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What You Should Get: 
 

 Provide improved medical care to ARDS patients. 
 
 

 Review of current literature regarding physiologic effects, support devices, 
complications and management of prone positioning. 

 
 

 Show scientific evidence pertinent to this case sort; provide potential practice 
paradigm for future improvement in patient care.  Take away more from the bedside 
of your proned patients. 

  
 

 Be able to discuss risks and benefit of proning to family members, nursing staff, and 
other practitioners.  

 
 

 Recognize variation in practitioners’ comfort levels with this modality and be able to 
have evidence based discourse regarding outcomes. 
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THE LUNG IS A UNIT CREATED OF: 
� GAS 

�  Inspired 
�  Expired 

� CONDUITS 
�  Anatomic dead spaces 
� Nares to terminal bronchioles 

� PARENCHYMA 
�  Supportive 
�  Interface:  Alveolar surface area 

� BLOOD 
�  Supportive, bronchial flow 
� Gas exchange, pulmonary flow 

Lung Anatomy 
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Or Is It? 

�  “The Lung” is a myriad of decremental 
functional units. 

�  Its “average” function as we note by 
typical physiologic testing or 
observations during mechanical 
ventilation is therefore a clinical pitfall. 

� There is a potential continuum of VQ 
within any theoretical subunit, even to 
neighboring alveoli. 

Countless Interface Combinations 
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Complex Interface of Ventilation and Perfusion 

Review of Positional Forces 

� The lung is a complicated interface! 
� Variable transpleural forces apex to 

base affecting alveolar gas volumes 
� Variable blood volume/pressure apex to 

base 
� There is a gravitational component as 

well as an anatomic component to this 
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Potential Physiologic Benefits of Prone Ventilation 

�  Optimization of ventilation/perfusion match 
�  Gravity effects 
�  Shape of lungs, larger surface area posterior 

�  Pleural gradient changes 
�  Recruitment of alternate/dorsal alveolar regions 
�  Cardiac mass contribution 

�  Abdomen position 
�  Decrease pressure on vena cava when abdomen 

is in the dependent position (RV preload?) 
�  Recruitment of caudal/basal alveolar units 

�  Mobilization of secretions 

Pelosi, 2002, J European Resp Soc, 20(4) 
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ANATOMIC and GRAVITATIONAL FORCES on 
VENTILATION 
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The lung compresses under its own weight. Because of gravity, alveoli are 
smaller, there are more vessels per unit volume, and the hydrostatic pressure 
is greater at the lung base 

N Gjorevski et al. Compr Physiol 2011 DOI: 10.1002/
cphy.c090002 

ANATOMIC and GRAVITATIONAL FORCES on 
ALVEOLAR SIZE 

Gravity imposes a vertical gradient on both ventilation and perfusion (left) grossly 
matching ventilation and perfusion. However, the vertical gradient of perfusion is 
relatively larger resulting in some ventilation to perfusion inequality at the top and 
bottom of lung. West and colleagues proposed that this V/Q heterogeneity down 
the lung accounted for the observed A-aO2 difference in the normal lung.  
 

Effect of Gravity on Ventilation and 
Perfusion Matching 
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Zone of West I 

Zone of West II 
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Zone of West III 

The relationships between Pa, Pv, and PA create regional differences in pulmonary 
perfusion. The zones have been traditionally vertically stacked on top of each other. 
However, recent observations that perfusion is heterogeneous within isogravitational 
planes demonstrates that zonal conditions may also vary within horizontal planes. 
The numbers of different zones within each plane likely shifts with increasing 
hydrostatic pressure down the lung from predominantly zones 1 and 2 at the top of 
the lung to all zone 3 conditions in the dependant lung regions. 
 

Zones of West 
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Zone Changes on the Horizontal 

Essentially rotating the lung about the axis of the root, showing the 
distance above respected base (caudal vs. dorsal).  The distribution 
of Zone I becomes more theoretic based on the decrease in lung 
mass below in supine position, as well as the shortened distance 
above the pulmonary artery to the apex (cephalad to ventral). 

Schematic of Contribution of 
Blood Flow Apex to Base 
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The downward increase in lung perfusion reverses in the lower third, thus giving rise to a 
zone of reduced basal perfusion (zone 4). The flow in zone 4 is regulated by the relative 
increased resistance in extra-alveolar vessels, the diameter of which is determined by 
lung volume, perivascular interstitial pressure, and vasomotor tone. 

Another Complexity Arises in the Deep Bases 

Potential Physiology of “Zone 4”: 
 
1.  increase in interstitial pressure at lung bases 
2.  closure of small airways at low lung volumes 
3.  increased extra-alveolar vascular resistance 

With the relative increase in Pa there is creation either zone 1 or zone 2 conditions 

The Four Lung Zones 
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N Gjorevski et al. Compr Physiol 2011 
DOI: 10.1002/cphy.c090002 

1.  Spontaneous breathing (SB), there is a very small vertical gradient of perfusion.  
2.  Mechanical ventilation increases this gradient  
3.  PEEP of 20 cmH2O further increases the vertical distribution.  

The Effects of Mechanical Ventilation and Increased Alveolar 
Pressure on the Vertical Distribution of Blood Flow in the Lung.  

       Positive alveolar pressures 
are largely the cause of the 
vertical gradient of perfusion 
more-so than the hydrostatic 
pressure within the blood 
vessels.   

Creation of Zone 1 

Recruitment 
of Zone 4  

Adapted from Pierce 

SHUNT to DEADSPACE 

De-recruited Alveoli (or potentially Zone 4) VQ << optimal VQ matching 
 
Balanced recruitment of alveoli to vascularity (Zone 3) 
 
Filled Alveoli, (ARDS) with open vasculature (creation of SHUNT) 
 
Overdistended alveoli, (PEEP) with vascular resistance (Zone 1 to frank DEAD SPACE) 
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Theory vs. Practicality 
ALVEOLAR 

CONTINUUM 
VQ RESULT 

COMPLETE 
OVERDISTENTION ∞ DEAD SPACE 

ZONE1 >>1 Inefficient Gas 
Exchange 

ZONE2 >0.8 Non-optimal Gas 
Exchange in favor of 

ventilation 
ZONE3 0.8 Optimal Exchange 

 
ZONE4 <0.8 Non-optimal Gas 

Exchange in Favor of 
perfusion 

COMPLETE 
 FILLING 

0 SHUNT 

Diagrammatic representation of anatomic locations of lung regions 
with 25% highest (dark area) and 25% lowest (light shaded areas) 
vascular conductances. The areas of high conductance remain high 
and the low-conductance areas remain low regardless of posture or 
lung volume. 
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N Gjorevski et al. Compr Physiol 2011 DOI: 10.1002/
cphy.c090002 

Prone Positioning Relieves  
Lung Compression by the Heart 

Supine Prone 

26 

% of total lung volume under heart when supine: 
7% (subcarinal) to 42% (basal section) 
 
% of total lung volume under heart when prone: 
1% to 4% for same sections 
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Alveolar capillary pathways as drawn from observations through the pleural surface of a laboratory animal. 
Wearn et al. noted that alveolar capillaries open and close over time without an apparent change in the 
driving pressures in the feeding artery. They also demonstrated that capillaries could be recruited by 
increasing cardiac output.  

N Gjorevski et al. Compr Physiol 2011. DOI: 10.1002/cphy.c090002 
Copyright © 2011 American Physiological Society 

Vascular Control Mechanisms in VQ  

Concept of Hypoxic Pulmonary Vasoconstriction. 

Weissmann N et al. Cardiovasc Res 2006;71:620-629 
Copyright © 2006, European Society of Cardiology 

Hypoxic pulmonary vasoconstriction is a 
physiological response of the lung to alveolar 
hypoxia, which redistributes pulmonary blood flow 
from areas of low oxygen partial pressure to areas 
of high oxygen availability. This mechanism thus 
optimizes gas exchange and helps to prevent 
arterial hypoxemia.  
 
 
 
 
 
Impairment of HPV under pathophysiological 
conditions, including acute respiratory distress 
syndrome or hepato-pulmonary syndrome, or 
during anesthesia, may result in poor arterial blood 
oxygenation by allowance of VQ mismatching.  
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The hypoxic pulmonary vasoconstriction 
(HPV) response to global hypoxia varies 
within regions of the lung. In this study by 
Lamm et al., nearly 2000 lung pieces (∼2 
cm3 in volume) were clustered into groups 
defined by changes in the vascular 
resistance to each piece with gradated 
hypoxia. The clusters are color coded and 
then represented in their spatial location 
above. Note that piece with a similar HPV 
response are grouped together. 

N Gjorevski et al. Compr Physiol 2011. DOI: 10.1002/cphy.c090002 
Copyright © 2011 American Physiological Society 

While the distribution of perfusion is largely 
due to passive determinants such as 
vascular geometry and hydrostat ic 
pressures, active mechanisms such as 
vasoconstriction induced by local hypoxia 
can also redistribute blood flow.  

Hypoxic Pulmonary Vasomotor Tone 
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American-European  
Consensus Conference on ARDS  

•  Acute Respiratory Distress 
Syndrome  
–  PaO2/FiO2 <200 regardless 

of PEEP  
Bilateral Infiltrates on a Frontal 

Chest Radiograph  
–  Pulmonary Artery Wedge 

<18 mmHg 

 

�  Acute Lung Injury  
�  PaO2/FiO2 <300 regardless 

of PEEP 

�  Bilateral Infiltrates on a 
Frontal Chest Radiograph 

�  Pulmonary Artery Wedge 
<18 mmHg 

Bernard GR, et. al.,  Am J Respir Crit  Care Med 1994;149(3):818-824. 

32 
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ARDS 
Non-cardiogenic 

Absence of left atrial hypertension 
� Classically defined as PCWP < 18 
� Diminished use of right heart catheters: 

surrogate absence of LAE/Left HF 
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Radiographically, who will prone “well”? 

� AP films without any ability to view lateral are a 
pitfall! 

� The diffuse appearance of a 2D film may infact be 
a largely posterior infiltrate. 

� The clear domes of  AP imaged diaphragms can 
well hide a dense infiltrate in the tail of the lung 

� CT is best modality, but clinically or fiscally not 
feasible as routine evaluation for ARDS patients.   

Matching CXR to potential VQ is not always easy…. 
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Anticipate basilar infiltrates and VQ mismatch based on natural history of the disease. 

SHUNT 
DEAD SPACE 

LATERAL POSITION DEPENDENCE 
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General Principles for Effective 
Prone Positioning in ALI/ARDS 

Conditions for which prone positioning could be beneficial: 
 

§  Moderate to severe ALI/ARDS and no contraindications 
§  When high values for ventilatory pressure, positive end-

expiratory pressure (PEEP), and FiO2 are needed to 
maintain adequate arterial oxygen pressure 
§  >10 cm H2O PEEP at FiO2 of >0.6 to maintain oxygen 

saturation at >90% 
§  Tidal thoracic compliance (tidal volume/[plateau pressure – 

total PEEP]) of <0.040 L/cm H2O 1 

�  Patients with a P/F <140 2 

 
1.  Marini J, et al. Ventilatory management of acute respiratory distress syndrome: a consensus of two. Crit Care Med, 2004; 32(1): 250-255 
2.  Sud S, et al. Effect of mechanical ventilation in the prone position on clinical outcomes in patients with acute hypoxemic respiratory failure: a systematic review and meta-

analysis. CMAJ, 2008; 178(9): 1153-1161 
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A Meta-analysis: Prone ventilation reduces mortality in patients 
with acute respiratory failure and severe hypoxemia 

Objective 
�  To determine effects of prone versus supine ventilation in AHRF (acute 

hypoxemic respiratory failure) and severe hypoxemia [partial pressure of 
arterial oxygen (PaO(2))/inspired fraction of oxygen (FiO(2)) <100 mmHg] 
compared with moderate hypoxemia (100 mmHg </= PaO(2)/FiO(2) </= 300 
mmHg).  

Methods 
�  Systematic review and meta-analysis. 
�  Electronic databases (to Nov 2009) and conference proceedings searched. 
�  Ten trials (N = 1,867 patients) met inclusion criteria; most patients had acute 

lung injury.  
Results 

�  Post hoc analysis demonstrated statistically significant improved mortality in the more 
hypoxemic subgroup and significant differences between subgroups using a range of 
PaO2/FiO2 thresholds up to approximately 140 mmHg.  

Sud S, et al. Prone ventilation reduces mortality in patients with acute respiratory failure and severe hypoxemia: systematic review and meta-analysis. Intensive Care Med, 2010; 36: 585-599  
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A Meta-analysis: Prone ventilation reduces mortality in patients 
with acute respiratory failure and severe hypoxemia 

Sud S, et al. Prone ventilation reduces mortality in patients with acute respiratory failure and severe hypoxemia: systematic review and 
meta-analysis. Intensive Care Med, 2010; 36: 585-599  

�  10 randomized clinical 
trials were utilized in this 
meta-analysis 

�  No evidence of statistical 
heterogeneity was found 
for all mortality analyses 
(I 2 = 0%) 

�  Although there was a 
trend towards improved 
survival in less 
hypoxemic patients (P/F 
>140 mmHg), it wasn't 
statistically significant 

Error bars indicate width of 95% confidence interval of relative risk in the severe (black squares) and 
moderate (white squares) baseline hypoxemic subgroups. * Treatment effects differed significantly in 
subgroups (p<0.05). + Prone ventilation significantly decreased mortality in associated subgroups (p<0.05) 

Prone positioning increased the risk of: 1. Pressure ulcers (p<0.00001); 7 trials  2. Endotracheal tube 
obstruction (p = 0.0002); 7 trials 3. Inadvertent chest tube removal (p = 0.05); 8 trials of which only 2 reported 
any events 

Prone Positioning 

Adapted from KCI RotoProne slide-set with permission 
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Features of the RotoProne™ 
Therapy System 

�  Rotation programmable in 1° increments 
�  Allows customization of therapy 

�  Acclimation mode 
�  Slow increase in degree of turn allows unstable patients to gradually become 

accustomed to therapy 

�  Pause and Hold functions 
�  Facilitates nursing care 

�  Tube management system 
�  Helps prevent line and tube dislodgement 

�  Electronically monitored buckles 
�  Ceases rotation and alarms if buckles are not secured 

�  Ergonomically designed head positioning system 
�  Adjustable for size and shape of patient 

�  CPR 
�  Returns patient from prone to supine in < 40 seconds in the event of a code 

Adapted from KCI RotoProne slide-set with permission 
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Complications 

�  Other 

•  Compartment syndrome, Rhabdomyolysis 

•  Venous air embolism 

•  Visceral ischemia: pancreatitis 

•  Undiagnosed space occupying lesions 

55 



10/9/12 

29 

Injuries: Brachial Plexus 

57 

9 Martin JT and Warner MA (eds). Positioning in Anesthesia and Surgery  (3rd edition) . WB Saunders, PA 1997. 

Complications 

58 

�  Airway 
•  Accidental extubation 
•  Obstruction of ETT 

bloody secretions/ 
sputum plugs 

•  Facial, Airway edema 
○  Prolonged head low 

position, ↑ crystalloid 
infusion 

○  Problems with extubation 
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Be Careful! 

� Watch lines 
� Watch for breakdown 
� Watch cervical angles 
� Wacth for plexus injuries 
� Monitor pulmonary toilet 

� THANK YOU!! 


