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Introduction 





Acute Respiratory Distress Syndrome 



Ventilator induced lung injury 

• Barotrauma 

 

• Volutrauma 

 

• Atelectrauma 
• Particularly ‘Cyclical Atelectasis’ 



Atelectasis 

• Collapse of alveoli and small 
airspaces 

Albert SP et al, J Appl Physiol 2009 



Atelectasis 

• Collapse of alveoli and small 
airspaces 

 

• Associated with increased 
“shunt fraction” 

 

• Cyclical atelectasis implies 
cyclical shunt 



Arterial oxygen tension oscillations 

• Arterial oxygen tension is not constant throughout a breath but instead 
oscillates at the respiratory frequency (Purves, 1966) 
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Arterial oxygen tension oscillations 

• Arterial oxygen tension is not constant throughout a breath but instead 
oscillates at the respiratory frequency (Purves, 1966) 

 

• Recent developments in PaO2 sensor technology allow a significantly 
greater temporal resolution 

 

• Oscillations are larger in the animal with a lung injury model and have been 
interpreted to represent cyclical atelectasis (Baumgardner et al., 2013) 

 

• Minimal investigation of PaO2 oscillations in the uninjured animal 



Ultimate Aims 

• Can the fast-acting arterial oxygen tension sensor quantify cyclical 
atelectasis? 

 

• Can it be used to individually titrate ventilator settings in critically ill 
patients to reduce ventilator-induced lung injury? 

 



Current Project Hypothesis 

• Amplitude of arterial oxygen tension oscillations directly correlates 
with cyclical atelectasis (as measured by CT) 
• Only uninjured animal results presented for brevity 



Methods 



Methods 

• Two domestic pigs studied under general anaesthesia (30 ± 1 kg) 
 

• Fast response PaO2 sensors placed in carotid arteries 

 

• Ventilated with respiratory rate 12 min-1, PEEP 5 cmH20, VT 10 mL.kg-1, 
FiO2 to maintain PaO2 ~130 mmHg at beginning of experiment 
• Two minutes of mean PaO2 stability per recording period 

 

• Inspiratory:expiratory ratio and inspiratory flow pattern varied 
• Total of eight different ventilatory conditions 



Methods 
• Single slice CT images captured at 4 Hz 

• Previously demonstrated to reasonably 

 approximate to entire lung (Lu et al., 2001) 

 

• Extra-pulmonary structures manually segmented out 

• Automated segmentation of lung based on density (Gattinoni et al., 
1988) 

 

 

Zone Density (Hounsfield Units) 

Atelectasis -100 to +100 

Poorly Aerated -500 to -101 

Normally Aerated -900 to -501 

Overdistended -1000 to -901 

• Mass of each zone calculated 
from volume and density 
• Expressed as fraction of total slice 

mass 

 



Results 



Results 

• PaO2 traces obtained over two minute period from 24 different tests 

 

• Two complete breaths imaged by single-slice CT per ventilatory 
condition (total 48 breaths) 



PaO2 oscillates at the respiratory frequency in 
all ventilatory conditions 

Inspiration 
Expiration 



Minimal variation was seen in atelectatic 
fraction during respiratory cycle 

Zone Density (Hounsfield Units) 

Atelectasis -100 to +100 

Poorly Aerated -500 to -101 

Normally Aerated -900 to -501 

Overdistended -1000 to -901 

R L 



Minimal variation was seen in atelectatic 
fraction during respiratory cycle 

Variation in atelectatic fraction 1.7% [95% CI 1.6-2.0%], P<0.001 (paired t-test) 

Variation in poorly aerated and atelectatic fractions 9.7% [9.2-10.1%], P<0.0001 

Overdistended fraction not included as < 0.1% of mass of slice 



Correlation of amplitude of PaO2 oscillations 
with magnitude of cyclical atelectasis 



Correlation of amplitude of PaO2 oscillations 
with magnitude of cyclical atelectasis 

R2=0.17 



Correlation of amplitude of PaO2 oscillations 
with magnitude of cyclical atelectasis 

R2=0.17 R2=0.00 



Discussion 



Discussion 

• Respiratory PaO2 oscillations exist in animals with uninjured lungs. 

• Very few other reports: 
• Pre-injury PaO2 oscillation amplitude 8.9±5.8 mmHg (Baumgardner et al., 

2002) 

• Ours higher (14.1±3.1 mmHg) – probably reflects: 
• Differing ventilation strategies 

• Differing sensor technologies and location 

 

• Minimum levels of cyclical atelectasis seen to explain oscillations 
• Major limitation is that single slice imaging may not represent entire lung 

 

 



Conclusions 

• Cyclical atelectasis is not main determinant of PaO2 oscillations in 
absence of lung injury 

• Sensor is not currently appropriate for  titrating ventilator settings in 
ARDS 

Further Work 
• Investigate effects of lung injury on (lack of) correlation 

• Development of a model to explain PaO2 oscillations 

• Concurrent measurements of ventilation and perfusion during 
respiratory cycle 

 



Other potential uses of this technology 

• Automated CT density analysis to determine risk of acceleration 
atelectasis in era of commercial space flight 

 

• PaO2 oscillations during positive pressure breathing for +Gz and 
AGSM 
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Thank you for listening 
 

Any questions? 





Segmentation 



Segmentation of lung CT scans 

R L 



Mean lung density decreases during 
inspiration 

VC – Volume Control Ventilation 
PC – Pressure Control Ventilation 



Single slice vs whole lung 









Model 



Description of the Model 

• Based upon the relationship 
• Each calculated independently 

 

• PAO2 predicted from gas volumes in the lung at individual time points: 

 

 
• VA(t) varies with inspiratory and expiratory flow 

• VAO2(t) varies with inspiratory flow and FiO2 during inspiration 

• VAO2(t) varies with expiratory flow and FAO2(t) during expiration 

• Both constantly affected by V̇O2 

 

 



Description of the Model 

• A-a gradient linearly interpolated between two values fixed per 
ventilatory condition (A-ainsp and A-aexp) depending on tidal volume 

 

• Running mean smoothing algorithm to account for blood mixing in 
pulmonary veins and left atrium 

 

• A-ainsp and A-aexp chosen such that the variance between the 
predicted and measured values is minimised 



Limitations of the Model 

• Assumes a single large alveolar compartment 

 

• Does not account for dead space 

 

• Variation in A-a is based purely on tidal volume 
• Alveolar pressure is also important, particularly with regards to redistribution 

of perfusion (Bodenstein et al., 2013) 



Correlation of measured PaO2 with model 

Standard error of regression ranged from 0.001 to 0.3 mmHg 



Estimation of A-ainsp and A-aexp 

• Estimated A-ainsp equal to or 
greater than A-aexp for all 
ventilatory conditions 

 

• Values similar to measured A-a 
gradient of 44 ± 28 mmHg 






