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✓Introduction to 02 delivery

✓Cardiac output

•Types of fluids

•Optimising haemodynamics with fluids

•The Pump - Inotropes/Vasopressors

✓Haemoglobin

✓O2 Saturation

We have covered:
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BP = 75/45       HR = 122

Cold peripheries

RR = 37               Sat 02=90%

What are your priorities ?

Clinical Case
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Cardiac output x Hb x % Sat O2

❖ If one variable is halved, the oxygen delivery is 
reduced to 1/2

❖ If two variable is halved, the oxygen delivery is 
reduced to 1/4

❖ If all three variables are halved, the oxygen 
delivery is reduced to 1/8th

= 125 ml/min O2 delivered

this is incompatible with life



Cardiac output    x             x    % Sat O2

Fe def
Dilutional
Inflammatory
Vitamin deficiency
Aplastic

Sickle cell
Thalassaemia
met Hb
CO Hb

free Hb and NO
Pulmonary hypertension
Hypercoagulability

PRV
Acclimatisation

Effective blood volume
Capacitance
Obstruction
Septal shift
IV fluid

volume
C.O.P.

Arrhythmias
Ischaemia
Valvular problems
Septal shift

RAA adaptaion
Sepsis
Valvular problems
Pulmonary embolism
Hypertension
Shunts

Altitude
Hyperbaric O2

Decreased respiratory drive
drug induced

CVA
Fatigue (asthma)
Obstruction

Sleep apnoea syndrome
Decreased consciousness

Shunt
Pneumonia
Pulmonary oedema

Dead space
Pulmonary embolism
Fat embolism

Mixed
ARDS
COPD
Asthma

Pump failure

Afterload

Anaemia

Abnormal Hb

Hemolysis

Hyperviscosity

Inspired O2

Hypoventilation

Ventilation/perfusion 
abnormalities

Heart rate

Hb

Preload
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02 Delivery Compensation -
 2 Phases

❖ Phase 1 - The “Big 3” compensate each 
other

❖ Cardiac Output

❖ Hb

❖ O2 Saturation

❖ Phase 2 - Oxygen Extraction

❖ If O2 delivery decreases, O2 extraction 
increases
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100

PO2

SaO2 = 100%

%HbO2

100

PO2

SvO2 = 75%
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Hb
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O2

O2
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Hb

O2

O2
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79 year old woman 3rd day post total hip replacement

Hb 7.5 gm/dL but well, therefore not for transfusion

Later found to be confused, breathless and passes 

moderate quantity of melaena

What are your main concerns?

Clinical Case
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Clinical Case

77 yr old lady

C. Difficile toxic mega colon

Peripherally very oedematous

Received 5.5 l fluid

BP = 95/55 ; HR 99

RR = 35

U.O = 15 ml/hr

Central line in place in femoral vein



What is our 
approach?





Consider 02 delivery



Cardiac output is the 

most important of the 

“Big 3”

Consider 02 delivery
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Aim for:

❖ Clinical

❖ Warm toes

❖ Normal BP

❖ Good urine output

❖ Biochemical

❖ SvO2 (normal ~ 75%)

❖ Lactate (can be venous  - Delta lactate = Sv02)

❖ Direct measurement

Adequate cardiac output
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Cardiac output adequate ?

Effective cardiac output adequate ?

 Get to the top of the Starling curve -> optimize fluids

Predict if fluid responsive?

Drop in CVPSVV/PPV/SPV

Give fluid Inotropes/vasopressors

No

IPPV Spontaneous respirations

Yes No
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But......no correlation between CVP and hemodynamic response to 
fluid! 

conditions. In none of the studies included in this
analysis was CVP able to predict either of these
variables. Indeed, the pooled area under the ROC
curve was 0.56. The ROC curve is a statistical tool
that helps assess the likelihood of a result being a
true positive vs a false positive. As can be seen from
Figure 2, an ROC of 0.5 depicts the true-positive
rate equal to the false-positive rate; graphically, this
is represented by the straight line in Figure 1. The
higher the AUC, the greater the diagnostic accuracy
of a test. Ideally, the AUC should be between 0.9 to

1 (0.8 to 0.9 indicates adequate accuracy with 0.7 to
0.8 being fair, 0.6 to 0.7 being poor, and 0.5 to 0.6
indicating failure). In other words, our results sug-
gest that at any CVP the likelihood that CVP can
accurately predict fluid responsiveness is only 56%
(no better than flipping a coin). Furthermore, an
AUC of 0.56 suggests that there is no clear cutoff
point that helps the physician to determine if the
patient is “wet” or “dry.” It is important to emphasize
that a patient is equally likely to be fluid responsive
with a low or a high CVP (Fig 1). The results from
this study therefore confirm that neither a high CVP,
a normal CVP, a low CVP, nor the response of the
CVP to fluid loading should be used in the fluid
management strategy of any patient.

The strength of our review includes the rigorous
selection criteria used to identify relevant studies as
well as the use of quantitative end points.8,9,34 Fur-
thermore, the studies are notable for the consistency
(both in magnitude and direction) of their findings.
This suggests that the findings are likely to be
true.8,9,34 The results of our study are most disturb-
ing considering that 93% of intensivists report using
CVP to guide fluid management.35 It is likely that a
similar percentage (or more) of anesthesiologists,
nephrologists, cardiologists, and surgeons likewise
use CVP to guide fluid therapy. It is important to
note that none of the studies included in our analysis
took the positive end-expiatory pressure levels or
changes in intrathoracic pressure into account when

Figure 1. Fifteen hundred simultaneous measurements of blood volume and CVP in a heterogenous
cohort of 188 ICU patients demonstrating no association between these two variables (r ! 0.27). The
correlation between "CVP and change in blood volume was 0.1 (r2 ! 0.01). This study demonstrates
that patients with a low CVP may have volume overload and likewise patients with a high CVP may be
volume depleted. Reproduced with permission from Shippy et al.11

Figure 2. Comparison of ROC curves showing tests with
different diagnostic accuracies.

www.chestjournal.org CHEST / 134 / 1 / JULY, 2008 175
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(r=0.27)
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How to tell if fluid responsive

Either

❖Give a bolus and watch response

- Probably safe if small volumes required

- If no risk of pulmonary oedema

Or

❖Try to predict how patient will respond
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Ppl

CVP decreases

increased 
venous return

the pleural pressure drops 
-> the rt. atrium/vena cavae expand (if compliant) 
-> the CVP drops
-> sucking more blood into the chest
->venous return and cardiac output increased

Spontaneous ventilation
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integral minus the DC area. The amplitude, width, and area
calculated from the PPG were normalized with respect to
their baseline values to study the trends while accounting
for individual physiologic variability. Baseline values were
calculated by averaging each feature over the last 3 minutes
of the pre-LBNP baseline period. Similarly, values for all
variables were averaged over the last 3 minutes of each
LBNP level and recovery and for 1 minute before presyn-
cope. A 1-way (percentage LBNP level) randomized block
(subjects) analysis of variance for repeated measures was
used for comparison of outcome variables. If statistical
differences were found, Bonferroni-corrected comparisons
with baseline measurements were performed to determine
the first percentage level of LBNP that could be distin-
guished statistically from baseline. Amalgamated correla-
tion coefficients (i.e., coefficients generated by correlations
between mean values of stroke volume changes and PPG
pulse shape features at each LBNP tolerance level) were
calculated to determine the relationship between the
changes in PPG features and changes in stroke volume
during LBNP and subsequent recovery. All data are pre-
sented as mean ! se, and exact P values are presented for
all comparisons.

RESULTS
A representative tracing of the beat-to-beat pulse oximeter
PPG waveform characteristics recorded from the ear sensor
of 1 subject before, during, and after the progressive LBNP
protocol is presented in Figure 2. PPG pulse amplitude,
width, and area decreased with increasing LBNP in all
pulse oximeter sensor sites. Immediately after the termina-
tion of LBNP with accompanying cardiovascular collapse,
most subjects demonstrated a sudden rebound (increase) in
pulse amplitude and area to levels greater than baseline,
whereas the recovery of pulse width was more gradual.

Figure 3 illustrates group means for PPG pulse ampli-
tude width and area, as well as alterations in hemodynamic
variables during LBNP. LBNP induced a progressive re-
duction in central blood volume, indicated by changes in
stroke volume (Fig. 3C) and a reduction in SBP at 60% of
LBNP tolerance (Fig. 3A). Spo2 did not change from
baseline values (99.2% ! 0.2%) during the LBNP exposure
(99.3% ! 0.3% at 100% of LBNP tolerance). LBNP caused a
reduction in PPG pulse wave amplitude until the final
point (100% of LBNP tolerance), at which it increased
slightly (Fig. 3D). PPG pulse width did not change from
baseline at early stages of LBNP but decreased at 80% and
100% of LBNP tolerance (Fig. 3E). These changes in pulse
amplitude and width resulted in a progressive decrease in
PPG area that became statistically significant (P " 0.001) at
60% of LBNP tolerance (Fig. 3F). Upon cessation of LBNP,
all hemodynamic and PPG pulse features returned to
pre-LBNP baseline values (Fig. 3).

Table 1 presents amalgamated correlation coefficients
between the changes in stroke volume and changes in PPG
waveform characteristics. We found correlation coefficients
(R2) !0.59 between stroke volume and PPG pulse ampli-
tude, pulse width, and area during LBNP and recovery in
the ear and forehead sensors, with extremely high correla-
tion coefficients (0.91 from ear sensor and 0.97 from
forehead sensor) between stroke volume and AUC. Corre-
lations with stroke volume were not as strong for pulse
amplitude and AUC in the finger sensor.

DISCUSSION
Strong correlations between the reduction in stroke volume
and pulse amplitude, width, and area during LBNP sup-
port our hypothesis that PPG waveform characteristics
obtained from a standard pulse oximeter may prove to be
sensitive and specific as early indicators of blood loss in

Figure 1. Illustration of pulse amplitude, pulse width, and area under the curve (AUC) extracted from the photoplethysmogram (PPG) waveform.
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whereas the recovery of pulse width was more gradual.
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tude width and area, as well as alterations in hemodynamic
variables during LBNP. LBNP induced a progressive re-
duction in central blood volume, indicated by changes in
stroke volume (Fig. 3C) and a reduction in SBP at 60% of
LBNP tolerance (Fig. 3A). Spo2 did not change from
baseline values (99.2% ! 0.2%) during the LBNP exposure
(99.3% ! 0.3% at 100% of LBNP tolerance). LBNP caused a
reduction in PPG pulse wave amplitude until the final
point (100% of LBNP tolerance), at which it increased
slightly (Fig. 3D). PPG pulse width did not change from
baseline at early stages of LBNP but decreased at 80% and
100% of LBNP tolerance (Fig. 3E). These changes in pulse
amplitude and width resulted in a progressive decrease in
PPG area that became statistically significant (P " 0.001) at
60% of LBNP tolerance (Fig. 3F). Upon cessation of LBNP,
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Table 1 presents amalgamated correlation coefficients
between the changes in stroke volume and changes in PPG
waveform characteristics. We found correlation coefficients
(R2) !0.59 between stroke volume and PPG pulse ampli-
tude, pulse width, and area during LBNP and recovery in
the ear and forehead sensors, with extremely high correla-
tion coefficients (0.91 from ear sensor and 0.97 from
forehead sensor) between stroke volume and AUC. Corre-
lations with stroke volume were not as strong for pulse
amplitude and AUC in the finger sensor.

DISCUSSION
Strong correlations between the reduction in stroke volume
and pulse amplitude, width, and area during LBNP sup-
port our hypothesis that PPG waveform characteristics
obtained from a standard pulse oximeter may prove to be
sensitive and specific as early indicators of blood loss in
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“These results support the use of pulse oximeter waveform 
analysis as a potential diagnostic tool to detect clinically 
significant hypovolemia before the onset of 
cardiovascular decompensation in spontaneously breathing 
patients”

Hot off the press!!
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Cardiac output still inadequate and
Patient not fluid responsive?

   Raise the B.P. with inotropes/vasopressors

   Is C.O. adequate (ex. clinically,ScvO2, lactate 

clearance etc) ?

 If not - Dobutamine/RBCs

 ?? Resuscitate the microcirculation
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-there is not a moment to lose!

“Golden hour”
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❖Major Pulmonary Embolism
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Time is Life !

“Golden hour” shown in : 

❖Haemorrhagic shock

❖Trauma

❖Major Pulmonary Embolism

❖Septic shock

AWiggers,C m J Physiol 144: 91-101, 1945
Santy, P. et al, Shock Traumatique dans les blessures de Guerre. Bull. Med. Soc. Chir., 1918, 44:205
CHEST 2002; 121:877–905
Crit Care Med 2006; 34:1589–1596
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Time is Life !

not receive effective antimicrobials before
death and 558 were on antimicrobial
therapy that was either proven (defined
pathogen) or adjudicated (undefined
pathogen) effective for the infection
thought to underlie septic shock before
the onset of hypotension. Of the remain-
ing 2,154 patients who received effective
antimicrobials only after onset of hypo-
tension, mortality rate was 58.0%.

Over the first 6 hrs after the onset of
recurrent or persistent hypotension, each
hour of delay in initiation of effective
antimicrobial therapy was associated with
mean decrease in survival of 7.6% (range
3.6–9.9%; Fig. 1). Survival was 82.7% if
effective antimicrobials were adminis-
tered within 30 mins of initial evidence of
hypotension, 77.2% in the second half
hour (79.9% aggregate in the first hour),
and 42.0% in the sixth hour. The median
time to implementation of effective anti-
microbial therapy following the first on-
set of recurrent/persistent hypotension
was 6 hrs (25–75% interval, 2.0–15.0 hrs;
Fig. 1). Average times were 13.51 ! 0.45
(SE) hrs.

On univariate analysis, the delay from
initial recurrent or persistent hypoten-
sion to administration of effective antimi-
crobial therapy was a critical determinant
of survival to ICU and hospital discharge
(each p " .0001 by log rank analysis). By
the second hour after onset of persistent/
recurrent hypotension, in-hospital mor-
tality rate was significantly increased rel-
ative to receiving therapy within the first
hour (adjusted odds ratio 1.67; 95% con-
fidence interval, 1.12 #2.48; Fig. 2). The
odds ratio of death continued to climb
with progressive delays to a maximum
value of 92.54 (95% confidence interval,
44.92–190.53) with delays $36 hrs after
onset of hypotension (Fig. 2). When delay
to initiation of effective antimicrobial
therapy was assessed as a continuous
variable, the adjusted odds ratio was
1.119 (per hour delay) (95% confidence
interval 1.103–1.136, p " .0001); that is,
every hour delay was associated with an
approximately 12% decreased probability
of survival compared with the previous
hour over the entire observation period
(Fig. 3).

In multivariate analysis with other
management variables including effec-
tiveness of initial antimicrobial therapy,
choice and magnitude of early fluid re-
suscitation, single vs. multiple drug class
antimicrobial therapy, and choice and ra-
pidity of initiation of initial vasopressor/
inotropic support, time to effective anti-

Figure 1. Cumulative effective antimicrobial initiation following onset of septic shock-associated
hypotension and associated survival. The x-axis represents time (hrs) following first documentation of
septic shock-associated hypotension. Black bars represent the fraction of patients surviving to hospital
discharge for effective therapy initiated within the given time interval. The gray bars represent the
cumulative fraction of patients having received effective antimicrobials at any given time point.

Table 3. Suspected primary microbiologic pathogens in septic shock

Pathogen No. of Patients % Total

Gram-negative organisms 930 47.9
Escherichia coli 435 22.4
Klebsiella species 131 6.7
Pseudomonas aeruginosa 115 5.9
Enterobacter species 80 4.1
Haemophilus influenzae 44 2.2
Proteus species 25 1.2
Acinetobacter species 21 1.1
Serratia species 20 1.0
Stenotrophomonas maltophila 16 0.8
Morganella morganii 14 0.7
Citrobacter species 13 0.7
Neisseria meningitidis 6 0.3
Burkholderia cepacia 3 0.2
Haemophilus parainfluenzae 3 0.2
Other Gram-negative bacilli 8 0.4

Gram-positive organisms 731 38.3
Staphylococcus aureus 302 15.6
Streptococcus pneumoniae 170 8.8
Streptococcus faecalis 77 4.0
Group A Streptococcus species 69 3.6
Other %-hemolytic streptococci 43 2.2
Viridans streptococci 37 1.9
Streptococcus faecium 29 1.5
Bacillus species 5 0.3
Corynebacterium jeijkeium 5 0.3
Staphylococcus lugdunensis 1 0.3

Yeast/fungi 160 8.2
Candida albicans 91 4.7
Candida glabrata 18 0.9
Aspergillus/Mucor species 14 0.7
Blastomyces species 10 0.5
Candida tropicalis 4 0.2
Candida parapsilosis 4 0.2
Candida krusei 3 0.2
Cryptococcus neoformans 1 0.1
Histoplasma species 1 0.1
Other unidentified yeast 13 0.6

Anaerobes 69 3.6
Clostridium difficile 46 2.4
Bacteroides fragilis 15 0.8
Other clostridia 8 0.4

Legionella species 8 0.4
Mycobacterium tuberculosis 11 0.6
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Morganella morganii 14 0.7
Citrobacter species 13 0.7
Neisseria meningitidis 6 0.3
Burkholderia cepacia 3 0.2
Haemophilus parainfluenzae 3 0.2
Other Gram-negative bacilli 8 0.4

Gram-positive organisms 731 38.3
Staphylococcus aureus 302 15.6
Streptococcus pneumoniae 170 8.8
Streptococcus faecalis 77 4.0
Group A Streptococcus species 69 3.6
Other %-hemolytic streptococci 43 2.2
Viridans streptococci 37 1.9
Streptococcus faecium 29 1.5
Bacillus species 5 0.3
Corynebacterium jeijkeium 5 0.3
Staphylococcus lugdunensis 1 0.3

Yeast/fungi 160 8.2
Candida albicans 91 4.7
Candida glabrata 18 0.9
Aspergillus/Mucor species 14 0.7
Blastomyces species 10 0.5
Candida tropicalis 4 0.2
Candida parapsilosis 4 0.2
Candida krusei 3 0.2
Cryptococcus neoformans 1 0.1
Histoplasma species 1 0.1
Other unidentified yeast 13 0.6
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Venous return (ie cardiac filling) depends on 
vascular factors (esp the unmeasurable mcp) 
and not on the pump!
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Flow ~ radius4 x pressure gradient / length x viscosity

A central line for fluid therapy ?

A 20 cm Central Line is NOT the best 
option to give fluid rapidly !

Short and Fat is best!



Clinical Case



42 yr old male admitted to A+E

Clinical Case



42 yr old male admitted to A+E

Known alcoholic with endoscopically proven, bleeding posterior 

duodenal ulcer

Clinical Case



42 yr old male admitted to A+E

Known alcoholic with endoscopically proven, bleeding posterior 

duodenal ulcer

Likely to have aspirated on intubation

Clinical Case



42 yr old male admitted to A+E

Known alcoholic with endoscopically proven, bleeding posterior 

duodenal ulcer

Likely to have aspirated on intubation

Taken to theatre for laparotomy

Clinical Case



42 yr old male admitted to A+E

Known alcoholic with endoscopically proven, bleeding posterior 

duodenal ulcer

Likely to have aspirated on intubation

Taken to theatre for laparotomy

O2 saturation is 80% on 100% 02

Clinical Case



42 yr old male admitted to A+E

Known alcoholic with endoscopically proven, bleeding posterior 

duodenal ulcer

Likely to have aspirated on intubation

Taken to theatre for laparotomy

O2 saturation is 80% on 100% 02

Hct on Hemacue 18 %

Clinical Case



42 yr old male admitted to A+E

Known alcoholic with endoscopically proven, bleeding posterior 

duodenal ulcer

Likely to have aspirated on intubation
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With regards to O2 delivery, what do I worry about 

most: 

Hct or O2 Saturation ?

Do I use PEEP to get increase pO2 ?

What might that do to O2 delivery?

Clinical Case
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atelectasis after induction of anesthesia and paralysis (7
! 5%) (fig. 4). At 5 min after intervention, the group
receiving a recruitment maneuver followed by PEEP had
a significantly reduced mean area of atelectasis of 1 ! 1%
compared to 7 ! 5% immediately after induction (P "
0.0001). This reduction in atelectasis was maintained at
20 min after intervention (P " 0.0001). In the group
where a recruitment maneuver was followed by ZEEP,
there was a reduction of atelectatic area at 5 min after
intervention (P " 0.0083), but this reduction in atelec-
tasis was not sustained at 20 min.

Discussion

In morbidly obese patients, we found (1) that induc-
tion of anesthesia and paralysis dramatically reduced
EELV, promoted atelectasis in dependent lung regions
and caused a marked fall in arterial oxygenation and (2)
that a recruitment maneuver followed by PEEP increased
EELV, effectively opened up atelectatic lung areas, in-
creased respiratory system compliance, and improved
arterial oxygenation. The improvement in oxygenation
after the recruitment maneuver remained stable during
the study period of 40 min. PEEP or a recruitment ma-

Table 4. Fractional Lung Volumes from Spiral Computerized Tomography, n ! 23

Aeration Part of Lung
Awake

SB (n # 6)
Anesthesia

ZEEP (n # 23)

20 min after Intervention
Time *Group
Interaction P

Pairwise
Comparisons PPEEP (n # 6) RM $ ZEEP (n # 6) RM $ PEEP (n # 5)

Normally aerated, % Apex 75 ! 11* 56 ! 17 70 ! 12† 55 ! 17 80 ! 8†
Middle 72 ! 10* 53 ! 11 46 ! 11† 54 ! 14 74 ! 8†
Basal 57 ! 16* 28 ! 13 43 ! 12† 31 ! 16 47 ! 17†
Total 71 ! 11* 50 ! 12 64 ! 11† 50 ! 15 72 ! 9† 0.0015 0.0083

0.3470
" 0.0001

Poorly aerated, % Apex 25 ! 10* 39 ! 15 27 ! 12† 43 ! 17 19 ! 6†
Middle 27 ! 11* 37 ! 8 29 ! 9† 42 ! 12 24 ! 6†
Basal 35 ! 17 44 ! 10 38 ! 10† 45 ! 7 42 ! 14
Total 28 ! 12* 39 ! 9 30 ! 10† 43 ! 13 25 ! 6† 0.0014 0.0020

0.8813
0.0012

Nonaerated, % Apex 0.6 ! 0.5* 6 ! 5 3 ! 4 3 ! 2† 1 ! 1†
Middle 0.2 ! 0.3* 10 ! 7 6 ! 4 5 ! 5† 2 ! 2†
Basal 6 ! 4* 28 ! 15 15 ! 3 24 ! 11† 10 ! 12†
Total 1 ! 0.5* 11 ! 6 7 ! 3 7 ! 4† 3 ! 4† 0.032 0.0340

0.0163
0.3472

Data are presented as mean percent of each section (apex, middle, and basal part of the lung) with ! SD. Overaeration was always less than 1% and is, therefore,
not presented. If there was a significant difference between groups over time, comparisons were made between the groups to determine which interventions
differed from each other. Pairwise comparisons were made between: PEEP vs. RM $ ZEEP, PEEP vs. RM $ PEEP, and RM$ZEEP vs.RM $ PEEP, respectivly.

* P " 0.05, awake vs. anesthesia; † P " 0.05, anesthesia vs. after intervention.

ns # non significant; PEEP # positive end-expiratory pressure; RM # recruitment maneuver; SB # spontaneous breathing; ZEEP # zero end-expiratory pressure.

Fig. 3. Representative computerized tomography (CT). A CT
scan 1 cm above the diaphragm in the three different groups at
all four time points. Note the sustained effect of RM " PEEP and
the transient effect of RM " ZEEP. PEEP ! positive end-expira-
tory pressure; RM ! recruitment maneuver; ZEEP ! zero end-
expiratory pressure.

Fig. 4. Single-slice computerized tomography (CT). Percentage
of atelectasis 1 cm above the diaphragm. The application of
RM " PEEP (n ! 10) reduced atelectasis, and this effect was
sustained for 20 min. RM " ZEEP (n ! 10) caused a reduction of
atelectasis, but this effect could not be seen after 20 min. PEEP
(n ! 10) had no effect on the amount of atelectasis. * P < 0.05
versus anesthesia, † P < 0.05 versus PEEP and RM"ZEEP. PEEP !
positive end-expiratory pressure; RM ! recruitment maneuver;
ZEEP ! zero end-expiratory pressure.
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20 min after Intervention
Time *Group
Interaction P

Pairwise
Comparisons PPEEP (n # 6) RM $ ZEEP (n # 6) RM $ PEEP (n # 5)

Normally aerated, % Apex 75 ! 11* 56 ! 17 70 ! 12† 55 ! 17 80 ! 8†
Middle 72 ! 10* 53 ! 11 46 ! 11† 54 ! 14 74 ! 8†
Basal 57 ! 16* 28 ! 13 43 ! 12† 31 ! 16 47 ! 17†
Total 71 ! 11* 50 ! 12 64 ! 11† 50 ! 15 72 ! 9† 0.0015 0.0083

0.3470
" 0.0001

Poorly aerated, % Apex 25 ! 10* 39 ! 15 27 ! 12† 43 ! 17 19 ! 6†
Middle 27 ! 11* 37 ! 8 29 ! 9† 42 ! 12 24 ! 6†
Basal 35 ! 17 44 ! 10 38 ! 10† 45 ! 7 42 ! 14
Total 28 ! 12* 39 ! 9 30 ! 10† 43 ! 13 25 ! 6† 0.0014 0.0020

0.8813
0.0012

Nonaerated, % Apex 0.6 ! 0.5* 6 ! 5 3 ! 4 3 ! 2† 1 ! 1†
Middle 0.2 ! 0.3* 10 ! 7 6 ! 4 5 ! 5† 2 ! 2†
Basal 6 ! 4* 28 ! 15 15 ! 3 24 ! 11† 10 ! 12†
Total 1 ! 0.5* 11 ! 6 7 ! 3 7 ! 4† 3 ! 4† 0.032 0.0340

0.0163
0.3472

Data are presented as mean percent of each section (apex, middle, and basal part of the lung) with ! SD. Overaeration was always less than 1% and is, therefore,
not presented. If there was a significant difference between groups over time, comparisons were made between the groups to determine which interventions
differed from each other. Pairwise comparisons were made between: PEEP vs. RM $ ZEEP, PEEP vs. RM $ PEEP, and RM$ZEEP vs.RM $ PEEP, respectivly.

* P " 0.05, awake vs. anesthesia; † P " 0.05, anesthesia vs. after intervention.

ns # non significant; PEEP # positive end-expiratory pressure; RM # recruitment maneuver; SB # spontaneous breathing; ZEEP # zero end-expiratory pressure.

Fig. 3. Representative computerized tomography (CT). A CT
scan 1 cm above the diaphragm in the three different groups at
all four time points. Note the sustained effect of RM " PEEP and
the transient effect of RM " ZEEP. PEEP ! positive end-expira-
tory pressure; RM ! recruitment maneuver; ZEEP ! zero end-
expiratory pressure.

Fig. 4. Single-slice computerized tomography (CT). Percentage
of atelectasis 1 cm above the diaphragm. The application of
RM " PEEP (n ! 10) reduced atelectasis, and this effect was
sustained for 20 min. RM " ZEEP (n ! 10) caused a reduction of
atelectasis, but this effect could not be seen after 20 min. PEEP
(n ! 10) had no effect on the amount of atelectasis. * P < 0.05
versus anesthesia, † P < 0.05 versus PEEP and RM"ZEEP. PEEP !
positive end-expiratory pressure; RM ! recruitment maneuver;
ZEEP ! zero end-expiratory 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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