) Original shape of the isolated lung in the prone position. In the absence of gravity all pulmonary units are equally inflated.
(E) Shape matching in the absence of gravity leads to expansion of the ventral pulmonary units, which, unlike when supine, are now in the
dependent position. (F) Applying gravitational forces decreases the size of the pulmonary units that bear the weight of the units above. Note that in
the supine position shape matching and gravity act in the same direction, jointly expanding the ventral regions, whereas in the prone position, they
act in opposing directions. The final effect is to “damp” the gravitational forces by shape matching, allowing more homogeneous inflation of the
pulmonary units from sternum to vertebra, as reflected by a shift along the scale of gas-to-tissue ratios.
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2 forces on alveoli:
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gravity

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 188 2013

HOW DOES PRONING WORK?
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Prone position in ARDS 

Am J Respir Crit Care Med Vol 188, Iss. 11, pp 1286–1293, Dec 1, 2013

PRONE POSITIONING AND VENTILATOR-INDUCED
LUNG INJURY

Experimental Evidence for Proning Effect

Experimental studies provide convincing evidence that prone po-
sitioning influences the generation and evolution of ventilator-
induced lung injury (VILI). VILI arises from repeated application
of high mechanical forces that either tear fragile tissue directly or
initiate signaling that culminates in inflammatory change (29, 30).
Interfacial zones at the junction of open and closed tissues, which
are prevalent in gravitationally dependent zones (31), are sub-
jected to amplified tensions, to surfactant-depleting tidal cycles
of airspace opening and closure, and to shearing forces higher that
those experienced among lung units that remain continuously
open (32). Characteristics of the alveolar environment, notably
vascular pressures, surface tension, abnormal pH, and oxygen con-
centration, either influence the amplitude of mechanical stresses
applied to the alveolar capillary membrane, or condition its inflam-
matory response. Last, airway biofluids and secretions may directly
inhibit surfactant viability or production, impede the ease of air-
space opening, or predispose to lung infection (33, 34). Regional
mechanics, vascular filling, and airway drainage are each affected
by prone positioning.

Regional Mechanics

The prone position may alter absolute lung volume as well as its
distribution. Reports from various investigators conflict regarding
the impact of proning on FRC (35). Inconsistencies relate poten-
tially to differences in the preexisting recruitability of the lung,
respiratory muscle activity, flexibility and shape of the chest wall
(36, 37), nature of the supporting surface (38), and presence of
abdominal hypertension (39). It is generally conceded, however,
that any increment in FRC that occurs after turning neither fully
explains the proning-related improvements in oxygenation nor the
reduced propensity to VILI. The regional distribution of trans-
pulmonary forces across the lung appear to be of greater impor-
tance (6, 17, 40).

From the viewpoint of airspace mechanics, the more even dis-
tribution of transpulmonary pressure that results from prone po-
sitioning helps establish and sustain recruitment in response to
positive end-expiratory pressure (PEEP) (41–43). An experi-
mental study using quantitative CT in patients with ARDS
strongly suggests that prone positioning may add to the effi-
ciency of PEEP by improving recruitment while diminishing
alveolar hyperinflation (12). Evening the distribution of trans-
pulmonary forces promotes uniformity of ventilation–perfusion
matching ratios in acutely injured lungs (44). Resolving dispar-
ities of regional alveolar distension may also help prevent inap-
propriate redirection of blood flow from inflated to collapsed
tissues in response to rising PEEP and mean airway pressure.

Prone positioning relieves cardiac compression of the supporting
lung and may improve lymphatic drainage as the heart moves
inferiorly toward the sternum (8), helping to explain why
prone positioning improves the gas-exchanging efficiency
and gradual resolution of hydrostatic edema An experimental
study using quantitative CT in patients with ARDS strongly
suggests that prone positioning may add to the efficiency of
PEEP by improving recruitment while diminishing alveolar
hyperinflation (13).

Distribution of VILI

VILI favors gravitationally dependent areas, whatever the postural
orientation (8). For example, the dorsal regions are predisposed to
injury in the supine position (being dependent) but are relatively
spared when prone (being nondependent). By reducing the num-
ber of interfaces between open and closed units, as well as by
moderating transpulmonary forces, the excursions of mechanical
tension on well-vascularized dorsal tissues (effective driving pres-
sures) are lessened. Hemorrhagic pulmonary edema and inflam-
mation that result in healthy lungs from adverse ventilation is
differentially affected by positioning (45, 46). In both healthy
canine lungs and those preinjured by infused oleic acid, proning
may reduce dorsal hemorrhage, edema, and inflammation other-
wise incurred during supine ventilation whereas nondependent
zones are relatively spared (45, 46). Prone positioning could delay
injury onset, rather than attenuate the eventual extent of injury
(47), but the issue of whether reduced severity or slower devel-
opment predominates as the primary effect of prone positioning
remains unsettled.

Nonmechanical Cofactors of VILI

In addition to reducing regional transpulmonary force disparities,
prone positioning confers a secondary benefit simply by improving
the ratio of the partial pressure of oxygen in arterial blood to the
fraction of inspired oxygen (PaO2

/FIO2
ratio), thereby reducing the

need for iatrogenic intervention to sustain it. Measures normally
taken to improve oxygenation or increase ventilation when su-
pine may encourage VILI; improved oxygenation and ventilation
efficiency by prone positioning may allow reduction of FIO2

(48),
infused fluid volume, and mean airway pressure (49), thereby
lowering the risk of injury to mechanically stressed membranes
and/or right ventricular loading (50).

Apart from effects on the airspaces, gravitational forces influ-
ence regional vascular pressures, airway drainage, and efficiency of
the lymphatic sump. Dependent vasculature is exposed to greater
hydrostatic forces than is nondependent vasculature. These depen-
dent regions are also at risk for collecting biofluids, which may in-
hibit surfactant, directly injure alveolar epithelial surfaces, or
predispose to infection (51, 52). Prone positioning encourages
transfer of secretions from dorsal lung toward the airway opening.
Cross-compartmental translocation of instilled albumen and bac-
teria has been demonstrated in animal experiments (53–55). In
that work dependent positioning of the previously unaffected lung
predisposed to generalization of pathologic change, as did high
tidal volumes and low levels of PEEP.

Fluids entering the central airway also tend to drain to
gravity-dependent regions. Ladoire and colleagues (56) demon-
strated in the setting of lobar pneumonia that prone positioning
mitigates the tendency toward bacterial contamination of the
unaffected lung. These observations complement those of
Drakulovic and colleagues, Li Bassi and colleagues, and Li
Bassi and Torres, who reported that the propensity for pneu-
monia to occur in patients with ARDS can be attenuated by
prone positioning (57–59). Taken together, the experimental

Figure 2. A representative computed tomography scan of a patient
with acute respiratory distress syndrome in the supine position (left)
and prone position (right). Prone positioning redistributes opacities
from dorsal to ventral zones. End-expiratory images were taken with
the patient sedated and paralyzed immediately before and after assum-
ing the prone position, at identical end-expiratory pressures.
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LUNG INJURY
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inferiorly toward the sternum (8), helping to explain why
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and gradual resolution of hydrostatic edema An experimental
study using quantitative CT in patients with ARDS strongly
suggests that prone positioning may add to the efficiency of
PEEP by improving recruitment while diminishing alveolar
hyperinflation (13).

Distribution of VILI

VILI favors gravitationally dependent areas, whatever the postural
orientation (8). For example, the dorsal regions are predisposed to
injury in the supine position (being dependent) but are relatively
spared when prone (being nondependent). By reducing the num-
ber of interfaces between open and closed units, as well as by
moderating transpulmonary forces, the excursions of mechanical
tension on well-vascularized dorsal tissues (effective driving pres-
sures) are lessened. Hemorrhagic pulmonary edema and inflam-
mation that result in healthy lungs from adverse ventilation is
differentially affected by positioning (45, 46). In both healthy
canine lungs and those preinjured by infused oleic acid, proning
may reduce dorsal hemorrhage, edema, and inflammation other-
wise incurred during supine ventilation whereas nondependent
zones are relatively spared (45, 46). Prone positioning could delay
injury onset, rather than attenuate the eventual extent of injury
(47), but the issue of whether reduced severity or slower devel-
opment predominates as the primary effect of prone positioning
remains unsettled.

Nonmechanical Cofactors of VILI

In addition to reducing regional transpulmonary force disparities,
prone positioning confers a secondary benefit simply by improving
the ratio of the partial pressure of oxygen in arterial blood to the
fraction of inspired oxygen (PaO2

/FIO2
ratio), thereby reducing the

need for iatrogenic intervention to sustain it. Measures normally
taken to improve oxygenation or increase ventilation when su-
pine may encourage VILI; improved oxygenation and ventilation
efficiency by prone positioning may allow reduction of FIO2

(48),
infused fluid volume, and mean airway pressure (49), thereby
lowering the risk of injury to mechanically stressed membranes
and/or right ventricular loading (50).

Apart from effects on the airspaces, gravitational forces influ-
ence regional vascular pressures, airway drainage, and efficiency of
the lymphatic sump. Dependent vasculature is exposed to greater
hydrostatic forces than is nondependent vasculature. These depen-
dent regions are also at risk for collecting biofluids, which may in-
hibit surfactant, directly injure alveolar epithelial surfaces, or
predispose to infection (51, 52). Prone positioning encourages
transfer of secretions from dorsal lung toward the airway opening.
Cross-compartmental translocation of instilled albumen and bac-
teria has been demonstrated in animal experiments (53–55). In
that work dependent positioning of the previously unaffected lung
predisposed to generalization of pathologic change, as did high
tidal volumes and low levels of PEEP.

Fluids entering the central airway also tend to drain to
gravity-dependent regions. Ladoire and colleagues (56) demon-
strated in the setting of lobar pneumonia that prone positioning
mitigates the tendency toward bacterial contamination of the
unaffected lung. These observations complement those of
Drakulovic and colleagues, Li Bassi and colleagues, and Li
Bassi and Torres, who reported that the propensity for pneu-
monia to occur in patients with ARDS can be attenuated by
prone positioning (57–59). Taken together, the experimental

Figure 2. A representative computed tomography scan of a patient
with acute respiratory distress syndrome in the supine position (left)
and prone position (right). Prone positioning redistributes opacities
from dorsal to ventral zones. End-expiratory images were taken with
the patient sedated and paralyzed immediately before and after assum-
ing the prone position, at identical end-expiratory pressures.

1288 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 188 2013

Prone



Normal

250

200

150

100

50

CaO2 
(mL/L)

15 157.5Hb

PaO2 (mm Hg) 90 4590 ~80% Sat O2

Hypoxaemia

Anaemia

Effects of a equivalent 50% reduction in Hb and pO2 on O2 
content in arterial blood



❖ We can cause harm to the lungs by 

❖ overstretching 

❖ allowing collapse 

❖ Use “low” (i.e., normal tidal volumes) 

❖ calculate ideal weight using height and sex 

❖ Follow efficiency of gas exchange using P/F ratio

Recap



Cardiac output    x  Hb  x    % Sat O2

Oxygen

Don’t forget, we are in the oxygen delivery 
business



Download at 

http://www.jvsmedicscorner.com
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Thanks for listening
This is outrageous! 
The government is 

listening to our 
conversations!


