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ABSTRACT 
 

Carbon monoxide (CO) poisoning is an important public health issue globally. 

Several CO exposure models have been built to predict the kinetics of CO uptake and 

elimination in CO poisoning but based on a limited dataset confined to a handful of 

young, healthy male volunteers. It is important to improve these models by using a 

wider range of individuals to seek an optimal performance across a realistic range of 

characteristics of the general population. Therefore, to expand the validity and 

practical applicability of CO exposure models to people with different characteristics, 

such as age, sex, height, weight, smoking status and ethnicity, we carried out three 

studies to test the relationship between these factors and pulmonary function, 

represented by the Diffusion capacity of the Lung for CO (DLCO), as well as the rate 

of CO uptake and CO elimination.  

Specifically, we first explored how demographic, physiological and behavioural 

factors affect CO uptake and CO elimination among young volunteers. The experiment 

indicated that smoking status did not influence CO uptake and elimination in this group. 

Then, we collected pulmonary function test (PFT) data from two hospitals, one 

in the UK and one in Taiwan. Given the exceptional circumstances of the COVID-19 

pandemic in the UK, obtaining ethics approval for hospital data was challenging, 

however with great effort, PFT data were collected from both hospitals. We found that 

males had a higher value of DLCO than females, and DLCO was positively associated 

with height and weight, and negatively associated with age.  

Later, the estimated DLCO results from PFT in relatively healthy individuals 

were used to update established Coburn-Forster-Kane (CFK) models. These showed 

that, for example, when the CO exposure scenario was the same, CO uptake and 

elimination rate were higher in a younger male than an older male. 

In conclusion, the updated model has the advantage of being able to predict CO 

uptake and elimination for a wider range of individuals compared to previous CFK 

models, factoring in their age, sex, height, weight, ethnic group, and smoking status. 

This could help estimate past CO exposure, and help medical staff recognize CO 

exposure and design optimal treatments for CO exposure victims. 

 

Keywords: CO poisoning, CO uptake, CO elimination, CO modelling 
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IMPACT STATEMENT 

 

Carbon monoxide (CO) poisoning is a major public health issue and causes a 

large health care burden. When people inhale CO, it replaces the oxygen in red blood 

cells, reducing the amount of oxygen delivered to the vital organs, leading to severe 

hypoxia consequences and even death. The rate of CO uptake and elimination may 

influence the severity of the CO poisoning, and may also depend on different 

demographic, physiological and behavioural factors, such as age, sex, height, weight, 

smoking status and ethnicity. However, there is a paucity of research thoroughly 

investigating and discussing these effects.  

This research is one of the first studies to explore the potential factors related to 

CO uptake and elimination and investigate the deeper level of the physiological 

mechanism involved in the general population. There are many studies working on CO 

uptake and elimination. However, the studies with not only simulation but also 

exploration of possible factors affecting CO uptake and elimination and validation 

with measured data are limited. The other studies are Bruce and Bruce (2003; 2006; 

2010), Gosselin et al. (2009) and Kuo et al. (2020). In the study, it clarified the 

mechanism by conducting three consecutive studies: 1) CO-rebreathing experiment 

and exhaled CO experiment, 2) pulmonary function data (PFT) collection and 3) 

modelling in four different settings, the Royal Berkshire Hospital (UK), Southampton 

Hospital (UK), Tri-Service General Hospital (Taiwan) and UCL (UK).  

The main findings show that demographic, physiological and behavioural factors, 

such as age, sex, height, weight, ethnicity as well as smoking status, affected CO 

uptake and elimination through pulmonary function. These findings have several 

critical implementations. In academia, this research provides a better understanding of 

CO poisoning and fills a research gap regarding the possible factors and mechanisms 

that affect CO uptake and elimination.  

In practice, the information obtained from the present study could provide 

valuable guidance for public health, modellers, health care and the built environment 

sectors. From the public health point of view, if the exhaled CO concentration for a 

non-smoker is equal to, or is above 5 ppm, and for a smoker with the last cigarette 

more than 4 hours ago is above 10 ppm, the subject might have exogenous CO 

exposure and this should trigger a home investigation. For the modellers, the CO 

exposure models in our study could be simulated with various CO sources and take 
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account of important factors affecting CO uptake and elimination that have been found, 

such as; age, gender, height, weight, ethnicity and pulmonary function. Therefore, 

future models, such as empirical models or microenvironmental exposure models, 

could be simulated for different population demographics, especially for different 

susceptible groups (individuals who have a longer CO elimination time, such as people 

with older age and those with lower DLCO values). Also, for public health 

policymakers, when designing regulations related to CO exposure, they should require 

settings for susceptible groups to have stricter limits for ambient CO than others.  

In health care, the findings from the present study could help medical staff 

identify susceptible CO patients and provide more accurate treatment strategies 

tailored to the different characteristics of individuals in different CO exposure 

scenarios. In the built environment, architects and engineers should be particularly 

careful in designing settings for susceptible groups, such as nursing homes or hospices. 

Generally, anywhere that contains a CO source should be planned with sufficient 

ventilation to reduce potential CO exposure. CO poisoning is about human health and 

air quality at the same time. If governments pay more attention to these issues, they 

could help improve the health of the environment and populations on a global scale.  

Part of the work has been published in a scholarly journal and presented at major 

academic and research events (see Appendix 10.3) in the PhD stage to gain feedback 

from external experts, which significantly improved the work. Further publications 

and presentations are currently in preparation as follows, 

1) Pan, KT., Leonardi, G. S., Ucci, M. and Croxford, B. (2021) ‘Can Exhaled 

Carbon Monoxide Be Used as a Marker of Exposure? A Cross-Sectional 

Study in Young Adults’, 18(22), 11893 (Journal paper, which is based on 

Section 4, published after viva). 

2) Comparison of factors affecting pulmonary function parameters between 

Taiwan and UK. Annual Congress of Taiwan Society of Pulmonary and 

Critical Care Medicine (TSPCCM), December 11-12, Taichung, Taiwan 

(Conference poster, accepted after viva). 

3) Comparison of factors affecting pulmonary function parameters between 

Taiwan and UK (Journal paper in preparation). 

4) Modification of CO models with factors related to CO uptake and 

elimination and comparison of the simulations (Journal paper in preparation). 

  



 

vi 

CONTENTS 

1. INTRODUCTION ................................................................................................................. 1 

1.1 BACKGROUND ..........................................................................................................................1 
1.2 RESEARCH QUESTION, AIM AND OBJECTIVES ...................................................................................3 
1.3 RESEARCH DESIGN AND STRUCTURE OF THE THESIS ...........................................................................4 

1.3.1 Research design ...............................................................................................................4 
1.3.2 Structure of the thesis .....................................................................................................5 

2. LITERATURE REVIEW ...................................................................................................... 7 

2.1 OVERVIEW OF CO POISONING .....................................................................................................7 
2.1.1 Epidemiology of CO poisoning .........................................................................................7 
2.1.2 Pathophysiology of CO poisoning ..................................................................................10 
2.1.3 Treatment for and Prevention of CO poisoning .............................................................13 

2.2 CO EXPOSURE ASSESSMENT, GUIDELINES AND SCENARIOS ...............................................................16 
2.2.1 CO exposure assessment and measurement .................................................................16 
2.2.2 CO exposure scenarios ...................................................................................................19 
2.2.3 Standards and guidelines for exposure to ambient CO .................................................22 

2.3 HUMAN CO EXPOSURE MODELS.................................................................................................25 
2.3.1 The empirical model ......................................................................................................25 
2.3.2 Coburn-Forster-Kane (CFK) model .................................................................................26 
2.3.3 Multi-compartment models ..........................................................................................28 
2.3.4 Comparison of the three different models ....................................................................32 

2.4 FACTORS RELATED TO CO UPTAKE AND ELIMINATION .....................................................................34 
2.4.1 Summary of the factors found from the literature ........................................................34 
2.4.2 Updated information on factors affecting CO uptake and elimination .........................34 

2.5 CLINICAL TESTS USING CO GAS...................................................................................................39 
2.5.1 Overview of Pulmonary Function Test (PFT) ..................................................................39 
2.5.2 Factors affecting pulmonary function ...........................................................................42 
2.5.3 Factors affecting DLCO (TLCO) and KCO.............................................................................43 
2.5.4 CO-rebreathing model ...................................................................................................45 

2.6 SUMMARY OF THE LITERATURE REVIEW AND RESEARCH GAP.............................................................47 

3. COLLECTING AND ANALYSING THE COHB ELIMINATION DATA FROM CO-

REBREATHING EXPERIMENT ............................................................................................... 48 

3.1 INTRODUCTION .......................................................................................................................48 
3.2 METHODS .............................................................................................................................48 

3.2.1 Ethical approval .............................................................................................................48 
3.2.2 Protocol and data collection..........................................................................................48 

3.3 RESULTS ................................................................................................................................51 
3.3.1 CO-rebreathing experiment data ..................................................................................51 
3.3.2 COHb elimination rate data from the CO-rebreathing experiment ...............................52 

3.4 DISCUSSION AND CONCLUSION ..................................................................................................53 
3.4.1 Discussion ......................................................................................................................53 
3.4.2 Limitations .....................................................................................................................53 
3.4.3 Conclusion .....................................................................................................................54 

4 INVESTIGATING THE EFFECT OF SMOKING ON CO UPTAKE AND ELIMINATION 

TIME IN SMOKERS ................................................................................................................... 55 

4.1 INTRODUCTION .......................................................................................................................55 
4.2 METHODS .............................................................................................................................55 

4.2.1 Ethical and data protection approval for exhaled CO data collection ...........................55 
4.2.2 Protocols for the exhaled CO study ...............................................................................56 
4.2.3 Recruitment of participants...........................................................................................58 
4.2.4 Questionnaire and equipment for the study .................................................................61 
4.2.5 Analysis of the exhaled CO data ....................................................................................63 

4.3 RESULTS ................................................................................................................................65 



 

vii 

4.3.1 Overview of demographic, physiological and behavioural factors and factors related to 
baseline exhaled CO .................................................................................................................... 65 
4.3.2 Results from exhaled CO experiment: CO uptake ......................................................... 70 
4.3.3 Results from exhaled CO experiment: CO decreased 2 hours after smoking and exhaled 
CO half-life .................................................................................................................................. 71 

4.4 DISCUSSION AND CONCLUSION .................................................................................................. 74 
4.4.1 Participants: age, sex and ethnicity .............................................................................. 74 
4.4.2 Influences of demographic, physiological and behavioural factors on baseline CO value, 
CO uptake and CO elimination .................................................................................................... 75 
4.4.3 Influences of smoking status on baseline CO value, CO uptake and elimination ......... 77 
4.4.4 Limitations .................................................................................................................... 80 
4.4.5 Conclusion .................................................................................................................... 81 

5 GATHERING AND ANALYSING THE PRIMARY DATA ON PULMONARY 

FUNCTION .................................................................................................................................. 83 

5.1 INTRODUCTION ...................................................................................................................... 83 
5.2 METHODS ............................................................................................................................ 83 

5.2.1 Ethical approval for use of PFT data ............................................................................. 83 
5.2.2 General recruitment criteria for participants ............................................................... 85 
5.2.3 Data collection from two hospitals and protocol for PFTs ........................................... 89 
5.2.4 Data Analysis for PFT data ........................................................................................... 91 

5.3 RESULTS ............................................................................................................................... 93 
5.3.1 Overview of the pulmonary function data .................................................................... 93 
5.3.2 Demographic, physiological and behavioural factors and PFT parameters affecting DLCO

 98 
5.3.3 Demographic, physiological and behavioural factors and PFT parameters affecting VA

 105 
5.3.4 Demographic, physiological and behavioural factors and PFT parameters affecting KCO

 112 
5.3.5 Predictive models for DLCO, VA and KCO in the TSGH relatively healthy group and RBH 
group with normal PFT ............................................................................................................. 118 
5.3.6 Comparison of the predictive models of DLCO, VA and KCO with the literature ............ 131 

5.4 DISCUSSION AND CONCLUSION ................................................................................................ 134 
5.4.1 Characteristics of the TSGH and RBH groups ............................................................. 135 
5.4.2 Demographic, physiological and behavioural factors which may affect the values of DLCO, 
VA and KCO ................................................................................................................................. 136 
5.4.3 PFT factors and diseases may affect the values of DLCO, VA and KCO .......................... 140 
5.4.4 Limitations .................................................................................................................. 143 
5.4.5 Conclusion .................................................................................................................. 145 

6 UPDATED EXISTING CO UPTAKE AND ELIMINATION MODEL AND SIMULATION 

IN DIFFERENT CO EXPOSURE SCENARIOS ...................................................................... 147 

6.1 INTRODUCTION .................................................................................................................... 147 
6.2 METHODS .......................................................................................................................... 147 

6.2.1 Replicating the CFK (1965) model and modified CFK (2009) model ........................... 147 
6.2.2 Comparing predicted data from CFK based models with measured data .................. 150 
6.2.3 Simulation of CO uptake and elimination in different scenarios using the CFK and 
modified CFK models ................................................................................................................ 151 

6.3 RESULTS ............................................................................................................................. 151 
6.3.1 Comparing the CFK models with the measured data ................................................. 152 
6.3.2 Simulation and backcasting of CO exposure in different scenarios ............................ 164 

6.4 DISCUSSION AND CONCLUSION ................................................................................................ 171 
6.4.1 Comparison of the original models and the models with estimated DLCO .................. 171 
6.4.2 Comparison of CO exposure models for different individuals in different scenarios .. 173 
6.4.3 Limitations .................................................................................................................. 176 
6.4.4 Conclusion .................................................................................................................. 177 

7 GENERAL DISCUSSION AND CONCLUSIONS ........................................................... 178 



 

viii 

7.1 GENERAL DISCUSSION, STRENGTHS AND LIMITATIONS .................................................................. 178 
7.1.1 General discussion ...................................................................................................... 178 
7.1.2 Strengths and limitations ........................................................................................... 180 

7.2 CONCLUSIONS AND RECOMMENDATIONS .................................................................................. 182 
7.2.1 Conclusions ................................................................................................................. 182 
7.2.2 Recommendations ...................................................................................................... 185 

8 REFERENCES .................................................................................................................. 188 

9 APPENDIX ........................................................................................................................ 202 

9.1 ETHICAL APPROVAL CONFIRMATION AND DOCUMENTS FOR PROJECTS ............................................. 202 
9.1.1 Ethical document from Southampton Hospital .......................................................... 202 
9.1.2 Ethical approval from Tri-Service General Hospital .................................................... 203 
9.1.3 Ethical approval from Royal Berkshire Hospital (HRA) ............................................... 204 
9.1.4 Ethical and related documents from UCL ................................................................... 207 

9.2 SUPPLEMENTAL INFORMATION FOR LITERATURE REVIEW AND SUPPLEMENTAL DATA FOR RESULTS ........ 212 
9.2.1 Supplemental information for literature review and methods ................................... 212 
9.2.2 Supplemental tables for exhaled CO study ................................................................. 217 
9.2.3 Supplemental tables for PFT groups ........................................................................... 220 
9.2.4 Supplemental tables and figures for simulations of the CFK (1965) and modified CFK 
(2009) models ........................................................................................................................... 233 

9.3 PUBLICATIONS ..................................................................................................................... 238 



 

ix 

FIGURES 

FIGURE 1-1. RESEARCH STEPS ................................................................................................................. 4 
FIGURE 1-2. BASIC CHARACTERISTICS OF THE DIFFERENT DATASET USED IN THE PRESENT STUDY ......... 5 
FIGURE 2-1. OVERVIEW OF THE PATHOGENESIS OF CO POISONING (ADAPTED FROM KAO & NANAGAS, 

2004) ........................................................................................................................................... 12 
FIGURE 2-2. SYMPTOMATOLOGY ASSOCIATED WITH REFERENCE LEVELS FOR CARBON MONOXIDE (CO) 

IN PARTS PER MILLION (PPM) AND CARBOXYHAEMOGLOBIN IN % (ADAPTED FROM WHO 

GUIDELINES, 1999) ...................................................................................................................... 13 
FIGURE 2-3. DIFFERENT COMMON SCENARIOS OF CO EXPOSURE, GENERATED BY THE AUTHOR FROM VARIOUS 

SOURCES, INCLUDING BELLIN AND SPENGLER (1980), WALLACE (1983), FLACHSBART ET AL. (1987), 

POULTON (1987), FAWCETT ET AL. (1992), OTT ET AL. (1994), FERNANDEZ-BREMAUNTZ AND 

ASHMORE (1995), FARUK TEKBAŞ ET AL.  (2001), REYNOLDS ET AL. (2001), CHALOULAKOU ET AL. 

(2003), ARNOLD ET AL. (2004), DIMITROULOPOULOU ET AL. (2006), VOLANS ET AL. (2007), CATTANEO 

ET AL. (2010), MACDONALD ET AL. (2010), KIRKHAM ET AL. (2011), POTCHTER ET AL. (2014), 

SHRUBSOLE ET AL. (2017). ............................................................................................................ 21 
FIGURE 2-4. MODEL OF THE KINETICS OF CO FROM GOSSELIN ET AL. 2009 .......................................... 29 
FIGURE 2-5. BRUCE AND BRUCE’S MULTI-COMPARTMENT MODEL (BRUCE & BRUCE, 2003) ............... 31 
FIGURE 2-6. LUNG VOLUMES AND CAPACITIES AS DETERMINED BY A PFT (ADAPTED FROM ERIC STRONG 

(STRONG, 2014A), HTTPS://WWW.YOUTUBE.COM/WATCH?V=6TAPEMJ-RKC) ............................ 41 
FIGURE 2-7. PFT PARAMETERS AND THEIR INDICATIONS FOR LUNG FUNCTION (ADAPTED FROM STRONG, 

2014E & TSENG ET AL., 2017) ..................................................................................................... 42 
FIGURE 3-1. EXPERIMENT PHOTOS OF THE CO-REBREATHING METHOD (ALL PHOTOS ARE COPYRIGHT KE-

TING PAN AND SUBJECTS AGREED TO THEIR USE) ........................................................................ 50 
FIGURE 3-2. EQUIPMENT FOR CO-REBREATHING METHOD: (A) KROGH SPIROMETER AND BAG (B) 7-LITER 

CALIBRATION SYRINGE, SERIES 4900 (C) BLOOD GAS MACHINE, RADIOMETER ABL 800 FLEX PH 

BLOOD GAS ANALYSER (D) DRAGER HANDHELD MONITOR. ......................................................... 50 
FIGURE 3-3. COHB (%) READINGS FROM THE CO-REBREATHING RESULTS OF THE THREE SUBJECTS.... 52 
FIGURE 4-1. PROTOCOLS FOR THE EXHALED CO STUDY ....................................................................... 56 
FIGURE 4-2. EXPERIMENT PHOTOS OF THE EXHALED CO STUDY ........................................................... 58 
FIGURE 4-3. FLOW CHART FOR RECRUITMENT OF THE EXHALED CO STUDY ......................................... 60 
FIGURE 4-4. EXHALED CO STUDY; PARTICIPANTS COMPLETE THE QUESTIONNAIRE ............................. 62 
FIGURE 4-5. (A) MICRO+™ SMOKERLYZER®  (B) D-PIECE™ (C) STERIBREATH™ MOUTHPIECE (D) 

MONITOR CLEANING WIPES ......................................................................................................... 63 
FIGURE 4-6. ANALYSING THE EXHALED CO DATA ................................................................................ 64 
FIGURE 4-7. EXHALED CO VALUE FOR SMOKERS AT DIFFERENT TIME POINTS ...................................... 68 
FIGURE 5-1. DATA GENERATING PROCESS FOR TSGH AND RBH GROUPS ................................................ 88 
FIGURE 5-2. FLOWCHART OF THE DATA GENERATING PROCESS FOLLOWED BY BOTH HOSPITALS. ........ 90 
FIGURE 5-3. PULMONARY TEST MACHINES IN TWO HOSPITALS: (A) BODY PLETHYSMOGRAPHY TECHNIQUE 

USED AT TSGH AND (B) HELIUM DILUTION TECHNIQUE USED AT RBH ....................................... 91 
FIGURE 5-4. ANALYSIS STEPS FOR THE TSGH AND RBH GROUPS ........................................................ 92 
FIGURE 5-5. DISTRIBUTION OF DLCO IN THE TSGH GROUPS ................................................................. 95 
FIGURE 5-6. DISTRIBUTION OF VA IN THE TSGH GROUPS ..................................................................... 95 
FIGURE 5-7. DISTRIBUTION OF KCO IN THE TSGH GROUPS ................................................................... 96 
FIGURE 5-8. DISTRIBUTION OF DLCO IN THE RBH GROUPS ................................................................... 97 
FIGURE 5-9. DISTRIBUTION OF VA IN THE RBH GROUPS ....................................................................... 97 
FIGURE 5-10. DISTRIBUTION OF KCO IN THE RBH GROUPS ................................................................... 98 
FIGURE 6-1. SCREENSHOT OF THE EXCEL VERSION OF THE CFK MODEL CREATED BY THE RESEARCHER

 .................................................................................................................................................. 148 
FIGURE 6-2. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA FOR EXPOSURE TO 50 PPM 

CO FOR ONE HOUR .................................................................................................................... 153 
FIGURE 6-3. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA OF EXPOSURE TO 50 PPM CO 

FOR THREE HOURS ..................................................................................................................... 154 
FIGURE 6-4. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA OF EXPOSURE TO 50 PPM CO 

FOR EIGHT HOURS ...................................................................................................................... 154 
FIGURE 6-5. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA OF EXPOSURE TO 50 PPM CO 

FOR 24 HOURS............................................................................................................................ 155 
FIGURE 6-6. THE SLOPE BETWEEN THE PREDICTED DATA FROM THE CFK MODELS AND THE MEASURED 

DATA FROM STEWART ET AL. (1970), RED REFERENCE LINE, Y=X ............................................. 157 



 

x 

FIGURE 6-7. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA OF SUBJECT A ............. 158 
FIGURE 6-8. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA OF SUBJECT B ............. 159 
FIGURE 6-9. MEASURED COHB (%) DATA AND PREDICTED COHB (%) DATA OF SUBJECT C ............. 159 
FIGURE 6-10. THE SLOPE BETWEEN THE PREDICTED DATA FROM THE CFK MODELS AND THE MEASURED 

DATA FROM THE CO-REBREATHING EXPERIMENT, RED REFERENCE LINE, Y=X .......................... 161 
FIGURE 6-11. THE SLOPE BETWEEN THE PREDICTED DATA FROM THE CFK MODELS AND THE MEASURED 

DATA OF ASIAN SMOKERS FROM THE EXHALED CO EXPERIMENT, RED REFERENCE LINE, Y=X .. 162 
FIGURE 6-12. THE SLOPE BETWEEN THE PREDICTED DATA FROM THE CFK MODELS AND THE MEASURED 

DATA OF CAUCASIAN SMOKERS FROM THE EXHALED CO EXPERIMENT, RED REFERENCE LINE, Y=X

 .................................................................................................................................................. 163 
FIGURE 6-13. SIMULATION FOR YOUNG MALES AND FEMALES IN SCENARIO A (100 PPM FOR 500 MIN 166 
FIGURE 6-14. SIMULATION FOR YOUNG MALES AND FEMALES IN SCENARIO B (10,000 PPM FOR 5 MIN)

 .................................................................................................................................................. 167 
FIGURE 6-15. SIMULATION FOR YOUNG MALES AND OLD MALES IN SCENARIO A (100 PPM FOR 500 MIN

 .................................................................................................................................................. 167 
FIGURE 6-16 SIMULATION FOR YOUNG MALES AND OLD MALES IN SCENARIO B (10,000 PPM FOR 5 MIN)

 .................................................................................................................................................. 168 
FIGURE 6-17. SIMULATION FOR TALL AND SHORT YOUNG MALES IN SCENARIO A (100 PPM FOR 500 MINS)

 .................................................................................................................................................. 168 
FIGURE 6-18. SIMULATION FOR TALL AND SHORT MALES IN SCENARIO B (10,000 PPM FOR 5 MINS) .. 169 
FIGURE 6-19. SIMULATION FOR SMOKERS AND NON-SMOKERS OF YOUNG MALES IN SCENARIO A (100 PPM 

FOR 500 MIN) ............................................................................................................................. 170 
FIGURE 6-20. SIMULATION FOR SMOKERS AND NON-SMOKERS OF YOUNG MALES IN SCENARIO B (10,000 

PPM FOR 5 MIN) ......................................................................................................................... 170 
 

  



 

xi 

TABLES 
TABLE 2-1. SOURCES OF CO (INCLUDING NATURAL SOURCES AND HUMAN-MADE SOURCES, COMPILED 

FROM VARIOUS REFERENCES MENTIONED IN THE TEXT BY THE AUTHOR) ...................................... 9 
TABLE 2-2. WHO CARBON MONOXIDE GUIDELINES FOR INDOOR AIR ................................................... 22 
TABLE 2-3. RESIDENTIAL MAXIMUM EXPOSURE LIMITS FOR CO IN CANADA .......................................................... 23 
TABLE 2-4. RESIDENTIAL MAXIMUM EXPOSURE LIMITS FOR CO IN THE UK ......................................... 23 
TABLE 2-5. AIR QUALITY STANDARD FOR CO IN TAIWAN .................................................................... 23 
TABLE 2-6. NUMBER OF COUNTRIES WITH AIR QUALITY STANDARDS (AQS) FOR CO ........................... 23 
TABLE 2-7. COMPARISON OF PARAMETERS IN THREE DIFFERENT MODELS ............................................ 33 
TABLE 2-8. FACTORS RELATED TO CO UPTAKE (ADAPTED FROM PAN ET AL., 2020) ............................ 36 
TABLE 2-9. FACTORS RELATED TO CO ELIMINATION (ADAPTED FROM PAN ET AL., 2020) .................... 37 
TABLE 2-10. DLCO (ML/MIN/MMHG) FOR DIFFERENT AGES AND SEXES (PAOLETTI ET AL. 1985) .......... 45 
TABLE 3-1. CO-REBREATHING METHOD PROTOCOL (SCHMIDT AND PROMMER, 2005; OTTO ET AL., 2017)

 .................................................................................................................................................... 49 
TABLE 3-2. SUBJECT PROFILES, EXPERIMENT DATA AND CALCULATED TOTAL HB MASS IN CO RE-

BREATHING EXPERIMENT ............................................................................................................. 51 
TABLE 4-1. UCL ETHICAL AND DATA REGISTRATION PROCEDURE ........................................................ 56 
TABLE 4-2. RECRUITMENT CRITERIA FOR PARTICIPANTS ...................................................................... 59 
TABLE 4-3. COMPARISON OF BASELINE EXHALED CO (PPM) BETWEEN THE PRESENT STUDY AND MAGA 

ET AL. (2017) ............................................................................................................................... 60 
TABLE 4-4. BASIC CHARACTERISTICS BETWEEN SMOKERS AND NON-SMOKERS BY T-TEST IN THE EXHALED 

CO EXPERIMENT DATASET .......................................................................................................... 66 
TABLE 4-5. BASIC CHARACTERISTICS AND COMPARISON OF CHARACTERISTICS BETWEEN SMOKERS AND 

NON-SMOKERS BY CHI-SQUARE TEST IN THE EXHALED CO EXPERIMENT DATASET ...................... 66 
TABLE 4-6. BASIC CHARACTERISTICS OVERVIEW FOR SMOKERS AND COMPARISON OF CHARACTERISTICS 

BETWEEN LIGHT AND HEAVY SMOKERS BY T-TEST IN THE EXHALED CO EXPERIMENT DATASET . 67 
TABLE 4-7. VARIATION OF BASELINE EXHALED CO WITH DEMOGRAPHIC AND SMOKING-RELATED 

FACTORS FOR SMOKERS ANALYSED WITH T-TEST IN THE EXHALED CO EXPERIMENT DATASET ... 69 
TABLE 4-8. UNIVARIABLE LINEAR REGRESSION OF THE RELATIONSHIP BETWEEN BASELINE EXHALED CO 

WITH EACH DEMOGRAPHIC, PHYSIOLOGICAL, BEHAVIOURAL AND SMOKING-RELATED FACTOR FOR 

SMOKERS IN THE EXHALED CO EXPERIMENT DATASET ................................................................ 70 
TABLE 4-9. FACTORS AFFECTING BASELINE EXHALED CO (PPM) FOR SMOKERS ANALYSED BY 

MULTIVARIABLE LINEAR REGRESSION OF THE EXHALED CO EXPERIMENT DATASET ................... 70 
TABLE 4-10. FACTORS AFFECTING CO (PPM) INCREASED AFTER SMOKING FOR SMOKERS, AS ANALYSED 

BY MULTIVARIABLE LINEAR REGRESSION FOR SMOKERS OF THE EXHALED CO EXPERIMENT 

DATASET...................................................................................................................................... 71 
TABLE 4-11. FACTORS AFFECTING CO DECREASED AFTER SMOKING (PPM) FOR SMOKERS, AS ANALYSED 

BY MULTIVARIABLE LINEAR REGRESSION OF THE EXHALED CO EXPERIMENT DATASET .............. 72 
TABLE 4-12. VARIATION OF EXHALED CO HALF-LIFE WITH DEMOGRAPHIC AND SMOKING-RELATED 

FACTORS FOR SMOKERS ANALYSED BY T-TEST IN THE EXHALED CO EXPERIMENT DATASET ....... 73 
TABLE 4-13. UNIVARIABLE LINEAR REGRESSION OF THE RELATIONSHIP BETWEEN EXHALED CO HALF-

LIFE WITH EACH DEMOGRAPHIC, PHYSIOLOGICAL, BEHAVIOURAL AND SMOKING-RELATED FACTOR 

FOR SMOKERS IN THE EXHALED CO EXPERIMENT DATASET ......................................................... 73 
TABLE 4-14. FACTORS AFFECTING EXHALED CO HALF-LIFE (MIN) FOR SMOKERS, AS ANALYSED BY 

MULTIVARIABLE LINEAR REGRESSION OF THE EXHALED CO EXPERIMENT DATASET ................... 74 
TABLE 5-1. TIMELINE OF ETHICAL APPROVAL APPLICATION FOR TSGH ............................................... 84 
TABLE 5-2. TIMELINE OF ETHICAL APPROVAL APPLICATION FOR RBH ................................................. 85 
TABLE 5-3. RECRUITMENT CRITERIA FOR PARTICIPANTS ...................................................................... 86 
TABLE 5-4. DEFINITIONS USED IN THE STUDY ....................................................................................... 86 
TABLE 5-5. EXCLUSION CRITERIA FOR IDENTIFICATION OF RELATIVELY HEALTHY SUBJECTS WITHIN 

HOSPITAL POPULATION (AS MENTIONED IN THE LITERATURE REVIEW SECTION 2.5.1, FIGURE 2-7)

 .................................................................................................................................................... 87 
TABLE 5-6. DIFFERENT GROUPS IDENTIFIED AMONG INDIVIDUALS ATTENDING THE TRI-SERVICE 

GENERAL HOSPITAL .................................................................................................................... 88 
TABLE 5-7. DIFFERENT DATASETS FOR ROYAL BERKSHIRE HOSPITAL ................................................. 89 
TABLE 5-8. BASIC CHARACTERISTICS OVERVIEW OF THE TSGH AND RBH GROUPS ............................. 93 
TABLE 5-9. OVERVIEW OF CHARACTERISTICS AND PFT PARAMETERS FOR ATTENDEES OF THE TRI-

SERVICE GENERAL HOSPITAL (TSGH), TAIWAN GROUPS ........................................................... 94 



 

xii 

TABLE 5-10. OVERVIEW OF CHARACTERISTICS AND PFT PARAMETERS FOR ATTENDEES OF THE ROYAL 

BERKSHIRE HOSPITAL (RBH), UK GROUPS..................................................................................96 
TABLE 5-11. FACTORS AFFECTING DLCO ANALYSED BY UNIVARIABLE AND MULTIVARIABLE LINEAR 

REGRESSION OF THE TSGH AND RBH GROUPS ......................................................................... 101 
TABLE 5-12. SUMMARY OF FACTORS AFFECTING DLCO IN THE TSGH (TAIWAN) AND RBH (UK) 

HOSPITALS ................................................................................................................................. 105 
TABLE 5-13. SUMMARY OF THE FACTORS RELATED TO VA IN THE TSGH (TAIWAN) AND RBH (UK) 

HOSPITALS ................................................................................................................................. 107 
TABLE 5-14. FACTORS AFFECTING VA AS ANALYSED BY UNIVARIABLE AND MULTIVARIABLE LINEAR 

REGRESSION OF THE TSGH AND RBH GROUPS ......................................................................... 108 
TABLE 5-15. SUMMARY OF THE FACTORS RELATED TO KCO IN THE TSGH (TAIWAN) AND RBH (UK) 

HOSPITALS ................................................................................................................................. 113 
TABLE 5-16. FACTORS AFFECTING KCO AS ANALYSED BY UNIVARIABLE AND MULTIVARIABLE LINEAR 

REGRESSION OF THE TSGH AND RBH GROUPS ......................................................................... 114 
TABLE 5-17. PREDICTIVE MODELS FOR DLCO OF ALL PARTICIPANTS IN THE TSGH RELATIVELY HEALTHY 

GROUP ....................................................................................................................................... 119 
TABLE 5-18. PREDICTIVE MODELS FOR DLCO IN TSGH RELATIVELY HEALTHY GROUP AND RBH GROUP 

WITH NORMAL PFT ................................................................................................................... 121 
TABLE 5-19. DLCO FOR DIFFERENT SMOKING STATUS, SEXES AND AGES ............................................ 123 
TABLE 5-20. VA FOR DIFFERENT SMOKING STATUS, SEXES AND AGES ................................................. 124 
TABLE 5-21. PREDICTIVE MODELS FOR VA IN TSGH RELATIVELY HEALTHY GROUP AND RBH GROUP 

WITH NORMAL PFT ................................................................................................................... 125 
TABLE 5-22. KCO FOR DIFFERENT SMOKING STATUS, SEXES AND AGES ............................................... 128 
TABLE 5-23. PREDICTIVE MODELS FOR KCO IN TSGH RELATIVELY HEALTHY GROUP AND RBH GROUP 

WITH NORMAL PFT ................................................................................................................... 129 
TABLE 5-24. OBSERVED MEAN VALUE OF DLCO, VA AND KCO FROM TSGH RELATIVELY HEALTHY GROUP 

AND RBH GROUP WITH NORMAL PFT ....................................................................................... 131 
TABLE 5-25. DETAILS OF LITERATURE FOR COMPARISON OF DLCO, VA AND KCO ................................ 131 
TABLE 5-26. COMPARISON OF THE PREDICTIVE MODEL OF DLCO (STPD), VA (BTPS) AND KCO BY USING 

THE MEAN VALUES FROM THE STUDY ........................................................................................ 132 
TABLE 6-1. LINEAR REGRESSIONS (Y = M · X) BETWEEN THE COHB VALUES SIMULATED BY THE CFK 

(1965) MODEL (X) AND THE EXPERIMENTAL DATA (Y) FROM STEWART ET AL. (1970) .............. 149 
TABLE 6-2. LINEAR REGRESSIONS (Y = M · X) BETWEEN THE COHB VALUES SIMULATED BY THE MODIFIED 

CFK (2009) MODEL (X) AND THE EXPERIMENTAL DATA (Y) FROM STEWART ET AL. (1970) ...... 150 
TABLE 6-3. DIFFERENT SIMULATION OF CO UPTAKE AND CO ELIMINATION SCENARIOS .................... 151 
TABLE 6-4. BASELINE CO VALUE FOR SIMULATION............................................................................ 151 
TABLE 6-5. PARAMETERS USED IN THE CO MODELS ........................................................................... 152 
TABLE 6-6. CORRELATION TEST BETWEEN THE COHB VALUES SIMULATED BY THE CFK MODELS AND 

THE EXPERIMENTAL DATA FROM STEWART ET AL. (1970) ......................................................... 156 
TABLE 6-7. LINEAR REGRESSIONS (Y = M · X) BETWEEN THE COHB VALUES SIMULATED BY THE CFK 

MODELS (X) AND THE EXPERIMENTAL DATA (Y) FROM STEWART ET AL. (1970) ........................ 156 
TABLE 6-8. CORRELATION TEST BETWEEN THE COHB VALUES SIMULATED BY THE CFK MODELS AND 

THE EXPERIMENTAL DATA FROM THE CO-REBREATHING EXPERIMENT ..................................... 160 
TABLE 6-9. LINEAR REGRESSIONS (Y = M · X) BETWEEN THE COHB VALUES SIMULATED BY THE CFK 

MODELS (X) AND THE EXPERIMENTAL DATA (Y) FROM THE CO-REBREATHING EXPERIMENT .... 160 
TABLE 6-10. CORRELATION TEST BETWEEN THE COHB VALUES SIMULATED BY THE CFK MODELS AND 

THE MEASURED DATA OF ASIAN SMOKERS FROM THE EXHALED CO EXPERIMENT .................... 162 
TABLE 6-11. LINEAR REGRESSIONS (Y = M · X) BETWEEN THE COHB VALUES SIMULATED BY THE CFK 

MODELS (X) AND THE EXPERIMENTAL DATA (Y) FROM THE EXHALED CO EXPERIMENT OF ASIAN 

SMOKERS ................................................................................................................................... 163 
TABLE 6-12. CORRELATION TEST BETWEEN THE COHB VALUES SIMULATED BY THE CFK MODELS AND 

THE MEASURED DATA OF CAUCASIAN SMOKERS FROM THE EXHALED CO EXPERIMENT ............ 164 
TABLE 6-13. LINEAR REGRESSIONS (Y = M · X) BETWEEN THE COHB VALUES SIMULATED BY THE CFK 

MODELS (X) AND THE EXPERIMENTAL DATA (Y) FROM THE EXHALED CO EXPERIMENT OF 

CAUCASIAN SMOKERS ............................................................................................................... 164 
TABLE 6-14. THE DIFFERENT SCENARIOS OF CO EXPOSURE ............................................................... 165 
TABLE 6-15. PARAMETERS USED IN THE CFK (1965) MODEL AND THE MODIFIED CFK (2009) MODEL

 .................................................................................................................................................. 165 



 

xiii 

TABLE 6-16. THE BASIC CHARACTERISTICS OF THE FOUR DEMOGRAPHIC AND PHYSIOLOGICAL VALUES OF 

PARTICIPANTS ............................................................................................................................ 165 
TABLE 6-17. BASIC CHARACTERISTICS OF THE FOUR TYPES OF SMOKERS ........................................... 169 
  



 

xiv 

List of Abbreviations 
Abbreviation Meaning 

APPCOG All-party parliamentary carbon monoxide group 

AQS Air quality standard  

BGA Blood gas analyser 

BSA Body surface area 

BTPS Body temperature (37°C or 99°F), pressure (ambient 

pressure), water vapour saturated  

CPAP Continuous positive airway pressure  

CFK Coburn-Forster-Kane model 

CO Carbon monoxide 

COHb (%) Carboxyhaemoglobin 

MbCO Carboxymyoglobin  

COPD Chronic obstructive pulmonary disease 

DLCO 

(ml/mmHg/min) 

Diffusing capacity of the lung for CO 

DM Diabetes mellitus 

DNS Delayed neurological sequelae 

EPA Environmental Protection Agency 

ERV (L a ) Expiratory reserve volume 

FEV1 (L
 a) Forced expiratory volume in first one second 

FEV1/FVC (%) The ratio of forced expiratory volume in first one second to 

forced expiratory volume 

FRC (L a) Functional residual capacity 

FRC/TLC (%) The ratio of functional residual capacity to total lung capacity 

FVC (L a) Force vital capacity 

Hb Haemoglobin 

HBO Hyperbaric oxygen 

HFNC High flow nasal cannula 

HIM Human inhalation models  

IC (L a) Inspiratory capacity 

IRV (L a) Inspiratory reserve volume 

KCO 

(ml/mmHg/min/L) 

Diffusion capacity of the lung for CO divided by alveolar 

volume (VA), the KCO, also known as the transfer coefficient 

(kCO), an index of the efficiency of alveolar transfer of carbon 

monoxide  

N2 Nitrogen 

NAAQS National ambient air quality standards  

O2 Oxygen  

O2Hb Oxyhaemoglobin  

PaO2 Partial pressure of oxygen  

PBPK Physiologically based pharmacokinetic model 

PFT Pulmonary function test 

RBH Royal Berkshire Hospital 

RV (L a) Residual volume 

RV/TLC (%) The ratio of residual volume to total lung capacity 

SEE  Standard error of the estimate 

SIDS Sudden infant death syndrome 



 

xv 

STPD Standard temperature (0°C or 273K) and pressure (760 mm 

Hg) and dry 

TAQMD Taiwan Air Quality Monitoring Database  

TLC (L a) Total lung capacity 

TSGH Tri-Service General Hospital 

US EPA United States environmental protection agency 

VA (L) Alveolar volume 

VAR (ml/min) Alveolar ventilation rate 

VBL  Blood volume 

VC (L) Vital capacity 

VT (L) Tidal volume 

WHO World Health Organization 

[COHb] Concentration of COHb 

[O2Hb] Concentration of O2Hb 

Note: 
a
 L,  Litre  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 





 

1 
 

1. INTRODUCTION 
This introduction provides an overview of the research background, research 

questions and research design. Section 1.1 introduces the background of the thesis. 

Section 1.2 gives the research questions, aim and objectives. Section 1.3 describes the 

research design and structure of the thesis.  

1.1  Background 

Carbon monoxide (CO) poisoning is an important global public health issue and 

a leading cause of fatal poisonings reported in many countries (Raub et al., 2000). In 

Taiwan's National Mortality Registry, it showed 439 deaths from unintentional CO 

poisoning registered during 1997-2003 (Shie and Li, 2007). In the UK, the Cross 

Government Group on Gas Safety and CO Awareness reported about 25 deaths 

annually from accidental CO poisoning in England and Wales (Cross Government 

Group on Gas Safety and CO Awareness, 2019). The health effects of CO exposure 

mainly result from the high affinity of CO and haemoglobin (Hb), which leads to the 

formation of carboxyhaemoglobin (COHb) thus causing Hb to lose the ability to carry 

oxygen throughout the body (Dolan, 1985; Blumenthal, 2001). With increased CO 

exposure, people may suffer from headaches, fainting, confusion and even loss of 

consciousness or death (WHO, 1999; Townsend and Maynard, 2002; Kao and 

Nanagas, 2004). Moreover, patients who have recovered from CO poisoning may 

experience long-lasting effects: around 25% of CO poisoned patients may experience 

delayed neurological sequelae (DNS) (Weaver et al., 2002; Pepe et al., 2011). These 

include neuropsychological sequelae and cognitive and psychological sequelae, such 

as Parkinson-like syndromes, hearing loss, memory loss, dementia, depression and 

anxiety (Pepe et al., 2011). Therefore, patients who suffer from CO poisoning may 

experience not only the initial acute health effects but also continuous sequelae. Both 

have the potential to inflict large health and economic burdens on society. 

When treating CO poisoning, the main objective is to reduce the amount of CO 

accumulating in the body as soon as possible. Therefore, it is important to understand 

the rate of CO uptake and elimination in the human body. Some scholars have 

speculated that sex, age, height, weight and smoking status might affect the rate of CO 

uptake and elimination (Burney et al., 1982; Weaver et al., 2000; Cronenberger et al., 

2008; Zavorsky et al., 2014; Pan et al., 2020). However, the effects of these factors on 

the rate of CO uptake and elimination are controversial in the literature, since previous 
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research mainly focuses on the correlations without considering the underlying 

mechanism. 

Therefore, to uncover the demographic, physiological and behavioural factors 

and possible underlying mechanisms, we investigated the mechanisms and parameters 

used in CO exposure models. There are several CO exposure models to predict the 

COHb in CO uptake and elimination in the human body (Forbes et al., 1945; Coburn 

et al., 1965; Bruce and Bruce, 2003; Gosselin et al., 2009). The most widely used 

model is the Coburn-Forster-Kane (CFK) model (Coburn et al., 1965). It contains 

parameters such as CO concentration, duration of CO exposure, alveolar ventilation 

rate, DLCO (the diffusing capacity of the lungs for CO), endogenous CO rate, blood 

volume, concentration of Hb and initial COHb value (Coburn et al., 1965). In 2009, 

Gosselin et al. built a modified version of the CFK model. In these two models and the 

literature, the pulmonary function has been proven to affect CO uptake and elimination 

(Filley et al., 1954; Coburn et al., 1965; Gosselin et al., 2009; Pan et al., 2020). 

DLCO, an important pulmonary function in the CFK models, is affected by sex, 

age and height (Paoletti et al., 1985; Park et al., 1986). In addition, other factors may 

also influence DLCO, including weight, Hb and smoking status (Talaminos Barroso et 

al., 2018; Frans et al., 1975; Saydain et al., 2004) and thus could also influence the rate 

of CO uptake and elimination. For example, when the value of DLCO of a patient 

increases, so does the rate of CO uptake and elimination (Filley et al., 1954; Coburn 

et al., 1965; Bruce and Bruce, 2003; Gosselin et al., 2009). 

However, these models above have been only developed and tested with people 

that are generally young, healthy, white and male. The impacts of different 

characteristics among the general population may be neglected. It is necessary to 

improve these CO exposure models to predict the COHb value for a wider range of 

these characteristics across the population to seek an optimal investigation and more 

personalised treatment for CO poisoned patients.  

Therefore, in this research, we aimed to empirically validate the CO exposure 

models to enable them to cover a wider population by revealing the effects of 

demographic, physiological and behavioural factors on the rate of CO uptake and 

elimination. We studied whether these factors affected pulmonary function and thus 

impacted the rate of CO uptake and elimination. The results could provide guidance 

for health care workers, allowing them to give more accurate assessment and 

treatments to CO poisoned patients depending on their unique characteristics. 
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1.2  Research question, aim and objectives 

This section presents the aims and objectives of the research. The overarching 

research question is ‘Does improving our understanding of the effect of variations in 

age, sex, height, weight, ethnicity and smoking status on the prediction of CO exposure 

models provide useful information that could help in assessing CO poisoned patients?’ 

The research aims to empirically validate the CO exposure models to enable them to 

cover a wider population than possible so far. Additionally, it seeks to investigate the 

relationship between demographic, physiological and behavioural factors and 

pulmonary function, and then how the lung function affects the rate of CO uptake and 

elimination. To achieve this aim, the following objectives were developed, and the 

related hypothesis were tested as follows: 

– To understand the factors that affect CO uptake and elimination as per 

the literature. 

– To investigate the relationship between demographic, physiological and 

behavioural factors (particularly smoking status and smoking habits) and 

exhaled CO value (and thus to inferred CO uptake and elimination). In 

particular, I hypothesize that: 

o Demographic factors and smoking status will affect CO uptake 

and CO elimination in the human body. 

o Heavy smokers have a longer CO half-life than light smokers. 

– To analyse the relationship between selected demographic, physiological 

and behavioural factors (including smoking status), PFT parameters and 

disease with regard to DLCO, VA and KCO. In particular, I hypothesize 

that: 

o Age, sex, height and weight influence DLCO, VA and KCO in a 

quantifiable way. 

o Smoking decreases KCO and DLCO in a quantifiable way. 

o Groups of individuals attending TSGH (Asian) and RBH 

(Caucasian) have similar factors affecting DLCO, VA and KCO. 

– To update the original CFK (1965) and modified CFK (2009) models 

with estimated DLCO from the prior investigations in the PFT study and 
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use the models to simulate several different scenarios. In particular, I 

hypothesize that: 

o There are quantifiable differences in CO uptake rate and CO 

elimination rate between males and females, old and young, tall 

and short, smokers and non-smokers. 

1.3  Research design and structure of the thesis  

1.3.1 Research design 

To answer the central research question, a variety of methods were used across 

the different parts of the research. This section presents the flow of research in logic 

details and provides background details for each dataset used in the present study. 

Research steps and the logic flow of the thesis 

There are three main parts to the thesis (see Figure 1-1). First, experiments were 

conducted to compare CO uptake and elimination before and after CO exposure before 

analysing the data to ascertain if any factors affect CO uptake and elimination rate. 

Second, demographic, physiological and behavioural factors and pulmonary function 

test (PFT) data were collected from two hospitals, the Tri-Service General Hospital in 

Taiwan and the Royal Berkshire Hospital in the UK to see which factors affect PFT 

data, including DLCO, VA and KCO. Finally, we used individuals’ different pulmonary 

function results to predict their CO uptake and elimination; these predictions were then 

compared with measured data from literature, our CO-rebreathing experiment and our 

exhaled CO experiment. Next, the demographic, physiological and behavioural factors 

and PFT data were used in CFK models to predict the CO uptake and elimination for 

individuals in different CO exposure scenarios. 

 

Figure 1-1. Research steps  
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Collaborations and datasets  

The research took advantage of connections made by the researcher and the 

supervisory team; three partners, in particular, were essential to the research: 

– Tri-Service General Hospital, National Defense Medical Centre, 

Hyperbaric Oxygen Centre, Taiwan  

– Royal Berkshire Hospital, Respiratory Department, UK  

– Southampton General Hospital, Anaesthesia and Critical Care Research 

Unit, UK  

The CO-rebreathing experiment was conducted at Southampton General 

Hospital. The exhaled CO experiment was conducted at UCL, and the PFT data were 

collected from the Tri-Service General Hospital and the Royal Berkshire Hospital. 

Figure 1-2 shows the basic characteristics of the different datasets used.  

 

Figure 1-2. Basic characteristics of the different dataset used in the present study 

1.3.2 Structure of the thesis 

The thesis has nine chapters. Following the introduction (which now includes 

the research questions, aim, and objectives, Chapter 2 presents the literature review, 

including an overview of CO poisoning, CO exposure assessment, factors affecting 

CO uptake and elimination, modelling of CO exposure and CO gas used in clinical 

tests. The main studies were divided into 4 chapters;  

- 3- Collecting and analysing the COHb elimination data from CO-rebreathing 

experiment,  

- 4- Investigating the effect of smoking on CO uptake and elimination time in 

smokers,  

- 5- Gathering and analysing the primary data on pulmonary function and 
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- 6- Updated existing CO uptake and elimination model and simulation in 

different CO exposure scenarios.  

And finally, Chapter 7 draws the general discussion and Conclusions, along with 

the corresponding recommendations and gives some suggestions for future work. 

References are given in Chapter 8 and Appendix are provided in Chapter 9. 



 

7 
 

2. LITERATURE REVIEW 
 

This literature review provides an overview of CO poisoning, CO exposures 

models and factors related to CO uptake and elimination. Section 2.1 introduces the 

characteristics of CO, its health effects on the human body and the prevalence, 

treatment and prevention of CO poisoning. Section 2.2 describes CO exposure 

assessment and measurements, CO exposure standards and typical scenarios of CO 

exposure in humans. Section 2.3 continues with models of CO uptake and elimination 

in the human body. Section 2.4 gives an overview of the factors related to CO uptake 

and elimination. This section has been published as an academic journal paper by the 

author (see Appendix 9.3). Section 2.5 introduces some methods that use CO as a 

clinical testing gas to determine various uptake and elimination rate constants in clinics, 

research laboratories and hospitals, and is followed by a summary Section 2.6.  

2.1  Overview of CO poisoning 

CO is a colourless, odourless, tasteless, combustible and potentially toxic gas. 

Because of these characteristics, it is known as a ‘silent killer’ (Penney, 2007). CO 

behaves similarly to oxygen in the body but has a much higher affinity to the same 

oxygen transporter molecule in the blood (Cobb and Etzel, 1991). The affinity of CO 

to haemoglobin (Hb) is around 200-260 times higher than oxygen (Dolan, 1985; 

Blumenthal, 2001). After an individual breathes in CO, it replaces the oxygen in red 

blood cells and forms carboxyhaemoglobin (COHb). At high exposure, CO can cause 

insufficient oxygen transport in the body and can lead to hypoxia (lack of oxygen) and 

a series of adverse health effects, such as headaches, respiratory dysfunction, tissue 

damage and even death (Kao and Nanagas, 2004; Weaver, 2009; Rose et al., 2017).  

2.1.1 Epidemiology of CO poisoning 

T o get a better understanding of the importance of CO poisoning, this section 

provides an overview of CO poisoning worldwide and introduces different sources of 

CO.  

CO poisoning in different countries 

CO poisoning can broadly be split into two categories, unintentional (accidental) 

and intentional (generally means suicide) CO poisoning. A worldwide epidemiological 

study from the Global Health Data Exchange registry reported that the global incidence 
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of CO poisoning has remained stable, while mortality has declined over the last 25 

years (Mattiuzzi and Lippi, 2019). However, CO poisoning is still one of the leading 

causes of fatal poisonings, and it causes a large number of deaths annually both in 

Europe and in the United States (Valent et al., 2002). In the United States, there were 

a total of 24,890 CO poisoning deaths (including unintentional and intentional) from 

1999 to 2014, and the age-adjusted death rate was approximately 0.49/100,000 per 

year (Hampson, 2016). Another study has shown that there are around 8.6-40.4 

emergency department visits per 100,000 for CO poisoning annually (U.S. CDC, 2005; 

Hampson and Weaver, 2007).  

From 1980 to 2008, a survey was conducted to better understand CO-related 

mortality and morbidity in Europe. The national data on CO poisoning was provided 

by the member states of the WHO European Region. In the report, annual CO-related 

deaths were recorded at 140,490, with an annual death rate of 2.2 per 100,000, as 

provided by 28 member states (Braubach et al., 2013). In the UK, there were about 25 

deaths from accidental CO poisoning annually in England and Wales (Cross 

Government Group on Gas Safety and CO Awareness, 2019). Between 2000 and 2010, 

Ghosh et al. (2016) reported 5,312 total admissions to hospital for CO poisoning in 

England. Then, from 2002 to 2016, there were a total of 3,399 unintentional non-fire 

related (UNFR) CO poisoning hospital admissions and the UNFR CO poisoning 

hospital admissions decreased for both males and females. There is a seasonal pattern 

to UNFR CO-related monthly hospital admissions with fewer admissions in summer 

(5% of total admissions in June and July) than in winter (approximately 15% of the 

total in December) (Roca-Barceló et al., 2020). Similar patterns of results were also 

found in the United States, China and Taiwan (Henn et al., 2013; Pan et al., 2013; Li 

et al., 2015). Moreover, besides seasonal pattern, Roca-Barceló et al. (2020) also 

mentioned socio-demographic characteristics, housing stock characteristics and 

legislation may also have contributed to the UNFR CO poisoning hospital admissions. 

Generally, vulnerable groups (lower social-demographic characteristics, such as 

deprived) may have a higher risk of UNFR CO poisoning hospital admission. 

In the Far East, CO poisoning is also an important public health issue. In China, 

CO poisoning is one of the main toxic agents causing deaths (Liu et al., 2009). In 

Wuhan City, 156 deaths due to CO poisoning were reported from 2010 to 2014, around 

1.6 per 100,000 per year (Li et al., 2015). In Taiwan, there were 439 deaths from 

unintentional CO poisoning between 1997 and 2003 (Shie and Li, 2007). Also, deaths 
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from CO poisoning doubled between 2001 and 2003 in Japan, although this may be 

related to an increase in CO related suicides (Yoshioka et al., 2014): the number of 

suicides linked to exposure to CO from charcoal burning has been increasing in East 

Asian countries such as Hong Kong, Taiwan and Japan since the late 1990s (Liu et al., 

2007; Yoshioka et al., 2014; Chang et al., 2019; Yoshioka et al., 2019; Kinoshita et al., 

2020).  

Exogenous sources of CO poisoning  

CO in the environment can arise from both natural and human-made sources, 

with natural processes accounting for about 40% and human activities for 60% (U.S. 

EPA, 1991). Natural sources include forest fires, volcanoes, the by-product of the 

metabolism of plants and the incomplete or partial oxidation of methane (CH4) and 

other non-methane hydrocarbons (Penney, 2007). Human-made CO is created by a 

variety of human activities, including cooking, smoking tobacco, using water heaters, 

driving, barbecues, creating industrial emissions and using generators (Manel et al., 

1999; Henn et al., 2013; Fisher et al., 2013; Pan et al., 2019; Ashcroft et al., 2019; 

Kinoshita et al., 2020). If people are close to the combustion sources, they may be at 

risk of breathing in a high concentration of CO, depending on the CO source and the 

duration of exposure.  

Table 2-1. Sources of CO (including natural sources and human-made sources, 

compiled from various references mentioned in the text by the author) 

Natural sources 
Human-made sources 

Outdoors Indoors 

Forest fires 

Volcanoes 

Natural gases 

Emission from plants 

Oxidation of methane 

and other non-methane 

hydrocarbons 

Motor vehicle exhausts 

BBQs 

Industrial emissions 

Cigarette smoking 

Generators 

Heating systems 

Cooking appliances 

Gas and oil boilers 

Fireplaces 

Generators 

Cigarette smoking 

Table 2-1 shows that most CO sources are indoors. In the UK, Fisher et al. (2013) 

and Close et al. (2015) have reported that a high proportion of CO poisoning incidents 

occur in private dwellings, and that central heating systems, water boilers and gas are 

the primary sources. In Taiwan, Pan et al. (2019) have found charcoal burning and gas 

boilers or water heaters are the main CO sources. 
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In Taiwan, Lin et al. (2021) have reported that the outdoor CO was around 0.5 

ppm (daily average) between 2000-2012 from Taiwan Air Quality Monitoring 

Database (TAQMD). In the UK, the annual mean of the outdoor CO concentration was 

about 0.1-0.5 ppm from Defra’s UKAir between 2015 and 2020 (Defra’s UKAir, 

2021). Generally, the average indoor CO concentration is relatively low (less than 3 

ppm) both in Taiwan and the UK (Harrison et al., 2002; Volans et al., 2007; Chen et 

al., 2016). However, in Volans et al.’s (2007) report, the indoor CO concentration 

could exceed 5 ppm when cooking, which is a common source of CO in the house.  

Endogenous sources of CO poisoning  
There is also endogenous CO in the human body. In healthy people, small 

amounts of CO are formed endogenously from the catabolism of Hb and other haem 

proteins, such as myoglobin (Ilano and Raffin, 1990; Penney, 1996; Wu and Wang, 

2005). Endogenous CO works as a neural messenger and has both biological and 

physiological functions in the human body. According to Wu and Wang (2005), 

endogenous CO is related to cardiac function, vascular contractility, the nervous 

system, platelet aggregation and monocyte activation. This is why people have many 

adverse health effects when there is an increase in CO concentration in the body. 

Usually, in healthy people, blood COHb concentration is between 0.4 and 0.7% due to 

endogenous CO production (Coburn et al., 1965). However, the endogenous CO 

production rates may range from less than 0.01 to 0.06 mL/min in different conditions 

and diseases (Owens, 2010). In some situations, the endogenous CO production 

increases and the COHb level rises to 4 to 6%, such as in bodies where 

hypermetabolism and haemolytic anaemia are present (Owens, 2010; Kinoshita et al., 

2020). 

2.1.2 Pathophysiology of CO poisoning 

To understand CO and its health effects, this section presents the pathogenesis 

of CO poisoning, signs and symptoms of CO poisoning and descriptions of acute and 

chronic CO poisoning and its associated delayed neurological sequelae (DNS).  

Pathogenesis of CO poisoning 
Healthy individuals need small amounts of endogenous CO production to 

maintain general physiological function in the body (Wu and Wang, 2005). However, 

if the CO concentration exceeds the body’s tolerance level, its effect becomes toxic.  
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CO affects the human body in a two-step process. First, after people inhale CO, 

CO concentration increases in the alveolar gas in the lungs. This gas is then transferred 

to the lung capillaries and, as the gas diffuses through the capillaries into the 

bloodstream, it binds with Hb to form COHb. In the second step, the CO in the blood 

is transferred and binds to cellular haemoproteins in the tissues, such as cytochrome 

P-450, cytochrome c oxidase and myoglobin (Penney, 1996; Kao and Nanagas, 2004; 

Kinoshita et al., 2020). 

The first step is mainly related to Hb. Hb is an iron-containing protein in the 

blood cell, primarily used as an oxygen-transport system for the whole body. When 

people inhale CO, CO forces Hb to form COHb rather than oxyhaemoglobin (OHb) 

due to its high affinity with Hb (Dolan, 1985; Varon et al., 1999). A COHb molecule 

cannot transport oxygen, thus reducing the total capacity of oxygen transport, which 

can lead to a lack of oxygen (hypoxia) in organs and tissues (Meredith and Vale, 1988; 

Weaver, 2009).  

In addition to Hb, CO also binds to other haem-containing proteins, such as 

myoglobin, cytochrome and guanylate cyclase. These haem-containing proteins (other 

than COHb) account for approximately 10-15% of the total CO in the human body 

(Ilano and Raffin, 1990). When CO binds to myoglobin, this reduces the amount of 

oxygen stored in muscle tissue which can cause adverse effects, possibly resulting in 

arrhythmias and cardiac dysfunction in the myocardium. Furthermore, CO also 

impairs oxidative metabolism in cells if it binds with cytochrome, leading to tissue 

damage. A further effect is that elevating CO concentration increases nitric oxide (NO) 

activity, which boosts the formation of free radicals that can also cause oxidative 

damage (Dolan, 1985; Ilano and Raffin, 1990; Kao and Nanagas, 2004). Overall, the 

pathogenesis of CO poisoning can be separated into three phases: Hb binding, direct 

cellular toxicity (protein-binding) and nitric oxide effects (Kao and Nanagas, 2004; 

Roderique et al., 2015). Figure 2-1 shows an overview of the pathogenesis of CO 

poisoning. 
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Figure 2-1. Overview of the pathogenesis of CO poisoning (adapted from Kao & 

Nanagas, 2004) 

Smoking and COHb 
Tobacco smoking produces tar, nicotine and CO (Rickert et al., 1983). Smokers 

usually have a higher value of COHb in the blood – around 6-9% – compared to 1-3% 

in non-smokers (Castleden and Cole, 1975; Friedman et al., 2015). Therefore, in 

general, CO poisoning is defined as COHb levels over 5% in non-smokers and over 

10% in smokers (Ilano and Raffin, 1990).     

Signs and symptoms of acute and chronic CO poisoning 
CO poisoning itself can be broadly divided into two grades: acute and chronic. 

Acute CO poisoning means people are exposed to a high concentration of CO, usually 

more than 200 ppm (over 30% COHb), that causes immediate effects, such as 

headache, fainting, confusion and loss of consciousness (WHO, 1999; Townsend and 

Maynard, 2002; Kao and Nanagas, 2004), see Figure 2-2. As organs with very high 

oxygen demand, the brain and heart are more susceptible to tissue hypoxia resulting 

from acute CO poisoning (Kinoshita et al., 2020).  

Chronic (persistent and long-term) exposure to lower levels of CO may 

sometimes go unrecognised. In 2012, Clarke et al. found that around 4% of Accident 

and Emergency (ER) attendees had a raised COHb concentration, but with non-

specific CO exposure symptoms (Clarke et al., 2012). The symptoms were milder than 

those seen in acute CO poisoning, such as headache, nausea, dizziness, fatigue and 

sleepiness, difficulty concentrating and memory problems, as well as changes in mood 

(Townsend and Maynard, 2002; Kao and Nanagas, 2004).  
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Figure 2-2. Symptomatology associated with reference levels for carbon monoxide 

(CO) in parts per million (ppm) and carboxyhaemoglobin in % (Adapted from WHO 

guidelines, 1999)  

Many studies have also reported that CO poisoning is associated with 

neuropsychological functions (Townsend and Maynard, 2002; Croxford et al., 2008; 

Weaver, 2009). In particular, CO poisoning can result in delayed neurological sequelae 

(DNS) such as Parkinson-like syndromes, cognitive impairment, hearing loss, memory 

loss, etc. DNS generally occur within 20 days after an initial complete clinical recovery 

from CO poisoning and it is estimated that about 25% of CO poisoned patients might 

have permanent DNS (Weaver et al., 2002; Pepe et al., 2011). The consequences 

represent an important issue in public health. 

2.1.3 Treatment for and Prevention of CO poisoning 

This section describes the conventional treatments for CO poisoning. It also 

provides an overview of methods for preventing CO poisoning.  

Treatment for CO poisoning 
The primary way to treat CO poisoning is to remove the CO from the body as 

quickly as possible. When people breathe clean, ambient air, the COHb half-life (the 

time taken for the concentration to drop by 50%) is around four hours (Ernst and 

Zibrak, 1998; Kao and Nanagas, 2004). If poisoned individuals are administered 100% 

oxygen at one atmosphere, this reduces the half-life of COHb to about 90 minutes. 

With high-pressure oxygen, known as hyperbaric oxygen (HBO) therapy, the half-life 
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of COHb drops even further, to less than 30 minutes (Pace et al., 1950; Ernst and 

Zibrak, 1998).  

Several methods can be utilised to apply 100% oxygen, including using a 

rebreathing reserve mask, a high-flow nasal cannula (HFNC), and oxygen therapy with 

continuous positive airway pressure (CPAP). All of these result in a shorter half-life 

of COHb in the body than breathing ambient air only (Weaver et al., 2002; Olson and 

Smollin, 2008; Kim et al., 2019; Bal et al., 2019).  

HBO therapy is the use of oxygen under elevated atmospheric pressure. In 

Weaver et al.’s (2002) study, the results showed that CO poisoned patients who 

received three hyperbaric oxygen sessions within 24 hours had a lower cognitive 

sequelae rate after six weeks and 12 months than those who received normobaric 

oxygen therapy. However, treating CO-poisoned patients with HBO therapy continues 

to be controversial (Raphael et al., 1989; Weaver et al., 2002; Buckley et al., 2011; 

Pan et al., 2019). In the Cochrane Database of Systematic Reviews, it was concluded 

that there is insufficient evidence to support the use of hyperbaric oxygen for the 

treatment of patients with CO poisoning (Buckley et al., 2011). These differences of 

opinion have led to different policies and protocols in various centres and countries. 

Some countries (e.g. Taiwan) still treat CO poisoned patients with HBO, while others 

(e.g. UK, Germany) do not encourage the treatment (Mutluoglu et al., 2016; Pan et al., 

2019).  

Prevention of CO poisoning 
Methods to prevent CO poisoning can be separated into three categories based 

on the CO source: ambient (air pollutants), source-based (e.g. heating and cooking 

appliances) and intentional CO poisoning (e.g. suicide as a result of charcoal burning 

or venting a car exhaust pipe back into the interior of the vehicle).  

For the first category (ambient CO/air pollutants), in the US, Mott et al. (2002) 

found that CO-related mortality rates declined from 20.2 to 8.8 deaths per million 

person-years between 1968 and 1998, possibly as a result of the Clean Air Act of 1970 

(U.S. EPA, 1970). Then, in 2010, WHO released the indoor air quality (IAQ) 

guidelines for selected pollutants (WHO, 2010). Now many countries have set their 

own CO standards, guidelines, and regulations tried to reduce the CO exposure (Health 

Canada, 2010; Taiwan EPA, 2012). Another more recent factor that probably 

contributes to lower CO exposure is that many countries have now banned smoking in 
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enclosed public places and workplaces (Health promotion administration (Taiwan), 

2009; HM Government, 2006).  

In the second category (source-based), many policies or regulations have been 

developed. Since many CO poisonings happen indoors, a CO alarm installation is 

important in enabling people to act on the presence of the gas as soon as possible. In 

England, the Smoke and CO Alarm (England) Regulations (2015) required private 

sector landlords to set CO alarms in all properties containing a solid fuel-burning 

appliance and the regulations has been extended to both social and private rented sector 

landlords in 2021 (HM Government, 2015; 2021). A CO alarm not only detects high 

concentrations of CO but in some cases can also indicate if occupants have been 

exposed to a low level for a longer duration (McCann et al., 2013). In the US, 

Christensen et al. (2020) have analysed data from the National Poison Data System on 

unintentional CO exposures in residences in Wisconsin from 2014 to 2016 and found 

that individuals without CO detectors were prone to more severe medical outcomes 

than those who had one. Regular checking and maintenance of appliances and CO 

alarm(s) are required to reduce the chance of CO exposure (Fisher et al., 2014; Fisher 

et al., 2013; McCann et al., 2013). Moreover, ventilation also plays an important role 

in CO poisoning: people should pay special attention to ensuring sufficient ventilation 

when cooking and using heaters (Johnson et al., 2014). 

The third category (intentional CO poisoning) is very different from the others 

since suicide is a very different topic. Liu et al. (2007) suggested that the media should 

report intentional CO poisoning judiciously and responsibly due to copycat suicides. 

However, this may not be enough. Another way to prevent such deaths is to consider 

limiting charcoal sale to people with suicide attempt. Moreover, like other suicide 

prevention methods, taking care of the people around you and reporting unusual 

situations are always important in avoiding tragedy. 

In summary, Section 2.1 has covered all aspects of CO poisoning from a general 

description of CO, epidemiology, pathophysiology, and treatment and prevention. It 

should be noted that some specific aspects (e.g. cellular toxicity of specific enzymes’ 

reaction to CO) are outside the scope of this thesis.   
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2.2  CO exposure assessment, guidelines and scenarios 

A variety of assessment and measurement methods are used to detect CO in the 

environment and in the human body. Section 2.2.1 introduces CO exposure assessment 

and measurement methods that are widely used. Section 2.2.2 then presents common 

CO exposure scenarios for various human activities, and Section 2.2.3 provides 

information on standards, guidelines and regulations for environmental CO. 

2.2.1 CO exposure assessment and measurement 

There are several types of CO exposure assessments and measurements. This 

section gives an overview of CO exposure assessment methods and associated 

exposure measurement devices, including biological monitoring, personal monitoring, 

questionnaires/diaries, environmental monitoring and environmental modelling 

(Oliverio, 2020). 

Biological monitoring 
In biological monitoring of CO, CO exposure is determined by the percentage 

of COHb in the human body. 

1. Blood gas analyser (BGA): an analyser using electrodes to determine pH, 

partial pressure of carbon dioxide, CO and partial pressure of oxygen in 

blood samples (Dukić et al., 2016). It is commonly used for diagnosis and 

treatment in clinics, research laboratories and hospitals. It was also used in 

our CO-rebreathing study (see Section 3). 

2. Breath CO monitor: a CO detector with an electrochemical sensor to 

measure the CO level of the expired air. Exhaled CO concentration can be 

monitored easily and noninvasively, offering a relatively low-cost and quick 

way to measure CO levels (Jarvis et al., 1980; Jarvis et al., 1986). This 

method is now widely used for research and clinical usage. It has acceptable 

validity as a proxy for total CO concentration in the body (Jo and Oh, 2003; 

Deveci et al., 2004; Maga et al., 2017) and was also used in our exhaled CO 

study (see Section 4).  

COHb levels can be calculated for smokers and non-smokers from the 

empirical relationship formula between CO ppm and COHb (see Section 

4.2.4 for the formula) (Carlsten et al., 1954; Cohen et al., 1971; Jarvis et al., 

1980; Jarvis et al., 1986; Scherer, 2006). It is valid for normal healthy 



 

17 
 

smokers (correlation test compared the exhaled CO with COHb: correlation 

coefficient = 0.98, sample size= 182).  

3. Pulse CO-oximeter: a spectrophotometer that determines Hb derivatives in 

the blood, such as COHb and O2Hb, by measuring absorbance at selected 

wavelengths (Zaouter and Zavorsky, 2012; Kinoshita et al., 2017). 

Personal monitoring 
Personal monitoring is carried out using personal CO monitors, portable CO 

monitors (CO data loggers), CO passive diffusion tubes and real-time gas monitors.  

1. Personal CO monitors: a monitor that is attached to a person during the 

measurement period and from which all measured data can be selected for 

usage (Alm et al., 1994).  

2. Portable CO monitors: a monitor that a person can carry with them 

throughout the measurement period, which often has a larger battery than the 

personal monitors (Dunn et al., 2013).   

3. CO passive diffusion tubes: a device that can be attached to an individual 

or, more commonly, to key locations reflecting local exposure. It consists of 

a tube, open at one end, which contains a sorbent that absorbs the pollutant at 

a rate controlled by molecular diffusion over the observation period (Nash 

and Leith, 2010; Commodore et al., 2013). 

4. Real-time gas monitors: a monitor that measures the CO concentration 

continuously. The readings are saved or sent to the computer directly (Ashok 

et al., 2014). Normally uses infra-red spectroscopy as the sensing method.  

The primary difference between biological monitoring and personal monitoring 

is the time period. Biological monitoring usually shows how the body reacts, the 

biomarkers, to a given concentration in the air, while personal monitoring can reflect 

concentrations over time. Both methods are widely used.   

Questionnaires/diaries 
For questionnaires and diaries, participants record the possible CO sources they 

may be exposed to, such as cooking appliances, heaters, boilers and other CO-

generating appliances. Also, the duration of CO exposure and sometimes the 

symptoms they experience may be recorded (Georgoulis et al., 2002; Croxford et al., 

2008).  
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Environmental monitoring 
Environmental monitoring methods include CO alarms, ambient CO monitors, 

CO data loggers and fixed site (FS)/central site (CS) monitors.  

1. CO alarm: this will sound an alarm if it detects the presence of CO but must 

be checked/replaced periodically. It is commonly installed in houses, offices 

or places that may have an excessive concentration of CO (McCann et al., 

2013). Generally, this uses an electrochemical fuel cell as the sensing 

element.  

2. Ambient CO monitors: a device for continuously monitoring CO 

concentrations. Several types of sensors and analyses are used, although., 

electrochemical fuel cell-based sensors are the most common (Gluschko et 

al., 2019; Chen et al., 2016).  

3. Fixed site (FS)/central site (CS) monitors: a monitor that is usually placed 

based on population distribution (higher density in urban areas than rural 

areas) and aims to give a representative measurement for an area (Son et al., 

2010). For example, the information from environmental monitoring could 

be found in Defra’s UKAir monitoring site in the UK and TAQMD in 

Taiwan (Defra’s UKAir, 2021; TAQMD, 2021). 

Environmental modelling 
Environmental modelling is used to estimate CO exposure over larger areas; 

methods include regional modelling and micro-environment modelling. The difference 

between personal monitor measurements and environmental monitoring/modelling is 

that personal monitors focus on the individual CO exposure and monitoring/modelling 

assumes that a specific population group in a particular micro-environment is exposed 

to the same average CO concentration for a selected time period, such as daily, 

monthly or annually (Zou et al., 2009). 

1. Regional modelling: a method that makes a detailed prediction for a target 

area by focusing its resolution on the target area and the immediate area 

(Staniforth, 1997). 

2. Microenvironment modelling: a method that attempts to model a micro-

environment, defined as an area where individuals would have the same 

exposure. However, this approach fails to take into account the potential 

variability in exposure concentration as a result of different human behaviours 
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in the same micro-environments (Dimitroulopoulou et al., 2006; Lioy and 

Weisel, 2014; Shrubsole et al., 2017).  

Overall, this shows that every method has its pros and cons. Before deciding 

which method to use, it is advisable to consider the required output briefly: a 

combination of different methods may be necessary and useful. As shown by 

Oliverio’s (2020) review, most CO exposure assessment research uses a combination 

of methods. 

2.2.2 CO exposure scenarios  

This section introduces several common CO exposure scenarios involving 

different human activities. When people are outdoors, they are usually exposed to low 

CO concentrations; exceptions are areas near traffic and parking areas. If people stay 

indoors, CO sources can be heating or cooking appliances (WHO, 2010). In 2004, 

Bruinen de Bruin et al. published a report about proportional contributions of micro-

environments to 48-hour personal exposures: they found that approximately 82% of 

the total CO exposure time was indoors, while time spent in traffic accounted for 7.5% 

(Bruinen de Bruin et al., 2004). 

Figure 2-3 separates the common CO exposure scenarios into different locations 

and exposure characteristics. The locations are the three main places where people are 

exposed to CO – residences, workplaces, and transport. There are four types of CO 

exposure characteristics: low CO ppm/short duration, high CO ppm/short duration, 

low CO ppm/long duration and high CO ppm/long duration. The high CO ppm/long-

duration type was not included in the section, as this implies a case of severe CO 

poisoning and it is not a common CO scenario for general population (except 

intentional CO poisoning).  

For example, some CO exposure events could occur due to appliances with 

problems, with peak CO concentrations of up to 53-100 ppm being measured (WHO, 

2000). Faruk Tekbaş et al. (2001) found that broken hot boiler systems may cause a 

range of 54-300 ppm CO indoors while Volans et al. (2007) found that a mean of 20 

ppm and a peak of 80 ppm can occur if gas appliances have problems, such as damage 

or incorrect installation. 

In the workplace, office building CO concentration (e.g. commercial office 

buildings, schools) can generally be expected to be low, and not exceed ten ppm 

(Reynolds et al., 2001; Chaloulakou et al., 2003) although some places may have 
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higher concentrations, such as buildings near heavily used roads, underground car 

parks, road tunnels and similar locations (Wallace, 1983; Cattaneo et al., 2010; Hagler 

et al., 2010). However, in Sydney, researchers found that COHb levels in traffic police 

officers may be more related to smoking habits than their exposure to motor vehicle 

emissions (Bisby et al., 1977). 

The highest CO exposures may occur when workers operate appliances that 

release CO. Those working in warehouses with propane-fuelled forklifts were found 

to have suffered clinical symptoms of CO exposure, such as headaches, dizziness, 

nausea, chest pain or tightness, etc. CO exposure concentration ranged from 220-

88,770 pm when propane-fuelled forklifts are idle and 861-72,840 ppm when at 

working speed. (Fawcett et al., 1992; Ely et al., 1995). Firefighters are also assumed 

to be exposed to high concentrations of CO but, fortunately, they are generally well-

equipped to deal with such exposures. Their CO exposure was found to average around 

1.0 ppm, with a peak of 42.9 ppm for a full shift (Kirkham et al., 2011). 

There was a big variation between different types of commuting, places and 

times (Flachsbart et al., 1987). For example, in Mexico City, the CO concentration 

was as high as 57.5 ppm for car passengers and 58.6 ppm for minivans (Fernandez-

Bremauntz and Ashmore, 1995). However, through the air quality monitoring, it 

showed the average outdoor CO concentration was about 0.5 ppm in Taiwan (Lin et 

al., 2021; TAQMD, 2021) and around 0.1-0.5 ppm from Defra’s UKAir between 2015 

and 2020 (Defra’s UKAir, 2021). The lower CO value is presumably because the street 

is an open area rather than an enclosed one such as the inside of a vehicle.  

Furthermore, the WHO has reported that environmental tobacco smoke in homes, 

workplaces and transport vehicles can raise the eight-hour average CO concentration 

to 20-40 ppm (WHO, 2000). Vellopoulou and Ashmore’s (1998) study also showed a 

difference in CO concentration in the office and at home, depending on whether 

cigarette smoking is permitted or not. If cigarette smoking is permitted, the mean CO 

concentration is around 7.1 mg/m3 (6.2 ppm) in the office and 6.4 mg/m3 (5.6 ppm) at 

home; if cigarette smoking is not permitted, the mean CO concentration is 

approximately 2.9 mg/m3 (2.5 ppm) in the office and 2.1 mg/m3 (1.8 ppm) at home. 

Fortunately, today an increasing number of regulations ban smoking indoors: for 

example, the UK banned smoking in all enclosed public places and workplaces in 2007 

(HM Government, 2006).  
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Figure 2-3. Different common scenarios of CO exposure, generated by the author from 

various sources, including Bellin and Spengler (1980), Wallace (1983), Flachsbart et 

al. (1987), Poulton (1987), Fawcett et al. (1992), Ott et al. (1994), Fernandez-

Bremauntz and Ashmore (1995), Faruk Tekbaş et al.  (2001), Reynolds et al. (2001), 

Chaloulakou et al. (2003), Arnold et al. (2004), Dimitroulopoulou et al. (2006), Volans 

et al. (2007), Cattaneo et al. (2010), MacDonald et al. (2010), Kirkham et al. (2011), 

Potchter et al. (2014), Shrubsole et al. (2017).
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2.2.3 Standards and guidelines for exposure to ambient CO 

Because of CO’s adverse health effects on the human body and different 

potential CO exposure scenarios around individuals, governments and health 

organisations have set standards and guidelines for ambient CO concentrations.  

Setting up standards and guidelines 
In 1971, the United States Environmental Protection Agency (U.S. EPA) 

established the National Ambient Air Quality Standards (NAAQS). The NAAQS for 

CO aimed to prevent COHb from exceeding 2% in the blood of healthy, non-smoking 

adults and high-risk groups, such as the elderly, infants, pregnant women and people 

with coronary disease, lung disease and anaemia (Penney, 2007). The relationship 

between the concentrations of CO exposure and COHb in the human body could be 

calculated by Coburn-Forster-Kane (CFK) model (Coburn et al., 1965). WHO also 

worked on air quality guidelines and the reports published as early as 1957 to the series 

of editions (WHO, 1958; 1964; 1972; 1987; 1999; 2000). Then, the CFK model was 

used to predict the limited concentration of CO that could be exposed for different 

time intervals without exceeding 2% COHb for resting, normal individuals (WHO, 

2010).  

The WHO guidelines for CO exposure are focused on indoor air (WHO, 2010). 

The indoor CO guidelines they produced are presented in Table 2-2.  

Table 2-2. WHO carbon monoxide guidelines for indoor air 

Average time Concentration (mg/m3) ppm 

15 minutes 100 87 

1 hour 35 32 

8 hours 10 9 

24 hours 7 6 
Adapted from the report by the World Health Organisation, 2000. The covert factor is 1 mg/m3 equal 

to 0.873 ppm (WHO, 2010) 

Based on the WHO guidelines, every country in the world also announced its 

regulations and recommendations for CO exposure limits although different countries 

set different standards. For example, Health Canada published a Residential Indoor 

Air Quality Guideline in 2010 (Table 2-3) which recommended that people avoid 

exposure to CO concentrations of more than 25 ppm in any one hour and more than 

ten ppm in any 24 hours. This guideline is based on model developed by Gosselin et 

al. (2009), which is a modified model from CFK model built by Coburn et al. (1965). 
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They have used the model to predict the relationship of CO exposure and COHb in the 

body for different gender and age groups and found both situations would result in 

COHb blood levels above 2.0% and incur potential health effects (Health Canada, 

2010; Gosselin et al., 2009).  

Table 2-3. Residential maximum exposure limits for CO in Canada 

Average time 
Concentration 

mg/m³ ppm 

1h 28.6 25 

24h 11.5 10 

 

In the UK, besides the regulations for indoor CO limits (Table 2-4), the 

government also has set regulations regarding CO alarms that both social and private 

rented sector landlords should set CO alarms in rooms with a fixed combustion 

appliance (excluding gas cookers) mandatorily (HM Government, 2019; 2021).  

Table 2-4. Residential maximum exposure limits for CO in the UK 

Average time mg/m3 

15 minutes 100 

1 hour 30 

8 hour 10 

In 2012, Taiwan’s Environmental Protection Administration (EPA) announced 

air quality standards (AQS) for CO (see Table 2-5 (Taiwan EPA, 2012)). 

Table 2-5. Air quality standard for CO in Taiwan 

Average time ppm 

1 hour 35 

8 hours 9 

Table 2-6. Number of countries with air quality standards (AQS) for CO 

Average time Countries with 

AQS for CO 

Countries 

without AQS for 

CO 

AQS for CO 

unknown 

15 minutes 8 (4%) 157 (82%) 26 (14%) 

1 hour 52 (27%) 116 (60%) 26 (13%) 

8 hours 87 (45%) 81 (42%) 26 (13%) 

24 hours 12 (6%) 155 (80%) 27 (14%) 

In 2017, Kutlar Joss et al. (2017) conducted a study to provide an overview of 

air quality regulations worldwide. They reviewed ambient AQS for 194 countries 

worldwide for six air pollutants: PM2.5, PM10, ozone, nitrogen dioxide, sulphur dioxide 

and CO. Table 2-6 shows that fewer than 10% of countries have AQS for CO 
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exposures of 15 minutes and 24 hours while 13-4% have no known standards for any 

CO exposures.  

Even though the WHO has recommended air quality standards for CO and some 

countries have implemented even more stringent standards, the majority do not follow 

or, perhaps, value these standards. Possible reasons are that some countries prefer to 

rely on their own experts’ opinions while in others, it simply may not be 

practicable/affordable. Air quality plays an important role not only in the environment 

but also for human health. Governments worldwide should emphasise the effects of 

air quality and continue to work to improve air quality locally, nationally and globally. 

Moreover, the air quality standards and guidelines for CO are based on several 

studies and human CO exposure models (Coburn et al., 1965; Health Canada, 2010; 

Gosselin et al., 2009). Some of the factors have been considered when developing the 

standards and guidelines, such as age and gender. However, there may be other factors 

that affect the rate of CO uptake and elimination (see Section 2.4) in the human body 

that should be considered. 
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2.3 Human CO exposure models 

CO can have lethal consequences, even in relatively small, unnoticed doses. 

Therefore, the relationship between the concentration of environmental CO and that 

in the human body is important and many equations and models have been developed 

to estimate this relationship. These modelling approaches can be roughly split into 

three types: the empirical model, the Coburn-Foster-Kane (CFK) equation and the 

multi-compartment model. 

The three types of CO models are given below. 

2.3.1 The empirical model 

Over the last 80 years, many different empirical models have related ambient 

CO exposure to blood CO concentration. However, in this section, only two empirical 

models are presented to give an overview of the concept.  

The first empirical model 
Forbes et al.’s (1945) model predicts COHb level based on subjects (seven 

healthy Caucasian males of age between 20 and 40) being exposed to various CO 

concentrations and taking exercise at sea level. Their study shows that the CO uptake 

is, by nature, exponential and the initial rate of formation of COHb increases 

proportionally to the increased level of ambient CO. The final (equilibrium) value of 

CO is still related, but less so, to the ambient level of CO (Penney, 1996). Forbes’ 

formula from 1945 is given below. 

Rate of CO uptake = K × PIco {
𝐶𝑂𝐻𝑏% 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 − 𝐶𝑂𝐻𝑏% 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝐶𝑂𝐻𝑏% 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 − 𝐶𝑂𝐻𝑏% 𝑎𝑡 𝑡𝑖𝑚𝑒 z𝑒𝑟𝑜
} 

a. K is a constant which changes with the activity level of subjects 

b. PICO (mmHg) is the partial pressure of inspired CO  

Moreover, the equilibrium value was defined based on enzyme kinetics, the 

Haldane relationship, which was first recognized by Haldane (1930 cited in Mellors, 

1976).  

Haldane relationship equation 

    𝑃𝐶𝐶𝑂 =
𝑃𝐶𝑂2[𝐶𝑂𝐻𝑏]

𝑀[𝑂2𝐻𝑏]
 

In the equation, M (Haldane’s coefficient which quantifies the relative affinity 

of CO and O2 for Hb) and PCO2 (partial pressure of O2) were assumed to be 210 and 

98 mmHg (Forbes et al., 1945). Other factors are PCCO (partial pressure of CO), 
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[COHb] (COHb concentration) and [O2Hb] (O2Hb concentration). The Haldane 

relationship equation above is widely used in the empirical model as well as the CFK 

equation and the multi-compartment model. 

The second empirical model 

The second empirical model was designed by Peterson and Stewart (1970). They 

used the data from resting subjects exposed to (a narrow range of) CO from 25 to 512 

ppm with a duration of 0.5 to 24 hours.  

COHb(%) =  {
CO (ppm)0.858 × 𝑡0.63

197
} × 10−0.0094𝑡′ 

a. t’ is the time after exposure (COHb ranged from around 2-25%).  

Although the empirical models described above can predict a certain COHb 

concentration level, they are only accurate for the conditions under which their data 

was gathered. Also, most of the subjects were healthy white males of age between 24 

and 42:  therefore, these models may miss some important physical and physiological 

variables (Penney, 1996). Further research should consider a wider variety of CO 

exposure scenarios and wider physical and physiological variables to provide a more 

useful model for predicting the concentration of COHb in varied situations. 

2.3.2 Coburn-Forster-Kane (CFK) model 

Coburn, Forster and Kane created the Coburn-Forster-Kane (CFK) equation in 

1965. This model tries to predict COHb, including terms for endogenous and 

exogenous CO sources in the human body and was tested with data from three healthy 

males and three anaemic patients (patients with low concentrations of haem). The 

model has been used to predict the concentration of CO for a wide variety of situations 

with an acceptable prediction (r=0.917, n=150), including CO uptake and elimination 

(Peterson and Stewart, 1970; Peterson and Stewart, 1975; Bruce and Bruce, 2003; 

Gosselin et al., 2009). 

This CFK model shows that the blood [COHb] changes with time with a baseline 

at time t=0 [COHb]0. 

[𝐶𝑂𝐻𝑏]𝑃𝑐𝑜2̅̅ ̅̅ ̅̅ ̅

[𝑂2𝐻𝑏]𝑀
− 𝑉𝑐𝑜 [

1
𝐷𝐿𝑐𝑜 +

𝑃𝐵 − 𝑃𝐻2𝑂
𝑉𝐴𝑅

] − 𝑃𝐼𝑐𝑜

[𝐶𝑂𝐻𝑏]0𝑃𝑐𝑜2̅̅ ̅̅ ̅̅ ̅

[𝑂2𝐻𝑏]𝑀
− 𝑉𝑐𝑜 [

1
𝐷𝐿𝑐𝑜 +

𝑃𝐵 − 𝑃𝐻2𝑂
𝑉𝐴𝑅

] − 𝑃𝐼𝑐𝑜

= 𝑒

−  
𝑡𝑃𝑐𝑜2̅̅ ̅̅ ̅̅ ̅

𝑀 𝑉
𝐵𝐿[𝑂2𝐻𝑏](

1
𝐷𝐿𝑐𝑜

+
713

𝑉𝐴𝑅
)
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a. VCO (ml/min) is the rate of production of CO in the human body in 

millilitres STPD per minute. 

b. DLCO (ml/min/mmHg) is the pulmonary diffusing capacity in 

millilitres per minute per millilitres Hg. 

c. PC̅̅̅̅ co (mmHg) is the mean CO tension equal to the concentration of 

COHb in the pulmonary capillaries. 

d. PAco (mmHg) is the alveolar CO tension. 

e. VAR (ml/min) is the alveolar ventilation rate in millilitres STPD per 

minute. 

f. PIco (mmHg) is the inspired tension of CO in millilitre Hg. 

g. PB (mmHg) is barometric pressure. 

h. PH2O (mmHg) is the vapour pressure of water. 

i. [COHb] is the concentration of COHb in the blood in millilitres gas 

STPD per millilitres blood. 

j. [O2Hb] is the concentration of O2Hb in the blood in millilitres gas 

STPD per millilitres blood. 

k. M is the ratio of the affinity of blood for CO over O2. 

l. 713 (mmHg) = PB-PH2O=760-47, which is the barometric pressure 

minus the vapour pressure of water. 

 

In the CFK model, all parameter values were derived from the literature and 

presented at standard BTPS conditions (Coburn et al., 1965; Peterson and Stewart, 

1975; Gosselin et al., 2009) (see List of Abbreviations and Appendix 9.2.1 for details).  

Peterson and Stewart (1970) tested the CFK model with observed data of 

participants exposed to a range of CO concentrations and exposure periods. CO 

concentrations varied from less than one CO ppm to 1000 CO ppm, and the period 

from 1.5 to 24 hours. They found that the CFK model was more accurate than other 

CO-predicting equations in their study. However, there are some limitations to the 

CFK model. First, the model assumes that CO exchange only happens in the lungs. 

However, CO exchange may also take place in tissues and cells. In reality, when 

people breathe in CO, it spreads throughout the entire body and is not confined only 

to the lungs. CO may be stored in tissue, and different tissue types have different CO 

diffusion rates. For example, myoglobin in the muscle can store around 10-15% of the 

CO in the human body (Ronald and Coburn, 1970). Peterson and Stewart’s (1970) 

study found that the half-life of CO elimination might be 30% longer than that 

calculated with the CFK model (320 versus 252 minutes). They believe that this might 

be due to the lack of the myoglobin effect in the CFK model.  

Moreover, because Coburn et al. (1965) assumed that CO could mix rapidly in 

the extravascular compartment, the CFK model calculated all possible extravascular 

compartments as a single compartment (Luomanmäki and Coburn, 1969) and the 



 

28 
 

washout of CO follows a simple mono-exponential curve. However, CO washout may 

not be mono-exponential in reality. 

Second, this model does not predict either arterial or venous COHb separately. 

It predicts the average level of COHb. However, in a real-life situation, the difference 

in COHb level between arterial and venous blood should be considered. The literature 

reports differences ranging from around 2.3% to 12.1% (Smith et al., 1994, Touger et 

al., 1995) 

Third, Coburn et al. (1965) did not extend the model to smokers. Smokers may 

have a different reaction to non-smokers as their mean COHb concentration is higher 

(Meredith and Vale, 1988; Ilano and Raffin, 1990; Weaver, 2009).  

Fourth, the model is poor at predicting the COHb level in a sharply increasing 

CO exposure situation. Bruce and Bruce (2003) found that the CFK model resulted in 

a more accurate prediction when people were in a stable CO exposure environment.  

In summary, the CFK model can make acceptable predictions for many 

situations and has been widely used for more than 50 years. However, the limitations 

of the CFK model mean that further CO uptake and elimination models have been 

developed since its creation.   

2.3.3 Multi-compartment models 

The multi-compartment model is a type of mathematical model used to describe 

how materials, energies or natural chemical substances are transferred between the 

compartments of a system. In these models, it is assumed that the human body can be 

conceptually divided into multiple compartments. For example, the lungs, blood 

system and tissues may be considered to be separate compartments in the human body. 

This section reviews the modified CFK model by Gosselin et al. (2009), and Bruce 

and Bruce’s multi-compartment model (2003, 2006, 2008, 2010). 

Gosselin’s (2009) modified CFK model 

Since the CFK model was developed in 1965, many researchers have tried to 

improve upon or modify it. In 2009, a modified CFK model was created by Gosselin 

et al. The original CFK model only considered the human body as a single 

compartment (Coburn et al., 1965). However, the modified CFK model divided the 

CO circulation into three: alveoli, blood and the extravascular compartment and 

considers the interaction between these different compartments using the three 
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differential equations they developed as described below (Gosselin et al., 2009). Their 

model is used to simulate CO uptake, distribution and elimination. Figure 2-4 shows 

the kinetics of CO in the human body.   

 

Figure 2-4. Model of the kinetics of CO from Gosselin et al. 2009 

The following three differential equations are derived from Figure 2-4, using 

three state variables: the CO amount in alveoli ACO(t), the CO amount in the blood 

BCO(t), and the CO amount in extravascular space SCO(t) (see Appendix 9.2.1 for 

details of equation parameters).  

CO uptake and the elimination model of Gosselin et al. (2009) 

𝑑𝐴𝐶𝑂(𝑡)

𝑑𝑡
= 𝑄𝐴𝐿𝑉 × [𝐶𝐸𝑋𝑇(𝑡) −

𝐴𝐶𝑂(𝑡)

𝑉𝐴𝐿𝑉
]

− 𝐷𝐿𝐶𝑂 × [
𝐴𝐶𝑂(𝑡)

𝑉𝐴𝐿𝑉
× 𝑅 × 𝑇 −

𝐵𝐶𝑂(𝑡) × 𝑃𝑂2

𝑀 × (𝐵𝑐𝑜𝐻𝑏

𝑀𝑎𝑥 − 𝐵𝐶𝑂(𝑡))
] 

 

𝑑𝐵𝐶𝑂(𝑡)

𝑑𝑡
= 𝐷𝐿𝐶𝑂 × [

𝐴𝐶𝑂(𝑡)

𝑉𝐴𝐿𝑉
× 𝑅 × 𝑇 −

𝐵𝐶𝑂(𝑡) × 𝑃𝑂2

𝑀 × (𝐵𝑐𝑜𝐻𝑏

𝑀𝑎𝑥 − 𝐵𝐶𝑂(𝑡))
] − kHbS × BCOHb

(t)

+  kSf × SCO(t) − kCO2 × BCO_Hb(t) + Endo 

 

 
𝑑𝑆𝐶𝑂(𝑡)

𝑑𝑡
= kHbS × BCOHb

(t) − kSf × SCO(t) + kCO2 × SCO(t) 

a. ACO (mlCO) means the amount of CO in alveoli. 

b. BCO (mlCO) means the amount of CO in the blood. 

c. SCO (mlCO) means the amount of CO bound to haem proteins in the 

extravascular spaces. 
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d. QALV (mlair /min) means the alveolar ventilation rate of inhalation. 

e. CEXT (mlCO/mlair) is the concentration of CO in ambient air.  

f. CALV (mlCO/mlair) is the concentration of CO in alveoli.  

g. DLCO (mlCO /min/mmHg) means the diffusing capacity of lungs for CO.  

h. PALV (mmHg) means the partial pressure of CO in alveoli.  

i. PBL (mmHg) means the partial pressure of CO in lung capillaries.  

j. Endo (mlCO/min) represents the rate of endogenous production of CO. 

k. kHbS (min−1) represents the capture rate of CO from the blood to haem 

proteins in extravascular spaces. 

l. kCO2 (min−1) represents the capture rate of CO from blood to haem 

proteins in extravascular spaces. 

m. kSf (min−1) represents the release rate of CO from haem proteins in 

extravascular spaces into the blood. ACO (mlCO) means the CO amount in 

alveoli. 

 

After developing the modified CFK model, Gosselin et al. tested its validity and 

sensitivity with published data of male adults and found the results to be acceptable. It 

showed that the goodness-of-fit slope between predicted and experimental data was 

close to 1 and presented a fairly narrow confidence interval (0.95-1.04). They also 

compared the predicted data from the original (1965) CFK model and their modified 

CFK model (2009) with existing experimental data from the literature and the results 

showed that the data from their model fit the data better than the CFK model (CFK 

model [r= 0.917, n=150] and modified CFK model [r= 0.996, n=150]) (Gosselin et al., 

2009). 

However, there are some limitations to the modified CFK model. First, it 

assumes that Hb is completely saturated with either CO or O2 and thus it can only be 

valid under normal atmospheric pressure (Gosselin et al., 2009). Second, it does not 

consider the difference between COHb in arterial and venous blood. Third, it predicts 

the CO level in tissue without having been tested with real data. Fourth, the model 

does not consider the time delay for transport. Fifth, its predictions were only tested 

with young, male participants.  

The Bruce and Bruce’s multi-compartment model (2003, 2006, 2008 and 2010) 

In 2003, Bruce and Bruce developed a multi-compartment model to estimate 

COHb and COHb responses to the inhalation of CO in the human body. The model 

contains five compartments: lungs, mixed venous blood, arterial blood, non-muscle 

tissue and muscle tissue (Figure 2-5). In the model, Bruce and Bruce emphasised the 

potential effects of carboxymyoglobin (MbCO) on CO uptake and elimination.  
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Figure 2-5. Bruce and Bruce’s multi-compartment model (Bruce & Bruce, 2003) 

There are various assumptions present in the multi-compartment model, 

including that ventilation, blood flow, pH and partial pressure of alveolar O2 are 

constant, and the partial pressure of O2 in the arterial blood is the same as the partial 

pressure of O2 in the end-capillary. In the model, Bruce and Bruce demonstrated that 

the mass of CO could be balanced in all compartments. There are several equations in 

each step, and Bruce and Bruce have continued to modify and improve the model, with 

updates in 2006, 2008 and 2010 (Bruce and Bruce, 2006; Bruce et al., 2008; Erupaka 

et al., 2010).  

The strength of Bruce and Bruce’s model is its ability to predict the difference 

between arterial and venous COHb separately: levels in arterial blood were 

considerably higher than in venous blood during CO exposure in Smith et al.’s (1994) 

study. 

There are still some limitations to this model. First, it does not consider the 

metabolism within the tissue or the CO distribution in the tissue. Second, the model 

assumes that cardiac output, muscle metabolism and blood flow in the muscle remain 

the same when exposed to CO. Third, the parameter values have to be re-tested for 

each dataset to provide the best fit on each prediction, and some values (e.g. blood 

flow for each compartment) cannot be measured directly. 
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In conclusion, the Bruce and Bruce model tries to give an overview of each 

compartment related to CO uptake and elimination. The results are validated by 

exposing subjects to CO for up to 5000 minutes (Bruce and Bruce, 2003), but the 

demographic characteristics of subjects were limited as they were normal young 

volunteers. Also, the model is complicated by the addition of more and more 

assumptions: the most recent model uses 24 main equations and more than 20 

additional equations for simulations (Erupaka et al., 2010). Therefore, it is not easy to 

apply. 

2.3.4 Comparison of the three different models 

The CFK model has been used for more than 50 years, tested by many 

researchers and is still considered good at predicting different situations (Coburn et al., 

1965) although Gosselin et al. (2009) found their modified CFK model to be slightly 

better at predictions. Both CFK models have been used to set the standards and 

guidelines of exposure limits of CO (Barn et al., 2018). The Bruce and Bruce multi-

compartment model is good at predicting when the concentration of ambient CO 

changes rapidly or when the blood has not mixed completely. It is also better at 

predicting the CO washout time than the CFK (1965) model (Bruce and Bruce, 2003).  

Table 2-7 compares the three different models. All three included the parameters 

of blood volume and subject weight but none considered smoking habits or lung 

diseases as a parameter. Gosselin et al. predicted the CO uptake and elimination of 

smokers using the modified CFK (2009) model but they did not consider the potential 

difference between smokers and non-smokers, such as differing red blood cells 

production, COHb concentration and lung functions (Frans et al., 1975; Yang, 1993; 

Graham et al., 2002; Najeeb, 2010).  

Bruce and Bruce’s (2003, 2006, 2008) model tried to calculate the CO amounts 

in each compartment. However, they could only predict an average level of CO in the 

compartment across different tissues beds due to lack of available experimental data 

on CO levels in tissues. Also, the Bruce and Bruce (2010) model became increasingly 

complicated with more than 40 equations were included, making it difficult to apply. 

Thus, the CFK (1965) model and the modified CFK (2009) model are the most widely 

used for predicting CO uptake and elimination in different situations. 
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Table 2-7. Comparison of parameters in three different models 

 CFK (1965) 

model 

Modified CFK 

(2009) model 

Bruce and Bruce 

model 

Compartment 
Single-

compartment 

Multi-

compartment 
Multi-compartment 

Age None Included Included 

Height Included Included Included 

Weight Included Included Included 

Blood volume Included Included Included 

Hb Included Included Included 

Tissue None All haem proteins Only myoglobin 

Free CO None Included Included 

Smoking status None None None 

Steady CO 

exposure 
Good prediction Good prediction Good prediction 

Rapidly varying 

CO exposure 
Worse prediction Better prediction Better prediction 

Elimination time Good prediction Good prediction Good prediction 

Application Widely used Widely used Not widely used 
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2.4 Factors related to CO uptake and elimination 

A version of this literature review section was published in the International 

Journal of Environmental Research and Public Health in January 2020 (Pan et al., 

2020) (see Appendix 9.3). It reviews a total of 39 publications in which the related 

factors covered different dimensions, from environmental exposure and physiological 

metabolisms to treatments. 

2.4.1 Summary of the factors found from the literature 

From the review, the factors can be divided into four categories: environmental, 

demographic and behavioural, physiological and treatment. Table 2-8 and Table 2-9 

give an overview of each of these four categories. However, some factors that may be 

related to both CO uptake and elimination are not included, such as genetics, the 

presence of disease, vulnerability and special features of age (e.g. young children and 

the elderly).  

After the paper was published, the researcher received valuable comments from 

correspondents. Zavorsky et al. (2012) found that CO half-life decreased with exercise 

by increasing isocapnic (a state of constant carbon dioxide in the blood or tissues) 

ventilation. They also suggested that a combination treatment for CO exposure which 

includes mild exercise, hyperventilation and normobaric hyperoxia (100% oxygen 

inhalation) may increase CO elimination for some patients.  

2.4.2 Updated information on factors affecting CO uptake and elimination 

As well as those factors mentioned in the review, other factors may be related to 

CO uptake and elimination, such as infancy, smoking and chemistry of haemoglobin. 

Also, people in different phases of pregnancy and infancy have distinct physiological 

reactions compared to other healthy adults. 

For babies less than three days of age, Stevenson et al. (2019) found that CO 

elimination rates were faster than those of adults. Although the starting point of CO 

exposure was slightly different for each baby in the study, the findings indirectly 

suggest that CO elimination rates for babies are much faster than for adults and that 

the time to achieve a steady-state is shorter.  

For smoking status, even though a past study had not shown a strong relationship 

between smoking and CO half-life (Burney et al., 1982), Cronenberger et al. (2008) 

found that smokers’ CO half-life had a median of 30.9 hours and ranged from 7.13-
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367 in adult smokers, much longer than the 4 hours of CO half-life for non-smokers 

found by Kao and Nanagas (2004).  

The chemistry of haemoglobin may also have an impact on CO uptake and 

elimination. The dynamic of competing for the binding of Hb for oxygen and CO is 

complex. When CO binds to the Hb, it occupies the site for binding to oxygen and it 

increases the affinity of the free haem molecules for oxygen. This means less oxygen 

could be carried and released to the tissue (WHO, 1999). Also, Longo (1970) found 

that the affinity of Hb for CO varied between foetus and adults. However, the effects 

of the chemistry of haemoglobin on CO uptake and elimination is not fully understood.  

Other factors, such as height and weight, may also affect the rate of CO uptake 

and elimination through pulmonary function and blood characteristics (Coburn et al., 

1965; Peterson and Stewart, 1975; Roca et al., 1990; Brown et al., 1997; Gosselin et 

al., 2009). Generally, taller and heavier people may breathe in and out more air which 

would increase the rate of CO uptake and elimination (Roca et al., 1990; Gosselin et 

al., 2009; Talaminos Barroso et al., 2018). However, taller and heavier people may 

have more blood volume which lead to decrease the rate of CO uptake and elimination 

(Nadler et al., 1962; Brown et al., 1997; Gosselin et al., 2009). Therefore, the effects 

on the rate of CO uptake and elimination from height and weight is hard to predicted.  

‘Susceptible groups’ are people with chronic obstructive pulmonary disease 

(COPD), anaemia, heart failure or multiple co-morbidities, and persons of advanced 

age (Barn et al., 2018). The review from Barn et al. (2018) showed that when exposed 

to 100 CO ppm for 1 hour, subjects with COPD might have a higher mean of COHb 

concentration compared to healthy subjects and subjects with cardiovascular disease 

from different studies. However, the details of the characteristics of each subject were 

missing. It is still hard to conclude the effects of diseases on CO uptake and elimination.  

Moreover, the effects of some factors are still not clear, such as ethnicity, 

genetics, the chemistry of haemoglobin, the presence of disease, and membership of 

susceptible groups. If we can understand CO uptake and elimination among these 

people, it may be possible to adjust the CO standard and provide information to 

improve CO poisoning treatment. An updated table for factors related to CO uptake 

and elimination is presented in Table 2-8 and Table 2-9. 
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Table 2-8. Factors related to CO uptake (adapted from Pan et al., 2020) 

Field Factor Results Experiment Control Reference 

Environment CO concentration increase CO uptake rate increases Range: 0.01%-0.2 % CO Forbes et al. (1945) 

Range: 0-523 CO ppm Peterson and Stewart (1970) 

Range: 8.7-1000 CO ppm Peterson and Stewart (1975) 

Longer duration of 

exposure 

CO uptake amount increases Range: 0-270 min Forbes et al. (1945) 

Range: 15-480 min Peterson and Stewart (1970) 

Range: 0-1440 min (50 CO ppm) Benignus et al. (1994) 

O2 concentration increase CO uptake rate decreases Oxygen Air Forbes et al. (1945) 

Altitude increase CO uptake rate increases 16,000 ft; 40,000 ft 0 ft Forbes et al. (1945) 

No difference 2134 m Sea level Horvath and Bedi (1989) 

Demography and 

behaviour 

Exercise increase CO uptake rate increases 

 

Hard work Rest Forbes et al. (1945) 

Light exercise; 

moderate exercise 

Resting Filley et al. (1954) 

No difference moderate exercise Low exercise Tikuisis et al. (1992) 

Physiology Ventilation rate increase CO uptake rate increases 

 

Range: 6-30 L/min Forbes et al. (1945) 

Range: 5.8-105 L/min Filley et al. (1954) 

Diffusion capacity of CO 

(DLCO) increase 

CO uptake rate increases 

 

36.3 c.c./min/mmHg 16.9 c.c./min/mmHg Filley et al. (1954) 

Range: 5-30 ml/min/torr Bruce and Bruce (2003) 

- - Coburn et al. (1965) 

- - Gosselin et al. (2009) 

Blood volume increase CO uptake rate decreases - - Pace et al. (1946) 

The diffusion rate of CO 

flux from blood to muscle 

compartment increase 

CO uptake rate increases Range: 0-100 ml/min/torr Bruce et al. (2008) 

More muscle mass Less important - - Bruce and Bruce (2006) 

Anaemia CO uptake rate increases haematocrits of 18% and 

30% 

haematocrits of 42% 

and 60% 

Woehlck et al. (2001) 

Pregnancy 

(Mother and foetus) 

CO uptake rate decreases (lag) Infant Mother Hill et al. (1977) 
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Table 2-9. Factors related to CO elimination (adapted from Pan et al., 2020) 

Field Factor Results Experiment Control Reference 

Environment CO concentration increase COHb half-life increases 200.8 CO ppm for 60 min 51.6 CO ppm for 60 min Peterson and Stewart (1970) 

Longer exposure duration COHb half-life increases 1,250 CO ppm for 40 min 10,000 CO ppm for 5 min Bruce and Bruce (2006) 

(same CO dose in two groups) 

O2 concentration increase COHb half-life decreases 100% oxygen - Weaver et al. (2000) 

2.5 atm, 100% oxygen 

(HBO) 
- 

Pace et al. (1950) 

Demography 

and behaviour 

Age  No difference Range: 9-86 years old Burney et al. (1982) 

>40 years old <40 years old Weaver et al. (2000) 

COHb half-life decreases 4-12 years old - Klasner et al. (1998) 

COHb half-life decreases Infant Adults Stevenson et al. (2019) 

Sex No difference Female Male Burney et al. (1982) 

Female Male Weaver et al. (2000) 

COHb half-life decreases Female Male Pace et al. (1950) 

Female Male Zavorsky et al. (2014) 

Smoking No difference Smokers Non-smokers Burney et al. (1982) 

COHb half-life increases Smokers Non-smokers Cronenberger et al. (2008) 

Exercise increase COHb half-life decreases  Various exercise 

intensities 

Rest  Zavorsky et al. (2012) 

Physiology Ventilation rate increase COHb half-life decreases Range: 4-10 L/min Coburn et al. (1965) 

15 and 30 L/min 3 and 6 L/min Selvakumar et al. (1993) 

Range: 5-20 L/min Kreck et al. (2001) 

Range: 4-40 L/min Zavorsky et al. (2014) 

Chronic obstructive 

pulmonary disease (COPD) 

No difference/ COHb half-life 

slightly longer 

COPD patients Normal subjects Crowley et al. (1989) 

Blood volume increase COHb half-life increase - - Coburn et al. (1965) 

Range: 0.3-0.7 (VBL/VAwo) Bruce and Bruce. (2006) 

Total Hb mass increase COHb half-life increase Male Female Zavorsky et al. (2014) 

The diffusion rate of CO 

flux from blood to muscle 

compartment increase 

COHb half-life decreases Range: 0-2 ml/min/torr Bruce et al. (2003) 

Muscle mass Less important - - Bruce and Bruce (2006) 
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Field Factor Results Experiment Control Reference 

Anaemia COHb half-life decreases Anaemia Polycythaemia Zavorsky et al. (2014) 

Pregnancy  

(Mother and foetus) 

COHb half-life increases Infant Mother Hill et al. (1977) 

Treatment 100% oxygen COHb half-life decreases 100% oxygen - Weaver et al. (2000) 

High flow nasal cannula 

(HFNC) 

No difference 100% oxygen with high 

flow 

100% oxygen Kim et al. (2019) 

Continuous positive airway 

pressure (CPAP) 

COHb half-life decreases 100% oxygen with 

positive pressure 

100% oxygen Bal et al. (2019) 

Caglar et al. (2019) 

Hyperbaric oxygen (HBO) 

therapy 

COHb half-life decreases 2.5 atm, 100% oxygen - Pace et al. (1950) 

3 ATA, 100% oxygen 1 ATA, 100% oxygen Peterson and Stewart (1970) 

Isocapnic hyperpnea (IH) COHb half-life decreases Hyperventilation 

(6% CO2 in O2) 

without isocapnia Takeuchi et al. (2000) 

Fisher et al. (2011) 

Zavorsky et al. (2012) 

Sein Anand et al. (2017) 
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2.5 Clinical tests using CO gas 

This section provides an overview of two different clinical tests using CO gas; 

the pulmonary function test (PFT) with a diffusing capacity of CO (DLCO or TLCO) 

test and the CO-rebreathing method. Both tests were used in our research (see Section 

3 and 5) to understand CO uptake and elimination in the human body.  

2.5.1 Overview of Pulmonary Function Test (PFT) 

The pulmonary function test (PFT) is widely used in clinics and hospitals. The 

purpose of a PFT is to understand how well the lungs work, as well as diagnosis of 

symptomatic diseases and screening for early, asymptomatic diseases (Hughes, 2008; 

Ranu et al., 2011; Strong, 2014a). A standard PFT has three parts, measuring lung 

function (spirometer test), lung volume (lung volume test) and the diffusion capacity 

for CO (DLCO test or TLCO test) (Ranu et al., 2011; Strong, 2014a), please see details 

as follows. 

Spirometry test 

A spirometer is a medical device that measures the volume of air inspired and 

expired by the lungs and then provides information that can be used to diagnose a 

patient’s lung function. The most critical parameters in the test are FEV1 (forced 

expiratory volume in one second, which is the volume of breath exhaled with effort 

in that timeframe after full inspiration), FVC (forced vital capacity is the full amount 

of air that can be exhaled with effort in a complete breath) and FEV1/FVC (the ratio 

of FEV1 to FVC).    

Lung volume test 

For a lung volume test, different methods can be utilised. One involves the use 

of body plethysmography where Boyle’s law is used to calculate the lung volumes. 

(Wanger et al., 2005; Ranu et al., 2011; Strong, 2014b). Other measurements, such 

as nitrogen washout or helium dilution, may also be used. In the nitrogen (N2) 

washout technique, the person is asked to breathe in pure oxygen (O2) and then exhale 

into a monitor to record the amount of nitrogen ‘washed out’ which allows the lung 

volume to be calculated (Wanger et al., 2005; Strong, 2014b). In the helium dilution 

technique, the amount of helium is determined before the test and remains constant 



 

40 
 

during the test so lung volumes can be calculated after the equilibrium is reached 

(Wanger et al., 2005; Strong, 2014b).  

DLCO Test 

In the DLCO test, the diffusing capacity of the lungs for CO or the lung diffusion 

coefficient for CO (DLCO, mL/min/mmHg) is measured. DLCO is also known as the 

transfer factor of the lungs for CO (TLCO, mmol/min/kPa). The DLCO measures the 

ability of gas to cross the alveolar membrane to the blood in the pulmonary capillaries. 

In the DLCO test, a person is asked to do a single breath technique by inhaling test 

gas (typically including 0.3% CO, 21% O2, 0.3% methane, helium or other tracer gas 

and N2 to make up the balance) rapidly, holding it for 10 seconds and then exhaling 

(Cheung and Cheung, 2015). Then, the alveolar volume (VA) and KCO (DLCO/VA) 

were measured. The alveolar volume (VA) is the total number of contributing alveolar 

units and KCO (the diffusion capacity of the lung for CO normalised by alveolar 

volume), is an index of gas exchange efficiency) (Hughes and Pride, 2012). DLCO is 

calculated from VA and KCO, and indicates the ability of gas transfer from inspired 

gas to the red blood cells (Ranu et al., 2011; Strong, 2014c; Graham et al., 2017).  

PFT parameters and their indications 
There are several parameters in PFTs, including lung volumes and lung 

capacities. Figure 2-6 shows the phases of the breathing curve, and from this, lung 

volume and capacity can be calculated. When people inhale air in comfortable and 

normal conditions, the volume is called tidal volume (VT). Inspiratory reserve 

volume (IRV) is the maximal amount of additional air that a person can breathe into 

their lungs after a normal inspiration. The expiratory reserve volume (ERV) is the 

maximal amount of extra air that a person can breathe out from their lungs after a 

normal expiration. Residual volume (RV) is the amount of air left in a person’s lungs 

after maximal exhalation – this is the amount of air required to prevent alveolar 

collapse (Cotes et al., 2006; Hughes, 2008; Ranu et al., 2011; Strong, 2014a; Jimenez, 

2019).  

Various lung capacities can be calculated, including total lung capacity, vital 

capacity, functional residual capacity and inspiratory capacity. Total lung capacity 

(TLC) is the sum of all lung volumes. Vital capacity (VC) is the maximal volume of 

air that person can breathe in from RV or breathe out from TLC. Functional residual 

capacity (FRC) is the volume of air that remains in the lungs after a normal expiration. 
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Inspiratory capacity (IC) is the maximal volume of air that a person can breathe in 

after normal expiration (Cotes et al., 2006; Hughes, 2008; Ranu et al., 2011; Jimenez, 

2019).  

 

Figure 2-6. Lung volumes and capacities as determined by a PFT (adapted from 

Eric Strong (Strong, 2014a), https://www.youtube.com/watch?v=6TApeMJ-rkc) 

As well as the measurements that come directly from the PFT, some derived 

values could also indicate lung condition. For example, a higher value of RV/TLC or 

FRC/TLC indicates a worse airflow obstruction, more gas trapping or a higher 

possibility of pulmonary hyperinflation (Gagnon et al., 2014; Kendrick, 2015; Shin 

et al., 2015); while a lower ratio of VA to TLC may reflect poor gas mixing 

(ventilation inhomogeneity), airway closure or airway narrowing (van der Lee et al., 

2006; Kaminsky et al., 2014).   

Figure 2-7 provides the PFT parameters and their indications for lung function 

(Strong, 2014d; Tseng et al., 2017). In a typical clinical situation, clinic staff start by 

calculating the FEV1/FVC from the PFT. After checking this, they then go on to 

check the FVC and TLC values. At this point, they can approximately diagnose 

differentiating between obstructive lung diseases (difficulty exhaling all of the air 

from the lungs), restrictive lung diseases (difficulty expanding one’s lungs when 

inhaling), a mix of the two, or normal lung function. The DLCO value may then be 

checked to enable a more detailed diagnosis of different lung diseases, such as 

emphysema (a lung condition that causes shortness of breath), chronic bronchitis (a 

type of COPD that makes it hard to breathe), asthma, interstitial lung disease (ILD, 

which is a disorder that causes scarring or fibrosis of the lungs), chest wall and pleural 

https://www.youtube.com/watch?v=6TApeMJ-rkc
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disorders, neuromuscular disease, pulmonary vascular disease, pulmonary 

hypertension and normal lung function (Hughes, 2008; Ranu et al., 2011; Strong, 

2014d; Tseng et al., 2017; Miller and Enright, 2012).  

 

Figure 2-7. PFT parameters and their indications for lung function (adapted from 

Strong, 2014e & Tseng et al., 2017) 

Figure 2-7 shows that FEV1/FVC, FVC, TLC and DLCO are the most important 

parameters when using PFTs for diagnosis. PFT interpretation follows a simple rule: 

if the measured value is 80% to 120% of the reference value, then it is considered a 

normal value (Wyka et al., 2011). Johnson and Theurer (2014) suggested the normal 

range of FEV1/FVC should be more than 70%. The FEV1/FVC indicates airflow 

limitation, and a result of lower than 70% is considered a sign of COPD (Mannino 

and Buist, 2007). Overall, there are slightly different values of normal pulmonary 

function from study to study (Wang et al., 1997; Barreiro and Perillo, 2004; 

Stanojevic et al., 2010; Wyka et al., 2011; Johnson and Theurer, 2014).   

2.5.2 Factors affecting pulmonary function 

Talaminos Barroso et al (2018) tried to understand which factors may affect 

lung function: their study divided the factors affecting pulmonary function into six 

fields – age, sex, height, weight, ethnic group and body position. 

Age has long been proven to affect lung function: the lungs mature when 

people are around 20 to 25 years old and the number of alveoli, alveolar ducts and 

capillary segments become stable (Weibel and Gomez, 1962; Bowdish, 2019). FEV 

and FEV1 decline with age because the lungs’ compliance (their ability to stretch and 
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expand) decreases, muscle strength declines, and there is a growing tendency of the 

smaller airways to close during forced expiration (Lalley, 2013). DLCO and KCO also 

decline due to declining gas exchange between the alveolar surface and reduced 

blood volume (Burrows et al., 1961; Talaminos Barroso et al., 2018).  

Generally, males have a higher value for FRC, VC, TLC, RV and DLCO than 

females because males have larger lungs and a larger number of bronchi, a greater 

surface area of alveolar and a wider airway tube (Townsend et al., 2012; Talaminos 

Barroso et al., 2018). Height affects many lung function parameters since many 

parameters (e.g. TLC, VC, RV, FVC, FEV1 and DLCO) are related to body size and 

body surface area (Blakemore et al., 1957; Quanjer et al., 2014; Talaminos Barroso 

et al., 2018). Weight has more complicated effects on lung function; usually, excess 

fat causes displacement of the diaphragm toward the chest cavity and results in an 

increase in IC and a decrease in RV (Babb et al., 2008).  

Many studies have analysed the effects of ethnicity in PFT data. The American 

Thoracic Society (ATS) and the European Respiratory Society (ERS) suggest using 

the PFT reference differently according to ethnicity (Pellegrino et al., 2005; Whitrow 

and Harding, 2008; Stanojevic et al., 2010; Kiefer et al., 2011). However, Kiefer et 

al. (2011) reported that ethinicity only explain less than 1% of the lung function 

variability in the US population. The ethnic differences in lung function may be 

partially explained by trunk length/standing height, but the differences in chest sizes 

and respiratory muscle strength should also be considered (Pellegrino et al., 2005). 

Whitrow and Harding (2008) found that the length of the upper body segment could 

explain more of the ethnic differences in adolescent lung function than standing 

height (Whitrow and Harding, 2008).   

2.5.3 Factors affecting DLCO (TLCO) and KCO 

Of the factors that affect lung function, age, sex, and height may also influence 

DLCO (Peces-Barba et al., 2004; Quanjer et al., 2014; Talaminos Barroso et al., 2018). 

However, it is less clear how weight affects DLCO: Blakemore et al. (Blakemore et 

al., 1957) found the value of DLCO increased with increased weight while, in contrast, 

Enache et al. (Enache et al., 2011) found that obese people had lower DLCO due to 

alveolar volume declining or structural changes caused by increased lipid deposition 

and Sharp et al., (1964) showed that DLCO remains normal. 
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Moreover, body surface area may affect the value of DLCO (Burrows et al., 

1961; Peterson and Stewart, 1975; Park et al., 1986; Yang, 1992). In Peterson and 

Stewart’s (1975) study, as the body surface area increased, so did the value of DLCO. 

However, Park et al. (1986) showed that age and height might have a more significant 

effect on the value of DLCO directly. 

DLCO also varies between different groups due to ethnic differences in lung 

function (Paoletti et al., 1985; Pellegrino et al., 2005; Stanojevic et al., 2010; Chhabra 

et al., 2016). Therefore, each country or ethnic group might have their own reference 

data to calculate the value of lung function parameters in PFTs (Graham et al., 2017). 

Korotzer et al. (2000) found that the values of FVC, FEV1 and VA were lower in 

Asians than Europeans, but the values of DLCO and KCO were similar. Besides 

ethnicity, Sakornsakolpat et al. (2018) also found that genetic differences may be 

associated with DLCO. 

Hb affects the value of DLCO due to the amount of CO binding to Hb. More Hb 

may result in more CO diffusing to the blood (2006). People with anaemia have a 

lower DLCO than people without anaemia (Rankin et al., 1961), while people with 

polycythaemia vera (too many red blood cells) have a higher DLCO than people 

without polycythaemia vera (Herbert et al., 1965). Therefore, the adjustment of Hb 

for DLCO should be considered (Marrades et al., 1997). In females, the menstrual 

cycle may also influence DLCO value. The peak of DLCO usually occurs at the 

beginning of menstruation and is followed by a rapid decline by day three of the 

cycle, with a mean difference between them of 9%. The change is due to differing 

blood volume in the blood capillaries over a menstrual cycle (Sansores et al., 1995; 

Farha et al., 2007; Talaminos Barroso et al., 2018).  

Smoking not only worsens all spirometric parameters but also decreases DLCO 

and KCO (Cotes et al., 2006; Najeeb, 2010; Sill, 2016). However, the DLCO value 

improves very soon after people stop smoking (Sansores et al., 1995; Najeeb, 2010); 

it also increases with an increase in exercise level (Blakemore et al., 1957).  

Additionally, diseases such as asthma and COPD may affect the value of DLCO. 

Those with asthma may have a normal or increased DLCO, and those with COPD may 

have a lower DLCO (Saydain et al., 2004; Magnussen et al., 2017).  

Besides all the factors that mentioned above, pulmonary function test based on 

CO diffusion could be affected by CO exposure, leading to misinterpretation as lung 

disease what in reality was CO poisoning (Chiang and Wang, 1970; Graham et al., 
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2017). Therefore, this is why all the standard protocol of PFT would advise the 

patients to stop smoking or avoid CO exposure on the day of PFT to avoid misleading 

(Graham et al., 2017). 

Normal DLCO values 
This section introduces some equations used to predict the value of DLCO and 

the normal range for healthy general people. Paoletti et al. (1985) conducted a study 

to develop reference equations for DLCO of white people in north Italy; the general 

value of DLCO is shown in Table 2-10. They separated the predictive equations into 

different age ranges to allow for the physiological effects of lung development and 

maturation (Weibel and Gomez, 1962; Bowdish, 2019).  

Table 2-10. DLCO (ml/min/mmHg) for different ages and sexes (Paoletti et al. 1985) 

Age Female Male 

10  18.9 17.9 

20  28.8 41.7 

40  27.4 37.8 

60  26.1 33.9 

 

Several other studies have also been conducted to develop reference equations 

for PFT in different populations. However, Stanojevic (2018) stated that even though 

there is a general idea of PFT reference data, differences between individuals should 

still be considered when interpreting PFT data and corroborating with laboratories, 

clinics and other sites. 

2.5.4 CO-rebreathing model 

CO is used in CO-rebreathing experiments to measure the total Hb mass in the 

human body. The CO-rebreathing method is frequently used to determine the effects 

of training and altitude exposure on the body’s oxygen uptake ability (Heinicke et al., 

2001; Siebenmann et al., 2017) and provides precision in terms of total Hb mass 

(Durussel et al., 2013). This method is also used to measure blood volumes and total 

Hb mass in persons with certain diseases, such as heart failure patients and those with 

chronic liver disease (Ahlgrim et al., 2018; Plumb et al., 2020). 

Heinicke et al. (2001) asked subjects to rest while seated for 15 minutes and 

then connected them to a Krogh spirometer (Student Spirometer, ZAK, Germany) 

and asked them to breathe normally for 15 minutes, still in a seated position. The 

Krogh spirometer bag was filled with oxygen and a known mass of CO. Blood 
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samples were also taken to measure the blood COHb levels (ABL 520, Radiometer, 

Denmark). The experiment stopped when the COHb concentration reached a plateau. 

The researcher then calculated the CO remaining in the Krogh spirometer and used 

it and the blood samples to determine the total Hb mass in the human body.  

In 2005, an optimised CO-rebreathing method (oCOR-method) was developed 

by Schmidt and Prommer to determine the total Hb mass. The oCOR-method has 

subjects inhale a bolus (or known mass) of CO for two minutes, to reach the same 

concentration of COHb at around five minutes compared to the previous method that 

took 15 minutes. After testing using the oCOR-method, they found that it could be 

used to calculate the total Hb mass without reducing validity and reliability (Schmidt 

and Prommer, 2005) (see Appendix 9.2.1 for details of the equations for total Hb 

mass).   

Generally, total Hb mass is affected by sex, height and weight. Males have a 

higher value of total Hb mass than females. As height and weight increases, so does 

the value for total Hb mass (Zavorsky et al., 2014).  

In summary, Section 2.5 has introduced the PFT and CO-rebreathing methods, 

both of which use breathing in CO to measure their targets’ values. In PFT, CO is 

used to calculate DLCO, VA and KCO; and in the CO-rebreathing method, it is used to 

calculate total Hb mass in the blood. Therefore, both approaches are utilised in this 

dissertation to understand the CO uptake and elimination in the human body.  
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2.6  Summary of the literature review and research gap  

The literature review revealed that CO poisoning is still a big issue in public 

health. It causes not only acute adverse health effects but also long-lasting 

consequences, such as DNS. The health effects of CO are related to the CO uptake 

and elimination. Several CO exposure models have been created to measure the rate 

of CO uptake and elimination and set suitable guidelines for indoor CO to avoid CO 

poisoning. However, these models are often based on a limited number of people that 

are generally healthy, white and male.  

Through the literature review, we have learnt that demographic, physiological 

and behavioural factors, such as age, sex, height, weight, smoking status and 

ethnicity, have been shown to have effects on CO uptake and elimination (Burney et 

al., 1982; Weaver et al., 2000; Cronenberger et al., 2008; Zavorsky et al., 2014; Pan 

et al., 2020). However, the effects of these factors are not clearly understood – there 

is still a knowledge gap about the underlying physiological mechanism (pulmonary 

function) connecting demographic, physiological and behavioural factors and the 

rate of CO uptake and elimination. If the study could provide a better understanding 

of the relationship between demographic, physiological and behavioural factors, 

pulmonary function and the rate of CO uptake and elimination, and then to 

empirically validate the existing CO exposure models, it would be possible to expand 

these CO exposure models to people with wider range of different characteristics and 

improve the assessment and treatment of CO poisoned patients. 
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3. COLLECTING AND ANALYSING THE COHB 

ELIMINATION DATA FROM CO-REBREATHING 

EXPERIMENT 

3.1  Introduction  

This part of the research arose as a result of discussions and collaboration with 

Jamie Plumb, a medical doctor and researcher at Southampton General Hospital. As 

mentioned in the literature review in Section 2.5.4, the CO-rebreathing method is 

used to measure the total Hb mass in the human body with an amount of CO 

inhalation (Schmidt and Prommer, 2005; Durussel et al., 2013). Therefore, after the 

participants attended the CO-rebreathing experiment, the researcher could obtain the 

total Hb mass data and also the decay COHb data of CO elimination. This experiment 

had several objectives: 

– To explore if the total Hb mass could affect the COHb elimination rate  

– To collect the COHb decay data to be compared with the predicted data 

using the CO exposure models produced during the research.   

3.2  Methods  

3.2.1 Ethical approval  

The study was conducted as part of an ongoing project by Southampton 

General Hospital. Ethical approval for the project was granted by the hospital’s 

Research Ethics Committee (London Surrey NHS Research Ethics Committee). The 

Southampton Respiratory Biomedical Research Unit is funded by the National 

Institute for Health Research (NIHR V1.2 07/01/2018). Participants signed a consent 

form (see Appendix 9.1.1) in the hospital, and all of the procedures were performed 

by the clinic staff at Southampton General Hospital.   

3.2.2 Protocol and data collection 

Plumb was conducting tests to estimate total Hb mass, and this process also 

allowed the researcher to gather detailed data on COHb decay in the human body. 

By participating in the project, the researcher was able to gain a valuable 

understanding of the methods used. The data gathered through this method required 
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frequent blood samples being taken and, as this is an invasive method, it had to be 

undertaken by appropriately trained medical professionals.  

The power calculation was based on Malczewska-Lenczowska et al.’ (2013) 

study. The researcher defined the sample size required in the CO-rebreathing 

experiment as obtained from the procedure to evaluate a comparison of two means, 

with the power required in the study as 80%, while the significance value was 0.05. 

The sample size was calculated using STATA software, whereby the researcher 

estimated that 4 participants were needed for each group (male and female). On 6th 

November 2017, the three subjects were informed about the study and then signed 

informed consent forms. The method followed is shown in Table 3-1. 

Table 3-1. CO-rebreathing method protocol (Schmidt and Prommer, 2005; Otto et 

al., 2017) 

 Protocol 

 1 Take baseline data: 

– Measure height, weight; 

– Ask about fitness level (athlete/medium/no particular exercise); 

– Insert cannula to take blood samples;  

– Determine background breath CO levels using Drager Pac 6500 

Reusable Single Gas Detector (Draeger Safety UK Ltd, UK); see Figure 

3-1 and Figure 3-2. Take three readings and determine average results. 

For each reading, the subject breathes in fully then exhales; 

– Take initial baseline blood sample and label. 

Agitate sample to prevent clotting. 

 2 Administer known volume (for standard test use 1ml of CO for each kg of 

body weight in pure oxygen) of pure CO to raise the COHb value around 4-

6%. 

 3 Apply nose clip to avoid breathing through the nose. In ambient air, subjects 

are required to inhale fully, then exhale fully. After full exhale, the participant 

is connected to a well-sealed Krogh spirometer (Spico-CO Respirations-

Applikator, Blood Tec, Germany) and a 3 liter anesthetic bag pre-filled with 

100% oxygen; while inhaling, the CO dose is injected into the spirometer, and 

the subject completes a full inhale to take in the CO and oxygen and breathes 

in for as long as possible, see steps 4 to 6 (Figure 3-1 and Figure 3-2). 

 4 t=0, the starting point, is the moment of first breathing in CO. 

 5 The participant then holds his or her breath for about 10 seconds. 

 6 The participant starts normal respiration (tidal volume), still using the 

spirometer, which means rebreathing the oxygen and CO mixture for about 1 

min 50s (Steps 4 to 6 are around 2 minutes in total). 

 7 At the end of this period, the subject fully inhales and then fully exhales to fill 

the spirometer bag, and then the valve is closed. The participant is disconnected 

from the spirometer. 

 8 At this point, breath CO readings are re-taken (the test is conducted three times 

and recorded).  
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 Protocol 

The CO concentration in the filled sample bag is measured, using the CO 

breath detector, which allows an estimation of the amount of CO taken up by 

each subject. 

 9 Blood samples are taken via the cannula, at 6, 8, 10, 12 and 30 mins and around 

1, 2, 3 and 4 hours.  

10 Using a blood gas analyser (Radiometer ABL 800 Flex PH Blood Gas 

Analyzer) (see Figure 3-2), the COHb levels in each sample are measured three 

times. The results are read and recorded. 

 

Figure 3-1. Experiment photos of the CO-rebreathing method (all photos are 

copyright Ke-Ting Pan and subjects agreed to their use) 

 

 

Figure 3-2. Equipment for CO-rebreathing method: (a) Krogh spirometer and bag 

(b) 7-liter calibration syringe, Series 4900 (c) Blood gas machine, radiometer ABL 

800 flex PH blood gas analyser (d) Drager handheld monitor.  
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3.3  Results 

The total Hb mass was calculated from the CO-rebreathing experiment, and the 

COHb elimination rate post-experiment was tracked over time and the data for three 

subjects recorded. The researcher, one of the supervisors and a research colleague 

were the participants; their profiles and the results are provided in the section. 

3.3.1 CO-rebreathing experiment data 

Table 3-2 shows that the three subjects had different demographic, 

physiological and behavioural factors and total Hb masses. Subject A (female) had 

the lowest blood volume and total Hb mass, while Subject C (male) had the highest 

blood volume and total Hb mass. In general, the reference range for Hb is 12.0-16.0 

g/dL for women and 13.5-17.5 g/dL for men (Fatemi and Clayton, 2008; Shinkawa 

et al., 2009; Kawai et al., 2017); the reference values for venous haematocrit are 41-

53% for males and 36-46% for females (Fatemi and Clayton, 2008). Of the three 

subjects, only Subject A’s Hb concentration was lower than the reference value. 

The fitness levels were athlete, medium and no particular exercise. If the 

participant’s fitness level was athlete, the CO dose weight was multiplied by 1.1 

ml/kg; for medium, by 1.0 ml/kg; and for no particular exercise, by 0.9 ml/kg. The 

exhaled CO was 0.8 ml for Subject A, 0.6 ml for Subject B and 2.6 ml for subject C. 

Table 3-2. Subject profiles, experiment data and calculated total Hb mass in CO 

re-breathing experiment 

 Subject A Subject B Subject C 
Reference 

value 

Age 30 42 50  

Ethnicity Asian Asian Caucasian  

Sex Female Female Male  

Height (cm) 169.9 162.2 177.2  

Weight (kg) 55.3 51.0 78.0  

Smoking status 
Non-

smoker 

Non-

smoker  

Non-

smoker 

 

BMI 19.2 19.4 24.8  

Fitness Level  

(Athlete/Medium/No 

particular exercise) 

(self-reported by 

participants) 

No 

particular 

exercise 

Medium Medium 

 

Blood volume (ml) 3624 3745 5667  

Hb concentration,  

[Hb] (g/dL) 
11.0 14.6 14.8 

M: 13.5-17.6 

F: 11.3-15.2 

Total Hb mass (g) 362.7 497.6 763.2  
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 Subject A Subject B Subject C 
Reference 

value 

Total Hb mass (g/kg) 6.6 9.8 9.8  

Venous haematocrit 

(%) 
36.2 42.6 42.7 

M: 40-54 

F: 36-46 

CO dose (ml) 50 50 78  

Dose/kg (ml/kg) 0.9 1.0 1.0  

CO remaining in 

Krogh spirometer 

system (ml) 

3.3 3.3 1.3 

 

CO exhaled (ml) 0.8 0.6 2.6  

CO-Myoglobin (ml) 0.7 0.7 2.65  

CO in bloodstream 

(ml) 
44.22 44.4 70.41 

 

Note: M: male; F: female 

3.3.2 COHb elimination rate data from the CO-rebreathing experiment  

As well as calculating the total Hb mass, the experiment also followed and 

recorded the COHb elimination in the blood several hours after exposure. Each 

participant had nine blood samples drawn at points from baseline to 240 minutes after 

breathing in CO.  

      

Figure 3-3. COHb (%) readings from the CO-rebreathing results of the three 

subjects 

Figure 3-3 shows that Subjects A (0.8 %) and C (0.8 %) have a similar baseline 

COHb and Subject B (0.4 %) has a lower baseline COHb. The COHb half-life was 

between 120 to 150 minutes for Subject A, more than 210 minutes for Subject B and 

between 180 to 240 minutes for Subject C. Subject A, with the lowest Hb 
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concentration (11.0 g/dL), blood volume (3624 ml) and total Hb mass (362.7 g), had 

a shorter COHb half-life than Subjects B and C. All had data measured at the 150 

minutes; however, only Subject C’s COHb was measured at 240 minutes (the other 

two participants had to leave because of personal reasons). All of the data were used 

to test the simulation of the CFK and modified CFK models in Section 6. 

3.4  Discussion and Conclusion 

3.4.1 Discussion  

In the CO-rebreathing experiment, Subject A, with the lowest Hb concentration, 

blood volume and total Hb mass, had a shorter CO half-life (between 2 to 2.5 hours) 

compared to Subjects B (more than 3.5 hours) and C (between 3-4 hours) and also 

shorter than average CO half-life from the literature (Kao and Nanagas, 2004). 

Zavorsky et al. (2014) also found that more total Hb mass could prolong the CO half-

life due to more CO stores in the body. Moreover, anaemia (decreased Hb 

concentration compared to normal) may increase the rate of CO uptake and 

elimination (Woehlck et al., 2001; Zavorsky et al., 2014). Blood volume also plays a 

role: as it increases, CO uptake and elimination rates decrease (Coburn et al., 1965; 

Bruce and Bruce, 2006). All of the above factors influence the amount of CO stored 

in the body. 

3.4.2 Limitations 

The researcher planned to continue the project with further participants as the 

aim was for the recorded data to be used not only to test the simulation models but 

also to investigate the role of total Hb mass in CO uptake and elimination. However, 

despite several attempts to continue, the project was shut down in May 2018 due to 

a lack of available facilities and clinical staff. Thus, there were only three sets of 

results to use in comparing the various models produced during the research. 

Therefore, it was difficult to determine the relationship between Hb 

concentration, blood volume, and total Hb mass, and CO elimination. However, the 

results did show that Subject A, with the lowest Hb concentration, blood volume and 

total Hb mass, had a shorter CO half-life after breathing CO, which is similar to 

previous studies (Coburn et al., 1965; Woehlck et al., 2001; Bruce and Bruce, 2006; 

Zavorsky et al., 2014). 
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3.4.3 Conclusion 

In the study, three sets of results were gathered for use in testing various aspects 

of the models developed during this research. The CO-rebreathing experiment 

reported the COHb concentration in the bloodstream at each time step, the calculated 

blood volume and the calculated total Hb mass. Even though we could see the effects 

of having the lowest Hb concentration, blood volume and total Hb mass on Subject 

A, it is difficult to draw any hard and fast conclusions regarding the effects due to 

the small sample size. Future studies should recruit more subjects and examine each 

factor separately, thus allowing the effects of each to become clear. 
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4 INVESTIGATING THE EFFECT OF SMOKING ON 

CO UPTAKE AND ELIMINATION TIME IN 

SMOKERS 

4.1 Introduction 

The variation in smoking-related factors between non-smokers and smokers 

may affect CO uptake and CO elimination in the human body (Kao and Nanagas, 

2004; Cronenberger et al., 2008). Therefore, the researcher recruited smokers and 

non-smokers among the university student population to understand CO uptake and 

elimination in both by measuring exhaled CO at various time intervals. A version of 

this exhaled CO experiment (Section 4) was published in the International Journal 

of Environmental Research and Public Health in November 2021 (Pan et al., 2021) 

(see Appendix 9.3).  

Between January and June of 2019, the researcher collected data from smokers 

and non-smokers using questionnaires and CO monitoring of exhaled breath. This 

data included age, sex, height, weight, ethnicity, smoking status and exhaled CO 

values. This experiment had several objectives: 

– To measure the difference in the baseline of exhaled CO values between 

smokers and non-smokers 

– To record the change in exhaled CO values over time in smokers before 

and after smoking 

– To explore the difference in CO uptake and elimination between light 

smokers and heavy smokers. 

4.2 Methods 

4.2.1 Ethical and data protection approval for exhaled CO data collection 

The study followed the ethical application procedure at UCL and was approved 

by the UCL Research Ethics Committee and registered with the UCL Data Protection 

Registration Service (Appendix 9.1.4). The researcher began to write the study 

proposal in August 2018 and applied for data protection registration in September 

2018. The application was approved by the UCL Research Ethics Committee on 25th 

January 2019 (Project ID: 14201/001) (see Table 4-1 for timeline). 
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Table 4-1. UCL ethical and data registration procedure 

Time Task 

May-July 2018 Project proposal developed 

August 2018 All documents prepared 

September 2018 Application submitted 

October 2018 Received comments on the application 

October-November 2018 Revised documents 

December 2018 Re-submitted the application 

25 January 2019 Approval received 

4.2.2 Protocols for the exhaled CO study 

Before the observation, the researcher checked the CO value present in the 

study room. Also, the researcher checked the monitor and the screen and ensured 

correct operation. The researcher then gave each participant a new cardboard 

mouthpiece to use with the monitor. Figure 4-1 shows the study protocol.  

 

Figure 4-1. Protocols for the exhaled CO study 

The researcher explained the purpose of the study and the protocol to the 

participants who then read the information sheet and consent form, having been 

informed that if they had any questions, they could ask the researcher directly. After 
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agreeing to participate in the study, the researcher gave them the questionnaires to 

complete (see Appendix 9.1.4, Supplementary Figure 9-8).  

The above exhaled CO test was based on the literature (West, 1984; Biglan et 

al., 1986). The results suggested that holding the breath for 20 seconds is optimal; at 

this stage, the exhaled CO concentration equilibrates with the CO concentration in 

the blood.  

For each exhaled CO test, the researcher guided the participant, seated, to 

inhale deeply through his or her nose. Then, the participant was asked to hold his or 

her breath for 20 seconds and then exhale all of the gas through their mouths into the 

CO monitor. The results of exhaled CO levels were then recorded. 

All participants did the exhaled CO tests for the baseline, while the smokers 

were asked to smoke a cigarette after their baseline test; see Figure 4-1. The 

researcher then recorded the time they started and finished smoking. After smoking 

outdoors (due to smoking being banned in enclosed public places in the UK), the 

participants immediately returned to the study room to repeat the exhaled CO test 

and then every 30 minutes until 120 mins after smoking. The choosing of 120 mins 

exhaled CO concentration follow-up after smoking is based on the pilot study, in 

which the CO decay could be seen and from which the exhaled CO half-life was 

calculated. 

At the end of the experiment, the participants were asked to sign a payment 

form, and their mouthpieces (single-use products) disposed of. The researcher 

cleaned the whole monitor with cleaning swabs between uses to further prevent any 

risk of infection between participants. All of the data from the questionnaires and the 

tests were recorded in Microsoft Excel for analysis.  

In the exhaled CO study, the financial incentive was £30 for smokers and £5 

for non-smokers. The big difference in financial incentives between smokers and 

non-smokers is because of the time spent and measurements were taken. Only 

smokers would be asked to smoke one control cigarette and record the decay of 

exhaled CO concentration for up to 2 hours. It took around three hours in total if 

including the baseline CO measurement. For non-smokers, they were only asked to 

attend the baseline exhaled CO concentration measurement. Therefore, the total 

experiment time would be around 30 min. 
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Figure 4-2. Experiment photos of the exhaled CO study 

4.2.3 Recruitment of participants  

This section includes the definitions of smokers and non-smokers in the study, 

the recruitment of participants, and the comparison of the sample size between the 

literature and the present study. 

Definitions of smokers and non-smokers 

Non-smokers were defined as subjects without a history of active smoking 

before participating in the study and without a history of passive smoking in the 

previous four months (Moscato et al., 2014). Smokers were defined as those who 

have smoked more than 100 cigarettes throughout their entire life until the present, 

and have ever smoked within the past 30 days (Sargent and Dalton, 2001; Starr et al., 

2005). There is a wide range of definitions of light smokers, from those that smoke 

less than four cigarettes per day to those that smoke 10–20 cigarettes per day. For 

this study, the definition of a light smoker is someone who smokes 1-9 cigarettes per 

day. The definition was based on Biener and Albers (2004) and Husten (2009), whose 

research was more focused on young adults, so the target group was more similar to 

our participants. Heavy smokers were defined as smoking ten or more cigarettes per 

day (Biener and Albers, 2004).  

Sample size and recruitment of participants 
From the sample size calculated using data from a previous study (Maga et al., 

2017), the researcher defined the sample size required in this study as that obtained 

from the procedure to evaluate a comparison of two means, with the power required 

in the study as 80%, while the significance value was 0.05. The sample size was 

calculated using STATA software, whereby the researcher estimated that 13 

participants were needed for each group. For this study, we recruited participants 
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through physical posters (Appendix 9.1.4) placed at Central House, UCL and 

Goodenough College, London, and through a general e-mail to all BSEER students. 

These approaches, however, did not result in many respondents. Therefore, the 

researcher went around campus every week, approached smokers, shared study 

information and invited participants to participate in the study providing small flyers. 

If the smokers were interested in the study, the researcher would send them the details 

of the study after they agreed. 

Table 4-2. Recruitment criteria for participants 

Inclusion criteria  Exclusion criteria 

Aged 18 to 34  

Not pregnant  

Healthy with no history of lung 

function illness 

Pregnancy 

Major medical diagnosis 

A history of lung function illness 

Inability to fill in the questionnaire 

The recruitment criteria of the study are given in Table 4-2: they are based on 

Maga et al. (2017) and Windsor-Shellard et al. (2019). 

A person’s lung function matures around mid-twenties, remains until around 

middle-age and then decreases later in their lives (Bowdish, 2019). Also, even light 

smokers aged 35-49 may have a higher risk of fatal and non-fatal myocardial 

infarction (Bjartveit and Tverdal, 2005). Therefore, the researcher decided to focus 

on young adults and to recruit participants aged 18-34 – to prevent including ageing 

lung function and diseases as factors that may affect the results (Windsor-Shellard et 

al., 2019).  

Moreover, to reduce the last cigarette’s effects, smokers who participated in 

the experiment were asked to attend at least four hours after they last smoked (Warner, 

2005; Najeeb, 2010), the time period being determined based on the half-life of 

COHb in people breathing natural air (Kao and Nanagas, 2004). The researcher 

recorded the time since the last cigarette before the exhaled CO test of each 

participant and took the variable into account in the analysis. 

The study period was 26 January to 30 June 2019, and in total, 84 participants 

took part, 57 smokers and 27 non-smokers. After exclusions, data on 74 participants 

remained available for analysis (Figure 4-3). 
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Figure 4-3. Flow chart for recruitment of the exhaled CO study 

Sample size comparison 

The data from 48 smokers and 26 non-smokers were analysed. The average 

baseline exhaled CO was compared with the results from Maga et al. (2017) (see 

Table 4-3). Their exhaled CO values were measured with the use of PiCO+ 

Smokerlyzer tools (Bedfont Scientific Ltd, England), which is the same series of 

Smokerlyzer used in the present study (Micro+ Smokerlyzer, Bedfont Scientific Ltd, 

England). Although fewer participants were recruited for the present study compared 

to Maga et al. (2017), when comparing the results, the baseline exhaled CO of 

smokers and non-smokers showed similar values: the 95% CI overlap and the mean 

are similar. 

Table 4-3. Comparison of baseline exhaled CO (ppm) between the present study 

and Maga et al. (2017) 

  Mean SD 

95% 

Confidence Interval 

Lower Upper 

Present study 
Smokers (n=48) 6.9 4.9 5.51 8.29 

Non-smokers (n=26) 1.9 0.5 1.71 2.09 

Maga et al. 

(2017) 

Smokers (n=90) 6.5 4.0 5.67 7.33 

Non-smokers (n=318) 1.1 0.8 1.01 1.19 

Generally, the exhaled CO concentration is lower than 5 ppm in non-smokers. 

If their exhaled CO concentration is equal to, or above 5 ppm, they might have 

exogenous CO exposure. For smokers, their exhaled CO concentration is usually 

above 5 ppm and could be more than 10 ppm. Therefore, it is harder to determine if 

smokers have additional CO exposure besides smoking, compared to non-smokers 

(PHE, 2014; British Lung Foundation, 2020). 
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4.2.4 Questionnaire and equipment for the study 

The researcher designed the questionnaire by following Boynton and 

Greenhalgh (2004) who created a hands-on guide to questionnaire research. The 

questionnaire also included a section to record the exhaled CO value (see Appendix 

9.1.4, Supplementary Figure 9-8 for details). 

Designing and developing the questionnaire 
The researcher included age, sex, ethnicity, height and weight in the 

questionnaire. These variables comprise the basic demographic, physiological and 

behavioural information of each participant, and have been reported to possibly relate 

to the rate of CO uptake and elimination (Gosselin et al., 2009; Zavorsky et al., 2014; 

Verbanck et al., 2016). For the diet question, the options included vegetarian, vegan, 

gluten-free, pescatarian and none of above (Clarys et al., 2014).  

The smoking status section had three options: non-smokers, smokers and ex-

smokers (U.S. CDC, 2011). The “Ex-smoker” option was included so this category 

could be identified and then excluded from analysis, to enhance the contrast between 

smokers and non-smokers. Smokers were asked to provide the year they started 

smoking and the average number of cigarettes smoked per day and per week, so the 

researcher could understand their smoking habits.  

The questionnaire also asked about recent activities to ascertain if participants 

had recently exercised and/or whether had been exposed to CO before starting the 

study so that these factors could be considered as variables in the study (see Appendix 

9.1.4, Supplementary Figure 9-8).  

Female participants were invited to answer questions related to their menstrual 

cycles as this is associated with CO concentration in the body. Exhaled CO 

concentration is lower during menstruation than outside of menstruation (Delivoria-

Papadopoulos et al., 1974; Antczak et al., 2012).  

To record the exhaled CO value, the researcher recorded the CO value in the 

study room. Then, when the participants went to smoke, they were asked to record 

when they started smoking, the time they finished smoking and the number of puffs 

they took in the questionnaire. All of the data gathered from the questionnaire were 

recorded in Microsoft Excel. Data was stored on the researcher’s laptop and 

password protected; a backup copy was stored on an encrypted USB stick which was 
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placed in a locked drawer in the office. Moreover, all data will be deleted two years 

after the publication of this thesis. 

 

Figure 4-4. Exhaled CO study; participants complete the questionnaire 

Equipment for exhaled CO monitoring 

The researcher used a breath CO monitor; specifically, the ‘Micro+™ 

Smokerlyzer®’ (Bedfont Scientific Ltd, England), as shown in Figure 4-5, which has 

an accuracy of less or equal to ±2ppm. The monitor measures the amount of CO in a 

person’s breath and has been already used in many studies and clinics (Moscato et 

al., 2014; Maga et al., 2017). It can detect CO concentrations from 0 to 500 ppm and 

calculates the COHb as per Jarvis et al.’s study (1986). The equation is described 

below.  

Regression between exhaled CO and COHb: 

𝐶𝑂𝐻𝑏 (%)  =  0.63 +  0.16 × [𝑣𝑎𝑙𝑢𝑒(𝑝𝑝𝑚) 𝑜𝑓 𝑀𝑖𝑐𝑟𝑜 𝑆𝑚𝑜𝑘𝑒𝑟𝑙𝑦𝑧𝑒𝑟]  

Several Micro+™ consumables were used in the study, including 

SteriBreath™ mouthpieces, D-pieces™ and monitor cleaning wipes. Every 

participant had a self-use mouthpiece to control the risk of infection. The D-piece™ 

is a filter that includes a one-way valve, so the air is not drawn back into the monitor. 

Moreover, the unique design of the D-piece™ allows it to remove more than 99% of 

airborne bacteria and more than 96% of viruses and moisture from the participant’s 

breath. Alcohol-free monitor cleaning wipes were used to maintain the monitor’s 

performance. 
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Figure 4-5. (a) Micro+™ Smokerlyzer®  (b) D-piece™ (c) SteriBreath™ 

mouthpiece (d) Monitor cleaning wipes 

For the cigarettes used in the study, the researcher reviewed cigarette 

descriptions on internet shops to find the CO amount in each cigarette. It is not 

possible for roll-up cigarettes to produce a constant amount of CO, so at the design 

stage the researcher excluded such cigarettes from consideration. In the study, the 

researcher focused on the level of CO in the cigarette. The CO level found in 

cigarettes is reported as a range of around 5.0-20.2 mg/cigarette (Russell et al., 1975; 

Hsu et al., 2011). Therefore, the control cigarette (Seven Stars, Japan Tobacco) has 

been chosen because it contains a typical CO level among all the cigarettes, which is 

around 10 mg/cigarette.  

4.2.5 Analysis of the exhaled CO data  

All of the data were recorded using Microsoft Excel (Microsoft Excel Office 

365, USA) and analysed and modelled using the statistical software IBM SPSS 

Statistics 26 (IBM, Armonk, New Y, USA) and StataIC 15 (TX: StataCorp LLC, 

USA). The exhaled CO data were analysed as shown in Figure 4-6. First, descriptive 

statistics were used to calculate mean and proportion of characteristics of the exhaled 

CO dataset.  

A univariable analysis was then carried out to understand the relationship 

between each variable, including baseline exhaled CO, exhaled CO half-life, exhaled 

CO increased after smoking and exhaled CO decreased 2 hours after smoking. When 

analysing the continuous results, if the independent variable had two categories (e.g. 

sex, smoking status, etc.), the t-test was applied; if the variable had more than two 

categories (e.g. ethnicity, type of cigarette, etc.), an ANOVA test was applied; and 

for continuous independent variables, linear regression was applied (Kirkwood and 

Sterne, 2003). When analysing the relationship between categorical variable data, the 
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chi-square test was applied (Kirkwood and Sterne, 2003). However, when the 

number of subjects observed in a category was too small (e.g. sample size < 20 or < 

10 per group), a nonparametric analysis was used for comparisons of median values 

(Corder, 2014; Warner, 2008). Non-parametric analyses included the Mann-Whitney 

U test and the Kruskal-Wallis H test (Corder, 2014). A p-value of <0.05 was assumed 

to be statistically significant, and all p-values were presented for two-sided tests. 

After the univariable analysis, a Pearson correlation test and a multicollinearity 

test was run to investigate the relationships between the variables. If there is a 

statistically significant linear relationship between two variables or the variance 

inflation factor (VIF) exceeds 10 within two variables, one of the variables should be 

excluded to avoid the effects of collinearity (Asuero et al., 2006; Hair Jr et al., 2014). 

The exclusion of variables from the multivariable regression model was based on the 

results from the VIF and correlation test and the literature. A multivariable regression 

was then applied to investigate the possible factors related to baseline CO, the CO 

half-life and CO uptake and elimination. In the multivariable regression model 

presented, a standardised beta coefficient was used to rank the most important 

variables. A p-value of <0.05 was assumed to be statistically significant (Hackshaw 

and Kirkwood, 2011). 

 

Figure 4-6. Analysing the exhaled CO data 
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Calculation of CO half-life 

For the smokers, the half-life of COHb in the blood was calculated using a 

method from the literature independently described by Weaver and Ozturan (Weaver 

et al., 2000; Ozturan et al., 2019). The two-point method for measuring the COHb 

half-life (i.e. the time required for COHb levels to drop by 50%) uses concentrations 

of COHb taken at two different points. This method assumes that CO is eliminated 

from the body following a mono-exponential curve. In the equation below, if 

concentration 1 (c1) and concentration 2 (c2) are the levels of COHb taken at time 1 

(t1) and time 2 (t2) during CO ‘wash-out’ time, then the half-life of COHb 

(HL(COHb)) in the blood is shown below. The exhaled CO half-life is also calculated 

as follows: 

The half-life of COHb (exhaled CO), 

𝐻𝐿(𝐶𝑂𝐻𝑏 𝑜𝑟 𝑒𝑥ℎ𝑎𝑙𝑒𝑑 𝐶𝑂) = 𝑙𝑛 (2) × (𝑡2 − 𝑡1)/[𝑙𝑛(𝑐1) − 𝑙𝑛(𝑐2)] 

In the present study, the researcher used two time points; one time point was 

the time that immediately after smoking (t1) and the other time point was the time at 

two hours after smoking (t2). Two exhaled CO concentration used in the study were 

the exhaled CO concentration at the time immediately after smoking (c1) and the 

exhaled CO concentration at two hours after smoking (c2).  

4.3 Results  

In total, 84 participants were involved in this study, 57 smokers and 27 non-

smokers. After exclusions were taken into account, 74 participants (48 smokers and 

26 non-smokers), were analysed. The aim was to investigate differences, including 

baseline CO value, between smokers and non-smokers, and factors affecting CO 

uptake and CO elimination in smokers.  

The results are separated into three parts. The first shows the demographic, 

physiological and behavioural factors of smokers and non-smokers and factors 

related to baseline exhaled CO. The second and third parts show factors related to 

CO uptake, CO elimination and CO half-life of smokers. 

4.3.1 Overview of demographic, physiological and behavioural factors and 

factors related to baseline exhaled CO 

An overview of the full exhaled CO experiment data is presented in Table 4-4 

and Table 4-5. The average age was 27.1, with 28% females and 72% males. The 
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dataset included 26 non-smokers and 48 smokers (28 light smokers and 20 heavy 

smokers).  

Table 4-4. Basic characteristics between smokers and non-smokers by t-test in the 

exhaled CO experiment dataset 

Variable 

Total 

(n=74) 

mean ±SD 

Smokers 

(n=48) 

mean ±SD 

Non-

smokers 

(n=26) 

mean ±SD 

p-value 

Age (years) 27.1 ±4.0 26.6 ±4.5 27.9 ±2.7 0.202 

Height (cm) 173.0 ±9.3 174.3 ±8.1 170.6 ±10.9 0.100 

Weight (kg) 69.1 ±13.5 72.1 ±13.8 63.2 ±11.1 0.007** 

BMI (kg/m2) 23.1 ±3.3 23.6 ±3.6 21.8 ±2.3 0.026* 

Baseline exhaled  

CO a (ppm) 
5.2 ±4.6 6.9 ±4.9 1.9 ±0.5 <0.001*** 

Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** 

p-value <0.01; *** p-value <0.001; † p-value <0.1; a result measured from exhaled CO 

experiment. 

Table 4-5. Basic characteristics and comparison of characteristics between smokers 

and non-smokers by chi-square test in the exhaled CO experiment dataset 

Variable 

Total 

(n=74) 

n (%) 

Smokers 

(n=48) 

n (%) 

Non-smokers 

(n=26) 

n (%) 

p-value 

Sex    0.013* 

  Male  53 (71.6) 39 (81.3) 14 (53.9)  

  Female  21 (28.4) 9 (18.7) 12 (46.2)  

Ethnicity    0.366 

  Asian 45 (60.8) 27 (60.0) 18 (72.0)  

  Hispanic/Latino   4 (5.4) 2 (4.4) 2 (8.0)  

  White/Caucasian 21 (28.4) 16 (35.6) 5 (20.0)  

Exposure to CO prior 

to study? 

   
0.199 

  None  53(71.6) 32 (66.7) 21 (80.8)  

  Yes  21(28.4) 16 (33.3) 5 (19.2)  

Exercise before the 

study? 

   
0.047* 

  None  52(70.3) 30 (62.5) 22 (84.6)  

  Yes  22(29.7) 18 (37.5) 4 (15.38)  
Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** 

p-value <0.01; *** p-value <0.001; † p-value <0.1. 

 

Table 4-4 shows that weight, BMI and baseline exhaled CO were significantly 

higher for smokers than non-smokers. Table 4-5 shows the distribution of sex, 

ethnicity and diet, whether the participant was exposed to CO or exercise before the 

study, separately for smokers and non-smokers. The results showed that a higher 
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proportion of smokers were male. Some characteristics are not presented in the 

results due to the small sample size, including, vegetarian (n=2), Black/African 

American (n=2), and mixed ethnicity (n=2). Moreover, only 5 female non-smokers 

and 2 smokers agreed to attend the exhaled CO measurement again in period time. 

Analysis of the smokers section of the dataset 

After comparing non-smokers and smokers, the researcher conducted further 

investigations within the group of smokers in Table 4-6.  

Table 4-6. Basic characteristics overview for smokers and comparison of 

characteristics between light and heavy smokers by t-test in the exhaled CO 

experiment dataset 

Characteristics 

Total 

(n=48) 

mean 

±SD 

Light 

smokers 

(n=28) 

mean 

±SD 

Heavy 

smokers 

(n=20) 

mean 

±SD 

p-value 

Age (years) 26.6 ±4.5 27.2 ±4.4 25.9 ±4.6 0.302 

Height (cm) 174.3 ±8.1 173.4 ±8.8 175.5 ±7.0 0.386 

Weight (kg) 72.1 ±13.8 70.9 ±11.2 73.9 ±16.8 0.456 

BMI (kg/m2) 23.6 ±3.6 23.5 ±3.2 23.8 ±4.1 0.821 

Years of smoking  8.8 ±4.8 8.6 ±4.7 9.0 ±5.0 0.783 

Time since last cigarette 

(hrs ago) (n=47) 
22.9 ±53.9 34.3 ±69.4 7.6 ±3.7 0.093† 

Cigarettes smoked 

(daily) 
7.1 ±5.6 3.2 ±2.0 12.6 ±4.0 <0.001*** 

Cigarettes smoked 

(weekly) 
50.8 ±39.8 23.1 ±16.6 89.6 ±28.6 <0.001*** 

Puffs taken per 

cigarettea 
11.9 ±4.1 12.4 ±4.3 11.3 ±3.9 0.368 

Smoking durationa 

(mins) 
3.5 ±1.1 3.6 ±0.8 3.3 ±1.3 0.250 

Baseline exhaled COa 

(ppm) 
6.9 ±0.7 4.8 ±2.6 10.0 ±5.8 <0.001*** 

Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** 

p-value <0.01; *** p-value <0.001; † p-value <0.1; a result measured from exhaled CO 

experiment. 

The smokers were then separated into two groups: light smokers and heavy 

smokers. Some characteristics are not presented in the results due to the small sample 

size, including, vegetarian (n=1), Black/African American (n=1), Hispanic/Latino 

(n=2) and mixed ethnicity (n=1). It was clear that light smokers had a lower value of 
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baseline exhaled CO ppm than heavy smokers. Sex distribution was mostly males 

with only 8 females in the light smokers’ group and one female in the heavy smokers’ 

group (see Appendix 9.2.2, Supplementary Table 9-7 for details).  

 
Figure 4-7. Exhaled CO value for smokers at different time points  

Figure 4-7 shows the exhaled CO value for total (all) smokers, light smokers 

and heavy smokers at different time points. As a result, it shows that the decreasing 

value of CO in heavy smokers was more than the light smokers within 2 hours after 

smoking, which was around 4.5 ppm in heavy smokers compared to 2.7 ppm in light 

smokers (see Appendix 9.2.2, Supplementary Table 9-8 for details). However, when 

calculating the CO half-life, it showed no difference between heavy smokers and 

light smokers (see Section 4.3.3, Table 4-12).  

Factors related to baseline exhaled CO for non-smokers 

Here the relationship between baseline exhaled CO and potentially affecting 

factors in non-smokers is analysed. The variables considered are demographic, 

physiological and behavioural factors such as age, height, weight, BMI, sex and 

ethnicity, and, whether the participants had been exposed to CO or exercised before 

the study. Univariable analysis showed that no variable significantly affected the 

value of baseline exhaled CO for non-smokers (see Appendix 9.2.2, Supplementary 

Table 9-9 and Supplementary Table 9-10). The researcher also compared the baseline 

exhaled CO concentration for females between in period and not in period (n=5) by 

paired t-test, but no significant difference was found. 
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Factors related to baseline exhaled CO concentration for all smokers  

In this section, the analysis aimed to determine the factors related to baseline 

exhaled CO of smokers in the exhaled CO experiment dataset. Table 4-7 and Table 

4-8 show that sex, smoking status and the number of cigarettes smoked daily and 

weekly were significantly related to the value of baseline exhaled CO. There is no 

significant difference of the baseline exhaled CO concentration for females between 

in period and not in period due to the small sample size (n=2). 

Table 4-7. Variation of baseline exhaled CO with demographic and smoking-related 

factors for smokers analysed with t-test in the exhaled CO experiment dataset 

Variable (n=48) 
Baseline exhaled CO (ppm) 

mean ±SD  
p-value 

Sex  0.002** 

  Male (n=39) 7.7 ±5.1  

  Female (n=9) 3.6 ±2.1  

Sex (only light smokers)  0.022* 

  Male (n=20) 5.5 ±2.7  

  Female (n=8) 3.0 ±2.3  

Ethnicity  0.474 

  Asian (n=27) 7.9 ±5.9  

  White/Caucasian (n=16) 5.9 ±3.0  

Smoking status  <0.001*** 

  Light smokers (n=28) 4.8 ±2.6  

  Heavy smokers (n=20) 10.0 ±5.8  

CO exposure before the study?  0.094† 

  None (n=32) 7.8 ±5.6  

  Yes (n=16) 5.3 ±2.7  

 Exercise before the study?  0.586 

  None (n=30) 6.6 ±4.2  

  Yes (n=18) 7.4 ±6.1  

Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** 

p-value <0.01; *** p-value <0.001; † p-value <0.1. 
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Table 4-8. Univariable linear regression of the relationship between baseline 

exhaled CO with each demographic, physiological, behavioural and smoking-related 

factor for smokers in the exhaled CO experiment dataset 

Variable (n=48) 
Baseline exhaled CO (ppm) 

 a Beta b p-value R2 

Age (years) 0.180 0.163 0.267 0.027 

Height (cm) 0.037 0.061 0.681 0.004 

Weight (kg) 0.049 0.136 0.356 0.019 

BMI (kg/m2) 0.181 0.132 0.373 0.017 

Years of smoking  0.144 0.140 0.342 0.020 

Time since last cigarette  

(hrs ago) (n=47) 
-0.025 -0.269 0.067 0.073 

Cigarettes smoked (daily) 0.350 0.394 0.006** 0.156 

Cigarettes smoked (weekly) 0.052 0.417 0.003** 0.174 

Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** p-

value <0.01; *** p-value <0.001; † p-value <0.1; b Beta (standardised coefficient). 

After doing the univariable analysis, multivariable linear regression was used 

to analyse the factors that affected baseline exhaled CO for smokers. Table 4-9 shows 

that heavy smokers have a higher baseline exhaled CO concentration when adjusting 

for sex, years of smoking, time since the last cigarette, and exposure to CO before 

the study. 

Table 4-9. Factors affecting baseline exhaled CO (ppm) for smokers analysed by 

multivariable linear regression of the exhaled CO experiment dataset 

Variable (n=47) 
R2=0.368, Adjusted R2=0.291 

 a Beta b 95% CI c p-value 

Smoking status (heavy 

smoker) 
4.523 0.456 (1.835, 7.211) 0.002* 

Sex (female) -1.736 -0.139 (-5.115, 1.642) 0.305 

Exposure to CO (yes) -1.415 -0.134 (-4.244, 1.414) 0.318 

Time since last cigarette  

(hrs ago) 
-0.009 -0.099 (-0.034, 0.015) 0.458 

Years of smoking 0.096 0.093 (-0.164, 0.355) 0.461 

Note: ordered by the absolute value of Beta; where a significant factor was found, these values 

are shown in bold; *p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1; a  

(un-standardised coefficient); b Beta (standardised coefficient); c CI (confidence interval). 

4.3.2 Results from exhaled CO experiment: CO uptake  

The researcher analysed the factors related to CO uptake. In theory, this should 

relate to the amount of CO a person inhales and how effective their body is at 
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absorbing that CO into their bloodstream, which could be the CO increases after 

smoking.  

CO increases after smoking (ppm) = CO after smoking (ppm) – CO baseline 

(ppm) 

The following tables give an overview of the results. Note that three 

participants showed no change in exhaled CO ppm after smoking. The average 

exhaled CO increase due to smoking was around 4.7 ±2.5 ppm.  

Factors related to exhaled CO increased after smoking  

In univariable analysis, males had a lower value of exhaled CO increase after 

smoking than females (4.4 ±2.2 vs 6.3 ±3.0, p=0.037) and exhaled CO increase after 

smoking is negatively associated with height (β=-0.104, p=0.018) and weight (β=-

0.056, p=0.029) (see Appendix 9.2.2, Supplementary Table 9-11 and Supplementary 

Table 9-12 for details). A multivariable regression was carried out. The results (see 

Table 4-10) showed that females had a higher CO increase after smoking than males 

when adjusting for exercise and smoking status. 

Table 4-10. Factors affecting CO (ppm) increased after smoking for smokers, as 

analysed by multivariable linear regression for smokers of the exhaled CO 

experiment dataset 

Variable (n=48) 
R2=0.185, Adjusted R2=0.087 

 a Beta b 95% CI c p-value 

Sex (female) 1.885 0.303 (-0.079, 3.848) 0.059† 

Exercise (yes) -0.971 -0.194 (-2.435, 0.492) 0.187 

Smoking status 

(heavy smoker) 
0.870 0.176 (-0.586, 2.326) 0.235 

Puffs taken per 

cigarette 
0.068 0.114 (-0.114, 0.251) 0.453 

BMI (kg/m2) -0.068 -0.099 (-0.270, 0.134) 0.501 
Note: ordered by the absolute value of Beta, where there was a significant factor found, these 

values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value 

<0.1, a  (un-standardised coefficient), b Beta (standardised coefficient), c CI (confidence 

interval). 

4.3.3 Results from exhaled CO experiment: CO decreased 2 hours after 

smoking and exhaled CO half-life 

The factors related to CO elimination amounts were analysed. The CO 

decreases after smoking was calculated as follows:  

CO decreased after smoking (ppm) = CO right after smoking (ppm) – CO at 2 

hours after smoking (ppm) 
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The CO half-life was calculated from the half-life equation given in Section 

4.2.5. After calculating the results, only one participant showed a higher value of 

exhaled CO ppm at 120 minutes after smoking rather than immediately after smoking. 

Considering that the participants were all exposed to the same environmental CO 

levels during the experiment, the most likely reason for this result is equipment error 

However, as it was not possible to definitively determine the reason, the researcher 

decided to exclude the data. Due to this, the data could not be used for calculation of 

CO half-life. Also, when calculating the exhaled CO half-life, three participants were 

excluded as their exhaled CO half-life could not be calculated because their CO ppm 

measured equal to or lower than zero 120 minutes after smoking, which may also be 

equipment error. Finally, the results show the exhaled CO decrease after smoking 

was around 3.6 ppm for the smokers, and the average exhaled CO half-life was about 

273 minutes (4.6 hours). 

Factors related to exhaled CO decreased 2 hours after smoking  

Investigating the factors affecting CO decrease after smoking, the univariable 

test showed that the heavy smokers’ CO decreased more than light smokers after 

smoking (5.6 ±2.8 vs 2.8 ±1.8, p=0.013), and that cigarettes smoked weekly (β= 

0.020, p=0.022) had a positive association with the amount of CO decrease after 

smoking (see Appendix 9.2.2, Supplementary Table 9-13 and Supplementary Table 

9-14 for details). Table 4-11 shows that the only factor that affected CO decrease 

after smoking was smoking status. Heavy smokers recorded a greater amount of CO 

decrease than light smokers over two hours.  

Table 4-11. Factors affecting CO decreased after smoking (ppm) for smokers, as 

analysed by multivariable linear regression of the exhaled CO experiment dataset 

Variable (n=47) 
R2=0.140, Adjusted R2= 0.080 

 a Beta b 95% CI c p-value 

Smoking status 

(Heavy smoker) 
1.892 0.392 (0.383, 3.087) 0.012* 

Sex (female) 0.665 0.110 (-1.202, 2.532) 0.476 

BMI (kg/m2) 0.031 0.047 (-0.164, 0.227) 0.747 
Note: ordered by the absolute value of Beta, where a significant factor was found, these values 

are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1, a  

(un-standardised coefficient), b Beta (standardised coefficient), c CI (confidence interval). 
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Factors related to exhaled CO half-life   

In this section, the analysis aimed to determine the factors related to exhaled 

CO half-life of smokers in the exhaled CO experiment dataset. Table 4-12 and Table 

4-13 show that sex and height were significantly related to the value of exhaled CO 

half-life.   

Table 4-12. Variation of exhaled CO half-life with demographic and smoking-

related factors for smokers analysed by t-test in the exhaled CO experiment dataset 

Variable (n=45) 
CO half-life (min) 

mean ±SD 
p-value 

Sex  0.010* 

  Male (n=36) 288.1 ±96.1  

  Female (n=9) 213.9 ±70.4  

Ethnicity  0.956 

  Asian (n=25) 282.8 ±101.8  

  White/Caucasian (n=15) 272.7 ±95.4  

Smoking status  0.396 

  Light smokers (n=25) 262.3 ±90.5  

  Heavy smokers (n=20) 287.0 ±22.9  

CO exposure before the study?  0.281 

  None (n=29) 284.8 ±106.5  

  Yes (n=16) 252.4 ±70.2  

 Exercise before the study?  0.486 

  None (n=29) 280.8 ±94.4  

  Yes (n=16) 259.7 ±99.3  
Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** p-

value <0.01; *** p-value <0.001; † p-value <0.1. 

Table 4-13. Univariable linear regression of the relationship between exhaled CO 

half-life with each demographic, physiological, behavioural and smoking-related 

factor for smokers in the exhaled CO experiment dataset 

Variable (n=45) 
Exhaled CO half-life (min) 

 Beta p-value R2 

Age (year) 0.145 0.007 0.965 <0.001 

Height (cm) 4.247 0.357 0.016* 0.127 

Weight (kg) 1.980 0.292 0.051 0.085 

BMI (kg/m2) 4.139 0.159 0.297 0.025 

Years of smoking (year) 0.998 0.051 0.741 0.002 

Time since last cigarette (hrs 

ago) 
0.056 0.032 0.835 

0.001 

Cigarettes smoked (daily) 0.569 0.033 0.828 0.001 

Cigarettes smoked (weekly) -0.146 -0.062 0.688 0.004 

Puffs taken per cigarette -4.602 -0.199 0.189 0.040 

Smoking duration (min) 2.183 0.025 0.872 0.001 
Note: Where a significant factor was found, these values are shown in bold; *p-value <0.05; ** p-

value <0.01; *** p-value <0.001; † p-value <0.1; b Beta (standardised coefficient). 
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The multivariable regression, shown in Table 4-14, shows that females had a 

shorter exhaled CO half-life than males, although this difference did not reach 

statistical significance.  

Table 4-14. Factors affecting exhaled CO half-life (min) for smokers, as analysed 

by multivariable linear regression of the exhaled CO experiment dataset 

Variable (n=45) 
R2=0.108, Adjusted R2=0.043 

 a Beta b 95% CI c p-value 

Sex (female) -66.879 -0.283 (-143.399, 9.640) 0.085† 

Smoking status 

(Heavy smoker) 
2.497 0.030 (-54.454, 65.930) 0.848 

BMI (kg/m2) 2.497 0.096 (-5.460, 10.454) 0.530 
Note: ordered by absolute value of Beta; where a significant factor was found, these values are 

shown in bold, *p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1, a  (un-

standardised coefficient), b Beta (standardised coefficient), c CI (confidence interval). 

4.4 Discussion and conclusion 

Based on the results, some factors are related to CO uptake and elimination in 

healthy, smoking participants. In this section, a discussion of characteristics of the 

participants and factors related to CO uptake and elimination will be presented. 

4.4.1 Participants: age, sex and ethnicity  

The average age of the participants in the study, 27, was younger that of the 

general population. Only participants aged 18-34 were invited to take part in the 

study in an attempt to exclude the effects of ageing and diseases as discussed in 

Section 4.2.3 (Bjartveit and Tverdal, 2005; Maga et al., 2017; Windsor-Shellard et 

al., 2019; Bowdish, 2019). 

The non-smokers group contained 14 males and 12 females and the smokers’ 

group 39 males and 9 females. In general, smoking prevalence varies from country 

to country but is higher among men than women (Windsor-Shellard et al., 2019; 

Chinwong et al., 2018) and this was reflected in our study. During the recruitment 

process the researcher also noted that the majority of females approached declined to 

join the study and did not want people to know that they smoked. This may be related 

to the higher social acceptability of smoking for men than women (Parkinson et al., 

2009). When comparing the sex difference of light and heavy smokers, the light 

smokers’ group contained 20 males and eight females, and the heavy smokers 

contained 19 males and only one female. In the UK National Statistics report, the 
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average daily cigarette consumption of male smokers is also higher than that of 

female smokers (Allen et al., 2016; Windsor-Shellard et al., 2019).  

This study was based at UCL and Goodenough College, both of which are 

home to many international students. Therefore, the participants included Asian, 

Black/African-American, Hispanic/Latino, White/Caucasian and mixed ethnicity 

individuals. The majority of participants were Asian and White. 

4.4.2 Influences of demographic, physiological and behavioural factors on 

baseline CO value, CO uptake and CO elimination 

Effects of age, sex and ethnicity on baseline CO value, CO uptake and CO 

elimination 

Age is an important factor that might affect the rate of CO uptake and 

elimination. Klasner et al. (1998) found that age was a factor that affects CO half-

life, as children have a shorter COHb half-life compared to adults. However, in our 

study, age had no significant effect on exhaled CO half-life, which was similar to 

findings in other studies (Burney et al., 1982; McNeill et al., 1986; Weaver et al., 

2000); it should, however, be noted that it is difficult to draw hard conclusions from 

these results because the age range in the study was very limited (only those aged 18-

34). For baseline COHb, Schimmel et al. (2018) found there was no significant 

correlation between age and baseline SpCO (COHb in arterial blood), which is 

similar to our study.  

In our study, males had a higher baseline exhaled CO value than females (7.7 

ppm vs 3.6 ppm). This may be due to more males being heavy smokers, as heavy 

smokers tend to have a higher value of COHb (Raub et al., 2000; Prockop and 

Chichkova, 2007; Maga et al., 2017). In univariable analysis, female smokers had a 

shorter exhaled CO half-life than male smokers (3.6 hours vs 4.8 hours). Pace et al. 

(1950) and Zavorsky et al. (2014) also found that females have a shorter COHb half-

life than males, which may be due to females having a lower total Hb mass and higher 

alveolar ventilation. However, the effects of sex were reduced in multivariable 

analysis, which is similar to the findings form Burney et al. (1982) and Weaver et al. 

(2000).  

Our study showed that ethnicity had no significant influence on baseline 

exhaled CO, exhaled CO increased after smoking, exhaled CO decreased 2 hours 

after smoking or exhaled CO half-life. The direct effects of ethnicity on the rate of 

CO uptake and CO elimination are rarely discussed and could be further explored 
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(Pan et al., 2020). Later, in Section 5, we discuss the effects of ethnicity on 

pulmonary function parameters and the relationship between pulmonary function and 

the rate of CO uptake and elimination. 

Effects of BMI, height and weight on baseline CO value, CO uptake and 

CO elimination 

We looked for any effects of BMI but found that BMI had no significant effect 

on baseline exhaled CO (p=0.373), exhaled CO increased after smoking (p=0.157), 

exhaled CO decreased 2 hours after smoking (p=0.816) or exhaled CO half-life 

(p=0.297). However, generally, heavier people have increased blood volume, which 

may be related to the rate of CO uptake and CO elimination (Coburn et al., 1965; 

Gosselin et al., 2009). If a person is heavier, the CO uptake increase lower and CO 

half-life was longer after smoking. Even though higher blood volume may affect the 

rate of CO uptake and elimination, the effects of Hb concentration and the total Hb 

mass should also be considered. Moreover, Lenfant (2000 cited in Fröhlich et al., 

2016) noted that mammals' lung surface area could be estimated at around one m2/kg 

body weight. If the lung surface area is bigger, more gas can transfer into the lungs.  

Height is related to pulmonary function, such as lung volumes (Paoletti et al., 

1985; Roca et al., 1990; Chhabra et al., 2016). The higher the value of DLCO and lung 

volumes, the faster the rates of CO uptake and elimination (Forbes et al., 1945; 

Coburn et al., 1965; Gosselin et al., 2009; Zavorsky et al., 2014). The reason for no 

significant effects from the height might be that, rather than lung volumes, alveolar 

ventilation or blood volume may play a more important role in the rate of CO uptake 

and CO elimination (Coburn et al., 1965; Gosselin et al., 2009; Zavorsky et al., 2014). 

Effects of CO exposure and exercise on baseline CO value, CO uptake and 

CO elimination 

Exposure to CO before attending the study showed no significant effects on 

baseline exhaled CO (p=0.318). However, Zhang et al. (2013) reported that levels of 

exposure to passive smoking and biomass/coal burning had a positive association 

with the value of exhaled CO of non-smokers. The majority of participants reported 

the possibility of CO exposure from heavy traffic as they walked or cycled to the 

study. Neither smokers nor non-smokers showed a significant difference in baseline 

exhaled CO compared to those not exposed to CO. A possible reason for this is that 

the CO amount the participants were exposed to was not enough to make a difference. 

According to Kirk et al. (1988), the mean CO level in the environment is quite low, 
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in fact less than 4 ppm in different places, such as the home, office, and travel and 

leisure situations. Moreover, in the UK report, the mean concentration of CO indoor 

was around 1.7 ppm, which may not have a significant impact on the participants’ 

exhaled CO concentration (Volans et al., 2007).  

In most studies, exercise is shown to have a significant effect on the rate of CO 

uptake and CO elimination (Forbes et al., 1945; Filley et al., 1954; Zavorsky et al., 

2012). In the present study, however, exercise did not affect CO uptake (p=0.187). 

Of the participants that reported exercise before the study, most reported milder 

forms, such as walking, and were breathing normally throughout the study, which 

meant the rate of CO uptake and CO elimination were probably not affected.   

4.4.3 Influences of smoking status on baseline CO value, CO uptake and 

elimination 

Smoking-related factors affecting baseline exhaled CO 

This study shows that sex, smoking status and number of cigarettes smoked 

daily and weekly may be related to baseline exhaled CO in the univariable test, while 

smoking status may be related to baseline exhaled CO in the multivariable regression. 

Even though years of smoking was not found to affect the baseline exhaled CO in 

the present study, Deveci et al. (2004) found that exhaled CO not only has a positive 

association with cigarettes smoked daily but also with period of smoking. The effect 

of the last time of smoking is controversial: Hawkins et al. (1976) show that COHb 

(%) is related to the number of cigarettes smoked daily, but not the last time of 

smoking but for Schimmel et al. (2018), baseline SpCO (%) was related to last time 

of smoking, not age, years of smoking or a history of daily smoking. There were 

several potential factors related to the last time of smoking but these particular factors 

are hard to be controlled for in the study – such as the type of cigarette smoked, the 

depth of inhalation, whether part or all of the cigarette was smoked and the number 

of puffs taken (Hawkins et al., 1976). 

The baseline exhaled CO values in smokers (6.9 ppm) and non-smokers (1.9 

ppm) were similar to the data from Kozienice, a small Polish town, in Maga et al.’s 

2017 study, in which the average baseline CO was 6.5 ppm (1.67% COHb) in 

smokers and 1.07 ppm (0.80% COHb) in non-smokers. However, due to the 

difference in air quality between big cities and small towns, the average baseline 

exhaled CO data were much higher for smokers and non-smokers in Krakow, at 12.3 
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ppm (2.60% COHb) for smokers and 7.02 ppm (1.75% COHb) for non-smokers, and 

in Warsaw, at 14.4 ppm (2.93% COHb) for smokers and 5.11 ppm (1.45% COHb) 

for non-smokers (Maga et al., 2017). Generally, the mean of ambient CO 

concentration is lower than 0.5 ppm from Defra’s UKAir between 2015 and 2020 

(Defra’s UKAir, 2021). Therefore, the ambient CO in our study may not affect the 

baseline exhaled CO concentration. The lower baseline exhaled CO value of smokers 

in the study may be related to the lower number of heavy smokers and a longer 

average time since the last cigarette compared to other studies (Maga et al., 2017; 

Schimmel et al., 2018). Possible reasons for the longer average time since the last 

cigarette might be that some of the participants attended the study in the morning and 

had not yet smoked that day; others stated that they usually smoked only at weekends. 

Smoking-related factors affecting CO uptake 

Other studies have shown that COHb and exhaled CO values are positively 

associated with the number of cigarettes smoked (Castleden and Cole, 1975; 

Hawkins et al., 1976; Vogt et al., 1979; Deveci et al., 2004; Muhammad-Kah et al., 

2011; Zhang et al., 2013). Both Vogt et al. (1979) and Zhang et al. (2013) reported 

that the exhaled CO value is higher for participants that smoke more and inhale more 

deeply. In our study, the value of exhaled CO showed no difference before and after 

smoking in a small number of participants: however, some reported that they did not 

inhale the smoke into their lungs, while others said that they did inhale deeply.  

Some studies reported that smokers could lower their CO exposure by reducing 

the volume of each inhalation, the number of inhalations per cigarette smoked and 

the tendency to and depth of inhaling (Robinson and Forbes, 1975; Vogt et al., 1979; 

Weinhold and Stitzer, 1989; Strasser et al., 2007; Muhammad-Kah et al., 2011). In 

terms of puffs, in general, males tend to have a higher puff volume, longer puff 

duration and shorter intervals between puffs than females (Muhammad-Kah et al., 

2011). Weinhold and Stitzer (1989) reported that puff numbers were related to the 

CO uptake amount, but these results were not replicated in the present study. All the 

factors mentioned above may be highly related to smoking habits and are therefore 

hard to control. Therefore, this might be a reason for the big variation within and 

between different studies (Castleden and Cole, 1975; Zhang et al., 2013; Maga et al., 

2017; Schimmel et al., 2018). Cohen et al. (1971) mentioned that not only smoking 

habits but also the pulmonary function of individuals affects CO uptake amounts. 
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This situation should be considered and how to measure the actual amount of CO 

that enters the body while smoking could be discussed in a future study. For example, 

there were several factors affecting CO exposure mentioned in the paragraph, such 

as the volume of each inhalation, the number of inhalations per cigarette smoked, the 

tendency to and depth of inhaling and pulmonary function. Therefore, for measuring 

closer data to the actual amount of CO that enters the body, the extra data mentioned 

above should be collected to adjust when analysing the results in the future study. 

Besides smoking habits, some studies show how cigarettes themselves may 

play a role in CO exposure in smoking because of differences in paper porosity, 

filters, CO levels, nicotine levels and type (hand-rolled vs factory-made) (Cohen et 

al., 1971; Robinson and Forbes, 1975; Weinhold and Stitzer, 1989; Strasser et al., 

2007; Laugesen et al., 2009). Increasing the paper porosity and lowering the CO level 

of cigarettes may lower CO exposure for smokers (Robinson and Forbes, 1975; 

Weinhold and Stitzer, 1989). Lower nicotine levels, however, have been shown to 

increase CO exposure for smokers due to the increased number of puffs (Strasser et 

al., 2007). Laugesen et al. (2009) compared the different smoking patterns exhibited 

when smoking hand-rolled cigarettes and factory-made cigarettes. Their results 

showed that even though the increased CO ppm was similar in the two types of 

cigarettes, the CO ppm increase per gram of tobacco burnt was higher in hand-rolled 

cigarettes than in factory-made ones. Therefore, all participants in this study were 

given the same cigarette to smoke to avoid any differences in results that might arise 

from the effects of different cigarettes’ properties.  

Smoking-related factors affecting CO half-life 

In this study, the number of cigarettes smoked weekly did not affect exhaled 

CO half-life (p=0.848), which was similar to the findings in two other studies 

(Burney et al., 1982; Ozturan et al., 2019). However, it showed that the amount of 

CO decreased more in heavy smokers than light smokers within 2 hours after 

smoking (4.5 ppm vs 2.7 ppm). The possible reason for the situation might be the 

higher peak exhaled CO concentration in heavy smokers compared to light smokers. 

Therefore, if the exhaled CO half-life was similar in both heavy smokers and light 

smokers, to decay to the same baseline exhaled CO, the decreasing amount of CO in 

heavy smokers would be more than in light smokers within the same time period. 
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Moreover, in Cronenberger et al. (2008), however, found that the median 

(range) CO half-life was 30.9 hours (7.13-367) in adult smokers. This COHb half-

life is much longer than the four hours found by Kao and Nanagas (2004). Possible 

reasons for this might be the physiological differences between smokers and non-

smokers, including decreasing lung function and a higher concentration of COHb in 

smokers (Nordenberg et al., 1990; Cronenberger et al., 2008; Tantisuwat and 

Thaveeratitham, 2014). However, in the current study, all participants were young 

and healthy. Therefore, the effects of smoking may not be as obvious.  

4.4.4 Limitations  

The exhaled CO experiment involving smokers had several inherent limitations. 

First, the accuracy of the Smokerlyzer is ±2ppm therefore measurement errors may 

be present, and the equation describing the relationships between COHb and exhaled 

CO for the Smokerlyzer was generated from two previous studies (Jarvis et al., 1980, 

Jarvis et al., 1986). Even though Jarvis et al. (1980) found that impaired lung function 

and young(er) age may affect the relationship between CO ppm and COHb, the 

regression of CO ppm and COHb was still valid for normal healthy smokers (r= 0.98, 

n= 182), which describes the participants in the exhaled CO experiment part of the 

study. 

Second, participants smoked outdoors and did the exhaled CO experiment 

indoors due to the university’s smoking regulations: consequently, there was a delay 

after smoking of between 1–10 minutes before the participants went on to the next 

stage of the exhaled CO experiment. Fortunately, the exact times were all recorded 

in the study, and they were much less than the CO half-life, which was around four 

hours when breathing outdoor air (Kao and Nanagas, 2004). Also, the CO exposure 

models showed no significant difference during the first few minutes (Coburn et al., 

1965; Gosselin et al., 2009). Therefore, this short delay should not significantly affect 

the study. 

Third, certain aspects of individual personal smoking habits were hard to 

control for in the study, such as the number of puffs, interval time between puffs and 

the depth of smoking (Castleden and Cole, 1975; Zhang et al., 2013; Maga et al., 

2017; Schimmel et al., 2018): all of these factors have been shown to influence 

exhaled CO and COHb levels in the body. As we do not distinguish between styles 

of smoking, there might be variability within smokers. Moreover, when recruiting 
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participants, many females refused to take part in the study and were unwilling to 

report their smoking status. This situation resulted in there being more males than 

females involved in the study. Moreover, we should interpret the results carefully in 

the light of the narrow age band and small sample size. 

Fourth, the researcher only followed and recorded the exhaled CO elimination 

for up to two hours. Generally, the COHb half-life was around 4 hours (Kao and 

Nanagas, 2004). Therefore, the exhaled CO half-life in the study was calculated from 

the COHb half-life equation (Weaver et al., 2000; Ozturan et al., 2019). However, it 

would be better if the follow-up time could be extended to at least four hours, then 

the researcher could record the true exhaled CO half-life of the participants and the 

results of the factors affecting the exhaled CO half-life could be more accurate.   

Finally, due to the ethical issue, it is impossible to invite non-smokers to smoke 

cigarettes and record their CO elimination rates. Therefore, in the study, we could 

only compare the exhaled CO half-life between light and heavy smokers, despite the 

almost certain differences in characteristics between smokers and non-smokers. 

Moreover, in the study, the increased CO ppm in the exhaled CO was limited to that 

measured after smoking one cigarette, around 5 ppm (1.43% COHb): for some 

participants this was not enough to cause any increase in exhaled CO and this may 

also affect the results. Different CO exposure methods could be used in future studies, 

such as the DLCO test and CO-rebreathing experiment, which are safer and utilise a 

known dose of CO exposure under clinical and medical staff control. 

4.4.5 Conclusion 

A total of 74 participants were tested, 48 smokers and 26 non-smokers. The 

average baseline exhaled CO was around 1.9 ppm for non-smokers and 6.9 ppm for 

smokers. Also, the average exhaled CO half-life showed no significant difference 

between the two groups with around 262 min (4.4 hours) for light smokers and 287 

min (4.8 hours) for heavy smokers. The results showed that smoking status affected 

baseline exhaled CO and CO decrease after smoking; no significant factor affected 

CO increase after smoking and exhaled CO half-life in the study. Even though there 

were no significant findings of factors affecting CO half-life, it is the first study using 

exhaled CO concentration from breath CO monitors to calculate the CO half-life and 

showed similar results as COHb half-life from the blood samples.  
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Further research should try to recruit more participants and with a wider age 

band. Also, additional factors related to smoking habits, such as type/brand of 

cigarettes, interval time between puffs and the depth of smoking could be considered 

in the future. Furthermore, a version of this exhaled CO experiment was published in 

the International Journal of Environmental Research and Public Health in 

November 2021 (Pan et al., 2021), please see Appendix 9.3. 
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5 GATHERING AND ANALYSING THE PRIMARY 

DATA ON PULMONARY FUNCTION 

5.1  Introduction 

Pulmonary function tests (PFTs) are routinely carried out by clinical staff in 

hospitals to understand the pulmonary function of patients (Hughes, 2008; Ranu et 

al., 2011; Strong, 2014a). Also, pulmonary function, DLCO (the ability of gas to cross 

the alveolar membrane to the blood in the pulmonary capillaries), plays an important 

role in CO exposure models and would affect the rate of CO uptake and elimination 

rate (Coburn et al., 1965; Bruce and Bruce, 2003; Gosselin et al., 2009). Several 

factors might affect pulmonary function, such as age, gender, height, weight, 

ethnicity and smoking status (Talaminos Barroso et al., 2018). However, the impacts 

of these factors varied among the literature (Paoletti et al., 1985; Ip et al., 2007; 

Chhabra et al., 2016). 

Therefore, the overarching aim is to develop a cross-sectional design that uses 

the PFT data to create a model to produce a more customised predicted value for 

parameters in order to improve existing CO uptake and elimination models. Other 

objectives were: 

– To investigate the demographic, physiological and behavioural factors 

affecting DLCO, VA and KCO in different groups 

– To build predictive models of DLCO, VA and KCO in relatively healthy 

groups 

– To compare the predictive models from the research with models from 

previous literature. 

5.2  Methods 

5.2.1 Ethical approval for use of PFT data 

Data from standard pulmonary function tests carried out in two hospitals, one 

in Taiwan (TSGH) and one in the UK (RBH), were gathered. Ethical approval for 

the study was required because it involved data from human participants. This 

process was complicated and took far longer than expected due to the unexpected 

COVID-19 situation. In this study, two separate ethical approval routes needed to be 
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followed due to the different national bodies governing the processes for each 

hospital, in addition to the requirements of UCL. 

The study had to be approved by the Institutional Review Board of Tri-Service 

General Hospital in Taiwan (Appendix 9.1.2), the Health Research Authority (HRA) 

and the Royal Berkshire Hospital (Appendix 9.1.3) in the UK as well as by the UCL 

Research Ethics Committee (Appendix 9.1.4).  

Ethical approval application for Tri-Service General Hospital (TSGH) 

For the ethical approval from TSGH, the researcher had to visit Taiwan to 

discuss all the details of the study (August 2018) to gain an initial agreement to 

proceed with the ethical application. The researcher then had to prepare all of the 

documentation. This process included a new project online application, an expedited 

review form, a proposal, an abstract of the proposal and a case report form (see Table 

5-1). On 8th May 2019, the study was given ethical approval confirmation 

(TSGHIRB No. 1-108-05-066). 

Table 5-1. Timeline of ethical approval application for TSGH 

Time Task 

TSGH 

May-July 2018 Project proposal 

August 2018 Meeting at TSGH 

September 2018-January 2019 Prepared all documents 

February 2019 Tested the protocols at TSGH 

March 2019 Revised the documents 

01 April 2019 Submitted the application 

April-May 2019 Revised the documents 

05 May 2019 Re-submitted the application 

08 May 2019 Approval 

UCL 

25-26 June 2019 Submission and Approval 

In addition to ethical approval from TSGH, ethical approval from UCL was 

also required to enable the transfer and use of the Taiwanese data. However, as the 

data was only transferred as secondary, anonymous data, a much lower level of ethics 

approval was needed and the researcher was able to apply for ethical approval at a 

departmental level, in this case from the Bartlett School of Environment, Energy and 

Resources (see Appendix 9.1.4). Documentation for this part of the research was 
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submitted as a ‘low-risk’ ethical application on 25th June and was rapidly approved 

on 26th June.  

Ethical approval application for Royal Berkshire Hospital, UK (RBH) 

For ethical approval from RBH, the researcher was required to visit RBH to 

discuss all the details of the study (June 2019) to gain an initial agreement to proceed 

with the ethics application. The researcher then had to prepare all of the 

documentation. This application included the sponsor process at the UCL level, an 

ethical application through the Health Research Authority (HRA) and then an ethical 

approval from RBH (see Table 5-2). Approval from RBH was finally issued on 30th 

September 2020. 

Table 5-2. Timeline of ethical approval application for RBH 

Time Task 

UCL 

June 2019-August 2019 Prepared all documents 

23 September 2019 Submitted application for UCL sponsorship  

10 February 2020 Confirmation of UCL sponsorship 

HRA 

25 February 2020 Submitted application to HRA 

March 2020 Revised the documents 

02 April 2020 Approval from HRA 

RBH 

April to July 2020 
Delay as only review projects related to 

COVID-19 were allowed during this period 

03 July 2020 Submission to RBH 

30 September 2020 Approval from RBH 

5.2.2 General recruitment criteria for participants 

The recruitment criteria for the participants were discussed with the 

supervisory team and aimed to reduce confounding factors, thus allowing for a better 

prediction model to be developed. This work focused on extending existing CO 

update and elimination models to categories of people that differ from healthy 

volunteers in terms of their demographic, physiologic and behavioural characteristics, 

and not because of illness. Therefore, a general recruitment criterion was the 

identification of hospital attendees who were not diagnosed with a specific disease 
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and therefore could be considered relatively healthy. Participants younger than 18 

were excluded as they are considered being minors. 

Table 5-3. Recruitment criteria for participants 

Inclusion criteria Exclusion criteria 

Age: over 18 

Participated in DLCO or TLCO test 

Have data recorded from 2014-2019 

Patients who did not follow the 

instructions properly 

Definitions used in the study 

There were several definitions used in the TSGH and RBH datasets. Diagnosis 

was defined as the diagnosis recorded in the PFT report in the hospitals. In the study, 

history of diseases included COPD, hypertension, hyperlipidaemia, anaemia, 

diabetes mellitus (DM), asthma, cardiovascular diseases and kidney diseases, which 

were recorded in the medical report of the patients. Other definitions used in the study 

was shown in Table 5-4 below.  

Table 5-4. Definitions used in the study 

Variables  Definition and Reference 

Anaemia Hb level of less than 12 g/dL for females and less than 13.5 g/dL 

for males (Fatemi and Clayton, 2008; Badireddy and Baradhi, 

2019) 

Cardiovascular 

diseases 

Cardiovascular diseases, including heart diseases, mitral 

insufficiency (the mitral valve does not close properly when the 

heart pumps out blood), arrhythmia (a disorder of the rate or 

rhythm of the heartbeat) and coronary artery diseases (WHO, 

2017) 

Hb The reference range is 12.0-16.0 g/dL for women, 13.5-17.5 g/dL 

for men (Fatemi and Clayton, 2008; Shinkawa et al., 2009; Kawai 

et al., 2017) 

Mixed 

obstructive 

and restrictive 

lung disease 

FEV1/FVC <70% and FVC <80% is defined as mixed obstructive 

and restrictive lung disease (Vandevoorde et al., 2006; Johnson 

and Theurer, 2014). 

Obesity BMI equal to or greater than 30 kg/m2 (WHO, 2020). 

Obstructive 

lung disease 

FEV1/FVC < 70 % and FVC ≥ 80% is defined as obstructive lung 

disease (Vandevoorde et al., 2006; Ranu et al., 2011; Johnson and 

Theurer, 2014). 

Restrictive 

lung disease 

FEV1/FVC ≥70 % and FVC <80% is defined as restrictive lung 

disease (Mannino et al., 2007). 

Related renal 

diseases 

Related renal diseases included kidney stones, kidney diseases and 

cystic diseases of the kidney (Widmaier et al., 2008) 
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Case Study 1: Tri-Service General Hospital recruitment 
For the project, the research team received a one-year anonymised dataset of 

patients who had had PFTs from June 2017 to May 2018. At TSGH, around 250 

patients attend for routine pulmonary function testing each month, giving a total of 

3,512 potentially eligible patients (see Figure 5-1). Not all of these patients had the 

DLCO test and many had pre-existing lung function disorders. The exclusion criteria 

for the ‘relatively healthy’ study group were discussed with medical 

doctors/respiratory physiologists and followed existing references (Barreiro and 

Perillo, 2004; Stanojevic et al., 2010; Wyka et al., 2011; Johnson and Theurer, 2014) 

as well as the guidelines set out by the Tri-Service General Hospital and are shown 

in Table 5-5. 

Table 5-5. Exclusion criteria for identification of relatively healthy subjects within 

hospital population (as mentioned in the literature review section 2.5.1, Figure 2-7) 

 Exclusion criteria 

1 FEV1/FVC<70% 

2 FVC<80% 

3 TLC < 80% 

4 DLCO < 80%, DLCO > 120% 

5 Lung function diseases, including lung cancer, pneumonia, pneumothorax, 

emphysema and diseases that strongly affect lung function 

6 History of diseases, including COPD, hypertension, hyperlipidaemia, 

anaemia, diabetes mellitus (DM), asthma, cardiovascular diseases and kidney 

diseases 

7 If the patient attended the DLCO test more than once during the study period, 

the researcher only kept the last record 

However, no history of disease was shown in the TSGH PFT data set, so 

medical records had to be reviewed manually by the researcher. When reviewing the 

medical records, the researcher recorded factors related to pulmonary function, such 

as disease history, co-morbidity, level of Hb and the number of years the participants 

had smoked. To access this information, the researcher sought and was given 

permission to access the medical record system and read through the clinic visit notes, 

emergency room records, examination reports, X-ray reports and admission and 

discharge summaries. Therefore, patients could be recruited with pulmonary lung 

function that varied between individuals, but was within normal range for PFT; this 

group was further divided between those with and without a diagnosis of disease. 

The data generating process for Tri-Service General Hospital is shown in Figure 5-1.  
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After preliminary exclusions, three TSGH categories were identified for the 

research: 1,943 subjects in the overall group, of which 902 were in the TSGH group 

with normal PFT and 177 in the relatively healthy (i.e. no history of disease) group. 

All of the subjects in the groups attending TSGH were Asian. The different groups 

and factors in the groups are shown in Table 5-6. 

 

 
Figure 5-1. Data generating process for TSGH and RBH groups 

 

Table 5-6. Different groups identified among individuals attending the Tri-Service 

General Hospital 

 TSGH 

group with 

any PFT 

TSGH group with 

normal PFT 

TSGH relatively 

healthy group 

No. subjects 1,943 902 177 

Demographic, 

physiological and 

behavioural 

factors 

✓ ✓ ✓ 

PFT data ✓ ✓ (Normal range) ✓ (Normal range) 

Diagnosis ✓ ✓ ✓ 

History of disease  ✓ None 



 

89 
 

Case study 2: Royal Berkshire Hospital Recruitment 

In the RBH dataset, the researcher sought selected data from patients admitted 

and tested for TLCO using pulmonary function tests. We used pre-anonymised data 

of patients from January to June 2019.  

The data generating process for the Royal Berkshire hospital is shown in Figure 

5-1. After preliminary exclusions, there were 691 subjects in the RBH group with 

any PFT and further exclusions gave a total of 107 subjects in the RBH group with 

normal PFT. However, there was no history of diseases recorded in the RBH dataset. 

The different groups and factors in the groups are shown in Table 5-7. 

Table 5-7. Different datasets for Royal Berkshire Hospital 

 RBH group with any 

PFT 

RBH group with normal PFT 

Subjects 691 107 

Demographic, 

physiological and 

behavioural 

factors 

✓ ✓ 

PFT data ✓ ✓ (Normal range) 

Diagnosis ✓ ✓ 

5.2.3 Data collection from two hospitals and protocol for PFTs 

This section covers data collection from TSGH and RBH hospitals and the 

protocol for the PFT test.   

Data collecting process in two hospitals 
All of the PFT data and medical records were gathered from the TSGH and the 

RBH. When the original data were collected, they were identifiable and held by the 

relevant hospital. To enable this research, each hospital anonymised its data, then 

transferred it to UCL to analyse. Figure 5-2 shows the process carried out by both 

hospitals. 
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Figure 5-2. Flowchart of the data generating process followed by both hospitals. 

The details of the process for collecting data from the two hospitals are given 

below. 

Identification of datasets 

• The researcher was permitted access to the pulmonary function test 

database and selected the relevant dataset. For TSGH, the researcher had 

access to the dataset from June 2017 to May 2018. For RBH, the 

researcher had access to the dataset from January 2019 to June 2019.   

• From the datasets, the researcher selected only those patients who had 

taken either the DLCO or the TLCO test and created a new dataset. 

• For this new dataset, the researcher selected certain variables including 

age, height, weight, sex, ethnicity, smoking status, Hb, diagnosis, disease 

history and PFT data. The variables selected were chosen according to the 

researcher’s background knowledge of factors related to PFT data as 

discussed in Section 2.5 in the literature review.  

Anonymising of patient information 

• The datasets were anonymised in both hospitals.  

• Only the secondary dataset, containing no identifiable information, was 

transferred to the UCL research group for analysis. 

PFT-DLCO (TLCO) test protocols in the hospitals 

The PFTs could only be done by the clinic staff. DLCO protocols were similar 

at the two hospitals. However, the pulmonary test machines were different: Tri-
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Service General Hospital used the Carefusion Vmax Spectra PFT System (Vyaire 

Medical Inc., Accuracy: ±3%) and the Royal Berkshire Hospital the Masterscreen 

PFT System (Vyaire Medical Inc., Accuracy: ±2%): both machines are widely used 

in hospitals and research. The general instructions that the clinic staff gave to patients 

in both TSGH and RBH followed those suggested in Pellegrino et al. (2005) and 

Cheung and Cheung (2015): 

‘Please start with normal breathing. Then, I want you to take a big breath in 

and blow out empty, and as you do this, I will switch you to the test gas. After 

blowing out as much as possible, take the strongest, fullest breath that you can, hold 

it for ten seconds and then blow it out for me’. 

The different machines reported different units of DLCO (ml/min/mmHg) and 

TLCO (mmol/min/kPa). Hence, the researcher converted all TLCO measurements to 

the same equivalent DLCO to enable comparison and analysis. The conversion factor 

equation is as follows (Graham et al., 2017):  

𝐷𝐿𝐶𝑂(ml/min/mmHg) × 0.3348 = 𝑇𝐿𝐶𝑂(mmol/min/kPa) 

 

Figure 5-3. Pulmonary test machines in two hospitals: (a) body plethysmography 

technique used at TSGH and (b) helium dilution technique used at RBH 

5.2.4 Data Analysis for PFT data 

All data were recorded in Microsoft Excel and analysed using the software 

outlined in Section 4.2.5. The steps used to analyse the PFT data are presented in 

Figure 5-4. 
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Figure 5-4. Analysis steps for the TSGH and RBH groups 

 First, the descriptive statistics were used to calculate the mean and proportion 

of the characteristics of the TSGH and RBH groups.  

The univariable analysis was then run to understand the relationship between 

each variable and DLCO, VA and KCO. A linear regression was applied to the 

univariable analysis (Kirkwood and Sterne, 2003) followed by a multivariable 

regression to investigate the factors related to DLCO, VA and KCO. 

After analysing the factors related to DLCO, VA and KCO, the predictive models 

of DLCO, VA and KCO for the TSGH ‘relatively healthy’ group and ‘RBH group with 

normal PFT’ were developed with demographic, physiological and behavioural 

factors that have shown a possible relationship with the two, including age, sex, 

height, weight, Hb and smoking status (Rankin et al., 1961; Anderson and Shephard, 

1969; Vázquez-García et al., 2016). Also, the predictive models of DLCO, VA and 

KCO were tested with all participants separately by smoking status and sex. Then, 

using the regression results, the most insignificant factor was excluded step by step. 

The composition of the final model was based on a combination of the literature, 

sample size, significant variables, adjusted R2, SEE (standard error of the estimate), 

simplicity, ease of use and compliance with the assumptions of regression analysis, 
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including homoscedasticity and normal distribution of residuals (order of importance 

in the present study).     

The predictive models for DLCO, VA and KCO were validated by comparing 

predicted data for and observations of the TSGH and RBH populations in the study. 

The predicted data from the study were also compared with the data in previous 

literature. 

5.3  Results  

This section is separated into several sub-sections. The first gives an overview 

of the data (Section 5.3.1). The following three give an account of analyses of 

selected factors related to DLCO, VA and KCO (Section 5.3.2 to Section 5.3.4). Section 

5.3.5 presents the predictive models for DLCO, VA and KCO based on the data gathered 

from the TSGH and RBH groups, before a comparison of the predicted data with data 

from the literature is given in Section 5.3.6. 

5.3.1 Overview of the pulmonary function data  

The two datasets, from the Tri-Service General Hospital (TSGH), Taiwan, 

which was Asian population, and the Royal Berkshire Hospital (RBH), UK, which 

was Caucasian population, are presented separately due to the different protocols and 

machines used in the PFTs. An overview of the distribution of age, sex, height, 

weight and smoking status in both groups is shown in Table 5-8. 

Table 5-8. Basic characteristics overview of the TSGH and RBH groups 

Variable 

TSGH group with any 

PFT  

Mean± SD/ N (%) 

RBH group with any 

PFT 

Mean± SD/ N (%) 

No. subjects 1,943 691 

Age a (year) 57.0 ±15.5 65.8 ±14.9 

Sex b   

  Female  769 (40) 340 (49) 

  Male  1174 (60) 351 (51) 

Height a (cm) 164.7 ±8.6 169.1 ±9.8 

Weight a (kg) 65.8 ±13.7 80.9 ±19.3 

Smoking status b   

  Ever smokers  734 (38) 411 (60) 

  Non-smokers  1209 (62) 275 (40) 
Note: a Mean ± Standard Deviation, b N (%). 
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Attendees of the Tri-Service General Hospital (TSGH), Taiwan  

For all TSGH groups, females comprised around 40% and males around 60%. 

Approximately 60% were non-smokers while those who had ever smoked at any 

point made up the remainder. The youngest average age was found in the TSGH 

‘relatively healthy group’. Average height, weight and BMI were similar in all three 

TSGH groups. Hb concentration and smoking period data were missing from the 

TSGH group with any PFT in the study, so are not given.  

Table 5-9. Overview of characteristics and PFT parameters for attendees of the 

Tri-Service General Hospital (TSGH), Taiwan groups 

Variable 
TSGH group 

with any PFT 

TSGH group 

with normal PFT  

TSGH relatively 

healthy group 

No. subjects 1,943 902 177 

Age a (year) 57.0 ±15.5 54.1 ±15.0 46.9 ±15.2 

Sex b    

   Female 769 (40) 349 (39) 75 (42) 

   Male 1174 (60) 553 (61) 102 (58) 

Height a (cm) 164.7 ±8.6 165.1 ±8.6 166.7 ±9.3 

Weight a (kg) 65.8 ±13.7 65.5 ±12.6 65.4 ±12.7 

BMI a (kg/m2) 24.2 ±4.3 23.9 ±3.7 23.3 ±3.4 

Hb a (g/dL) - 13.4 ±1.8 14.1 ±1.1 

Smoking status b    

   Current smokers 384 (20) 174 (20) 35 (20) 

   Ex-smokers 350 (18) 150 (18) 29 (16) 

   Non-smokers 1209 (62) 555 (62) 113 (64) 

Period of 

smoking a (year) 
- 27.6 ±13.2 20.9 ±10.3 

FVC a (L) 2.9 ±0.9 3.3 ±0.8 3.6 ±0.9 

FEV1/FVC a (%) 79.8 ±9.6 80.0 ±8.1 81.5 ±7.8 

VC a (L) 3.0 ±0.8 3.3 ±0.8 3.6 ±0.9 

TLC a (L) 5.8 ±1.1 6.1 ±1.1 6.3 ±1.2 

FRC a (L) 3.6 ±0.7 3.7 ±0.8 3.7 ±0.8 

RV a (L) 2.9 ±0.7 2.8 ±0.6 2.6 ±0.6 

RV/TLC a (%) 49.4 ±8.9 45.7 ±7.7 42.4 ±7.5 

DLCO a (mL/min/ 

mmHg) 
17.9 ±5.9 20.3 ±5.0 22.3 ±5.1 

DLCO c (%) 89.3 ±21.3 98.5 ±10.6 100.6 ±11.1 

VA a (L) 4.5 ±0.9 4.9 ±0.9 5.1 ±0.9 

VA c (%) 90.3 ±17.6 96.2 ±13.5 96.9 ±12.5 

KCO 
a (mL/min/ 

mmHg/L) 
3.9 ±0.9 4.1 ±0.7 4.4 ±0.7 

KCO c (%) 99.8 ±19.7 103.8 ±14.5 104.8 ±13.1 
Note: a Mean ± Standard Deviation, b N (%), c percentage of the measured value compared to 

the reference value. 
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However, after exclusions (see Section 5.2.2), a slightly better pulmonary 

function was evident in all parameters in the TSGH group with normal PFT and the 

TSGH relatively healthy group in comparison with the TSGH group with any PFT. 

Generally, if the measured value is 80% to 120% of the reference value, then it is 

considered a normal value (Wyka et al., 2011), please see DLCO (%), VA (%) and KCO 

(%). 

After presenting the basic overview of the variables in the different groups, 

the following figures show the distributions of DLCO, VA and KCO. The distributions 

show a similar pattern in the three groups. However, the TSGH relatively healthy 

group shows a higher average value of DLCO, VA and KCO than the other two. 

 

Figure 5-5. Distribution of DLCO in the TSGH groups 

 

Figure 5-6. Distribution of VA in the TSGH groups 
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Figure 5-7. Distribution of KCO in the TSGH groups 

Attendees of the Royal Berkshire Hospital (RBH), UK  
Table 5-10 shows the basic overview of the distribution of demographic, 

physiological and behavioural factors and PFT parameters in the RBH groups. We 

can see that the sub-set of those with ‘normal’ lung function are similar to the whole 

group in terms of sex and smoking status. Both groups comprised approximately 

50/50 males and females. Non-smokers comprised approximately 40% to 50%, and 

those who had ever smoked were around 50% to 60%.  

Table 5-10. Overview of characteristics and PFT parameters for attendees of the 

Royal Berkshire Hospital (RBH), UK groups 

Variable 
RBH group with any 

PFT 

RBH group with 

normal PFT 

Number of patients 691 107 

Age a (year) 65.8 ±14.9 57.4 ±15.8 

Sex b   

 Female 340 (49) 45 (42) 

 Male 351 (51) 62 (58) 

Height a (cm) 169.1 ±9.8 172.0 ±10.4 

Weight a (kg) 80.9 ±19.3 85.9 ±18.6 

BMI a (kg/m2) 28.3 ±6.6 28.9 ±5.6 

Smoking status b   

 Current smokers 58 (9) 5 (5) 

 Ex-smokers 353 (51) 47 (44) 

 Non-smokers 275 (40) 54 (51) 

FVC a (L) 3.2 ±1.1 4.1 ±1.1 

FEV1/FVC a (%) 70.5 ±13.8 73.6 ±6.9 

VC a (L) 3.3 ±1.1 4.2 ±1.2 

TLC a (L) 5.3 ±1.5 6.4 ±1.4 

FRC a (L) 2.7 ±0.9 3.0 ±0.7 

RV a (L) 2.0 ±0.7 2.2 ±0.5 
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Variable 
RBH group with any 

PFT 

RBH group with 

normal PFT 

RV/TLC a (%) 38.6 ±8.6 35.1 ±7.6 

DLCO a (mL/min/mmHg) 15.6 ±6.2 24.5 ±5.5 

DLCO c (%) 62.7 ±18.7 89.9 ±7.7 

VA a (L) 4.5 ±1.3 5.7 ±1.3 

VA c (%) 78.2 ±16.6 93.5 ±10.6 

KCO a (mL/min/ 

mmHg/L) 
3.5 ±1.0 4.3 ±0.6 

KCO c (%) 82.9 ±20.1 99.8 ±13.2 
Note: a Mean ± Standard Deviation, b N (%), c percentage of the measured value compared to 

the reference value. 

The average age for the RBH group with any PFT was around 65. However, in 

the subgroup with normal PFT, the average age was around 57. As expected, the 

values of the pulmonary function parameters were higher in the RBH with normal 

PFT group. The following figures show the distribution of DLCO, VA and KCO: the 

RBH group with normal PFT has higher averages than the RBH group with any PFT.  

 

Figure 5-8. Distribution of DLCO in the RBH groups 

 

Figure 5-9. Distribution of VA in the RBH groups 
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Figure 5-10. Distribution of KCO in the RBH groups 

5.3.2 Demographic, physiological and behavioural factors and PFT 

parameters affecting DLCO 

After understanding the basic characteristics and distribution of the variables 

of different groups, we explored the research question ‘Which demographic, 

physiological and behavioural factors and PFT parameters have an effect on DLCO 

and to what extent?’ The following sub-sections show the univariable analysis and 

multivariable regression for different groups. 

DLCO predictors within the TSGH (Taiwan) group 

TSGH group with any PFT 

In the TSGH group with any PFT, in univariable analysis, the results showed a 

difference by sex – males had a higher value of DLCO than females – and also that 

people with lung illness generally had a lower value of DLCO. Additionally, the value 

of DLCO had a positive association with height, weight, BMI and FEV1/FVC and 

negative association with age, RV/TLC and FRC/TLC (see Table 5-11). 

After understanding the distribution of the single variable, a multivariable 

analysis was conducted to investigate the factors affecting DLCO. Before doing 

multivariable analysis, a collinearity test was carried out to consider the integration 

of each factor. In the multivariable regression of DLCO, the variables of KCO and VA 

were excluded due to the over-specification. Moreover, due to a high correlation of 

pulmonary function parameters with each other, some parameters were clustered for 

analysis, such as FEV1/FVC, FRC/TLC and RV/TLC. The parameters that were 

clustered were determined based on the literature (van der Lee et al., 2006; Kaminsky 
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et al., 2014; Yuan et al., 2014; Kendrick, 2015; Shin et al., 2015; Scarlata et al., 2010). 

However, FEV1/FVC had a high correlation with FRC/TLC and RV/TLC, and the 

lung function parameters were highly correlated with age (Ren et al., 2012; Kendrick, 

2015; Thomas et al., 2019). Also, BMI was excluded due to the high correlation with 

weight (see Appendix 9.2.3, Supplementary Table 9-15 and Supplementary Table 

9-16). The same process was applied for all groups in Section 5.3.2 to Section 5.3.4.  

Therefore, the final factors included in the multivariable analysis were age, sex, 

height, weight, smoking status, obesity, restrictive lung disease, obstructive lung 

disease and mixed obstructive and restrictive lung disease. Table 5-11 shows that any 

one, or a combination of people being older, have ever smoked, being obese, having 

restrictive lung disease, obstructive lung disease or mixed obstructive and restrictive 

lung disease, their DLCO value will be lower. When all other variables are constant, 

if people are male, taller or heavier, then their DLCO value will be higher.  

TSGH group with normal PFT 

Univariable analysis revealed that females, non-smokers and people with a 

history of particular diseases (e.g. anaemia, hypertension, hyperlipidaemia, DM, 

cardiovascular diseases and kidney disease) had a lower value of DLCO. However, 

ever smokers showed a higher value of DLCO than non-smokers although this may 

be due to the fact that the ever smokers group comprised more males than females. 

The analysis also showed similar results to the TSGH group with any PFT in that 

DLCO had a positive association with height, weight, BMI, the concentration of Hb 

and FEV1/FVC, and negative association with age, the period of smoking, RV/TLC 

and FRC/TLC (see Table 5-11). In multivariable analysis, after adjusting for possible 

factors, shows that if people are younger, taller, heavier, non-smokers or have a 

higher value of Hb, then their DLCO value will be higher.  

TSGH relatively healthy group 

The univariable analysis results showed similar factors affecting DLCO as in 

the TSGH group with normal PFT, such as sex and smoking status. Also, age, height, 

weight, BMI, Hb, FEV1/FVC, RV/TLC and FRC/TLC are strongly related to DLCO. 

However, in multivariable regression, shows that if people are male, younger, taller 

or heavier, they have a higher value of DLCO (see Table 5-11). Although the results 

showed that Hb concentration significantly affected DLCO, this was not included in 
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the multivariable regression due to the small sample size (this also applies for the 

predictive models of VA and KCO in the next sections). 

DLCO predictors within the RBH (UK) group  

RBH group with any PFT 
In the RBH group with any PFT, the univariable analysis found similar factors 

affecting DLCO, such as sex, smoking status, lung illness, age, height, weight, BMI, 

RV/TL and FRC/TLC as with the TSGH group with any PFT (see Table 5-11). After 

adjusting for possible factors, Table 5-11 shows that if people are older, have ever 

smoked or have restrictive lung disease or mixed obstructive and restrictive lung 

disease, their DLCO value will be lower. If people are male, taller or heavier, then 

their DLCO value will be higher. 

RBH group with normal PFT  

In univariable analysis, the results showed that sex, age, height, weight, BMI, 

Hb, RV/TLC and FRC/TLC are strongly linked with DLCO. After adjusting for 

possible factors, Table 5-11 shows that if people are younger, male or taller, their 

DLCO value will be higher. 
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Table 5-11. Factors affecting DLCO analysed by univariable and multivariable linear regression of the TSGH and RBH groups  

Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

TSGH group with any PFT (nd=1,943; nf=1,943) 0.628 

Age (year) -0.239 (-2.253, -0.226)  -0.628 <0.001*** 0.394 -0.198 (-0.210, -0.186) -0.520 <0.001***  

Sex (male) 3.385 (2.870, 3.900)  0.281 <0.001*** 0.078 1.494 (0.996, 1.992) 0.124 <0.001***  

Height (cm) 0.344 (0.317, 0.370)  0.501 <0.001*** 0.251 0.169 (0.137, 0.201) 0.246 <0.001***  

Weight (kg) 0.144 (0.126, 0.162)  0.334 <0.001*** 0.111 0.075 (0.056, 0.093) 0.173 <0.001***  

BMI (kg/m2) 0.130 (0.069, 0.192)  0.094 <0.001*** 0.009 - - - -  

Obesity (yes) 0.757 (-0.192, 1.706) 0.036 0.118 0.001 -1.493 (-2.257, -0.728) -0.390 <0.001***  

Ever smoker  0.201 (-0.340, 0.742) 0.017 0.467 0.0003 -1.667 (-2.036, -1.299) -0.137 <0.001***  

FEV1/FVC (%)  0.140 (0.113, 0.167)  0.228 <0.001*** 0.052 - - - -  

RV/TLC (%)  -0.417 (-0.440, -0.394)  -0.627 <0.001*** 0.394 - - - -  

FRC/TLC (%) -0.267 (-0.294, -0.241)  -0.411 <0.001*** 0.169 - - - -  

Restrictive lung 

disease (yes) 
-2.887 (-3.450, -2.323)  -0.222 <0.001*** 0.049 -3.134 (-3.506, -2.762) -0.241 <0.001*** 

 

Obstructive lung 

disease (yes) 
-2.000 (-2.935, -1.065)  -0.095 <0.001*** 0.009 -1.716 (-2.321, -1.111) -0.081 <0.001*** 

 

Mixed lung disease d 

(yes) 
-4.809 (-5.966, -3.652)  -0.182 <0.001*** 0.033 -4.259 (-5.010, -3.508) -0.161 <0.001*** 

 

TSGH group with normal PFT (nd=902; nf=291) 0.778 

Age (year) -0.227 (-0.243, -0.212)  -0.687 <0.001*** 0.472 -0.180 (-0.201, -0.158) -0.555 <0.001***  

Sex (male) 3.829 (3.209, 4.449) 0.375 <0.001*** 0.140 0.568 (-0.281, 1.416) 0.060 0.189  

Height (cm) 0.377 (0.349, 0.406) 0.654 <0.001*** 0.427 0.150 (0.096, 0.203) 0.273 <0.001***  

Weight (kg) 0.216 (0.195, 0.238) 0.548 <0.001*** 0.300 0.122 (0.089, 0.156) 0.332 <0.001***  

BMI (kg/m2) 0.324 (0.239, 0.409) 0.242 <0.001*** 0.059 - - - -  

Obesity (yes) 2.029 (0.638, 3.420) 0.095 0.004** 0.009 0.082 (-1.237, 1.400) 0.004 0.903  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

Hb (g/dL, n=374) 0.966 (0.726, 1.205) 0.428 <0.001*** 0.145 0.240 (0.090, 0.390) 0.099 0.002**  

Ever smoker  0.953 (0.286, 1.620) 0.093 0.005** 0.009 -0.616 (-1.210, -0.022) -0.066 0.042*  

Period of smoking 

(year, n=137) 
-0.199 (-0.253, -0.146)  -0.535 <0.001*** 0.286 - - - - 

 

FEV1/FVC (%)  0.138 (0.099, 0.177)  0.225 <0.001*** 0.051 - - - -  

RV/TLC (%)  -0.435 (-0.466, -0.404)  -0.675 <0.001*** 0.455 - - - -  

FRC/TLC (%) -0.226 (-0.262, -0.191)  -0.384 <0.001*** 0.147 - - - -  

Anaemia -2.224 (-3.249, -1.198)  -0.216 <0.001*** 0.047 - - - -  

Hypertension -2.348 (-3.247, -1.449)  -0.203 <0.001*** 0.041 -0.046 (-0.721, 0.629) -0.005 0.894  

Hyperlipidaemia -6.641 (-2.930, -0.352)  -0.101 0.013* 0.010 -0.467 (-1.381, 0.447) -0.030 0.316  

Diabetes mellitus -1.880 (-3.289, -0.472)  -0.106 0.009** 0.011 0.424 (-0.547, 1.395) 0.027 0.391  

Cardiovascular 

diseases 
-2.598 (-3.893, -1.302)  -0.159 <0.001*** 0.025 -0.551 (-1.589, 0.488) -0.034 0.297 

 

Kidney diseases -3.061 (-5.803, -0.319)  -0.090 0.029* 0.008 -0.421 (-1.891, 1.049) -0.017 0.573  

TSGH relatively healthy group (nd=177; nf=177) 0.776 

Age (year) -0.200 (-0.240, -0.159)  -0.590 <0.001*** 0.348 -0.187 (-0.212, -0.161) -0.552 <0.001***  

Sex (male) 5.938 (4.673, 7.202)  0.573 <0.001*** 0.329 2.729 (1.558, 3.899) 0.264 <0.001***  

Height (cm) 0.384 (0.326, 0.443)  0.700 <0.001*** 0.489 0.116 (0.040, 0.192) 0.211 0.003**  

Weight (kg) 0.224 (0.174, 0.274)  0.557 <0.001*** 0.310 0.115 (0.069, 0.161) 0.286 <0.001***  

BMI (kg/m2) 0.341 (0.126, 0.557)  0.230 0.002** 0.053 - - - -  

Obesity (yes) 0.746 (-3.166, 4.659) 0.028 0.707 0.001 -1.209 (-3.355, 0.936) -0.046 0.267  

Hb (g/dL, n=53) 2.349 (1.307, 3.391)  0.535 <0.001*** 0.287 - - - -  

Ever smoker  1.696 (0.129, 3.264)  0.159 0.034* 0.025 -0.387 (-1.199, 0.424) -0.036 0.348  

Period of smoking 

(yr, n=18) 
-0.115 (-0.335, 0.104) -0.268 0.282 0.072 - - - - 

 

FEV1/FVC (%)  0.070 (-0.027, 0.168) 0.107 0.157 0.011 - - - -  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

RV/TLC (%)  -0.426 (-0.506, -0.347)  -0.624 <0.001*** 0.390 - - - -  

FRC/TLC (%) -0.242 (-0.327, -0.158)  -0.393 <0.001*** 0.154 - - - -  

RBH group with any PFT (nd=691; nf=686) 0.595 

Age (year) -0.242 (-0.268, -0.217)  -0.579 <0.001*** 0.335 -0.209 (-0.231, -0.188) -0.501 <0.001***  

Sex (male) 3.138 (2.238, 4.038)  0.252 <0.001*** 0.064 1.552 (0.690, 2.414) 0.125 <0.001***  

Height (cm) 0.286 (0.243, 0.328)  0.450 <0.001*** 0.203 0.179 (0.131, 0.227) 0.282 <0.001***  

Weight (kg) 0.105 (0.082, 0.128)  0.327 <0.001*** 0.107 0.036 (0.010, 0.063) 0.113 0.008**  

BMI (kg/m2) 0.101 (0.031, 0.171)  0.107 0.005** 0.012 - - - -  

Obesity (yes) 1.003 (0.017, 1.989)  0.076 0.046* 0.006 0.153 (-0.876, 1.183) 0.012 0.770  

Ever smoker  -1.632 (-2.577, -0.688)  -0.129 0.001** 0.017 -1.874 (-2.510, -1.238) -0.148 <0.001***  

FEV1/FVC (%)  0.031 (-0.003, 0.065) 0.069 0.070† 0.005 - - - -  

RV/TLC (%)  -0.282 (-0.331, -0.232)  -0.391 <0.001*** 0.153 - - - -  

FRC/TLC (%) -0.275 (-0.325, -0.225)  -0.379 <0.001***  0.144 - - - -  

Restrictive lung 

disease (yes) 
-3.854 (-5.150, -2.559)  -0.217 <0.001*** 0.047 -4.800 (-5.705, -3.896) -0.271 <0.001*** 

 

Obstructive lung 

disease (yes) 
0.483 (-0.538, 1.505) 0.035 0.353 0.001 -0.128 (-0.857, 0.602) -0.009 0.731 

 

Mixed lung disease d 

(yes) 
-3.887 (-5.538, -2.236)  -0.173 <0.001*** 0.030 -3.803 (-4.951, -2.654) -0.169 <0.001*** 

 

RBH group with normal PFT (nd=107; nf=106) 0.866 

Age (year) -0.212 (-0.265, -0.158)  -0.609 <0.001*** 0.370 -0.168 (-0.195, -0.141) -0.481 <0.001***  

Sex (male) 7.100 (5.460, 8.741)  0.642 <0.001*** 0.412 3.664 (2.515, 4.813) 0.330 <0.001***  

Height (cm) 0.420 (0, 359, 0.482)  0.798 <0.001*** 0.637 0.211 (0.141, 0.281) 0.398 <0.001***  

Weight (kg) 0.137 (0.086, 0.187)  0.463 <0.001*** 0.214 0.025 (-0.016, 0.065) 0.084 0.230  

BMI (kg/m2) 0.037 (-0.154, 0.227) 0.037 0.703 0.001 - - - -  

Obesity (yes) -0.263 (-2.426, 1.899) -0.024 0.810 0.001 -0.459 (-1.762, 0.844) -0.041 0.486  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

Ever smoker  0.240 (-1.891, 2.372) 0.022 0.823 0.001 -0.388 (-1.217, 0.442) -0.035 0.356  

FEV1/FVC (%)  0.088 (-0.064, 0.240) 0.111 0.255 0.123 - - - -  

RV/TLC (%)  -0.431 (-0.542, -0.319)  -0.600 <0.001*** 0.360 - - - -  

FRC/TLC (%) -0.295 (-0.444, -0.147)  -0.359 <0.001*** 0.129 - - - -  
Note: ordered by the absolute value of Beta, where a significant factor was found, these values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-

value <0.001; † p-value <0.1, a  (un-standardised coefficient), b Beta (standardised coefficient), c CI (confidence interval), nd (sample size for univariable 

analysis), nf (sample size for multivariable analysis). 
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A summary table of factors affecting DLCO is presented below. Both the TSGH 

and RBH groups showed a very similar pattern of factors affecting DLCO. Age and 

height also showed a significant effect through all groups. 

Table 5-12. Summary of factors affecting DLCO in the TSGH (Taiwan) and RBH 

(UK) hospitals 

 TSGH 

group with 

any PFT 

TSGH 

group with 

normal 

PFT 

TSGH 

relatively 

healthy 

group 

RBH 

group with 

any PFT 

 

RBH 

group with 

normal 

PFT 

  

Subjects 1943 902 177 691 107 

Age negative negative negative negative negative 

Sex (male) positive No effect positive positive positive 

Height positive positive positive positive positive 

Weight positive positive positive positive No effect 

Hb - positive - - - 

Ever 

smoker 

negative negative No effect negative No effect 

Obesity negative No effect No effect No effect No effect 

Restrictive 

lung 

disease 

negative - - negative  

Obstructive 

lung 

disease  

negative - - No effect - 

Mixed lung 

disease a 

negative - - negative - 

Note: positive=positive relationship with DLCO; negative=negative relationship with DLCO, 

which means if the independent variable is higher, then the dependent variable is lower, e.g. 

DLCO declines with age, a Mixed obstructive and restrictive lung disease  

5.3.3 Demographic, physiological and behavioural factors and PFT 

parameters affecting VA 

The relationships between VA and variables were analysed to answer the 

research question ‘Which factors are most closely associated with VA and to what 

extent?’ The following sub-sections show the variation of VA with demographic, 

physiological and behavioural factors and diseases (categorical variables) in five 

different groups as in Section 5.3.2. 
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VA predictors within the TSGH (Taiwan) group 

TSGH group with any PFT 

In univariable analysis, the results showed that males had a higher VA value 

than females and ever smokers had a higher value of VA than non-smokers, and 

people with lung illness generally had a lower value. Also, the value of VA had a 

positive association with height and weight, and a negative association with age, BMI, 

RV/TLC and FRC/TLC (see Table 5-14). After showing the distribution of the single 

variable, Table 5-14 shows that if people are older, heavier, have a restrictive lung 

disease or mixed obstructive and restrictive lung disease, then their VA value will be 

lower. If people are male or taller, their VA value will be higher.  

TSGH group with normal PFT  

Univariable analysis showed that females, non-smokers, and people with a 

history of disease (e.g. hypertension and hyperlipidaemia) had a lower value of VA. 

However, ever smokers had a higher value than non-smokers, possibly because there 

were more males in the ever smokers’ group. The analysis also showed similar results 

to the TSGH group with any PFT in that VA had a positive association with height, 

weight and Hb concentration, and a negative association with age, period of smoking, 

RV/TLC and FRC/TLC. However, in multivariable regression, Table 5-14 shows 

that if people are younger, male or taller, their VA value will be higher.  

TSGH relatively healthy group 

In univariable analysis, the results showed similar factors affecting VA as in the 

TSGH group with normal PFT, such as sex, age, height, weight, Hb, smoking status, 

RV/TLC and FRC/TLC. However, in multivariable regression, Table 5-14 shows 

that male, younger or taller people had higher VA values. 

VA predictors within the RBH (UK) group 

RBH group with any PFT 

Univariable analysis results showed similar factors (sex, age, height, weight, 

BMI, obesity, lung illness, FEV1/FVC, RV/TLC and FRC/TLC) affecting VA as in 

the TSGH group with any PFT (see Table 5-14). In multivariable analysis, Table 5-14 

shows that if people are older, have restrictive lung disease or have mixed obstructive 
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and restrictive lung disease, then their VA value is lower. If people are male, taller or 

have obstructive lung disease, their VA value is higher.  

RBH group with normal PFT  

Univariable analysis results showed that sex, age, height, weight, RV/TLC and 

FRC/TLC affect VA. In multivariable regression, Table 5-14 shows that if people are 

younger, male, taller or have a history of smoking, their VA value was higher.  

In summary, all the TSGH and RBH groups showed a very similar pattern. 

There is a big difference between males and females in that males have a higher VA. 

Also, younger and taller people had a higher value of VA than older and shorter ones. 

Table 5-13. Summary of the factors related to VA in the TSGH (Taiwan) and RBH 

(UK) hospitals 

 TSGH 

group 

with any 

PFT 

TSGH 

group 

with 

normal 

PFT 

TSGH 

relatively 

healthy 

group 

RBH group 

with any 

PFT 

 

RBH group 

with normal 

PFT 

  

Subjects 1943 902 177 691 107 

Age negative negative negative negative negative 

Sex (male) positive positive positive positive positive 

Height positive positive positive positive positive 

Weight negative No effect No effect No effect No effect 

Ever 

smoker 

No effect No effect No effect No effect positive 

Restrictive 

lung 

disease 

negative - - negative - 

Obstructive 

lung 

disease 

No effect - - positive - 

Mixed lung 

disease a 

negative - - negative - 

Note: positive=positive relationship with VA; negative=negative relationship with VA, which 

means if the independent variable is higher, then the dependent variable is lower, e.g. VA declines 

with age, a Mixed obstructive and restrictive lung disease. 
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Table 5-14. Factors affecting VA as analysed by univariable and multivariable linear regression of the TSGH and RBH groups  

Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

TSGH group with any PFT (nd=1,943; nf=1,943) 0.651 

Age (year) -0.020 (-0.023, -0.017)  -0.332 <0.001*** 0.111 -0.011 (-0.012, -0.009) -0.174 <0.001***  

Sex (male) 1.046 (0.973, 1.118)  0.540 <0.001*** 0.292 0.367  (0.289, 0.444) 0.189 <0.001***  

Height (cm) 0.075 (0.071, 0.078)  0.678 <0.001*** 0.459 0.062 (0.057, 0.067) 0.560 <0.001***  

Weight (kg) 0.021 (0.018, 0.024)  0.299 <0.001*** 0.089 -0.006 
(-0.009, -

0.003) 
-0.082 <0.001*** 

 

BMI (kg/m2) -0.011 (-0.021, -0.001)  -0.048 0.033* 0.002 - - - -  

Obesity (yes) -2.280 (-4.433, -0.129)  -0.082 <0.001*** 0.007 -0.074  (-0.192, 0.045) -0.021 0.225  

Ever smoker  0.481 (0.397, 0.566)  0.246 <0.001*** 0.061 -0.008 (-0.066, 0.049) -0.004 0.779  

FEV1/FVC (%)  -0.002 (-0.006, 0.003) -0.018 0.419 0.0003 - - - -  

RV/TLC (%)  -0.049 (-0.054, -0.045)  -0.463 <0.001*** 0.215 - -  -  

FRC/TLC (%) -0.025 (-0.030, -0.020)  -0.239 <0.001*** 0.057 - - - -  

Restrictive lung 

disease (yes) 
-0.714 (-0.802, -0.627)  -0.343 <0.001*** 0.117 -0.719 (-0.777, -0.661) -0.345 <0.001*** 

 

Obstructive lung 

disease (yes) 
0.307 (0.157, 0.458)  0.091 <0.001*** 0.008 -0.024  (-0.118, 0.070) -0.007 0.621 

 

Mixed lung disease d 

(yes) 
-0.453 (-0.641, -0.265)  -0.107 <0.001*** 0.011 -0.724 (-0.841, -0.607) -0.171 <0.001*** 

 

TSGH group with normal PFT (nd=902; nf=291) 0.708 

Age (year) -0.018 (-0.022, -0.014)  -0.308 <0.001*** 0.095 -0.009 (-0.013, -0.004) -0.146 0.001  

Sex (male) 1.100 (1.007, 1.193)  0.611 <0.001*** 0.374 0.419 (0.237, 0.602) 0.237 <0.001***  

Height (cm) 0.082 (0.078, 0.086)  0.804 <0.001*** 0.647 0.062 (0.051, 0.074) 0.608 <0.001***  

Weight (kg) 0.034 (0.030, 0.038)  0.492 <0.001*** 0.242 -0.0004 (-0.008, 0.007) -0.006 0.914  

BMI (kg/m2) 0.018 (0.002, 0.033)  0.075 0.025* 0.006 - - - -  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

Obesity (yes) -0.120 (-0.365, 0.126) -0.032 0.340 0.001 -0.170 (-0.454, 0.114) -0.047 0.240  

Hb (g/dL, n=374) 0.131 (0.086, 0.176) 0.310 <0.001*** 0.081 0.001 (-0.031, 0.034) 0.003 0.940  

Ever smoker  0.542 (0.429, 0.654)  0.301 <0.001*** 0.090 0.098 (-0.030, 0.227) 0.056 0.132  

Period of smoking 

(year, n=137) 
-0.006 (-0.016, 0.004) -0.102 0.234 0.011 - - - - 

 

FEV1/FVC (%)  -0.005 (-0.012, 0.002) -0.046 0.164 0.002 - - - -  

RV/TLC (%)  -0.052 (-0.058, -0.045)  -0.457 <0.001*** 0.209 - - - -  

FRC/TLC (%) -0.021 (-0.028, -0.014)  -0.203 <0.001*** 0.041 - - - -  

Anaemia -0.026 (-0.216, 0.164) -0.014 0.789 0.0002 - - - -  

Hypertension -0.216 (-0.375, -0.057)  -0.108 0.008** 0.012 -0.002 (-0.147, 0.144) -0.001 0.983  

Hyperlipidaemia -0.337 (-0.563, -0.111)  -0.118 0.004** 0.014 -0.128 (-0.325, 0.069) -0.044 0.203  

Diabetes mellitus -0.087 (-0.335, 0.161) -0.028 0.490 0.001 -0.079 (-0.289, 0.130) -0.027 0.457  

Cardiovascular 

diseases 
-0.164 (-0.394, 0.065) -0.057 0.160 0.003 -0.007 (-0.231, 0.217) -0.002 0.949 

 

Kidney diseases -0.429 (-0.938, 0.079) -0.068 0.098† 0.005 -0.136 (-0.453, 0.180) -0.029 0.397  

TSGH relatively healthy group (nd=177; nf=177) 0.722 

Age (year) -0.016 (-0.025, -0.007)  -0.263 <0.001*** 0.069 -0.009 (-0.014, -0.004) -0.148 0.001**  

Sex (male) 1.355 (1.163, 1.546)  0.726 <0.001*** 0.527 0.593 (0.358, 0.859) 0.318 <0.001***  

Height (cm) 0.081 (0.073, 0.090)  0.818 <0.001*** 0.670 0.060 (0.045, 0.075) 0.607 <0.001***  

Weight (kg) 0.038 (0.029, 0.047)  0.521 <0.001*** 0.272 -0.005 (-0.014, 0.004) -0.071 0.268  

BMI (kg/m2) 0.024 (-0.015, 0.064) 0.091 0.228 0.008 - - - -  

Obesity (yes) -0.181 (-0.887, 0.524) -0.038 0.612 0.002 0.066 (-0.365, 0.497) 0.014 0.763  

Hb (g/dL, n=53) 0.543 (0.375, 0.712)  0.672 <0.001*** 0.452 - - - -  

Ever smoker  0.477 (0.200, 0.755)  0.249 <0.001*** 0.062 -0.052 (-0.215, 0.111) -0.027 0.533  

Period of smoking 

(yr, n=18) 
-0.012 (-0.053, 0.029) -0.155 0.540 0.024 - - - - 
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

FEV1/FVC (%)  -0.014 (-0.032, 0.003) -0.119 0.113 0.014 - - - -  

RV/TLC (%)  -0.058 (-0.074, -0.041)  -0.467 <0.001*** 0.218 - - - -  

FRC/TLC (%) -0.030 (-0.046, -0.014)  -0.272 <0.001*** 0.074 - - - -  

RBH group with any PFT (nd=691; nf=686) 0.741 

Age (year) -0.024 (-0.031, -0.018)  -0.274 <0.001*** 0.075 -0.021 (-0.024, -0.017) -0.235 <0.001***  

Sex (male) 1.366 (1.199, 1.533)  0.521 <0.001*** 0.272 0.670 (0.554, 0.845) 0.267 <0.001***  

Height (cm) 0.090 (0.083, 0.098)  0.676 <0.001*** 0.457 0.066 (0.057, 0.074) 0.491 <0.001***  

Weight (kg) 0.013 (0.008, 0.018)  0.193 <0.001*** 0.037 -0.004 
(-0.009, 

0.00002) 
-0.066 0.051 

 

BMI (kg/m2) -0.028 (-0.043, -0.013)  -0.142 <0.001*** 0.020 - - - -  

Obesity (yes) -0.416 (-0.622, -0.211)  -0.150 <0.001*** 0.022 -0.007 (-0.181, 0.166) -0.003 0.934  

Ever smoker  0.129 (-0.072, 0.329)  0.048 0.208 0.002 -0.098 (-0.205, 0.009) -0.037 0.071  

FEV1/FVC (%)  -0.021 (-0.027, -0.014)  -0.216 <0.001*** 0.047 - - - -  

RV/TLC (%)  -0.050 (-0.060, -0.039)  -0.328 <0.001*** 0.108 - - - -  

FRC/TLC (%) -0.022 (-0.033, -0.011)  -0.144 <0.001*** 0.021 - - - -  

Restrictive lung 

disease (yes) 
-1.356 (-1.617, -1.096)  -0.262 <0.001*** 0.132 -1.452 (-1.605, -1.300) -0.390 <0.001*** 

 

Obstructive lung 

disease (yes) 
0.877 (0.673, 1.082) 0.305 <0.001*** 0.093 0.357 (0.234, 0.480) 0.124 <0.001*** 

 

Mixed lung disease d 

(yes) 
-0.874 (-0.221, -0.527)  -0.185 <0.001*** 0.034 -1.009 (-1.202, -1.815) -0.213 <0.001*** 

 

RBH group with normal PFT (nd=107; nf=106) 0.796 

Age (year) -0.024 (-0.038, -0.009)  -0.296 0.002** 0.088 -0.008 (-0.016, -0.001) -0.104 0.035*  

Sex (male) 1.696 (1.333, 2.056)  0.671 <0.001*** 0.450 0.372 (0.049, 0.695) 0.147 0.024*  

Height (cm) 0.104 (0.092, 0.116)  0.864 <0.001*** 0.747 0.096 (0.076, 0.115) 0.794 <0.001***  

Weight (kg) 0.025 (0.013, 0.037)  0.373 <0.001*** 0.139 -0.008 (-0.019, 0.004) -0.114 0.186  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

BMI (kg/m2) -0.023 (-0.066, 0.020) -0.103 0.292 0.011 - - - -  

Obesity (yes) -0.299 (-0.790, 0.193) -0.117 0.231 0.014 -0.057 (-0.423, 0.309) -0.022 0.758  

Ever smoker  0.352 (-0.128, 0.833) 0.141 0.149 0.020 0.372 (0.139, 0.605) 0.149 0.002**  

FEV1/FVC (%)  -0.025 (-0.060, 0.009) -0.139 0.152 0.019 - - - -  

RV/TLC (%)  -0.069 (-0.098, -0.041)  -0.423 <0.001*** 0.179 - - - -  

FRC/TLC (%) -0.037 (-0.073, -0.002)  -0.199 0.040* 0.040 - - - -  
Note: ordered by the absolute value of Beta, where a significant factor was found, these values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-

value <0.001; † p-value <0.1, a  (un-standardised coefficient), b Beta (standardised coefficient), c CI (confidence interval), nd (sample size for univariable 

analysis), nf (sample size for multivariable analysis). 
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5.3.4 Demographic, physiological and behavioural factors and PFT 

parameters affecting KCO 

In this section, the relationship between KCO, a measure of how well lungs 

diffuse CO into the bloodstream normalised by lung volume, and various variables 

is investigated. KCO, normalising DLCO by lung capacity (VA), gives a better measure 

of the efficiency of the lung tissue itself in diffusing CO. Although the KCO is derived 

from DLCO and VA, it is still worth analysing. KCO has its own clinical implication, 

which is the index of gas exchange efficiency. It is also an important parameter when 

diagnosing pulmonary function. Therefore, it is worth exploring and analysing which 

factor affects the KCO directly. 

KCO predictors within the TSGH (Taiwan) group 

TSGH group with any PFT 

The univariable analysis results showed that age has the greatest effect on 

reducing KCO. Table 5-16 shows that if people are older, taller, have ever smoked, 

are obese, have obstructive lung disease, restrictive lung disease or mixed obstructive 

and restrictive lung disease, their KCO value will be lower. If people are heavier, then 

their KCO value will be higher.  

TSGH group with normal PFT  

The univariable analysis, the results were similar to those of the TSGH group 

with any PFT in that KCO had a positive association with height, weight, BMI, 

FEV1/FVC and Hb concentration, and a negative association with age, the period of 

smoking, RV/TLC and FRC/TLC. Table 5-16 shows that if people are older, male, 

taller or have a history of smoking, their KCO value will be lower. If people are 

heavier or have a higher Hb concentration, then their KCO value will be higher. 

TSGH relatively healthy group 

In univariable analysis, only age, RV/TLC and FRC/TLC showed a negative 

relationship with KCO; weight, BMI and FEV1/FVC showed a positive relationship. 

In multivariable regression (see Table 5-16), age and height had a negative 

relationship with KCO, while weight showed a positive relationship with KCO. 
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KCO predictors within the RBH (UK) group 

RBH group with any PFT 

The results from the univariable analysis were similar to the results of the 

TSGH group with any PFT. Table 5-16 shows that if people are male, older, taller, 

have ever smoked or have obstructive disease, their KCO value will be lower. If 

people are heavier, then their KCO value will be higher. 

RBH group with normal PFT  

After adjusting for possible factors in the RBH group with normal PFT, Table 

5-16 shows that if people are older, taller or have ever smoked, their KCO value will 

be lower. If people are male or heavier, their KCO value will be higher. 

In summary, we can see that similar patterns are found in all the TSGH and 

RBH groups. Also, age, height and weight showed a significant effect through all 

groups. 

Table 5-15. Summary of the factors related to KCO in the TSGH (Taiwan) and RBH 

(UK) hospitals 

 TSGH 

group with 

any PFT 

TSGH 

group with 

normal 

PFT 

TSGH 

relatively 

healthy 

group 

RBH 

group with 

any PFT 

 

RBH 

group with 

normal 

PFT 

  

Subjects 1943 902 177 691 107 

Age negative negative negative negative negative 

Sex (male) No effect negative No effect negative positive 

Height negative negative negative negative negative 

Weight positive positive positive positive positive 

Hb  - positive No effect - - 

Ever 

smoker 

negative negative No effect negative negative 

Obesity negative No effect No effect No effect No effect 

Restrictive 

lung 

disease 

negative - - No effect - 

Obstructive 

lung 

disease 

negative - - negative - 

Mixed lung 

disease a 

negative - - No effect - 

Note: positive=positive relationship with KCO; negative=negative relationship with KCO, which 

means if the independent variable is higher, then the dependent variable is lower, e.g. KCO 

declines with age, a Mixed obstructive and restrictive lung disease. 
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Table 5-16. Factors affecting KCO as analysed by univariable and multivariable linear regression of the TSGH and RBH groups  

Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

TSGH group with any PFT (nd=1,943; nf=1,943) 0.450 

Age (year) -0.035 (-0.037, -0.033)  -0.589 <0.001*** 0.346 -0.034 (-0.036,-0.031) -0.571 <0.001***  

Sex (male) -0.199 (-0.282, -0.117)  -0.107 <0.001*** 0.011 -0.047 (-0.141, 0.046) -0.025 0.320  

Height (cm) 0.009 (0.005, 0.014)  0.088 <0.001*** 0.008 -0.015 (-0.021,-0.009) -0.143 <0.001***  

Weight (kg) 0.013 (0.010, 0.016)  0.194 <0.001*** 0.038 0.021 (0.017, 0.024) 0.309 <0.001***  

BMI (kg/m2) 0.037 (0.028, 0.04)  0.175 <0.001*** 0.031 - - - -  

Obesity (yes) 0.417 (0.271, 0.562)  0.127 <0.001*** 0.016 -0.230 (-0.373,-0.086) -0.070 0.002**  

Ever smoker  -0.362 (-0.444, -0.280)  -0.193 <0.001*** 0.037 -0.327 (-0.396,-0.258) -0.174 <0.001***  

FEV1/FVC (%)  0.032 (0.029, 0.036)  0.342 <0.001*** 0.117 - - - -  

RV/TLC (%)  -0.048 (-0.052, -0.044)  -0.470 <0.001*** 0.221 - - - -  

FRC/TLC (%) -0.038 (-0.042, -0.034)  -0.376 <0.001*** 0.141 - - - -  

Restrictive lung 

disease (yes) 
-0.028 (-0.117, 0.061) -0.014 0.542 0.0002 -0.088 (-0.157,-0.018) -0.044 0.014* 

 

Obstructive lung 

disease (yes) 
-0.668 (-0.810, 0.526) -0.205 <0.001*** 0.042 -0.330  (-0.444,-0.217) -0.101 <0.001*** 

 

Mixed lung disease d 

(yes) 
-0.746 (-0.924, -0.567)  -0.183 <0.001*** 0.033 -0.398 (-0.539,-0.257) -0.072 <0.001*** 

 

TSGH group with normal PFT (nd=902; nf=291) 0.562 

Age (year) -0.030 (-0.033, -0.028)  -0.630 <0.001*** 0.397 -0.028 (-0.033,-0.024) -0.565 <0.001***  

Sex (male) -0.183 (-0.279, -0.086)  -0.123 <0.001*** 0.015 -0.291 (-0.478,-0.104) -0.197 0.002**  

Height (cm) 0.006 (0.001, 0.012)  0.075 0.024* 0.006 -0.021 (-0.032,-0.009) -0.240 0.001**  

Weight (kg) 0.015 (0.011, 0.018)  0.253 <0.001*** 0.064 0.025 (0.018, 0.032) 0.432 <0.001***  

BMI (kg/m2) 0.052 (0.039, 0.064)  0.264 <0.001*** 0.070 - - - -  

Obesity (yes) 0.517 (0.316, 0.718)  0.166 <0.001*** 0.028 0.203 (-0.087, 0.493) 0.067 0.169  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

Hb (g/dL, n=374) 0.084 (0.044, 0.123)  0.238 <0.001*** 0.045 0.044 (0.011, 0.077) 0.116 0.009**  

Ever smoker  -0.255 (-0.352, -0.159)  -0.171 <0.001*** 0.029 -0.171 (-0.302,-0.040) -0.116 0.011*  

Period of smoking 

(year, n=137) 
-0.034 (-0.042, -0.026)  -0.586 <0.001*** 0.344 - - - - 

 

FEV1/FVC (%)  0.031 (0.026, 0.037)  0.351 <0.001*** 0.123 - - -   

RV/TLC (%)  -0.044 (-0.049, -0.038)  -0.465 <0.001*** 0.216 - - - -  

FRC/TLC (%) -0.028 (-0.033, -0.023)  -0.328 <0.001*** 0.108 - - - -  

Anaemia -0.425 (-0.583, -0.267)  -0.265 <0.001*** 0.070 - - - -  

Hypertension -0.285 (-0.416, -0.155)  -0.172 <0.001*** 0.029 -0.007 (-0.156, 0.141) -0.005 0.924  

Hyperlipidaemia -0.032 (-0.219, 0.155) -0.014 0.737 0.0002 0.019 (-0.182, 0.220) 0.008 0.854  

Diabetes mellitus -0.311 (-0.514, -0.108)  -0.122 0.003** 0.015 0.133 (-0.080, 0.347) 0.055 0.221  

Cardiovascular 

diseases 
-0.384 (-0.570, -0.197)  -0.163 <0.001*** 0.027 -0.122 (-0.350, 0.107) -0.049 0.296 

 

Kidney diseases -0.208 (-0.603, 0.187) 0.301 -0.043 0.002 0.098 (-0.225, 0.422) 0.025 0.551  

TSGH relatively healthy group (nd=177; nf=177) 0.455 

Age (year) -0.025 (-0.031, -0.020)  -0.577 <0.001*** 0.333 -0.029 (-0.034,-0.024) -0.655 <0.001***  

Sex (male) -0.003 (-0.205, 0.198) -0.002 0.976 <0.001 0.005 (-0.234, 0.243) 0.003 0.970  

Height (cm) 0.006 (-0.005, 0.017) 0.084 0.265 0.007 -0.029 (-0.044,-0.013) -0.398 <0.001***  

Weight (kg) 0.012 (0.004, 0.019)  0.225 0.003** 0.051 0.028 (0.018, 0.037) 0.523 <0.001***  

BMI (kg/m2) 0.048 (0.019, 0.076)  0.245 0.001** 0.060 - - - -  

Obesity (yes) 0.314 (-0.194, 0.823) 0.092 0.224 0.008 -0.291 (-0.728, 0.147) -0.085 0.191  

Hb (g/dL, n=53) -0.021 (-0.184, 0.142) -0.036 0.799 0.001 - - - -  

Ever smoker  -0.064 (-0.271, 0.143) -0.046 0.543 0.002 -0.017 (-0.182, 0.149) -0.012 0.841  

Period of smoking 

(yr, n=18) 
-0.013 (-0.032, 0.007) -0.330 0.180 0.109 - - - - 

 

FEV1/FVC (%)  0.026 (0.014, 0.039)  0.307 <0.001*** 0.094 - - - -  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

RV/TLC (%)  -0.035 (-0.047, -0.023)  -0.393 <0.001*** 0.154 - - - -  

FRC/TLC (%) -0.022 (-0.033, -0.010)  -0.269 <0.001*** 0.072 - - - -  

RBH group with any PFT (nd=691; nf=686) 0.404 

Age (year) -0.034 (-0.038, -0.029)  -0.512 <0.001*** 0.262 -0.029 (-0.033,-0.025) -0.446 <0.001***  

Sex (male) -0.391 (-0.534, -0.248)  -0.200 <0.001*** 0.040 -0.236 (-0.400,-0.072) -0.121 0.005**  

Height (cm) -0.008 
(-0.015, -

0.0003)  
-0.078 0.041* 0.006 -0.013 (-0.022,-0.004) -0.130 0.005** 

 

Weight (kg) 0.013 (0.010, 0.017)  0.266 <0.001*** 0.071 0.014 (0.008, 0.019) 0.267 <0.001***  

BMI (kg/m2) 0.047 (0.036, 0.057)  0.315 <0.001*** 0.099 - - - -  

Obesity (yes) 0.549 (0.399, 0.698)  0.264 <0.001*** 0.070 
-

0.0002 
(-0.196, 0.196) -0.0001 0.998 

 

Ever smoker  -0.495 (-0.640, -0.350)  -0.248 <0.001*** 0.061 -0.385 (-0.507,-0.264) -0.193 <0.001***  

FEV1/FVC (%)  0.020 (0.015, 0.025)  0.284 <0.001*** 0.081 - - - -  

RV/TLC (%)  -0.020 (-0.028, -0.011)  -0.173 <0.001*** 0.030 - - - -  

FRC/TLC (%) -0.040 (-0.048, -0.032)  -0.353 <0.001*** 0.125 - - - -  

Restrictive lung 

disease (yes) 
0.256 (0.049, 0.464)  0.092 0.016* 0.009 0.169 (-0.003, 0.341) 0.061 0.054 

 

Obstructive lung 

disease (yes) 
-0.468 (-0.625, -0.311)  -0.218 <0.001*** 0.047 -0.166 (-0.305,-0.027) -0.077 0.020* 

 

Mixed lung disease d 

(yes) 
-0.219 (-0.482, 0.044) -0.062 0.103 0.004 -0.031 (-0.249, 0.188) 0.009 0.784 

 

RBH group with normal PFT (nd=107; nf=106) 0.796 

Age (year) -0.020 (-0.026, -0.013)  -0.512 <0.001*** 0.262 -0.023 (-0.029,-0.016) -0.590 <0.001***  

Sex (male) -0.019 (-0.254, 0.216) -0.016 0.874 0.0002 0.303 (0.035, 0.569) 0.248 0.027*  

Height (cm) -0.002 (-0.013, 0.009) -0.037 0.709 0.001 -0.030 (-0.046,-0.014) -0.519 <0.001***  

Weight (kg) 0.006 (-0.0003, 0.012) 0.181 0.062† 0.033 0.010 (0.0004, 0.019) 0.303 0.042*  
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Variable  
Univariable analysis  Multivariable analysis  

 a 95% CI b Beta c p-value R2  a 95% CI b Beta c p-value R2 

BMI (kg/m2) 0.025 (0.004, 0.045)  0.227 0.019* 0.051 - - - -  

Obesity (yes) 0.184 (-0.051, 0.419) 0.149 0.124 0.022 -0.027 (-0.330, 0.275) -0.022 0.858  

Ever smoker  -0.182 (-0.413, 0.049) -0.151 0.122 0.023 -0.298 (-0.491,-0.105) -0.248 0.003**  

FEV1/FVC (%)  0.032 (0.016, 0.048)  0.368 <0.001*** 0.135 - - - -  

RV/TLC (%)  -0.024 (-0.038, -0.009)  -0.299 0.002** 0.089 - - - -  

FRC/TLC (%) -0.022 (-0.039, -0.005)  -0.245 0.011* 0.060 - - - -  
Note: ordered by the absolute value of Beta, where a significant factor was found, these values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-

value <0.001; † p-value <0.1, a  (un-standardised coefficient), b Beta (standardised coefficient), c CI (confidence interval), nd (sample size for univariable 

analysis), nf (sample size for multivariable analysis). 
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5.3.5 Predictive models for DLCO, VA and KCO in the TSGH relatively healthy 

group and RBH group with normal PFT 

After determining the factors related to DLCO, VA and KCO in the TSGH and 

RBH groups, the predictive models for DLCO, VA and KCO were explored based on 

simple demographic, physiological and behavioural factors. Each model was 

considered with R2, SEE, significant parameters, the sample size and then assessed 

for clinical and biological plausibility.  

History of disease and pulmonary function parameters were excluded as the 

model were focused on the relatively healthy group and only use simple demographic, 

physiological and behavioural variables to predict DLCO, VA and KCO. The 

importance of the models is to estimate the diffusion coefficient (DLCO) for CO 

poisoned patients. This value could then be used to backcast to determine the 

concentration and duration of CO exposure. It might also be used to calculate a 

treatment regime to purge CO from their bodies more quickly. The aim would be to 

use simple demographic, physiological and behavioural variables, which are easy to 

obtain when patients arrive at the hospitals.  

Certain variables were excluded from the model, such as the period of smoking 

(high correlation with smoking status and also due to missing data) and BMI (high 

correlation to weight).  

Predictive models for DLCO 

Predictive models were run for DLCO for all participants, including 

smokers/non-smokers and females/males.  

TSGH relatively healthy group 

The variables included sex, age, height, weight, Hb and smoking status (ever 

smokers or non-smokers), which were based on the literature (Talaminos Barroso et 

al., 2018). Then, multivariate linear regression models were constructed using a 

stepwise selection technique for all participants in the TSGH relatively healthy group 

(see Table 5-17).  

After analysing Regression A, B and C, their adjusted R2s were 0.833, 0.768 

and 0.768 respectively. The final model, Regression C, was selected by adjusted R2, 

SEE and significant parameters, and considering the sample size. The final model 

used for all participants in TSGH relatively group was, 
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 𝐷𝐿𝑐𝑜 =  2.269 + 2.695 × 𝑆𝑒𝑥(𝑓𝑒𝑚𝑎𝑙𝑒: 0, 𝑚𝑎𝑙𝑒: 1) − 0.186 × 𝐴𝑔𝑒(𝑦𝑟) +
0.122 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.104 × 𝑤𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

 

Table 5-17. Predictive models for DLCO of all participants in the TSGH relatively 

healthy group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex (male) 2.426* 

(0.165, 4.686) 

2.729*** 

(1.558, 3.900) 

2.695*** 

(1.526, 3.864) 

Age -0.185*** 

(-0.229, -0.141) 

-0.185*** 

(-0.211, -0.159) 

-0.186*** 

(-0.212, -0.160) 

Height 0.160** 

(0.052, 0.268) 

0.129** 

(0.056, 0.202) 

0.122** 

(0.051, 0.193) 

Weight 0.061† 

(-0.001, 0.123) 

0.103*** 

(0.063, 0.143) 

0.104*** 

(0.064, 0.144) 

Hb 0.075 

(-0.809, 0.959) 

excluded excluded 

Smoking 

status 

-1.291† 

(-2.695, 0.112) 

-0.395 

(-1.207, 0.417) 

excluded 

Intercept -1.817 

(-21.901, 0.112) 

1.295 

(-9.772, 12.361) 

2.269 

(-8.612, 13.150) 

N 53 177 177 

SEE 2.038 2.469 2.468 

R2 0.853 0.775 0.774 

Adjusted 

R2 

0.833 0.768 0.768 

Note: *Where a significant difference was found in DLCO value, these values are shown in 

bold, *p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Regression A included variables: sex, age, height, weight, Hb and smoking status 

Regression B included variables: sex, age, height, weight and smoking status 

Regression C included variables: sex, age, height and weight 

Please see Table 5-17 as an example. The same processes were then applied 

for different factors (VA and KCO) and subsets (smokers and non-smokers, males and 

females) as shown below (see Appendix 9.2.3 for details). 

The predictive model of DLCO for all participants, non-smokers and smokers, 

females and males in the TSGH relatively healthy group is presented in Table 5-18. 

The predictive models for non-smokers and smokers, males and females in TSGH 

relatively healthy group are shown below: 

For non-smokers:  𝐷𝐿𝑐𝑜 = −2.612 + 2.760 × Sex(female: 0, male: 1) −

0.168 × 𝐴𝑔𝑒(𝑦𝑟) + 0.149 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.099 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

For ever smokers: 𝐷𝐿𝑐𝑜 = 21.626 + 3.499 × Sex(female: 0, male: 1) −

0.246 × 𝐴𝑔𝑒(𝑦𝑟) + 0.155 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 
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For females: DLco = −3.089 − 0.121 × Age(yr) + 0.131 × Height(cm) 

+0.119 × weight(kg) 

For males: DLco =  6.607 − 0.216 × Age(yr) + 0.119 × Height(cm) +

0.107 × weight(kg) 

 

RBH group with normal PFT  

Table 5-18 shows the predictive models of DLCO for each group in the RBH 

group with normal PFT and the equations below show the predictive models for non-

smokers and smokers, males and females in the RBH group with normal PFT,   

The final model used for all participants: 𝐷𝐿𝑐𝑜 = −9.213 + 3.537 ×

𝐺𝑒𝑛𝑑𝑒𝑟(𝑓𝑒𝑚𝑎𝑙𝑒: 0, 𝑚𝑎𝑙𝑒: 1) − 0.168 × 𝐴𝑔𝑒(𝑦𝑟) + 0.240 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For non-smokers: 𝐷𝐿𝑐𝑜 = −15.446 + 3.087 × Sex(female: 0, male: 1) −

0.149 × 𝐴𝑔𝑒(𝑦𝑟) + 0.272 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For ever smokers: 𝐷𝐿𝑐𝑜 = −1.366 + 4.201 × Sex(female: 0, male: 1) −

0.189 × 𝐴𝑔𝑒(𝑦𝑟) + 0.183 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.029 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

For females: DLco = −10.651 − 0.142 × Age(yr) + 0.240 × Height(cm) 

For males: DLco =  −4.963 − 0.189 × Age(yr) + 0.243 × Height(cm) 

After obtaining the predictive model for DLCO, the DLCO values for different 

sexes, ages, and smoking status were calculated by using the predictive models for 

ever smokers and non-smokers (see Table 5-19). To show the effects of age, three 

age points were included: 20, 40 and 60. Height and weight were set as 174 cm and 

71 kg for males, and 159 cm and 54 kg for females, the values of the 50% percentiles 

for height and weight in the TSGH relatively healthy group. The results showed that 

in both groups, even though the ever smokers have a higher value of DLCO than non-

smokers at 20 years of age, their DLCO decreased more than non-smokers at 60. DLCO 

showed a higher value in the RBH group than in the TSGH group through all the 

different sexes, ages and smoking status. 
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Table 5-18. Predictive models for DLCO in TSGH relatively healthy group and RBH group with normal PFT 

 
All participants 

All participants All participants 

Non-smokers Smokers Females Males 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

TSGH relatively healthy group 

Sex 

(male) 

2.695*** 

(1.526, 3.864) 

2.760*** 

(1.414, 4.106) 

3.499* 

(1.688, 5.329) 

- - 

Age -0.186*** 

(-0.212, -0.160) 

-0.168*** 

(-0.198, -0.139) 

-0.246*** 

(-0.293, -0.198) 

-0.121*** 

(-0.159, -0.083) 

-0.216*** 

(-0.249, -0.182) 

Height 0.122** 

(0.051, 0.193) 

0.149* 

(0.063, 0.236) 

excluded 0.131* 

(0.033, 0.230) 

0.119* 

(0.024, 0.215) 

Weight 0.104*** 

(0.064, 0.144) 

0.099*** 

(0.051, 0.146) 

0.155** 

(0.091, 0.218) 

0.119*** 

(0.067, 0.172) 

0.107*** 

(0.051, 0.163) 

Hb excluded excluded excluded excluded excluded 

Smoking 

status 

excluded - - excluded excluded 

Intercept 2.269 

(-8.612, 13.150) 

-2.612 

(-15.838, 10.614) 

21.626 

(17.548, 25.704) 

-3.089 

(-18.188, 12.009) 

6.607 

(-9.109, 22.324) 

N 177 113 64 75 102 

SEE 2.468 2.370 2.607 2.042 2.628 

R2 0.774 0.795 0.737 0.648 0.701 

Adjusted R2 0.768 0.787 0.724 0.633 0.692 

RBH group with normal PFT 

Sex 

(male) 

3.537*** 

(2.420, 4.654) 

3.087*** 

(1.513, 4.661) 

4.201*** 

(2.518, 5.884) 

- - 

Age -0.168*** 

(-0.195, -0.141) 

-0.149*** 

(-0.185, -0.112) 

-0.189*** 

(-0.231, -0.147) 

-0.142*** 

(-0.172, -0.113) 

-0.189*** 

(-0.231, -0.148) 

Height 0.240*** 

(0.185, 0.295) 

0.272*** 

(0.063, 0.236) 

0.183*** 

(0.094, 0.272) 

0.240*** 

(0.176, 0.308) 

0.243*** 

(0.160, 0.325) 
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All participants 

All participants All participants 

Non-smokers Smokers Females Males 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Weight excluded excluded 0.029† 

(-0.005, 0.063) 

excluded excluded 

Smoking 

status 

excluded - - excluded excluded 

Intercept -9.213† 

(-18.859, 0.433) 

-15.466* 

(-29.384, -1.547) 

-1.366 

(-15.857, 13.125) 

-10.651† 

(-21.918, 0.615) 

-4.963 

(-20.490, 10.563) 

N 106 54 52 45 62 

SEE 2.058 1.973 2.131 1.498 2.353 

R2 0.863 0.895 0.839 0.851 0.737 

Adjusted R2 0.859 0.889 0.825 0.844 0.728 

Note: Where a significant difference was found in DLCO value, these values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-

value <0.001; † p-value <0.1. 
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Table 5-19. DLCO for different smoking status, sexes and ages 

Smoking status Sex 
Age 

(year) 

DLCO (mL/min/mmHg) 

TSGH RBH 

Non-smoker male 20 29.7 31.9 

40 26.3 28.9 

60 23.0 25.9 

female 20 23.1 24.8 

40 19.7 21.8 

60 16.4 18.9 

Smoker male 20 31.2 32.9 

40 26.3 29.1 

60 21.4 25.3 

female 20 25.1 25.5 

40 20.2 21.7 

60 15.2 18.0 

Predictive models for VA 

After building the predictive models for DLCO, the predictive models for VA 

were run with the same processes as above.  

TSGH relatively healthy group  

The predictive models of VA for each group in the TSGH relatively group are 

presented in Table 5-21 and below. 

For all participants: 𝑉𝐴  =  −3.917 + 0.576 ×

𝐺𝑒𝑛𝑑𝑒𝑟(𝑓𝑒𝑚𝑎𝑙𝑒: 0, 𝑚𝑎𝑙𝑒: 1) − 0.010 × 𝐴𝑔𝑒(𝑦𝑟) + 0.055 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For non-smokers: 𝑉𝐴 = −3.564 + 0.642 × Sex(female: 0, male: 1) −

0.009 × 𝐴𝑔𝑒(𝑦𝑟) + 0.052 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For ever smokers: 𝑉𝐴 = −4.769 + 0.449 × Sex(female: 0, male: 1) −

0.012 × 𝐴𝑔𝑒(𝑦𝑟) + 0.061 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For females: VA = −4.477 + 0.056 × Height(cm) 

For males: VA =  −3.776 − 0.012 × Age(yr) + 0.058 × Height(cm) 

 

RBH group with normal PFT 

The predictive models of VA for each group in the RBH group with normal 

PFT are presented in Table 5-21 and below. 
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The final model for all participants in the RBH group with normal PFT is as 

follows: 𝑉𝐴  =  −10.163 + 0.369 × 𝐺𝑒𝑛𝑑𝑒𝑟(𝑓𝑒𝑚𝑎𝑙𝑒: 0, 𝑚𝑎𝑙𝑒: 1) − 0.008 ×

𝐴𝑔𝑒(𝑦𝑟) + 0.097 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) − 0.009 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) + 0.374 ×

𝑠𝑚𝑜𝑘𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑢𝑠(𝑛𝑜𝑛𝑠𝑚𝑜𝑘𝑒𝑟: 0, 𝑒𝑣𝑒𝑟 𝑠𝑚𝑜𝑘𝑒𝑟: 1) 

For non-smokers: 𝑉𝐴 = −11.925 + 0.107 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) − 0.011 ×

𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

For ever smokers: 𝑉𝐴 = −9.842 + 0.629 × Sex(female: 0, male: 1) −

0.014 × 𝐴𝑔𝑒(𝑦𝑟) + 0.094 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For females: VA = −4.888 − 0.013 × Age(yr) + 0.063 × Height(cm) 

For males: 𝑉𝐴 =  −14.988 + 0.125 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) − 0.013 ×

𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) + 0.653 × 𝑆𝑚𝑜𝑘𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑢𝑠(𝑛𝑜𝑛𝑠𝑚𝑜𝑘𝑒𝑟: 0, 𝑒𝑣𝑒𝑟 𝑠𝑚𝑜𝑘𝑒𝑟: 1) 

Having obtained the predictive model for VA, VA values were calculated by using the 

predictive models for ever smokers and non-smokers for different sexes, ages, and 

smoking status as shown in Table 5-20. Age, height and weight were set as described 

earlier in the section. The results showed that the RBH group had a slightly higher 

VA value than the TSGH group. 

Table 5-20. VA for different smoking status, sexes and ages 

Smoking status Sex 
Age 

(year) 

VA (L) 

TSGH RBH 

Non-smoker male 20 5.9 5.9 

40 5.7 5.9 

60 5.6 5.9 

female 20 4.5 4.5 

40 4.3 4.5 

60 4.2 4.5 

Smoker male 20 6.0 6.8 

40 5.8 6.5 

60 5.5 6.3 

female 20 4.7 4.8 

40 4.5 4.5 

60 4.2 4.3 
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Table 5-21. Predictive models for VA in TSGH relatively healthy group and RBH group with normal PFT 

 
All participants 

All participants All participants 

Non-smokers Smokers Females Males 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

TSGH relatively healthy group 

Sex 

(male) 

0.576*** 

(0.343, 0.808) 

0.642*** 

(0.374, 0.910) 

0.449† 

(-0.038, 0.936) 

- - 

Age -0.010*** 

(-0.015, -0.005) 

-0.009** 

(-0.014, -0.003) 

-0.012* 

(-0.022, -0.001) 

excluded -0.012** 

(-0.019, -0.005) 

Height 0.055*** 

(0.042, 0.068) 

0.052*** 

(0.037, 0.068) 

0.061*** 

(0.036, 0.084) 

0.056*** 

(0.040, 0.072) 

0.058*** 

(0.040, 0.076) 

Weight excluded excluded excluded excluded excluded 

Hb excluded excluded excluded excluded excluded 

Smoking 

status 

excluded - - excluded excluded 

Intercept -3.917*** 

(-5.998, -1.936) 

-3.564** 

(-6.153, -0.974) 

-4.769* 

(-8.695, -0.842) 

-4.477*** 

(-7.035,  

-1.919) 

-3.776* 

(-6.938,  

-0.613) 

N 177 113 64 75 102 

SEE 0.494 0.478 0.530 0.414 0.544 

R2 0.720 0.720 0.677 0.393 0.421 

Adjusted R2 0.715 0.712 0.661 0.385 0.409 

RBH group with normal PFT 

Sex 

(male) 

0.369* 

(0.048, 0.690) 

excluded 0.629** 

(0.184, 1.074) 

- - 

Age -0.008* 

(-0.016, -0.008) 

excluded -0.014* 

(-0.025, -0.003) 

-0.013* 

(-0.022, 0.003) 

excluded 

Height 0.097*** 

(0.080, 0.114) 

0.107*** 

(0.088, 0.126) 

0.094*** 

(0.072, 0.116) 

0.063*** 

(0.042, 0.084) 

0.125*** 

(0.102, 0.148) 
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All participants 

All participants All participants 

Non-smokers Smokers Females Males 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Weight -0.009* 

(-0.016, -0.002) 

-0.011† 

(-0.023, 0.001) 

excluded excluded  

 

-0.013* 

(-0.024, -0.002) 

Smoking 

status 

0.374** 

(0.142, 0.605) 

- - excluded 0.653*** 

(0.346, 0.960) 

Intercept -10.163 

(-13.015, -7.312) 

-11.925*** 

(-14.654, -9.196) 

-9.842*** 

(-13.650, -6.034) 

-4.888*** 

(-8.612, -1.164) 

-14.988*** 

(-18.704, -11.271) 

N 106 54 52 45 61 

SEE 0.580 0.573 0.566 0.495 0.583 

R2 0.796 0.781 0.820 0.603 0.704 

Adjusted R2 0.786 0.772 0.809 0.584 0.689 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-

value <0.001; † p-value <0.1. 
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Predictive models for KCO 

After building the predictive models for VA, the same process was performed 

with predictive models for KCO.  

TSGH relatively healthy group 

The predictive models of KCO for each group in the TSGH relatively group are 

presented in Table 5-23 and below. 

For all participants:  𝐾𝐶𝑂  =  8.351 − 0.029 × 𝐴𝑔𝑒(𝑦𝑟) − 0.026 ×

𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.025 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

For non-smokers: 𝐾𝐶𝑂 = 7.168 − 0.026 × 𝐴𝑔𝑒(𝑦𝑟) − 0.017 ×

𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.021 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

For ever smokers: 𝐾𝐶𝑂 = 10.990 − 0.036 × 𝐴𝑔𝑒(𝑦𝑟) − 0.044 ×

𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.036 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 

For females: 𝐾𝐶𝑂 = 7.485 − 0.024 × Age(yr) − 0.023 × Height(cm) +

0.028 × Weight(kg) 

For males: 𝐾𝐶𝑂 =  8.851 − 0.031 × Age(yr) − 0.027 × Height(cm) +

0.023 × Weight(kg) 

 

RBH group with normal PFT  

The predictive models of KCO for each group in the RBH group with normal 

PFT were presented in Table 5-23 and below. 

For all participants: 𝐾𝐶𝑂 =  9.887 + 0.301 × 𝐺𝑒𝑛𝑑𝑒𝑟(𝑓𝑒𝑚𝑎𝑙𝑒: 0, 𝑚𝑎𝑙𝑒: 1) −

0.023 × 𝐴𝑔𝑒(𝑦𝑟) − 0.029 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.009 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) − 0.297 ×

𝑠𝑚𝑜𝑘𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑢𝑠(𝑛𝑜𝑛𝑠𝑚𝑜𝑘𝑒𝑟: 0, 𝑒𝑣𝑒𝑟 𝑠𝑚𝑜𝑘𝑒𝑟: 1) 

For non-smokers:𝐾𝐶𝑂 = 8.594 + 0.449 × Sex(female: 0, male: 1) − 0.023 ×

𝐴𝑔𝑒(𝑦𝑟) − 0.018 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

For ever smokers: 𝐾𝐶𝑂 = 9.413 − 0.021 × 𝐴𝑔𝑒(𝑦𝑟) − 0.028 ×

𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 0.010 × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) 
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For females: 𝐾𝐶𝑂 = 5.347 − 0.017 × Age(yr) 

For males: 𝐾𝐶𝑂 =  12.553 − 0.025 × Age(yr) − 0.043 × Height(cm) +

0.012 × Weight(kg) − 0.485 × Smoking status(nonsmoker: 0, ever smoker: 1) 

Having obtained the predictive model for KCO, Table 5-22 shows the KCO 

values using the predictive models for ever smokers and non-smokers for different 

sexes, ages, and smoking status. The results showed that smokers’ KCO value 

decreased more than non-smokers as they aged. 

Table 5-22. KCO for different smoking status, sexes and ages 

Smoking status Sex 
Age 

(year) 

KCO (mL/min/mmHg/L) 

TSGH RBH 

Non-smoker male 20 5.2 5.5 

40 4.7 5.0 

60 4.2 4.5 

female 20 5.1 5.3 

40 4.6 4.8 

60 4.0 4.4 

Smoker male 20 5.2 4.8 

40 4.5 4.4 

60 3.8 4.0 

female 20 5.2 5.1 

40 4.5 4.7 

60 3.8 4.2 
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Table 5-23. Predictive models for KCO in TSGH relatively healthy group and RBH group with normal PFT 

 
All participants 

All participants All participants 

Non-smokers Smokers Females Males 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

TSGH relatively healthy group 

Sex 

(male) 

excluded excluded  

 

excluded  

 

- - 

Age -0.029*** 

(-0.034, -0.024) 

-0.026*** 

(-0.033, -0.020) 

-0.036*** 

(-0.046, -0.027) 

-0.024*** 

(-0.034, -0.014) 

-0.031*** 

(-0.037, -0.024) 

Height -0.026*** 

(-0.037, -0.014) 

-0.017* 

(-0.033, -0.002) 

-0.044*** 

(-0.063, -0.024) 

-0.023† 

(-0.049, 0.004) 

-0.027* 

(-0.045, -0.010) 

Weight 0.025*** 

(0.017, 0.033) 

0.021*** 

(0.010, 0.031) 

0.036*** 

(0.022, 0.050) 

0.028*** 

(0.014, 0.042) 

0.023*** 

(0.013, 0.033) 

Hb excluded excluded  

 

excluded  

 

excluded excluded 

Smoking 

status 

excluded - - excluded excluded 

Intercept 8.351 

(6.718, 9.985) 

7.168*** 

(4.966, 9.370) 

10.990*** 

(8.132, 13.849) 

7.485 

(3.456, 0.042) 

8.851 

(6.027, 11.674) 

N 177 113 64 75 102 

SEE 0.501 0.519 0.459 0.545 0.472 

R2 0.450 0.438 0.520 0.364 0.522 

Adjusted R2 0.440 0.422 0.496 0.337 0.507 

RBH group with normal PFT 

Sex 

(male) 

0.301* 

(0.036, 0.566) 

0.449* 

(0.062, 0.836) 

excluded  

 

- - 

Age -0.023*** 

(-0.029, -0.016) 

-0.023*** 

(-0.031, -0.014) 

-0.021*** 

(-0.030, -0.012) 

-0.017** 

(-0.027, -0.008) 

-0.025*** 

(-0.032, -0.017) 

Height -0.029*** 

(-0.044, -0.015) 

-0.018† 

(-0.037, -0.001) 

-0.028*** 

(-0.043, -0.014) 

excluded -0.043*** 

(-0.060, -0.026) 



 

130 
 

 
All participants 

All participants All participants 

Non-smokers Smokers Females Males 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Weight 0.009** 

(0.003, 0.015) 

excluded  

 

0.010* 

(0.002, 0.017) 

excluded 0.012** 

(0.004, 0.019) 

Smoking 

status 

-0.297** 

(-0.489, -0.106) 

- - excluded -0.485*** 

(-0.707, 0.262) 

Intercept 9.887 

(7.531, 12.243) 

8.594*** 

(1.787, 12.257) 

9.413*** 

(6.948, 11.878) 

5.347*** 

(4.772, 5.961) 

12.553 

(9.602, 15.504) 

N 106 54 52 45 61 

SEE 0.480 0.486 0.470 0.521 0.422 

R2 0.400 0.371 0.433 0.237 0.567 

Adjusted R2 0.370 0.333 0.398 0.220 0.536 

      

Note: *Where a significant difference was found in KCO value, these values are shown in bold, *p-value <0.05; ** p-value <0.01; *** p-

value <0.001; † p-value <0.1. 
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5.3.6 Comparison of the predictive models of DLCO, VA and KCO with the 

literature  

Our study shows that sex, age, height, weight and smoking status are the main 

factors included in the predictive model of DLCO, VA and KCO. However, the 

predictive models found in the literature differ (Paoletti et al., 1985; Park et al., 1986; 

Roca et al., 1990; Ip et al., 2007; Chhabra et al., 2016). Therefore, to compare the 

models, the researcher used the mean value of the age, height and weight in this study 

for the comparison. The data from the TSGH relatively healthy group and the RBH 

group with normal PFT are shown in Table 5-24. The description of the literature for 

comparison is shown in Table 5-25. The comparison of the different predictive 

models of DLCO, VA and KCO are shown in Table 5-26. 

Table 5-24. Observed mean value of DLCO, VA and KCO from TSGH relatively 

healthy group and RBH group with normal PFT 

 TSGH RBH 

Males Females Males Females 

Age (years) 47.0 46.7 57.1 57.8 

Height (cm) 172.7 158.5 178.1 163.8 

Weight (kg) 71.6 56.8 91.1 78.6 

DLCO (mL/min/mmHg) 24.8 18.8 27.5 20.4 

VA (L) 5.7 4.3 6.4 4.7 

KCO (mL/min/mmHg/L) 4.3 4.4 4.3 4.3 

Table 5-25. Details of literature for comparison of DLCO, VA and KCO 

No Study Sample size Age Country Ethnicity 

A1 
The present study 

(TSGH) 
177 18- 86 Taiwan Asian 

A2 
The present study 

(RBH) 
107 19- 88 UK Caucasian 

B 
Chhabra et al., 

2016 
357 18- 71 India Asian 

C Ip et al., 2007 568 18- 80 Hong Kong Asian 

D Paoletti et al., 1985 712 
M: 18- 65; 

F: 19- 65 
Italy Caucasian 

E Park et al., 1986 90 20- 69 South Korea Asian 

F Roca et al., 1990 361 20- 70 Spain Caucasian 
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Table 5-26. Comparison of the predictive model of DLCO (STPD), VA (BTPS) and KCO by using the mean values from the study 

Study Sex 
Model Pred. 

Mean 

Obs. 

Mean 
Dif. 

A H W BSA AH A2 Evsm. Const. 

Predictive model of DLCO (STPD) 

A1 

(TSGH) 

M -0.216 0.119 0.107     6.607 24.7 24.8 -0.1 

F -0.121 0.131 0.119     -3.089 18.8 18.8 0.0 

TSGH 

Ref. 

M -0.238   15.500    6.800 24.3 24.8 -0.5 

F -0.117   15.500    0.500 19.4 18.8 0.6 

B 

(Asian) 

M -0.624 0.318    0.006  -7.813 30.0 24.8 5.2 

F -0.099 0.449      -44.150 22.4  18.8 3.6 

C 

(Asian) 

M -0.196 0.419      -33.912 29.3  24.8 4.5 

F -0.936 -0.060   0.006   33.061 20.5  18.8 1.7 

E 

(Asian) 

M -0.216 0.350      23.168 27.2  24.8 2.4 

F -0.153 0.249      -11.662 20.7 18.8 1.9 

A2 

(RBH) 

M -0.189 0.243      -4.963 27.5 27.5 0.0 

F -0.142 0.240      -10.651 20.5 20.4 0.1 

RBH* 

Ref. 

M -0.066 0.111      -6.030 29.8 27.5 2.3 

F -0.049 0.082      -2.740 23.5 20.4 3.1 

D 

(Cau.) 

M -0.194 0.441      -31.382 36.1 27.5 8.6 

F -0.068 0.157      5.077 26.9 20.4 6.5 

F 

(Cau.) 

M -0.196 0.367      -21.898 32.3 27.5 4.8 

F -0.123 0.137 0.092     1.888 24.4 20.4 4.0 

Predictive model of VA (BTPS) 

A1 

(TSGH) 

M -0.012 0.058      -3.776 5.7 5.7 0.0 

F  0.056      -4.447 4.4  4.3 0.1 

TSGH 

Ref. 

M  0.080      -7.230 6.5 5.7 0.8 

F  0.066      -5.940 4.5 4.3 0.2 

B 

(Asian) 

M  0.087 -0.019     -8.152 5.5 5.7 -0.2 

F  0.068      -6.893 3.9 4.3 -0.4 

A2 M  0.125 -0.013    0.653 -14.988 6.1 6.4 -0.3 
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Study Sex 
Model Pred. 

Mean 

Obs. 

Mean 
Dif. 

A H W BSA AH A2 Evsm. Const. 

(RBH) F -0.013 0.063      -4.888 4.7 4.7 0.0 

RBH 

Ref. 

M  0.080      -7.230 7.0 6.4 0.6 

F  0.066      -5.940 5.8 4.7 1.1 

F 

(Cau.) 

M  0.095 -0.016     -9.052 6.3 6.4 -0.1 

F  0.050      -3.555 4.6 4.7 -0.1 

Predictive model of KCO 

A1 

(TSGH) 

M -0.031 -0.027 0.023     8.851 4.4  4.3 0.1 

F -0.024 -0.023 0.028     7.485 4.3  4.4 -0.1 

TSGH 

Ref. 

M -0.030       5.560 4.2 4.3 -0.1 

F -0.030       5.560 4.2 4.4 -0.2 

B 

(Asian) 

M -0.037       7.315 5.6  4.3 1.3 

F No significant predictor found.     

C 

(Asian) 

M -0.025  0.011     5.622 5.2  4.3 0.9 

F -0.155 0.072 0.014  0.001   16.184 5.0 4.4 0.6 

E 

(Asian) 

M -0.026       5.529 4.3  4.3 0.0 

F -0.023       5.658 4.6 4.4 0.2 

A2 

(RBH) 

M -0.025 -0.043 0.012    -0.485 12.553 4.6 4.3 0.3 

F -0.017       5.347 4.4 4.3 0.1 

RBH 

Ref. 

M 
Calculate from DLCO and VA 

4.3 4.3 0.0 

F 4.1 4.3 0.2 

D 

(Cau.) 

M -0.023 -0.001      6.060 4.5 4.3 0.2 

F -0.017 -0.025      9.771 4.7 4.3 0.4 

F 

(Cau.) 

M 0.034 -0.032 0.019     10.958 5.1 4.3 0.8 

F -0.017 -0.025      9.771 5.5 4.3 1.2 
Cau.: Caucasian, Evsm., ever smoker (ever smoker is a binary term in which ever smoker is 1 and never smoker is 0), A: age in years, H: height in cm, W: weight in kg, BSA: 

body surface area in m2, Const.: constant, Pred. Mean: the predicted value of DLCO (mL/min/mmHg), VA (L) and KCO (mL/min/mmHg/ L) by using means, Dif.: pred. mean 

minus obs. mean, Ref.: reference equation from the hospital, * the calculation is based on TLCO 
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Table 5-26 shows that most predictive models of DLCO included only age and 

height. However, in our TSGH study, we found that weight also plays an important 

role when predicting DLCO, similar to Roca et al.’s (1990) findings; age, height and 

weight may be predictors for VA. The predictive mean of our present study was 

similar to other results in the literature (Roca et al., 1990; Chhabra et al., 2016); age, 

height and weight may be related to KCO. The predictive value of KCO in the TSGH 

component of the present study is similar to that in Park et al.’s (1986) study and that 

of the RBH component to Paoletti et al.’s (1985) study. The RBH data found that 

smoking status was a factor in the predictive model for VA and KCO: if a person has 

a history of smoking, his VA is higher and KCO is lower than people with no history 

of smoking. 

For predictions of DLCO, VA and KCO, the model performed better when the 

difference between predicted (mean) and observed (mean) is smaller. The results 

showed that in both components – TSGH (Asian participants) and RBH (Caucasian 

participants) – the difference between predicted and observed values were smaller 

than in other literature. Overall, it shows that the predicted value of DLCO from the 

four studies from Asia (Hong Kong, India, Korea and Taiwan) (Park et al., 1986; Ip 

et al., 2007; Chhabra et al., 2016), was lower than that of those from the UK, Roca 

et al.’s study (Barcelona) and Paoletti et al.’s study (Italy) (Paoletti et al., 1985; Roca 

et al., 1990).   

5.4  Discussion and conclusion 

Based on the results, the researcher found several factors related to DLCO, VA 

and KCO. However, some factors were found not to be related, even though they 

influenced DLCO, VA and KCO in other studies. In this section, the characteristics of 

the groups analysed in the study are discussed to determine the representativeness of 

the study. Factors related to DLCO, VA and KCO are also compared to results from 

other literature.  

DLCO is the product of VA and KCO. In general, VA decreases may due to 

alveolar damage or loss, reduced alveolar expansion, inefficient distribution of 

inspired air or airflow obstruction (Hughes and Pride, 2012). KCO decreases may due 

to anaemia, reduced capillary volume and flow, damage to the barrier between 

alveolars and capillaries, or damage to microvasculature (Hughes and Pride, 2012).  
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5.4.1 Characteristics of the TSGH and RBH groups 

In this study, the TSGH groups comprised approximately 60% males and 40% 

females. More males than females participated in the TSGH group because the TSGH 

is a military hospital. Even though the hospital also serves civilians, the number of 

military patients is enough to skew the numbers away from the general population 

distribution of around 47.6% males and 52.4% females (Department of Civil Affairs 

(Taipei), 2019). The RBH groups showed that males and females were distributed 

similarly to the UK sex distribution (Office for National Statistics (UK), 2019).  

The proportion of current smokers was around 20% for all TSGH groups, 

somewhat higher than that of the general population at around 14.5% (Health 

promotion administration (Taiwan), 2019). In the RBH groups, the percentage of 

current smokers was around 8% in the RBH group with any PFT and 5% in the RBH 

group with normal PFT, much lower than the reported 14.1% of the general 

population (Public Health England, 2019). However, the report also shows that the 

current smoking rate was decreasing with age from 16.0% of 18-24 year olds to only 

7.8% of over-65s (Public Health England, 2019). In our study, the average age of the 

RBH groups was 57 and 65 respectively, which might lower their current smoking 

rate.  

Moreover, the difference in the processes for ethical applications between 

Taiwan and the UK are worth discussing. First, the regulation is different. In the UK, 

when using personal data, the General Data Protection Regulation on data protection 

and privacy in the European Union and the European Economic Area in EU law 

should be followed. Therefore, besides the ethical application itself, the researcher 

should apply for data protection. However, in Taiwan, there is no need for a separate 

process of data protection. Secondly, there are 3 different parties that the researcher 

needed to apply for obtaining ethical approval in the UK, including UCL, NHS and 

Royal Berkshire Hospital. However, in Taiwan, the researcher only needed to apply 

for ethical approval from the Tri-Service General Hospital. Thirdly, the documents 

needed for the application were different.  

The ethical application in the UK is very time-consuming and needed great 

effort. It may delay the research plan. However, it did provide a lot more details for 

protecting the data, patients’ rights and researchers’ rights compared to the ethical 

application in Taiwan. 
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5.4.2 Demographic, physiological and behavioural factors which may affect 

the values of DLCO, VA and KCO  

Effects of age, sex and height on DLCO, VA and KCO 

Age, sex and height have been shown to influence DLCO in the literature 

(Talaminos Barroso et al., 2018) and this was confirmed in our study. If a person is 

older or shorter, the value of DLCO declines due to gas exchange decline based on 

lung size, alveolar surface area and reduction in blood volume (Hepper et al., 1960; 

Talaminos Barroso et al., 2018; Bowdish, 2019). Paoletti et al. (1985) also found a 

negative relationship between age and DLCO, based on participants aged 20-65. 

However, they found the relationship between DLCO and participants aged 8-19 was 

positive, and DLCO increased slightly with age when corrected for VA (Paoletti et al., 

1985; Schaefer, 2019). Our study excluded participants younger than 18 for ethical 

reasons, so we did not have data from not yet mature lungs. The difference before 

and after the age of 20 in Paoletti et al.’s study might be attributed to lung function 

development. Usually, the lungs mature around at 20-25, after which lung function 

declines (Weibel and Gomez, 1962; Bowdish, 2019).  

Sex showed a significant relationship to DLCO in most of the predictive models 

in Section 5.3. Usually, males tend to have a higher value of DLCO than females 

(Talaminos Barroso et al., 2018). However, as shown in Table 5-12, sex did not have 

a significant effect on DLCO in TSGH group with normal PFT. This group contains 

the history of diseases. In our study, there were more males with history of diseases 

(including hypertension, DM and cardiovascular diseases) compared to females, and 

people with history of diseases tend to have a lower value of DLCO, please see the 

discussion (Section 5.4.3). Therefore, it may affect the results. In most of the 

literature, researchers reported the model of DLCO by separating participants by sex 

to get a more accurate prediction of DLCO value. The reason for this is the basic 

physiological and anatomical differences between males and females, such as the 

size of lungs and airway tubes, the number of bronchi and the alveolar surface area 

(Paoletti et al., 1985; Stanojevic et al., 2008; Townsend et al., 2012; Talaminos 

Barroso et al., 2018).  

In the predictive models, age, sex and height were also shown to influences VA 

(Table 5-21). Taller people have a higher value of VA (Hepper et al., 1960; Forrest, 

1970). For the value of KCO, the effects between sexes were controversial in the study, 

which is similar to the literature (Kendrick and Laszlo, 1990; Zahir et al., 2010; 
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Talaminos Barroso et al., 2018). In our study, height and age also showed a negative 

relationship with KCO (Table 5-23). The KCO decreased due to the loss of lung 

elasticity causing by ageing and lower perfusion of the lungs in the upright position 

for taller people because of gravity (Hughes and Pride, 2012). 

Effects of weight, BMI and obesity on DLCO, VA and KCO 

Weight and BMI have also been reported to affect DLCO (Talaminos Barroso 

et al., 2018). Our study found that heavier people tend to have a higher value of DLCO 

(Table 5-12), which is similar to Blakemore et al.’s (1957) findings. Lenfant (2000 

cited in Fröhlich et al., 2016) also reported that weight is strongly related to the lung 

surface area – if the lung surface area is bigger, more gas can transfer into the lung. 

However, weight did not show a significant effect on DLCO in RBH group with 

normal PFT (Table 5-12). Also, our study shows that if people have a higher BMI, 

they may have either a higher value of DLCO or no change in their DLCO. The effects 

of BMI, however, remain controversial in the literature (Salome et al., 2009; Dixon 

and Peters, 2018). Therefore, even though weight and BMI are sometimes correlated, 

weight is reported to have more influence than BMI, as shown in our and other 

studies (Paoletti et al., 1985; Vázquez-García et al., 2016). In our study, weight was 

shown to affect KCO in the TSGH and RBH groups, which was similar to other studies 

(Roca et al., 1990; Ip et al., 2007).  

The effects of obesity on DLCO are also controversial. In our study, no 

significant relationship was shown between obesity and DLCO in multivariable 

regression in the TSGH group with normal PFT, TSGH relatively healthy group and 

RBH groups, which is similar to several other studies (Sharp et al., 1964; Salome et 

al., 2009). However, some studies have found that obese people may have a lower 

DLCO due to alveolar volume decline or structural changes caused by increased lipid 

deposition (Enache et al., 2011), similar to the TSGH group with any PFT; however, 

as our data did not include body fat and lipid deposition information, we are unable 

to draw any hard conclusions. Other studies showed an increase in DLCO in severely 

obese patients due to pulmonary blood volume rise (Rubinstein et al., 1990; Saydain 

et al., 2004; Dixon and Peters, 2018). Even though the effects of weight, BMI and 

obesity on DLCO remain controversial, as Littleton (Littleton, 2012) stated, the 

distribution of fat may be more important than the BMI, just as the abdominal fat 

mass located on the thoracic cage may reduce the VA (Zavorsky et al., 2008). 
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Therefore, in our study, as the data supplied only contained the BMI value without 

body fat information, we may not be able to identify the real effects of obesity on 

DLCO.  

Effects of Hb on DLCO, VA and KCO 

In our study, the concentration of Hb was shown to have a relationship with 

DLCO and KCO in the TSGH group with normal PFT (Table 5-12 and Table 5-15). If 

a person has a higher concentration of Hb, he/she may have a higher value of DLCO 

due to the high affinity between CO and haem in the blood (Dolan, 1985; Cotes et 

al., 2006). This finding is similar to the results from other studies (Rankin et al., 1961; 

Herbert et al., 1965; Crapo et al., 1995). However, after the researcher excluded 

anaemic participants and ran the multivariable regression for the factors that affect 

the DLCO value in the TSGH relatively healthy group (Table 5-18), the results 

showed that Hb might not be the most significant factor to consider in relatively 

healthy group, similar to Knudson et al.’s (1987) study. The possible reason for 

lowering the effects of Hb to DLCO was to exclude the extreme value (anaemia) of 

Hb for analysing. Studies also stated that if a person shows an extreme Hb value, 

then the concentration of Hb should be considered (Mohsenifar et al., 1982; Marrades 

et al., 1997). Another reason may be the free CO in the blood: even though the 

amount of free CO is limited, it also plays a role in CO poisoning. 

Moreover, the menstrual cycle also has an influence on DLCO in females. The 

value of Hb is at its peak before menstruation, after which the DLCO value starts to 

drop in line with the blood volume loss due to the period, which may also relate to 

the concentration of Hb in the body (Sansores et al., 1995; Farha et al., 2007; 

Talaminos Barroso et al., 2018). Therefore, an adjustment for the concentration of 

Hb in the DLCO test may be needed (Marrades et al., 1997). 

Effects of smoking on DLCO, VA and KCO 

In the univariable test, smoking status was shown to influence DLCO. People 

with a history of ever smoking had a higher value of DLCO than non-smokers in 

TSGH relatively healthy group (Table 5-11). Two possible reasons for this might be 

that the smokers’ group included more males and taller individuals than the non-

smokers’ group. When running the multivariable regression, smoking status showed 

a negative relationship with DLCO and KCO, similar to other studies that show that 

smoking may cause a lower value of DLCO (Frans et al., 1975; Miller et al., 1983; 
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Popović-Grle et al., 1992; Sansores et al., 1992). Also, Sill found smoking may have 

a negative impact on DLCO even in the population of relatively healthy young adults 

(Sill, 2016). Moreover, Thompson et al. (2008) found ex-smokers may be a predictor 

for DLCO and ex-smokers may have a lower value of DLCO. There are several possible 

reasons for the decline in DLCO and KCO, such as change in the volume of red blood 

cells in the capillaries, COHb concentration, alveolar-capillary diffusion and 

anatomical lesions (Frans et al., 1975; Yang, 1993; Graham et al., 2002; Najeeb, 2010; 

Boyer et al., 2015). Simply speaking, the chemicals in tobacco smoke would have 

adverse impacts on the lungs, such as destruction of the lung parenchyma and the 

lung vessels, and cause the gas exchange efficiency (KCO) to decrease (Boyer et al., 

2015). Additionally, several clinical conditions may cause a decrease in DLCO, 

including emphysema, COPD or pulmonary fibrosis (Harvey et al., 2015; Nakazawa 

et al., 2018). The predictive model for RBH group with normal PFT showed that ever 

smoking may be a factor that affects VA and KCO. Even though we found the DLCO 

showed normal value, underlying factors such as emphysema may increase VA and 

decrease KCO (Frans et al., 1997). These underlying factors should be further checked 

with chest x-rays and CT scans.  

Moreover, a relationship between the period of smoking and DLCO was found 

in the univariable test in TSGH group with normal PFT (Table 5-11). The longer the 

smoking period, the lower the person’s value of DLCO. Van Ganse et al. (1972) found 

that the lifetime number of packs smoked may affect DLCO and KCO. However, in 

our study, the lifetime number of packs smoked was not recorded. 

When comparing smokers and non-smokers in our predictive model for DLCO 

and KCO, the values of DLCO and KCO decreased more in smokers than in non-smokers 

(Table 5-19 and Table 5-22). Storebø et al. (2016) also found that DLCO declined 

more rapidly over a nine-year period commensurate with higher age, baseline current 

smoking, more pack years, heavier weight, and lower FEV1 in a community sample. 

Effects of ethnicity on DLCO, VA and KCO 

Our study showed that Caucasians (RBH dataset) had a higher value of DLCO 

than Asians (TSGH dataset) at the same sex, age, height and weight (see Section 

5.3.5 and 5.3.6). This may be related to the difference in ethnicity. The American 

Thoracic Society (ATS) and the European Respiratory Society (ERS) have suggested 

that the reference values for lung functions should take different ethnicities into 
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account (Stanojevic et al., 2010; Stanojevic et al., 2017). However, the value of the 

KCO did not show a big difference among different ethnicities in Section 5.3.5 which 

was similar to Korotzer et al.’s (2000) findings. According to Yang (1992), the 

difference in DLCO values between Chinese people and Caucasians may be more 

related to the differences in the lung volume than to ethnic variations in the inherent 

characteristics of the alveolar-capillary membrane; Chhabra et al. (2016) agree. 

Another study also found that the values of FVC, FEV1 and VA were lower in Asians 

than Europeans, but the values of DLCO and KCO were similar (Korotzer et al., 2000). 

However, when making a comparison of the predictive models of DLCO in the 

present study with the literature, there is a big difference in the predicted DLCO value 

even in the same ethnicity. The results might suggest poor predictability of approach 

beyond specific dataset used. Therefore, when building the predictive models for 

DLCO researchers should not only take ethnicity into account as ATS and ERS 

suggested but also have a big and representative dataset based on the target 

population.  

5.4.3 PFT factors and diseases may affect the values of DLCO, VA and KCO 

Effects of FEV1/FVC, RV/TLC and FRC/TLC on DLCO, VA and KCO 

The parameters of pulmonary function may also be related to each other. Their 

functions were to indicate and quantify the ability of lungs and determine if 

participants had any potential lung disorders (Hughes, 2008; Ranu et al., 2011; 

Strong, 2014d). Our study, after clustering the PFT parameters, showed that 

FEV1/FVC, RV/TLC and FRC/TLC might be related to DLCO, VA and KCO. However, 

all these factors are like DLCO, VA and KCO, in that they are all also highly correlated 

with age (Ren et al., 2012; Kendrick, 2015; Htun et al., 2018; Thomas et al., 2019). 

FEV1/FVC showed a positive relationship with DLCO in univariable regression 

in two groups (Table 5-11). In general, lower FEV1/FVC may indicate obstructive 

lung diseases and lower values of DLCO (Crapo et al., 1995; Saydain et al., 2004). 

The RV/TLC and FRC/TLC are indicators of gas trapping or obstructive ventilation 

(Kendrick, 2015; Shin et al., 2015) and are higher in heavy smokers (Elbehairy et al., 

2017). In our study, RV/TLC and FRC/TLC showed a negative relationship with 

DLCO, VA and KCO in univariable regression in all of the groups (Table 5-11, Table 

5-14 and Table 5-16). 
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Effects of lung function disease on DLCO, VA and KCO 

In the present study, obstructive lung diseases are negatively associated with 

KCO (Table 5-11, Table 5-14 and Table 5-16). However, their effects on DLCO and 

VA are as in no general consensus yet. People who suffer from obstructive lung 

diseases, such as COPD, asthma, emphysema (damage to the air sacs in the lungs) 

and chronic bronchitis may have a hard time exhaling all the air from the lungs; for 

them, exhalation is slower and more difficult than normal. Obstructive lung diseases 

may be caused by damage to the lungs or a narrowing of the airways inside the lungs. 

After exhaling fully, such patients still have an abnormally large amount of air left 

in the lungs (Hughes, 2008; Ranu et al., 2011; Leader, 2019).  

The reason for being unable to identify any specific effects of obstructive lung 

diseases on DLCO, VA and KCO might be the different pathophysiology of each 

disease. For example, even though COPD, asthma and emphysema are all considered 

examples of obstructive lung diseases, the individual diseases have different effects 

on DLCO, VA and KCO: usually, those with asthma have a normal or increased DLCO, 

those with COPD may have a lower DLCO and those with emphysema may have a 

lower DLCO and KCO (Frans et al., 1997; Saydain et al., 2004; Magnussen et al., 2017). 

The lower value of DLCO in COPD patients may be due to loss of lung units or poor 

mixing of inspired air (Hughes and Pride, 2012). The increased or normal value of 

DLCO in patients with asthma may be due to the increased pulmonary capillary blood 

volume or extravasation of red blood cells into the alveolus (Weitzman and Wilson, 

1974; Stewart, 1988; Hughes and Pride, 2012). The lower values of DLCO and KCO 

in emphysema may be due to the lung damage (Frans et al., 1997). Therefore, when 

investigating the effects of lung disease on DLCO, VA and KCO, we should look 

carefully at the details of each specific disease to avoid mixing different 

pathophysiologies and results as the causes of different effects on lung function 

parameters. Therefore, the specific pathophysiology of each lung disease should be 

researched more first. Then, depending on the different pathophysiology, the 

individuals with abnormal PFT should be separated into different groups and 

analysed and discussed separately. 

In the present study, restricted lung disease and mixed obstructive and 

restrictive lung disease had a negative relationship with VA and KCO (Table 5-14 and 

Table 5-16). People who suffer from restrictive lung diseases, such as pneumonia, 

pulmonary fibrosis, sarcoidosis (an autoimmune disease), etc., may have difficulties 
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in fully expanding their lungs; for them, the inhalation is not complete. This can occur 

when tissue in the chest wall becomes stiffened, or due to weakened muscles or 

damaged nerves (Hughes, 2008, Ranu et al., 2011, Leader, 2019). 

Wémeau-Stervinou et al. (2012) have shown that idiopathic interstitial 

pneumonia, for example, might alter DLCO due to the changes in the gas exchange 

area, the thickness of the alveolar-capillary membrane and the ventilation/perfusion 

relationship in the lung. Mo et al.’s (2020) study recruited discharged cases of 

COVID-19 and found their DLCO and KCO had decreased based on the degree of 

severity. COVID-19 patients with pneumonia had a lower DLCO and KCO value than 

those with milder forms of the illness.  

Effects of history of disease on DLCO, VA and KCO 

In our study, hypertension, hyperlipidaemia, DM, cardiovascular diseases and 

kidney disease showed no significant effects on DLCO, VA or KCO in the multivariable 

regression (Table 5-11, Table 5-14 and Table 5-16), which is similar to the findings 

of Saydain et al. (2004) and Partridge et al. (1979). The effects of hypertension, DM, 

cardiovascular diseases and kidney disease on DLCO, VA and KCO as found in the 

literature are discussed below. 

Saydain et al. (2004) also found that hypertension did not affect DLCO, VA and 

KCO. The effects of hyperlipidaemia on DLCO, however, remain contentious 

(Partridge et al., 1979). Enzi et al. (1976) found that patients with hyperlipidaemia 

had a significantly lower value of DLCO due to hyperlipoproteinemia or fat micro 

embolism.  

Research results on the effects of DM on lung function are contradictory. DM 

has been shown to affect DLCO in that people with DM may have a lower value of 

DLCO which may be due to a lower pulmonary capillary blood volume and lung 

capillary damage; the lower value of VA may be similarly responsible for the lower 

TLC that DM causes due to the chest wall stiffness increasing (Boulbou et al., 2003). 

However, Guvener et al. (2003) found that the lower value of DLCO had only a mild 

effect clinically.  

In terms of cardiovascular diseases, people with chronic heart failure have been 

found to have a lower value of DLCO and VA due to the loss of lung tissue for gas 

exchange (Agostoni et al., 2006). For kidney disease, some studies showed that 

people with chronic renal failure, especially if on dialysis, may have a lower DLCO: 
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this may be due to fluid retention (related to oedema) or disorder in the tissue, 

resulting in restrictions and inhibited CO diffusion (Bush and Gabriel, 1991; 

Batubara et al., 2017).  

Thus, the literature shows that hyperlipidaemia, DM, cardiovascular diseases 

and kidney disease may affect DLCO, VA and KCO, which is similar to our univariable 

analysis results (Table 5-11, Table 5-14 and Table 5-16). These effects were not seen 

in our multivariable analysis, but this may be because other factors, such as age, play 

a more important role than these diseases. Another reason might be that only the 

normal PFT value was included in the TSGH group with normal PFT, which is less 

than the extremely low values of DLCO, VA and KCO caused by severe disease. More 

accurate results could be obtained if the severity of disease was also considered when 

investigating the effects of disease on DLCO, VA and KCO. 

5.4.4 Limitations  

The limitations to the pulmonary function test were as follows. First, the PFT 

machines used in the TSGH and RBH were different. This may result in a slightly 

different outcome when calculating PFT parameters (O'Donnell et al., 2010). 

Fortunately, it may not affect the outcomes since the data from TSGH and RBH were 

analysed separately in the study. Also, Stanojevic et al. (2017) found that even though 

there were some differences in DLCO data between different types of PFT equipment 

used in different centres, it did not have a big effect since these differences were 

generally within the range of physiological variability. 

Second, the researcher did not have menstruation timing information for all 

female participants or body surface area for all participants as this information was 

not recorded in the PFTs, both of which may potentially affect DLCO. Moreover, not 

every participant who had a DLCO test had previously received a blood test, leading 

to incomplete Hb data for the participants. 

Third, BMI was the only factor used to define obesity, but body fat is also an 

important factor that should also be considered. Body fat was not, however, recorded 

in the study. Also, smoking habits were based on patients’ self-reported answers. 

Therefore, it may be more accurate for the report to be done using an exhaled CO 

test or by double-checking with participants’ family members. Also, there may be a 

recall bias about the period of smoking, since some participants were older and might 
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not have recalled the time of smoking accurately. Also, years of smoking and packs 

of smoking should also be considered when asking the smoking status.  

Fourth, after excluding the PFT data which has been noted that 'the patients did 

not follow the instruction properly', the quality of data increased. However, there are 

still some data that looked implausible, especially, if it is a negative value for PFT 

data. There are several ways to deal with implausible values. In our study, when there 

was an implausible value, the researcher would check the original data in the PFT 

report or medical records to correct. However, if there was no original data recorded 

in the PFT report or medical records, the value would be deleted. 

Fifth, even though the inclusion/exclusion criteria of the PFT tests was 

established based on the standards from the literature (Wang et al., 1997; Stanojevic 

et al., 2010; Johnson and Theurer, 2014), some healthy participants with lower PFT 

tests may have been excluded. However, the false exclusion rate should be low since 

a lower value of PFT parameters usually indicates some lung problems.   

Sixth, all the diagnosis was based on text from the PFT report in the hospitals. 

The researcher could not access the ICD code for each patient. However, the PFT 

reports were under qualified clinic staff supervision. Therefore, there should not be 

a significant difference between diagnosis on the reports and ICD code.  

Seventh, most of the history of disease and diagnosis information was missing 

in the RBH dataset. Therefore, it was hard to differentiate between effects of lung 

illness and that of other diseases. Fortunately, in the RBH group with normal PFT, 

most lung illnesses were excluded and only relatively healthy participants remained 

in the group. Also, we could see that the history of diseases did not show a significant 

effect in the TSGH group with normal PFT. The basic demographic, physiological 

and behavioural factors explained major variations of DLCO, VA and KCO in the 

regression, therefore, the effects of diseases should be limited.  

Last, the data was only collected from medical records in the two hospitals 

taking part in the study. Therefore, if the participants had attended other medical 

facilities, the researcher did not have access to those data (which may or may not 

have affected the results). However, this could also be a strength when comparing 

results to other predictive models from previous studies as, in most of these, the 

participants’ health status information came from self-reporting questionnaires or 

surveys, not from their actual medical records (Paoletti et al., 1985; Ip et al., 2007; 
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Chhabra et al., 2016): some participants may not be sure about or aware of certain 

medical conditions and so may have inadvertently self-reported as healthy.    

5.4.5 Conclusion 

Sections 5.3.2 to 5.3.4 revealed that the factors affecting DLCO, VA and KCO 

showed a similar pattern in the TSGH (Taiwan) and RBH (UK) groups with any PFT 

when individuals of similar sex, age, height, smoking status and disease status are 

compared. Once age, sex, height, smoking status and disease status are adjusted for, 

the difference in predicted DLCO, VA and KCO between TSGH (Asian) and RBH 

(Caucasian) groups is reduced. Sections 5.3.5 showed the different predictive models 

for DLCO, VA and KCO based on all participants, groups of male and female and 

groups of non-smokers and ever smokers. In the present study, the final predictive 

models for DLCO, VA and KCO would be the ones that were based on different sex 

groups and were used to compare with models from other literature in Section 5.3.6. 

The reasons might be the basic anatomy and physiology are different between 

females and males. Also, most of the predictive models for DLCO, VA and KCO were 

based on different sexes in previous literature. In the predictive models, smoking 

status did not seem to be a significant factor for the DLCO, VA and KCO. However, 

the results did show that the value of DLCO and KCO in smokers decreased more 

rapidly than in non-smokers. Therefore, the effects of smoking status on DLCO and 

KCO should be considered in the older group.  

Section 5.3.6 shows that the predicted DLCO in the present study was slightly 

lower than it was in the literature (Paoletti et al., 1985; Park et al., 1986; Roca et al., 

1990; Ip et al., 2007; Chhabra et al., 2016), while the predicted data of KCO was close 

to the data from other literature (Paoletti et al., 1985; Park et al., 1986; Roca et al., 

1990; Ip et al., 2007; Chhabra et al., 2016). The remaining difference may be 

attributed to factors not measured in the present study or the difference might be 

affected by poor predictability of the approach beyond the specific dataset that was 

used. Therefore, for further studies, a representative dataset based on the target 

population should be considered when building the predictive models for pulmonary 

function parameters. 

Also, more factors that might affect the parameters of pulmonary function could 

be explored, such as body fat, the location of fat in the body, menstruation timing 

information and body surface area. Moreover, future studies could be based not only 
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on relatively healthy populations but also on individuals with abnormal PFT. 

Therefore, the findings could be expanded to individuals with abnormal PFT and 

give the information of the specific pathophysiology effects on pulmonary function 

parameters.  
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6 UPDATED EXISTING CO UPTAKE AND 

ELIMINATION MODEL AND SIMULATION IN 

DIFFERENT CO EXPOSURE SCENARIOS 

6.1  Introduction  

CFK models have been widely used to predict the rate of CO uptake and 

elimination (Coburn et al., 1965; Gosselin et al., 2009). However, they were mainly 

based on healthy, young, male and white population. In this section, the predicted 

values for COHb from the CFK (1965) and modified CFK (2009) models with 

estimated DLCO from the study were compared and validated with a wide range of 

measured data from the literature (Stewart et al., 1970), and that gathered during our 

CO-rebreathing experiment (Section 3) and our exhaled CO experiment (Section 4) 

(Coburn et al., 1965; Gosselin et al., 2009). The CFK models with estimated DLCO 

were then used to predict the CO uptake and elimination for different individuals in 

various CO exposure scenarios. 

The objectives were: 

– To investigate whether the predictions of the CFK (1965) model and 

modified CFK (2009) model with the estimated DLCO fit the data from the 

literature, the CO-rebreathing experiment and the exhaled CO data from 

the research among students 

– To simulate the CFK (1965) model and modified CFK (2009) model with 

estimated DLCO for different individuals in different CO exposure scenarios. 

6.2  Methods 

6.2.1 Replicating the CFK (1965) model and modified CFK (2009) model 

The study developed a set of procedures to replicate the CFK (1965) and 

modified CFK (2009) models and to test the data against the literature (Coburn et al., 

1965; Stewart et al., 1970; Peterson and Stewart, 1975; Gosselin et al., 2009).  

The process and results of replicating the models are provided below. 

CFK (1965) model simulation process and results 

The CFK (1965) model consists of several equations (see, Section 2.3.2 and 

Appendix 9.2.1). The overall process for this was as follows: first, the researcher 
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completed a simple unit check of the CFK (1965) model for each parameter (see 

Appendix 9.2.1, Supplementary Table 9-1 for details).  

Model for the CFK model 

[𝐶𝑂𝐻𝑏]𝑃𝑐𝑜2̅̅ ̅̅ ̅̅ ̅

[𝑂2𝐻𝑏]𝑀
− 𝑉𝑐𝑜 [

1
𝐷𝐿𝑐𝑜 +

𝑃𝐵 − 𝑃𝐻2𝑂
𝑉𝐴𝑅

] − 𝑃𝐼𝑐𝑜

[𝐶𝑂𝐻𝑏]0𝑃𝑐𝑜2̅̅ ̅̅ ̅̅ ̅

[𝑂2𝐻𝑏]𝑀
− 𝑉𝑐𝑜 [

1
𝐷𝐿𝑐𝑜 +

𝑃𝐵 − 𝑃𝐻2𝑂
𝑉𝐴𝑅

] − 𝑃𝐼𝑐𝑜

= 𝑒

−  
𝑡𝑃𝑐𝑜2̅̅ ̅̅ ̅̅ ̅

𝑀 𝑉
𝐵𝐿[𝑂2𝐻𝑏](

1
𝐷𝐿𝑐𝑜

+
713

𝑉𝐴𝑅
)

 

 

The second, and longest, part required replicating the CFK model in an Excel 

sheet. This required breaking up the CFK model into smaller portions, and then 

coding each of these sub-algorithms into cells in Excel. 

 

Figure 6-1. Screenshot of the Excel version of the CFK model created by the 

researcher 

Third, the researcher validated the Excel version of the CFK model with the 

data from Stewart et al.’s (1970) study (see Appendix 9.2.1, Supplementary Table 

9-2 for details). 

As no individual values were reported in Stewart et al.’s study, the average 

physiological parameters for 30-year-old men at rest were used in the simulations 

(Stewart et al., 1970). The average height and weight were determined to be 174.4 

cm and 70 kg by Demirjian (1980 cited in Gosselin et al., 2009) (see Appendix 9.2.1, 

for details of the calculations and values of parameters).  

Table 6-1 presents a comparison between the experimental data of COHb as 

reported in Stewart et al.’s (1970) study and simulated data from the original CFK 

model by using linear regression. The slope between the simulated values and the 

experimental data was 0.947, which is close to 1, within a small confidence interval 
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(0.913–0.981). Also, the R2 is 98.9%, and this is a good indication of the validity of 

the model. 

Table 6-1. Linear regressions (y = m · x) between the COHb values simulated by 

the CFK (1965) model (x) and the experimental data (y) from Stewart et al. (1970) 

 
Estimated 

slope (m) 
95% CI SEE R2 Points 

CFK model 0.947 (0.913, 0.981) 0.252 0.989 37 

Modified (2009) CFK model simulation process and results 

The modified CFK (2009) model (Gosselin et al., 2009) was reviewed, and a 

similar process to that for the CFK (1965) model was carried out. The CFK (2009) 

model also consists of several equations (see Section 2.3.3 and Appendix 9.2.1). 

First, the researcher completed a unit check of the main modified (2009) CFK 

model (see Appendix 9.2.1, Supplementary Table 9-4 for details).  

CO amount in the lungs for the modified CFK model 

𝑑𝐴𝐶𝑂(𝑡)

𝑑𝑡
= 𝑄𝐴𝐿𝑉 [𝐶𝐸𝑋𝑇(𝑡) −

𝐴𝐶𝑂(𝑡)

𝑉𝐴𝐿𝑉
] − 𝐷𝐿𝐶𝑂[ 

𝐴𝐶𝑂(𝑡)

𝑉𝐴𝐿𝑉
× 𝑅 × 𝑇

−
𝐵𝐶𝑂(𝑡) × 𝑃𝑂2

𝑀(𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥 − 𝐵𝐶𝑂(𝑡))

] 

 

CO amount in the blood for the modified CFK model 

𝑑𝐵𝐶𝑂(𝑡)

𝑑𝑡
= 𝐷𝐿𝐶𝑂 [

𝐴𝐶𝑂(𝑡)

𝑉𝐴𝐿𝑉
× 𝑅 × 𝑇 −

𝐵𝐶𝑂(𝑡) × 𝑃𝑂2

𝑀 (𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥 − 𝐵𝐶𝑂(𝑡))

] − 𝑘𝐻𝑏𝑆 × 𝐵𝐶𝑂(𝑡)

+ 𝑘𝐶𝑂2 × 𝐵𝐶𝑂(𝑡) + 𝐸𝑛𝑑𝑜 

 

CO amount in tissue for the modified CFK model 

𝑑𝑆𝐶𝑂(𝑡)

𝑑𝑡
= 𝑘𝐻𝑏𝑆 × 𝐵𝐶𝑂(𝑡) − 𝑘𝑆𝑓 × 𝑆𝐶𝑂(𝑡) − 𝑘𝐶𝑂2 × 𝑆𝐶𝑂(𝑡) 

Python V 2.2.2 using the Jupyter V 1.1.1 version was used to simulate the 

modified CFK model, and all predicted data output was recorded in the Excel file. 

The Python coding used in the study was developed based on teaching material from 

an on-line course at Brigham Young University (Hedengren, 2018). 
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When replicating the model, all of the data from the parameters were calculated 

directly from equations derived from the literature (Paoletti et al., 1985; ICRP, 1994; 

Gosselin et al., 2009) (see Appendix 9.2.1, for details of the parameters and 

calculations).  

After simulating the modified CFK model, Table 6-2 shows that the slope 

between simulated values and experimental data was 0.923 within a small confidence 

interval (0.884–0.963) and high R2 of 98.4%. 

Table 6-2. Linear regressions (y = m · x) between the COHb values simulated by 

the modified CFK (2009) model (x) and the experimental data (y) from Stewart et 

al. (1970) 

 
Estimated 

slope (m) 
95% CI SEE R2 Points 

Modified 

CFK model 
0.923 (0.884, 0.963) 0.301 0.984 37 

 

Following this successful replication, the researcher was able to use these two 

models to investigate further aspects of CO exposure, as detailed in the following 

sections.  

6.2.2 Comparing predicted data from CFK based models with measured data 

First, the predicted data was simulated from four different models (see Section 

5.3.5 for details), 

1) the CFK (1965) model with original DLCO 

2) the modified CFK (2009) model with original DLCO 

3) the CFK (1965) model with estimated DLCO from the predictive model of 

TSGH and RBH groups 

4) the modified CFK (2009) model with estimated DLCO from the predictive 

model of TSGH and RBH groups (see Section 5.3.5 for details).  

The predicted data were then compared with the three sets of measured data, 

from the literature, the CO-rebreathing experiment (Section 3) and the exhaled CO 

readings (Section 4). Then, a Pearson correlation test was carried out to measure the 

correlation between the predicted data from CFK models and the measured data from 

the three datasets. A Pearson correlation coefficient of more than 0.7 would indicate 

a high correlation. Also, a validity test (linear regression) was run. If the slope of the 

regression between the measured and predicted data is close to one and has a higher 
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value of adjusted R2 than other models, it means the predicted data provides a closer 

approximation to the measured data (Gosselin et al., 2009).    

6.2.3 Simulation of CO uptake and elimination in different scenarios using the 

CFK and modified CFK models 

The CFK (1965) model with estimated DLCO and the modified CFK (2009) 

model with estimated DLCO were used to simulate COHb for different individuals in 

different scenarios. Although the total amount of CO exposure was the same in both 

models, the scenarios included exposing (different) participants to CO at a high level 

within a short period and at a low level over a longer period. The different CO uptake 

and CO elimination scenarios for different individuals in different CO exposure 

scenarios are shown in Table 6-3. The researcher used three different baseline CO 

values for non-smokers, light smokers and heavy smokers. The initial COHb was 

assumed based on results from the exhaled CO experiment in Section 4 (see Table 

6-4). 

Table 6-3. Different simulation of CO uptake and CO elimination scenarios 

 Simulated subject Exposure scenarios 

CFK (1965) model 

with estimated 

DLCO 
Male vs female 

Young vs old 

Tall vs short 

Smoker vs non-smoker 

Scenario A 
100 ppm for 500 

minutes  

Modified CFK 

(2009) model with 

estimated DLCO 

Scenario B 
10,000 ppm for 

5 minutes 

Table 6-4. Baseline CO value for simulation 

 Non-

smokers 
Smokers 

Light 

smokers 

Heavy 

smokers 

Cigarettes per day None  0-20 <10  ≥ 10 

Exhaled CO (ppm) 1.92 6.90 4.80 10.00 

6.3  Results 

In this section, both CO uptake and CO elimination were predicted using the 

CFK (1965) model and the modified CFK (2009) model from the literature (Coburn 

et al., 1965; Gosselin et al., 2009). The predicted data were compared to measured 

data from the literature, the CO-rebreathing method and the exhaled CO experiment. 

These models were then used to simulate the rate of CO uptake and elimination in 

different scenarios. 
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6.3.1 Comparing the CFK models with the measured data 

We compared the measured data from the literature (Stewart et al., 1970), data 

from our CO-rebreathing experiment and from the exhaled CO experiment with the 

predicted data from the CFK (1965) and the modified CFK (2009) models. 

Comparison of measured data from literature (Stewart et al., 1970) with 

predicted data from the CFK models 

The existing CFK models, with and without updated DLCO, were used to 

compare with data from Stewart et al.’s (1970) study (see Appendix 9.2.1, 

Supplementary Table 9-2 for details) (Coburn et al., 1965; Gosselin et al., 2009). For 

simulation, the average age was assumed as 30-year-old men at rest. Following 

Demirjian (1980 cited in Gosselin et al., 2009), the average height and weight were 

determined to be 174.4 cm and 70 kg. The final parameters used in the simulations 

are shown in Table 6-5 and Supplementary Table 9-54 in Appendix 9.2.4. All of the 

parameter values were derived from the literature and presented in BTPS (body 

temperature, pressure, water vapour saturated) condition (Coburn et al., 1965; 

Peterson and Stewart, 1975; Gosselin et al., 2009).  

Table 6-5. parameters used in the CO models 

Parameters 

Original DLCO DLCO from the study  

CFK (1965) 
Modified 

CFK (2009) 
TSGH RBH 

Initial COHb (%) 0.7 0.7 0.7 0.7 

DLCO 

(ml/min)/mmHg 
27.9 48.1 33.9 37.0 

The CFK (1965) model and modified CFK (2009) model were used to predict 

the COHb values following a subject’s exposure to 50 ppm CO for one hour, three 

hours, eight hours and 24 hours.  

One hour at 50ppm 

First, exposure of 50 ppm for one hour was predicted by the models, and the 

results compared to the data from Stewart et al.’s (1970) study. Figure 6-2 shows that 

the peak of measured data was 2.1% in Stewart et al.’s (1970) study while other peaks 

for the CFK (1965) were 1.74% (with original DLCO from CFK (1965) model), 1.79% 

(with DLCO calculated from TSGH relatively healthy group) and 1.80% (with DLCO 

calculated from RBH group with normal PFT). The modified CFK (2009) models 

were 1.73% (with original DLCO from CFK (2009) model), 1.67% (with DLCO 
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calculated from TSGH relatively healthy group) and 1.68% (with DLCO calculated 

from RBH group with normal PFT). The same comparison steps were repeated in the 

prediction of COHb values for 3, 8 and 24 hours CO exposure below. It shows that 

the predicted data from the CFK (1965) model with estimated DLCO had a higher 

value than the predicted data from the CFK (1965) model when predicting exposure 

to 50 ppm CO for one hour. When comparing the predicted data from the modified 

CFK (2009) model and the modified CFK (2009) model with estimated DLCO, the 

modified CFK (2009) model predicted higher values than the modified CFK (2009) 

model with estimated DLCO.  

 

Figure 6-2. Measured COHb (%) data and predicted COHb (%) data for exposure 

to 50 ppm CO for one hour  

Three hours at 50ppm 

As seen in Figure 6-3, the peak of measured data was 3.80% in in Stewart et 

al.’s (1970) study while other peaks for the CFK (1965) were 3.44% (original), 

3.54% (TSGH) and 3.58% (RBH); modified CFK (2009) models were 3.34% 

(original), 3.21% (TSGH) and 3.25% (RBH). When comparing the simulated data 

from the CFK (1965) model and the CFK (1965) model with estimated DLCO, the 

predicted data from the CFK (1965) model with estimated DLCO had slightly higher 

values than the CFK (1965) model. However, the modified CFK (2009) model with 

estimated DLCO had lower predicted data than the modified CFK (2009) model.  
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Figure 6-3. Measured COHb (%) data and predicted COHb (%) data of exposure 

to 50 ppm CO for three hours 

Eight hours at 50ppm 

 

Figure 6-4. Measured COHb (%) data and predicted COHb (%) data of exposure 

to 50 ppm CO for eight hours 

Figure 6-4 shows the peak of measured data was 5.90% in in Stewart et al.’s 

(1970) study while other peaks for the CFK (1965) were 6.08% (original), 6.20% 

(TSGH) and 6.25% (RBH); modified CFK (2009) models were 5.93% (original), 
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5.75% (TSGH) and 5.80% (RBH). It shows that the predicted data from the CFK 

(1965) model with estimated DLCO had a slightly higher value than the predicted data 

from the CFK (1965) model when simulating exposure of 50 ppm CO for eight hours. 

Moreover, the modified CFK (2009) model and the modified CFK (2009) model with 

estimated DLCO had similar peak values when simulating exposure of 50 ppm CO 

for eight hours.  

Twenty-four hours at 50ppm 

 

Figure 6-5. Measured COHb (%) data and predicted COHb (%) data of exposure 

to 50 ppm CO for 24 hours 

Figure 6-5 shows the peak of measured data was 7.90% in Stewart et al.’s (1970) 

study while other peaks for the CFK (1965) were 8.24% (original), 8.26% (TSGH) 

and 8.26% (RBH); modified CFK (2009) models were 8.56% (original), 8.49% 

(TSGH) and 8.51% (RBH). It shows that the CFK (1965) model with estimated DLCO 

had higher simulated data than the CFK (1965) model during CO uptake, while the 

modified CFK (2009) model had higher simulated data than the modified CFK (2009) 

model with estimated DLCO during CO uptake.  

The predicted data from the CFK models and the measured data from Stewart 

et al. (1970) was compared. The correlation test is shown in Table 6-6. The 

correlation coefficient shows a high correlation between all simulated data and 

experimental data from the literature, between 0.990 and 0.995. The validity test 

using regression is shown in Table 6-7 and Figure 6-6. All simulations showed a 

similar slope, which was close to one within a range of 0.923 to 0.947. Therefore, it 
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showed that the CFK models with the estimated DLCO values have a similar 

prediction of CO uptake and elimination rate to Stewart et al.’s (1970) study. 

Table 6-6. Correlation test between the COHb values simulated by the CFK models 

and the experimental data from Stewart et al. (1970) 

 Measured data 

CFK (1965) model 0.995 

CFK (1965) model  

with estimated DLCO (TSGH) 
0.995 

CFK (1965) model  

with estimated DLCO (RBH) 
0.995 

Modified CFK (2009) model 0.992 

Modified CFK (2009) model with estimated DLCO (TSGH) 0.990 

Modified CFK (2009) model with estimated DLCO (RBH) 0.991 

Table 6-7. Linear regressions (y = m · x) between the COHb values simulated by 

the CFK models (x) and the experimental data (y) from Stewart et al. (1970) 

 Estimated 

slope (m) 
95% CI 

Adjusted 

R2 
Points 

CFK (1965) model 0.947 (0.913, 0.981) 0.989 37 

CFK (1965) model  

with estimated DLCO 

(TSGH) 

0.942 (0.911, 0.974) 0.990 37 

CFK (1965) model  

with estimated DLCO 

(RBH) 

0.940 (0.909, 0.971) 0.991 37 

Modified CFK (2009) 

model 
0.923 (0.884, 0.963) 0.984 37 

Modified CFK (2009) 

model with estimated 

DLCO (TSGH) 

0.932 (0.886, 0.977) 0.980 37 

Modified CFK (2009) 

model with estimated 

DLCO (RBH) 

0.929 (0.885, 0.973) 0.981 37 

 

  



 

157 
 

  

 
 

  

Figure 6-6. The slope between the predicted data from the CFK models and the 

measured data from Stewart et al. (1970), red reference line, y=x 

Comparison of CO-rebreathing data with predicted data from the CFK models  

The measured data is taken from the CO-rebreathing experiment (Section 3). 

Most parameters are taken from the CFK and modified CFK models (Coburn et al., 

1965; Peterson and Stewart, 1975; Gosselin et al., 2009). The details of parameters 

for simulation are shown in Appendix 9.2.4, Supplementary Table 9-55. For each 

participant who attended the CO-rebreathing experiment in Southampton Hospital, 

four different simulations (CFK models and modified CFK models) were used to 

predict the COHb data and then compare it with the measured COHb data. The 

following figures show the measured data and predicted data from the models for 

Subjects A, B and C. 
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Figure 6-7. Measured COHb (%) data and predicted COHb (%) data of Subject A 

Figure 6-7 shows Subject A’s measured and predicted data of CO uptake and 

elimination. The measured COHb at six minutes was 9.2%; however, the predicted 

data was 7.19% for the CFK (1965) model, 6.78% for the modified CFK (2009) 

model, 6.98% for the CFK (1965) model with estimated DLCO and 7.06% for the 

modified CFK (2009) model with estimated DLCO. Post-peak, measured COHb at 

150 minutes was 4.6% compared with the predicted data, which was 4.55% for the 

CFK (1965) model, 4.24% for the modified CFK (2009) model, 4.62% for the CFK 

(1965) model with estimated DLCO and 4.16% for the modified CFK (2009) model 

with estimated DLCO. Overall, the predicted data of Subject A in all CO models was 

lower than the measured data, with a difference of approximately 2% COHb around 

the peak. 

Figure 6-8 shows Subject B’s measured data and predicted data of CO uptake 

and elimination. The measured COHb at eight minutes was 6.40%; however, the 

predicted data was 4.55% for the CFK (1965) model, 4.97% for the modified CFK 

(2009) model, 4.67% for the CFK (1965) model with estimated DLCO and 4.70% for 

the modified CFK (2009) model with estimated DLCO. Post-peak, measured COHb 

at 210 minutes was 3.8%, higher than the simulated data, which was 3.12% for the 

CFK (1965) model, 2.93% for the modified CFK (2009) model, 3.16% for the CFK 

(1965) model with estimated DLCO and 2.85% for the modified CFK (2009) model 
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with estimated DLCO. The predicted data of Subject B in all CO models was lower 

than the measured data from the CO-rebreathing method.  

  

Figure 6-8. Measured COHb (%) data and predicted COHb (%) data of Subject B 

 

Figure 6-9. Measured COHb (%) data and predicted COHb (%) data of Subject C  

Figure 6-9 shows Subject C’s measured data and predicted data of CO uptake 

and elimination. The measured COHb at six minutes was 7.5%; however, the 



 

160 
 

simulated data was 5.38% for the CFK (1965) model, 7.16% for the modified CFK 

(2009) model, 5.35% for the CFK (1965) model with estimated DLCO and 6.79% for 

the modified CFK (2009) model with estimated DLCO. Post-peak, measured COHb 

at 240 minutes was 3.9%, compared with the predicted data of 3.36% for the CFK 

(1965) model, 4.01% for the modified CFK (2009) model, 3.35% for the CFK (1965) 

model with estimated DLCO and 3.91% for the modified CFK (2009) model with 

estimated DLCO. Moreover, a better prediction from modified CFK models than CFK 

models was shown in Subject C in the figure.  

After comparing the predicted and measured data for each participant, the 

predicted data from the CFK models and the measured data from the CO-rebreathing 

experiment were also compared. The correlation test is shown in Table 6-8. The 

correlation coefficient showed a high correlation for all simulated data and 

experimental data from the CO-rebreathing experiment, ranging from 0.952 to 0.974.  

Table 6-8. Correlation test between the COHb values simulated by the CFK models 

and the experimental data from the CO-rebreathing experiment 

 

CFK 

(1965) 

model 

CFK (1965) 

model 

with estimated 

DLCO 

Modified 

(2009) CFK 

model 

Modified CFK 

(2009) model 

with estimated 

DLCO 

Measured 

data 
0.971 0.974 0.958 0.952 

Table 6-9. Linear regressions (y = m · x) between the COHb values simulated by 

the CFK models (x) and the experimental data (y) from the CO-rebreathing 

experiment 

 Estimated slope 

(m) 
95% CI 

Adjusted 

R2 
Points 

CFK (1965) model 1.279 (1.148, 1.409) 0.940 27 

CFK (1965) model 

with estimated 

DLCO 

1.271 (1.150, 1.392) 0.947 27 

Modified CFK 

(2009) model 
1.078 (0.945, 1.211) 0.915 27 

Modified CFK 

(2009) model with 

estimated DLCO 

1.108 (0.962, 1.254) 0.903 27 

The validity test, using regression, is shown in Table 6-9 and Figure 6-10. All 

models showed a similar prediction with the regression slopes ranging from 1.078 to 

1.279, which were close to 1. However, only the slopes of modified CFK models 
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contained 1, suggesting that modified CFK models might have a better prediction 

than CFK models in this CO-rebreathing dataset.  

  

  

Figure 6-10. The slope between the predicted data from the CFK models and the 

measured data from the CO-rebreathing experiment, red reference line, y=x 

Comparison of the exhaled CO data of smokers with predicted data from the 

CFK models  

In the exhaled CO experiment, the exhaled CO of 48 smokers (27 Asian, 16 

Caucasian) was recorded before and after smoking. The COHb was calculated using 

the following equation taken from Jarvis et al.’s (1986) study: 

COHb(%)  =  0.63 +  0.16 × [value(ppm) of Micro Smokerlyzer] 

The calculation and parameter details are given in Section 6.2.1 and Appendix 

9.2.4, Supplementary Table 9-56. WHO reported that each smoking period is 

generally equivalent to a CO exposure of 400-500 ppm over six minutes, according 

to the International Programme on Chemical Safety (WHO, 1999). However, the 

average duration of each smoking period was around 3.5 minutes; therefore, CO 

exposure was assumed to be an average of 450 ppm for four minutes in the study. 

CO uptake and elimination were calculated for each person. The tables below show 

the measured and predicted data from different models for Asian and Caucasian 

smokers.  
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Figure 6-11, Table 6-10 and Table 6-11 compare the predicted data with 

measured data from Asian smokers. The correlation test showed that all correlation 

coefficient had a high correlation for all simulated data and experimental data from 

the exhaled CO experiment (0.933-0.936) and the CFK models with estimated DLCO 

had a slightly higher coefficient than the CFK models. All regression slopes of the 

CFK models were close to 1 (1.010- 1.045), which means an acceptable prediction. 

  

  

Figure 6-11. The slope between the predicted data from the CFK models and the 

measured data of Asian smokers from the exhaled CO experiment, red reference 

line, y=x 

Table 6-10. Correlation test between the COHb values simulated by the CFK 

models and the measured data of Asian smokers from the exhaled CO experiment 

 

CFK 

(1965) 

model 

CFK (1965) 

model 

with estimated 

DLCO 

Modified 

(2009) CFK 

model 

Modified CFK 

(2009) model with 

estimated DLCO 

Measured 

data 
0.935 0.936 0.933 0.934 
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Table 6-11. Linear regressions (y = m · x) between the COHb values simulated by 

the CFK models (x) and the experimental data (y) from the exhaled CO experiment 

of Asian smokers 

 Estimated slope 

(m) 
95% CI 

Adjusted 

R2 
Points 

CFK (1965) model 1.011 (0.952, 1.071) 0.874 162 

CFK (1965) model  

with estimated DLCO 
1.010 (0.951, 1.070) 0.874 162 

Modified CFK 

(2009) model 
1.041 (0.979, 1.104) 0.870 162 

Modified CFK 

(2009) model with 

estimated DLCO 

1.045 (0.983, 1.108) 0.872 162 

Figure 6-12, Table 6-12 and Table 6-13 compare the predicted data with 

measured data from Caucasian smokers. The correlation test showed that all 

correlation coefficient had a high correlation for all simulated data and experimental 

data from the exhaled CO experiment (0.915-0.925) and the modified CFK (2009) 

model with estimated DLCO had a higher coefficient than the modified (2009) CFK 

model. In the regression test, all the slopes were close to 1 (m, 0.990- 1.015), which 

means an acceptable prediction. 

  

 
 

Figure 6-12. The slope between the predicted data from the CFK models and the 

measured data of Caucasian smokers from the exhaled CO experiment, red 

reference line, y=x 
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Table 6-12. Correlation test between the COHb values simulated by the CFK 

models and the measured data of Caucasian smokers from the exhaled CO 

experiment 

 

CFK 

(1965) 

model 

CFK (1965) 

model 

with estimated 

DLCO 

Modified 

(2009) CFK 

model 

Modified CFK 

(2009) model 

with estimated 

DLCO 

Measured 

data 
0.925 0.925 0.915 0.917 

Table 6-13. Linear regressions (y = m · x) between the COHb values simulated by 

the CFK models (x) and the experimental data (y) from the exhaled CO experiment 

of Caucasian smokers 

 Estimated slope 

(m) 
95% CI 

Adjusted 

R2 
Points 

CFK (1965) model 0.998 (0.914, 1.082) 0.854 96 

CFK (1965) model  

with estimated DLCO 
0.990 (0.906, 1.073) 0.853 96 

Modified CFK 

(2009) model 
1.004 (0.914, 1.095) 0.836 96 

Modified CFK 

(2009) model with 

estimated DLCO 

1.015 (0.924, 1.105) 0.840 96 

6.3.2 Simulation and backcasting of CO exposure in different scenarios 

The simulations and backcasting (looking back, which means predicting for a 

past event; is the opposite of forecasting, which means predicting for a future event) 

of the CFK (1965) model with the estimated DLCO and the modified CFK (2009) 

model with the estimated DLCO were used to predict CO uptake and elimination in 

two different scenarios. The scenarios postulated involved exposure to the same total 

amount of CO by either a) low CO over a longer period or b) high CO over a short 

period.  

The CO exposure scenarios are based on the real-life examples shown in Table 

6-14; the parameters used in the simulation are shown in Table 6-15 and Table 6-16. 

In Table 6-16, the young and old age were assumed by the definition from WHO 

(WHO, 1999), which is 20 and 65 years old; the values of height, weight and the 

concentration of Hb for participants are assumed from the average of the TSGH 

relatively healthy group; other parameters are calculated from above assumptions. 
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Table 6-14. The different scenarios of CO exposure 

 Time (min) Level (ppm) Example 

Scenario A 500 100 Hot water boiler with problems 

(Faruk Tekbaş et al., 2001) 

Scenario B 5 10,000 Forklifts at working speed (Fawcett 

et al., 1992) 

Table 6-15. Parameters used in the CFK (1965) model and the modified CFK 

(2009) model 

Parameters and values used in the CFK (1965) model 

PB (mmHg) 760  

Pc,o2 (mmHg) 100  

M 250 

[O2Hb]max (ml/ml) 0.25  

 Parameters and values used in the modified CFK (2009) model 

R (mmHg (mlair)/Kelvin(mlCO)) 2.55  

M 240 

 𝑘𝐻𝑏𝑆 (min-1) 0.002 

 𝑘𝑆𝑓  (min-1)  0.01 

 T (Kelvin) 310  

 𝑏𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥 (mlCO/gHb) 1.68  

 𝑘𝐶𝑂2 (min-1) 0.0000333 

Table 6-16. The basic characteristics of the four demographic and physiological 

values of participants 

 
Young male Old male 

Young 

female 
Old female 

Age 20 65 20 65 

Height 172.7 172.7 158.5 158.5 

Weight 71.6 71.6 56.8 56.8 

Hb 15.1 15.1 13.3 13.3 

DLCO 

(ml/min/mmHg) 
36.9 25.1 26.6 20.1 

CFK (1965) model with estimated DLCO 

VAR (ml/min) 6813 6813 4213 4213 

VBL (ml) 5298.4 5298.4 4146.4 4146.4 

VCO (ml/min) 0.0087 0.0087 0.0069 0.0069 

Initial COHb (%) 0.93 0.93 0.93 0.93 

[O2Hb]max (ml/ml) 0.25 0.25 0.22 0.22 

[COHb]0 (ml/ml) 0.0023 0.0023 0.0020 0.0020 

Modified CFK (2009) model with estimated DLCO 

VBL (ml) 5656.4 5656.4 4487.2 4487.2 

𝑃𝑂2 (mmHg) 99.9 89.1 99.9 89.1 

VALV (ml) 582 582 321 321 

QALV (ml/min) 6982 6982 4496 4496 

Endo (ml/min) 0.0087 0.0087 0.0069 0.0069 

𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  (mlCO) 1434.92 1434.92 1002.62 1002.62 

Initial COHb (%) 0.93 0.93 0.93 0.93 
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Young male Old male 

Young 

female 
Old female 

Initial CO amount 

(ml) 
13.34 13.34 9.32 9.32 

Comparison of CO uptake and CO elimination between males and females 

Based on the calculation of the parameters for simulation, the simulations of 

the two scenarios are shown in Figure 6-13 and Figure 6-14. The results show that 

young males’ levels increased more quickly, had a higher peak and decreased faster 

than those of young females. Also, the difference in peak between males and females 

increased with the time and concentration of CO they were exposed to. Similar results 

were obtained when comparing old males and females (see Appendix 9.2.4, 

Supplementary Figure 9-10 and Supplementary Figure 9-11 for details). 

When inhaling the same amount of CO, the longer the period of CO exposure, 

the longer it took to decrease to a normal value. The CO half-life was longer for all 

participants in Scenario A, at around 300 minutes, and lower in Scenario B, at around 

275 minutes.  

 

Figure 6-13. Simulation for young males and females in Scenario A (100 ppm for 

500 min 
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Figure 6-14. Simulation for young males and females in Scenario B (10,000 ppm 

for 5 min) 

Comparison of CO uptake and CO elimination between young and old males 

Figure 6-15 and Figure 6-16 show that young males’ COHb levels increased 

more quickly, and they had a higher peak than old males in both exposure scenarios. 

Also, the difference between young and old males increased with the time and 

concentration of CO they were exposed to. Similar results were seen when comparing 

young and old females (see Appendix 9.2.4, Supplementary Figure 9-12 and 

Supplementary Figure 9-13 for details). 

 

Figure 6-15. Simulation for young males and old males in Scenario A (100 ppm for 

500 min 
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Figure 6-16 Simulation for young males and old males in Scenario B (10,000 ppm 

for 5 min) 

Comparison of CO uptake and CO elimination between tall and short males 

When comparing the CO uptake and CO elimination rate between tall and short 

males, only the DLCO differed (see Table 6-16). The values of height for males were 

derived from the TSGH relatively healthy group, the value of the percentiles in 25% 

and 75% for height. The tall young male was assumed as 177 cm with DLCO value 

as 37.5 ml/min/mmHg, and the short young male was 168 cm with DLCO value as 

36.2 ml/min/mmHg. Figure 6-17 shows that tall males had a slightly increased CO 

uptake and CO elimination rate than short males. Similar results were also seen in 

Scenario B, Figure 6-18. 

 

Figure 6-17. Simulation for tall and short young males in Scenario A (100 ppm for 

500 mins) 
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Figure 6-18. Simulation for tall and short males in Scenario B (10,000 ppm for 5 

mins) 

Comparison of CO uptake and CO elimination between male smokers and male 

non-smokers 

Table 6-16 shows the demographic, physiological and behavioural values used 

in the simulation and Table 6-17 shows that initial COHb and DLCO differed between 

smokers and non-smokers and used in the simulation. The simulation focused on 

males rather than females due to the smaller sample size of female smokers in the 

predictive model for DLCO from the TSGH relatively healthy group. 

The comparison showed that even though smokers had a higher blood COHb 

value, both CO uptake and CO elimination rate are similar in young male smokers 

and non-smokers (see Figure 6-19 and Figure 6-20).  

Table 6-17. Basic characteristics of the four types of smokers 

 Young male Young male Old male Old male 

Age 20 20 65 65 

Smoking status Non-smoker Smoker Non-smoker Smoker 

DLCO 

(ml/min/mmHg) 
35.8 37.8 26.7 24.5 

CFK (1965) model and Modified CFK (2009) model with estimated DLCO 

Initial COHb (%) 0.93 1.73 0.93 1.73 

[COHb]0 (ml/ml) 0.0023 0.0043 0.0023 0.0043 

Initial CO amount 

(ml) 
13.34 24.82 13.34 24.82 
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Figure 6-19. Simulation for smokers and non-smokers of young males in Scenario 

A (100 ppm for 500 min) 

 

Figure 6-20. Simulation for smokers and non-smokers of young males in Scenario 

B (10,000 ppm for 5 min) 

Even though the differences in the rate of CO uptake and CO elimination 

between males and females, young and old males, tall and short males, and smokers 

and non-smokers seem to be small, the differences would increase if all the factors 

combined or in situations of higher CO concentration or longer duration. Also, it 

should be noted that factors such as age, sex, height, weight and smoking status 

would vary from person to person in real life and so their effects on the rate of CO 

uptake and CO elimination should be taken into account to produce a realistic 

modelling of CO exposure. 
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6.4  Discussion and conclusion 

After simulating the predicted data from four different models – CFK (1965), 

modified CFK (2009), and CFK (1965) and modified CFK (2009) with the estimated 

DLCO – the predicted data was compared to the measured data from the literature, the 

CO-rebreathing experiment and the exhaled CO experiment. This section offers a 

discussion and comparison of differences between the original models and the 

models with the new estimated input of DLCO; the predicted CO uptake and 

elimination for different individuals in various scenarios are also presented. 

6.4.1 Comparison of the original models and the models with estimated DLCO 

The difference between the original models and the models with new input was 

the predictive model for DLCO. The parameter used for the predictive model for DLCO 

was the body surface area in the CFK (1965) model (Coburn et al., 1965; Peterson 

and Stewart, 1975), and sex, age and height in the modified CFK (2009) model 

(Paoletti et al., 1985; Gosselin et al., 2009) (see Section 2.3 and Appendix 9.2.1 for 

details). In the models with estimated DLCO, the parameters for the predictive model 

for DLCO were taken from the TSGH relatively healthy group and the RBH group 

with normal PFT. 

The literature shows that DLCO affects the rate of CO uptake and elimination 

significantly (Filley et al., 1954; Coburn et al., 1965; Bruce and Bruce, 2003; 

Gosselin et al., 2009). When the value of DLCO increases, the rate of CO uptake and 

elimination also increases. This relationship was shown in the results of all the 

simulations. 

In the present study, the researcher has compared the predicted data with the 

measured data from different sources, including the literature (Stewart et al., 1970), 

our CO-rebreathing experiment and our exhaled CO experiment. When comparing 

the predicted data with the measured data from Stewart et al.’ (1970) study, the 

predicted data from all the CFK models showed an acceptable prediction, which is 

close to 1. Generally, in the steady CO exposure scenarios, the CFK models showed 

a good prediction for the rate of CO uptake and elimination (Coburn et al., 1965; 

Peterson and Stewart, 1970; Bruce and Bruce, 2003; Gosselin et al., 2009). 

When comparing the predicted data with the measured data from our CO-

rebreathing experiment (Table 6-9), it showed that modified CFK models seem to 

have a slightly better prediction than CFK models, which is similar to the previous 
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study (Gosselin et al., 2009). In the previous studies, they have mentioned that the 

CFK model might be less accurate when predicting the rapidly varying CO exposure 

scenarios because the CFK model only contains one compartment (Peterson and 

Stewart, 1970; Bruce and Bruce, 2003; Gosselin et al., 2009). Moreover, the 

prediction of CFK models for all subjects are similar, but the prediction of modified 

CFK models was better in subject C compared to others (Figure 6-9). The possible 

reason might be the modified CFK model was only validated with male data 

(Gosselin et al., 2009). Therefore, its prediction of the CO uptake and elimination 

rate for male subjects would be better than for female subjects. 

Moreover, when predicting the time of COHb concentration back to normal for 

subjects in the CO-rebreathing experiment, it would take around 15 hours for the 

COHb concentration back to normal in our model, which is similar to the literature. 

In the literature, the time taken for COHb concentration back to normal would take 

more than 10 hours depending on the different situation, such as the time and level 

of CO exposure, age and alveolar ventilation (Coburn et al., 1965; Stewart et al., 

1970; Hill et al., 1977; Eichhorn et al., 2018).  

When comparing the predicted data with the measured data from our exhaled 

CO study, the correlation of CFK models for Asians was slightly higher than for 

Caucasians (Table 6-10 and Table 6-12). The possible reason for the lower 

correlation for Caucasians might be more females in the Caucasian group. As 

mentioned in the literature, CFK models were based on healthy, white males (Coburn 

et al., 1965; Gosselin et al., 2009). Fortunately, in the analysis, there were only 1 

female in the Asian group and 3 females in the Caucasian group and they might not 

have a significant impact on the prediction. Therefore, even though the correlation 

was slightly higher in Asians all the CFK models showed an acceptable prediction 

for both Asians and Caucasians.  

Overall, when comparing the predicted data with the measured data from the 

literature, the CO-rebreathing experiment and the exhaled CO experiment, the 

predicted data from both the CFK models (i.e. whether original DLCO or estimated 

DLCO) showed a high correlation with an acceptable prediction. Even though the 

models with estimated DLCO did not show a better prediction than the models with 

original DLCO in the healthy population, our estimated DLCO opens up a possibility 

of producing realistic modelling of the rate of CO uptake and elimination among a 

wide range of individuals, including those in poor health, in future work. The 



 

173 
 

researcher will build the predictive models for DLCO based on individuals with 

abnormal PFT from the hospitals’ datasets. Therefore, according to each specific 

lung disease, the DLCO could be predicted and used to simulate a more accurate rate 

of CO uptake and elimination among these groups.  

There are several possible reasons why our estimated DLCO did not show a 

significantly better prediction than the original DLCO when used in the CFK models. 

The first was the limited effect of ethnicity for DLCO: although there was a difference 

in DLCO between ethnicities, the effects of other parameters, such as age and height, 

might explain more variation in DLCO. Second, our measured data is confined to 

young and healthy participants, so it is difficult to speculate how the inclusion of 

older participants would affect the results. Lastly, there are other parameters in the 

CFK models that also play important roles in predicting the rate of CO uptake and 

elimination, such as blood volume, alveolar ventilation, Hb concentration, and should 

be considered together in the future.   

6.4.2 Comparison of CO exposure models for different individuals in different 

scenarios 

Effects of different individuals on CO uptake and elimination 

In the study, we aimed to see the effects of factors such as age, sex, height, 

weight, ethnicity and smoking status on the rate of CO uptake and CO elimination. 

In the PFT section, all these factors exhibited an influence on DLCO, which is an 

important parameter in the CFK models (Coburn et al., 1965; Gosselin et al., 2009). 

When we control for the same CO exposure for different individuals, the CO uptake 

and elimination rates were higher in a younger male compared to an older male, in a 

taller male compared to a shorter male, and in males compared to females. 

Our study revealed that age may play a role in DLCO and may potentially affect 

CO uptake and elimination according to the CFK models (Figure 6-15 and Figure 

6-16). Figure 6-16 showed that young males had a higher rate of CO uptake and 

elimination than old males. When exposed to 10,000 ppm CO for 5 min, the 

difference of COHb concentration in the peak would be around 1.5 to 2 % between 

young males and old males. However, previous studies found age had no significant 

effect on COHb half-life (Burney et al., 1982; Weaver et al., 2000). In Burney et al.’s 

(1982) study, despite a wide age range (9-86) of the 146 students and 38 

teachers/school employees participating, the average age was only 20: the relative 
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lack of older participants means that the effects of age may not be significant. Weaver 

et al. (2000) only separated their participants into two groups: under 40-year-olds 

and over 40-year-olds: more and narrower age groups may have led to discovery of 

the effects of age. Similar to previous studies (Filley et al., 1954; Bruce and Bruce, 

2003), we found that taller people have a higher value of DLCO (Figure 6-17 and 

Figure 6-18), and this may increase CO uptake and elimination rate. Also, taller 

people with higher DLCO would increase the CO uptake and elimination rate when 

controlling for all other factors. 

The effects of sex are complicated. Some studies have found no significant 

effect of sex in the rate of CO elimination (Burney et al., 1982; Weaver et al., 2000) 

while others, for example, Pace et al. (1950), stated that females had a shorter COHb 

half-life than males (however, they did not explain the reasons for this in the study). 

Zavorsky et al. (2014) conducted an experiment to find any underlying factors that 

might cause a difference in COHb half-life between males and females. Their results 

showed that alveolar ventilation and total Hb mass were the main factors that affected 

the rate of CO elimination between sexes. When alveolar ventilation increased, the 

CO half-life decreased. However, when they normalised the COHb half-life with 

total Hb mass, the difference between the sexes disappeared. Therefore, they 

suggested that the difference in COHb half-life between males and females was 

mainly affected by total Hb mass, that is, the CO store in the body. It should be noted 

that they did not, however, consider factors such as DLCO and myoglobin.  

In our study, we found that males had an increased CO uptake and elimination 

compared to females due to the higher value of DLCO (Figure 6-13 and Figure 6-14), 

which is similar to previous studies (Filley et al., 1954; Bruce and Bruce, 2003). 

However, we did not consider the effects of alveolar ventilation, total Hb mass or 

myoglobin which makes it more difficult to ascertain the effects of sex on CO uptake 

and elimination. Future investigations of the effects of sex on CO uptake and 

elimination should include a more thorough body assessment, including lung 

function, DLCO, ventilation, Hb concentration, total Hb mass and myoglobin. When 

predicting the COHb half-life, the important factor in prolonging COHb half-life is 

the CO store in the body, including in Hb and myoglobin. 

In our study, smoking status did not significantly affect the rate of CO uptake 

and elimination. However, Cronenberger et al. (2008) stated that the median (range) 

CO half-life was 30.9 hours (7.13-367) in adult smokers, which is much longer than 
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the four hours found by (Kao and Nanagas, 2004). We suspect that the reason for this 

is that the predictions were still based on relatively healthy participants, so the DLCO 

value was not very different between smokers and non-smokers. Storebø et al. (2016) 

found that DLCO declined more rapidly with current smoking and more pack years. 

Additionally, several clinical conditions caused by smoking could also decrease 

DLCO, including emphysema, COPD and pulmonary fibrosis (Harvey et al., 2015; 

Nakazawa et al., 2018). Therefore, to understand the effects of smoking on the rate 

of CO uptake and elimination, the number of cigarettes smoked and any smoking-

related diseases should be taken into account in any future studies. 

Effects of different scenarios on CO uptake and elimination 

The most important factors affecting CO uptake and elimination are CO 

concentration and CO exposure duration (WHO, 2010). Different CO concentrations 

and the duration of CO exposure determine the categorisation of different CO 

exposure scenarios. When exposed to high CO concentration over a short time, the 

curve of CO uptake and elimination from both the CFK (1965) and modified CFK 

(2009) models was sharp (Figure 6-14, Figure 6-16, Figure 6-18 and Figure 6-20). 

When exposed to the same amounts of CO over a longer period, the curve was 

smoother (Figure 6-13, Figure 6-15, Figure 6-17 and Figure 6-19). The results were 

similar to those found in most available literature (Forbes et al., 1945; Peterson and 

Stewart, 1970; Peterson and Stewart, 1975; Bruce and Bruce, 2006).  

The possible reason for the difference of CO half-life for the same amount of 

CO with short-term low and long-term high CO exposure scenarios might be the 

amount of CO entering the tissue. Generally, if the CO exposure period was longer, 

more CO would enter into the tissue and increase the CO elimination time (Bruce 

and Bruce, 2006). From our study, the different CO half-life for the short-term low 

and long-term high CO exposure scenarios could be calculated. To distinguish the 

CO exposure scenarios, COHb at two time points should be taken and calculated to 

CO half-life (Weaver et al., 2000; Ozturan et al., 2019). Then, the calculated CO half-

life could be compared with the simulated CO half-life from the study. Therefore, 

the CO elimination curve could give the information for backcasting the CO exposure 

scenarios, which means to identify if it was a long-term low or a short-term high 

exposure of CO.  
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6.4.3 Limitations  

The limitations in the modelling were as follows. First, when simulating and 

comparing the data with that from Stewart et al.’s (1970) study, it was found that 

they had only reported the average demographic and physiological factors data of 

participants. Therefore, the simulation was based on the data from the average of all 

participants rather than each participant. However, since all their participants were 

young and healthy, the results showed that the predicted data had a good fit with the 

reported data.  

Second, the actual exposure of CO amount was hard to measure in the exhaled 

CO experiment. Many factors, such as exercise, cigarette type, puffs and individuals’ 

smoking habit, could make the exposure amount different and are hard to control for 

the experiment. Therefore, this study used the average CO amounts of exposure of 

cigarette from the report (WHO, 1999). This may reduce the validity of the predicted 

data from the simulations. 

Third, when predicting the rate of CO uptake and elimination for smokers, the 

exhaled CO was calculated to COHb by using the empirical relationship formula – a 

simple linear regression equation from Jarvis et al.’s (1980) study. Although there 

are some factors may affect the equation, such as being younger and impaired lung 

function, the regression provided an acceptable prediction for ‘average’ people (r= 

0.95, n=75) (Jarvis et al., 1980; Jarvis et al., 1986). In our study, we only included 

healthy adult smokers. Therefore, the equation should work with acceptable 

prediction. 

Fourth, parameters might change over time, such as populations overall get 

taller, live longer, etc. However, in our study, the predicted data from the simulation 

in section 6.3.1 was not only compared to the measured data from Stewart et al.’ 

(1970) study but also compared to the data from our CO-rebreathing experiment and 

our exhaled CO study. In the results, all CFK models showed an acceptable 

correlation, which was close to 1. Therefore, the parameters change over time, such 

as height and age, should not have a significant impact on the prediction of models. 

Last but not least, lack of any measured COHb data in the literature of the rate 

of CO uptake and elimination from old(er) people and unhealthy individuals. The 

study’s measured data were all from young healthy participants, and their 

characteristics may be different from older people, smokers and people with different 

diseases. Better results would be achieved if we could test the model with these data. 
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For example, if it was possible, the researcher would like to invite old(er) people and 

unhealthy individuals to be exposed to CO, such as using the DLCO test or CO-

rebreathing experiment. Then, recording their CO uptake and elimination time. After 

collecting the data of CO uptake and elimination time, the researcher would use these 

data to simulate the CFK models. If the CFK models still showed a good prediction, 

the results from the CFK models could be used not only for healthy young adults but 

also for the population of old(er) people and unhealthy individuals. 

6.4.4 Conclusion 

In conclusion, both CFK models and modified CFK models showed a good 

prediction of the CO uptake and elimination rate in stable and long-term CO exposure 

scenarios. However, in the relatively short-term and high concentration CO exposure 

scenarios, modified CFK models showed a better prediction than CFK models, 

especially for males. Moreover, when sex, age, and height are constant, CFK models 

with estimated DLCO from the present study produces a similar prediction of COHb 

value to the CFK models with its original DLCO model. However, the model from the 

present study is capable of producing predictions for individuals of a wide range of 

ages, heights and weights, either males or females, smokers or non-smokers, and of 

either Caucasian or Asian ethnic background.  

In the simulations from both CFK models and modified CFK models, when 

inhaling the same amount of CO, the longer the period of CO exposure, the longer 

the COHb half-life. Moreover, if comparing the different characteristics of people, 

males were found to have a higher CO uptake and elimination rate than females, as 

were younger people compared to old people. However, even though smoking status 

affected the baseline blood COHb, both smokers and non-smokers had a similar rate 

of CO uptake and CO elimination trends. Although the results show that backcasting 

of the CO exposure scenarios using only the models may not be highly accurate, it 

could help discriminate between different exposure scenarios in individuals 

presenting to health services. 

Further studies could validate the CO uptake and elimination rate with not only 

the relatively healthy population but also females, old people and people with some 

health issues. Also, the simulation of CO exposure could be more complicated, such 

as combine the short-term CO exposure and long-term CO exposure. 
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7 GENERAL DISCUSSION AND CONCLUSIONS  
Section 7.1 describes the general discussion of the three constituent parts and 

lays out the strengths and limitations in the present study. Section 7.2 summarise the 

main findings, gives a conclusion and provides some recommendations and 

suggestions for future study. 

7.1  General discussion, strengths and limitations 

7.1.1 General discussion 

Discussion for each section has been described in sections (Section 3 to Section 

6). In this section, the general discussion would focus on the concept that links with 

the whole present study. In the present study, the effects of factors, such as age, 

gender, height, weight, ethnicity and smoking status, on the rate of CO uptake and 

elimination were explored. Also, the empirical data in the present study was used to 

validate the existing human CO exposure models.  

The literature showed that the main system related to the rate of CO uptake and 

elimination are the respiratory system and the blood system (Filley et al., 1954; 

Coburn et al., 1965; Bruce and Bruce, 2003; Gosselin et al., 2009). In the respiratory 

system, the main factors related to the rate of CO uptake and elimination were 

alveolar ventilation (the exchange of gas between the alveoli and the external 

environment) and DLCO (the efficiency of gas exchange from lungs to blood) 

(Coburn et al., 1965; Bruce and Bruce, 2003; Gosselin et al., 2009; Strong, 2014c). 

Section 5 in the present study showed that age, gender, height, weight and ethnicity 

(Caucasian vs Asian) have impacted the DLCO value, which was similar to other 

studies (Paoletti et al., 1985; Stanojevic et al., 2008; Stanojevic et al., 2017; 

Talaminos Barroso et al., 2018). Therefore, if people were younger, male, tailer, 

heavier or Caucasian, their DLCO value would be higher and then the rate of CO 

uptake and elimination should be higher as shown in Section 5 and Section 6.  

Even though the smoking status did not show a significant effect on the rate of 

CO uptake and elimination in Section 4 and Section 6, it did show a possible impact 

on the DLCO among old people in Section 5. The possible reason that smoking status 

did not show a significant effect on the CO uptake and elimination might be a big 

variation of the smoking habit among smokers, such as years of smoking, the number 

of puffs, interval time between puffs and the depth of smoking (Castleden and Cole, 
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1975; Zhang et al., 2013; Maga et al., 2017; Schimmel et al., 2018). If the smoking 

habits could be carefully controlled, the effects of smoking status on the rate of CO 

uptake and elimination might be understood. 

In the blood system, the main factors related to the rate of CO uptake and 

elimination were blood volume and Hb concentration (Coburn et al., 1965; Bruce 

and Bruce, 2003; Gosselin et al., 2009). Section 3 showed that a person with the 

lowest Hb concentration, blood volume and total Hb mass, had the shortest CO half-

life, which was similar to other studies (Coburn et al., 1965; Woehlck et al., 2001; 

Bruce and Bruce, 2006; Zavorsky et al., 2014).  Blood volume also plays a role: as it 

increases, CO uptake and elimination rates decrease (Coburn et al., 1965; Bruce and 

Bruce, 2006). Therefore, if people had a lower value of blood volume, Hb 

concentration or total Hb mass, their COHb half-life should be shorter as shown in 

Section 3 and Section 6. However, Section 3 only contains three subjects. It is hard 

to determine the effects of the blood characteristics on the rate of CO uptake and 

elimination due to the small sample size. To give a solid conclusion, the sample size 

should be increased. 

Through the different findings from the sections (Section 3 to Section 6) of the 

present study, the final CO exposure model from the present study is capable of 

producing predictions for individuals of a wide range of ages, heights and weights, 

either males or females, smokers or non-smokers, and of either Caucasian or Asian 

ethnic background. However, as there are many possible causes and ways to have the 

same values of COHb in different individuals, some studies have measured the CO 

concentration in tissue, rather than measuring COHb, in their attempts to obtain 

information about different CO exposure scenarios (Vreman et al., 2006; Oliverio 

and Varlet, 2020). However, Vreman et al.’s (2006) study was only able to use the 

concentration of CO in the tissue to distinguish the cause of death rather than for 

back-casting the CO exposure scenarios.  

It was hard to use only current COHb to back-cast the CO exposure scenarios: 

a doctor who wants to back-cast the CO exposure scenario of a patient who attends 

an Emergency Department would need to ask further questions of the patient, 

including exact location relative to CO sources, time-activity, likely source 

concentration and likely duration of exposure (Hampson et al., 2012; Clarke et al., 

2012). However, if the characteristics of the patients could be obtained, the back-
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casting of the CO exposure scenarios of the individuals from the present study could 

give useful indications of varying exposure scenarios for individuals.  

7.1.2 Strengths and limitations 

Strengths  

Several strengths of the present study are described as follows, 

First, in the CO-rebreathing experiment (Section 3), even though the sample 

size was too small to have a solid conclusion, it did indicate that the blood volume, 

Hb concentration and total Hb mass might have an impact on the rate of CO uptake 

and elimination. If the blood volume, Hb concentration and total Hb mass increase, 

the rate of CO uptake and elimination will be slower. Moreover, it is the first study 

to investigate the measured CO elimination data by measuring total Hb mass not the 

calculated Hb mass (Zavorsky et al., 2014).  

Second, in the exhaled CO study (Section 4), even though no significant factors 

were found to affect the CO uptake and elimination rate, it is the first study to use a 

breath CO monitor to calculate exhaled CO half-life and explore factors affecting 

baseline exhaled CO concentration and exhaled CO half-life. The calculated exhaled 

CO half-life using a breath CO monitor was relatively similar to the COHb half-life 

measured in blood, especially in young healthy adults. Therefore, exhaled CO could 

be used as a marker of CO exposure. Also, this part of study has been published in 

the International Journal of Environmental Research and Public Health in 

November 2021 (Pan et al., 2021), please see Appendix 9.3. 

Third, in the PFT data analysis (Section 5), the PFT data were collected from 

two hospitals in different countries, Tri-Service General Hospital (Taiwan) and 

Royal Berkshire Hospital (UK), which needed great effort. Therefore, the effects of 

not only age, gender, height, weight and smoking status but also ethnicity on the 

important pulmonary function parameters (DLCO, VA and KCO) for the rate of CO 

uptake and elimination could be compared.  

Last but not least, in the CO exposure models simulation (Section 6), the CO 

exposure models were validated by not only the measured data from the literature 

but also the empirical data from our studies (Section 3, Section 4 and Section 5). The 

sections in the present study were closely linked with each other to give a solid 

conclusion. As precision medicine or customised medicine has been emphasised, the 
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one-size-fits-all approach has been criticised and the approach for treatments should 

be based on the different characteristics of individuals. From the findings, the CO 

exposure models could predict the rate of CO uptake and elimination for individuals 

of a wide range of ages, either males or females, heights and weights, smokers or 

non-smokers, and of either Caucasian or Asian ethnic background. Therefore, the 

models could not only give indications of the possible exposure CO scenarios for 

individuals but also provide useful guides for optimal treatment for individuals with 

various characteristics.  

Limitations 

Specific limitations have been presented in each section (Section 3 to Section 

6), in this section the overall limitations of the present study are discussed.  

As mentioned in the general discussion, CO uptake and elimination occurs in 

two main systems; the respiratory system (pulmonary function) and the blood system 

(blood characteristics). In our present study, the CO-rebreathing experiment (Section 

3) explores the effects of factors related to blood characteristics on the rate of CO 

uptake and elimination. The pulmonary function data collection (Section 5) helps 

understand the effects of factors related to pulmonary function on the rate of CO 

uptake and elimination. However, there were only 3 subjects collected in the CO-

rebreathing experiment. Therefore, the present study was hard to explore the factors 

related to blood characteristics. Future studies could discuss more the effects of the 

factors related to blood characteristics on the kinetics on CO uptake and elimination 

in the human body. 

Moreover, in the present study, the researcher tried to validate the CO exposure 

model with a wide range of different characteristics, such as age, gender, height, 

weight, ethnicity and smoking status, among the general population. However, each 

section was based on different settings, including the CO-rebreathing experiment 

(Southampton General Hospital), the exhaled CO study (UCL), and the pulmonary 

function data collection (Tri-Service General Hospital and the Royal Berkshire 

Hospital). Also, there were missing data in the studies. Therefore, the effects of some 

factors, such as Hb, body fat, menstrual cycle and smoking habits, between each 

participant can’t easily be controlled for without more subjects with more detailed 

data. 
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Also, through the present study, lack of any measured COHb data of the rate 

of CO uptake and elimination from old people and unhealthy individuals.  Therefore, 

it is hard to validate the CO exposure models among these people. Old people and 

unhealthy individuals might have different kinetics of CO uptake and elimination 

from young healthy individuals. In the future, the COHb measured data from these 

people could be more explored. 

7.2  Conclusions and recommendations 

CO poisoning is a critical public health issue in the world. CO exposure may 

cause headache, nausea and even loss of consciousness or death. Moreover, some 

patients may experience long-lasting neuropsychological sequelae and cognitive and 

psychological sequelae (DNS). Currently, the accepted approach to treating CO 

poisoned patients is to flush the CO from the body as quickly as possible, which is 

supported by the existing CO exposure models. These models predict the kinetics of 

CO uptake and elimination but are based on a limited dataset: it is necessary to 

improve these models using a wider population to enable optimal, more personalised 

treatment.  

7.2.1 Conclusions  

The literature presents several types of different human CO exposure models 

but these are often based on a limited number of people that are generally healthy, 

white and male. This work seeks to expand these CO exposure models to people with 

wider range of different characteristics, varying in age, sex, height, weight, smoking 

status and ethnicity. Therefore, different study designs were used to test the 

relationship between these demographic, physiological and behavioural factors and 

pulmonary function, the rate of CO uptake and the rate of CO elimination. Results 

from these three studies indicate how demographic, physiological and behavioural 

factors affect the results of CO exposure models through changes in pulmonary 

function. Finally, modified CO exposure models with estimated DLCO were used to 

simulate the CO uptake and elimination for a wider range of individuals.  

The main findings of the three studies are as follows. First, in the exhaled CO 

experiment, the results indicated that smoking status (light smokers vs heavy 

smokers) did not affect exhaled CO half-life; this may be due to the fact that the 

participants in the study were all young healthy smokers and had no history of lung 
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illness that related to smoking. However, the results may not be representative of the 

general population due to the small sample size and narrow age band (18-34) of the 

participants. 

Second, analysis of both of the datasets from TSGH relatively healthy group 

(Asian) and the RBH with normal PFT group (Caucasian) found that demographic, 

physiological and behavioural factors, such as age, sex, height and weight, played an 

important role in pulmonary function in terms of the ability of the lungs to transfer 

gas from inspired air to the bloodstream. It found that age was negatively associated 

with DLCO and it quantified such association. Similarly, the analysis provided novel 

quantified evidence of the positive association of height and weight with DLCO. This 

can be explained by older lungs being less efficient at transferring CO into the body. 

Height and weight are strongly linked with lung volume and this may be explained 

by taller and heavier individuals having larger lungs and being able to take in more 

CO into the blood stream. Also, males had a higher value of DLCO than females which 

is probably linked to that males have larger lungs than females; and non-smokers had 

a higher value of DLCO than smokers, due to non-smokers have a higher value of KCO 

than ever smokers. However, the effect of smoking status on DLCO was reduced in 

the TSGH ‘relatively healthy’ group and the RBH with ‘normal’ PFT group; this may 

be due to ever-smokers in those two groups may not yet having suffered any lung 

damage or lung illness related to smoking. For the lung transfer coefficient, KCO, the 

effect of smoking status was also reduced in the TSGH ‘relatively healthy’ group. 

This suggests that if smokers do not yet have any smoking-related lung disease, their 

DLCO and KCO figures are similar to non-smokers. When we took a closer look at 

those ‘relatively healthy’ smokers and ‘relatively healthy’ non-smokers, the DLCO of 

smokers decreases more rapidly than non-smokers with age. Even though smoking 

status did not show a significant effect on DLCO in either the TSGH “relatively 

healthy” group or the RBH ‘normal’ PFT group, we would expect a more significant 

difference in older groups as older smokers have lower DLCO than younger ones: the 

combined effect of ageing and smoking on DLCO could be an area for further research.  

When comparing the resultant predictive models for DLCO, VA and KCO 

between Asian (TSGH) and Caucasian (RBH) groups, it indicated that the Asian 

population might have a slightly lower value of DLCO compared to the Caucasian 

population even after adjusting for age, sex, height and weight. From the PFT section 

of the work, we could see the value of lung volume (VA) was slightly higher in the 
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Caucasian population, while the value of KCO was similar in both Caucasians and 

Asians. This explains Asians’ lower value of DLCO when compared to the Caucasian 

population. The value VA is linked to height in the predictive models, indicating that 

the difference in DLCO between Asians and Caucasians could be explained by VA 

and height differences.  

Finally, after obtaining the predictive models for DLCO in the PFT section, we 

used the estimated DLCO value in the CO exposure models (CFK models) to predict 

the COHb level for different individuals in various CO exposure scenarios. In the 

CO exposure models, we focused on DLCO, which is calculated from VA and KCO. It 

is the ability of individuals’ lungs to transfer gas (CO) from inhaled air to the red 

blood cells in pulmonary capillaries and is a key parameter in CFK models. 

Simulations based on the estimated DLCO from the model developed in the present 

study were shown to produce similar results and predictions as the CFK (1965) and 

modified CFK (2009) models, especially when the individuals considered had the 

same age, height and sex as those originally studied. However, the present study can 

produce simulations for a much wider range of individuals, differing by age, sex, 

height, ethnic group and smoking status. Therefore, these PFT data have helped to 

further empirically validate the CFK models. For example, the present CFK models 

with estimated DLCO, predicted that CO uptake and elimination rate would be higher 

in males compared to females, in a taller male compared to a shorter one, and in a 

younger male compared to an older one. However, it did not show a specific 

difference between smoking and non-smoking young males.   

The CFK models with estimated DLCO from the predictive models developed 

during research could be used to predict the rate of CO uptake and elimination more 

accurately for different sub-sets of a population with different health conditions in 

future work. They provide more reliable and realistic modelling of predicted COHb 

values in different CO uptake and elimination scenarios for different individuals, 

which could provide useful and practical guidance in clinical science and practice. 

Overall, the present study found the important factors affecting the rate of CO 

uptake and elimination, such as age, gender, height, weight, ethnicity and pulmonary 

function. Even though the smoking status did not show a significant impact on the 

rate of CO uptake and elimination, its effect should not be excluded in the older 

population. Moreover, the study helped provide empirical validation of existing 

human CO exposure models to better predict the rate of CO uptake and elimination 
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for a wider population by revealing the underlying pulmonary function. If these 

characteristics could be collected in the hospital, the possible exposure scenarios 

could be predicted. This could help medical staff distinguish the susceptible patients 

(who might have a longer CO elimination time) and provide more efficient treatment 

strategies to the different scenarios for CO poisoned patients.  

Building on the current research, there are several future research perspectives. 

First, future work could further explore the effects of CO exposure in old people and 

people with different health statuses. Although it would be unethical to expose 

susceptible people (such as old people and people in poor health) to CO in an 

experiment, it should be possible to follow their CO elimination rate after a DLCO 

test or CO-rebreathing experiment under clinical and medical staff control. Second, 

future studies could consider the effects of other factors, especially on blood 

characteristics and smoking habits; on the rate of CO uptake and elimination. 

Furthermore, future work could provide a comprehensive overview of demographic, 

physiological and behavioural factors’ effects on not only pulmonary function but 

also blood characteristics in order to gain a more thorough understanding of factors 

affecting CO poisoning and personal CO exposure. 

7.2.2 Recommendations 

The results of the present study could help prevent, and provide treatment for, 

CO poisoning. Recommendations for different perspectives are given below.  

From the public health perspective, it is important to set a customized standard 

in different settings or buildings according to the characteristics of the residents. For 

example, in places such as nursing homes or hospices, the residents are more 

susceptible (older and may have lung disease) than, for example, people working in 

an office; the standards for indoor CO exposure for those settings should be stricter. 

Also, if the exhaled CO concentration for a non-smoker was equal to or above 5 ppm, 

they might have exogenous CO exposure and would trigger a home investigation. 

For smokers, it is hard to determine if smokers have CO exogenous CO exposure. 

However, according to the present study, if the exhaled CO concentration is above 

10 ppm for smokers whose last smoked is more the four hours ago, the possibility of 

exogenous CO exposure and an investigation should be considered. 

From the CO exposure modelling perspective, under stable CO exposure, the 

CFK model and modified CFK model both showed good predictions for the rate of 
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CO uptake and elimination. However, if people are exposed to a high concentration 

of CO for a relatively short time, the modified CFK model would be recommended. 

Moreover, some important factors affecting the rate of CO uptake and elimination 

have been found in the models in the present study. Therefore, for modellers, if they 

considered predicting the CO exposure of the population, different characteristics 

should be considered, such as; age, gender, height, weight, ethnicity and pulmonary 

function. For example, when doing the empirical modelling, different target groups 

with different characteristics could be set (ie. Female group, male group, young 

group, older group, etc.); when doing the microenvironmental exposure modelling, 

individuals who have a longer CO elimination time could be simulated in different 

groups, such as people with older age and those with lower DLCO value.  

From the health care perspective, the present study could help medical staff to 

identify more susceptible patients and design more accurate individual treatment 

strategies. To identify the susceptible patients for CO poisoning, the factors affecting 

the rate of CO uptake and elimination from the present study should be collected, 

such as age, gender, height, weight and ethnicity. Even though the smoking status 

did not show a significant impact on healthy young individuals, the factor should be 

also collected in the hospital, especially for old patients. Moreover, after these factors 

are collected, two possible CO exposure scenarios (long-term CO exposure and 

short-term CO exposure) could be simulated by CFK models. If the concentrations 

of COHb at 2 different time points (ie. at scene, at ED, before HBO treatment, etc.) 

for a patient are collected, the COHb half-life will be calculated and compared with 

the simulated data from CFK models. Then, the possible CO exposure scenarios of 

the patient could be predicted. Therefore, for susceptible patients who may have a 

longer CO half-life, the initial rapid treatment should be supplemented by follow-up 

procedures to check the amount of CO remaining in the body. This would also guide 

any decisions regarding testing for DNS for these patients. 

From the built environment perspective, the study informs architects, engineers, 

and designers about populations who are particularly susceptible to CO poisoning. 

When designing buildings for different settings, they should pay attention to the 

characteristics of the residents in the settings, such as old people, children, or people 

suffering chronic diseases; and the environment around the building, such as heavy 

road traffic or fossil-fuel power stations. Sufficient ventilation design for kitchens, 
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heating and hot water boiler or places with CO sources should be kept in mind, 

especially in nursing homes or hospices. 

CO poisoning consequences are influenced by CO uptake and elimination 

which are, in turn, affected by various factors. Several CO exposure models have 

been built to predict the COHb in the human body. However, these models are based 

on a limited dataset and a clear and thorough picture of the factors and underlying 

mechanism for CO uptake and elimination is yet to be achieved. Much work on CO 

exposure and the potential factors affecting CO uptake and elimination for people 

with different characteristics still needs to be done. Our present study has empirically 

validated the CO exposure models with PFT datasets to enable them to cover a wider 

population and has given a better understanding of CO exposure and CO poisoning 

in the general population. Additionally, it opened up the possibility to produce 

simulations tailored to a wide range of specific physiological and clinical conditions. 

This research has laid a foundation for future researchers to build on, exploring the 

effects of different CO exposure scenarios on differing individuals in order to guide 

medical staff in designing a more customised treatment for CO poisoned patients. 
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9  APPENDIX 

9.1 Ethical approval confirmation and documents for projects 

9.1.1 Ethical document from Southampton Hospital 

 

Supplementary Figure 9-1. Consent form from Southampton Hospital for CO-

rebreathing project 
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9.1.2 Ethical approval from Tri-Service General Hospital 

 

Supplementary Figure 9-2. Ethical approval from Tri-Service General Hospital for 

PFT project 
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9.1.3 Ethical approval from Royal Berkshire Hospital (HRA) 
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Supplementary Figure 9-3. Ethical approval from HRA for PFT project 
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Supplementary Figure 9-4. Ethical approval from RBH for PFT project 
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9.1.4 Ethical and related documents from UCL 

 

Supplementary Figure 9-5. Ethical approval from UCL for TSGH PFT project  
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Supplementary Figure 9-6. Ethical approval from UCL for exhaled CO project 
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Supplementary Figure 9-7. Data protection confirmation from UCL for exhaled CO 

project 
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Supplementary Figure 9-8. Questionnaire for exhaled CO experiment at UCL 

 
 
 

 

Supplementary Figure 9-9. The poster and flyer for exhaled CO experiment at UCL 
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9.2 Supplemental information for literature review and 

supplemental data for results 

This section contains the supplemental information for literature review and 

supplemental data for Section 5. 

9.2.1 Supplemental information for literature review and methods 

Equations for parameters in CFK (1965) model 

Below are the assumptions and equations for the parameters of the CFK (1965) 

model. Haldane’s coefficient, which quantifies the relative affinity of CO and O2 for 

Hb, was assumed to be 250 in the CFK (1965) model (Haldane and Smith, 1897; 

Coburn et al., 1965). For [COHb]0 and [HbO2], the values were derived from Peterson 

and Stewart’s (1975) study. The maximum Hb capacity for CO (𝛿) is 1.389 ml/g based 

on STPD conditions and 1.68 ml/g based on BTPS conditions, for which the 

conversion factor β is 1.21 (West, 1995; WHO, 1999; Gosselin et al., 2009). The 

[O2Hb]max used the data from Peterson and Stewart (1975) which reported that the 

value of [O2Hb]max was around 0.25 ml/ml. The equations are as follows: 

[𝐻𝑏𝑂2]𝑚𝑎𝑥 =  𝛿 × [𝐻𝑏] ÷ 100 

[𝐶𝑂𝐻𝑏]0(%) =  [𝐶𝑂𝐻𝑏]0(𝑚𝑙/𝑚𝑙) × 100 ÷ [𝐻𝑏𝑂2]𝑚𝑎𝑥 

The value of VCO (rate of endogenous CO production) in the CFK model was 

calculated based on the first equation below and was then converted into the value of 

BTPS conditions by using the second equation from Gosselin et al.’s study, where β 

is 1.21 (Coburn et al., 1963; West, 1995; Gosselin et al., 2009).   

𝑉𝐶𝑂(𝑆𝑇𝑃𝐷) = 0.007 ×
𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)

69.59(𝑘𝑔)
 

𝑉𝐶𝑂(𝐵𝑇𝑃𝑆) = 𝛽 × 𝑉𝐶𝑂(𝑆𝑇𝑃𝐷) 

The equations used to generate VAR (alveolar ventilation rate), f (respiration rate), 

VBL (blood volume), VT (tidal volume) and DLCO were from Peterson and Stewart’ 

(1975) study, where BSA means body surface area (m2).  

𝑉𝐴𝑅 = 0.933 × 𝑓(𝑚𝑖𝑛−1) × 𝑉𝑇 − 132𝑓 

𝑉𝐵𝐿 (𝑀𝑎𝑙𝑒) =  74 (𝑚𝑙/𝑘𝑔) ×  𝑊𝑒𝑖𝑔ℎ𝑡 

𝑉𝐵𝐿 (𝐹𝑒𝑚𝑎𝑙𝑒) =  73 (𝑚𝑙/𝑔) ×  𝑊𝑒𝑖𝑔ℎ𝑡 

𝐷𝐿𝐶𝑂(𝐵𝑇𝑃𝑆) = 1/(−0.0287 + 0.1188/𝐵𝑆𝐴)) 

BSA (body surface area) was presented as around 0.25 to 2.25 m2. The most 

common value was around 2 m2 (Foster, 1964). The most widely used equation to 

calculate BSA was published in The New England Journal of Medicine by Mosteller 

(1987). 
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𝐵𝑆𝐴 (𝑚2) = √
𝐻𝑒𝑖𝑔ℎ𝑡 (𝑐𝑚) × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)

3600
 

Equations for parameters in the modified CFK (2009) model 

The following shows the equations for the parameters in the CFK model in BTPS 

condition (Coburn et al., 1965; Peterson and Stewart, 1975; Gosselin et al., 2009). The 

equations for VALV, QALV, Endo, PO2, VBL and 𝐵𝐶𝑂𝐻𝑏
𝑀𝑎𝑥  were defined as follows (Cotes, 

1975; Brown et al., 1997), 

𝑉𝐴𝐿𝑉 = 𝑉𝑇(𝑡𝑖𝑑𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒, 𝑚𝑙𝑎𝑖𝑟) − 𝑉𝐷(𝑝ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑑𝑒𝑎𝑑 𝑠𝑝𝑎𝑐𝑒, 𝑚𝑙𝑎𝑖𝑟) 

𝑄𝐴𝐿𝑉 = 𝑓𝑅(𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝑚𝑖𝑛−1) × (𝑉𝑇 − 𝑉𝐷) 

𝐸𝑛𝑑𝑜 = 1.21 × 0.007(𝑚𝑙𝐶𝑂) ×
𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)

69.5(𝑘𝑔)
 

𝑃𝑂2 = −0.24 × 𝐴𝑔𝑒(𝑦𝑒𝑎𝑟) + 104.7 

𝐵𝐶𝑂𝐻𝑏
𝑀𝑎𝑥 =  𝑏𝐶𝑂𝐻𝑏

𝑀𝑎𝑥 × 𝐶𝐻𝑏 × 𝑉𝐵𝐿 

𝑉𝐵𝐿(𝐵𝑙𝑜𝑜𝑑 𝑉𝑜𝑙𝑢𝑚𝑒) = 7.9% × 𝑊𝑒𝑖𝑔ℎ𝑡 

Gosselin et al. (2009) calculated DLCO using the equations from Paoletti et al.’ 

(1985) study, as shown below (see also details of the equation shown in Section 2.5.3 . 

𝐷𝐿𝐶𝑂(𝑀𝑎𝑙𝑒) =  −31.3822 − 0.1936 × 𝐴𝑔𝑒(𝑦𝑟) + 0.4410 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

𝐷𝐿𝐶𝑂(𝐹𝑒𝑚𝑎𝑙𝑒) = 5.0767 − 0.0677 × 𝐴𝑔𝑒(𝑦𝑟) + 0.1569 × 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) 

The DLCO was shown in STPD condition. Gosselin et al. (2009) converted it into 

BTPD condition through multiplied the β, which was equal to 1.21 in model simulation 

(West, 1995).  

𝐷𝐿𝐶𝑂 (𝐵𝑇𝑃𝑆) =  𝛽 × 𝐷𝐿𝐶𝑂 (𝑆𝑇𝑃𝐷) 

Equations for CO-rebreathing experiment 

Total Hb mass calculation (oCOR method) 

tHb − mass(g) = (K × MCO × 100) ÷ (∆COHb(%) × 1.39) 

a. K was calculated from ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑏𝑎𝑟𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 × 760−1 ×
[1 + (0.003661 × 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)]’ 

b. MCO was calculated from ‘𝐶𝑂𝑎𝑑𝑚 −
(𝐶𝑂𝑠𝑦𝑠𝑡𝑒𝑚+𝑙𝑢𝑛𝑔 (𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛) + 𝐶𝑂𝑒𝑥ℎ𝑎𝑙𝑒𝑑(𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛))’ 

c. COadm means the CO volume administered to the system 
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d. COsystem+lung (after disconnection) was calculated from 

‘𝐶𝑂 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑠𝑝𝑖𝑟𝑜𝑚𝑒𝑡𝑒𝑟 × (𝑠𝑝𝑖𝑟𝑜𝑚𝑒𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 +
𝑙𝑢𝑛𝑔 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)’ 

e. COexhaled (after disconnection) was calculated from ‘𝑒𝑛𝑑 −
𝑡𝑖𝑑𝑎𝑙 𝐶𝑂 𝑐𝑒𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 𝑎𝑙𝑣𝑒𝑜𝑙𝑎𝑟 𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 × 𝑡𝑖𝑚𝑒’ 

f. ∆COHb(%) means the difference between basal HbCO and HbCO in 

the blood samples after CO administration 

g. 1.39 (mlCO/g Hb) = Hüfner number (the amount of CO that can bind 

with one gram of Hb when fully saturated) 

Details for method of equations for the CFK (1965) model 

Supplementary Table 9-1. Parameters in the CFK (1965) model and their associated units 

Parameter Unit 

COHb, a ratio of COHb to Hb, expressed as a percentage % 

DLco, diffusing capacity of the lung for CO, (ml/min)/mmHg 

M, the ratio of the affinity of blood for CO to that for O2 No units 

O2Hb, a ratio of OHb to Hb expressed as a percentage % 

PB pressure, mmHg 

Pco2, the average partial pressure of O2 in lung capillaries mmHg 

PH2O, the saturated water vapour pressure at body temperature mmHg 

Pico, partial pressure of CO in inhaled air minus water vapour mmHg 

t, time min 

VAR, alveolar ventilation rate ml/min 

VBL, blood volume ml 

VCO, rate of endogenous CO production ml/min 

[COHb]0, the measure of CO in the blood at time t=0, a ratio of 

COHb to Hb expressed as a percentage 

- 

Supplementary Table 9-2. Measured COHb following exposure to 50 ppm of CO (Stewart et al., 

1970, page 157) 

 Mean Range No. of Subjects 

Time during exposure 

Preexposure 0.7 0.4-1.5 11 

30 min 1.3 1.3 3 

1 hour 2.1 1.9-2.7 11 

3 hours 3.8 3.6-4.2 10 

6 hours 5.1 4.9-5.5 5 

8 hours 5.9 5.4-6.2 5 

12 hours 7.0 6.5-7.9 3 

15.5 hours 7.6 7.2-8.2 3 

22 hours 8.5 8.1-8.7 3 

24 hours 7.9 7.6-8.2 3 

Time after 1 hour of exposure 

30 min 1.8 1.8 3 

1 hour 1.7 1.6-1.8 3 

2 hours 1.5 1.4-1.5 3 

5 hours 1.1 1.0-1.1 2 

Time after 3 hours of exposure 

30 min 3.7 3.4-3.9 3 

1 hour 3.3 2.7-3.8 3 

2 hours 2.7 2.3-3.0 3 

Time after 8 hours of exposure 

30 min 5.6 5.1-5.9 3 

1 hour 5.1 4.8-5.4 3 

1 hour 45 min 4.0 - - 
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11 hours 1.5 1.4-1.7  

Time after 24 hours of exposure 

30 min 7.5 7.2-7.8 3 

1 hour 6.7 6.4-7.1 3 

2 hours 5.8 5.6-6.2 3 

 

Calculations for the parameters used in the CFK (1965) model 

Haldane’s coefficient, which quantifies the relative affinity of CO and O2 for Hb, 

was assumed to be 250 in the CFK (1965) model (Haldane and Smith, 1897; Coburn 

et al., 1965). The person was assumed male with height of 174.4 cm, weight of 70 kg 

and Hb concentration of 15 g/dL.  

[𝐻𝑏𝑂2]𝑚𝑎𝑥 =  𝛿 × [𝐻𝑏] ÷ 100 = 1.68 × 15 ÷ 100 = 0.25 

 [𝐶𝑂𝐻𝑏]0 (
𝑚𝑙

𝑚𝑙
) = [𝐶𝑂𝐻𝑏]0(%) × [𝐻𝑏𝑂2]𝑚𝑎𝑥 ÷ 100 = 0.7 × 0.25 ÷ 100

= 0.0018 

𝑉𝐶𝑂(𝑆𝑇𝑃𝐷) = 0.007 ×
𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)

69.59(𝑘𝑔)
= 0.007 ×

70

69.59
= 0.007 

𝑉𝐶𝑂(𝐵𝑇𝑃𝑆) = 𝛽 × 𝑉𝐶𝑂(𝑆𝑇𝑃𝐷) = 1.21 × 0.007 = 0.0085 

The equations used to generate VA and VBL are from Peterson and Stewart’s 

(1975) study. The researcher then used the data from Gosselin et al.’s (2009) study to 

calculate the results, where respiration rate (f) is assumed to be 12 min-1 and tidal 

volume (VT) is assumed to be 750 ml. 

𝑉𝐴𝑅 = 0.933 × 𝑓 × 𝑉𝑇 − 132𝑓 = 0.933 × 12 × 750 − 132 × 12 = 6813 

𝑉𝐵𝐿(male) = 74 × 𝑤𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) = 74 × 70 = 5180 

𝐵𝑆𝐴 (𝑚2) = √
𝐻𝑒𝑖𝑔ℎ𝑡 (𝑐𝑚) × 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘)

3600
= √

174.4 × 70

3600
= 26.81 

𝐷𝐿𝐶𝑂 = 1/(−0.0287 + 0.1188/𝐴) = 1/(−0.0287 + 0.1188/1.8) = 26.81 

 

Supplementary Table 9-3. The values of the parameters used for the CFK (1965) model simulation 

Parameter Description Value 

DLCO Diffusion capacity of CO 26.8 (ml/min)/mmHg 

M The ratio of the affinity of blood for CO 

to that for O2 

250  

PB Barometric pressure 750 mmHg 

PCo2 (PaO2) The average partial pressure of oxygen 

in lung capillaries 

100 mmHg 

VAR Alveolar ventilation rate 6000 ml/min 

VBL Blood volume 5500 ml 
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VCO Rate of endogenous CO production 0.07 ml/min 

[COHb]0 Percentage of ml of CO per ml of blood 

at the beginning of the exposure 

0.7 % 

 

Details for method of equations for the modified CFK (2009) model 

Supplementary Table 9-4. Parameters in the modified CFK (2009) model and their associated units 

Parameter unit 

𝐴𝐶𝑂(𝑡), Amount of CO in alveoli as a function of time mlCO 

𝐵𝐶𝑂(𝑡), Total amount of CO in the blood as a function of time  mlCO 

𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥 , The maximum amount of CO bound to Hb  mlCO 

𝐶𝐸𝑋𝑇(𝑡), The concentration of CO in ambient air as a function 

of time  

mlCO/mlair 

𝐷𝐿𝐶𝑂, Diffusing capacity of lungs for CO  (mlCO/min)/mmHg 

𝐸𝑛𝑑𝑜, rate of endogenous production of CO  mlCO/min 

M, Haldane’s coefficient which quantifies the relative 

affinity of CO and O2 for Hb 

- No units 

𝑃𝑂2, Partial pressure of oxygen in lung capillaries mmHg 

𝑄𝐴𝐿𝑉, The alveolar ventilation rate of inhaled air   mlair/min 

R, Avogadro’s constant mmHg (mlair )/Kelvin(mlCO) 

𝑉𝐴𝐿𝑉 , Alveolar volume ml 

𝑆𝐶𝑂(𝑡) , Amount of CO bound to haem proteins in the 

extravascular spaces as a function of time 

mlCO 

T, Temperature BTPS Kelvin 

𝑏𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥 , The maximum amount of CO bound to 1g of Hb  mlCO/gHb 

𝑘𝐻𝑆 , Capture rate of CO from blood to haem proteins in 

extravascular spaces  

1/min 

𝑘𝑆𝑓 , The release rate of CO from haem proteins in 

extravascular spaces to blood  

1/min 

𝑘𝐶𝑂2, Oxidising rate of CO  1/min 

t, time min 

 

The simulations used the reference values for respiratory parameters, including 

tidal volume (VT), respiratory frequency (fR), physiological dead space (VD) and 

alveolar ventilation rate (QALV) in BTPS condition (body temperature of 37 °C, 

ambient barometrical pressure conditions and breathing gas saturated with water 

vapour) in Supplementary Table 9-5 and reference values for DLCO are shown in Table 

2-10 in Section 2.5.3 (Gosselin et al., 2009).  

Supplementary Table 9-5. Reference values for the respiratory parameters of the general population 

(in BTPS condition) 

Age group 

People at rest 

Tidal volume 

(ml) 

Respiratory 

frequency 

(min-1) 

Physiological 

dead space (ml) 

Alveolar 

ventilation rate 

(ml/min) 

1 year old 102 36 23 2843 

5 years old 213 25 53 4000 

10 years old     

  Boys 333 19 90 4620 

  Girls 333 19 90 4620 

15 years old     

  Boys 533 15 150 5749 

  Girls 417 16 131 4571 

Adults     
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  Men 750 12 168 6982 

  Women 464 14 143 4496 

Because the individual value for participants in Stewart et al.’s (1970) study was 

not reported, simulations used average physiological parameters for men at rest. The 

final data used in the simulation of the modified CFK model was shown in 

Supplementary Table 9-6.  

Supplementary Table 9-6. The values of parameters used for modified CFK (2009) model simulation 

Parameter Value Unit Calculation 

Age 30  years-old  

Sex Male   

Height 174.4 cm  

Weight 70  kg  

 𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  1393.56  mlCO 1.68 × 150 × 0.079 × 70 

CHb 150  gHb/Lblood  

 𝐷𝐿𝐶𝑂 48.1  (mlCO/min)/mmHg (-31.3822-0.1936×30+0.4410×174.4) × 

1.21 

 𝐸𝑛𝑑𝑜 0.0085  mlCO/min 1.21 × 0.007 × (70/69.5) 

M 240   

 𝑃𝑂2 97.5  mmHg -0.24 × 30 + 104.7 

QALV 6982  mlair/min (750-168) × 12 

R 2.55  
mmHg 

(mlair )/Kelvin(mlCO) 

 

 T 310  Kelvin  

VD 168  mlair  

 VBL 5.53  Lblood 7.9% × 70 

VT 750  mlair  

 𝑉𝐴𝐿𝑉  582  ml 750-168 

 𝑏𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  1.68  mlCO/gHb  

fR 12 min-1   

 𝑘𝐻𝑏𝑆 0.002 1/min  

 𝑘𝑆𝑓 0.01 1/min  

 𝑘𝐶𝑂2 0.000033

3 

1/min  

9.2.2 Supplemental tables for exhaled CO study 

Supplementary Table 9-7. Basic demographic and behavioural factors overview for smokers and 

comparison of characteristics between light smokers and heavy smokers by chi-square test in the 

exhaled CO experiment dataset 

Characteristics 

Total 

(n=48) 

n (%) 

Light 

Smokers 

(n=28) 

n (%) 

Heavy 

smokers 

(n=20) 

n (%) 

p-value 

Sex    - 

 Male  39(81.3) 20(71.4) 19(95.0)  

 Female  9(18.7) 8(28.6) 1(5.0)  

Ethnicity    0.497 

  Asian 27(56.3) 14(58.3) 13(68.4)  

  White/Caucasian 16(33.3) 10(41.7) 6(31.6)  

Type of cigarette     0.883 

  Tobacco cigarettes  33(68.8) 19(67.9) 14(70.0)  

  Roll-ups  11(22.9) 7(25.0) 4(20.0)  

  Both  4(8.3) 2(7.1) 2(10.0)  

Exposure to CO before study    0.301 
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  None  32(66.7) 17(60.7) 15(75.0)  

  Yes  16(33.3) 11(39.3) 5(25.0)  

Exercise before study    0.762 

  None  30(62.5) 18(64.3) 12(60.0)  

  Yes  18(37.5) 10(35.7) 8(40.0)  

Note: *Where there was a significant difference found between light smokers and heavy smokers 

these values are shown in bold. 

Supplementary Table 9-8. Exhaled CO value for smokers and comparison of the data from light 

smokers and heavy smokers by t-test in the exhaled CO experiment dataset 

Exhaled CO (ppm) 

Total 

(n=48) 

mean ±SD 

Light 

Smokers 

(n=28) 

mean ±SD 

Heavy 

smokers 

(n=20) 

mean ±SD 

p-value 

Baseline  6.9 ±4.9 4.8 ±2.6 10.0 ±5.8 <0.001 

Right after smoking  11.7 ±5.9 9.4 ±4.2 14.9 ±6.5 <0.001 

30 mins after smoking 10.4 ±4.8 8.4 ±3.2 13.1 ±5.4 <0.001 

60 mins after smoking 9.5 ±4.4 7.8 ±3.1 12.0 ±4.7 <0.001 

90 mins after smoking 8.8 ±4.0 7.3 ±2.9 10.9 ±4.4 0.001 

120 mins after smoking 8.2 ±3.7 6.7 ±2.6 10.4 ±4.1 <0.001 

Supplementary Table 9-9. Variation of baseline exhaled CO with demographic and behavioural 

factors for non-smokers analysed with t-test in the exhaled CO experiment dataset 

Variable (n=26) 
Baseline exhaled CO (ppm) 

mean ±SD  
p-value 

Sex  0.392 

  Male (n=14) 2.0 ±0.6  

  Female (n=12) 1.8 ±0.4  

Ethnicity  0.575 

  Asian (n=18) 2.0 ±0.3  

  Hispanic/Latino (n=2) 1.5 ±0.7  

  White/Caucasian (n=5) 2.0 ±0.7  

Exposure to CO before the study   0.724 

  None (n=21) 1.9 ±0.4  

  Yes (n=5) 2.0 ±0.7  

Exercise before the study  0.772 

  None (n=22) 1.9 ±0.4  

  Yes (n=4) 2.0 ±0.8  

Supplementary Table 9-10. Univariable linear regression of the relationship between baseline 

exhaled CO and each demographic and physiological factors for non-smokers in the exhaled CO 

experiment dataset  

Variable (n=26) 
Baseline exhaled CO (ppm) 

 a Beta b p-value R2 

Age (year) -0.028 -0.159 0.437 0.025 

Height (cm) 0.011 0.237 0.245 0.056 

Weight (kg) 0.0003 0.009 0.967 0.0001 

BMI (kg/m2) 0.002 0.009 0.965 0.0001 

Note: a  (un-standardised coefficient), b Beta (standardised coefficient). 

Supplementary Table 9-11. Variation of CO increase after smoking with demographic and smoking-

related factors for smokers analysed with t-test in the exhaled CO experiment dataset 

Variable (n=48) 

CO increased after smoking 

(ppm) 

mean ±SD 

p-value 

Sex  0.037* 

  Male (n=39) 4.4 ±2.2  

  Female (n=9) 6.3 ±3.0  
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Ethnicity  0.802 

  Asian (n=27) 4.4 ±2.6  

  White/Caucasian (n=16) 4.5 ±1.7  

Smoking group  0.688 

  Light smokers (n=28) 4.6 ±2.8  

  Heavy smokers (n=20) 4.9 ±1.8  

Exercise before study  0.180 

  None (n=30) 5.1 ±2.2  

  Yes (n=18) 4.1 ±2.8  

Note: *Where a significant difference was found in CO uptake amounts, these values are shown in 

bold. 

Supplementary Table 9-12. Univariable linear regression of the relationship between CO increase 

after smoking and each demographic, physiological, behavioural factors and smoking-related factor 

for smokers in the exhaled CO experiment dataset 

Variable (n=48) 
CO increased after smoking (ppm) 

 a Beta b p-value R2 

Age (year) -0.087 -0.158 0.282 0.025 

Height (cm) -0.104 -0.341 0.018* 0.116 

Weight (kg) -0.056 -0.316 0.029* 0.100 

BMI (kg/m2) -0.142 -0.208 0.157 0.043 

Years of smoking (year) 0.026 0.051 0.732 0.003 

Time since last cigarette (hr ago) (n=47) 0.003 0.054 0.714 0.003 

Cigarettes smoked (daily) 0.008 0.018 0.905 0.0003 

Cigarettes smoked (weekly) 0.004 0.059 0.693 0.003 

Puffs taken per cigarette 0.102 0.170 0.249 0.029 

Smoking duration (min) 0.076 0.033 0.826 0.001 

Note: *Significant variables affect CO uptake amounts are shown in bold, a  (un-standardised 

coefficient), b Beta (standardised coefficient). 

Supplementary Table 9-13. Variation of CO decrease after smoking with demographic and smoking-

related factors for smokers analysed by t-test in the exhaled CO experiment dataset 

Variable (n=47) 
CO decreased after smoking (ppm) 

mean ±SD 
p-value 

Sex  0.826 

  Male (n=38) 3.6 ±2.6  

  Female (n=9) 3.4 ±1.7  

Ethnicity  0.834 

  Asian (n=27) 3.7 ±2.9  

  White/Caucasian (n=15) 3.2 ±1.7  

Smoking status  0.013* 

  Light smokers (n=27) 2.8 ±1.8  

  Heavy smokers (n=20) 5.6 ±2.8  

Note: *Where a significant difference was found in CO elimination, these values are shown in bold. 

Supplementary Table 9-14. Univariable linear regression of the relationship between CO decrease 

after smoking and each demographic, physiological, behavioural and smoking related factor for 

smokers in the exhaled CO experiment dataset 

Variable (n=47) 
CO decreased after smoking (ppm) 

 a Beta b p-value R2 

Age (year) 0.016 0.030 0.838 0.001 

Height (cm) -0.045 -0.148 0.319 0.022 

Weight (kg) -0.006 -0.037 0.805 0.001 

BMI (kg/m2) 0.023 0.035 0.816 0.001 

Years of smoking (year) 0.056 0.107 0.466 0.009 

Time since last cigarette (hrs ago)  -0.008 -0.171 0.257 0.029 

Cigarettes smoked (daily) 0.118 0.271 0.065 0.074 

Cigarettes smoked (weekly) 0.020 0.334 0.022* 0.111 
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Puffs taken per cigarette -0.060 -0.103 0.491 0.011 

Smoking duration (min) -0.128 -0.056 0.707 0.003 

Note: Significant variables affect CO elimination are shown in bold, a  (un-standardised 

coefficient), b Beta (standardised coefficient). 

9.2.3 Supplemental tables for PFT groups 

TSGH group with any PFT 

Supplementary Table 9-15. Collinearity test of variables by VIF in the TSGH group with any PFT  

Variable (n=1,943) 
VIF 

(variance inflation factor) 

Age (yr) 1.30 

Sex (male) 2.32 

Height (cm) 34.71 

Weight (kg) 125.78 

BMI (kg/m2) 91.60 

Ever smoker 1.24 

Obesity 1.76 

Obstructive lung disease 1.12 

Restrictive lung disease 1.11 

Mixed obstructive and restrictive lung disease 1.09 

Supplementary Table 9-16. Correlation test of all possible factors affecting DLCO in the TSGH group 

with any PFT 

 Height Weight BMI 

Height  1.000   

Weight  0.532 1.000  

BMI  0.036 0.860 1.000 

TSGH group with normal PFT 

Supplementary Table 9-17. Multicollinearity test of variables by VIF in the TSGH group with normal 

PFT 

Variable (n=169) 
VIF 

(variance inflation factor) 

Age (yr) 1.47 

Sex (male) 3.24 

Height (cm) 62.83 

Weight (kg) 199.48 

BMI (kg/m2) 118.41 

Hb (g/dL) 2.59 

Period of smoking (yr) 5.55 

Ever smoker 5.33 

Obesity 1.48 

Anaemia 2.37 

Hypertension  1.39 

Hyperlipidaemia 1.24 

DM 1.37 

Cardiovascular diseases 1.37 

Kidney disease 1.19 

Supplementary Table 9-18. Correlation test of all possible factors affecting DLCO in the TSGH group 

with normal PFT  

 Height Weight BMI 

Height  1.000   
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Weight  0.603 1.000  

BMI  0.081 0.839 1.000 

TSGH relatively healthy group 

Supplementary Table 9-19. Multicollinearity test of variables by VIF in the TSGH relatively healthy 

group 

Variable (n=40) 
VIF 

(variance inflation factor) 

Age (yr) 1.65 

Sex (male) 7.16 

Height (cm) 112.61 

Weight (kg) 416.48 

BMI (kg/m2) 268.17 

Hb (g/dL) 4.30 

Period of smoking (yr) 10.46 

Ever smoker 11.64 

Obesity 2.37 

Supplementary Table 9-20. Correlation test of all possible factors affecting DLCO in the TSGH 

relatively healthy group 

 Sex 

(male) 
Height Weight BMI 

Period of 

smoking 

Ever 

smoker 

Sex (male) 1.000      

Height  0.755 1.000     

Weight  0.578 0.674 1.000    

BMI  0.211 0.155 0.830 1.000   

Period of 

smoking 
0.173 0.133 0.094 0.022 1.000  

Ever smoker 0.288 0.326 0.182 -0.006 0.889 1.000 

RBH group with any PFT 

Supplementary Table 9-21. Multicollinearity test of variables by VIF in the RBH group with any PFT 

Variable (n=686) 
VIF 

(variance inflation factor) 

Age (yr) 1.13 

Sex (male) 2.08 

Height (cm) 26.95 

Weight (kg) 106.23 

BMI (kg/m2) 91.56 

Ever smoker 1.09 

Obesity 2.63 

Obstructive lung disease 1.23 

Restrictive lung disease 1.13 

Mixed obstructive and restrictive lung disease 1.13 

Supplementary Table 9-22. Correlation test of all possible factors affecting DLCO in the RBH group 

with any PFT 

 Height Weight BMI 

Height  1.000   

Weight  0.358 1.000  

BMI  -0.134 0.873 1.000 
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RBH group with normal PFT  

Supplementary Table 9-23. Multicollinearity test of variables by VIF in the RBH group with normal 

PFT  

Variable (n=106) 
VIF 

(variance inflation factor) 

Age (yr) 1.15 

Sex (male) 2.04 

Height (cm) 41.10 

Weight (kg) 137.69 

BMI (kg/m2) 97.36 

Ever smoker 1.09 

Obesity 2.56 

Supplementary Table 9-24. Correlation test of all possible factors affecting DLCO in the RBH group 

with normal PFT  

 Height Weight BMI 

Height  1.000   

Weight  0.512 1.000  

BMI  -0.034 0.837 1.000 

Predictive models for DLCO, VA and KCO in the TSGH groups  

Supplementary Table 9-25. Predictive models for DLCO of non-smokers in the TSGH relatively 

healthy group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

2.671† 

(-0.421, 5.763) 

2.760*** 

(1.414, 4.106) 

4.154*** 

(3.025, 5.283) 

Age -0.159*** 

(-0.218, -0.100) 

-0.168*** 

(-0.198, -0.139) 

-0.182*** 

(-0.211, -0.152) 

Height 0.200* 

(0.064, 0.335) 

0.149* 

(0.063, 0.236) 

excluded 

Weight 0.054 

(-0.023, 0.131) 

0.099*** 

(0.051, 0.146) 

0.134*** 

(0.089, 0.179) 

Hb -0.043 

(-1.204, 1.117) 

excluded excluded 

Intercept -7.417 

(-34.158, 19.324) 

-2.612 

(-15.838, 10.614) 

19.685*** 

(16.599, 22.770) 

N 33 113 113 

SEE 1.948 2.370 2.485 

R2 0.880 0.795 0.773 

Adjusted R2 0.857 0.787 0.766 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-26. Predictive models for DLCO of those with a history of smoking in the 

TSGH relatively healthy group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

4.786 

(-1.165, 10.737) 

2.849* 

(0.445, 5.254) 

3.499* 

(1.688, 5.329) 

Age -0.264* 

(-0.390, -0.138) 

-0.233*** 

(-0.289, -0.177) 

-0.246*** 

(-0.293, -0.198) 

Height 0.001 

(-0.260, 0.261) 

0.060 

(-0.083, 0.202) 

excluded 

Weight 0.117† 

(-0.016, 0.250) 

0.135** 

(0.057, 0.214) 

0.155** 

(0.091, 0.218) 
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Hb -0.097 

(-2.015, 1.821) 

excluded excluded 

Intercept 24.884 

(-24.218, 73.986) 

12.688 

(-9.091, 34.467) 

21.626 

(17.548, 25.704) 

N 20 64 64 

SEE 2.284 2.613 2.607 

R2 0.836 0.740 0.737 

Adjusted R2 0.778 0.723 0.724 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-27. Predictive models for DLCO for females in the TSGH relatively healthy 

group 

 Regression A Regression B Regression C Regression D 

 (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Age -0.147*** 

(-0.210, -0.084) 

-0.142*** 

(-0.204, -0.080) 

-0.121*** 

(-0.159, -0.082) 

-0.121*** 

(-0.159, -0.083) 

Height 0.191* 

(0.035, 0.347) 

0.193* 

(0.037, 0.349) 

0.131* 

(0.032, 0.230) 

0.131* 

(0.033, 0.230) 

Weight 0.062 

(-0.015, 0.140) 

0.070† 

(-0.007, 0.146) 

0.120*** 

(0.067, 0.173) 

0.119*** 

(0.067, 0.172) 

Hb 0.148 

(-0.977, 1.273) 

0.059 

(-1.051, 1.170) 

excluded excluded 

Smoking 

status 

-0.973 

(-2.920, 0.974) 

excluded 0.259 

(-0.924, 1.444) 

excluded 

Intercept -9.666 

(-38.327, 18.994) 

-9.659 

(-38.294, 18.975) 

-3.098 

(-18.287,  

12.092) 

-3.089 

(-18.188, 12.009) 

N 28 28 75 75 

SEE 1.840 1.843 2.054 2.042 

R2 0.711 0.697 0.649 0.648 

Adjusted 

R2 

0.645 0.644 0.629 0.633 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-28. Predictive models for DLCO for males in the TSGH relatively healthy 

group 

 Regression A Regression B Regression C Regression D 

 (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Age -0.230*** 

(-0.322, -0.139) 

-0.238*** 

(-0.300, -0.176) 

-0.213*** 

(-0.247, -0.179) 

-0.216*** 

(-0.249, -0.182) 

Height 0.101 

(-0.093, 0.925) 

0.090 

(-0.076, 0.256) 

0.136** 

(0.037, 0.236) 

0.119* 

(0.024, 0.215) 

Weight 0.077 

(-0.042, 0.196) 

0.080 

(-0.033, 0.193) 

0.104*** 

(0.048, 0.160) 

0.107*** 

(0.051, 0.163) 

Hb -0.231 

(-1.877, 1.416) 

-0.271 

(-1.839, 1.297) 

excluded excluded 

Smoking 

status 

-0.350 

(-3.255, 2.555) 

excluded -0.639 

(-1.716, 0.438) 

excluded 

Intercept 15.726 

(-23.720, 55.172) 

18.196 

(-14.609, 51.000) 

4.120 

(-12.119,  

20.359) 

6.607 

(-9.109, 22.324) 

N 25 25 102 102 

SEE 2.349 2.294 2.622 2.628 

R2 0.835 0.834 0.705 0.701 

Adjusted 

R2 

0.791 0.801 0.693 0.692 
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Note: *Where a significant difference was found in DLCO value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-29. Predictive models for the VA of all participants in the TSGH relatively 

healthy group 

 Regression A Regression B Regression C Regression D 

 (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Sex (male) 0.488† 

(-0.022, 0.998) 

0.482† 

(-0.023, 0.987) 

0.462†  

(0.355, 0.823) 

0.576*** 

(0.343, 0.808) 

Age -0.014* 

(-0.024, -0.005) 

-0.015** 

(-0.025, -0.005) 

-0.016** 

(-0.026, -0.007) 

-0.010*** 

(-0.015, -0.005) 

Height 0.051*** 

(0.026, 0.075) 

0.049*** 

(0.026, 0.071) 

0.047*** 

(0.025, 0.069) 

0.055*** 

(0.042, 0.068) 

Weight -0.003 

(-0.017, 0.011) 

excluded excluded  

 

excluded 

Hb 0.099 

(-0.100, 0.299) 

0.090 

(-0.103, 0.284) 

0.080 

(-0.111, 0.272) 

excluded 

Smoking 

status 

-0.152 

(-0.468, 0.165) 

-0.142 

(-0.453, 0.488) 

excluded excluded 

Intercept -4.114 

(-8.646, 0.418) 

-3.864 

(-8.218, 0.488) 

-3.410 

(-7.640, 0.819) 

-3.917*** 

(-5.998, -1.936) 

N 53 53 53 177 

SEE 0.460 0.456 0.455 0.494 

R2 0.779 0.778 0.774 0.720 

Adjusted 

R2 

0.750 0.754 0.755 0.715 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-30. Predictive models for VA of non-smokers in the TSGH relatively healthy 

group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

0.534 

(-0.207, 1.273) 

0.649*** 

(0.376, 0.921) 

0.642*** 

(0.374, 0.910) 

Age -0.008 

(-0.023, 0.006) 

-0.008** 

(-0.014, -0.003) 

-0.009** 

(-0.014, -0.003) 

Height 0.044** 

(0.011, 0.076) 

0.054*** 

(0.036, 0.071) 

0.052*** 

(0.037, 0.068) 

Weight 0.005 

(-0.013, 0.024) 

-0.002 

(-0.011, 0.008) 

excluded 

Hb 0.127 

(-0.150, 0.405) 

excluded excluded 

Intercept -4.156 

(-10.552, 2.239) 

-3.668** 

(-6.348, -0.998) 

-3.564** 

(-6.153, -0.974) 

N 33 113 113 

SEE 0.466 0.480 0.478 

R2 0.776 0.720 0.720 

Adjusted R2 0.735 0.710 0.712 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-31. Predictive models for VA of those with a history of smoking in the TSGH 

relatively healthy group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

0.987 

(-1.139, 2.113) 

0.434† 

(-0.050, 0.919) 

0.449† 

(-0.038, 0.936) 

Age -0.024 -0.008 -0.012* 
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(-0.048, -0.001) (-0.020, 0.003) (-0.022, -0.001) 

Height 0.061* 

(0.011, 0.110) 

0.072*** 

(0.043, 0.101) 

0.061*** 

(0.036, 0.084) 

Weight -0.014 

(-0.039, 0.011) 

-0.010 

(-0.026, 0.005) 

excluded 

Hb -0.143 

(-0.506, 0.220) 

excluded excluded 

Intercept -1.518 

(-10.810, 7.774) 

-6.095* 

(-10.484, -1.706) 

-4.769* 

(-8.695, -0.842) 

N 20 64 64 

SEE 0.432 0.527 0.530 

R2 0.838 0.686 0.677 

Adjusted R2 0.780 0.665 0.661 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-32. Predictive models for VA for females in the TSGH relatively healthy group 

 Regression A Regression B Regression C Regression D Regression E 

 (95% CI)  (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Age -0.009 

(-0.025, 

0.007) 

-0.009 

(-0.024, 

0.007) 

-0.008 

(-0.024, 

0.007) 

-0.005 

(-0.012, 

0.003) 

excluded 

Height 0.055** 

(0.015, 

0.095) 

0.055* 

(0.016, 0.094) 

0.053** 

(0.017, 0.089) 

0.052*** 

(0.034, 0.069) 

0.056*** 

(0.040, 

0.072) 

Weight -0.004 

(-0.024, 

0.016) 

-0.003 

(-0.022, 

0.016) 

excluded  

 

excluded excluded 

Hb 0.177 

(-0.111, 

0.464) 

0.167 

(-0.111, 

0.446) 

0.151 

(-0.105, 

0.408) 

excluded excluded 

Smoking 

status 

-0.102 

(-0.600, 

0.395) 

excluded excluded excluded excluded 

Intercept -6.059 

(-13.385, 

1.267) 

-6.058† 

(-13.235, 

1.118) 

-5.698† 

(-12.414,  

1.019) 

-3.648* 

(-6.545,  

-0.752) 

-4.477*** 

(-7.035,  

-1.919) 

N 28 28 28 75 75 

SEE 0.470 0.462 0.453 0.413 0.414 

R2 0.402 0.397 0.394 0.405 0.393 

Adjusted 

R2 

0.266 0.292 0.318 0.389 0.385 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-33. Predictive models for VA for males in the TSGH relatively healthy group 

 Regression A Regression B Regression C Regression D 

 (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Age -0.021* 

(-0.040, -0.002) 

-0.022** 

(-0.034, -0.009) 

-0.022** 

(-0.034, -0.009) 

-0.012** 

(-0.019, -0.005) 

Height 0.045* 

(0.005, 0.085) 

0.044* 

(0.010, 0.078) 

0.043** 

(0.013, 0.074) 

0.058*** 

(0.040, 0.076) 

Weight -0.002 

(-0.026, 0.023) 

-0.001 

(-0.025, 0.022) 

excluded  

 

excluded 

Hb -0.032 

(-0.371, 0.307) 

-0.034 

(-0.357, 0.288) 

-0.034 

(-0.348, 0.280) 

excluded 

Smoking 

status 

-0.022 

(-0.620, 0.576) 

excluded excluded excluded 

Intercept -0.541 -0.385 -0.341 -3.776* 
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(-8.663, 7.581) (-7.129, 6.359) (-6.864,  

6.182) 

(-6.938,  

-0.613) 

N 25 25 25 102 

SEE 0.484 0.472 0.460 0.544 

R2 0.659 0.659 0.659 0.421 

Adjusted 

R2 

0.569 0.591 0.610 0.409 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-34. Predictive models for KCO of all participants in the TSGH relatively 

healthy group 

 Regression A Regression B Regression C Regression D 

 (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Sex (male) -0.013 

(-0.630, 0.605) 

excluded  

 

excluded  

 

excluded 

Age -0.025*** 

(-0.037, -0.013) 

-0.025*** 

(-0.037, -0.014) 

-0.026*** 

(-0.037, -0.016) 

-0.029*** 

(-0.034, -0.024) 

Height -0.012 

(-0.041, 0.018) 

-0.012 

(-0.002, 0.014) 

-0.014 

(-0.038, 0.011) 

-0.026*** 

(-0.037, -0.014) 

Weight 0.015† 

(-0.002, 0.032) 

0.015† 

(-0.001, 0.032) 

0.015†  

(-0.001, 0.032) 

0.025*** 

(0.017, 0.033) 

Hb -0.080 

(-0.316, 0.167) 

-0.077 

(-0.275, 0.121) 

-0.087 

(-0.278, 0.104) 

excluded 

Smoking 

status 

-0.080 

(-0.463, 0.304) 

-0.081 

(-0.458, 0.297) 

excluded excluded 

Intercept 7.631 

(2.143, 13.119) 

7.713*** 

(4.031, 11.395) 

8.085*** 

(4.871, 11.299) 

8.351 

(6.718, 9.985) 

N 53 53 53 177 

SEE 0.557 0.551 0.546 0.501 

R2 0.373 0.373 0.371 0.450 

Adjusted 

R2 

0.292 0.307 0.319 0.440 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-35. Predictive models for KCO of non-smokers in the TSGH relatively healthy 

group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

-0.023 

(-0.932, 0.886) 

excluded  

 

excluded  

 

Age -0.027** 

(-0.044, -0.009) 

-0.027** 

(-0.043, -0.010) 

-0.026*** 

(-0.033, -0.020) 

Height 0.001 

(-0.039, 0.040) 

0.000003 

(-0.034, 0.034) 

-0.017* 

(-0.033, -0.002) 

Weight 0.004 

(-0.018, 0.027) 

0.004 

(-0.018, 0.026) 

0.021*** 

(0.010, 0.031) 

Hb -0.112 

(-0.453, 0.229) 

-0.117 

(-0.366, 0.130) 

excluded  

 

Intercept 6.875† 

(-0.986, 14.737) 

7.022* 

(1.787, 12.257) 

7.168*** 

(4.966, 9.370) 

N 33 33 113 

SEE 0.573 0.562 0.519 

R2 0.343 0.343 0.438 

Adjusted R2 0.221 0.249 0.422 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 



 

227 
 

Supplementary Table 9-36. Predictive models for KCO of those with a history of smoking in the TSGH 

relatively healthy group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

0.059 

(-1.286, 1.403) 

excluded  

 

excluded  

 

Age -0.033* 

(-0.062, -0.005) 

-0.032** 

(-0.051, -0.014) 

-0.036*** 

(-0.046, -0.027) 

Height -0.052† 

(-0.111, 0.007) 

-0.051* 

(-0.096, -0.006) 

-0.044*** 

(-0.063, -0.024) 

Weight 0.039* 

(0.009, 0.069) 

0.039** 

(0.010, 0.068) 

0.036*** 

(0.022, 0.050) 

Hb 0.087 

(-0.346, 0.521) 

0.098 

(-0.252, 0.447) 

excluded  

 

Intercept 10.762† 

(-0.331, 21.854) 

10.354* 

(4.635, 16.073) 

10.990*** 

(8.132, 13.849) 

N 20 20 64 

SEE 0.516 0.499 0.459 

R2 0.516 0.516 0.520 

Adjusted R2 0.343 0.387 0.496 

Note: *Where a significant difference found in VA value, these values are shown in bold, *p-value 

<0.05; ** p-value <0.01; *** p-value was <0.001; † p-value <0.1. 

Supplementary Table 9-37. Predictive models for KCO for females in the TSGH relatively healthy 

group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Age -0.026* 

(-0.048, -0.003) 

-0.025* 

(-0.047, -0.003) 

-0.024*** 

(-0.034, -0.014) 

Height -0.011 

(-0.067, 0.046) 

-0.010 

(-0.065, 0.045) 

-0.023† 

(-0.049, 0.004) 

Weight 0.015 

(-0.013, 0.043) 

0.016 

(-0.011, 0.043) 

0.028*** 

(0.014, 0.042) 

Hb -0.146 

(-0.552, 0.259) 

-0.158 

(-0.550, 0.234) 

excluded 

Smoking 

status 

-0.128 

(-0.830, 0.573) 

excluded excluded 

Intercept 8.429 

(-1.898, 18.755) 

8.430† 

(-1.677, 18.536) 

7.485 

(3.456, 0.042) 

N 28 28 75 

SEE 0.663 0.650 0.545 

R2 0.266 0.261 0.364 

Adjusted 

R2 

0.099 0.133 0.337 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-38. Predictive models for KCO for males in the TSGH relatively healthy group 

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Age -0.026* 

(-0.045, -0.008) 

-0.027*** 

(-0.039, -0.014) 

-0.031*** 

(-0.037, -0.024) 

Height -0.018 

(-0.058, 0.022) 

-0.019 

(-0.053, 0.015) 

-0.027* 

(-0.045, -0.010) 

Weight 0.018 

(-0.007, 0.042) 

0.018 

(-0.005, 0.041) 

0.023*** 

(0.013, 0.033) 

Hb 0.027 

(-0.310, 0.363) 

0.024 

(-0.296, 0.345) 

excluded 



 

228 
 

Smoking 

status 

-0.019 

(-0.614, 0.575) 

excluded excluded 

Intercept 6.955 

(-1.112, 15. 021) 

7.092* 

(0.394, 13.790) 

8.851 

(6.027, 11.674) 

N 25 25 102 

SEE 0.480 0.468 0.472 

R2 0.538 0.538 0.522 

Adjusted 

R2 

0.416 0.445 0.507 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Predictive models for DLCO, VA and KCO in the RBH groups  

Supplementary Table 9-39. Predictive models for DLCO of all participants in the RBH group with 

normal PFT  

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex (male) 3.643*** 

(2.498, 4.787) 

3.539*** 

(2.421, 4.658) 

3.537*** 

(2.420, 4.654) 

Age -0.169*** 

(-0.196, -0.142) 

-0.167*** 

(-0.194, -0.140) 

-0.168*** 

(-0.195, -0.141) 

Height 0.222*** 

(0.161, 0.284) 

0.230*** 

(0.171, 0.290) 

0.240*** 

(0.185, 0.295) 

Weight 0.014 

(-0.012, 0.039) 

0.011 

(-0.014, 0.036) 

excluded 

Smoking 

status 

-0.378 

(-1.205, 0.449) 

excluded excluded 

Intercept -7.210 

(-17.380, 2.959) 

-8.544† 

(-18.326, 1.236) 

-9.213† 

(-18.859, 0.433) 

N 106 106 106 

SEE 2.070 2.060 2.058 

R2 0.865 0.864 0.863 

Adjusted 

R2 

0.859 0.859 0.859 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-40. Predictive models for DLCO of non-smokers in the RBH group with 

normal PFT  

 Regression A Regression B 

 (95% CI)  (95% CI) 

Sex 

(male) 

3.094*** 

(1.509, 4.679) 

3.087*** 

(1.513, 4.661) 

Age -0.148*** 

(-0.186, -0.112) 

-0.149*** 

(-0.185, -0.112) 

Height 0.285*** 

(0.196, 0.374) 

0.272*** 

(0.063, 0.236) 

Weight -0.013 

(-0.054, 0.028) 

excluded 

Intercept -16.658 

(-31.187, -2.128) 

-15.466* 

(-29.384, -1.547) 

N 54 54 

SEE 1.986 1.973 

R2 0.896 0.895 

Adjusted R2 0.888 0.889 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 
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Supplementary Table 9-41. Predictive models for DLCO of those with a history of smoking in the RBH 

group with normal PFT  

 Regression A Regression B 

 (95% CI)  (95% CI) 

Sex 

(male) 

4.201*** 

(2.518, 5.884) 

4.070*** 

(2.361, 5.779) 

Age -0.189*** 

(-0.231, -0.147) 

-0.191*** 

(-0.234, -0.148) 

Height 0.183*** 

(0.094, 0.272) 

0.209*** 

(0.124, 0.294) 

Weight 0.029† 

(-0.005, 0.063) 

excluded 

Intercept -1.366 

(-15.857, 13.125) 

-3.119 

(-17.744, 11.506) 

N 52 52 

SEE 2.131 2.174 

R2 0.839 0.828 

Adjusted R2 0.825 0.818 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-42. Predictive models for DLCO for females in the RBH group with normal 

PFT  

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Age -0.144*** 

(-0.174, -0.113) 

-0.142*** 

(-0.172, -0.112) 

-0.142*** 

(-0.172, -0.113) 

Height 0.225*** 

(0.155, 0.294) 

0.230*** 

(0.162, 0.298) 

0.240*** 

(0.176, 0.308) 

Weight 0.014 

(-0.012, 0.040) 

0.011 

(-0.014, 0.036) 

excluded 

Smoking status -0.385 

(-1.356, 0.585) 

excluded excluded 

Intercept -9.006 

(-20.718, 2.707) 

-9.904† 

(-21.337, 1.529) 

-10.651† 

(-21.918, 0.615) 

N 45 45 45 

SEE 1.509 1.502 1.498 

R2 0.856 0.854 0.851 

Adjusted R2 0.841 0.843 0.844 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-43. Predictive models for DLCO for males in the RBH group with normal PFT  

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Age -0.191*** 

(-0.234, -0.147) 

-0.142*** 

(-0.172, -0.112) 

-0.189*** 

(-0.231, -0.148) 

Height 0.225*** 

(0.129, 0.322) 

0.230*** 

(0.162, 0.298) 

0.243*** 

(0.160, 0.325) 

Weight 0.012 

(-0.033, 0.057) 

0.011 

(-0.014, 0.036) 

excluded 

Smoking status -0.251 

(-1.517, 1.015) 

excluded excluded 

Intercept -2.790 

(-19.589, 14.009) 

-9.904 

(-21.337, 1.529) 

-4.963 

(-20.490, 10.563) 

N 61 62 62 

SEE 2.402 2.371 2.353 

R2 0.740 0.738 0.737 
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Adjusted R2 0.721 0.724 0.728 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-44. Predictive model for the VA of all participants in the RBH group with 

normal PFT  

 Regression A 

 (95% CI) 

Sex (male) 0.369* 

(0.048, 0.690) 

Age -0.008* 

(-0.016, -0.008) 

Height 0.097*** 

(0.080, 0.114) 

Weight -0.009* 

(-0.016, -0.002) 

Smoking status 0.374** 

(0.142, 0.605) 

Intercept -10.163 

(-13.015, -7.312) 

N 106 

SEE 0.580 

R2 0.796 

Adjusted R2 0.786 

Note: *Where a significant difference was found in DLCO value, these values are shown in bold, 

*p-value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-45. Predictive models for VA of non-smokers in the RBH group with normal 

PFT  

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Sex 

(male) 

0.149 

(-0.313, 0.611) 

excluded excluded 

Age -0.005 

(-0.016, 0.006) 

-0.004 

(-0.014, 0.006) 

excluded 

Height 0.099*** 

(0.073, 0.125) 

0.104*** 

(0.084, 0.124) 

0.107*** 

(0.088, 0.126) 

Weight -0.011† 

(-0.023, 0.001) 

-0.011† 

(-0.023, 0.001) 

-0.011† 

(-0.023, 0.001) 

Intercept -10.373*** 

(-14.608, -6.137) 

-11.262*** 

(-14.462, -8.061) 

-11.925*** 

(-14.654, -9.196) 

N 54 54 54 

SEE 0.579 0.575 0.573 

R2 0.786 0.784 0.781 

Adjusted R2 0.768 0.771 0.772 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-46. Predictive models for VA of those with a history of smoking in the RBH 

group with normal PFT  

 Regression A Regression B 

 (95% CI)  (95% CI) 

Sex 

(male) 

0.600** 

(0.158, 1.042) 

0.629** 

(0.184, 1.074) 

Age -0.014* 

(-0.026, -0.003) 

-0.014* 

(-0.025, -0.003) 

Height 0.099*** 

(0.076, 0.123) 

0.094*** 

(0.072, 0.116) 

Weight -0.006 excluded 
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(-0.015, 0.003) 

Intercept -10.226*** 

(-14.033, -6.419) 

-9.842*** 

(-13.650, -6.034) 

N 52 52 

SEE 0.560 0.566 

R2 0.827 0.820 

Adjusted R2 0.813 0.809 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-47. Predictive models for VA for females in the RBH group with normal PFT  

 Regression A Regression B Regression C 

 (95% CI)  (95% CI)  (95% CI) 

Age -0.013* 

(-0.023, -0.003) 

-0.013* 

(-0.023, -0.003) 

-0.013* 

(-0.022, 0.003) 

Height 0.066*** 

(0.043, 0.090) 

0.067*** 

(0.044, 0.089) 

0.063*** 

(0.042, 0.084) 

Weight -0.004 

(-0.024, 0.016) 

-0.004 

(-0.012, 0.004) 

excluded  

 

Smoking status -0.102 

(-0.012, 0.005) 

excluded excluded 

Intercept -5.125* 

(-9.022, -1.229) 

-5.152** 

(-8.926, -1.379) 

-4.888*** 

(-8.612, -1.164) 

N 45 45 45 

SEE 0.502 0.496 0.495 

R2 0.611 0.611 0.603 

Adjusted R2 0.572 0.583 0.584 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-48. Predictive models for VA for males in the RBH group with normal PFT  

 Regression A Regression B 

 (95% CI)  (95% CI) 

Age -0.007 

(-0.018, 0.003) 

excluded 

Height 0.121*** 

(0.098, 0.144) 

0.125*** 

(0.102, 0.148) 

Weight -0.014* 

(-0.024, -0.003) 

-0.013* 

(-0.024, -0.002) 

Smoking status 0.654*** 

(0.349, 0.958) 

0.653*** 

(0.346, 0.960) 

Intercept -13.823*** 

(-17.864, -9.783) 

-14.988*** 

(-18.704, -11.271) 

N 61 61 

SEE 0.577 0.583 

R2 0.714 0.704 

Adjusted R2 0.694 0.689 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-49. Predictive model for KCO of all participants in the RBH group with 

normal PFT  

 Regression A 

 (95% CI) 

Sex (male) 0.301* 

(0.036, 0.566) 

Age -0.023*** 

(-0.029, -0.016) 
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Height -0.029*** 

(-0.044, -0.015) 

Weight 0.009** 

(0.003, 0.015) 

Smoking status -0.297** 

(-0.489, -0.106) 

Intercept 9.887 

(7.531, 12.243) 

N 106 

SEE 0.480 

R2 0.400 

Adjusted R2 0.370 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-50. Predictive models for KCO of non-smokers in the RBH group with normal 

PFT 

 Regression A Regression B 

 (95% CI)  (95% CI) 

Sex 

(male) 

0.445* 

(0.059, 0.832) 

0.449* 

(0.062, 0.836) 

Age -0.022*** 

(-0.031, -0.013) 

-0.023*** 

(-0.031, -0.014) 

Height -0.024* 

(-0.045, -0.002) 

-0.018† 

(-0.037, -0.001) 

Weight 0.006 

(-0.004, 0.016) 

excluded  

 

Intercept 9.112*** 

(5.567, 12.657) 

8.594*** 

(1.787, 12.257) 

N 54 54 

SEE 0.485 0.486 

R2 0.386 0.371 

Adjusted R2 0.336 0.333 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-51. Predictive models for KCO of those with a history of smoking in the RBH 

group with normal PFT  

 Regression A Regression B 

 (95% CI)  (95% CI) 

Sex 

(male) 

0.158 

(-1.214, 0.530) 

excluded  

 

Age -0.022*** 

(-0.031, -0.012) 

-0.021*** 

(-0.030, -0.012) 

Height -0.034** 

(-0.054, -0.014) 

-0.028*** 

(-0.043, -0.014) 

Weight 0.010* 

(0.003, 0.018) 

0.010* 

(0.002, 0.017) 

Intercept 10.277*** 

(7.072, 13.483) 

9.413*** 

(6.948, 11.878) 

N 52 52 

SEE 0.471 0.470 

R2 0.442 0.433 

Adjusted R2 0.394 0.398 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-52. Predictive models for KCO for females in the RBH group with normal PFT  

 Regression A Regression B Regression C Regression D 
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 (95% CI)  (95% CI)  (95% CI)  (95% CI) 

Age -0.018** 

(-0.029,  

-0.008) 

-0.018** 

(-0.029,  

-0.009) 

-0.016** 

(-0.026,  

-0.007) 

-0.017** 

(-0.027,  

-0.008) 

Height -0.012 

(-0.036, 0.013) 

-0.011 

(-0.035, 0.012) 

excluded excluded 

Weight 0.006 

(-0.003, 0.015) 

0.006 

(-0.003, 0.014) 

0.004 

(-0.004, 0.012) 

excluded 

Smoking 

status 

-0.026 

(-0.364, 0.313) 

excluded excluded excluded 

Intercept 6.886** 

(2.798, 10.974) 

6.826** 

(2.867, 10.786) 

4.957*** 

(4.031, 5.884) 

5.347*** 

(4.772, 5.961) 

N 45 45 45 45 

SEE 0.527 0.520 0.520 0.521 

R2 0.275 0.275 0.258 0.237 

Adjusted 

R2 

0.203 0.222 0.223 0.220 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

Supplementary Table 9-53. Predictive model for KCO for males in the RBH group with normal PFT  

 Regression A 

 (95% CI) 

Age -0.025*** 

(-0.032, -0.017) 

Height -0.043*** 

(-0.060, -0.026) 

Weight 0.012** 

(0.004, 0.019) 

Smoking status -0.485*** 

(-0.707, 0.262) 

Intercept 12.553 

(9.602, 15.504) 

N 61 

SEE 0.422 

R2 0.567 

Adjusted R2 0.536 

Note: *Where a significant difference was found in VA value, these values are shown in bold, *p-

value <0.05; ** p-value <0.01; *** p-value <0.001; † p-value <0.1. 

9.2.4 Supplemental tables and figures for simulations of the CFK (1965) and 

modified CFK (2009) models  

Comparison of measured data from the literature with predicted data from the 

CFK models 

Supplementary Table 9-54. Parameters used in the CFK (1965) model and the modified CFK (2009) 

model 

Parameters and values used in the CFK model 

M 250 

PB 760 mmHg 

PH2O  47 mmHg 

Pc,o2 100 mmHg 

VAR 6813 ml/min 

VBL 5180 ml 

Vco 0.0085 ml/min 

[O2Hb]max 0.25 ml/ml 
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[COHb]0  0.0018 ml/ml 

Parameters and values used in the modified CFK (2009) model 

 𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  1393.56 mlCO 

 𝑏𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  1.68 mlCO/gHb  

CHb 150 gHb/Lblood 

 𝐸𝑛𝑑𝑜 0.0085 mlCO/min 

fR 12 min-1 

Initial CO amount (ml) 9.75 

 𝑘𝐶𝑂2 0.0000333/min 

 𝑘𝐻𝑏𝑆 0.002/min 

 𝑘𝑆𝑓 0.01/min 

M 240 

 𝑃𝑂2 97.5 mmHg 

QALV 6982 mlair/min 

R 2.55 mmHg (mlair )/Kelvin(mlCO) 

 T 310 Kelvin 

 𝑉𝐴𝐿𝑉  582 ml 

 VBL 5.53 Lblood 

VD 168 mlair 

VT 750 mlair 

 

Comparison of CO-rebreathing data with predicted data from the CFK models  

 
PICO was calculated based on the CO dose in the bloodstream, and the exposure 

time was assumed to be around two minutes, according following to the protocols of 

the CO-rebreathing experiment in Section 4.2.2. Take Subject A for example; the 

calculation is as follows: 

𝑃𝐼𝐶𝑂 (𝑝𝑝𝑚) =
𝐶𝑂 𝑖𝑛 𝑏𝑙𝑜𝑜𝑑𝑠𝑡𝑟𝑒𝑎𝑚(𝑚𝑙)

𝑉𝑏(𝑚𝑙)
 × 1,000,000 =

44.22

3624
× 1,000,000

= 12202 

Supplementary Table 9-55. Derived data used in the CFK and modified CFK model 

 Subject A Subject B Subject C 

Age 30 42 50 

Sex Female Female Male 

Height (cm) 169.9 162.2 177.2 

Weight (kg) 55.3 51.0 78.0 

VAR (ml/min) 4213 4213 6813 

VBL (ml) 3624 3745 5667 

VCO (ml/min) 0.0073 0.0073 0.0095 

Hb (g/dL) 11.0 14.6 14.8 

CO in bloodstream (ml) 44.22 44.4 70.41 

PICO (ppm)  12202 11856 12425 

[COHb]0 (%) 0.80 0.40 0.83 

[O2Hb]max (ml/ml) 0.18 0.25 0.25 

[COHb]0 (ml/ml) 0.0014 0.0010 0.0021 

Parameters for the CFK (1965) model 

PC,O2 = Pao2 (mmHg) 100 100 100 

PB (mmHg) 760 760 760 

PH2O (mmHg) 47 47 47 

PL (mmHg) 713 713 713 

VAR (ml/min) 4213 4213 6813 

M 250 250 250 
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CFK (1965) model 

BSA (m2) 1.62 1.52 1.96 

DL (ml/min/mmHg) 22.4 20.2 31.4 

Parameters for the modified CFK (2009) model 

 CHb (gHb /Lblood) 110 146 148 

VT (mlair) 464 464 750 

VD (mlair) 143 143 168 

fR (1/min) 14 14 12 

QALV (1/min) 4496 4496 6982 

 𝑉𝐴𝐿𝑉  (1/min) 321 321 582 

 R(mmHg (mlair)/Kelvin 

(mlCO)) 
2.55  2.55  2.55  

 M 240 240 240 

 𝑘𝐻𝑏𝑆 (1/min) 0.002 0.002 0.002 

 𝐸𝑛𝑑𝑜 (mlCO/min) 0.0073 0.0073 0.0095 

 𝑘𝑆𝑓 (1/min) 0.01 0.01 0.01 

 T (Kelvin) 310  310  310  

 𝑃𝑂2 (mmHg) 97.5 94.6 92.7 

 𝑏𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  (mlCO/gHb) 1.68 1.68 1.68 

 𝑘𝐶𝑂2 (1/min) 0.0000333 0.0000333 0.0000333 

 𝐵𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥  (mlCO) 669.71 918.57 1049.04 

Initial CO amount (ml) 5.36 3.67 8.71 

Parameters for the modified CFK (2009) model 

DL (ml/min/mmHg) 35.9 33.5 41.2 

Parameters for estimated DLCO 

DL (ml/min/mmHg) 28.0 23.7 34.4 

 

Comparison of exhaled CO data of smokers with predicted data from the CFK 

models  

Supplementary Table 9-56. Parameters used in the CFK model and modified CFK model 

Parameters and values used in the CFK (1965) model 

PB (mmHg) 760  

Pc,o2 (mmHg) 100  

M 250 

[O2Hb]max (ml/ml) 0.25  

[Hb] (gHb/dLblood) 15  

 Parameters and values used in the modified CFK (2009) model 

VT (mlair) Male: 750, Female: 464 

VD (mlair) Male: 168, Female: 143 

fR (min-1) Male: 12, Female: 14 

QALV (mlair/min) Male: 6982, Female: 4496 

 𝑉𝐴𝐿𝑉  (ml) Male: 582, Female: 321 

R  

(mmHg (mlair )/Kelvin(mlCO)) 
2.55  

M 240 

 𝑘𝐻𝑏𝑆 (min-1) 0.002 

 𝑘𝑆𝑓 (min-1)  0.01 

 T (Kelvin) 310  

CHb (gHb/Lblood) 150  

 𝑏𝐶𝑂𝐻𝑏 
𝑀𝑎𝑥 (mlCO/gHb) 1.68  

 𝑘𝐶𝑂2 (min-1) 0.0000333 
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Comparison of CO uptake and CO elimination between old males and females  

 

 

Supplementary Figure 9-10. Simulation for old males and females Scenario A (100 ppm for 500 min) 

 

Supplementary Figure 9-11. Simulation for old males and females Scenario B (10,000 ppm for 5 min) 
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Comparison of CO uptake and CO elimination between young and old females  

 

 

Supplementary Figure 9-12. Simulation for young and old females Scenario A (100 ppm for 500 min) 

 

Supplementary Figure 9-13. Simulation for young and old females Scenario B (10,000 ppm for 5 min) 
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Strengths and limitations of this study

►► Most biochemical factors were considered in the 
study.

►► Most of the carbon monoxide (CO)-poisoned pa-
tients received the hyperbaric oxygen therapy in the 
hospital.

►► The rate of recovery was similar to other studies.
►► Some data missing of the patients transferred from 
other hospitals.

►► Give the specific indications for clinical research 
work and clinical practice with CO-poisoned 
patients.

ABSTRACT
Objectives  To identify the risk factors related to the 
prognosis of carbon monoxide (CO)-poisoned patients in 
the hospital.
Design  Retrospective observational study.
Setting  Tri-Service General Hospital, Taiwan.
Methods  We conducted a review of the medical records 
of 669 CO-poisoned patients, who were admitted to the 
Department of Emergency, Tri-Service General Hospital, 
Taiwan, from 2009 to 2014. Demographic, clinical and 
laboratory data were collected for analysis. In the study, 
the end points for poor outcome were patients who either 
still had sequelae, were bedridden or died after treatment. 
The independent t-test, χ2 test and binary logistic 
regression were used to identify the association between 
the prognostic factors and the outcomes.
Results  The logistic regression analysis confirmed 
that the Glasgow Coma Scale (GCS) score (p=0.008) 
and blood urea nitrogen (BUN) (p=0.002) were related 
to poor outcomes. Furthermore, the receiver operating 
characteristic (ROC) curve showed that the cut-off point of 
intubation days was 1.5 days (area under the ROC curve 
[AUC]=0.793) for all patients and 2.5 days (AUC=0.817) for 
patients with intubation when predicting poor outcomes.
Conclusion  We identified the factors that most strongly 
predict the prognosis of CO poisoning, including the GCS 
score, serum BUN and intubation days. Moreover, the 
number of hyperbaric oxygen treatments seems to have 
impact of the outcome.

Introduction
Carbon monoxide (CO) poisoning is a global 
health issue. In a study by Mott et al, 116 703 
people died from non-fire CO poisoning in 
the USA from 1968 to 1998, with around 10 
deaths per day.1 In an UK-based study, 2463 
CO poisoning admissions were noted from 
2001 to 2010, most of which were prevent-
able.2 The incidents of CO poisoning usually 
have a higher rate in winter, because people 
tend to use heaters and close the windows 
when the weather is cold.2–5 The causes of 
CO poisoning include defective heaters, 
fires, cooking appliances, the exhaust of vehi-
cles, smoke, waterpipe smoking and so on.6–8 
Besides accidental CO poisoning, the number 

of deliberate CO intoxications increased due 
to the increased suicide rate by facing higher 
stress in their lives now than the past.9 The 
suicide rate has increased in Taiwan from 
around 15 to 35 per 100 000 for males and 
from 8 to 16 per 100 000 for females from 
1992 to 2006. Most of them used charcoal as 
the source of CO.10 11

CO poisoning causes cellular hypoxia 
by reducing oxygen delivery to tissues and 
decreasing the dissociation of oxygen from 
haemoglobin (Hb) to the cells. Energy 
depletion is the direct cause of CO-induced 
cell damage, as oxidative phosphorylation 
is suppressed when cytochrome a3 in the 
inner membrane of mitochondria is inhib-
ited by CO.12 13 The most vulnerable organs 
are the heart and the brain because of their 
high oxygen demand. The symptoms of 
acute CO poisoning are headache, fatigue, 
nausea, vomiting, convulsion and death.14 15 
Although there are some discussions on the 
use of hyperbaric oxygen (HBO) therapy 
in treating CO poisoning,16 17 it has been 
shown to enhance CO elimination and 
reverse cytochrome a3 inhibition, resulting 
in a lower severity of neurological sequelae 
after CO poisoning.18 The neuropsycholog-
ical sequelae include neurological deficits, 
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cognitive impairments and affective disorders,19 20 which 
may cause a drastic impact on the quality of life.

The majority of patients with CO poisoning are 
around 25–45 years of age in Taiwan representing the 
most productive group in the society.10 21 If the factors 
related to the prognosis were known, then more effec-
tive treatments could have been offered. Some predictive 
factors have been proposed, including hydrogen ion, 
serum lactate, myocardial injury, Glasgow Coma Scale 
(GCS) score, leucocytosis and troponin I (TnI).6 18 19 22–25 
However, the clinical indications are still controversial for 
predicting the outcomes in patients with CO poisoning.26 
In the present study, we tried to find factors for predicting 
the prognosis of CO poisoning and providing indications 
for further clinical research work.

Methods
Study design
A retrospective observational study was conducted at the 
Hyperbaric Oxygen Therapy Centre, Tri-Service General 
Hospital, Taipei, Taiwan. Data were collected on all 
CO-poisoned patients admitted to the hospital and were 
coded with CO poisoning (International Classification 
of Diseases, Ninth Revision, Clinical Modification Diag-
nosis Code 986-Toxic Effect of Carbon Monoxide) from 
September 2009 to August 2014. There were 669 patients 
in the study and data were also retrieved from the medical 
records (paper and digital records) and online database 
of the hospital, including demographic data, clinical data 
and laboratory data. Patient data that were missing clin-
ical information or laboratory information or did not 
have defined outcome information were excluded from 
the study.

Data collection
For patients included in the study, the following variables 
were collected and analysed: CO source; height; weight; 
body mass index (BMI); sex; suicide attempt; habits of 
smoking and drinking; chronic diseases of the patients, 
including psychosis, diabetes and hypertension; the 
initial GCS score on arriving at the emergency depart-
ment (ED); times of HBO treatment for patients since 
they arrived at the ED; the number of days for which the 
patients were intubated, stayed in the intensive care unit 
(ICU) and were hospitalised; whether they used benzo-
diazepines (BZD) and also the clinical symptoms of 
poisoning, including metabolic acidosis, rhabdomyolysis 
and myocardial injury.

The initial laboratory data after they arrived at the ED 
in the Tri-Service General Hospital were recorded in 
the study, including the COHb level, arterial blood gas 
data, white blood cell (WBC) and platelet count, Hb 
level, creatine kinase (CK), creatine kinase-myocardial 
band (CKMB), TnI, serum levels of glucose, blood urea 
nitrogen (BUN), serum creatinine (Cre), aspartate 
aminotransferase (AST), alanine aminotransferase (ALT) 
and base excess (BE).

Patient and public involvement
Patients were involved in this study.

Definition
The clinical criteria were defined as follows: when a 
patient’s BE was lower than −2 mmol/L, then the patient 
was assumed to be in metabolic acidosis; rhabdomyolysis 
was assumed in those who had CK >5000 units/L; patients 
who have CKMB >25 units/L and those with TnI of >1.5 
ng/mL were described to have myocardial injury.

Patients were separated into two groups (poor outcome 
and non-poor outcome). Patients in the poor-outcome 
group were those who either still had sequelae, were 
bedridden or died after treatment.

Statistical analysis
For the two groups in the study (ie, poor outcome and 
non-poor outcome), factors that may relate to the 
outcomes were analysed using the t-test for continuous 
variables (eg, age, height and concentration of CK) and 
χ2 test for categorical variables (eg, sex, psychosis and 
myocardial injury). A multivariate logistic regression 
model with adjusting variables was applied to find the 
factors that are related to the outcome. A p value <0.05 
was considered to be statistically significant, and all p 
values were two-sided. The IBM SPSS Statistics 24 statis-
tical software (IBM, Armonk, New Y, USA) was used for 
data management and modelling.

Result
Characteristics of the study group
In the study, there were three different categories of 
CO poisoning: deliberate (336 patients), accidental fire-
related (31 patients) and accidental non-fire-related 
(ANFR, 273 patients). The sources of CO poisoning in 
the ANFR case (29 patients had no data) were catego-
rised into different types. The primary sources of CO 
poisoning in Taiwan were charcoal burning (43, 15.7%) 
and gas boilers or water heaters (216, 79.1%). These two 
sources accounted for 95% of the all CO poisoning cases, 
whereas car exhaust (1, 0.4%) and other factors (13, 
4.8%) accounted for <10% of the data.

Variables related to CO poisoning outcomes
The variables related to the CO poisoning outcome of 
patients are shown in tables 1–3. Eighteen per cent of all 
patients (116 patients) were in the poor-outcome group. 
The mean age of all patients was 37.40±16.79 years, with 
46.7% (269 patients) males and 53.3% (338 patients) 
females. The category ‘deliberate’ accounted for around 
half of all patients. The percentages of chronic diseases 
in the patients were about 30% with psychosis, 6% with 
diabetes mellitus and 10% with hypertension. The key 
findings were as follows:

►► Patients with poor outcomes were older than those 
who did not have poor outcomes (p<0.001).
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Table 1  Demographic characteristics related to the CO poisoning outcome

Variables

Total
Non-poor outcome
(n=518)

Poor outcome
(n=116)

P valuen (%)/mean±SD n (%)/mean±SE n (%)/mean±SE

Age 37.40±16.79 35.77±0.73 43.14±1.56 <0.001

Height 162.11±14.85 161.53±0.78 164.00±0.86 0.035

Weight 59.63±15.60 59.11±0.77 60.06±1.58 0.608

BMI 22.43±3.99 22.26±0.19 22.70±0.42 0.357

Sex 0.319

 � Men 296 (46.7) 237 (45.8) 59 (50.9)

 � Women 338 (53.3) 281 (54.2) 57 (49.1)

Deliberate* <0.001

 � No 309 (49.8) 276 (54.5) 33 (28.9)

 � Yes 311 (50.2) 230 (45.5) 81 (71.1)

Smoking† 0.161

 � No 283 (58.6) 230 (60.2) 53 (52.5)

 � Yes 200 (41.4) 152 (39.8) 48 (47.5)

Drinking† 0.115

 � No 349 (72.6) 282 (74.2) 67 (66.3)

 � Yes 132 (27.4) 98 (25.8) 34 (33.7)

Psychosis‡ <0.001

 � No 428 (69.8) 365 (73.0) 63 (55.8)

 � Yes 185 (30.2) 135 (27.0) 50 (44.2)

Diabetes mellitus‡ 0.002

 � No 566 (93.9) 467 (95.3) 99 (87.6)

 � Yes 37 (6.1) 23 (4.7) 14 (12.4)

Hypertension‡ <0.001

 � No 539 (89.4) 451 (92.0) 88 (77.9)

 � Yes 64 (10.6) 39 (8.0) 25 (22.1)

*Patients exposed to CO intentionally or by accident.
†Patients’ habits.
‡Patients’ chronic diseases.
BMI, body mass index; CO, carbon monoxide.

►► Suicidal patients had a higher chance of poor 
outcomes compared with those who were exposed to 
CO by accident (p<0.001).

►► Patients with rhabdomyolysis, myocardial injury and 
metabolic acidosis may be apt to have poor outcomes.

►► Patients who had chronic diseases may tend to have 
poor outcomes.

►► The patients’ weight, BMI, gender and habits 
(smoking and drinking) had no significant correla-
tion with the outcomes.

The clinical characteristics exhibited more signifi-
cant results (table  2). The mean score of the GCS was 
around 11. The average number of HBO treatment 
sessions was about five for all patients. The percentages 
after exposure to CO were approximately 40% with 
metabolic acidosis, 8% with rhabdomyolysis and 21% 
with myocardial injury. In the poor-outcome group, the 

patients had a lower initial GCS score than those in the 
non-poor-outcome group (p<0.001). In the study, there 
were 646 patients who received HBO therapy, excluding 
those who did not receive HBO therapy or had missing 
data. The average number of HBO treatment sessions was 
around nine in the poor-outcome group and 3.5 in the 
non-poor-outcome group. The intubation days, the days 
for which the patient stayed in the ICU and the days of 
hospitalisation were greater in the poor-outcome group 
than in the non-poor-outcome group (p<0.001). More-
over, 42% of the patients took BZD in the poor-outcome 
group compared with 22.3% in the non-poor-outcome 
group (p<0.001). When patients were exposed to CO and 
then suffered from metabolic acidosis, rhabdomyolysis 
or myocardial injury, they had a higher chance of a poor 
outcome (p<0.001).
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Table 2  Clinical characteristics related to CO poisoning outcomes

Variables

Total
Non-poor outcome
(n=518)

Poor outcome
(n=116)

P valuen (%)/mean±SD n (%)/mean±SE n (%)/mean±SE

GCS 10.66±5.01 11.5±0.21 7.45±0.44 <0.001

HBO therapy sessions 4.69±5.29 3.50±0.16 9.39±0.77 <0.001

Intubation days* 2.22±8.64 0.50±0.06 10.08±1.78 <0.001

ICU days 1.93±6.75 0.59±0.06 7.99±1.39 <0.001

Hospitalisation days 6.91±16.92 3.31±0.28 22.84±3.17 <0.001

Metabolic acidosis† <0.001

 � No 353 (59.4) 307 (63.4) 46 (41.8)

 � Yes 241 (40.6) 177 (36.6) 64 (58.2)

BZD <0.001

 � No 459 (74.2) 393 (77.7) 66 (58.4)

 � Yes 160 (25.8) 113 (22.3) 47 (41.6)

Rhabdomyolysis‡ <0.001

 � No 550 (91.5) 463 (94.9) 87 (77.0)

 � Yes 51 (8.5) 25 (5.1) 26 (23.0)

Myocardial injury§ <0.001

 � No 457 (78.8) 399 (84.9) 58 (52.7)

 � Yes 123 (21.2) 71 (15.1) 52 (47.3)

*Intubation days: days for which the patient underwent intubation.
†Metabolic acidosis:base excess <−2 mmol/L.
‡Rhabdomyolysis:creatine kinase > 5000 U/L.
§Myocardial injury:creatine kinase-myocardialband >25 U/L or troponin I >1.5 ng/mL.
BZD, benzodiazepines; CO, carbon monoxide; GCS, Glasgow Coma Scale; HBO, hyperbaric oxygen; ICU, intensive care unit.

Table 3 shows the laboratory data. With the exception 
of Hb, platelets, the level of pH and plasma bicarbonate 
concentration (HCO3−), all other variables exhibited 
abnormal values from the reference values. The concen-
tration of WBCs, Hb, platelets, CKMB, the level of pH and 
the arterial oxygen tension (PO2) showed no significant 
difference between the poor-outcome group and the 
non-poor-outcome group. Patients had a higher concen-
tration of CK in the poor-outcome group than in the 
non-poor-outcome group (p=0.031 in men, p<0.001 in 
women). The concentrations of TnI, glucose, BUN, creat-
inine, AST and ALT were higher in the poor-outcome 
group than in the non-poor-outcome group. However, 
the pressure of arterial carbon dioxide tension (PCO2), 
HCO3

−, the concentration of COHb and BE were lower in 
the poor-outcome group than in the non-poor-outcome 
group.

Table  4 shows the variables that may predict the 
outcome of CO-poisoned patients after they underwent 
the HBO treatments. The variables in the model included 
psychosis, diabetes mellitus, metabolic acidosis, hyperten-
sion, GCS score, CK, TnI, glucose, BUN, Cre and AST. 
Age and sex were used as adjusting variables in the model. 
The OR of GCS was 0.932 (95% CI 0.872 to 0.997). When 
the patients had a higher score of GCS, they had a lower 
chance of having a poor outcome. The OR of BUN was 

1.089 (95% CI 1.031 to 1.150). If the patients had a 
higher concentration of BUN, they had a higher chance 
of having a poor outcome. The remaining variables in the 
model showed no statistically significant relationship with 
the outcomes.

Intubation days and CO poisoning outcomes
For cases of acute respiratory failure, patients’ conscious-
ness and haemodynamic variables were evaluated 
every hour. Ventilator management and weaning were 
performed by respiratory therapists according to the 
protocol of this hospital. Extubation criteria included 
stable haemodynamic variables, able to protect airway 
and spontaneously breathing for 30 min with reliable 
respiratory effort and oxygen saturation. Figures 1 and 2 
show the receiver operating characteristic (ROC) curve 
of intubation days, including all patients (figure 1) and 
patients who were intubated (figure 2). The area under 
the ROC curve (AUC) was 0.757 for the intubation days 
of all patients (615 patients) and 0.817 for intubated 
patients (188 patients). The cut-off point was 1.5 intu-
bation days in all patients and 2.5 intubation days in 
intubated patients. Therefore, for all patients, if their 
intubation days were >1.5 days, they may have a higher 
chance of having a poor outcome after treatment; for 
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Table 3  Laboratory data related to CO poisoning outcomes

Variables

Non-poor outcome
(n=518)

Poor
outcome
(n=116)

P value Reference valueMean±SE Mean±SE

WBC 13.54±0.74 15.06±0.58 0.327 4.0–8.0

Hb  �

 � Men 148.71±1.07 147.49±3.22 0.649 135–176

 � Women 126.23±1.01 127.70±2.72 0.557 113–152

Platelet* 244.40±2.89 242.44±7.39 0.777 150.0–350.0

CK  �

 � Men 1121.20±212.91 6231.71±2297.13 0.031 57–197

 � Women 668.36±147.27 2656.16±645.47 <0.001 32–180

CKMB 26.96±2.09 35.09±3.29 0.077 <25

TnI 0.53±0.09 2.90±0.78 0.003 <0.5

Glucose† 128.14±2.44 156.24±6.60 <0.001 70–110

BUN 15.09±0.33 20.07±0.95 <0.001 9–21

Cre 0.89±0.02 1.23±0.07 <0.001 0.2–0.9

AST 39.18±2.84 140.81±26.26 <0.001 6–43

ALT 46.61±14.99 228.25±72.84 0.031 11–33

pH 7.40±0.003 7.40±0.01 0.556 7.40±0.07

PCO2 37.75±0.37 34.65±0.93 0.002 40±4

PO2 225.34±7.99 256.37±15.67 0.079 95±7

HCO3− 22.88±0.18 20.63±0.43 <0.001 24±2

COHb 12.52±0.18 8.22±1.12 0.001 <5

BE −1.88±0.23 −3.66±0.44 0.001 0±2

*Platelet (103/µL).
†Glucose (mg/dL).
ALT, alanine aminotransferase (U/L); AST, aspartate aminotransferase (U/L); BE, base excess (mmol/L); BUN, blood urea nitrogen (mg/dL); 
CK, creatine kinase (U/L); CKMB, creatine kinase-myocardial band (U/L); CO, carbon monoxide; COHb, COHb concentration (%); Cre, serum 
creatinine (mg/dL); Hb, haemoglobin (g/dL); HCO3−, plasma bicarbonate concentration (mmol/L); PCO2, arterial carbon dioxide tension (mm 
Hg); pH, potential of hydrogen; PO2, arterial oxygen tension (mm Hg); TnI, troponin I (mg/dL); WBC, white blood cell (103/µL).

intubated patients, if their intubation days were >2.5 days, 
they may have a higher chance of having a poor outcome.

Discussion
The epidemiology of CO poisoning differs from one 
country to another because of the weather, geograph-
ical and cultural variations. The main sources of CO 
poisoning in Taiwan are gas boilers or water heaters (acci-
dental) and charcoal burning (intentional). The char-
coal burning cases accounted for more than the half of 
the cases. The results were very different in Western coun-
tries. For example, the main sources of CO poisoning 
were heaters’ and vehicles’ exhaust in the UK and the 
USA.1 4 27 28 Charcoal burning accounted for around 23% 
of all suicides in Asia, a percentage that is 10 times higher 
than in Western countries.10 The mean age of patients in 
this study was 37.4 years. The age of CO-poisoned patients 
was around 40 years in Turkey, the USA and Italy.5 19 26 
The reason for the lower age in Taiwan may be the type of 

suicide prevalent in Taiwan. Recently, charcoal burning 
has become one of the main methods of suicide and has 
increased both in urban and in rural areas.10 11 Most of 
the suicides are in the group of young adults. An early 
prognostic factor evaluation is more important for this 
group of patients, because young adults may impose a 
heavier burden to their family and to the medical society 
if they have a worse neurological treatment outcome. Our 
data revealed that patients exposed to CO intentionally 
have a significantly worse treatment outcome than those 
by accident. This further stresses the importance of early 
diagnosis and management of this group of patients. 
Clinicians should refer patients who attempted suicide to 
psychiatrists to minimise the incidence of poor outcome.

The poor-outcome group in the study represented 
around 18% of the total. This treatment outcome was 
similar to those in the studies by Kao et al in Taiwan.22 In 
other countries, Weaver et al reported a poor treatment 
outcome of 25.0% in CO-poisoned patients treated with 
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Table 4  Factors related to CO poisoning outcomes

Variable

Model

OR 95% CI P value

Psychosis 1.467 0.793 to 2.714 0.222

Diabetes mellitus 1.352 0.412 to 4.444 0.619

Metabolic acidosis 1.435 0.761 to 2.703 0.264

Hypertension 1.285 0.491 to 3.362 0.609

GCS 0.932 0.872 to 0.997 0.039

CK 1.000 1.000 to 1.000 0.685

TnI 1.078 0.975 to 1.191 0.141

Glucose 1.000 0.995 to 1.005 0.989

BUN 1.089 1.031 to 1.150 0.002

Cre 0.850 0.402 to 1.797 0.671

AST 1.003 0.999 to 1.007 0.205

Adjusting variables, age and sex.
AST, aspartate aminotransferase; BUN, blood urea nitrogen ; CK, 
creatine kinase; CO, carbon monoxide; Cre, serum creatinine; 
GCS, Glasgow Coma Scale ; TnI, troponin I.

Figure 1  Receiver operating characteristic (ROC) curves for 
the intubation days of all patients (n=615).

Figure 2  Receiver operating characteristic (ROC) curves 
for the intubation days of patients with intubation treatment 
(n=188).

HBO and of 46.1% in those with normobaric oxygen 
treatment alone.18 Pepe et al also found that 34 patients 
out of 141 (24%) had delayed neuropsychological 
sequelae (DNS) after they left the hospital by 1 month.19 
The better treatment outcome in Taiwan might be due 
to the high medical accessibility for CO poisoning in this 

country. Patients can reach hospitals with treatment facili-
ties within 2 hours and the hospitals could quickly initiate 
HBO therapy or transfer to other treatment facilities in 
another 2 hours. Moreover, the treatment outcome in 
this study may be underestimated because of the high 
disease severity in our patients. This hospital is equipped 
with HBO therapy facilities for critically ill patients using 
ventilator and provides emergency treatments on an all 
year basis. Sixty per cent of our patients were transferred 
from other hospital for HBO therapy and 40% among 
them were using ventilator on arrival. For patients with 
such high severity, the treatment outcome could have 
been worse than it was analysed in this study. Certainly, 
other factors such as short duration of outcome assess-
ment might also contribute to the lower incidence of 
poor outcome in this study. DNS usually occur around 20 
days after poisoning.18 We evaluated the outcome based 
on the medical records that were available when the 
patients left the hospital or when they made return visits 
to the hospital 1 week later, so some patients may not have 
had later sequelae detected.

The GCS, an index of severity of neurological aware-
ness, may be also an indicator of some injuries to other 
organs. An acute CO poisoning may severely suppress 
central drive of respiration, causing acute respiratory 
failure. However, a deeply comatous consciousness 
could be a consequence of overdose of sedatives, which 
happens frequently in patients attempting to suicide. 
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The intubation days of patients, on the other hand, indi-
cate their unconscious time and show the severity of the 
patients’ illnesses.29 Our previous study also showed that 
the duration of mechanical ventilation is a predictor of 
CO poisoning severity.25 In this study, the intubation days 
were used as a predictor of the outcome of CO poisoning. 
The results show that the AUC was around 0.757–0.817 
in all patients and in intubated patients. Cha et al showed 
that GCS may be indicative of myocardial injury in 
CO-poisoned patients.30 Patients with a myocardial injury 
are usually more severely affected, so they may be more 
likely to have poor outcomes.31 32 In this study, myocardial 
injury and GCS were closely related to the outcome of CO 
poisoning. These results are compatible with several other 
studies,19 22 23 33 34 suggesting that these two prognostic 
factors could be used to predict the treatment outcome 
of CO-poisoned patients. Some studies interpreted 
their results that people who suffered from a myocar-
dial injury might have been exposed to CO longer than 
others.19 30 35 36 However, there has been no report that 
could clearly identify the exposure duration. Our results 
showed that elevation of serum BUN in the first blood 
test is highly associated with poor outcome (table 4). For 
patients with a normal renal function, serum BUN could 
be a reliable indicator of body fluid status. Patients with 
CO poisoning cannot drink any water until the medical 
intervention, so the concentration of BUN may be related 
to the time between exposure to CO and presenting at 
the hospital. Therefore, elevation of BUN might be an 
indicator to predict the exposure time of CO poisoning 
and could be a predictor of poor treatment outcome.

In this study, almost all of the patients received HBO 
treatment. Patients were exposed to 100% oxygen at 3 
atmospheres absolute for the first chamber session and 
then to 100% oxygen at 2.5 atmospheres absolute for the 
second and third chamber sessions. All chamber sessions 
consisted of three 25 min oxygen-breathing periods with 
two 5 min air breaks. Due to the fact that most of our 
patients were referred from other hospitals, their condi-
tions were more severe and they were more in need of 
HBO treatment than in other local hospitals. In a recent 
study, Rose et al found that HBO treatment may reduce 
acute and 1-year mortality.26 They revealed that older age, 
being a male, respiratory distress and elevated TnI may 
relate to 1-year mortality, which could be considered as 
a poor outcome. Compared with the study by Rose et al, 
our results showed that all the above-mentioned factors, 
except gender, affect the outcome of CO-poisoned 
patients. It is interesting to note that in our study the poor 
outcome is associated with a more HBO therapy sections 
(table  2). In the regression analysis, the patients who 
received more HBO therapy sessions may have a higher 
opportunity to be poor outcome. This raise two concerns 
about the HBO therapy in CO-poisoned patients. First, 
could HBO therapy by itself cause poor outcome of CO 
poisoning? Patients in this study were initially treated with 
HBO therapy for three sessions. After the patient arrived 
our ED, the first hyperbaric chamber session was provided 

as soon as possible; and the third section was ideally to 
be performed <24 hours after the first chamber section. 
If it was possible, the interval between each section 
was around 6–12 hours.25 If the patients’ conditions 
improved, the HBO therapy would stop; otherwise, they 
would receive more HBO therapy sections. Therefore, 
we would not interpret these data as that HBO therapy 
causes poor outcome of CO poisoning, but that patients 
need more sessions of HBO therapy had a higher disease 
severity. Second, is a multiple sections of HBO therapy 
necessary? The HBO therapy protocol adapted in this 
hospital was following the Undersea Hyperbaric Medical 
Society treatment indications of acute tissue injuries, such 
as crush injury, arterial insufficiency or thermal burn 
injury. In a nationwide population-based cohort study 
using Taiwan National Health Insurance Research Data-
base (TNHIRD), Huang et al reported that CO-poisoned 
patients who received HBO therapy had a lower mortality 
rate37 but a higher risk for neurological sequelae.38 It is 
interesting to note that the patient number in the without 
HBO therapy group was about 3 times of that in the HBO 
therapy group. In Taiwan, CO poisoning is a health insur-
ance payable indication for HBO therapy and patients 
are supposed to receive HBO therapy in the hospital or 
be transferred to other treatment facilities, unless their 
disease severity did not fulfil treatment criteria. There-
fore, the only explanation for lower risk of the without 
HBO therapy group is their lower severity of poisoning. 
Unfortunately, data from TNHIRD provide little informa-
tion about disease severity of CO poisoning. In a small 
case series, Lo et al reported that 8–40 sections of HBO 
therapy significantly reduced the neurological and image 
abnormalities in CO-poisoned patients.39 Therefore, it 
remains unclear whether HBO therapy or multisection 
treatment will produce a better outcome than a conser-
vative management.

Due to the fact that this study was retrospective in 
nature, there are some limitations. One is the incomplete 
data (eg, the total time of exposure to CO, the initial 
COHb of patients, the time from exposure to presenting 
at the hospital and the duration of loss of consciousness), 
which may affect the outcomes of CO poisoning. Another 
limitation is that >60% of the patients in this study were 
transferred from another hospital. This may result in 
a lack of the initial data, which were recorded in the 
previous hospital and ambulance.

Conclusion
In summary, in the present study, we tried to find the 
factors related to the poor prognosis of CO poisoning. 
The factors best at predicting outcomes were a high 
GCS score, high BUN and more intubation days. Even 
HBO therapy is paid by insurance in Taiwan, the benefit 
of repetitive HBO therapy on the treatment outcome 
remains to be elucidated. Our results in this retrospective 
study could give the indications for clinical research work 
in the future.
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Abstract: Background: Carbon monoxide (CO) poisoning is an important public health issue around
the world. Research indicates that many factors may be related to the rate of CO uptake and
elimination in the human body. However, some factors related to CO uptake and elimination are
considered controversial. Relatively little attention has been devoted to review and synthesis of
factors affecting CO uptake and elimination. Purpose: This paper provides a critical scoping review of
the factors and divides them into four aspects, including environmental, demographic, physiological
and treatment factors. Methods: We searched the scientific databases for research that has proposed
a mathematical equation as a synthesis of quantities related to CO poisoning, CO elimination,
CO uptake, CO half-life, CO uptake and elimination and their relationships. After excluding the
studies that did not meet the study criteria, there were 39 studies included in the review and the
search was completed before 16 December 2019. Results and conclusion: This review discusses most
of the factors that impact the rate of CO uptake and elimination. Several factors may be related to CO
uptake and elimination, such as CO concentration, the duration of exposure to CO, age, sex, exercise,
minute ventilation, alveolar ventilation, total haemoglobin mass and different treatments for CO
poisoning. Although some potential factors were not included in the review, the findings are useful
by presenting an overview for discussing factors affecting CO uptake and elimination and provide a
starting point for further study regarding strategies for CO poisoning and the environmental standard
of CO.

Keywords: carbon monoxide; CO uptake; CO elimination

1. Introduction

Exogenous carbon monoxide (CO) results from the incomplete combustion of carbon-containing
molecules, and endogenous CO is formed within the body by metabolic processes [1]. CO is a
neurotransmitter in the brain and peripheral autonomic nervous system but is also a poison in high
enough quantities [2]. Here, we consider uptake to be due to breathing in exogenous CO, and excretion
to include both exogenous and endogenous sources. CO is transported across the lungs into the
bloodstream and binds preferentially to haemoglobin in the blood, forming carboxyhaemoglobin
(COHb); the affinity of haemoglobin for CO is around 210 times greater than that for oxygen [3,4].
Inhaling excess CO can lead to a situation where there is inadequate oxygen transported by haemoglobin,
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and the human body will then suffer from hypoxia [3,5]. CO poisoning results in symptoms that range
from headache to unconsciousness, depending on the dose.

Once exposure to exogenous CO ceases, the body’s mechanisms for excreting CO can return the
COHb level to baseline. The typical baseline level of people unexposed to exogenous CO is around
0.8% COHb. For this process, many studies have shown that the half-life for COHb in the body is
about 4 h [6].

CO enters the human body through the lungs, is transported via the blood system and enters the
tissue/muscle system. Since the CO partial pressure is higher in the vascular system than in tissue, CO
enters and can be stored in the tissue/muscle system. This CO transport process is reversible. If the
partial pressure of CO is lower in the ambient environment than in the vascular system, then CO is
released from the tissue to the blood and then to the lungs to be exhaled [7]. However, due to the
stronger affinity of CO for Hb, there is a baseline COHb concentration in the blood.

Several factors are known to relate to CO uptake and excretion, including minute ventilation rate
(VE), alveolar ventilation rate (VA), arterial oxygen tension, haem mass and haemoglobin mass. VE is
the total rate of ventilation, and VA is the rate of the gas exchange via the alveolar surface during
normal breathing. There is a relationship between VE and VA. The equation used is VA = VE − fVD,
where f is the respiration rate (1/min), and VD is the dead space (mL) [1,8–10].

Haemoglobin is the main oxygen carrier in the human body. It contains a haem prosthetic group
that has an iron atom, and it binds to oxygen to form oxyhaemoglobin. By this method, the haemoglobin
takes the oxygen through the body [11]. In physiology, CO affects the oxygen–haemoglobin dissociation
curve (ODC). Because CO has such a high affinity with haemoglobin, it decreases the blood oxygen
concentration significantly [12].

Although several factors relating to CO uptake and elimination in the human body have been
described, we did not find an overview of the situation worldwide. This review aimed to summarise
the literature on factors that relate to CO uptake and elimination in the human body. Furthermore,
we divided the factors into different dimensions to present a clear relationship between each factor.
If we understand the factors that affect the rate of CO uptake and elimination, we will be able to
predict the CO concentration in the human body and may be able to give suggestions for more effective
treatment of CO poisoning.

In this paper, several factors are described that relate to the rate of CO uptake and elimination,
which include environmental, demographic, physiological and treatment factors. The related factors
contain different dimensions, from physical exposure to physiological metabolism.

2. Materials and Methods

2.1. Scope and Search Strategy

Scientific databases, including PubMed, EMBASE and Web of Science, were searched for studies.
The search strategy used a combination of keywords related to carbon monoxide poisoning and
elimination, carbon monoxide poisoning and uptake, carbon monoxide poisoning and half-life and
carbon monoxide poisoning and equation. We also manually searched the references of every primary
study and review article for further publications to make sure all relevant publications were included.

2.2. Inclusion and Exclusion Criteria

In the literature review, certain study inclusion and exclusion criteria were applied. Particularly,
the review only included data-based studies on human subjects that appeared in peer-reviewed
journals in the English language that had the full text available. Theses, dissertations or presentation
abstracts that were not published in peer-reviewed journals were excluded. Also, the authors screened
the titles and abstracts to exclude irrelevant publications.
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2.3. Search Results and Study Characteristics

The initial search identified 394 studies by the keywords. The references from the papers were
checked to see if there were papers that needed to be considered. After deleting duplicative papers
and screening the titles and abstracts, 39 studies met the criteria (Figure 1). We identified 39 studies
published since 1945 and the search was completed on 16 December 2019.

Figure 1. Summary of review process.

3. Results and Discussion

These 39 studies were divided into four aspects, including environmental, demographic,
physiological and treatment factors.

3.1. Environmental Factors

When measuring the rate of CO uptake and elimination, the first point to consider is the dose of
CO to which the subjects are exposed. There are several environmental factors related to CO exposure,
including CO concentration in the ambient air, the duration of CO exposure, the oxygen concentration
in the ambient air and altitude.

3.1.1. CO Concentration in Ambient Air and Duration

From the literature, the main factor that may relate to the rate of CO uptake and elimination is
ambient CO concentration. In Forbes et al.’s study, the authors obtained more than 100 observations
from seven healthy male laboratory workers. When the concentration of CO increased in the inspired
air, the rate of CO uptake would also rise [13]. Moreover, Peterson and Stewart created an experiment
for 22 subjects. Two subjects (subjects 21 and 32) breathed in 200 ppm CO, and two other subjects
(subjects 1 and 12) breathed in 100 ppm CO. As a result, for subjects who breathed in 200 ppm CO,
their COHb reached 10% in around 60 min. However, for the subjects who breathed in 100 ppm CO,
their COHb reached 10% by 200 min later [8].

The duration of CO exposure affects CO uptake and elimination. In a multicompartment model,
researchers tried to predict the CO washout time from different durations. Bruce and Bruce matched
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the simulation model with the measured data from Benignus et al.’s study and found that the model
predicted COHb concentration well [14,15]. They simulated the same dose of CO through two different
scenarios of CO exposure. One was exposed to 10,000 ppm CO for 5 min, and the other was exposed
to 1250 ppm CO for 40 min. The result for the elimination time of the long duration was slower than
for the short duration [15].

3.1.2. Oxygen Concentration in Ambient Air

In Forbes et al.’s study, the authors made subjects breathe CO in the air environment and also in a
pure oxygen environment. Then, they compared the rate of CO uptake of the subjects. The ratio of CO
uptake rate in the pure oxygen environment compared with in air was around 0.77 during rest and
0.62 during hard work. The reason is that there would be much more oxygen competing with CO if
the subjects breathe CO in oxygen than in air. Therefore, the CO uptake will also be slower in oxygen
than in air [13].

3.1.3. Altitude

Some researchers found that altitude may be a factor that governs the rate of CO uptake and
elimination [13,16]. Collier and Goldsmith modified the Coburn–Forster–Kane (CFK) equation by
adding altitude as a factor affecting CO uptake and elimination [16]. For example, the partial pressure
of oxygen decreases when the altitude increases. Therefore, when people breathe the same amount
of CO, it may cause a higher CO concentration at higher altitudes than at sea level. The reason may
be due to the lower partial pressure of oxygen at high altitudes, which means there is less oxygen to
compete with CO and the COHb half-life increases. Moreover, altitude may also affect the ODC to the
left, which increases haemoglobin’s affinity to bind to oxygen [16]. However, Forbes et al. recorded the
CO uptake of three subjects at sea level, 16,000 ft and 40,000 ft. The results showed that the CO uptake
rate increased by increasing the altitude due to higher VE [13].

All the factors described above are mainly divided into three parts, namely, the CO concentration,
the duration of CO exposure and the partial pressure of CO. When people are exposed to high
concentrations of CO or high partial pressure of CO, the rate of CO uptake increases. However,
when considering the duration of CO exposure, even though subjects are exposed to a lower
concentration of CO, they have a longer elimination time if the exposure time is increased. Both the
CO concentration and duration of CO exposure are critical environmental factors related to the rate of
CO uptake by, and washout from, the human body.

3.2. Demographic Factors

In many disease-related studies, we could find demographic factors that may be relevant to the
disease [17,18]. In some studies, age and sex were reported to relate to the rate of CO uptake and
elimination [19,20].

3.2.1. Age

In Klasner et al.’s study, the authors focused on CO poisoning in the paediatric population.
Compared with previous studies, they found that children had a shorter COHb half-life than adults.
For 26 children, the mean half-life of COHb was 44.0 min on 100% oxygen at 1 atm. However,
the half-life of COHb in adults was around 80 min in the same situation. The authors assumed that
the reason for this was the difference in minute ventilation between children and adults. Although
children have a smaller tidal volume than adults, they have faster respiratory rates, which leads to an
increase in their VE [19,21].

Moreover, there are still several factors that may change with age, including the volume of haem,
blood volume, muscle myoglobin mass and lung function. Therefore, further studies need to be done
to understand the age effects.
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3.2.2. Sex

Tracing back to Pace et al.’s study, they found a sex-related difference in the half-life of COHb.
The half-life of COHb elimination by breathing 100% oxygen at 2.5 atmosphere absolute (ATA) was
22.3 min for men and 15.1 min for women. However, the authors did not explain the reason for the
sex-related difference [22]. Although some studies showed a sex-related difference, there were still
other studies that found no sex-related difference in the rate of CO uptake and elimination [9,23]. In a
large natural experiment, 184 people were exposed to CO in a public high school for around 2.5 h.
The researchers gave questionnaires to the victims and analysed the data. They found no differences
between ages, sexes and smokers and nonsmokers [23]. Moreover, Weaver et al. found that sex did not
have a significant influence on half-life [9].

Zavorsky et al. did find a sex-related difference for the half-life of CO elimination and revealed
the factors behind this effect. The results showed that women had a shorter half-life of CO elimination
than men. The factors found to influence the rate of CO elimination were VA and total haemoglobin
mass [20].

3.2.3. Smoking

When someone smokes a cigarette, the smoker is likely to be exposed to CO concentrations of
around 400–500 ppm and experience a higher COHb concentration than a nonsmoker. The COHb
concentration is usually less than 5% in nonsmokers and more than 5% in smokers [24]. Another
study also showed that COHb is different between smokers and nonsmokers in London. Smokers
have COHb levels of around 5%–8% compared with nonsmokers, who have COHb levels of about
1%–3% [25]. This is in contrast with the study of Burney et al. where no differences were observed [23].

3.2.4. Exercise

The level of exercise or activity of subjects may have some influence on the rate of CO uptake
and elimination. In Forbes et al.’s study, the rate of CO uptake in the subjects was higher during hard
work than during rest [13]. Filley et al. also found that the rate of CO uptake was different between
subjects at rest and exercise. When the subjects increased the level of exercise, the minute ventilation
and the rate of CO uptake also rose [26]. However, the rate of CO uptake was not significantly different
between either a low (~45 W) or moderate (~90 W) power output measured by a cycle ergometer in an
experiment involving 29–37-year-old subjects [27].

Demographic factors, such as age, sex and exercise, are related to the rate of CO uptake and
elimination. However, the physiological factors of minute ventilation, alveolar ventilation and total
haemoglobin mass likely explain the demographic observations.

3.3. Physiological Factors

When people breathe in CO, the CO gas enters the lungs and then transfers via the alveoli into
the vascular system. Through the blood circulation, most of the CO binds to haemoglobin and is
transferred from the arterial to the venous blood. Besides the blood, some of the CO also crosses into
the tissue and binds to it, leading to the formation of carboxymyoglobin [7]. Consequently, like lung
and cardiovascular functions, muscle function may play a role in CO circulation in the human body
and it is related to the rate of CO uptake and elimination. In Penney’s book, he stated that the two
main physiological factors that affect the rate of CO uptake and elimination are the ventilation and
diffusion rates of CO [28].
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3.3.1. Lung Function

Ventilation Rate

Many studies have discovered that the ventilation rate may affect the rate of CO uptake and
elimination [1,13,19,26,29,30]. When people breathe at a high ventilation rate, they tend to absorb more
CO into the lungs and blood. However, a high ventilation rate can also exhale more CO than a low
ventilation rate over the same duration [1,13]. In a study by Zavorsky et al. (2014), the results showed
that men have a more prolonged washout time of CO than women, and the authors tried to explain the
result. After they tested different factors in the subjects, they found that the alveolar ventilation and
total haemoglobin mass may be the reasons that explain the difference in the CO half-life. When people
have increased alveolar ventilation, the CO elimination time decreases [20].

However, in Bruce and Bruce’s model (2006), they found that the half-life of COHb has a higher
correlation (r = 0.714) with Vb/VAwo (blood volume/ventilation during washout) than ventilation
alone. Because the CO is exhaled directly from the lungs and carried by the blood, the limiting factor
may be this ratio [15].

Diffusion Capacity of CO (DLCO)

Between the alveolar and pulmonary capillaries, gas passes the pulmonary membrane by simple
diffusion. The diffusion capacity “is the ability of the lungs to transfer gas from inhaled air to the
red blood cells in pulmonary capillaries” [26]. The diffusion capacity is affected by molecular species,
body size, rate of work, temperature and pressure [8]. The DLCO is widely used to test patients’
lung function in hospitals nowadays [31]. The mean values for DLCO were found to be 28.05 ±
5.07 mL/min/mmHg for men and 20.79 ± 4.03 mL/min/mmHg for women [32]. The CFK equation,
an equation for the study of the endogenous production of CO, CO distribution, CO uptake and
elimination, contains the pulmonary diffusing capacity as a factor that may affect the rate of CO uptake
and elimination. When the diffusion capacity is higher, it means that CO has a great ability to pass
through the membrane, and the rate of the CO uptake and elimination is increased [1,33,34]. However,
in Filley et al.’s study, the authors found that the ventilation rate may play a more important role in the
rate of CO uptake and elimination [26].

Chronic Obstructive Pulmonary Disease (COPD)

COPD is defined as an obstruction of the airways that makes it hard to breathe. COHb levels
were found to be significantly higher in COPD patients compared with the normal population [35,36].
Some COPD patients have a lower diffusing capacity for CO in the lungs [37–39]. In Crowley et al.’s
study, their data suggested that the half-life of COHb is around 6.5 h in COPD patients compared with
healthy subjects, who have a COHb half-life of about 2–5 h [40]. Therefore, COPD patients may have a
slower rate of CO elimination than healthy people due to the lower gas exchange and poor respiratory
mechanics. However, Crowley et al. explained that there was no dramatic difference of COHb half-life
between COPD patients and normal subjects, so it might be the sedentary life of COPD patients that
causes the longer COHb half-life [40].

3.3.2. Cardiovascular Function

Blood Volume

When CO enters the vascular system, most of the CO combines with haemoglobin as COHb.
At the end of CO exposure, most of the CO stays in the blood. Consequently, the blood volume may
be an important factor that relates to CO uptake and elimination. In Pugh’s study, the average blood
volume was around 78 mL/kg [41]. In the CFK equation, blood volume is one of the factors affecting the
rate of CO uptake and elimination [1]. Furthermore, in Bruce and Bruce’s study, their model predicted
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that if people have a large blood volume, they carry more CO in the body and have an increased rate
of CO uptake and elimination [15].

Haemoglobin Mass

Haemoglobin is the crucial factor that determines the maximum amount of oxygen uptake.
The average haemoglobin mass is about 11.6 g/kg [41]. However, when compared with oxygen, CO has
around 210 times greater affinity for haemoglobin [4]. In Zavorsky et al.’s study, the authors suggested
that the total haemoglobin mass affects the rate of CO uptake and elimination [20]. However, the effects
of total haemoglobin mass on the rate of CO uptake and elimination require further investigation.

Diffusion Rate of CO Flux from Blood to Muscle Compartment

The blood-to-muscle diffusion coefficient (Dmco) refers to the diffusion rate of the CO entering
the muscle compartment. In a multicompartment model, Bruce and Bruce (2006) set the Dmco to zero
and tried to determine how it would influence the half-life for CO washout. When the Dmco was set
to zero, the half-life increased. Therefore, this means that no CO entered the muscle compartment,
and all the CO decreased by exhalation from the lungs [15]. Moreover, in 2008, the authors tested
the model with experimental data, including human and animal data [14,23,42,43]. They found their
model could fit well with the experimental data when changing the Dmco in different conditions [44].

Muscle Mass

Not only can haemoglobin bind to CO in muscle cells, but myoglobin also contains haem, to which
CO can bind. Muscle tissue can take up CO over a prolonged period, even after the end of exposure.
For a young adult male, the muscle compartment may account for about 41% of the total body mass [45].
In their study, Möller and Sylvén assumed that every gram wet weight of muscle would contain
about 4.7 mg of myoglobin [46]. Take a 70 kg man, for example, who may, approximately, have 135 g
of myoglobin. Each myoglobin molecule contains a haem molecule that could bind up to 178 mL
of CO. Therefore, the muscle compartment could be an essential place to store CO and increase the
half-life of CO elimination. Although muscle may be a factor, it is less critical for the half-life of COHb.
The reason is that the volume of CO removed from muscle is less than the volume of CO removed
from the blood [15].

Anaemia

Anaemia refers to a low haemoglobin level or low red blood cell count in the blood or increased
destruction of red blood cells. In Woehlck et al.’s study (2001), the authors predicted that patients would
have more severe CO poisoning according to the haematocrit level. They explained that patients with
low haemoglobin tend to have a higher COHb concentration than people with normal haemoglobin
after exposure to CO. When the subjects breathed in the same CO concentration, the rate of COHb
increased more rapidly in the subjects with a lower haematocrit level than a higher haematocrit
level [47].

Among physiological factors, besides ventilation rate and diffusion capacity (which have been
emphasised for a long time), there are still many factors that need to be considered. For example, our
review indicates that blood volume, total haemoglobin mass, muscle mass and disease may influence
the rate of CO uptake and elimination. However, the physiology of the human body is known to be
complicated. Some factors may have a relationship with other factors. Isolating the role of any specific
factor will require careful study.

3.4. Treatment Factors

The most common treatment for CO poisoning is breathing 100% oxygen as soon as possible.
Moreover, high-pressure oxygen or hyperbaric oxygen (HBO) therapy also has been used in several
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countries as a solution for CO poisoning. The rate of CO elimination may relate to the atmospheric
pressure or percentage of oxygen. Higher atmospheric pressure and percentage of oxygen result in a
faster CO elimination rate [19,29].

3.4.1. 100% Oxygen

Weaver et al. (2000) conducted a study to understand which factors may influence the COHb
half-life. Through their retrospective chart review from 1985 to 1995, they showed that the half-life of
COHb decreases with the increase of arterial oxygen tension. As a result, they found that the half-life
of COHb was around 74 min for patients treated with 100% oxygen at atmospheric pressure, which
was shorter than for patients only breathing in air [9].

There are several methods to provide 100% oxygen to patients, such as a rebreathing reserve
mask, high-flow nasal cannula (HFNC) oxygen and oxygen therapy with continuous positive airway
pressure (CPAP) [48–51]. In Kim et al.’s (2019) study, HFNC did not reduce the CO half-life compared
with a rebreathing reserve mask [49]. When comparing normobaric oxygen therapy with 1 h of CPAP
therapy, Bal et al. discovered that patients receiving CPAP therapy had a shorter CO half-life than
those receiving normobaric oxygen therapy. The authors assumed that CPAP therapy increases the gas
exchange area and improves ventilation due to the positive pressure going into the alveoli [50].

3.4.2. HBO Therapy

Treating CO-poisoned patients with HBO therapy is still controversial [6,52,53]. There are different
policies in different countries. However, Pace et al. found that high-pressure oxygen could increase
CO elimination in CO-poisoned patients [22]. In Ernst and Zibrak’s study, they found that the half-life
of COHb would be approximately 4 h on air, 1.5 h on oxygen and less than 20 min during HBO
therapy [54].

3.4.3. Carbogen

Carbogen is a mixture of carbon dioxide and oxygen gas. Usually, CO2 is set at 5%–10% in
O2 [55,56]. When patients breathe in carbogen, their brain CO2 sensor detects that more CO2 is stored
in the body, and as a result, the brain sends a signal to increase alveolar ventilation, thus decreasing
the half-life of COHb [56,57].

The 100% oxygen and HBO therapies are based on the theory that the alveolar partial pressures
of oxygen would be affected by the inhaled partial pressure of oxygen. When increasing the partial
pressure of oxygen, there is more oxygen that can compete with CO to bind with haemoglobin. Then,
the rate of CO elimination would be raised. However, using HBO therapy for CO-poisoned patients
is still controversial. Although HBO therapy is not recommended for CO-poisoned patients in the
United Kingdom, it is a treatment for CO-poisoned patients that is widely used in Taiwan.

4. Conclusions

In the literature review, some environmental, demographic, physiological and treatment factors
were found to have an impact on the rate of CO uptake and elimination (Tables 1 and 2). Among
environmental factors, the rate of CO uptake increases by raising the CO concentration or reducing the
oxygen concentration of the inhaled gas. Moreover, the altitude can alter the rate of CO uptake due
to the different partial pressure of oxygen at different altitudes. The duration of CO exposure is an
important factor. If people were exposed to CO for a long time, even if the concentration of CO were
low, it would also have an adverse impact and reduce the rate of CO elimination. That is why attention
is needed not only for acute CO poisoning but also chronic CO poisoning, which is often ignored.
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Table 1. The factors related to CO uptake.

Field Factor Results Experiment Control Reference

Environment

CO concentration increase CO uptake rate increase

Range: 0.01%–0.2% CO Forbes et al. (1945)

Range: 0–523 CO ppm Peterson and Stewart (1970)

Range: 8.7–1000 CO ppm Peterson and Stewart (1975)

Duration of exposure longer CO uptake amount
increase

Range: 0–270 min Forbes et al. (1945)

Range: 15–480 min Peterson and Stewart (1970)

Range: 0–1440 min (50 CO ppm) Benignus et al. (1994)

O2 concentration increase CO uptake rate decrease Oxygen Air Forbes et al. (1945)

Altitude increase CO uptake rate increase 16,000 ft;
40,000 ft 0 ft Forbes et al. (1945)

Exercise increase

CO uptake rate increase Hard work Rest Forbes et al. (1945)

CO uptake rate increase Light exercise; moderate
exercise Resting Filley et al. (1954)

No difference Moderate exercise Low exercise Tikuisis et al. (1992)

Physiology

Ventilation rate increase
CO uptake rate increase Range: 6–30 L/min Forbes et al. (1945)

CO uptake rate increase Range: 5.8–105 L/min Filley et al. (1954)

Diffusion capacity of CO (DLCO)
increase

CO uptake rate increase 36.3 cm3/min/mmHg 16.9 cm3/min/mmHg Filley et al. (1954)

CO uptake rate increase Range: 5–30 mL/min/torr Bruce and Bruce (2003)

CO uptake rate increase - - Gosselin et al. (2009)

Blood volume increase CO uptake rate increase - - Coburn et al. (1965)

Diffusion rate of CO flux from
blood to muscle compartment in

crease
CO uptake rate increase Range: 0–100 mL/min/torr Bruce et al. (2008)

Muscle mass Less important - - Bruce and Bruce (2006)

Anaemia CO uptake rate increase Haematocrits of 18% and
30%

Haematocrits of 42%
and 60% Woehlck et al. (2001)

Note: 1 torr = 1 mmHg, a unit of pressure based on an absolute scale; 1 cm3 = 1 mL.



Int. J. Environ. Res. Public Health 2020, 17, 528 10 of 14

Table 2. The factors related to CO elimination.

Field Factor Results Experiment Control Reference

Environment

CO concentration increase CO half-life longer 200.8 CO ppm for 60 min 51.6 CO ppm for 60 min Peterson and Stewart
(1970)

Duration of exposure longer CO half-life longer 1250 CO ppm for 40 min 10,000 CO ppm for 5 min Bruce and Bruce (2006)
(same CO dose in two groups)

O2 concentration increase CO half-life shorter
100% oxygen - Weaver et al. (2000)

2.5 atm, 100% oxygen
(HBO) - Pace et al. (1950)

Demography

Age increase
No difference

Range: 9–86 years old Burney et al. (1982)

>40 years old <40 years old Weaver et al. (2000)

CO half-life shorter 4–12 years old - Klasner et al. (1998)

Sex

No difference
Female Male Burney et al. (1982)

Female Male Weaver et al. (2000)

CO half-life shorter
Female Male Pace et al. (1950)

Female Male; Zavorsky et al. (2014)

Smoking No difference Smokers Nonsmokers Burney et al. (1982)
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Table 2. Cont.

Field Factor Results Experiment Control Reference

Physiology

Ventilation rate increase CO half-life shorter

Range: 4–10 L/min Coburn et al. (1965)

15 and 30 L/min 3 and 6 L/min Selvakumar et al. (1993)

Range: 5–20 L/min Kreck et al. (2001)

Range: 4–40 L/min Zavorsky et al. (2014)

Chronic obstructive
pulmonary disease (COPD)

No difference/CO half-life
slightly longer COPD patients Normal subjects Crowley et al. (1989)

Blood volume increase CO half-life shorter
- - Coburn et al. (1965)

Range: 0.3–0.7 (Vb/VAwo) Bruce and Bruce (2006)

Haemoglobin mass increase CO half-life longer Male Female Zavorsky et al. (2014)

Diffusion rate of CO flux from
blood to muscle compartment

increase
CO half-life shorter Range: 0–2 mL/min/torr Bruce et al. (2003)

Muscle mass Less important - - Bruce and Bruce (2006)

Anaemia CO half-life shorter Anaemia Polycythaemia Zavorsky et al. (2014)

Treatment

100% oxygen CO half-life shorter 100% oxygen - Weaver et al. (2000)

High-flow nasal cannula
(HFNC) No difference 100% oxygenwith high

flow 100% oxygen Kim et al. (2019)

Continuous positive airway
pressure (CPAP) CO half-life shorter 100% oxygenwith positive

pressure 100% oxygen Bal et al. (2019)Caglar et
al. (2019)

Hyperbaric oxygen (HBO)
therapy CO half-life shorter

2.5 atm, 100% oxygen - Pace et al. (1950)

3 atmosphere absolute
(ATA), 100% oxygen 1 ATA, 100% oxygen Peterson and Stewart

(1970)

Carbogen CO half-life shorter Hyperventilation(6% CO2
in O2) Without isocapnia Sein Anand et al. (2017)

Note: 1 torr = 1 mmHg, a unit of pressure based on an absolute scale.
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Demographic factors, such as age, sex, smoking and exercise, are not direct factors relating to the
rate of CO uptake and elimination. Included in these factors may be physiological factors, such as
minute ventilation, alveolar ventilation and total haemoglobin mass, which are direct factors affecting
the rate of CO uptake and elimination. Other physiological factors, including muscle mass and
diffusion capacity, can also influence the rate of CO uptake and elimination. Consider the treatments,
for example: the three treatments for CO poisoning increase the rate of CO elimination by raising
the partial pressure of oxygen and the ventilation rate. Therefore, these treatments are based on the
physiological reactions that have been tested in past studies.

This review discussed most of the factors that impact the rate of CO uptake and elimination.
Information remains limited and there are numerous other potentially important factors that could
influence CO update and elimination, such as genetics, disease, vulnerable groups, children, the elderly,
weight and so forth. Thus, there may be different treatment strategies for groups with different
characteristics. Further studies focused on this field may find better ways to increase the rate of CO
elimination in CO-poisoned patients.
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Abstract: Carbon monoxide (CO) poisoning is a major public health issue worldwide. People are
exposed to CO in their daily lives, with one of the common sources of CO being cigarette smoking.
Inhalation of CO leads to elevated carboxyhaemoglobin (COHb) levels in the blood and also in
exhaled CO concentration. Several factors have been shown to affect COHb concentration and COHb
half-life. However, factors affecting exhaled CO concentration and exhaled CO half-life are not well
understood. The present study aimed to investigate the potential factors related to baseline exhaled
CO concentration and exhaled CO half-life among smokers. A cross-sectional study was conducted
between 26 January and 30 June 2019, and young adults were recruited into the study. A total of
74 participants (mean age: 27.1 years, 71.6% males and 28.4% females) attended the study. They
were invited to complete a questionnaire, including demographic, physiological, and behavioural
factors. Then, exhaled CO measurements were taken. These measurements were taken before and
after smoking a single cigarette for smokers and only once for non-smokers. The average baseline
exhaled CO concentration was 6.9 ± 4.9 ppm for smokers and 1.9 ± 0.5 ppm for non-smokers. The
mean of exhaled CO half-life was around 273.3 min (4.6 h) for smokers. No difference was seen in
exhaled CO half-life between light smokers and heavy smokers in the smoking group. Gender and
cigarettes smoked weekly affected baseline exhaled CO in smokers. Even though height seemed
to positively associate with exhaled CO half-life, the relationship disappeared when adjusting by
gender and weight. Therefore, exhaled CO could be used as a marker of CO exposure, but we cannot
ignore the factors mentioned in the study. For future study, considering factors related to smoking
habits and smoking style are recommended as these may affect total inhaled CO.

Keywords: carbon monoxide; CO half-life; CO elimination; cigarette; smoking

1. Introduction

Carbon monoxide (CO) is an odourless, tasteless, colourless, and poisonous gas
produced from the incomplete combustion of organic compounds [1,2]. In many countries,
CO was the leading cause of the fatal poisonings reported [3]. It behaves similarly to
oxygen in the body, but has around 200–260 times higher affinity to haemoglobin (Hb) and
forms as carboxyhaemoglobin (COHb) in the blood [2,4]. Exposure to high amounts of CO
may result in hypoxia and produce a series of adverse health effects, such as headaches,
nausea, fatigue, respiratory dysfunction, tissue damage and even death [1,5,6]. In the
United States, there were a total of 24,890 CO poisoning deaths (including unintentional
and intentional) from 1999 to 2014 (annual death rate of 0.5/100,000) [7]. In the WHO
European Region report, CO-related deaths were recorded at a total of 140,490 between
1980 to 2008 (annual death rate of 2.2/100,000) [8].
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The treatment guide for CO poisoning is to help patients to eliminate CO as soon as
possible. The COHb half-life has been estimated as approximately 4 h in room air [5,9] and
approximately 30 min with Hyperbaric oxygen (HBO) therapy [9]. Several factors have
been shown to affect COHb elimination, such as severity and duration of exposure to CO,
ventilation rate, age, gender, and blood volume [10–13]. However, the effects of cigarette
smoking on CO uptake and elimination remains controversial [14–16]. In an observational
study of a CO poisoning incident in a public high school, Burney et al. investigated the
factors related to COHb half-life and found cigarette smoking did not impact COHb half-
life [14]. However, Cronenberger et al.’s study showed that smokers have a longer COHb
half-life than non-smokers [16].

Smoking prevalence varies by country, ranging from 43.4% in Greece to 14.7% in
Iceland from Our World in Data [17]. It is the major source of CO exposure. For smokers,
smoking exposes people to a high concentration of CO [18]. In the WHO report, the CO
concentration in tobacco smoke is around 4.5% (45,000 ppm), and smokers inhale air with a
concentration of about 400–500 CO ppm during smoking [19]. Therefore, smokers usually
have a higher concentration of COHb in the blood, around 6% to 9% of COHb, compared
to 1% to 3% of COHb in non-smokers [20,21]. Exhaled CO concentration has been shown
to be highly correlated with COHb concentration, especially in healthy smokers [21–23].
The use of devices to monitor CO in breath has increased in research settings and clinics to
diagnose CO exposure [24–26]. Generally, without potential air pollution, the exhaled CO
concentration would be expected in a range of 1–4 ppm in non-smokers and 2–18 ppm in
smokers [24]. Suppose the exhaled CO concentration of the participants and patients was
higher than expected, in that case, they might be exposed to CO. Breath CO monitors have
provided a non-invasive, relatively low-cost and quicker way to measure CO concentrations
compared to the blood COHb test.

However, factors affecting exhaled CO as a marker of CO exposure are not well
characterised. Even though Jarvis et al. reported that exhaled CO measurement could
distinguish smokers from non-smokers, they mentioned that a few smokers could not
be identified due to not inhaling the smoke very deeply [27]. In 2020, Ghorbani et al.
indicated that breath sampling may also have an impact on exhaled CO concentration [28].
Moreover, Chatrchaiwiwatana and Ratanasiri stated that the cut-off point of differentiating
exhaled CO concentration between smokers and non-smokers might be affected by age [29].
Therefore, factors affecting the exhaled CO concentration and exhaled CO half-life are
worth exploring and addressing. The poor quantitative characterisation of the effect of
demographic, physiological factors, and smoking behaviour on exhaled CO limits its value
for modelling CO exposure and documenting its health effects.

In the present study, breath CO monitors were used to measure CO concentration
from the participants. The primary aim of this study was to explore the factors, includ-
ing demographic, physiological and behavioural factors, and smoking status, that affect
baseline exhaled CO concentration and exhaled CO half-life.

2. Materials and Methods
2.1. Study Design and Participant Recruitment

The present study was a cross-sectional study conducted between 26 January and 30
June 2019. The participants were recruited through physical posters placed at University
College London (UCL) and Goodenough College. The participants were young, healthy,
aged 18 to 34 years old, university students or their friends, with no pregnancy and
no history of illness related to lung function changes. Participants were categorised as
“smokers” if they had smoked more than 100 cigarettes through their entire life till the
present [30,31]. “Light smokers” were defined as those who smoked less than ten cigarettes
per day, and “heavy smokers” were those who smoked equal to or more than ten cigarettes
per day [32,33]. In the study, the sample size was calculated using data from a previous
study [24]. The sample size was calculated using STATA software by setting 80% for the
power and 0.05 for the significance value. As a result, the researcher estimated that at
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least 13 participants were needed for each group, including smokers (light smokers and
heavy smokers) and non-smokers. This study was approved by the UCL Research Ethics
Committee (REC) (Project ID: 14201/001).

2.2. Data Collection Procedure

On the day participants attended the study, non-smokers were excluded if they
had smoked before attendance (n = 1), and smokers if they could not properly follow
the protocol of exposure measurement (n = 9). The study protocol contained two parts,
including questionnaires and exposure measurements. After recruitment, participants
were invited to fill out the consent and questionnaire. The questionnaire included age,
gender, height, weight, BMI, ethnicity, diet, menstrual cycle and smoking habits, such as
years of smoking, type of cigarettes, number of cigarettes smoked daily and weekly and
time since the last cigarette. Participants were also asked if they had exercise or had been
exposed to CO (ex. Exposure to secondhand smoke, gas fire, cars exhaust, etc.) before
attendance for the study measurements, and their responses were recorded.

2.3. Exposure Measurement

In the exposure measurement part, baseline exhaled CO concentration was measured
in all participants. After their baseline exhaled CO concentration had been recorded,
smokers were asked to smoke one control cigarette with the same brand and type (Seven
Stars, Japan Tobacco, Tokyo, Japan). Then, the researcher (K.-T.P.) measured exhaled CO
concentration immediately after smoking and at 30 min, 60 min, 90 min and 120 min
after smoking. Moreover, smokers were asked not to smoke for at least four hours before
attending the study [34,35]. This period of four hours was based on the half-life of COHb
in people breathing natural air [5], aiming to minimise the effects of the last cigarette.
The researcher recorded the time since the last cigarette before the exhaled CO test of
each participant.

The exhaled CO half-life was calculated from the formula below. The method was
described by Weaver et al. and Ozturan et al. [15,36]. In the equation, if concentration 1 (c1)
and concentration 2 (c2) are the levels of exhaled CO concentration taken at time 1 (t1) and
time 2 (t2) during CO ‘wash-out’ time, then the half-life of exhaled CO can be calculated.
The exhaled CO half-life is also calculated as follows:

CO half − life = (t2 − t1)× ln(2)/[ln(c1/c2)]

a. t1 is time point 1
b. t2 is time point 2
c. c1 is the concentration of exhaled CO in t1
d. c2 is the concentration of exhaled CO in t2.

Exhaled CO concentration was monitored by a breath CO monitor, the ‘Micro+™
Smokerlyzer®’ (Bedfont Scientific Ltd., Medical manufacturer, Maidstone, UK). The par-
ticipants were asked to hold their breath for 20 s and then blow continuously and slowly
into the Smokerlyzer mouthpiece, following the procedure described in the manual of
Smokerlyzer. The researcher stayed with the participants and instructed them about the
protocol at the time of their attendance for the study.

2.4. Statistical Analysis

Analyses were conducted using Microsoft Excel, IBM SPSS Statistics 26 (IBM, Armonk,
NY, USA) and Stata IC 15 (TX: StataCorp LLC, College Station, TX, USA). Descriptive
statistics were computed and reported as mean ± standard deviation (SD) for age, gender,
height, weight, BMI and exhaled CO at each time point. Univariable analysis was then
conducted to describe the relationship of each variable with baseline exhaled CO concen-
tration and exhaled CO half-life. Mean differences between the two groups, such as gender
and smoking status, were compared by the Student’s t-test. If variables had more than two
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groups, such as ethnicity, analysis of variance (ANOVA) was performed to understand
the difference across each group. When the number of participants was less than 10, the
nonparametric Mann–Whitney U test or the Kruskal-Wallis H test was applied to com-
pare median values. The chi-square test was applied when analyzing the relationship by
gender, ethnicity, smoking status, etc. (categorical variable data). A Pearson’s correlation
was used to study the relationship between baseline exhaled CO concentration and age,
height, weight, etc. (two quantitative and continuous variables). A backward stepwise
multivariable regression was then applied to investigate the factors related to baseline
exhaled CO concentration and the exhaled CO half-life. A standardised beta coefficient
was used to rank the most important variables in the stepwise multivariable regression
model presented. A p-value of <0.05 was considered to be statistically significant, and all
p-values were given for two-sided tests.

3. Results

A total of 84 participants were recruited for the study. After exclusion, exhaled CO
concentrations were assessed for 74 participants, including 48 smokers (28 light smokers
and 20 heavy smokers) and 26 non-smokers.

Table 1, part (A) displays the basic demographics of the study participants. The mean
age was 27.1 ± 4.0 with a mean height of 173.0 ± 9.3 and weight of 69.1 ± 13.5. Twenty-one
participants were female, and the majority of ethnicities were Asian or White/Caucasian
in both smokers and non-smokers. Around 30% of the participants were exposed to CO
or exercised before attending the study. When comparing the characteristics between
smokers and non-smokers, smokers had a higher concentration of baseline exhaled CO
than non-smokers (6.9 ± 4.9 vs. 1.9 ± 0.5, p-value < 0.001), and a higher mean of weight
and BMI. Also, compared to non-smokers, there was a higher percentage of males among
smokers, and more smokers exercised before attending the study.

Table 1. (A). Demographics, physiological and baseline exhaled CO of the study participants
by smoking status. (B). Demographics, physiological, smoking-related and baseline exhaled CO
characteristics of light smokers and heavy smokers.

(A)

Characteristics
Total Smokers Non-Smokers

p-Value
(n = 74) (n = 48) (n = 26)

Age (years) 27.1 ± 4.0 26.6 ± 4.5 27.9 ± 2.7 0.202

Height (cm) 173.0 ± 9.3 174.3 ± 8.1 170.6 ± 10.9 0.100

Weight (kg) 69.1 ± 13.5 72.1 ± 13.8 63.2 ± 11.1 0.007 **

BMI (kg/m2) 23.1 ± 3.3 23.6 ± 3.6 21.8 ± 2.3 0.026 *

Baseline exhaled CO (ppm) 5.2 ± 4.6 6.9 ± 4.9 1.9 ± 0.5 <0.001 **

Gender 0.013 *

Male 53 (71.6) 39 (81.3) 14 (53.9)

Female 21 (28.4) 9 (18.7) 12 (46.2)

Ethnicity 0.507

Asian 45 (60.8) 27 (56.3) 18 (69.2)

Black/Africa American 2 (2.7) 1 (2.1) 1 (3.9)

Hispanic/Latino 4 (5.4) 2 (4.2) 2 (7.7)

White/Caucasian 21 (28.4) 16 (33.3) 5 (19.2)

Mixed Ethnicity 2 (2.7) 2 (4.2) 0 (0)

Exposure CO before the study 0.199
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Table 1. Cont.

(A)

Characteristics
Total Smokers Non-Smokers p-Value

(n = 74) (n = 48) (n = 26)

None 53 (71.6) 32 (66.7) 21 (80.8)

Yes 21 (28.4) 16 (33.3) 5 (19.2)

Exercise before study 0.047 *

None 52 (70.3) 30 (62.5) 22 (84.6)

Yes 22 (29.7) 18 (37.5) 4 (15.38)

(B)

Characteristics

Light
Smokers

Heavy
Smokers p-Value

(n = 28) (n = 20)

Age (years) 27.2 ± 4.4 25.9 ± 4.6 0.302

Height (cm) 173.4 ± 8.8 175.5 ± 7.0 0.386

Weight (kg) 70.9 ± 11.2 73.9 ± 16.8 0.456

BMI (kg/m2) 27.2 ± 4.4 25.9 ± 4.6 0.302

Baseline exhaled CO (ppm) 4.8 ± 2.6 10.0 ± 5.8 <0.001 **

Years of smoking (year) 8.6 ± 4.7 9.0 ± 5.0 0.783

Time since last cigarette (hour ago) 34.3 ± 69.4 7.6 ± 3.7 0.093

Cigarettes smoked (daily) 3.2 ± 2.0 12.6 ± 4.0 <0.001 **

Cigarettes smoked (weekly) 23.1 ± 16.6 89.6 ± 28.6 <0.001 **

Puffs 12.4 ± 4.3 11.3 ± 3.9 0.368

Smoking duration (min) 3.6 ± 0.8 3.3 ± 1.3 0.250

Gender 0.039 *

Male 20 (71.4) 19 (95.0)

Female 8 (28.6) 1 (5.0)

Ethnicity 0.304

Asian 14 (50.0) 13 (65.0)

Black/Africa American 0 (0) 1 (5.0)

Hispanic/Latino 2 (7.1) 0 (0)

White/Caucasian 10 (35.7) 6 (30.0)

Mixed Ethnicity 2 (7.1) 0 (0)

Exposure CO before the study 0.301

None 17 (60.7) 15 (75.0)

Yes 11 (39.3) 5 (25.0)

Exercise before study 0.762

None 18 (64.3) 12 (60.0)

Yes 10 (35.7) 8 (40.0)

Type of cigarette 0.883

Factory-made cigarette 19 (67.9) 14 (70.0)

Hand-rolled cigarette 7 (25.0) 4 (20.0)

Both 2 (7.1) 2 (10.0)
Data are reported as the mean ± standard deviation or number (percentage). Where a significant difference
between groups was found, the p-values are highlighted: * p-value < 0.05; ** p-value < 0.01.
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Table 1, part (B) describes the demographics and smoking-related characteristics
between light smokers and heavy smokers. The baseline exhaled CO was 4.8 ± 2.6 ppm
in light smokers and 10.0 ± 5.8 ppm in heavy smokers (p-value < 0.001). Light smokers
had fewer cigarettes smoked daily and weekly compared to heavy smokers. A higher
percentage of males were in the heavy smokers’ group than light smokers (95.0% vs. 71.4%,
p-value = 0.039). The majority of ethnicities were Asian or White/Caucasian with a similar
distribution of light smokers and heavy smokers (p-value = 0.304). Other factors, such as
age, height, weight, BMI, years of smoking, time since the last cigarette, puffs, smoking
duration, ethnicity, and type of cigarettes used to smoke, showed no significant difference
between light smokers and heavy smokers.

Figure 1 presents the exhaled CO concentration for light smokers and heavy smokers
at different time points. The average exhaled CO concentrations changed following the
same pattern in both smoking groups (light smokers and heavy smokers) through the time
points, and heavy smokers had a higher exhaled CO concentration than light smokers at
all time points.

Figure 1. Exhaled CO concentration for light smokers and heavy smokers at different time points.
Error bar—means ± 95% CI (Confidence Interval).

Table 2 reports that baseline exhaled CO concentration and exhaled CO half-life
showed a significant difference between males and females. In contrast, the exhaled CO
half-life showed no significant difference between light smokers and heavy smokers. The
average exhaled CO half-life among the smokers was 273.3 ± 95.6 min (4.6 ± 1.6 h).

Table 2. (A). Comparison of baseline exhaled CO concentration between different groups in smokers.
(B). Comparison of exhaled CO half-life between different groups in smokers.

(A)

Variable (n = 48)
Baseline Exhaled CO (ppm)

p-Value
Mean ± SD 1

Total (n = 48) 5.2 ± 4.6
Gender 0.002 **

Male (n = 39) 7.7 ± 5.1
Female (n = 9) 3.6 ± 2.1

Smoking status <0.001 **
Light smokers (n = 28) 4.8 ± 2.6

Heavy smokers (n = 20) 10.0 ± 5.8
Ethnicity 0.264

Asian (n = 27) 7.9 ± 5.9
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Table 2. Cont.

(A)

Variable (n = 48)
Baseline Exhaled CO (ppm)

p-Value
Mean ± SD 1

Black/African-American (n = 1) 9
Hispanic/Latino (n = 2) 5.0 ± 4.2

White/Caucasian (n = 16) 5.9 ± 3.0
Mixed ethnicity (n = 2) 2.5 ± 0.7

Type of cigarette 0.744
Factory-made cigarette (n = 33) 7.3 ± 1.0
Hand-rolled cigarette (n = 11) 5.7 ± 0.8

Both (n = 4) 7.0 ± 1.4
Exposure to CO before the study 0.094

None (n = 32) 7.8 ± 1.0
Yes (n = 16) 5.3 ± 0.7

Exercise before study 0.586
None (n = 30) 6.6 ± 0.8
Yes (n = 18) 7.4 ± 1.4

(B)

Variable (n = 45)
CO Half-Life (Minutes)

p-Value
Mean ± SD 1

Total (n = 45) 273.3 ± 95.6
Gender 0.010 *

Male (n = 36) 288.1 ± 96.1
Female (n = 9) 213.9 ± 70.4

Smoking status 0.396
Light smokers (n = 25) 262.3 ± 90.5

Heavy smokers (n = 20) 287.0 ± 22.9
Ethnicity 0.462

Asian (n = 25) 282.8 ± 101.8
Black/African-American (n = 1) 314.4

Hispanic/Latino (n = 2) 205.8 ± 52.8
White/Caucasian (n = 15) 272.7 ± 95.4

Mixed Ethnicity (n = 2) 206.1 ± 35.6
Type of cigarette 0.848

Factory-made cigarette (n = 31) 272.3 ± 93.6
Hand-rolled cigarette (n = 10) 280.1 ± 123.2

Both (n = 4) 264.5 ± 27.1
Exposure CO before the study 0.281

None (n = 29) 284.8 ± 106.5
Yes (n = 16) 252.4 ± 70.2

Exercise before the study 0.486
None (n = 29) 280.8 ± 94.4
Yes (n = 16) 259.7 ± 99.3

1 SD—standard deviation. Where a significant difference between groups was found, the p-values are highlighted:
* p-value <0.05; ** p-value <0.01.
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Table 3, part (A) indicates that there was a moderate relationship between cigarettes
smoked daily (r = 0.394, p-value = 0.006)/ weekly (r = 0.417, p-value = 0.003) and the baseline
exhaled CO concentration, which means the number of cigarettes smoked daily/weekly was
positively associated with the concentration of baseline exhaled CO. Table 3, part (B) shows
a weak relationship between height and exhaled CO half-life (r = 0.357, p-value = 0.016),
indicating that height was positively associated with exhaled CO half-life.

Table 3. (A). Correlation of baseline exhaled CO concentration with demographics, physiological and
smoking habits in smokers. (B). Correlation of exhaled CO half-life with demographics, physiological
and smoking habits in smokers.

(A)

Variable Correlation Coefficient p-Value

Age (years) 0.163 0.267

Height (cm) 0.061 0.681

Weight (kg) 0.136 0.356

BMI (kg/m2) 0.132 0.373

Years of smoking (year) −0.089 0.553

Time since last cigarette (hour
ago) −0.269 0.067

Cigarettes smoked (daily) 0.394 0.006 **

Cigarettes smoked (weekly) 0.417 0.003 **

Puffs −0.239 0.101

Smoking duration (min) −0.130 0.379

(B)

Variable Correlation Coefficient p-Value

Age (years) 0.007 0.965

Height (cm) 0.357 0.016 *

Weight (kg) 0.292 0.051

BMI (kg/m2) 0.159 0.297

Years of smoking (year) 0.051 0.714

Time since last cigarette (hour
ago) 0.032 0.835

Cigarettes smoked (daily) 0.033 0.828

Cigarettes smoked (weekly) −0.062 0.688

Puffs −0.199 0.189

Smoking duration (min) 0.025 0.872
Where a significant correlation was found, the p-values are highlighted: * p-value < 0.05; ** p-value < 0.01.

Tables 4 and 5 show the factors that affect the baseline exhaled CO concentration
and exhaled CO half-life of smokers. The final models only included significant and
borderline significant factors. The results showed that gender (β = −5.491, p-value = 0.020)
and cigarettes smoked weekly (β = 0.051, p-value = 0.004) affect the baseline exhaled CO
concentration. Height and age showed borderline significance. If a person was older or
smoked more cigarettes weekly, the baseline CO concentration increased. Height affects
the time of exhaled CO half-life (β = 4.878, p-value = 0.007). If a person was taller, the
exhaled CO half-life time increased. However, once the results were adjusted by gender
and weight, the impact of height disappeared. Gender, height and weight did not affect
the exhaled CO half-life in the regression analysis.
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Table 4. Factors affecting baseline CO concentration in smokers.

Variable 1 (n = 47)
R2 = 0.349, Adjusted R2 = 0.287

β 2 Beta 3 95% CI 4 p-Value

Gender (female/ male) −5.491 −0.439 (−10.071, −0.911) 0.020
Cigarettes smoked (weekly) 0.051 0.407 (0.017, 0.084) 0.004

Height (cm) −0.193 −0.310 (−0.417, 0.030) 0.088
Age (year) 0.287 0.260 (−0.0001, 0.573) 0.050

1 Variables included when running backwards stepwise regression: age, gender, height, weight, BMI, exposure
CO, exercise, type of cigarette, cigarettes smoked weekly, years of smoking, time since the last cigarette, number
of puffs and smoking duration, 2 β—un-standardised coefficient, 3 Beta–standardised coefficient, 4 95% CI—95%
Confidence Interval.

Table 5. (A). Factors affecting exhaled CO half-life in smokers. (B). Factors affecting exhaled CO
half-life for smokers.

(A)

Variable 1 (n = 45)
R2 = 0.163, Adjusted R2 = 0.143

β 2 Beta 3 95% CI 4 p-Value

Height (cm) 4.878 0.403 (1.431, 8.326) 0.007

(B)

Variable (n = 45)
R2 = 0.141, adjusted R2 = 0.078

β 1 Beta 2 95% CI 3 p-Value

Height (cm) 2.483 0.209 (−3.141, 8.109) 0.378

Gender (female/male) −26.893 −0.114 (−125.814, 72.028) 0.586

Weight 0.718 0.106 (−1.837, 3.273) 0.573

(A) 1 Variables included when running backwards stepwise regression: age, gender, height, weight, BMI, exposure
CO, exercise, type of cigarette, cigarettes smoked weekly, years of smoking, time since the last cigarette, number
of puffs and smoking duration, 2 β—un-standardised coefficient, 3 Beta—standardised coefficient, 4 95% CI—95%
Confidence Interval. (B) 1 β—un-standardised coefficient, 2 Beta—standardised coefficient, 3 95% CI—95%
Confidence Interval.

4. Discussion

To date, non-invasive monitors for CO assessment have been widely used. This study
is the first study to use a breath CO monitor to calculate exhaled CO half-life and explore
factors affecting baseline exhaled CO concentration and exhaled CO half-life. Our results
using exhaled CO were relatively similar to those from studies using COHb from blood as
an exposure marker, where half-life is about 4–5 h [2,5]. The average age of the participants
was 27 years old since the inclusion criteria were 18–34 years old. Therefore, the potential
effects of ageing of the lungs were eliminated [37,38]. In the study, the difference of baseline
exhaled CO concentration between smokers and non-smokers was around 5 ppm (6.9 ppm
vs. 1.9 ppm), which was similar to the data from Kozienice in Maga et al.’s study, in which
the average baseline exhaled CO concentration was 6.5 ppm in smokers and 1.1 ppm in
non-smokers [24]. However, the baseline exhaled CO concentration was less than the study
by Maga et al., based in Krakow (smokers vs. non-smokers, 12.3 ppm vs. 7.0 ppm) and
Warsaw (smokers vs. non-smokers, 14.4 ppm vs. 5.1 ppm) [24]. Another study also showed
a higher baseline exhaled CO concentration than our study, and the mean exhaled CO
concentration was 3.6 ppm for non-smokers and 17.1 ppm for smokers [26]. The lower
baseline CO concentration in the study may be related to the lower number of heavy
smokers, lower background CO concentration, shorter years of smoking, and the mean of
time since the last cigarette, which was much longer than other studies [24,26].

The baseline CO concentration of the smokers was between 1 ppm to 24 ppm. It
showed that some of the smokers’ baseline exhaled CO concentration was similar to non-
smokers, which was around 1.9 ppm. The possible reason for the low exhaled CO baseline
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concentration in smokers might be the long period since the last cigarette. In our study,
the average time since the last cigarette was around 23 h. The COHb half-life for a healthy
person breathing air is approximately 4 h [5]. If a person stops smoking for a sufficiently
long period, the exhaled CO concentration could be similar to non-smokers. Besides,
some studies reported that smokers could lower their CO exposure by reducing the puff
volume, the puffs smoked and the tendency and depth of inhaling [18,39–42]. In terms
of puffs, males generally tended to have a higher puff volume, a longer puff duration
and shorter intervals between puffs than females [42]. Above all, these may be highly
related to smoking habits and hard to control. Therefore, this might be a reason for the big
variation of exhaled CO concentration within and between different studies [20,24,26,43].
Even though the exposure of CO from smoking may be highly affect by smoking habits
and hard to control, smoking is the major source of CO exposure in the population. Future
studies should consider the possible ways to measure the actual amount of CO that goes
into the body while smoking.

Moreover, some studies showed that cigarettes themselves might play a role in CO
exposure in smoking, such as paper porosity, filter, cigarette CO level, cigarette nicotine
level and type of cigarettes [18,40,44]. Laugesen et al.’s study reported that even though
the increased CO ppm was similar in hand-rolled cigarettes and factory-made cigarettes,
the CO ppm increase per g of tobacco burnt was higher in hand-rolled cigarettes than in
factory-made cigarettes [44]. Therefore, the cigarettes in the present study were controlled
to being the same brand and type to avoid the effects of the properties of different cigarettes.

In the regression model, gender and cigarettes smoked weekly affected baseline
exhaled CO concentration. The gender effect may be due to more heavy smokers in the
male group, as heavy smokers tend to have a higher concentration of COHb [3,24,45].
Moreover, some studies showed that females may have lower exhaled CO concentrations
during menstruation due to loss of blood, which has a high affinity with CO [46]. The
baseline exhaled CO concentration was positively associated with the number of cigarettes
smoked daily and weekly, similar to other studies [20,24,26,39,43]. Some studies also
reported that exhaled CO concentration is higher for participants who smoke and inhale
more deeply [39,43]. In our study, the concentration of exhaled CO showed no difference
before and after smoking in a few participants. Some of them claimed that they did not
inhale the smoke into their lungs, while some of the participants said they did inhale deeply.
The same situation was also found in Jarvis et al.’s study [27].

The average COHb half-life in smokers was 4.5 h in our study, similar to other
studies [2,5]. Light smokers and heavy smokers showed no significance in exhaled
CO half-life. Similar findings were also demonstrated in the studies [14,15]. However,
Cronenberger et al. (2008) have reported the median (range) COHb half-life was 30.9 h
(7.13–367) in adult smokers [16], which was longer compared with the results from exhaled
CO half-life in our study (median, 4.1 h). The possible reason that COHb half-life was
longer in Cronenberger et al.’s study than in the present study might be the younger age of
participants in the present study (age range: 18–34) compared to the participants in Cronen-
berger et al.’s study (age range: 21–63). Moreover, even though some studies showed that
cigarette smoking might affect lung function and reduce gas exchange efficiency [47,48],
the effects may be reduced due to only young and healthy participants being recruited.

Moreover, there were only 45 participants in the regression. The reason was that in
three participants, the exhaled CO concentration did not decrease after 120 min after smok-
ing. Therefore, their exhaled CO half-life could not be calculated. Besides the equipment
error for the three participants, the reason for exhaled CO concentration without decreasing
after 120 min after smoking might be the longer exhaled CO half-life of smokers than
non-smokers [16]. Therefore, it is hard to detect the decrease of exhaled CO concentration
within 120 min.

Gender and height showed their effects on exhaled CO half-life in the correlation and
univariable test. Height was also found to have a positive association with exhaled CO
half-life in smokers in multivariable regression. However, when controlling for gender and
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weight (significant and borderline significant factors in the univariable test), height, gender
and weight together showed no significant effects on exhaled CO half-life in the regression
model. Gender has been postulated to affect COHb half-life in studies [11,49]. Female
smokers had a shorter exhaled CO half-life compared to male smokers, which may be
due to females having a lower Hb mass and higher alveolar ventilation than males [11,49].
Some studies have suggested that alveolar ventilation and total Hb mass, more than gender,
may play a critical role in COHb elimination and half-life [11–13]. Besides gender and
height, weight showed a slightly positive association with exhaled CO half-life with a
borderline significance (Table 3, part (B)). Generally, heavier people have increased blood
volume and have a longer COHb half-life [12,13].

Study limitations. Firstly, the participants smoked a controlled cigarette in their usual
manner. The number of puffs, interval time between puffs and the depth of smoking
were hard to control and may affect exhaled CO concentration. Fortunately, the puffs
and smoking duration were recorded, and the researcher recruited more participants
than estimated in each group to reduce the effects of the big variation in exhaled CO
concentration on the analysis. Moreover, different CO exposure methods could be used in
future studies, such as the DLCO test and CO-rebreathing experiment, which are safer and
utilise a known dose of CO exposure under clinical and medical staff control. Secondly,
many females tended to reject the study and were not willing to report their smoking
status when recruiting participants. This situation resulted in there being more males than
females involved in the study. Also, the lower number of female participants makes it
hard to see if the menstrual cycle would affect the exhaled CO concentration and exhaled
CO half-life. Thirdly, the backward stepwise regression was applied to find the factors
affecting baseline CO concentration and exhaled CO half-life. However, this method was
only based on statistical results without evidence from the literature. Different approaches
could be considered in the future. Fourthly, breath CO monitors are most used for healthy
participants due to the protocol of breath-holding for 20 s might be hard to perform for
patients with certain conditions, such as lung illness and chest pain. Finally, the participants
smoked outdoors due to the smoking regulations at the university and did the exhaled CO
experiment indoors. Even though there may be a delay after smoking to the exhaled CO
measurement, the exact times recorded in the study were much less than the exhaled CO
half-life. Therefore, this time delay is not expected to affect the study significantly.

5. Conclusions

This is the first study to calculate exhaled CO half-life using a breath CO monitor
and showed relatively similar results compared to the COHb half-life measured in blood,
especially in young healthy adults. Therefore, exhaled CO could be used as a marker of
CO exposure. For example, patients presenting with an exhaled CO concentration suggest
CO exposure above what is expected in smokers, pointing to the need to search for CO
sources of exposure different from smoking. However, some factors, such as gender and
cigarettes smoked weekly, might influence the value of exhaled CO as a marker of exposure.
Those factors should be considered when interpreting the results. Further research should
consider additional factors related to smoking habits, such as type/brand of cigarettes,
interval time between puffs and the depth of smoking. Moreover, the effect of the menstrual
cycle, alveolar ventilation and total Hb mass on exhaled CO concentration and COHb
half-life could be explored in the future.
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