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Abstract 
Hypercapnia and hypercapnic acidosis may sometimes be associated with lung protective 

mechanical ventilation. The implications of hypercapnia in these circumstances are unclear due to 

the lack of good clinical data. Furthermore, the available data does not delineate the effects of 

hypercapnia with and without concurrent acidosis. This lack of clinical data leads some clinicians to 

believe hypercapnic acidosis to be protective in reducing the lung injury and mortality, while other 

clinicians consider hypercapnic acidosis to be harmful with possible increase in mortality and 

morbidity. It is possible that hypercapnia and hypercapnic acidosis will be beneficial in some and 

harmful in other clinical conditions. Given the uncertainty, this project aimed to: 

1. Review the published evidence on the effects of hypercapnia and hypercapnic acidosis in 

animal experiments as well as clinical studies. 

2. Evaluate the association of hypercapnia and hypercapnic acidosis in mechanically 

ventilated patients on hospital mortality. 

3. Review the management practices that are current available and investigate the evolving 

options of effective management of hypercapnia in critically ill patients. 

 

Review of published literature on hypercapnia identified a large number of experimental studies 

investigating hypercapnia in animal and ex vivo models of lung injury and sepsis. Experimental 

data in lung injury models reported variable results, with beneficial effects shown in some models 

and harm in others. Similarly, the data from animal models of sepsis revealed the effects of 

hypercapnia to vary with benefits in some models of sepsis and harm in others. The effects also 

varied at different time points during the course of sepsis as well as presence or absence of 

acidosis with hypercapnia. There were no large clinical studies investigating the effects of 

hypercapnia in mechanically ventilated patients. Limited clinical data suggested hypercapnic 

acidosis to be potentially harmful.  

 

To address these limitations, two large multicentre retrospective studies were conducted as part of 

this thesis. These included analyses of data from over 250,000 mechanically ventilated patients 



8 
 

from 171 intensive care units in Australia and New Zealand. This revealed hypercapnic acidosis 

during the first 24 hours of ICU admission to be independently associated with increased risk of 

hospital mortality in mechanically ventilated patients. This increased mortality was noted 

irrespective of the admission diagnostic category. However, compensated hypercapnia was not 

found to harmful in patients with acute cerebral injury caused by cardiac arrest, stroke or traumatic 

brain injury.  

 

Given the increased risk of mortality associated with hypercapnia, the available and emerging 

options managing hypercapnia was investigated. The options to manage hypercapnic acidosis 

include modifications to mode of mechanical ventilation to enhance elimination of carbon-dioxide 

as well as buffers to normalise pH. In some patients with very severe hypercapnia that could not be 

managed with convention ventilation, extracorporeal techniques may be required. Hemolung RAS, 

a low flow, minimally invasive extracorporeal carbon dioxide removal device appeared to be an 

effective and safe intervention in the management of hypercapnic acidosis. 
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CHAPTER 1: Introduction 
 
 
Acute respiratory failure is one of the common indications for admission of patients to intensive 

care. Most of these patients require mechanical ventilation to assist in management of respiratory 

failure. Mechanical ventilation that was used in the past was aimed at maintaining blood gasses at 

normal ranges. This often required high inspiratory pressures and high tidal volumes (volutrauma) 

that were subsequently shown to worsen lung injury and respiratory failure [1-3]. A strategy of 

reducing inspiratory pressures and tidal volumes on mechanical ventilation appeared to reduce the 

mortality [4].  The current standard of care in treating patients with acute respiratory failure is to 

use low tidal volume and low inspiratory pressure mechanical ventilation [5]. One of the effects of 

such ventilation strategy is development of hypercapnia (PCO2> 45mmHg) and hypercapnic 

acidosis (PCO2> 45mmHg; pH<7.35). The use of low tidal volume ventilation was proven beyond 

doubt to improve survival in patients with severe respiratory failure as compared to conventional 

higher tidal volume ventilation [5]. However, the effects of hypercapnia and hypercapnic acidosis 

are not clear.  

 

Hypercapnia and hypercapnic acidosis influence various systems including respiratory, 

cardiovascular, central nervous, neuromuscular and renal systems [6, 7]. There are multiple, 

important cardiovascular physiological effects of hypercapnia [8]. Hypercapnic acidosis was shown 

to increase arterial and tissue oxygenation in pre‐clinical studies [9]) and in healthy humans [10] by 

several mechanisms. First, hypercapnic acidosis potentiates hypoxic pulmonary vasoconstriction 

[11] and increases alveolar ventilation [12] by inhibition of the airway tone. The net results of these 

changes leads to improvement in ventilation/perfusion matching and enhanced arterial 

oxygenation. Second, hypercapnia‐mediated increases in cardiac output augment systemic oxygen 

delivery by several mechanisms, including sympato‐adrenal mediated release of catecholamines 

[8]. 

 

The effects of hypercapnia and acidosis in critically ill patients are not clearly established. Some 

clinicians believe hypercapnic acidosis to be protective by itself independent of low tidal volume 
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ventilation and may aid in reducing the lung injury and mortality [13, 14].  Indeed they have 

hypothesised that inducing hypercapnia by supplemental carbon dioxide may be beneficial in 

critically ill patients with acute respiratory failure [14].  To the contrary, other clinicians consider 

hypercapnic acidosis harmful with possible increase in mortality and morbidity [5, 15, 16] [17-19].  

This uncertainty appears to be based on data from animal experiments or clinical studies with 

small sample sizes. These factors also limit the validity and generalizability of these studies. Given 

this variability in published evidence, the management of hypercapnic acidosis varies considerably. 

It is possible that hypercapnia and hypercapnic acidosis may be beneficial in some clinical 

conditions and be harmful in other clinical conditions. To address these limitations, it is important to 

further evaluate the independent association of hypercapnia and hypercapnic acidosis in invasive 

mechanically ventilated patients on clinically important outcome measures such as mortality in 

different clinical situations.  

 

Hypotheses  

The effects of hypercapnia and hypercapnic acidosis will vary in different clinical situations. 

● Hypercapnia and hypercapnic acidosis may be associated with reduced hospital 

mortality in patients with severe Acute Respiratory Distress Syndrome (ARDS) (p/f ratio 

< 100) 

● Hypercapnia and hypercapnic acidosis may be associated with increased hospital 

mortality in patients with moderate (p/f ratio 100-200) and mild ARDS (p/f ratio 200 -

300) 

● Hypercapnic acidosis may be associated with increased hospital mortality in specific 

diagnostic groups of mechanically ventilated patients including severe respiratory 

failure, cerebral injury, sepsis, trauma, renal failure and post-operative patients. 

Aims 

 

● Review the published evidence on the effects of hypercapnia and hypercapnic acidosis in 

animal experimental as well as clinical studies. 
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● Evaluate the adjusted independent association of hypercapnic acidosis on hospital mortality 

in specific diagnostic groups of mechanically ventilated patients including severe respiratory 

failure, cerebral injury, sepsis, trauma, renal failure and post-operative patients. 

● Review the management practices that are current available and investigate the evolving 

options for effective management of hypercapnic acidosis in critically ill patients. 

Methods 

Ethics approval:  

The Chairs of Monash University Human Research Ethics Committee (MUHREC) (appendix 1) 

reviewed this study and granted an exemption from ethical review as the proposal satisfies section 

5.1.22 of the National Statement on Ethical Conduct in Human Research. The Human Research 

Ethics Committees of Peninsula Health (appendix 2), St Vincent’s Hospital (appendix 3) and Gold 

Coast Health Service District (appendix 4) reviewed the study proposal and approved the reporting 

of data on patients where Hemolung RAS was used for management of hypercapnic respiratory 

failure. 

Research Design and Statistical Analysis 

 
A review was conducted to evaluate the effects of hypercapnia and hypercapnic acidosis in animal 

experimental as well as clinical studies. Literature search was performed on electronic databases 

including Cochrane Library, MEDLINE, EMBASE, Registry of Current Controlled Trials, Database 

of Abstracts of Review of Effects, for studies evaluating the effects of carbon-dioxide. The search 

was performed using the following exploded medical subject headings and text words “carbon 

dioxide”, “hypercarbia”, “hypercapnia”, “acidosis”, critical care”, “extracorporeal membrane 

oxygenation”, “extracorporeal life support”, “acute respiratory distress syndrome”, “ARDS”, “acute 

respiratory failure”, “treatment”, “management” in isolation and in combination without restrictions. 

In addition, reference lists of all available review articles and primary studies were searched to 

identify studies that were not found on computerised searches.  This review will aid in 

understanding the current literature on the effects of hypercapnic acidosis and management of 

hypercapnia. A further review was conducted on various techniques (conventional and 

extracorporeal) available in the management of hypercapnia and hypercapnic acidosis. 
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To evaluate the independent association of hypercapnia and hypercapnic acidosis with hospital 

and intensive care mortality and duration of ICU and hospital stay, data from the Australia and New 

Zealand Intensive Care Society Adult Patient Database (ANZICS APD) was used.  The ANZICS 

APD is a large database of patients admitted to adult intensive care units across Australia and New 

Zealand. The APD currently receives data from over 180 intensive care units throughout Australia 

and New Zealand. This data represented more than 2,000,000 records during this study period 

making ANZICS APD one of the largest available single datasets on intensive care in the world. 

This database contains extensive data on demographics, comorbidities, diagnosis, renal, liver 

functions, duration of stay in ICU and hospital, mortality in hospital and ICU, highest and lowest 

values of carbon dioxide, pH, and HCO3 during the first 24 hours of admission of patients to the 

intensive care units [20, 21]. The ANZICS APD captures physiological and laboratory data during 

the first 24 hours of the patient’s stay in intensive care. The data from this database was used to 

analyse the overall adjusted independent association of hypercapnia and hypercapnic acidosis on 

clinically important outcome measures including hospital mortality and duration of intensive care 

and hospital stay.  Further analysis was conducted to assess the overall adjusted independent 

association of hypercapnia and acidosis on hospital mortality in specific groups (Patients with 

admission diagnosis of ARDS, sepsis and acute cerebral injury patients). 

Hemolung RAS, a novel, low flow venovenous extracorporeal carbon dioxide removal device was 

evaluated for safety, feasibility and efficacy of carbon dioxide clearance. 
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CHAPTER 2: Review of literature on hypercapnia and 

hypercapnic acidosis 
 

2.1 Chapter Introduction 

To investigate the effects of hypercapnia and hypercapnic acidosis, literature was systematically 

searched to evaluate animal experimental and clinical studies on hypercapnia and hypercapnic 

acidosis. This search had a specific focus on evaluating the effects of hypercapnia associated with 

lung injury and mechanical ventilation. This chapter summarises  

a) Physiological effects of hypercapnia on various organ systems, including respiratory, 

cardiovascular, renal, nervous and muscular as well as on transport and delivery of oxygen 

to the tissues and  

b) Experimental and tissue culture models of acute lung injury. 

This chapter was published as a review article in the journal of Anaesthesia and Intensive Care 

with an accompanying editorial (Appendix 5).  
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2.2 Published Manuscript 
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2.3 Summary  

 
In this chapter, review of literature on hypercapnia and hypercapnic acidosis associated with lung 

injury and mechanical ventilation in animal experimental, ex-vivo cell culture models and clinical 

studies were presented. Hypercapnia and hypercapnic acidosis was extensively investigated in 

animal models as well as ex-vivo cell culture models of lung injury. The effects of hypercapnia and 

hypercapnic acidosis was variable in different models of lung injury. It was shown to be protective 

in some and harmful in other models.  

The clinical evaluation of hypercapnia was limited to very few studies with small sample sizes. The 

results of these studies were variable with some suggesting harm from hypercapnia. Despite the 

inconsistent evidence as to whether hypercapnia was independently associated with mortality, 

there was increasing use of extracorporeal devices to assist and control hypercapnia.  

The accompanying editorial (Appendix 5) published on this review article titled “Hypercapnia – 

Keeping therapy and diagnosis distinct” highlights the ambiguity in current management strategies 

of hypercapnia both in mechanically ventilated as well as spontaneously breathing patients.  

 

While this review focused on the literature pertaining to hypercapnia and hypercapnic acidosis in 

lung injury associated with mechanical ventilation, a significant body of literature suggests 

hypercapnia can modulate the pathophysiology of sepsis. The next chapter therefore reviewed the 

published evidence on hypercapnia and hypercapnic acidosis in sepsis. 
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CHAPTER 3: Review of hypercapnia in sepsis with specific 

focus on critically ill patients 
 

3.1 Introduction 
 

The previous chapter reviewed the published evidence on hypercapnia and hypercapnic acidosis 

in the setting of lung injury and mechanical ventilation. In addition to lung injury and mechanical 

ventilation, hypercapnia was also extensively investigated in the setting of sepsis. Hypercapnia is 

known to modulate the pathophysiology of sepsis. The effects of hypercapnia in sepsis may vary 

depending on the presence of acidosis (hypercapnic acidosis) or lack of acidosis (compensated 

hypercapnia). The effects of hypercapnia were reported to vary at different stages during evolution, 

progress and the source of sepsis.  This article presents the biological effects of hypercapnia and 

hypercapnic acidosis in sepsis and its implications in sepsis evolution. 

 

Sepsis is one of the most common reasons for admission of patients to intensive care. A clear 

understanding of the basic science and the effects of hypercapnia and hypercapnic acidosis in the 

clinical setting of sepsis may help clinicians in developing effective strategies to improve the 

outcomes of critically ill patients with sepsis. Hypercapnic acidosis, if proven safe and effective can 

be applied in mechanically ventilated patients with sepsis.  On the other hand, if proven harmful, 

hypercapnic acidosis could be avoided or actively corrected to ensure normocapnia in patients with 

sepsis. This review was performed to investigate the effects of hypercapnia and hypercapnic 

acidosis with a specific focus on the literature pertaining to critically ill patients.  
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3.2 Published Manuscript 
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3.3 Chapter Summary 
 

This review article reviewed the effects of hypercapnia and hypercapnic acidosis in the setting of 

sepsis. The effects of hypercapnia were reported to vary at different stages (including evolution 

and progress) and the source of sepsis. Published data from animal experimental studies suggest 

that the effects of hypercapnic acidosis are variable, with possible benefit in some settings of 

sepsis and harm in others.  

It was apparent from this review that there are no clinical studies investigating clinical outcomes of 

hypercapnic acidosis or compensated hypercapnia in sepsis and septic shock in critical care 

settings. It highlights the need for clinical studies, especially in critically ill patients, to define the 

management of compensated hypercapnia and hypercapnic acidosis that may aid clinicians to 

improve the outcomes in sepsis. 

This article was published in the journal of Critical Care and Resuscitation with an accompanying 

editorial entitled “The undiscovered country: therapeutic targeting of carbon dioxide levels in 

critically ill patients” (Appendix 6). This editorial concurs with our view on the lack of clinical studies 

relevant to critically ill patients and calls for clinical trials on managing hypercapnia in different 

diagnostic categories of critically ill patients.  

Given the lack of clinical data relevant to critically ill patients, an investigation of compensated 

hypercapnia and hypercapnic acidosis was undertaken using ANZICS APD, a high quality data 

registry that receives data on critically ill patients from 171 intensive care units (during the study 

period) that encompassed over 80% of ICUs across Australia and New Zealand.  
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CHAPTER 4: Effects of hypercapnia and hypercapnic acidosis 

in mechanically ventilated patients. 
 

4.1 Chapter Introduction  

The review of literature described in the previous two chapters identified the lack of large high 

quality clinical studies in intensive care practice investigating hypercapnia and hypercapnic 

acidosis on clinical outcomes. The ARDS network recommended that the use of a low tidal volume 

lung-protective ventilation strategy in patients with ARDS could lead to hypercapnia and 

hypercapnic acidosis. The effects of hypercapnia and hypercapnic acidosis in critically ill patients 

are not clearly known. To investigate the effects of hypercapnia and hypercapnic acidosis on 

clinically outcomes, we conducted the largest retrospective, multicentre, binational study that 

included over a quarter of a million mechanically ventilated patients. This study used data from the 

Australian and New Zealand Intensive Care Society Adult patient database (ANZICS APD) which 

is recognised as a high quality clinical data registry from more than 80% of all ICUs in Australia 

and New Zealand. This study aimed to investigate the association of compensated hypercapnia 

and hypercapnic acidosis on hospital mortality in adult mechanically ventilated patients. It further 

assessed the association of hypercapnia and hypercapnic acidosis on specific and commonly 

admitted diagnostic groups of mechanically ventilated patients. 
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Supplemental digital content Table 1. Comparison of physiological, biochemical and 
haematological investigations variables* 

 

Variable 
Normocapnia 
and normal pH 
(N= 110,104) 

Compensated 
Hypercapnia 
(N=20,463) 

Hypercapnic 
acidosis 
(N=122,245) 

Highest Body Temperature (˚C) 37.5 (0.8) 37.5 (0.8) 37.4 (1.0) 

Lowest Body Temperature (˚C) 35.8 (0.9) 36.0 (0.9) 35.7 (1.2) 

Highest Heart Rate (BPM) 98.3 (20.0) 102 (21.7) 108 (24.2) 

Lowest Heart Rate (BPM) 70.4 (14.6) 71.9 (15.6) 74.5 (18.9) 

Highest Respiratory Rate (BPM) 20.7 (6.6) 22.2 (7.9) 22.6 (8.0) 

Lowest Respiratory Rate (BPM) 11.2 (3.4) 12.0 (4.0) 12.2 (4.2) 

Highest Systolic BP (mmHg) 147 (24.4) 149 (25.9) 144 (27.4) 

Lowest Systolic BP (mm Hg) 97.9 (16.3) 99.2 (17.5) 93.3 (19.0) 

Highest Diastolic BP (mmHg) 71.4 (14.5) 73.2 (15.0) 71.2 (15.8) 

Lowest Diastolic BP (mmHg) 51.3 (10.3) 52.4 (11.1) 49.9 (11.3) 

Highest Mean Arterial Pressure (mmHg) 96.9 (16.1) 99 (17.0) 96 (18.0) 

Lowest Mean Arterial Pressure (mmHg) 66.8 (11.0) 67.9 (11.7) 64.4 (12.4) 

Highest Sodium (mmol/L) 140 (4) 140 (4) 140 (5) 

Lowest Sodium (mmol/L) 137 (4) 138 (4) 137 (5) 

Highest Potassium (mmol/L) 4.44 (0.6) 4.40 (0.6) 4.75 (0.8) 

Lowest Potassium (mmol/L) 3.89 (0.5) 3.86 (0.5) 4.03 (0.6) 

Lowest Plasma Bicarbonate (mmol/l) 23.0 (2.9) 26.6 (4.5) 22.2 (5.3) 

Highest Creatinine (umol/L) 80 (66 – 100) 80 (64 – 101) 97 (74 – 144) 

Lowest Creatinine (umol/L) 70 (57 – 88) 70 (56 – 88) 82 (64 – 117) 

Highest Haemoglobin (g/dL) 12.6 (12.3) 12.5 (10.3) 13.1 (12.0) 

Lowest Haemoglobin (g/dL) 10 (8.7 – 11.6) 10.4 (8.9 – 12.0) 10.5 (8.9 – 12.3) 

Highest White Cell Count (x109/L) 13.3 (8.1) 13.6 (9.3)  16.1 (11.5) 

Lowest White Cell Count (x109/L) 10.4 (6.0) 10.8 (7.3) 12.0 (8.6) 

Highest Platelets (x109/L) 214 (101) 238 (118) 230 (114) 

Lowest Platelets (x109/L) 185 (91) 209 (108) 192 (99) 

Plasma Albumin (mmol/l) 28.7 (6.8) 28.3 (6.7) 27.5 (7.2) 

Worst Plasma Bilirubin (mmol/l) 13 (9 – 19) 12 (8 – 19) 12 (8 – 19) 

Plasma Glucose (mmol/l) 9.0 (3.5) 9.0 (3.9) 10.2 (4.9) 

 
● All variables were statistically significant at p<0.001 
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Supplemental digital content Table 2. Comparison of blood gasses and severity of illness 

 

Variable 
Normocapnia 

and normal pH 
(N= 110,104) 

Compensated 
Hypercapnia 
(N=20,463) 

Hypercapnic 
acidosis 

(N=122,245) 

PF ratio < 100 [n, %] 4,825 (4.4%) 1,824 (8.9%) 21,177 (17.3%) 

PF ratio 100-<200 [n, %] 31,570 (28.7%) 8,529 (41.7%) 66,166 (54.2%) 

PF ratio 200<250 [n, %] 48,394 (44%) 11,864 (58%) 83,639 (68.5%) 

PF ratio 250-300 [n, %] 63,992 (58.2%) 14,573 (71.3%) 96,344 (78.9%) 

Worst Inspired Oxygen Concentration (%÷100) 0.60 (0.25) 0.59 (0.25) 0.69 (0.26) 

Worst Arterial Oxygen Partial Pressure (mmHg) 
[Median, IQR] 

127 (90 – 207) 103 (76 – 167) 102 (76 – 161) 

Worst Arterial CO2 Partial Pressure (mmHg) 39.5 (2.9) 52.7 (17.7) 57.7 (16.6) 

Worst Arterial pH 7.39 (0.03) 7.38 (0.03) 7.22 (0.10) 

Worst Plasma Bicarbonate (mmol/l) 24.3 (3.5) 28.3 (5.0) 23.5 (6.1) 

APACHE II Score 14.7 (5.9) 15.6(6.5) 21.3 (8.1) 

APACHE III Score 49 (22) 53 (24) 69 (33) 

APACHE III ROD (with oxygen and pH component 
removed) 

2.25 (0.61-9.0) 3.67 (0.96-13.7) 7.78 (1.6-30.4) 

 

PF ratio: PaO2/FiO2 ratio; IQR: Interquartile range; APACHE: Acute Physiologic and Chronic 
Health Evaluation; ROD: Risk of death. 
All variables were statistically significant at p<0.001 
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Supplemental digital content table 3:  Hospital mortality patterns during specific time 
periods of the study 

 
 
Multivariate analysis of odds ratio for hospital mortality based on p/f ratios (2000-2004) 

 Normocapnia and 
normal pH 

Compensated 
hypercapnia 

Hypercapnic 
acidosis 

P Value 

p/f ratio <100 (OR; 95% CI) 1.67 (1.41-1.98) 
 

2.23 (1.73-2.87) 
 

2.69 (2.39-3.01) 
 

 
 
 
<0.001 

p/f ratio 100-200 (OR; 95% CI) 1.1 (0.96-1.26) 
 

1.8 (1.47-2.2) 
 

1.82 (1.63-2.02) 
 

p/f ratio 200-300 (OR; 95% CI) 0.95 (0.83-1.08) 
 

1.16 (0.91-1.47) 
 

1.42 (1.25-1.61) 
 

p/f ratio >300 (OR; 95% CI) reference category 
(1.00) 

1.14 (0.89-1.47) 
 

1.44 (1.27-1.63) 
 

 

Multivariate analysis of odds ratio for hospital mortality based on p/f ratios (2005-2009) 

 Normocapnia 
and normal pH 

Compensated 
hypercapnia 

Hypercapnic 
acidosis 

P Value 

p/f ratio <100 (OR; 95% CI) 1.82 (1.52-2.16) 1.96 (1.51-2.55) 
 

2.62 (2.38-2.88) 
 

 
 
 
<0.001 

p/f ratio 100-200 (OR; 95% CI) 1.2 (1.07-1.35) 
 

1.76 (1.5-2.07) 
 

1.87 (1.72-2.04) 
 

p/f ratio 200-300 (OR; 95% CI) 1.07 (0.96-1.2) 
 

1.24 (1.03-1.5) 
 

1.51 (1.37-1.67) 
 

p/f ratio >300 (OR; 95% CI) reference category 
(1.00) 

0.94 (0.77-1.14) 
 

1.52 (1.38-1.67) 
 

 

Multivariate analysis of odds ratio for hospital mortality based on p/f ratios (2010-2013) 

 Normocapnia 
and normal pH 

Compensated 
hypercapnia 

Hypercapnic 
acidosis 

P Value 

p/f ratio <100 (OR; 95% CI) 1.63 (1.33-1.99) 
 

2.06 (1.57-2.71) 
 

2.81 (2.55-3.1) 
 

 
 
 

<0.001 
p/f ratio 100-200 (OR; 95% CI) 1.06 (0.94-1.19) 

 
1.59 (1.34-1.88) 
 

1.7 (1.56-1.86) 
 

p/f ratio 200-300 (OR; 95% CI) 0.99 (0.89-1.11) 
 

1.2 (0.99-1.46) 
 

1.46 (1.32-1.61) 
 

p/f ratio >300 (OR; 95% CI) reference category 
(1.00) 

0.99 (0.8-1.22) 
 

1.19 (1.07-1.33) 
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Supplemental digital content table 4:  Respiratory rates on Mechanical ventilation during 
specific time periods of the study  

 
Respiratory rates on mechanical ventilation in relation to p/f ratios (2000-2004) 

 Normocapnia and 
normal pH 

Compensated 
hypercapnia 

Hypercapnic 
acidosis 

P Value 

p/f ratio <100 
(Median IQR) 

10 [10-18] N=4255 
 

12 [10-23] N=1163 
 

14 [10-25] N=8284 
 

 
 
 
<0.001 p/f ratio 100-200 

(Median IQR) 
10 [10-20] N=6915 
 

14 [10-25] N=1382 
 

15 [10-24] N=9071 
 

p/f ratio 200-300 
(Median IQR) 

10 [10-20] N=7130 
 

12 [10-24] N=1141 
 

12 [10-22] N=5609 
 

p/f ratio >300 
(Median IQR) 

10 [10-18] N=9608 
 

11 [10-20] N=1157 
 

12 [10-20] N=5314 
 

 

Respiratory rates on mechanical ventilation in relation to p/f ratios (2005-2009) 

 
Normocapnia and 

normal pH 
Compensated 
hypercapnia 

Hypercapnic 
acidosis 

P Value 

p/f ratio <100 
(Median IQR) 

12 [10-26] N=2730 
 

16 [10-26] N=911 
 

20 [12-28] N=7996 
 

 
<0.001 

 

p/f ratio 100-200 
(Median IQR) 

14 [10-24] N=9104 
18 [10-27] N=2397  

 

18 [10-26] N=16511 
 
 

p/f ratio 200-300 
(Median IQR) 

11 [10-22] N=10965 
 

16 [10-25] N=2114 
 

16 [10-25] N=11115 
 

p/f ratio >300 
(Median IQR) 

11 [10-20] N=16829 
 

12 [10-21] N=2389 
 

14 [10-22] N=10840 
 

 

Respiratory rates on mechanical ventilation in relation to p/f ratios (2010-2013) 

 Normocapnia and 
normal pH 

Compensated 
hypercapnia 

Hypercapnic 
acidosis 

P Value 

p/f ratio <100 
(Median IQR) 

17 [10-27] N=1624 
 

21 [12-29] N=641 
 

21 [12-28] N=7478 
 

 
 
 
<0.001 p/f ratio 100-200 

(Median IQR) 
15 [10-25] N=8945 
 

20 [10-27] N=2420 
 

20 [10-27] N=16429 
 
 

p/f ratio 200-300 
(Median IQR) 

12 [10-23] N=11746 
 

16 [10-26] N=2176 
 

16 [10-25] N= 11173 
 

p/f ratio >300 
(Median IQR) 

11 [10-20] N=19085 
 

12 [10-22] N=2344 
 

13 [10-23] N=10522 
 

 

 

 
 
 
 
 
 
 
 
 
 



53 
 

Supplemental digital content table 5: Subgroup analysis comparing adjusted odds of 
mortality based on admission diagnostic category. 

 

Subgroup 

Normocapnia 
and normal pH  
Adjusted Odds 
ratio, 95%CI 

Compensated 
Hypercapnia  
Adjusted Odds 
ratio, 95%CI 

Hypercapnic 
acidosis  
Adjusted Odds 
ratio, 95%CI 

P Value 

CABG (N= 50,514) 
reference category 
(1.00)  
 

1.32 (0.9-1.93) 
1.99 (1.65-2.39) 

 
 

< 0.001 

Cardiovacular, cardiogenic shock and 
cardiac arrest (N= 60,260) 

reference category 
(1.00) 

1.26 (1.08-1.47) 
 

1.87 (1.74-2.02) 
 

< 0.001 

Respiratory (COPD/Asthma) (N=10,728) 
reference category 
(1.00) 

1.55 (1.12-2.15) 
 

1.96 (1.48-2.59) 
 

< 0.001 

Respiratory (Pneumonia) (N=32,144) 
reference category 
(1.00) 

1.38 (1.22-1.57) 
 

1.54 (1.41-1.68) 
 

<0.001 

Gastrointestinal (N= 29,533) 
reference category 
(1.00) 

1.32 (1.11-1.55) 
 

1.71 (1.56-1.87) 
 

< 0.001 

Neurological (N= 20,803) 
reference category 
(1.00) 

1.05 (0.89-1.22) 
 

1.26 (1.15-1.38) 
 

< 0.001 

Sepsis (N= 8,764) 
reference category 
(1.00) 

1.37 (1.01-1.84) 
 

1.82 (1.55-2.14) 
 

< 0.001 

Chronic renal failure (N=5,646) 
reference category 
(1.00) 

1.24 (0.89-1.74) 
 

1.52 (1.28-1.81) 
 

< 0.001 

Acute renal failure (N=14,816) 
reference category 
(1.00) 

1.24 (0.95-1.63) 
 

1.77 (1.56-2.01) 
 
 

< 0.001 

Trauma (N= 17,875) 
reference category 
(1.00) 

0.76 (0.57-1.01) 
 

1.3 (1.15-1.48) 
 

< 0.001 
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4.3 Chapter summary 

This study aimed to investigate the association of compensated hypercapnia and hypercapnic 

acidosis on hospital mortality in adult mechanically ventilated patients. A total of 252,812 

mechanically ventilated patients were included in this study making this the largest study published 

so far on evaluating independent association of hypercapnia and hospital mortality. The results of 

the study showed that hypercapnic acidosis and compensated hypercapnia during the first 24 

hours of intensive care admission is associated with increased hospital mortality compared to 

normocapnia. The adjusted odds of hospital mortality increased with increasing hypercapnia.  

The increased mortality noted with hypercapnic acidosis was consistent across all the diagnostic 

groups. The effects of compensated hypercapnia however, differed according to diagnosis with 

neurological, renal, trauma and post cardiac surgery failing to display an increased risk in mortality. 

The retrospective nature of this study could have prevented accurate correction for disease 

severity. Disease severity may be a cause of elevated carbon dioxide levels, and poor outcomes in 

this group 

 

This study was published in the journal of Critical Care Medicine, which is ranked 3rd among 27 

titles in the Critical Care Medicine category of the Journal Citation Reports. This article was well 

received and was published with an accompanying editorial and has created a significant 

discussion in critical care community. This article has an Altmetric Attention Score of 17 and is in 

the 93rd percentile of all the research articles Altmetric has tracked so far (November 2018).  

The editorial (Appendix 7) on this study titled “A Climate Change in Mechanical Ventilation?*” 

discuss the implications of the published study along with the limitations of the retrospective nature 

of the study. As stated in the editorial, hypercapnic acidosis can have potentially dangerous side 

effects, especially in patients with advanced comorbidity and should be avoided or limited 

whenever possible with extracorporeal devices where required.  
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CHAPTER 5:   Association of hypercapnia and hypercapnic 

acidosis with clinical outcomes in mechanically ventilated 

patients with cerebral injury 
 

5.1 Chapter Introduction 

The previous chapter reported the independent association of hypercapnia and hypercapnic 

acidosis on hospital mortality in mechanically ventilated patients. Hypercapnic acidosis was 

associated with increased risk of hospital mortality in mechanically ventilated patients. This was 

consistent across all the pre-specified diagnostic groups. Overall compensated hypercapnia was 

also found to be independently associated with increased risk of hospital morality. However, in 

some diagnostic groups, compensated hypercapnia was not seen to be associated with an 

increased risk of hospital mortality. One of the important groups are patients with neurological and 

trauma diagnosis. This included patients with acute cerebral injury caused by traumatic brain 

injury, stroke and cardiac arrest. Preventing secondary brain injury is an important aspect of 

intensive care management in such patients. Secondary brain injury could be caused by low 

cerebral blood flow, hypoxia, fever, seizures, or hypo and hyperglycaemia. Arterial partial pressure 

of CO2 regulates cerebral blood flow and is one of the important intensive care management 

targets in preventing secondary brain injury. Hypercapnia and hypocapnia are known to be 

associated with adverse outcomes in patients with cerebral injury. The current guidelines on 

management of these patients recommend normocapnia (PCO2 35-45 mmHg) with no specific 

target of pH based on low quality evidence.  All studies evaluating the outcomes in cerebral injury 

patients so far focused on the changes in PCO2 and pH in isolation but have not evaluated the 

effects of PCO2 and pH in conjunction. Changes in PCO2 however are inextricably linked to 

changes in pH. 

In this chapter, we investigated the independent association of hypercapnic acidosis and 

compensated hypercapnia on hospital mortality in patients with acute cerebral injury.  

This is the first study of its kind where PCO2 and pH association on clinical outcomes were 

assessed in conjunction. This is also the largest retrospective study of mechanically ventilated 

acute cerebral injury patients published so far that included over 30,000 patients. 
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5.2 Published Manuscript 
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eFigure 1 :  Kaplan-Meier survival curves for (1) All cerebral injury patients (Top). (2) cardiac 
arrest (upper middle) , (3)Cerebrovascular accident(Lower middle), and (4) traumatic brain 
injury (bottom) 
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e Table 1. Prediction model to determine each patient’s probability to present to intensive 
care units with hypercapnic acidosis 

Category 
Hypercapnic Acidosis  
  Odds Ratio 

 No Yes 95%CI 

Age    

1.<=44 33.8%(4891) 26.8%(4448) 1 

2.45-64 30.4%(4406) 33.6%(5566) 1.29(1.21-1.37) 

3.65-84 32.1%(4643) 35.6%(5911) 1.18(1.11-1.26) 

4.>=85 3.8%(544) 4%(661) 1.09(0.96-1.24) 

Chronic renal 
failure    

No 98.7%(14290) 97.1%(16110) 1 

Yes 1.3%(194) 2.9%(476) 1.78(1.49-2.13) 

Diabetes    

No 98.7%(14292) 97.6%(16181) 1 

Yes 1.3%(192) 2.4%(405) 1.46(1.21-1.75) 

Immune therapy    

No 98.8%(14317) 98.1%(16273) 1 

Yes 1.2%(167) 1.9%(313) 1.58(1.29-1.92) 

Gender    

Female 30.9%(4470) 27.1%(4502) 1 

Male 69.1%(10014) 72.9%(12084) 1.28(1.22-1.35) 

Admission Source   

Chronic care 0.6%(85) 0.8%(138) 0.97(0.73-1.30) 

Home 53%(7677) 67.8%(11239) 1 

Other Hospital 31.9%(4626) 22.6%(3749) 0.55(0.52-0.58) 

Other ICU 3.5%(510) 1.7%(287) 0.38(0.33-0.45) 

Unknown 11%(1586) 7.1%(1173) 0.82(0.71-0.94) 

Hospital Level    

Metropolitan 8%(1153) 17%(2815) 2.10(1.56-2.82) 

Private 3%(435) 2.8%(462) 1 

Rural 4.4%(643) 8.9%(1476) 1.97(1.46-2.66) 

Tertiary 84.6%(12253) 71.3%(11833) 1.04(0.79-1.38) 

*All variables were significant p<0.0001 
AUC=0.682 (0.677-0.688)   

Hosmer Lemmeshow p=0.33   
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eTable 2. Prediction model to determine each patient’s probability to present to intensive 
care units with compensated hypercapnia 

Variable 

Compensated  
Hypercapnia Odds Ratio 

 No Yes  (95%CI) 

Diagnosis    

Cardiovascular 38.7%(11492) 22.9%(310) 1 

Neurological 30.7%(9122) 41.3%(559) 2.42(2.08-2.81) 

Trauma 30.6%(9104) 35.7%(483) 2.13(1.82-2.49) 

Day Shift admission    

No 55.4%(16470) 53%(716) 0.86(0.77-0.96) 

Yes 44.6%(13248) 47%(636) 1 

Admission Source    

Chronic Care 0.7%(211) 0.9%(12) 1.51(0.84-2.73) 

Home 61.2%(18181) 54.4%(735) 1 

Other Hosp 26.7%(7933) 32.7%(442) 1.27(1.12-1.44) 

Other ICU 2.5%(740) 4.2%(57) 1.78(1.34-2.37) 

Unknown 8.9%(2653) 7.8%(106) 0.86(0.68-1.08) 

Hospital Type     

Metropolitan 12.8%(3797) 12.6%(171) 1.25(0.87-1.8) 

Private 2.9%(857) 3%(40) 1 

Rural 6.8%(2026) 6.9%(93) 1.16(0.79-1.71) 

Tertiary 77.5%(23038) 
77.5%(1048
) 0.87(0.62-1.21) 

Indigenous status    

No 68.2%(20269) 66.2%(895) 1 

Yes 5.3%(1563) 3.6%(49) 0.75(0.56-1.02) 

Unknown 26.5%(7886) 30.2%(408) 1.28(1.12-1.45) 

Location  
(Australian states and New 
Zealand)     

ACT 3.1%(922) 3.1%(42) 1.61(1.09-2.36) 

NSW 25.6%(7621) 28.8%(389) 1.82(1.43-2.32) 

NT 1.3%(399) 1%(13) 0.93(0.5-1.72) 

NZ 10%(2958) 7%(94) 1 

QLD 15.5%(4617) 13.2%(178) 1.31(1-1.71) 

SA 10.9%(3229) 13.1%(177) 1.97(1.51-2.57) 

TAS 2.3%(679) 2.6%(35) 1.63(1.09-2.44) 

VIC 25.6%(7613) 26.7%(361) 1.64(1.29-2.08) 

WA 5.7%(1680) 4.7%(63) 1.4(0.99-1.98) 

Gender     

Female 29%(8625) 25.7%(347) 1 

Male 71%(21093) 
74.3%(1005
) 1.22(1.07-1.39) 

*All variables were significant p<0.01 
AUC=0.631 (0.616-0.646) 

Hosmer Lemmeshow p=0.38 
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5.3 Chapter summary 

This multicentre, binational study examined the relationship between compensated hypercapnia 

and hypercapnic acidosis on hospital mortality in mechanically ventilated patients with acute 

cerebral injury. This is the largest retrospective study ever published so far evaluating hypercapnia 

and hypercapnic acidosis in patients with acute cerebral injury. The main results of this study are 

that the hospital mortality in patients with cerebral injury is higher in patients with hypercapnic 

acidosis as compared to patients who had normocapnia or compensated hypercapnia. The 

increased hospital mortality was consistent across all three diagnostic categories (traumatic brain 

injury, stroke and cardiac arrest) and persisted after adjusting for the variables that principally 

contribute to hospital mortality.  While mortality increased with increasing PCO2 in patients with 

hypercapnic acidosis, it did not increase in patients with compensated hypercapnia. 

The important finding of this study is that compensated hypercapnia, irrespective of the level of 

elevation in PCO2 did not confer an increased risk of hospital mortality as compared to 

normocapnia and normal pH. This finding did not change when adjusted for potential confounders 

and relevant subgroups defined by individual diagnostic categories and subcategories defined by 

baseline clinical severity as well as Glasgow Coma Scale. These findings suggest that targeting 

absolute PCO2 values without considering pH status of the patients, may lead to hyperventilation 

and alkalosis that is known to worsen secondary brain injury. Furthermore, hyperventilation may 

need higher driving pressures and tidal volumes on mechanical ventilation that could cause or 

worsen lung injury. 

This chapter was published in the journal of JAMA Neurology that currently (2018) has an impact 

factor of 11.5 accompanied by an editorial (appendix 8), two media releases and a Comment & 

Response (Appendices 9 -12). The article was well received by clinicians across the world with 

Altmetric Attention Score of 63 (November 2018) bringing this to the top 5% of all research outputs 

ever tracked by Altmetric.  

The editorial (appendix 8) titled “Arterial Partial Pressure of Carbon Dioxide and Secondary Brain 

Injury—6 Degrees of Separation?” discusses the current management guidelines not 

recommending a target pH while managing hypercapnia and the importance of interpreting and 

managing arterial PCO2 in conjunction with pH.  
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Two media releases, one from MEDPAGE TODAY (Appendix 9) 

(https://www.medpagetoday.com/neurology/generalneurology/71889) and one from Monash 

University (http://ccsmonash.blogspot.com/2018/04/monash-study-reveals-insights-into.html) 

(Appendix 10) were published describing the importance of the study.  

Following the publication of this article a letter to editor (Appendix 11) was written titled “What is 

the Association with Dissociation?” where the implications of acidosis on oxygen dissociation curve 

on oxygen delivery was questioned. The authors of this letter argue that hypercapnic acidosis may 

have beneficial effects in patients with cerebral injury. We have responded to the letter (Appendix 

12) stating that the clinical data that is available (including our paper) suggests acidosis is harmful 

and should be avoided or actively managed and that PCO2 should be interpreted in conjunction 

with pH. We believe further guidelines on management of cerebral injury patients may consider the 

results of our study and recommend a pH target while managing hypercapnia. 

 

Our investigation on the association of hypercapnia and hypercapnic acidosis in mechanically 

ventilated patients showed an increased hospital mortality risk associated with hypercapnic 

acidosis. Similar studies were also published by other investigators suggesting an increased 

mortality with hypercapnia and hypercapnic acidosis in patients with ARDS. The studies that are 

published in the recent past are retrospective and has shown an association of hypercapnic 

acidosis with increased mortality. Nevertheless based on these findings, it appears that 

hypercapnia and hypercapnic acidosis must be prevented or actively managed.  

Hypercapnia may be controlled with modifications in the techniques of conventional mechanical 

ventilation. However, in some patients this may not be possible while instituting lung protective 

ventilation. Over the recent past extracorporeal carbon dioxide removal devices were introduced to 

clinical practice to manage hypercapnia associated with lung protective ventilation. This research 

programme investigated one of the novel low flow venovenous extracorporeal carbon dioxide 

removal device (Hemolung RAS) for safety, feasibility and efficacy in management of hypercapnic 

acidosis. This was the first evaluation of this device in Australia and New Zealand.  

https://www.medpagetoday.com/neurology/generalneurology/71889
http://ccsmonash.blogspot.com/2018/04/monash-study-reveals-insights-into.html
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CHAPTER 6: Evaluation of a HEMOLUNG RAS - a novel 

extracorporeal device in the management of hypercapnic 

acidosis 
 

6.1 Chapter introduction 

Hypercapnic acidosis was thought to be benign and possibly beneficial in mechanically ventilated 

patients. However, the recently published data including our studies (presented in chapters 4 and 

5) showed an increased risk of hospital mortality and other adverse events. Based on these 

findings hypercapnic acidosis should be prevented or managed actively.  

Several extracorporeal carbon dioxide removal devices were recently introduced to treat severe 

hypercapnic acidosis that may be seen with low volume lung protection ventilation. As part of this 

research programme, one of the novel low flow venovenous extracorporeal carbon-dioxide removal 

devices called Hemolung RAS was investigated for safety and feasibility in management of 

hypercapnic acidosis in mechanically ventilated patients. This was the first evaluation of such a 

device in Australia and New Zealand. 

The chapter contains three subsections; the first subsection describes Hemolung RAS and its 

introduction to clinical practice at our hospital, the second subsection a case report on the first use 

of Hemolung RAS in Australia on a patient with severe COPD and the third subsection a case 

report on its use in a patient with severe status asthmaticus. 
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6.2 Evaluating safety and feasibility of Hemolung RAS at Frankston 

Hospital 

 

Introduction 

Acute hypercapnic respiratory failure is one of the common causes for admission to intensive care 

unit.  This may be caused by exacerbation of reactive or chronic obstructive airway disease. The 

management of such patients include identifying and treating the precipitating cause and providing 

supportive care until the lung function recovers. Supportive care in such patients includes provision 

of non-invasive as well as invasive mechanical ventilation. Most of these patients recover with such 

management. However, in some patients the respiratory failure may worsen and in such patients, 

the respiratory function may not be adequately supported with mechanical ventilation. Some 

patients while on mechanical ventilation for acute lung injury or acute respiratory distress 

syndrome, may develop acute hypercapnia when lung protective ventilation strategies are used. 

These patients may be treated with more invasive treatments such as extracorporeal membrane 

oxygenation (ECMO). The use of ECMO, while may be beneficial, is invasive, expensive and it is 

not widely available. Furthermore, the expertise required to use ECMO is limited. Given these 

factors, the use of ECMO is currently limited to only a small proportion of patients.  

 

There have been some technological developments in the recent past in management of patients 

with severe hypercapnic respiratory failure. One of these advances includes the development of a 

minimally invasive extracorporeal carbon dioxide removal device called Hemolung RAS 

(Hemolung® Respiratory Assist System, ALung Technologies, Pittsburgh, PA). This technology is 

the least invasive devices available to remove carbon dioxide, with efficient carbon dioxide removal 

at blood flows of 400- 600 ml/ minute. The Hemolung RAS is a simple, venovenous extracorporeal 

lung support device, which is intended for partial extracorporeal respiratory support in the 

treatment of acute hypercapnic respiratory failure. The Hemolung RAS removes carbon dioxide 

and delivers oxygen directly to the blood utilizing a simple extracorporeal circuit, small venous 

catheter, and techniques similar to haemodialysis which is routinely used in intensive care units. By 

providing gas exchange independently of the lungs, the Hemolung RAS supports the respiratory 

system, giving the patient’s lungs time to rest and heal. The Hemolung RAS is comprised of three 
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main devices with the following key characteristics: Hemolung cartridge, Hemolung controller and 

Hemolung catheter.  

 

Hemolung (Hemolung® Respiratory Assist System, ALung Technologies, Pittsburgh, 

PA): 

 

 

Hemolung Cartridge 

• Integrated pump/oxygenator provides extracorporeal gas exchange while 

simultaneously pumping blood allowing for veno-venous operation. 

• Minimal membrane surface area (0.59 m2) 

• CO2 removal of at least 50 mL/min at blood flows of 350 – 550 mL/min 

Hemolung Controller 

• Controls the Hemolung Cartridge pump speed and gas flow 

• Provides real-time monitoring of CO2 removal and blood flow, bubble detection, and 

other alarms 
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Hemolung Catheter 

• 15.5 Fr dual lumen venous catheter 

• Percutaneous, single-stick venous access 

• Femoral (26 cm) and jugular (17 cm) available (dual lumen venous catheter with 

insertion accessories). These are similar to the catheters used for haemodialysis in 

ICU. 

 

 

 

The Hemolung removes carbon dioxide and delivers oxygen directly to the blood utilizing a simple 

extracorporeal circuit and a small venous catheter. This technique is less complex than ECMO and 

very similar to haemodialysis that is routinely performed in most ICUs. By providing gas exchange 

independently of the lungs, Hemolung reduces the burden of ventilation on lungs, giving them time 

to rest and heal. 

Inclusion criteria 

• Adult patients with hypercapnic respiratory failure who are not responsive to non-invasive 

mechanical ventilation or on invasive mechanical ventilation and cannot be treated with 

lung protective mechanical ventilation due to hypercapnia. 

• Can consent or have next of kin to provide assent. 
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Exclusion Criteria: 

• Patients who have contraindication for limited anticoagulation 

• Patients who have allergy to heparin or have heparin induced thrombocytopenia 

• Patients with hemodynamic instability or uncontrolled arrhythmia 

• Platelet count of less than 75,000/mm3 

• Patients who are not for active management 

Protocol: 

Hemolung was used if patients had  

a) severe hypercapnic respiratory failure and on non-invasive mechanical ventilation 

for at least one hour and not responsive to non-invasive mechanical ventilation as 

defined by pH < 7.25 and pCO2 >55 and /or have a high likelihood of requiring 

invasive mechanical ventilation.  

b) Patients on invasive mechanical ventilation but cannot be ventilated with lung 

protective ventilation (tidal volumes </= 6 ml/Kg of ideal body weight) due to 

hypercapnic respiratory failure (pH< 7.2) 

Clinical Governance in introduction of Hemolung RAS to Frankston Hospital: At the time of 

initiation of Hemolung RAS at Frankston Hospital, this device did not have Therapeutic Goods 

Administration (TGA) approval for use in Australia. Hence, application and approval from TGA was 

obtained to use this device as an authorised prescriber (Appendix 13). Approval from New 

Technology Committee at Frankston Hospital was acquired, as this device had never been used at 

Frankston Hospital or anywhere in Australia before (Appendix 14). Consent was obtained from the 

eligible patients or their next of kin as appropriate (Appendix 15). 

 

Technique: Hemolung was set up and used as per the recommendations by the manufacturer. The 

principles of cannulation to access blood vessels and anticoagulation are very similar to 

haemodialysis routinely performed in intensive care. An Intensivist was available on-site during 
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days and was readily available on call during nights. Intensive care registrars, nursing and allied 

health staff in intensive care assisted the Intensivist in management of these patients. 

 

A specifically designed dual lumen catheter was inserted under aseptic precautions into femoral or 

jugular veins as per the standard protocol of our ICU. Ultrasound guidance was used to minimise 

the risk of injury to other structures. After establishing the cannula, patients were connected to 

Hemolung. Heparin was used for anticoagulation as per the manufacturer’s recommendations and 

an aPTT of 50-70 seconds. Blood flow through the catheter was maintained at 300-600 ml/ min to 

achieve a CO2 clearance rate of >50ml/min. The blood flow and CO2 clearance rate were 

continuously monitored and recorded. Baseline blood samples were collected for measurement of 

arterial blood gasses, haematological, biochemical and coagulation parameters at the initiation of 

Hemolung. Subsequent measurements were based on clinical indication.  Hemolung was used for 

up to 7days depending on the response of recovery of the patients. 

 

Hemolung was successfully used in 2 patients with severe hypercapnic acidosis to test the safety 

of feasibility of using this device. Details of these patients were published as case reports. 
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6.3 Published manuscript 
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6.4 Published manuscript 
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6.5 Chapter summary 

This chapter presented the initial use of Hemolung RAS for feasibility and safety as an 

extracorporeal carbon dioxide removal device. From the initial experience it appeared that 

Hemolung use is feasible in a centre such as Frankston Hospital that currently does not have the 

capabilities of using extracorporeal membrane oxygenation (ECMO). The case reports define the 

first use of this device in Australia. The first case report was published with an editorial (Appendix 

16) titled “Extracorporeal respiratory support: breaking conventions? This editorial discusses and 

highlights the possible expanding use of extracorporeal therapies in intensive care practice in 

achieving a short-term physiological target as well as the need for more experience on case 

selection to achieve the best possible outcomes with the use of these devices. 

To investigate Hemolung RAS further, we collaborated with three other centres that started using 

Hemolung RAS to evaluate the generalisability of the use of Hemolung RAS in hypercapnic 

respiratory failure. 
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CHAPTER 7: Early experience of a novel extracorporeal device 

in management of hypercapnic acidosis 

 
7.1 Chapter Introduction 

In the previous chapter the feasibility and safety of Hemolung RAS was presented. This chapter 

provides details on the use of Hemolung RAS in two further centres to evaluate its feasibility, 

safety, efficacy and generalisability in treating hypercapnic acidosis. Each of these three centres 

had different expertise in the use of extracorporeal life support systems. This study provides the 

combined experience of using Hemolung RAS in acute hypercapnic acidosis. 
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7.2 Published Manuscript 
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7.3 Chapter summary 

This chapter presented the data on the safety and efficacy of Hemolung RAS in management of 

acute hypercapnic respiratory failure in three different hospitals. Hemolung RAS appeared to be 

effective, safe and feasible in managing hypercapnic respiratory failure of various aetiologies. 

Given the minimally invasive nature in conjunction with efficient removal of carbon dioxide, 

Hemolung RAS has a promising place in the management of hypercapnic respiratory failure. 

Further data however, will be required to know the effectiveness of Hemolung RAS in reducing 

mortality and morbidity as well as cost effectiveness of this intervention.   

While Hemolung RAS and other extracorporeal carbon dioxide removal devices may be efficient 

and effective in managing hypercapnic respiratory failure, these devices are invasive, currently not 

widely available and are expensive. Some of the techniques that are commonly available on 

mechanical ventilation may be sufficient in some patients to manage hypercapnia. The following 

chapter presents a review of current management options available for management of 

hypercapnia. 
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CHAPTER 8: Management of hypercapnia in critically ill adult 

patients 
 

8.1 Chapter Introduction 

The last two chapters (Chapter 6 and 7) described the use of Hemolung RAS, novel low flow 

venovenous carbon dioxide removal device to treat hypercapnic acidosis. While extracorporeal 

devices such as Hemolung RAS may be effective in active management of hypercapnic acidosis, 

these devices are invasive, expensive and are generally not widely available. Their underlying cost 

and clinical effectiveness have yet to be fully evaluated. There are techniques on conventional 

ventilators as well as options such as prone position ventilation that could be effective in treatment 

of acute hypercapnia in many patients with hypercapnic acidosis. 

This chapter reviews the management options (conventional and extracorporeal) managing 

hypercapnia in mechanically ventilated patients.  
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8.2 Manuscript submitted for publication 

 

Abstract 

The use of lower tidal volume ventilation was shown to reduce mortality in mechanically ventilated 

patients with acute respiratory distress syndrome. A similar strategy was also shown to be 

beneficial in other diagnostic categories of mechanically ventilated patients. One of the associated 

effect of low tidal volume ventilation is the development of hypercapnia and hypercapnic acidosis. 

Some data from animal experiments suggested that hypercapnia and hypercapnic acidosis may be 

beneficial. However most of the clinical data suggest an increased mortality with hypercapnia and 

hypercapnic acidosis. This was noted across several diagnostic categories in mechanically 

ventilated patients. Given the current available evidence, acute hypercapnia and hypercapnic 

acidosis may be avoided or treated to ensure normocapnia and normal pH. We aimed to review 

the available treatment options including extracorporeal techniques that may be used to manage 

acute hypercapnia acidosis in the current critical care practice. 
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Introduction 

Acute respiratory failure is one of the common indications for admission of patients to intensive 

care. Most of these patients require mechanical ventilation to assist in management of respiratory 

failure. Mechanical ventilation that was used in the past was aimed at maintaining blood gasses at 

normal ranges. This often required high inspiratory pressures that were subsequently shown to 

worsen lung injury and respiratory failure 1,2. A strategy of reducing inspiratory pressures on 

mechanical ventilation appeared to reduce the mortality3.  The current standard of care in treating 

patients with acute respiratory failure is to use low tidal volume and low inspiratory pressure 

mechanical ventilation4. One of the effects of such ventilation strategy is development of 

hypercapnia and hypercapnic acidosis.  

 

Hypercapnia and hypercapnic acidosis influence various systems including respiratory, 

cardiovascular, central nervous, neuromuscular and renal systems 5-7. The effects of hypercapnia 

and acidosis in critically ill patients are not clearly established. Some clinicians believe hypercapnic 

acidosis to be protective by itself independent of low volume ventilation and may aid in reducing 

the lung injury and mortality8,9.  Indeed they have hypothesised that inducing hypercapnia by 

supplemental carbon dioxide may be beneficial in critically ill patients with acute respiratory failure 

8.  To the contrary other clinicians consider hypercapnic acidosis to be harmful with possible 

increase in mortality and morbidity 4,10,11.  This uncertainty appears to be based on data from 

animal experiments or clinical studies with small sample sizes. These factors also limit the validity 

and generalizability of these studies.  

 

Over the recent past several large studies evaluated hypercapnia and hypercapnic acidosis in 

various clinical settings. Our group investigated the effects of hypercapnia and hypercapnic 

acidosis during the first 24 hours of intensive care admission in over 250,000 mechanically 

ventilated patients12. In this study the adjusted hospital mortality of patients with compensated 

hypercapnia and hypercapnic acidosis was significantly higher than those patients who had 

normocapnia and normal pH.  Furthermore, the adjusted odds of hospital mortality increased with 

increasing hypercapnia12. The study by Nin and colleagues13 investigating the effects of 

hypercapnia during the first 48 hours of intensive care admission in patients with ARDS showed 

that severe hypercapnia, as defined by PCO2 > 50mmHg, was independently associated with 

increased ICU mortality, and higher complications including barotrauma, renal dysfunction, and 

cardiovascular dysfunction13,14. Hypercapnic acidosis was also found to be independently 

associated with increased mortality in various diagnostic categories of mechanically ventilated 

patients including acute cerebral injury, trauma, sepsis, cardiac, respiratory, gastrointestinal, renal 

causes of admission to ICU12,15,16.  From these data it appears that severe hypercapnia especially 

when associated with acidosis should be avoided or actively managed 12,13,15,17. We performed a 
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review of published literature to identify the therapeutic options that are currently available to 

manage acute hypercapnia in critically ill patients requiring invasive mechanical ventilation. 

 

Search Strategy:  

MEDLINE via PubMed (from inception to June 2018) and EMBASE (from inception to June 2018) 

were systematically searched. The search was performed using the following exploded medical 

subject headings and text words “carbon dioxide”, “hypercarbia”, “hypercapnia”, “acidosis”, 

“critically ill” or “critical care” or “management” or “treatment” in isolation and in combination without 

restrictions.  Studies including animals or tissues were excluded from the review. We also 

searched bibliographic references of relevant studies, irrespective of study design with the 

intention of finding relevant studies to be included in this review. 

The possible options include optimising the use of mechanical ventilation to enhance carbon 

dioxide elimination while avoiding practices such as lung recruitment manoeuvres, where possible 

that could lead to hypercapnic acidosis, buffers such as sodium bicarbonate and Tris-

hydroxymethyl aminomethane (THAM)  to correct acidosis, airway pressure release ventilation, 

high frequency oscillation ventilation, early use of prone position ventilation, use of extracorporeal 

treatments including  extracorporeal membrane oxygenation (ECMO) or  other less invasive low 

flow extracorporeal carbon dioxide removal devices.  

 

Mechanical ventilation: The efficacy of lower tidal volume ventilation to improve mortality was 

initially shown in observational studies3. This was considered to be due to a reduction in lung injury 

with low tidal volumes as well as the associated hypercapnia with lower tidal volume ventilation18. 

In randomised controlled trials a strategy of low volume ventilation when associated with 

hypercapnia demonstrated a trend towards increased mortality10. However when low volume 

ventilation was performed while ensuring normocapnia the mortality was significantly reduced 4. 

Optimal management of mechanical ventilation should remain the primary modality of prevention 

or correcting hypercapnic acidosis.  Hypercapnia that develops with low volume ventilation may be 

managed by simple modifications to the ventilator circuit such as connecting Y-piece directly to 

endotracheal tube to reduce the dead space in ventilator circuit 19. Changes to the circuit in 

mechanical ventilation including removal of heat and moisture exchanger and using heated 

humidifier was also shown to reduce hypercapnia without the need for increase in the need for 

increasing tidal volumes or the rate 20 

 

Changes in delivery of conventional mechanical ventilation including the settings such as  

increasing respiratory rate (and minute ventilation) or pharmacological agents such as bicarbonate 

infusions as recommended by the ARDS network 4 may further help in management of 

hypercapnic acidosis. The increase in respiratory rates may be associated with dynamic 
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hyperinflation and right ventricular dysfunction without clearance of hypercapnia21. End-inspiratory 

pause prolongation was shown to increase clearance of hypercapnia in ARDS patients.  By 

increasing end-inspiratory pause prolongation from 0.1 to 0.7 Bermeo et al. demonstrated a 

significant decrease in PCO2 from 54±9 to 50±8 mmHg22. They showed that the decrease in PCO2 

was due to a reduction in physiological dead space22. Some of the treatments that are used in 

patients with severe ARDS such as lung recruitment to improve oxygenation and reduce ventilator 

induced lung injury are shown to cause severe hypercapnia during the first 24 hours of institution 

23.  Lung recruitment manoeuvres were investigated for reducing the incidence of ventilator-

induced lung injury and improving survival in patients with ARDS. The strategy of lung recruitment 

manoeuvre and PEEP titration according to the best respiratory–system compliance was recently 

investigated by Cavalcanti and colleagues in a large multinational, multicentre randomised 

controlled trial23. This study showed a higher 28-day and 6 month all-cause mortality in patients 

who were treated with lung recruitment. Higher mortality noted with lung recruitment was attributed 

to several factors including changes in driving pressure and lung over distention, breath stacking, 

need for neuromuscular blockade and haemodynamic compromise23. It is important to note that in 

the lung recruitment group, hypercapnia and acidosis during the first hour of randomisation was 

observed, which is known to be associated with higher mortality in mechanically ventilated 

patients12,13.  

 

Buffers in the management of hypercapnic acidosis: The use of buffers in the management of 

hypercapnic acidosis remains controversial24. Sodium bicarbonate and THAM were both used in 

clinical practice to buffer hypercapnic acidosis 4 25-27.  Kallet et al.27 demonstrated THAM improving 

arterial pH and base deficit, and a reduction in PCO2 that could not be fully accounted for by 

ventilation. Weber and colleagues investigated the use of THAM in ARDS patients where 

permissive hypercapnia was implemented for 2 hours aiming for a target PCO2 of 80 mm Hg. In 

their randomised controlled trial of 12 patients with ARDS, the use of THAM buffering attenuated 

depression of myocardial contractility and hemodynamic alterations during rapid permissive 

hypercapnia institution 25. The ARDS network trial recommended the use of sodium bicarbonate 

when pH was lower than 7.14. However bicarbonate should not be administered in hypoxemic and 

lactic acidosis 26.  

 

Some patients with severe ARDS will be hypercapnic in spite of best possible conventional 

ventilation. In such patients other modalities in addition to conventional ventilation may be required. 

These include high frequency oscillatory ventilation, prone position ventilation and airway pressure 

release ventilation. 

 

High frequency oscillation ventilation (HFOV): HFOV is a ventilatory  technique  where using an 

oscillatory pump, breathing frequencies of 180 –900 breaths/min (3–15 Hz) are used with very 
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small tidal volumes (1-4 ml/kg) at a constant airway pressure  potentially reducing volutrauma, 

decrease anatomical dead space, and improving ventilation-perfusion matching. HFOV was used 

as a mode of lung protective ventilation. The initial experience esp. with neonatal patients was 

encouraging 28. However, use in adult patients was restricted to a few centres. The recent studies 

on adult patients with ARDS showed no significant benefit and with possible increase in mortality 

29. It may be of benefit in group of patients with more severe ARDS (PaO2/FiO2 <64 mmHg) where 

hypercapnia is unresponsive to conventional ventilation 30 . Friesecke et al reported the use of 

HFOV in patients with hypercapnic acidosis not responsive to conventional ventilation31. In their 

cohort of 26 patients, 24 patients responded to HFOV with improvement in hypercapnia and 

acidosis at 24 hours of initiating HFOV. It is however important to note that the routine use of 

HFOV was not recommended due to lack of mortality benefit and a potential for harm with the use 

of HFOV as compared to conventional ventilation with low tidal volumes 32. 

 

Prone position ventilation: Prone position reduces the heterogeneity of ventilation of dorsal to 

ventral lung regions as compared to supine position, increasing homogeneity of stress and strain 

as a result33 . By virtue of ventral de-recruitment exceeding dorsal recruitment, or reduction in 

hyper inflated ventral regions, prone position ventilation can result in reduction in dead space. 

Indeed, prone position ventilation was shown to decrease hypercapnia in patients with ARDS34,35 

especially with those who are responders to prone position ventilation 34. Prone ventilation was 

also shown to improve oxygenation and improve mortality in patients with ARDS 36. Prone position 

ventilation aids in recruitment of previously excluded alveoli reducing the dead space ventilation 35.  

 

Airway pressure release ventilation (APRV): APRV entails continuous positive airway pressure 

at a high level, with intermittent time cycled release, to maintain alveolar recruitment and lung 

volume. Patients can breathe spontaneously, independent of the phase of respiration, through a 

biphasic positive pressure circuit 37. APRV was initially described as a spontaneous mode of 

ventilation to treat patients with acute lung injury with aim of maintaining lower airway pressure and 

to allow unrestricted spontaneous ventilation. While it is not commonly used in patients with acute 

lung injury there are some reports suggesting that APRV may prevent progression of acute lung 

injury in high-risk trauma patients 38.  APRV was shown to be effective in reducing CO2 as well as 

improving oxygenation without increasing minute ventilation 39 in conjunction with a reduction in 

peak and mean airway pressures 40. This improvement in gas exchange is related to the reduction 

in dead space ventilation 41. The use of APRV however is not widespread and this mode is not 

available in all commercially available ventilators 42. 

Some patients may have severe hypercapnia that could not be managed with mechanical 

ventilation alone. In such patients extracorporeal carbon dioxide removal needs to be considered. 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Friesecke%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25929255
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Extracorporeal management of hypercapnia 

Extracorporeal management include ECMO and other newer low flow devices specifically 

introduced to support clearance of carbon dioxide.  

Extracorporeal membrane oxygenation (ECMO): ECMO provides oxygenation, ventilation and 

cardiac assist can be provided. Oxygenation with a membrane lung in veno-venous ECMO is 

mainly dependent on the blood flow and CO2 clearance is primarily dependent on the fresh gas 

flow. It is possible to remove all metabolically produced CO2 from blood flow rates between 1 to 2 L 

per minute of venous blood flow through the membrane lung43.  

Removal of carbon dioxide was considered in 1970s when Kolobow developed a membrane lung 

which was shown to remove carbon dioxide effectively44.  Indeed this artificial CO2 removal was so 

efficient that when extracorporeal CO2 removal approximated CO2 production, alveolar ventilation 

could almost be ceased45. Clinical application of extracorporeal carbon-dioxide removal was first 

reported in an observational study by Gattinoni et al 46 in an uncontrolled group of patients with 

severe ARDS. They reported encouraging results in patients with severe ARDS by using this 

technique as a strategy to “rest” the lungs. The survival rate of the treated patients in this study 

was 49%.  The blood loss was however significant (average blood loss 1800 +/- 850 mL/day).  

Subsequently Morris et al47 conducted a randomized clinical trial comparing pressure controlled 

inverse ratio ventilation with an extracorporeal CO2 removal technique in patients with ARDS. 

However, no significant difference in survival was found between the mechanically ventilated 

patients and those treated with the extracorporeal CO2 removal. The use of ECCO2 removal did 

not gain much acceptance due to complexity, costs and implications of intervention including high 

blood flow rates, large cannulas and systemic anticoagulation with its associated potential 

complications.  More recently the use of ECMO had gained momentum with improvements in 

technology, advances in intensive care practice especially of the anticoagulation while patients 

were managed on extracorporeal circulation. CESAR trial 48, incorporating such advances in 

equipment and clinical practice investigated the use of ECMO in ARDS patients with hypoxic or 

had hypercapnic acidosis with respiratory failure. The results of CESAR showed that an ECMO-

based management protocol to significantly improve survival without severe disability. However 

only a small proportion (about 5%) of patients in this trial had hypercapnic acidosis and the results 

may not support the routine use of ECMO in patients with hypercapnic acidosis. These results may 

not therefore be generalisable in managing patients with hypercapnic acidosis. Furthermore, the 

availability of ECMO is limited to very few centres. 

 

Low flow extracorporeal carbon dioxide removal devices: 

Over the last 2 decades several less invasive extracorporeal devices were evaluated as 

alternatives to ECMO support.  These are less invasive and less complex devices that may be 

used to treat hypercapnia and acidosis.  
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Most of these less invasive devices provide partial extracorporeal support where they are efficient 

in clearing carbon dioxide, but do not provide significant oxygenation. The cannulas used to access 

blood vessels are smaller and require minimal anticoagulation similar to renal replacement therapy 

circuits.  

Some of these devices evaluated for extracorporeal carbon dioxide removal include Interventional 

Lung Assist (ILA) (NovaLung GmbH, Hechingen, Germany)49, arteriovenous extracorporeal CO2 

removal (AVCO2R) 50,51, low flow venovenous extracorporeal carbon dioxide removal52, intra-

venacaval oxygenation and CO2 removal (IVOX) device53,54, Decap 55, hemolung56,57 and  

prismalung 57,58.   

Of these devices ILA is the only device that was used in over 1800 patients with hypercapnic 

respiratory failure with encouraging results48.  ILA is a sophisticated pumpless extracorporeal 

arteriovenous carbon dioxide removal device that is driven by the patient's cardiac output and 

therefore, do not require extracorporeal pump assistance.  ILA was shown to be effective in 

clearing hypercapnia when tidal volumes as low as 3 ml/kg predicted body weight was used59. 

However, the need for arterial cannulation increases morbidity with complications such as limb 

ischaemia and arterial pseudoanneurysms59.  

Low flow veno-venous devices such as hemolung and prismalung appears to be more promising in 

being minimally invasive (avoiding arterial cannulation). Initial results mainly of case reports60,61 

and feasibility observational studies56,58 while encouraging need further investigation. The results of 

currently ongoing randomised controlled trials currently investigated in randomised controlled 

trials(REST and SUPERNOVA) 62,63 may further define the efficacy of these low flow veno venous 

extracorporeal carbon dioxide removal devices in management of hypercapnic respiratory failure. 

Conclusions 

Recent evidence suggest hypercapnic acidosis is associated with increased risk mortality and 

should be prevented or actively managed. The options to manage hypercapnic acidosis include 

modifications to mode of mechanical ventilation to enhance CO2 clearance as well as buffers to 

normalise pH. In patients where hypercapnic acidosis could not be managed with mechanical 

ventilation, extracorporeal techniques may be used. The newer low flow extracorporeal devices are 

minimally invasive and are effective in clearing hypercapnia. These devices are currently being 

investigated in randomised controlled trials to further define their role not only in clearing 

hypercapnia but to improve clinical outcomes.  
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8.3 Chapter summary 

 
This chapter summaries that management options including conventional ventilation modifications, 

buffers, prone ventilation, high frequency oscillatory ventilation, airway pressure release ventilation, 

and extracorporeal techniques that are currently available to actively manage hypercapnic 

acidosis. The manuscript of this chapter is under review for publication in Critical Care Medicine 

(CCMED-D-18-02143). 
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Chapter 9: Conclusions 
 

9.1 Chapter Introduction 

This chapter provides summary of key findings of this thesis and context for future directions in 

evaluation of the effects and management options of hypercapnia in critically ill patients requiring 

mechanical ventilation.  This chapter also outlines the strengths and limitations of this thesis. 

 

9.2 Summary of key findings 

Hypercapnia and hypercapnic acidosis were considered benign and potentially beneficial in 

mechanically ventilated patients with severe respiratory failure (1, 2). This was largely based on 

small retrospective cohort studies (3) or post hoc analysis of prospective trials where higher tidal 

volumes were used than recommended in current practice (4). These findings were supported by 

some animal experimental data (5, 6). However, some animal data also showed that hypercapnia 

was harmful (7, 8). Extrapolation of these animal experimental data to clinical practice is difficult. 

With lack of data relevant to management of hypercapnia in critically ill patients, the management 

practices varied with some clinicians believing hypercapnia was beneficial and other harmful. This 

thesis contributes significantly to the understanding of the association of hypercapnia and 

hypercapnic acidosis as well as the management of hypercapnia in adult mechanically ventilated 

patients. To the best of our knowledge, this is the first study investigating the effects of 

hypercapnia with or without acidosis. In other words, this work attempts to delineate the 

association of hypercapnia to that of acidosis caused by hypercapnia on clinically important 

endpoints.  

 

This thesis describes the conduct of a carefully planned research schedule investigating the effects 

and management of hypercapnia and hypercapnic acidosis in adult mechanically ventilated 

patients. This included three review articles (Chapters 2,3 and 8), two of the largest, binational 

retrospective studies published so far investigating the association of hypercapnia and hypercapnic 

acidosis in mechanically ventilated patients (Chapter 4 and 5) and implementation of a novel low 

flow minimally invasive extracorporeal carbon dioxide removal device (Chapter 6 and 7).  
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The three review articles provide a concise summary of published data on effects of hypercapnia 

and management options for hypercapnia (9, 10). However, the most significant contribution to the 

literature arising from this thesis was from the publication of the two largest retrospective studies 

(11, 12). The study presented in Chapter four, highlights the fact that hypercapnia may have 

different effects based on the presence or absence of acidosis as well as the diagnostic clinical 

condition. It shows a strong association of hypercapnic acidosis with hospital mortality across all 

diagnostic categories. The subsequent study presented in Chapter five provides evidence that 

compensated hypercapnia may not be harmful in cerebral injury patients. This study is extremely 

important and contributes to the growing body of evidence on management of hypercapnia to 

prevent secondary brain injury. This study suggest that PCO2 should not be managed in isolation, 

but in conjunction with arterial pH. The evaluation of Hemolung RAS shows that this device is 

effective in clearing hypercapnia in a range of clinical conditions and different health care settings 

with variable experiences in the use of extracorporeal life support systems (13-15). 

 

9.3 Strengths and limitations 

This section presents the overall strengths and limitations of this thesis. A detailed description of 

strengths and limitations are presented in individual studies as appropriate.  

Strengths 

This thesis has several strengths. Firstly, this work is first of its kind on clinical evaluation of 

hypercapnia in conjunction with pH. Carbon dioxide changes are inextricably linked to the changes 

in pH. So far, clinical studies that investigated the effects carbon dioxide relevant to critically ill 

patients have focussed on evaluation based on carbon dioxide alone, without relation to the 

associated changes in pH with changing carbon dioxide. The research presented in this thesis 

attests to the fact that hypercapnia has different effects depending on pH. This is particularly 

important in managing patients with acute cerebral injury. Furthermore, this thesis focused on 

investigating the effects of hypercapnia in mechanically ventilated patients. This is an important 

aspect, because manipulation of carbon dioxide is achievable in mechanically ventilated patients 

as compared to spontaneously breathing patients. A clear understanding of the basic science and 

the effects of hypercapnia and hypercapnic acidosis in clinical practice may help clinicians in 
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targeting specific levels of hypercapnia in different diagnostic categories that could improve the 

outcomes of critically ill mechanically ventilated patients.   

Secondly, in addition to presenting the overall effects of hypercapnia and hypercapnic acidosis in 

mechanically ventilated patients, this thesis investigated the effects of compensated hypercapnia 

and hypercapnic acidosis on the commonly admitted diagnostic categories of critically ill patients, 

providing an understanding on different effects of hypercapnia and hypercapnic acidosis on 

different diagnostic conditions.   

Thirdly, this thesis includes two of the largest retrospective studies published so far on hypercapnia 

and hypercapnic acidosis. The large sample size (252,812 and 30 742 patients) in these studies 

enabled identification of small but clinically significant differences in outcomes. 

Fourthly, ANZICS APD data (used in retrospective studies used in this thesis) is recognised as a 

high quality clinical registry with excellent data quality. Publications arising from this data analysis 

have been published in multiple journals with highest impact factor including the New England 

Journal of Medicine and The Journal of the American Medical Association (16, 17). Data collection 

from more than 80% of the participating intensive care units in Australia and New Zealand is robust 

and quality controlled with an established data dictionary to ensure uniformity and accuracy of the 

data collected. Finally, it is likely that our findings have external validity in other developed 

countries with intensive care practices similar to Australia and New Zealand. 

 

Limitations 

The limitations of this thesis include the evaluation of clinical outcomes of hypercapnia largely in 

retrospective studies. Our study showed an association of increased risk of adverse outcomes with 

hypercapnia but not causation given the retrospective nature of our study. Retrospective studies 

generally provide inferior level of evidence compared with prospective randomised controlled 

studies and could have confounding variables that could be not be controlled by statistical 

techniques. Hence, there is a possibility that reverse causation may be a factor in the presented 

findings. Data on some of the important variables such as cerebral blood flow or intracranial 

pressure measurement and neuroimaging data that are vital to understand the mechanism of 
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secondary brain injury were not available. Furthermore, we did not have specific data pertaining to 

mechanical ventilation such as driving pressures, tidal volumes and compliance that could have 

aided in interpreting the relation of hypercapnia to mechanical ventilation supports. A further 

limitation is that the worst value of APD-PCO2 and pH used to classify patient’s hypercapnic status 

was limited to the 24 h following ICU admission. Thus, patients may have had more deranged 

blood gasses (abnormal PCO2 and pH) prior to ICU admission or after 24 h following ICU 

admission and the absence of this data precluded evaluation of association of hypercapnic status 

before or after 24 hours of ICU admission on hospital mortality.   

 

9.4 Future directions 

Hypercapnia was investigated extensively in animal experimental studies in two main areas, one in 

relation to mechanical ventilation and lung injury and the other as a tool to modulate 

pathophysiology of sepsis (18). Clinical studies in both these areas were limited prior to the 

publication of studies presented in this thesis.   

 

Hypercapnia was extensively investigated in experimental sepsis and to some extent in clinical 

sepsis of different sources mostly in patients who are not critically ill or mechanically ventilated. 

Published data from animal experimental studies suggest that the effects of hypercapnic acidosis 

are variable with benefit shown in some settings of sepsis and harm in others (19). The effects may 

also vary at different time points during the course of sepsis as well as presence or absence of 

acidosis with hypercapnia (20).This thesis investigated the effects of hypercapnia and hypercapnic 

acidosis in mechanically ventilated patients with sepsis. However, it did not characterise the 

specific association of hypercapnia on different sources of sepsis and the relation of hypercapnia 

during the different stages on sepsis evolution in critically ill patients. Further studies are required 

to assess hypercapnia in such settings.  

 

Hypercapnia is likely to change over the course of patient’s intensive care stay. Given the lack of 

data beyond 24 hours in ICU, in our studies (16, 17) further studies are required to investigate the 

course of hypercapnia beyond 24 hours and its relation to outcomes. 
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Future studies should also evaluate the impact of compensated hypercapnia on outcomes in acute 

cerebral injury patients. Mild hypercapnia (PCO2 45–55 mmHg) was investigated in patients with 

cardiac arrest (21). It appears that mild hypercapnia may increase the cerebral blood flow in 

patients with cerebral injury caused by cardiac arrest (21). Whether increased blood flow translates 

to better clinical outcomes in cerebral injury patients with cardiac arrest as well as other diagnostic 

categories such as stroke and traumatic brain injury remains to be evaluated.  

 

Extracorporeal devices, especially minimally invasive and low flow devices such as Hemolung RAS 

may have a significant role in managing hypercapnic acidosis associated with low and  ultra-low 

tidal volume ventilation. However, whether this management of hypercapnic acidosis improve 

clinical outcomes by reducing mortality and morbidity as well as the cost effectiveness of these 

interventions remains to be addressed.   

 

9.5 Concluding remarks 

The implications of hypercapnia in critically ill patients were unclear at the conception of this 

research project. This research project contributes to the body of evolving literature in this area to 

better understand the association of hypercapnia and clinical outcomes as well as the 

management of hypercapnia in critically ill patients. These studies have contributed to a change in 

paradigm on the approach and management of hypercapnia in critically ill patients (22-25). 

The main conclusion of this thesis is that hypercapnic acidosis is associated with increased risk of 

hospital mortality in mechanically ventilated patients. Compensated hypercapnia may not be 

associated with increased risk of hospital mortality in some diagnostic groups of patients such as 

with acute cerebral injury but may be associated with higher risk of mortality in other diagnostic 

categories. Extracorporeal devices may have a role in effective management of hypercapnic 

acidosis.  
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APPENDIX 15 Consent form to use Hemolung 

 

PATIENT / RELATIVE 

INFORMATION SHEET 

AND CONSENT FORM FOR 

USE OF HEMOLUNG RAS 
Frankston Hospital, Peninsula Health 

 
 

We are considering to use Hemolung to treat you / your relative. This is because you/ your relative 
have severe respiratory failure and using a respirator to assist your / your relative’s breathing.   
Hemolung is a new treatment device for severe respiratory failure which may help in management 
of your / your relative’s respiratory failure. 
 
This Information Sheet/Consent Form tells you about this device. It explains the tests and 
treatments involved. Knowing what is involved will help you decide if you want this device to be 
used on you / your relative. 
 
Please read this information carefully. Ask questions about anything that you don’t understand or 
want to know more about. Before deciding, you might want to talk about it with a relative, friend or 
your local doctor. You /Your relative don’t have to receive this treatment if you wish so.  There are 
other treatements available to treat respiratory failure. 
 
If you decide you / your relative to receive this treatment you have to sign the consent section. By 
signing it you are telling us that you: 
• Understand what you have read 
• Consent to use Hemolung for your / your relative’s treatment 
• Consent to have the tests and treatments that are described  
 
You will be given a copy of this Information and Consent Form to keep. 
 
 
1. What is the purpose of this treatment? 
Acute respiratory failure is one of the common causes for admission to patients to intensive care 
unit. The management of such patients include identifying and treating the precipitating cause and 
providing supportive care till the lung function recovers. Supportive care in such patients includes 
provision of support to the lung function with ventilator (respirator). In some patients the respiratory 
failure may deteriorate and in these patients respiratory function may not be adequately supported 
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with ventilator. In such patients other treatments may have to be used to support the respiratory 
function. One of the new interventions is a minimally invasive blood gas exchanger called 
Hemolung (Hemolung® Respiratory Assist System, ALung Technologies, Pittsburgh, PA). This 
device was used with encouraging results in patients with severe respiratory failure in the Europe 
and India. This device is not yet used in Australia and therefore is an experimental treatment. This 
means that it is not an approved treatment for respiratory failure in Australia.  
 
2. What does the use of Hemolung involve? 
For using hemolung we have to insert a special catheter into one of your / your relative veins in the 
neck or groin. Insertion of such catheters is one of the commonly performed procedures in the 
intensive care. The insertion of such catheters is usually safe without any major complications. 
This procedure will be done under local anaesthesia by the doctors trained to do this procedure. 
The use of local anaesthesia should minimise pain or discomfort that may be associated with the 
insertion of catheter. After the catheter is inserted you/ your relative will be connected to Hemolung 
by this catheter. Hemolung will draw out blood from your/ your relative’s body and remove 
excessive carbon dioxide and add oxygen to your / your relative’s blood. This blood without 
excessive carbon dioxide will be reinfused into the body. This will support the lung function and 
allow lungs to rest and heal. While you / your relative are on Hemolung you will be given a drug 
called heparin to thin your blood and prevent your blood clotting in Hemolung circuit. This may be 
associated with an increased risk of bleeding. Hemolung will be used for up to 7 days depending 
upon the recovery of your / your relative’s lung function. After the recovery of lung function 
Hemolung will be stopped and the catheter will be removed. After the removal of the catheter you 
will be treated as per the standard practice. There are no additional costs associated to you/ / your 
relative for the receiving this treatment. You will be asked to sign the consent form before you / 
your relative are treated with Hemolung.   
 
3 What are the alternatives to treatment with Hemolung?  
Hemolung is not the only treatment available for treating respiratory failure.  Other options are 
available; these include standard management of your / your relative’s respiratory failure with 
ventilator (respirator).  
 
 
4 What are the possible benefits of Hemolung? 
We cannot guarantee or promise that you will receive any benefits from the use of Hemolung; 
however, possible benefits may include improvement of respiratory function without the need for 
prolonged ventilator support or avoidance of invasive ventilator support and its associated 
complications.  
 
5 What are the possible risks and disadvantages of taking part? 
Medical treatments often cause side effects. You / your relative may have none, some or all of the 
effects listed below, and they may be mild, moderate or severe. Many side effects go away shortly 
after treatment ends. However, sometimes side effects can be serious, long lasting or permanent. 
The table below summarises some of the risks. 

Side Effect 
How often is it likely to 
occur? 

How severe might 
it be? 

How long might it last? 

Injuries to 
surrounding 
structures at 
the time of 
catheter 
insertion 

Less than 5% 

Depends upon the 
structure injured. 
Usual structure 
involved includes 
arterial injury which 
is usually 
recognised at the 
time or soon after 
insertion 

If recognised at the time of 
insertion, it is does not have 
any long lasting effects. 
However an unrecognised 
injury (which is very 
uncommon (<0.5%)                                                                                                                                                                                                                                                                                                                                                                                                                  
may have lasting effects. This 
may include loss of limb/limb 
function or development of 
stroke. 

Bleeding 
Bleeding is one of the 
known complications 

Bleeding into brain 
can be fatal 

Bleeding into brain may cause 
permanent disability or death. 
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(10%) of using such 
devices, but often this is 
minor. Rarely (<0.1%) 
this could be fatal 

  
 
6. Further information and who to contact 
 
The person you may need to contact will depend on the nature of your query.  
 
If you want any further information you can contact the following people: 
 
 
 Clinical contact person, for any clinical questions 
 

Associate Professor Ravi Tiruvoipati 
Intensivist 
Frankston Hospital, 
PO Box 52,  
Frankston, 
3199 
VIC 
Tel: 97707777 
E mail: travindranath@hotmail.com; R.Tiruvoipati@phcn.vic.gov.au 

 
 Complaints contact person, for any complaints. 

Customer Relations Manager 
Quality and customers services department 
Frankston Hospital, 
PO Box 52,  
Frankston, 
3199 
VIC 
Tel: 9784 7298; 1800 858 727. 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mailto:travindranath@hotmail.com
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Consent Form  
 
 

Declaration by Patient / Relative: 
 

I have read the Participant Information Sheet or someone has read it to me in a language 
that I understand. 

 
I understand the purposes, procedures and risks of the research described in the project. 

 
I have had an opportunity to ask questions and I am satisfied with the answers I have 

received. 
 

I freely agree to participate in this research project as described and understand that I am 
free to withdraw at any time during the study without affecting my future health care.  

 
I understand that I will be given a signed copy of this document to keep. 

 
 Name of Patient / Relative 

(please print) 
    

 
 

 
 Signature  

 
Date   

 
 

If relative: Relationship to the  
 
 

Declaration by Clinician 

 
I have given a verbal explanation on the treatment, its procedures and risks and I believe 

that the participant has understood that explanation. 

 
 Name of Clinician   

  
 Signature  

 
Date   
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Consent Form  

Declaration by Patient / Relative: 
 

I have read the Participant Information Sheet or someone has read it to me in a language that I 
understand. 
 

I understand the purposes, procedures and risks of the research described in the project. 
 

I have had an opportunity to ask questions and I am satisfied with the answers I have received. 
 

I freely agree to participate in this research project as described and understand that I am free to 
withdraw at any time during the study without affecting my future health care.  
 

I understand that I will be given a signed copy of this document to keep. 

 
 Name of Patient / Relative 

(please print) 
    

 
 

 
 Signature   Date   

 
 

If relative: Relationship to the  
 
 

Declaration by Clinician 

 

I have given a verbal explanation on the treatment, its procedures and risks and I believe that the 
participant has understood that explanation. 

 
 Name of Clinician   

  
 Signature   Date   
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APPENDIX 16 Editorial on “Management of severe hypercapnia post 

cardiac arrest with extracorporeal carbon dioxide removal.” 
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