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ABSTRACT 

RATES OF ELiRtINATION OF CARBON MONOMDE IN MALES AND FEMALES 

Master of Science 

2000 

Janet Tesler 

lnstitute o f  Medicd Sciences 

University of Toronto 

Introduction: Carboxyhernoglobin (CO&) elimination ha1 ftime (t%) is shorter in non-pregnant 

fernales than males. The reasons for this are unknown. Alveolar ventilation ( i / ; , )  and total 

hemoglobin mass (bOT) both differ between males and fernales, and influence tX. Therefore they 

may account for the differences in tX. Methods: 9 men and 8 women completed 3 sessions each, on 

separate days. For each session, the subject was exposed to CO, and then eliminated it by breahng 

either 100% Oz at rest or 96-99% 0. at one of w o  increased levels of ventilation. Nonnocapnia was 

maintained without rebreathing. t'/r was caiculated. ANOVA was used to evaluate the effect of sex 

on the relationship between t% and when HbTOT is &O considered. Results: Sex of the subject 

was no longer signifiant when was included in the mode[. Conclusion: Considering 

differences in Y.\ and HbTm accounts for the difference in maie and femaie tM. 



INTRODUCTION 

Carbon monoxide ( C O )  poisoning 1s the cornmonest cause of poisoning morbidity and 

mortality in the industrialised worldl. Forty to seventy-thousand visits are made to emergency 

departments due to CO poisoning each year in the United states2. This likely underestirnates the 

true incidence of CO poisoning, as it does not include the many patients who visit clinics or 

family doctors, or those that are mis- or undiagnosed. In addition, 4000 deaths each year in the 

US. are attributed to CO, the most attributed to any poison3. 

CO poisoning is an ancient, global phenornenon. There is evidence of CO poisonin!: dating 

as far back as Greek and Roman times when glowing coal was used in enclosed bath houses4. In 

Nonh Amerka natives suffered from CO poisoning when lighting fires in their tepees. Gas 

given off from buminç coal for home heating was known as a cause of poisoning as early as the 

15' century. In the 19" and early 20' centuries, severe CO poisoning was still common due to 

the popularity of the use of coal gas (-30% CO) for indoor heating. Even today, 3% of the 

population of Seoul. Korea is accidentally poisoned by CO every year due to the combustion of 

hydrocarbons to heat their floors during the winter6. 

CO is an odourless. tasteless gas. It is a heteropolar, diamagnetic molecule that is stable at 

arnbient temperature and pressure. Its dipole is lower than predicted so it is thought4 to be a 

resonance hybnd of 



Because of its sirnilarities to the oxygen (Oz) molecule, CO is able to compete for the O2 

binding site on the heme of hemoglobin (Hb) and other heme-containing molecules such as 

myogiobin (Mb) and cytochrornes7. Although the molecular mechanism is poorly understood, 

CO interferes with the oxygenation of Hb by forming a CO-ordinate covalent bond with the iron 

of the heme molecule to fonn carboxyhemoglobin (COHb). Binding occurs quickly, with a time 

constant of a few hundred millisecondss. although this binding is slower than that of Oz binding 

to ~ b ?  CO'S extremely slow rate of dissociation from Hb can be attributed to its 200-250'~-" 

fold greater affinity for Hb compared to that of O;. As a result, Hb binds to CO in preference to 

0 2  dunng the blood's pulrnonary transit, even at very low CO  concentration^'^.^^. 

SOURCES OF CO 

Exogenous sources of CO 

CO is produced from the incomplete combustion of carbonaceous compounds. Natural 

sources of CO exceed anthropogenic production of CO by a factor of ten, yet environmental 

pollution is the cornmonest cause of CO exposure and poisoning15. Natural and anthropogenic 

sources are summarised in table 1. 



Table 1: Sources of  CO‘'*'^'^-'" 

Naturai sources: Forest fires 

Volcanic activity 

Natural sases 

Marine tlora 

Photochernical degradation of organic cûmpaunds 

hnthropogenic sources: Industrial and residential fires 

Inadequate venting of furnaces, water heaters and space heaters 

Vehicular exhaust 

Tobacco smoke 

Paint stripper and other solvents (e .g.  methylene chloride) 

Endogenous production of CO 

During the metabolism of the protoporphyrin ring (heme, without the iron molecule), CO and 

billinibin are produced by microsomal heme o?rygenasel' (see figure 1). The rate of endogenous 

CO produaion for normal t4 5 CH=CH. 
,C =$ 

H,$ CC,.C =C,H 
males, and females in the r t ~ z - c -  t \ ,C - 

-CH 3 

heme oxygenase 
N 

Pl:: -C -,9 H"c -C-CH=CH 
--+ CO + brllinibin 

N H 
estrogenic phase of the H:: H~.F ;C 

riooc ', =c 
I I 

H-5 CH menstrual cycle, is H:C 

approximately 0.43 
Figure 1: Mechanisin of endogenous CO produdion. The protoporphyrin 
ring is metabolizeâ to CO and billirubin by heme oxygenase. Adapted from 

rnLJhl2, producing a basai Longo et aP 

COHb of approximately 1% (Le. 1% of Hb is bound to  CO)"'^.'^. During the progestational 

phase, endogenous production doubles due to the stimulation of hepatic microsomal enzymeslg. 

During pregnancy, increases in production are even more profound (see figure 2). 



Increased steady state [COHb] can 

also result fiom a) other causes of 

increased endogenous CO production 

such as hernolytic anemia and 

thalassemia and b) the induction of 

microsomal enzymes by medications 
Figure 2: Rate of CO production in males and femalfs 
different physiological States. Adapted frorn Longo et al. such as diphenyl hydantoin20 

Binding to Hb 

The binding of CO to Hb has two significant effects on tissue O? delivery: 1 )  reduction of 

blood O2 carrying capacity and 2) changes to the Oz-Hb dissociation curve which increase the 

afinity of Hb for Ot and decrease unloading of O2 at the tissues. 

Reduction of the biood's O2 cnnying cnpacity (urterial O2 ~ontent)~:  Due to CO'S high 

afinity for Hb. it displaces O2 to form COKb. This reduces the O2 content of the blood by 

reducing the arnount of Hb available to form oxyhemoglobin (02~b)". This anemia-like effect 

is comparable to normovolemic anemia (normal blood volume but low [Hb], as with iron 

deficiency). However, with m e  anemia, the lower [Hb] decreases blood viscosity, which leads 

to a compensatory increase in blood flow. In addition, chernosensitive vascular reflexes work to 

maintain O2 delivery to the heart and brain. The "pseudoanemia" experienced when CO binds to 

Kb does not have the advantage of improved blood flow because total Hb content, and thus 

blood viscosity does not change; in addition, the carotid chemoreceptor response is diminished*. 



Changes tu the OrHb dissociation cunpe: CO affects the Oz-Hb dissociation curve botb by 

changing it from a sigmoid curve to a hyperbola and by shifting it to the lefi22 (see figure 3). 

This shifi represents an increase in the afinity of Kb for Oz such that the available Hb is more 

saturated with O2 at any given PO?, 

thus requiring an even further 

reduction of tissue PO:! to extract 

sufficient 01 ftom ~ b " .  The 

increased affinity of Hb for O2 is 

likely due to the CO-operative effect 

when ligands bind to Hb. Since CO 

occupies the tirst, high-affinity 

binding site, Hb remains in the -'taut" 

conformation, retaining a higher 

Oz content 
(rnUdL blood) 

Figure 3: Combined effect of a decrease in 02 canying 
capacity and changes to the shape of the OTHb dissociation 
curve. Adapted from Best and Taylor's Physiological Basis of 
Medical Practice. 12m ed." 

affinity for the Oz already bound to ~ b "  

Extrrvascular binding 

Since the volume of distribution of CO is greater than the blood volume, CO must bind at 

extravascuiar sites? The cellular proteins thought to be involved in CO binding are the iron 

containing hemoproteins, especially Mb and ~~ tochrornes~~ .  

Myogtobinr Mb is a 153 amino acid single chah protein found primarily in striated and 

cardiac rnyocytes. Lt is similar in structure and function to Hb and is thought to facilitate 02 

difision from the cell membrane to the mitochondria and between cel~s""~. It aiso likely acts 

as a short-terrn 

contra~tion"~'. 

Oz store, buffering changes in POz near the mitochondria during muscle 

Since the intracellular PO2 is relatively low, Mb, unlike Hb, is designed to 



function at low PO2 (Le. it unloads most of its 0 2  between POz of O and 20 mmHg, see figure 4). 

However, under these hypoxic conditions. Mb is susceptible to binding CO since its affinity for 

CO is 30-50 times its afinity for OZ". Experiments 

in animais have demonstrated extravascular 

accumu~ation of CO in skeletal and cardiac muscle in 

vivo, implicating myoglobin (Mb) as a true site for 

CO bindingZ7. It has been estimated that under 

physiologic conditions, up to 15% of total body CO is 

bound to ~ b " .  Carboxymyoglobin (COMb) levels 

depend directly on COHb; at normal arterial POz. the 

ratio of [COMb] to [COHb] is 1 : 1'9-30 When P,02 

Figure 4: Cornparison of the oxygen 
dissociation curves for Hb and Mb. Adapted 
from Best and Tayloh P~~siological Basis of 
Medical Practtce. 12* ed. 

fails below 30 mmHg a redistribution of CO tiom the blood into the muscle occurs, increasing 

this ratio to 2S2? There is evidence that CO interferes with Mb fÙnction3' but whether this is a 

mechanism of CO toxicity wiil depend on the extent to which cell oxygenation depends on 

myoglobin hnction2". Although sorne have suggested that CO binding to Mb. especially in the 

rnyocardium, is responsible for rnoa of CO'S toxicitYzi, there is no direct evidence to this effect. 

Cytochrornes: Cytochrornes, especiaily cytochrome oxidase, are also thought to be involved 

in extravascular CO bindingS2". However. hi-virro experiments suggea that given cytochrorne 

o?adase7s relatively Iow af5nity for CO compared to Oz. the POz in the mitochondria would have 

to be much lower than physiologic levels (i-e. < 0.1 mmHg) for any significant CO binding to 

occu?. Nevertheless, some believe that CO binding to cytochromes does piay an important role 

in CO-toxicity since in-vin0 experiments exclude se-deral factors that affect the binding of 

cytochrome oxidase to CO: body temperature, the rate of cellular respiration, and the redox state 



of the enzyme in different tissuesY. Thus, the rote of cytochrorne binding in CO toxicity remains 

unclear. From a pharmacokinetic standpoint. cytochromes are unlikely to contribute significantly 

to total body CO stores since cytochromes are only one tenth as abundant as bfb30, and unlike Hb 

or Mb, their afinity for CO is no greater than that for O?". 

SYMPTOMS AND SIGiYS 

CO poisoning is often difficult to diagnose since many of the of mild and moderate poisoning 

are non-specitic and can be mistaken for a viral infection or a funaional illness. There is some 

correlation between [COHb] and symptoms experienced (see table 2); however, evidence 

suggests thar the severity of poisoning correlates bener with duration of exposure than with 

[coH~]~'. 

Table 2: Symptoms experienced at various96 COHb 1 233-37 

% COHb Symptoms 

Usually none or very few. dyspnea on maximal exercise, fine psychomotor 
and visual acuity changes 

Headache. dyspnea on rnoderate exercise. dilatation of subcutaneous vessels, 
lethargy. nausea 

Throbbing headache, nausea and vomiting fatigue, imtability, impaired 
judgement and vision, dizziness, difficulty concentrating, loss of manual 
CO-ordination 

Severe headache, nausea and vomiting, fatigue and weakness, confusion, 
syncope 

Severe headache, tachypnea, tachycardia, syncope, confusion 

Respiratory failure, syncope, intermittent sehres, hypotension, coma 

Rapidly fatal 



Hb and reversing the hypo~ic effects of CO by mavimizing the 02 content of the blood 

accelerating the rate at which CO is eliminated from the body. 

TREATMENT OF CO POISONING 

The current recomrnended treatment for severe CO poisoning is hyperbaric oxygenl. Dunng 

transport of the patient to the chamber, or when hyperbaric facilities are not available or 

indicated, the standard therapy is 100% O?. These treatments are aimed at displacing CO from 

and 

fiom 

ELlMINATlON OF CO (RATIONALE FOR TREATMENT) 

CO is primarily eliminated from the blood via the lungs. The rate of ( 

the pulmonary capillaries into the alveoli is  a hnction of two factors: 1) the partial pressure 

diflerence across the alveolar capillary membrane (diffision gradient) and 2) the diffision 

bamer to CO. 

The Diffusion Gradient 

The diffision gradient is determined by the difference between the alveolar PCO (P.\CO) and 

the pulmonary capillary PCO (P,CO). The larger the gradient for CO, the faster it is eliminated. 

The primary goal of any treatment for CO poisoning is to increase this gradient. This can be 

accomplished in two ways: 1)  increasing P,CO or 2) decreasing P.-\CO. 

lncreasing PCC#: Increasing the inspired PO2 (Plot), will increase aiveolar PO2 (PA&) and 

pulmonary capillary POt, and will ultimately reduce [COHb] by displacing CO from Hb. This 

inverse relationship between PO2 and [COHb] is described by the Haldane equationu: 

PCOM - [COHb] - - 
PO2 [02Hb] 

where M is the affinity of Hb for CO compared to 0 2  (200-250). 



The CO displaced from Hb will increase the P,CO and thus increase the difision gradient, 

promoting an efflux of CO into the alveolus. The current preliminary treatment for CO poisoning 

utilizes this phenornenon through the administration of 100% 0 2  on the scene and during transit 

to hospital. If poisoning is severe, and if facilities exist, 100% O2 is administered under 

hyperbanc conditions (2.5-3 atm). These conditions increase the capillary content of dissolved 

O? up to three times normal, and by displacing even more CO From Hb, further increase the 

madient for the elimination of CO. In addition, hyperbaric O2 supplies much needed Oz to Oz- - 
deprived tissues by markedly increasing the dissolved O2 content of the blood. 

Decreasing P,[CO: When the alveolus is emptied during expiration and filled wit h CO-free 

gas during inspiration, P..\CO is reduced, and the gradient for further diffision of CO into the 

alveolus is increased. It follows that increasing alveolar ventilation (VA  ) wii1 accelerate CO 

elimination. This has been confirmed in a recent study by Takeuchi et al. showing that breathing 

-96% Ot at 3-5 times resting ventilation (while maintainhg normocapnia) at arnbient pressures, 

eliminates CO at a rate similar to that obtained during treatment with hyperbaric 02'~. 

The Diffusion Barrier 

For CO uptake or elimination to occur, CO must move from the alveolar air space into the 

plasma and vice versa. Between these two compartments is the alveolar-capillary membrane, 

which represents the diffision barrier for CO. The rate at which CO crosses this barrier is 

expressed as the diasivity of the lung for CO (DLCO) and is defined as the rnL of CO that 

transverse the alveolar membrane every minute, per mmHg of pressure gradient. The factor 

having the greatest effect on Drco is rhe surface area of the lung available for gas exchange. For 

this reason, DLco is often employed clinically as a marker for diseases nich as emphysema that 

damage the alveoli. Terms that are not considered in the definition of D=co, but still affect its 



value are PO?, V A ,  PCO?, ml, cardiac output7 shunt fraction and the rate at which CO binds to 

KbJ9. 

Aalf-tirne of elimination of COBb 

As elimination of CO tiom the body proceeds, the rate of CO elimination decreases (for a 

given set of the parameters listed above). This is because as pulmonary capillary [COHb] - 
decreases, so does P,CO, diminishing the pulmonary-alveolar CO gradient. This results in an 

exponential decrease in [COHb] over time of the form: 

[COHbIl = [ ~ 0 ~ b ] o e * '  

where [COHbIo and [COHb], are the COHb concentrations at time O and time t respectively, and 

k is the rate constant. The rate of elimination of COHb can be stated in terms of the half-time of 

elimination of COHb ft!h), which is reiated to the rate constant, k, by the following equation: 

t% is generally reponed in the literature solely as a funaion of P102. As such there is 

considerable variation in the reported tKs at P102s of 160 mmHg (air), 760 mmHg ( 100% Oz) 

and 1900-2280 mmKg (hyperbaric Ot). For instance, t!4 while breathing 100% 0 2  at ambient 

pressures ranges fiorn 36 to 80 minM-? This large variation implies that factors other than Pi02 

influence t th. 

While many of these have been investigated in depth, one important factor whose role 

remains unknown, is sex. in 1950, Pace et al. reported a significant sex-related difference in t%? 

In their study, the average t% in males was 47 min whereas that in females was 36 min. Based on 

these findings, it is generally accepted that females eliminate CO faster than males. But while 

some investigators have confmed this notionJtJ3, others have refuted it*-? It is therefore 



uncertain whether a tnie sex-related difference exists and if it does, the reason for this difference 

remains unknown. 

In order to address these issues, m e  must examine the factors in addition to sex that affect 

t h  Mathematical models have been developed that enable one to predict the rate of CO uptake 

md eiiniinatiun from the body. The best studid, and the one niost sommoniy referred io in the 

literature is the Cobum, Forster and Kane (CFK) equationa. Included is the basic form of the 

CFK equation. It is composed of the parameters summarized in table 3.  

Pr02 1 B=- PL 
where A = +- and exp = base of natural logarithm 

M[O:Hb] ' DLCO VA 

Table 3: pararneters in the CFK equationa 

Barometric pressure minus the vapour pressure of water at body temperature, mmHg 

Tirne, min 

Pulmonary capillary PO2 

Inspired PCO 

AIveolar ventilation 

Blood volume 

Hemo~iobin concentration 

Oqhemoglobin concentration 

Carboxyhemoglobin concentration 

Endogenous CO production 

Diffisivity of the Iung for CO 

Ratio of the affinity of CO for Hb relative to O2 



Inter-individual variations in these factors may explain the range of t% reponed in the 

literature for a given Proz. Systematic sex-related differences in these factors might aiso help to 

explain the sex-related difference in t'/2 noted by Pace et al. 

The factors affecting CO elirnination can be divided into those that should not differ between 

the sexes, and those that should. The former include: 

1. P,02: a fairly uniform P,Oz between individuals results From uniform PiO? (e.g. 100Y0 

O?); 

2. PiCo, which is zero once exposure to CO is stopped; 

3. VW, which is similar for males and females in the estrogenic phase of the menstrual 

cycle (see section on endogenous CO production); and 

4 M which is determined by the amcnire of Hb which is not affected by sex. 

Factors that differ between the sexes: 

1 .  v., 

2.  vh 

3.  [Hb] 

4. DI.co 

VA is a tùnction of body surface area4' and since males tend to have larger body surface 

areas than females, they also tend to have larger resting VA.  Because VA is known to heavily 

influence both the uptake and elimination of COHb, any differences in VA between the sexes 

will remit in direremes in tl/r. The CFK equation suggests that there is an inverse relationship 

between t% and Y;\ (t% is reduced with increasing Y;\). This has been confirmed 

experimentally by Takeuchi et al. who determined the relationship between t% and VA to be 

hyperbo1ic38. 



Vb is a tùnction of height and weight and this relationship d i f k s  for males and fernales. The 

normal value for Vb in males is 5.34 f 0.72 L (mean k SD) and for females is 3.64 Ç 0.52 L~*. 

Similarly, m] diffen between males and females. The normal male m] is 15.5 f 1 g/dl and 

the normal fernale m] is 14 t 1 g/d14? The produa of these two factors is the total body 

hemoglobin content (HbTOT). Multiplying the above values, one finds that the average male and 

female HbToTs are 828 g and 5 10 g, respectively. The CFK equation predicts a direct, linear 

relation between tK and HbToT for a given [COHb], where increased f i o T  prolongs t%. Thus, 

the average ditl'erences in HbToT between the sexes predicts that males should have longer t%s 

than females. 

The average DLco for adult males and females is 36 k 7 and 26 k 3 mUmin/rnmHg, 

respectively3? This difference in DLco should assist males to eliminate CO faster than females. 

However, DLco depends upon a number of factors, and the relationship between D=CO and t!4 is 

complicated. This issue will be discussed in more detail in the Discussion. 

The purpose of this audy is to investigate the factors affecting t!h in males and females and 

to determine if the sex-difference in tl/2 cm be explained by accounting for known physiologie 

differences between the sexes. 

HYPOTHESIS 

1 hypothesize that in normal subjectg for mg g i v m  I:( , accounting for the e f f i  of &OT on 

CO elimination is sufficient to explain the observed sex difference in t'/- 



NOTE 

In this study, volunteers exposed to CO were treated at three levels of ventilation: 

1 )  resting ventilation, breathing 100°/o Oz (poikilocapnic Oz, Le. end-tidal PCOt not controlled) 

2) four times restins ventilation, breathing 4.5% CO2, balance O?, normocapnia maintained 

(norrnocapnic hyperpnea) 

3)  intermediate ventilation. breathing 14% COt, balance O?, normocapnia maintained 

(nomocapnic hy peroxia) 

This intermediate Ievel of ventilation was achieved by exploiting the phenomenon described 

by Becker et a1." in which maintenance of norrnocapnia during hyperoxia (75% 02) increases 

ventilation from 43 to 787%. By using this rnethod of increasing ventilation, 1 was able to 

simultaneously cany out an additional study (not described here) whose protocol overlapped this 

one and thus avoided repeated exposure of volunteers to CO. This second study examined the 

effect of poikilocapnic and normocapnic hyperoxia on cerebral blood flow (CBF) afier exposure 

to CO. To accommodate this other midy, eight of the male and eight of the fernale subjects were 

required to Wear a head hamess equipped with bilateral Doppler probes during the course of the 

expenment. There is no reason to believe that this would have had a significant effect on my 

results. A working manuscript of the CBF study is provideci in appendix I . 



SUBSECTS 

Following institutional approval, nine females and nine males gave informed written consent 

to participate in the study. All subjects were healthy, non-smokers and al1 had normal pulmonary 

tùnct ion tests as reported b y the Mount Sinai Hospital Pulrnonary Function Laboratory . 

Female volunteers were in the first two weeks of their rnenstrual cycle to ensure they were in 

the estrogenic phase while participating in the study. This ruled out the possibility of pregnancy 

in the volunteers, and minimized the effects of progesterone, which include increased ventilation 

and increased endogenous CO production4. 

THE BREATHLNG CLRCUIT 

I employed the breathing circuit described by Sommer et al." but with rninor modifications. 

In brief, the circuit maintains nonnocapnia without rebreathing, regardless of minute ventilation. 

The circuit consists of a non-rebreathing valve and a manifold with ports for fresh sas, a fresh 

gas reservoir and a low pressure relief valve. Fresh gas (i.e., not containing CO2) is supplied to a 

reservoir at a rate equal to the subject's resting minute ventilation ( VE ). This provides the lungs 

with the appropriate gradient for elimination of CO.. If ventilation exceeds the fresh gas flow, 

the subjea receives reserve gas with an inspired PCOt (PiCOt) equal to that of rnixed venous 

blood (-46 mrnHg; 6% CO?) thou& the low pressure relief valve. This supplemental inspired 

gas does not contribute to the gradient for fùrther CO2 elimination but does provide a gradient for 

the elimination of other gases (such as CO). 

The breathing circuit used in this study is shown in figure 5. Fresh gas (air or 1000/o O*), 

suppiied at a rate equal to the subject's reaing VE, enters through the fresh jas inlet (FGI) and 

flows into the spirometer (which acts as a gas reservoir). When breathing hyperoxic gas, 

ventilation tends to spontaneousiy increasej0. If this occurs, the reservoir will empty during the 



course of the breath; when this happens, the rernainder of the breath is drawn through the 

demand regulator (which was used as the low pressure relief valve). This system allows blinding 

of the subject to the type of 'treatment' (elimination of CO) by supplying gas through the 

demand regulator during both the poikilocapnic 02 ( 100% Oz) and normocapnic hyperoxia (6% 

COt balance 0 2 )  sessions. 

water / 
spi rometer 
(fresh gas 
reservoir) 

demand 
valve 

demand gas / inîet (DGI) 

to CO absorber + 
heatlmoisture exchanger 

to CO analyzer t 2 cm H20 flow transducer 

/ 
+ to CO2 analyzer 

fresh gas f 

inlet (FGh 
to subject 

Figure 5: Schernatic of the breathing circuit used in this study. Fresh gas (air or 100% a) is supplied through the 

FGI (fresh gas inlet) rate equal to the subjecïs resting VE and flows into the spirometer. from which the subject 

breathes. If VE increases, the reservoir empties during the course of the breath and the remainder of Me breath is 
drawn through the demand regulator. Nomocapmia is maintained when 6% CO2 is supplied through the DG1 
(demand gas inlet). 

For the normocapnic hyperpnea .treatmenty, the subject was required to increase VE to three 

or four times resting levels, depending on their tolerance of the required level of hyperpnea. 

Therefore, unlike in Sommer et al.'s circuit, ail inspired gas -- not just the fresh sas -- was 

supplied through the FGI into the resemoir. The concentration of CO2 necessary to maintain 

nonnocapnia during the hyperpnea was calculated and delivered (at a flow equal to three or four 

times the subject's resting VE) through the FGI. The abject was instnicted to breathe from the 



reservoir (usin; any pattern of breathing) so that he/she maintained a constant level (height) of 

the spirometer. This ensured that the subject maintained a constant VE throughout the treatment. 

The ~al~ulation: To maintain nonnocapnia while breathing at four times resting v a ,  the 

required gas mixture was assumed to be comprised of four equal fractions, each one equivalent 

to the subject's resting VE . One fraction m u a  be free from CO2 to provide a gradient for the 

elirnination of metabolic COz. The three remaining fractions must have a PCO? equal to that of 

mixed venous PC02 (-46 mmHg or 6% CO?) so that they do not contribute to CO2 elimination. 

The mixing of al1 four fiactions provided an average gas composition of 4.5% CO2 balance O?. 

When this calculation was repeated for 3 times restins VE , 4% CO2 balance 02 was required to 

rnaintain normocapnia. 

PROTOCOL 

The study consisted of three sessions, A, B, and C. Each volunteer performed al1 three 

sessions and each session was performed on a separate day. The order of these sessions was 

randomized. Pnor to the fim session, general anthropometric data were collected and each 

volunteer underwent pulmonary funaion tests. In addition, a venous blood sample was taken to 

detennine hemoglobin concentration (w]) (Cell-Dyn 3 500, Abbott, Mississauga, ON). The 

protocol is summarized in table 4. 
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Figure 6: Schematic surnrnary of the protocol 

Table 4: Summary of protocol 

nomocapnia 
60 min 4 x  resting GE 

nomocapnia 
60 min 

- - -  - -- - 

Section Session FGI DG[ 

Control 1 A B a n d C  Ait - 
Control 2 A and B 

C 
Air 
NIA 

Air 
NIA 

Exposure A B a n d C  900-1300ppmCOinair - 
Elimination A 0 2  0 2  

B 0 2  6% COz bal. O2 
C 4.5% CO2 bal. Ot - 

NIA: not applicable: FGI: gas entering the fresh gas inlet: DGI: gas entering the demand gas hIet 

Set-u p 

At the start of each session the subjea was seated codortably, and a 20 gauge, 30 mm 

indwelling catheter was inserted into a forearm vein and attached to an intravenous extension and 

three-way stopcock (for 

circuit using a full face 

drawing blood samples). 

mask with a silicon seal 

The subject was connected to the breathing 

(8930 series, adult medium, Hans Rudolph, 



Kansas City, MO). Systolic and diastolic blood pressures, and heart rate were recorded every 

five minutes (Datex AS& Helsinki, Finland). The analog signals for end-tidal PC02 (PE.rC02) 

(Datex Capnomac Ultima, Helsinki, Finland). inspired CO (P. K. Morgan Ltd., Chatham, Kent. 

England) and middle cerebral artery blood velocity (MCABV; not relevant to this study) were 

digitized and recordcd on 3 commercisl lata scquisition system (Windaq, D.4T.4Q Instmments 

Inc.. Akron OH). Expiratory flow was measured using a fast response unidirectional flow 

transducer (SC520. VacuMed. Ventura, CA). The digital output From the flow transducer was 

exponed to Microsot? Excel allowing calculation of VE . 

Con trol 

Prior to each exposure to CO. the volunteers were subjected to two sets of control tests. 

First, subjects breathed air for I O  to 30 min to allow acclimation to the breathing circuit. Once a 

steady state was reached (Le. PETC02 remained constant), the subject breathed air for an 

additional 5 min dunng which baseline measurements of VE, PnCO2, heart rate, blood pressure 

and MCACBV were recorded. For sessions A and B, the airfîow was then lowered to acclimate 

the subject to drawing the latter part of his or her breath through the demand regulator. Once the 

subject again reached a steady state, a second set of control measurements were taken. Since 

during sessions A and B the subjects were expected to draw fiom the demand valve during the 

elimination section, these second control measurements, and not the firn, were used for al1 

statistical analyses. This second control was omitted in session C since it did not utilize the 

demand regulator. 



Exposure to CO 

Following these controls, subjects breathed air for 5 to 10 min to re-establish baseline levels 

of al1 parameters. They were then exposed to -1000 (range 900 - 1300) ppm CO in air until their 

[COHb] reached 10 to 12%. Using a hemoximeter (OSM.3. Radiometer, Copenhagen, Denmark), 

[COHb] was detemined throughout the session from 0.5 mL of venous blood drawn every 5 

min. 

Elimination of CO 

Afier exposure, one of three methods of eliminating COHb was employed for I h. Dunng 

session the subjects breathed 100?/o O? at their resting VE . If YF- exceeded the flow through 

the FGI, the reservoir would empty and the subject would draw 100% Oz through the dernand 

regulator. For session B. 100% O2 entered the FGI at a rate equal to the subject's resting VE; 

however when VE increased, the subject would draw 6% CO2, balance O2 throua the demand 

regulator. As discussed above, this combination of gases maintained nonnocapnia. For session C, 

volunteers breathed 4.5% CO2, balance O2 at four times their resting VE . If the subject could not 

maintain four times VE, the COt gas mixture was changed to 4% COz balance 0 2  and the rate of 

inspired flow was changed to three times the subject's resting VE.  ï h e  manner in which each of 

these methods was administered is desctibed above in the section entitled "the breathing circuit?'. 

Subjects were blinded to the session, except for the hyperventilation session (session C), for 

which they were given instructions to breathe at a rate suficient to prevent accumulation or 

depletion of gas from the spirometer. 



ANALY SIS 

PnC02 was obtained from the PCO? tracing using the peak detector funaion of the data 

acquisition software. Afer manually removing artificially low and "double peaks" from the 

tracing, remaining peak values were imported into Microsoft Excel where the average values for 

each section (control. exposure and elimination) of each session (A, B and C) were determined. 

t%: [COHb] was plotted versus time and an exponential curve of the form: 

was fitted to the plot. t%. (in min) was obtained using the relationship: 

In2 ['A = - 
k 

Hbror: mer is the produa of circulatory blood volume and [Hb]. Circulatory blood 

volume (in litres) was calculated From the following equations5': 

Males: 0.0236 x ( ~ t ' . ~ ' )  x (w~O.'~') - 1 .El 

Females: 0.0248 x ( ~ t ' * ~ ' )  x ( ~ t ' . " ~ )  - 1.954 

where Ht and Wt are height in cm and weight in kg, respectively. 

p.,: VA was calculated by subtracting dead space ventilation from minute ventilation. Dead 

space was considered to be the sum of the circuit dead space (170 rnL) and the anatomical dead 

space (the subject's weight in pounds, in mi.). Dead space ventilation is the produa of dead 

space volume and breathing frequency. 

Mean bloodpressure (mm):  mBP was determined for each reading as the sum of 113 of the 

systolic pressure and 2/3 of diastolic pressure. 

Raie-pressureproduct (RPP): RPP, an indicator of cardiac work-load, was calculated as the 

product of average HR and rnBP for each section of each session. 



STATISTICAL ANALYSE AND RATIONALE 

Sex-related difference 

For each subjea, the t%s determined for each session were ploned against the inverse of the 

subjectk average Y..\ ( VA -') during that session. Since the relationship between t?h and VA -' is 
linear*, a least squares regression equation could be determined for tY2 vs. V A  '' For each penon; 

from this equation. each individual's slope and intercept was obtained. A one-way analysis of 

variance (ANOVA) was used to determine the effect of sex on these slopes and intercepts. If the 

coefficient for sex was found to be significant. then at any given VA,  the sex of the individual 

was deemed to affect his or her tW. This analysis was repeated with a two-way ANOVA which 

included both moT and ses. If the sex coefficient then became non-significant, this would 

imply that at any given ventilation. males and females have the same tl/z IfHbTor is taken irito 

accormt. It was necessary to monitor various levels of ventilation in my subjects so that 1 could 

be certain that HbroT would eiiminate the sex difference at d l  leveis of ventilation, not just at 

restinç levels. 

CO exposure parameters: average inspired [COI, exposure duratioo, peak [COBbl: 

A two-way ANOVA was used to determine the eEects of the session performed (4 B or C) 

and the sex of the subject on the particular parameter (inspired [CO], time, [COHb]). Tukey's 

test was used for poa-hoc testing (if required). 



Cardiovascular and ventilatory parameters: HR, mBP, RPP, VA,  PETCOZ: 

A two-way ANOVA, blocking for subject, was used to determine the effect of the section 

(control, exposure to CO, or elimination of CO) and sex of the subjects on these parameters for 

sessions A B and C. If there was a significant interaction between 'section' and 'sex', then the 

data were reanalysed separately for males and fernales. Tukey's test was used for post-hoc 

testing (if required). 

Al1 ot her statistical analyses were perfonned using unpaired t-tests. Results were considered 

significant at p < 0.05. 



RESULTS 

One female subject (# 5) did not complete al1 three sessions and therefore her data are not 

included. 

ANTEIROPOMETRIC DATA 

Table 5 provides anthropometric data for the participating subjects. Ail parameters differed 

significantly between males and females (p< 0.05) except for age. 



Table 5: Anthropometric data 
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PRIIVlARY RESULTS: SEX-RELATED DIFFERENCES 

When t%s between males and females were cornpared for each session, the female tYi was 

always significantly less than the male t% (piO.05; see figure 7). This is consistent with the sex 

difference in t!.5 noted by Pace et al. 

80 

70 

60 

50 
tlh (min) 

40 

30 

20 

10 

O 
100% O2 Nonnocapnic Nonnocapnic 

hyperoxia hyperpnea 

Figure 7: tWs obtained from the eliminaûon phase of session A (100% a), session 
6 (nomocapnic hyperoxia) and session C (normocapnic hyperpnea) are significantly 
lower ( O )  for the fernale subjects (p < 0.05). 8ars represent SD 

Results of the one-way ANOVA (table 6) show that in a mode1 using slope of t'/2 vs. VA -' as 

the outcome variable and sex as the predictor. the coefficient for sex is statistically significant (p 

= 0.002). When intercept is the outcome, the sex coeficient is not statistically significant. These 

results indicate that if one does not account for *OT, sex affects the relation between tK and 

VA (i.e. the slope). Interestingly, sex did not affect the t% at infinite VA (Le. the y-intercept). 

When sex mzd moT were included as predictors of the dope and the intercept in a two-way 

ANOVA the coeficient for sex remained insignificant for the intercept and was no longer 

statistically significant for the slope. Thus sex did not intluence the relationship between t% and 

ventilation if mOr was considered. The ANOVA tables for this analysis is provided in 

appendix 3. 
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Table 6: Results of one and two-way ANOVAs for "sex-related differences" 

Outcome Predictor p-value for ses Interpretation Variable Variable CO-efficient 

Slope Sex 0,002 Sex does not influence the 
relationship between t% and VA if 

Sex & Hb~0-r 0.298 mm is considered in the mode1 

lncercrp t Sex V. 680 
The t!4 at infinite VA does not 

Sex & HbproT 0.235 depend on sex 

The relation between t% and V A "  is presented graphically in figure 8a. The two lines 

represent the average slope and intercept for the males and the females. Note that there was a 

notable sex-related effect, which is most prominent at low VA (high VA *'). In figure 8b. 

was accounted for by normalizin_e t'/r to a HbTo~ of 600 (normalized t%) and plotting this vs. 

VA -' (since t!/2 is known to be directly proportional to h~~ ) .  When this was done, the male 

and fernaie lines overlapped, indicating that there is no longer a sex-related difference in t% of 

CO clearance. 
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Figure 8: Relationship between tW and h " for males and females (a). When t% is nomalized to 600 g Hb (b), the 
apparent sex-related difFerence is eliminated. 
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SECONDARY RESULTS 

CO exposure parameters: average inspired [COI, peak [COHbI, exposure duration 

Results of the ANOVAs indicate that there was no significant difference between sessions or 

between the sexes for any of the parameters. This means that exposure conditions were the same 

for males and females and between sessions, and therefore could not have biased the results. 

Average values for the exposure conditions are summarized in table 7. 

Cardiovascular parameters: HR, mBP, RPP 

XII results were compared to control (breathing air) From that day's session. 

During session A ( lOO?6 O? for elimination of CO), ER was 5 f 6% lower during elimination 

compared to control (p<O.OS), but mBP and RPP did not change. The sex of the subjects did not 

influence these results. 

During session B (normocapnic hyperoxia for elimination of CO), HR in the males was 5 r 

6% lower dunng elimination compared to control (p<0.05), but was unchanged in the fernales. 

rnBP and RPP did not change from control for either sex. 

During session C (normocapnic hyperpnea for elimination of CO), HR did not change, but 

mBP was 6 k 6% higher dunng elimination compared to control. Although RPP did not change 

in males. it was 1 1 + 10% higher in females during elimination compared to control (p<0.05). 

This was not surprising, as three female volunteers found maintainhg 4 times resting VE too 

dificult and required the gas flow to be lowered to 3 times resting VE. These results are 

summarized in table 8. 



Ventilatory parameten: VA, PerCOr 

Al1 results were compared to control (breathing air) from that day's session. 

In session 4 VA during elimination increased 16 i 12% from control (p<0.05) in males. but 

did not change significantly in females. PETCOZ decreased 2.9 k 1.8 mmHg from control during 

elirnination (pCO.05). 

During session B, V \  increased 76 I 32% from control during eiimination, but was 

unchanged relative to control (validating the method for maintainhg normocapnia). 

During session C, VA during elimination was 577 2 397% of control. but PETCOt was 

unchanged relative to control (aiso validating the method for maintaining normocapnia). 

Male was 8.5, 8.7 and 9.3% higher than fernale PETCO2 for sessions A, B and C 

respectively. These results are summarized in table 8 as well. However, PC02 has no known 

effect on the rate of CO elimination and therefore cannot be expected to contribute to the 

difference in t% between maIes and females. 



l'rble 7: CO exposiire parameters during the three sessions 

Sessioii A 

Average Expostire Per k 
Iiispired lCOl Duration (COHL1 

( P P ~ )  (min) (%) 

Both IO78 -t- 81 32.0 Ir 6.0 10,s It 0,s 

Session B Session C 

Average Exposure Peak Average Exposure Peak 
lnspired [COI Duration (COHbJ Inspired lCOl Duration ICOHbj 

( P P ~ )  (min) (N) (PPW (min) (NI 

1135 f 120 27.9 i- 5 . 2  10.5 l- 0.6 IO72 + 89 29.4 + 6.6 10.5 f 0.8 

All valiies are reported as nieati _t SD 
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DISCUSSION and CONCLUSIONS 

The primary finding of this study is that for any given V A ,  taking into account Hhm fully 

explains the sex difference in t?h 

RELEVANCE OF PREVIOUS LITERATURE 

Experimental and clinical studies 

Several previous studies have reported CO elimination halftimes in both males and 

females 40.4245 . As mentioned in the Introduction, Pace et al. were the tirst to note a sex-related 

difference in t !h: 

Pace and colleagues observed this difference when subjeas breathed 21% 0 2 ,  1000/o 02 at 

arnbient pressure, and 100% O2 at 2.5 atm. To explain these findings, they refer to reference 10 

which is listed as "to be published. However, a manual search of Index Medicus by author 

(Pace, N.. or Strajman, E) and subject ('carbon monoxide', 'sex' and 'gender') from 1949 until 

1960 yielded no articles penaining to sex and carbon monoxide. An electronic search using OLD 

MEDLME and MEDLïbE was also unsuccessful, nor do any later publications refer to this "to 

be published article". Therefore, to my knowledge, Pace et al. never published an expianation 

for t1:is sex-related difference. Furthemore, no additional information (height, weight, [Hb], 

VA ) were provided for their subjects, so 1 am unable to determine whether differences in VA 



and HbToT could have explained their findings. Interestingly, they observed much lower t%s on 

100% O2 than I did in both males and females (47 min vs. my 68 min and 36 min vs. my 52 

min). Although this may have been because their subjects had higher VA s and/or lower m o ~ s  

than rny subjects, it is probably related to their method of exposing their subjects to CO. They 

exposed their subjects to high levels of CO for 30 s during which time their COHb levels reached 

20% to 30%. Such a rapid exposure allows little time for tissue equilibration and probably 

explains their low tt/is. 

Rode et al. ( 1972)"' observed a sex-reiated difference in t% of 3.72 h and 2.50 h for 336 

males and 265 females breathing air (no statistical analysis is given). However, they determined 

these t?,+s in an unusual manner. The purpose of their snidy was to examine the efTect of fitness 

and personality on smoking cessation. They measured each of their subject's [COHb] once and 

plotted this against the log of the time since their last cigarette (as reponed by the subject). They 

then ploned a line of best fit to both the fernale and male data to obtain the t%s. ïhis method of 

determining t!h. has poor precision since it pools [COHb] measurements from a heterogeneous 

goup of subjeas instead of calculating each individual subject's t%. The accuracy of their t% 

meanvements may also be poor since they could not independently v e n e  the time since the 

subject's lan cigarette. In addition, their subject population consisted of long-tem smokers who 

are chronically exposed to low levels of CO. As a result. their findings rnay not be applicable to 

healthy non-smokers4'. For these reasons one mua interpret their observed sex-related difference 

cautiously. Rode et al. ataibuted this difference in tK to the fact that females have a smaller Vb 

saturated to the same partial pressure of CO as the males. However, they made no attempt to test 

this hypothesis by standardising their t%s for Vb. Based on the heights and weights of the5 

subjects, 1 estimared the average Vb for their male and female subjects to have been 5.1L and 



3.7L. respectively. When 1 standardised the t%s to Vbi 1 obtained t%s of 14 midL of blood for 

the males and 40 mi& of blood for the females. Thus, standardising for Vb reduced the 

difference in t% between their male and female subjects fiom 33% to 7%. The authors did not 

provide average CHI>] for their subjects so I assumed an average [Hb] of 15.5 and 14.0 g/dl for 

their male and female subjects, r e ~ ~ e c t i v e l ~ ~ ~  and standardised the tKs to moT. This further 

reduced the difference in t ! h  from 7% to 0.6%. Thus correcting for HbToT removes most of the 

sex diflerence observed by Rode et al. 

Deller et al." also examined tK in male and female smokers. Breathing room air, female t!h 

(3.2 k 0.1 h, n = 7) was significantly shorter (p<O.Ol) than male t' (4.5 2 1.1  h, n = 6). They 

attributed this sex dit'ference to the fact that females have less muscle mass and therefore less Mb 

mass than males. Although they mention that 80% of CO binds to Hb and only 20% binds to Mb, 

they did not consider that the difference in HbroT between males and females may have been 

responsible for the sex difference. Perhaps they had reason to believe that their female and male 

subjects had similar H b o ~ ,  but since they do not provide [Hb], it is impossible to be vene this. 

Two retrospective studies of CO-poisoning indicate no difference in the rates of CO 

elimination between males and fernales. Burney et al. ( 1 9 ~ 2 ) ~  determined t% for 33 victims of 

CO poisoning treated with 100% 0 2  to be 137 min. They did not report the proportion of male or 

female patients, but stated that sex did not affect t% Weaver et al.'" performed a retrospective 

chart review of CO-poisoniny victirns from 1985 to 1995 in the Salt Lake City area. in their 

step-wise multiple linear regression analysis of 93 patients, they found that the oniy independent 

variable influencing t% was artenal PO2 and that male and female t%s did not differ. Weaver and 

colleagues admit that t%s %om retrospective observational studies of CO poisoning often differ 

fiom those obtained experimentally. In retrospecbve studies, investigators cannot control the 



nature and duration of exposure. Similarly. they cannot control the speed with which treatment 

was administered or the nature of that treatment. In the study by Burney et ai., the victims had 

been exposed to the same source of CO. but the time of exposure ranged from approximately 40 

to 170 min. Al1 victims were treated with high-flow O2 administered by 7ebreather mask (a 

valveless face mask designed to store the gas from the anatomical dead space during exhalation 

and provide it as the entrained gas dunng inhalation), but victims were treated at different 

hospitals. In the study by Weaver et al., the victims were exposed to unknown levels of CO for 

unknown periods. Al1 the victims were treated with 100% O2 via either a non-rebreathing face 

mask or an endotracheal tube. The fraction of inspired Oz (FIOZ) delivered by a face mask 

depends on the patient's breathing frequency and pattern. the fit of the mask and the O2 flowj3. 

For example. 100% O2 delivered at 15 Umin through a standard hospital face mask results in a 

tme FiOz of 0.70 + 0.10. Even at 30 Umin, FiOz is 0.85 _+ 0.05". None of these variables was 

standardised or reported in either study. As such, any sex-related differences in tl/z might have 

been masked by variations in F102 andior differences in V A .  In faa. Weaver et al. acknowledged 

that differences in VA and Fr02 could have contributed to the large SD of their average tE. 

Mathematical ~Models of CO Pharmacokinetics 

Although numerous mathematical models have been developed to predict the uptake a n d h  

elimination of CO none has been show to adequately address the sex-related difference in t% 

discovered by Pace et al. Many of these models were only intended to predict CO uptake, not 

5-1-59 6û-63 elimination- . Of the remaining models, four were teaed against data from males only , 

three were teaed only in  animal^^.^^. one was tested in only 2 subjecd6, and one was tested 

against another mode16'- Ody the CR< equation has been tested against data recordeci from 

female ~ u b j e c t s ~ ' - ~ ~  



The CFK equation was developed in 1965 by Cobum et al. based on theoretical 

assumptions? The mode1 was originally validated using data from three healthy males and firom 

three anemic patients with increased rates of endogenous CO production (gender not disclosed). 

The peak COHb measured was 7.47%, which is well below toxic levels, as well as the COHb 

levels of the subjects of Pace et al. It is unknown if any of the subjects of Cobm et al. were 

fernale. 

In 1975, Peterson and stewart4' attempted to validate the CFK equation in both males and 

fernales. Over 12 expenments. they exposed 72 subjects (3 female) to various levels of CO at 

various levels of exenion and periodically measured [COHb]. In 5 of these expenments, they 

measured [COHb] dunng elimination as well. Of their 429 measurements of [COHb] only 34-40 

were collected during elimination. Using the CFK equation they predicted these 129 [COHb] and 

compared t hese predictions with the measured values. They obtained equall y good correlations 

between the predicted and measured values for both the male and femaie subjects and thus 

concluded that the CFK equation predicts uptake and elimination equally well for males and 

fernales. However, they did not perfbrm separate analyses on [COHb] values obtained dunng 

exposure and during elimination. Thus, even had there been a significant difference between the 

males and females during elimination, this difference would have been masked by the numerous 

measurements taken during exposure. Furtherrnore, it is unknown if any of the female subjects 

performed any of the five expenments involving elimination. 

in 1981. Joumard et aL6' also attempted to validate the CR( equation. They measured 

[COHb] levels in 37 males and 36 females before and after 2 h exposures to the CO-polluted 

atmosphere in and around Lyon (mean [CO] = 13.8 ppm). Based on continuous measurements of 

atmospheric [CO] they predicted the post-exposure [COHb] levels using the CFK equation. They 



found that the equation predicted well for both men and women. However, as in the original 

experirnent of Cobum et al., the measured [COHb] levels were very low (1.9%) and like 

Peterson and Stewart, they did not separate periods of CO uptake from periods of elimination. 

Therefore, one cannot conclude from any of the above studies that the CFK equation predicts t% 

equally well for wornen and men. Thus, the basis for the findings of Pace et al. remained a 

mystery until the present study. 

LIMITATIONS OF THIS STUDY 

blild exposure 

For ethical reasons, my subjecis could only be exposed to a COHb level of 10 - 12%; 

however, the dynarnics of CO distribution between the blood and tissues are sirnilar for [COHb] 

between O and 60%~. At higher [COHb], Mb may bind more CO due to the relative hypoxia in 

the myocytes6Y. Since males have more myoglobin. at high [COHb]. males may have prolonged 

t'As due to increased myoglobin binding of CO. 

Blood VoIume 

1 calculated Vb using the equations of Hidalgo et al? which were developed by least square 

regression analysis of height and weight data from 92 males and 63 females who had Vb 

measured by the radioactive iodinated human serum albumin method. The correlation 

coefficients for the male and female equations were 0.78 and 0.86, respectively. The standard 

deviations were 0.507 L and 0.486 L for the male and female equations respectively. 

Measured Va may not have been much more accurate than calculated values. in 1950, 

Sterling and &ay'' described the chromium-51 (c?) method of determining red ce11 volume 



(RCV; From which Vb can be detemined) which, dong with iodinated albumin, is considered the 

'gold standard' for Vb measurement. They determined the accuracy of their V b  calculation in 

five humans (3 male, 7 female) to be within 3% (stated as such since a 2.7% difference was the 

large9 per cent difference of the five). The percent difference was calculated as follows. First, 

an initial Vb was determined (by the crS1 method). Then, a known volume of red cells was 

transfùsed or hemorrhaged and a new Vb was calculated by adding or subtracting the transfused 

or hernorrhaged volume to the initial Vb. Vb was then remeasured by the c?' method, and the 

difference between this remeasured Vb and the calcuIated V b  was determined. This difference 

was divided by the remeasured Vb and expressed as a percent. This method of calculating 

accuracy, however. overestimates the ime accuracy of their method. The difference between the 

remeasured Vb and the calculated Vb represents the error in the estimate of the volume of blood 

transhsed or hemorrhaged. Theretore. the known volume of transfùsed or hemorrhaged blood 

should have been the denominator. not the total remeasured Vb. Since this rnakes the 

denominator much smaller, it decreases the accuracy fiom 2.7 to 9.3% (with a range of 1.9 to 

24.8%). In a previous paper7', in which this method was first established in dogs, Sterling and 

Gray in fact calculated their accuracy correctly and it is unknown why they chose the incorrect 

method for their human study. I was unable to find any other human snidies that determined the 

accuracy of the cr5' method. Ail other methods of measuring Vb have been validated using crS1, 

and not with direct measurernents. 

To ensure that my results were not greatly influenced by my choice of equations to determine 

Vb, 1 recalculated Vt, with equations developed by Wennesland et al? (males) and Brown et al? 

(fernales). When 1 repeated the two-way ANCVA using &OT calculated with these new Vb my 

results did not change (Le. the sex coefficient was not significant when eoT was in the model). 



When using an equation, it is important to remember that it is accurate only if it is applied to 

the same population for which the equation was developed. Hidalgo et al. did not disclose the 

anthropometric characteristics of their subjects except to Say that t hey were al1 "normal adults". 

(They cite an article by their group that was 3 0  be published, but despite an extensive search of 

the literature, no such article was found). -411 subjects in my study were within the normal range 

of height for their weight, and likely fa11 within the height and weight range studied by Hidalgo 

et al. 

Other factors influencing t% 

The results of my study indicate that accounting for the variation in VA and H&r~~.removes 

any sex-related difference in t!h of CO elimination. However, my study did not take into account 

other factors that also differ between males and females, which could have affected CO 

elimination. 1 will discuss the role of two of these factors, DLco and myoglobin. 

DLço: 

DLco was significantly greater in the males of this study (33.5 + 3.0 mUmin/mmHg for 

males vs. 23.8 2 1.7 mWrnin/mmHg for females; pC0.05). Accordinç to the CFK equation, with 

al1 other factors being equal, a higher DLCO should result in a shorter tK. However, the 

relationship between tY2 and DLCO is not a simple one. Rearranging the CFK equation to solve 

For t!h as a fùnction of DLCO predicts a hyperbolic curve, in which an increase in DLco decreases 

t!k There is a vertical asymptote of O (suggesting an infinitely large t% with a DLCO of O); 

however the horizontal asymptote is not 0, implying that other factors Iimit t %  at infinite Drco. 

One of these factors is i.\ because with increasing VA, the horizontal asymptote approaches O 

(see figure 9). 



Complicating the role of r 
Dito is the fact that it increases 

80 

at high lung volumes7". DLCO 
tY2 

60 

measured in the pulmonary (min) 
40 

fùnct ion laboratory is measured 

at total lung capacity (TLC). 20 

Therefore, DLCO obtained in the 
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D=CO applicable to CO 
Figure 9: t% decreases with increasing DLco. This relationship 

elimination both in my becomes more profound as VA increases. 

expenments and -&in the field". An equation can be derived from the data of Le Merre et al7'' to 

adjust &CO for alveolar volume during the experiment: 

Volume Corrected DLco = uncorrected D~co[(5 x 1 o 4 ) O 3  - 0.047(~4~ + 197(VA)] 
6 l  x TLC 

where VA is average alveolar volume and TLC is total h g  capacity. AV was estimated for 

each subject during the course of CO elimination for each session to be the FRC + 113 the 

average tidal volume (since 113 of the time is spent on inspiration). I then used the 

aforementioned equation to correct DLCO for the average lung volume. When this correction was 

applied, DLCO was si11 significantly larger in mdes in ail three sessions. 

DLco decreases with increasing PO:'. t derived an equation based on the data of Forster et 

corrected DLco = 0-029 1 (100 - PO2) + uncorrected DLco 

1 then used this equation to correct the volume-corrected DLCO (presented above) for P02. (There 

was only one female subject in their study nevertheless the same correction was applied to both 



males and fernales. The results of the reanalysis could change if the effect of PO2 on DLCO 

differs in males and fernales.) When this correction was made, male D=CO remained significantly 

greater. 

There are two possible explanations why a significant difference in DLco does not appear to 

influence tX when one accounts for both HbToT and VA . Either, the effect of Drco on tl/z is 

smail compared to the effects of VA and Hbror. Or the effect of DLco is masked by another 

factor that affects t% in a manner opposite to that of DLCO. 

I examined the first possibility by determining whether taking into account the significant 

difference in D ~ c o  would have affected rny results. The CFK equation was used to predict the t% 

of each subject by substituting their [Hb], Vb and VA and DLco corrected for lung volume and 

PO2 into the equation. A tY2 standardized to a standard DLco ( 10 mL/min/mmHg, the average 

corrected DLco of the group) was also predicted using the CFK equation for each subject by 

using 10 mUminJmmHg instead of the subject's corrected DLco and keeping ail other factors 

constant. This procedure allowed us to determine the percent difference between a subject's 

predicted t% based on hidher actual DLCO and a subject's predicted tK had hidher &CO been 10 

mUminImmHg. 1 then adjusted the subject's actual t!h by this percentage digerence, thus 

standardking the actual t%s for DLc0. These new, &CO-standardized t%s were then re-plotted 

-1 vs. and re-analysed as described for **examining the sex-related difference", above. The 

results of the one and two-way ANOVAs were the same: when fiOT is included in the model, 

the coefficient for sex is not significant. However, gîven the indirect method used to take DLCO 

into account, it is still possible that the effect of Dtco on tK was being masked by another factor 

such as Mb. 



islyog~obin (Mb) : 

Total myoglobin body stores are considered a significant reservoir for CO with 10-15% of 

total body CO being bound to Mb6'. Males, by virtue of their greater muscle mas, have more 

Mb than females. Having a greater total Mb content is similar to having a greater H b ~ o ~ ;  it 

increases total CO body stores (for a given [COHb]) and thus acts to prolong t%. The male 

subjects in my study weighed on average 20% more than the female subjects. Even if it is 

assumed that the male subjects had 50% more Mb than the female subjects. this represents only a 

5-7% increase in their total body CO stores. Compared to the large difference in total body CO 

stores between males and females due to the differences in moT, the effect of Mb is likely 

negligible. However. 1 cannot be certain that differences in Mb do not play a role and this is an 

area that warrants further investigation. 

CLiNICAL IMPLICATIONS 

This study indicates that the t!h in CO-poisoned patients is not infiuenced directly by sex. 

While female patients will tend to have lower t%s than their male counterparts. the clinician 

should not assume that simply because a patient is female, her t% will be short. For example, a 

small male may have a shorter t% than a large female. In addition to weight, there are several 

pathologic conditions that can cause patients to have longer or shorter halflimes than expected. 

-4s demonstrated in this study, any condition which alters HboT will affect t%. For exarnple, 

anemia will tend to shorten t% whereas polycythemia (which is common in smokers) will tend to 

lengthen it. Similarly, any condition which alrers VA will also affect t'/te For example, anxiety 

induced hyperventilation will lower t% whereas hypoventilation due to emphysema will raise t%. 



Thus, without a thorough clinical assessment, a prediction of t '/z based purely on gender will be 

erroneous in many patients. 



FUTURE DIRECTIONS 

This study has raised several issues deserving of further investigation. 1 have demonstrated 

that HbmT significantly affects t'/r in normal males and females. It would be of interest to further 

examine the effects of differing HboT under pathological conditions such as in anernia andor 

polycyt hemia. 

As discussed above. it is unlikely that differences in Mb could cause males and fernales to 

eliminate CO at different rates. However, if Mb-CO interactions play an important role in CO- 

toxicity, then a difference in Mb may influence how CO affects males and females. For this 

reason, it is important to determine the precise role of Mb in CO-toxicity. 

The CFK equation is  comrnonly used to predict CO uptake and elimination. However, it uses 

DLco determined at TLC. The equation's predictions should improve if a Di.co correaed to the 

appropriate alveolar volume were used instead. 

Finaily, 1 have show that the accuracy of the ~ r "  method of measuring Vh was over- 

estimated. As this method is considered the sold standard for blood volume measurement its true 

accuracy should be determined. 
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INTRODUCTION: 

Carbon monoxide (CO) inhalation is the leading cause of fatal poisoning in the industrialized 

world". In the USA there are 40,000-70,000 emergency department visits per year due to CO 

poisoning'4 and an estimated 3,800 deathsY. CO displaces Oz from hemoglobin, resulting in 

ciecreased Oz deiivery to the rissues. The oprimai treatment of CO poisoning is hyperbaric 

Ir) oxygen , which improves O2 delivery to the brain and other tissues by rnauimizins dissolved O2 in 

blood, and by displacing CO hom the Oz binding sites on hemoglobin. Unfortunately, hyperbaric 

charnbers are relatively uncommon and in locations where approptiate facilities are available, 

delays in initiating hyperbaric therapy are inevitable. Until hyperbaric oxygen is available, one 

hundred percent O? is recommended as the initial treatment for CO poisoning. When hyperbaric 

Oz is not indicated or accessible, 100% O? may constitute the sole treatment. 

The rationale for the ernergency treatment of CO poisoning with hyperoxia is primarily to acutely 

increase O2 content in the blood and hence increase the delivery of Oz to the tissues and 

secondarily, over time, increase the rate of CO elimination. Cerebral O2 delivery, however, is a 

Function of both blood O? content and cerebral blood flow. As such, Oz therapy increases blood 

O? content but its effect on brain O2 delivery may be offset by its effect on cerebral perfusion. 

Becker et al.* showed that normal subjects respond to hyperoxia with hyperpnea and 

correspondhg hypocapnia. Indeed, in our laboratory (Takeuchi et ai)" subjects increased mean 

minute ventilation ( v E) fiom 5.8 L min-' while breathing room air, to 7.1 L min" on 1 00% 

9, an increase ofapproxirnately 22%. This response to hyperoxia & a s  cerebral blood flow by 

virtue of its effect on P~CO;. Takeuchi et al's subjeas breathing 100% Oz decreased their 



PETCO? by 2.9 mmHg (ranje 0-5 rnmHg). Assuming cerebrovascular reactivity to PCOz is 

retained in the presence of CO poisoning, this degree of hypocapnia could have resulted in a 7% 

(range 0- 12%) decrease in cerebral blood flow". In severely poisoned patients, this could cause a 

critical reduction in O2 delivery to the brain. In contrast, were hypocapnia prevented during the 

02-induced hyperpnea, the benefit of inhaling hyperoxic gas on 0 2  delivery would be maintained. 

Furthemore, Becker et al. showed that when subjects breathe hyperoxic gas and hypocapnia is 

prevented. there is an rven geater involuntary increase in v E' that is not perceived as such by 

the subject. Takeuchi et al observed that in healthy male volunteers, the halftime of elimination of 

carboxyhemogiobin (tl ?) is an inverse function of v E as predicted on theoretical grounds by 

Cobum, Forster and iSane6. Thus maintaining normocapnia (and thereby cerebral blood flow3) 

dunng Oz treatment of CO poisoning, would result in a greater rate of CO elimination compared 

to that with standard treatment with 100% 0'. 

We hypothesized that in CO exposed subjects. standard Oz treatment will result in an involuntary 

increase of v E and a corresponding decrease in cerebral blood flow; however, breathing Oz while 

rnaintai~ng normocapnia with a non-rebreathing circuit will result in a greater involuntary 

increase in v E and a corresponding greater rate of CO elimination without decreasing cerebral 

blood flow. Since Takeuchi et al proposed that voluntary hyperpnea is a possible future treatment 

for CO poisoning we also hypothesized that if nonnocapnia is maintained, cerebral blood flow will 

not decrease durin3 voluntary hyperpnea. 



METHODS: 

( 'irczrit 

Sommer et a l , I 6  described a non-rebreathing circuit that maintains norrnocapnia by passively 

matching the inspired PCOz to v E in order to prevent concomitant changes in CO2 elimination.. 

The technique for maintaining normocapnia without rebreathing is based on the following two 

principles. (1) The rate of CO2 elirnination is determined by the volume of "fiesh gas" (not 

containing CO2) supplied to the alveoli per minute. (2) v E exceeding resting v E will not affect 

PaC02 if the excess inspired gas contains COz at a partial pressure equal to that in the mixed 

venous blood. Thus. hyperpnea with this technique increases the partial pressure gradient between 

capillary blood and alveolar gas for al1 gases (such as CO and 0 2 )  except CO?. 

In this expenment we used a slightly modified version of Sommer et al's circuit (figure 1). If the 

subjea was not engaging in voluntary hyperpnea the circuit fùnctioned in the following manner. 

Fresh gas (100% O?), supplied at a rate equal to the subject's resting v E, entered through the 

fiesh gas iniet (FGI) and flowed into the water spirometer (which acted as a gas reservoir). If 

ventilation spontaneously increased above the resting v E the reservoir emptied during the course 

of the breath and the remainder of the breath was drawn frorn the demand regulator. If 

normocapnia was not to be maintained then 100% O2 was supplied through the demand regulator. 

If normocapnia was to be maintained then a reserve gas containing 6% COz (which is 

approximately equal to the CO2 concentration in the pulmonary capillaries) balance O2 was 

supplied through the demand regulator thus preventing any additional CO2 elimination. 



If the subject was to engage in voluntary hyperpnea, then ail the inspiratory gas was 

supplied through the FGI at a rate equal to four times the subject's resting ventilation. This 

inspiratoiy gas was a miunire of 1 part fresh gas (100?4 02)  and three parts reserve gas (6% 

C 0 2 ,  balance oxygen). The fresh gas allowed for the elimination of the subject's CO2 while the 

reserve gas prevented any additional CO2 elimination. If the subject was unable to tolerate 

breathing at four times their resting ventilation then the flow rate of the reserve gas was decreased 

until the subject was breathing at three times their resting ventilation. 

3rhjecrs 

Following approval from the Human Subjects Review Cornmittee of the University of Toronto, 9 

male and 9 fernale subjects between the ages of 18 and 47 who were non smokers, taking no 

medication, and within 20% of their ideai weight for their height gave written informed consent 

prior to participating in the study. Pnor to carrying out the protocol, al1 subjects had venous 

blood hemoglobin concentration ([Hb]) determined, height and weight measured and underwent 

formal pulmonary function testing (to determine DLCO and FRC) at the hospital's clinical 

laboratones. Female volunteers were studied in the first two weeks of their menarual cycle to 

ensure that they were not pregnant, and to minimize the effeas of progesterone, which inciude 

increased ventilation and increased endogenous CO productiong. 

Prorucol 

Volunteers were tested in three sessions, each on different days. Each session involved a control 

period, exposure to CO and one of three treatments depending on the session. The sessions were 

performed in random order. 



Subjects were seated comfortably and an indwelling catheter was inserted into a forearm vein. 

Subjects breathed through the circuit via a full facemask with a silicone seal (Hans-Rudoph Inc, 

Kansas, MO) held in place with head straps. Subjects initially breathed air (gas with FIO? = 0.2 1, 

balance Nz) for 10 - 20 minutes prior to the experiment to allow for acclimation to the mask and 

breathing circuit. Then, following a control period of 10 min of breathing gas with FIO? = 0.2 1, 

subjects were exposed to 1000 y/- 700 ppm CO in air until their carboqhemogiobin (COHb) 

levels reaches 10 - 12 %. .Mer exposure, subjects were treated with one of three treatments. 

Standard Oz: 1 00% 0 2  without nomocapnia maintained; Normocapnic 02:  96- 1 00% O2 balance 

COz with normocapnia maintained; Normocapnic hyperpnea: 95-96% 0 2  balance CO2 at three or 

four times the subjea's resting ventilation with normocapnia maintained. Each treatment lasted 

for 60 minutes. The subjects were blinded to the treatments except for voluntary hyperpnea. 

Middle cerebral artery blood velocity (an index of cerebral blood flowJ), was measured using two 

range-gated pulsed 2 MHz Doppler probes. These probes allowed for precise depth location of 

insonated areas as well as control of the insonated volume of tissue. The probes were positioned 

to provide the maximal signal intensity indicating the optimal angle of insonation of the rniddle 

cerebral artery and were held finnly in place by a head hamess.(Pioneer TCD, Nicolet, Madison, 

Wisc. USA). Blood pressure and Oz-saturation were rnonitored non-invasively (AS/3, Datex, 

Finland). Peripheral venous blood was drawn every 5 min for COHb analysis (OSM3, 

Radiometer, Denmark). Gas was sampled from the face mask at a flow of 200 mLa min" and 

analyzed for C@ (Capnomac Ultima, Datex, Finland) and CO (P K Morgan Ltd., Chattam Kent, 

England). Expired flow was measured using a fast response unidirectional flow transducer 
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(SC520, VacuMed. Ventura, CA). The digital output from the flow transducer was exported to 

Microsoit Excel allowing calculation of VE.  The analog signals for PCOz, inspired CO and 

cerebral middle cerebrai artery velocity were digitized and recorded with a data acquisition system 

(CODAS, Akron OH). 

Peaks of COz tracings were identified and marked using the peak detector function on CODAS. 

.Mer suitable manual filtering for double peaks or artificially low peaks, these were imponed into 

a computer spreadsheet (Microsoft Excel) a& the average PEXcOr was calcuiated. Minute 
ft /2 = - 

k 
ventilation was calculated fiom the mean of the expired flow signal. Mveolar ventilation (v.., ) 

was calculated by subtracting dead space ventilation from minute ventilation. Dead space was 

considered to be the sum of the circuit dead space (170 mL) and the anatornical dead space (the 

subject's weight in pounds, in mL)7. Cerebral blood velocity (CBV) was calculated from the 

mean value of the raw signal fiom the Doppler probe. (As we were interested in changes in the 

signal only, we did not relate the signal to acnial cerebral blood flow units.) Percent change of 

CBV is defined as [(mean signal intensity - mean control signai intensity)/mean control signal 

intensity], where the control perïod is that breathing room air at rest after acclimatization to the 

circuit. Half-tirne of elination of COHb (t%) was calculated by plotting percent COHb versus 

tirne and fitting an exponentid curve of the form COHbt = COHbo eAc to the plot. t% (in min) 

was attained using the relationship 



Results were compared using appropriate t-tests with corrections for multiple cornparisons where 

appropriate; p < 0.05 was considered signifiant. NI results are reported as mean + SE. 



RESULTS: 

Two female subjects and one male subject were excluded because their CBV could not be 

measured accurately. One female subject could not complete the voluntary hyperpnea treatment 

because of dyspnea. 

.4nthropometric. pulmonarv funaion data and control values for the subjects are provideci in 

Table 1. AI1 subjects attained the target COHb of 10- 13%. Figure 2 displays the average percent 

change fiom control of Ve, PETCO? and CBV dunng exposure to CO, and during each of the 

three treatments. Exposure to CO resulted in a significant 7% + 7% decrease in Ve. no significant 

change in PETC@ and a significant 11% k 9% elevation of CBV. Dunng standard 0 2  Ve 

increased significantly by 10% 5 4% compared to control. This increase in ventilation resuited in a 

significant 1O0h 2 7% decrease in PETCO: and a corresponding 5% f 2% decrease in CBV 

compared to control (p<0.05). The decrease in CBV tended to progress over time and reached 

9.5% + 4% during the final 5 minutes of treatment with 100% Oz (figure 3). D u ~ g  normocapnic 

0 3 ,  Ve increased by 45% k 9% and there was no significant change in either PETCO~ or CBV. 

The halftime of CO elimination was significantly shorter when the subjects were treated with 

nomocapnic 0 2  compared to standard 0 3  (45 +l- 3 min vs. 57 +/- 2 min). Some subjeas were 

aware of their increased ventilation but none were aware of which protocol they had performed. 

During nomocapnic hyperpnea, 1 1 subjects breathed at four times their control ventilation and 3 

breathed at three tirnes their control ventilation. On average Ve was 3.9 +/- 0.2 times control. 

PETCOZ did not change significantly and CBF increased by 12% +/- 6%. Average h a m e  of CO 

elimination was fiirther reduced to 26 +/- 1 min.  



DISCUSSION: 

In the present smdy, we found that similar to normal hedthy volunteers, CO-exposed subjects 

hyperventilate when exposed to high concentrations of inspired O?. This hyperventilation results 

in a decrease in PETCO? and corresponds to a decrease in CBF. If under similar conditions of CO 

exposure the subjects are treated wit h high concentrations of O2 while maintainhg normocapnia, 

they increase their Ve further, but as their PETCO? is maintained equal to that under control 

conditions. their CBF is protected. The increase in Ve when normocapnia was maintained also 

resulted in a more rapid elimination of CO. Sirnilar to Takeuchi et al. we found that if subjects 

hyperventilated at three to four times their resting ventilation. their rate of CO elimination 

increased significantly. However, since normocapnia was maintained. CBF was unaffected by this 

marked hyperventilation. Interestingly. the 45% increase in Ve achieved with normocapnic 0 2  

was sufficient to reduce t 1 12 by 1 2 min w hereas the 3 00% increase in Ve during normocapnic 

hyperpnea reduced t 112 by only an additionai 19 min. Thus 10% of the benefit of normocapnic 

hyperpnea was achieved with the unconscious increase in vetilation dunng normocapnic 02. This 

is consistent with Takeuchi et al who suggest that much of the benefit of normocapnic hyperpnea 

can be attained with only a modest increase in Ve. 

The average 5% decrease in CBF observed during treatment with 100Y0 O? may be clinically 

relevant for several reasons. First, there was a high degree of variability in the observed 

respiratory response to 100% oxygen. The change in ventilation ranged h m  a ?Ph increase from 

control to a x% decrease. This corresponded to a range Ui the change of CBF fiom + I l %  to - 

50%. Three out of the 15 subjects' CBF decreased by more than 15%. Since one cannot predict 



the ventilatory response to O2 in a particular patient, one cannot predict in which patients standard 

0 2  treatment rnay worsen tissue oqgenation by adding ischernia to the hypoxia. 

Second, the decrease in CBV (and hence CBF) progressed over time. The reported 5% decrease 

in CBV, is based on the average CBV during the entire 60 minutes of treatment. However, afler 

60 min of treatment with 100941 O?. CBV had decreased 9.5%. Given the considerable set-up 

time required for hyperbaric O?, most patients receive two or more hours of 100% O2 pnor to 

hyperbaric therapyl'. Thus, even the patient with the average response to oxygen will experience 

considerably reduced CBF for a significant duration. 

Third, as mentioned in the introduction, the underlying mechanism of carbon monoxide toxicity is 

reduced oxygen delivery to the tissues. While a healthy person may have significant cerebral 

vascular reserve, the severely CO-poisoned patient may have little to no reserve. In such patients. 

even a modest decrease in CBF could lead to cerebral hypoxia and eventually infarction. 

In our subjects, 60 minutes of 100% Oz resulted in a 10% decrease (3.9 mrnHg) in PETCO-. 

These results are in agreement with Becker et al who found that breathing 75% 0 2  for 30 minutes 

resulted in a 9 % decrease in PETCO~. According to Fortune et al, this decrease in PETCO~ 

shouid have resulted in a minimum decrease of 8% in CBF. There are several possible reasons 

why we observed ody a 5 % decrease. Our subjects were hyperoxic whereas Fortune et al's 

nibjects were normoxic, although hyperoxia per se is not known to affect CBF.'. Secondly, our 

subjects were exposed to CO which is known to cause cerebral va~odilation'~ and may have 

mitigated the vasoconstrictive effects of the hypocapnia. Finally, Fortune et ai measured CBF 



using duplex determined intemal carotid artery blood Bow whereas we used a transcraniai 

Doppler. 

A limitation of this study is that ethical considerations Limit the degree to which volunteers can be 

exposed to carbon monoxide. In the current study, no subject's COHb was greater than l?%. 

however, in the clinicai setting, a CO-poisoned patient's COHb is often 3040%. Nevertheless, it 

is reasonable to extrapolate our findings regarding CO elimination to the clinical setting given that 

carbon monoxide pharmacokinetics are known to remain constant between 0% and 60% corn6. 

The effwts of high levels of CO on the cerebral vascular response to PC02 are unknown and 

therefore our results regarding CBF rnay have been different had our subjects been more severely 

poisoned. 

A second limitation is that dl our subjects were healthy whereas CO-poisoned patients rnay suffer 

From various comorbidities. This is especially important if the patient suffers from severe COPD 

because in such patients hyperoxia may decrease ventilation due to ventilation-perfusion 

mismatch'. If these patients were to be treated with normocapnic oxygen they would have to be 

monitored closely and encouraged to increase their ventilation. 

We used a modification of the Sommer circuit to maintain normocapnia durhg hyperoxia. The 

Sommer circuit is portable and a similar device could be assembled for use by firemen or 

paramedics instead of standard Oz therapy at first contact with a victim of CO poisoning. 

Mauimizing O2 delivery for CO-poisoning as early as possible will limit the duration of CO- 

mediated hypoxia and reduce the likelihood of tissue infarction. Furthemore, CO-toxicity rnay 



involve a direct intracellular effect5-ls and there is a significant delay in the equilibration of CO 

between blood and tissues". This delay represents a therapeutic window dui-ing which CO can be 

eliminated from the blood before it enters the tissues. To take full advantage of this window CO- 

poisoning should be treated as soon as possible with the method providing the most rapid 

elimination of CO. Our data indicates that 0- with normocapnia maintained results in greater 0 2  

delivery to the brain as well as faster CO elimination compared to standard treatment with Oz. If 

the patient is able to voluntady increase their ventilation then their rate of CO elirnination will be 

tùrther accelerated without any effect on CBF. 

CONCLUSION: 

We have demonstrated that in CO-poisoned subjects, treatment with 100% Or results in a 

si_gÛficant decrease in cerebral blood flow. However, if normocapnia is maintained during 

treatment with ovgen, not only is cerebral blood flow maintained, but the rate of elimination of 

CO is increased. Providing O2 while maintaining nonnocapnia may improve treatment of CO- 

poisoned patients and would represent the first advance over 100?40 O* in the treatment of CO 

poisoning since the introduction of hyperbaric therapy 37 years ago. 
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Schrmatic diagram of the breathing circuit. Fresh gas \vas delivered via the frûh gas idet and then filled 
the frcsh gas reservoir. Escept during voluntaq h>pcmcntiiation if the rcsmoir emptied the demand valve 
uould open and the subject would breathe the reserve gas (6% CO2 bal. 0:). The 2 cmH@ PEEP valve 
prevcnted frcsh gas from escaping into the espintory limb of the circuit during cspiration. 
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Figure 2: 

Standard 02 Normocapnic 02 

M m  % change From control is given for i'., . PETCO? and CBF. Error ban represent SE. * denotes 
pCO.05 (This is obviously a rou& tigre. just tell me if o u  like the concept and then I'll fonnat it) 
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Figurc 3: 

Pcrccnt cliang in CBV from control during trratmcnt with standard 0: and nomocapnic 0:. 
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NOT CONSUIEEUNG ff bTo-r IN THE ALNALYSIS 

The GLM Procedure 

Dependcnt Variable: SLOPE 

Siim of 
Source DF Squares Mean Square F Vdue P-Vduc 

Mode1 1 36864.23702 36864.25702 13-83 O. 003 l 
Error 15 .i 9993.6i1562 2666.2105 7 
Concttcd Total 16 76557.36565 

R-Squarc Coeff Var Root MSE SLOPE M a n  

0.479642 29.96293 5 1.63565 172.33 LS 

Sourcc DF T \ Q ~  III SS Mean Square F Vduc P-Value 

SEM 1 36564.35702 36864.25702 1 . 3  0.003 1 

Dcpcndcnt Variable: INTERCEPT 

Sum of 
Source DF Squares Mcan Square F Vaiuc P-Value 

Modcl I 46.3952967 46.3952967 3.52 0.OSO-C 
Error 15 197.974 16 15 13.1982774 
Correctcd Total 16 244.3693382 

R-Sauarc Coeff Var Root MSE NIERCEP LM- 

O .  189857 16.89704 3.632943 2 1 ,50017 

Source DF T L D ~  III SS Mean Sauare F Value P-Value 

SEX 1 46.39529674 46.39529674 3-32 0.0804 



CONSIDERING HbroT LN THE ANALYSIS 

The GLM Procedure 

Dependent Variable: SLOPE 

Surn of 
Sourcc DF Squares Mcan Squarc F VaIuc P-Value 

hlodcl 7 37725.48275 18862.74 137 6.75 0.0089 
Enor 1 1  i r )  172 t 8 2 ~  /7r)5 1702 1 
Correctcd Total 16 76857.56565 

R-Square Coc ff Vür Root MSE SLOPE M a n  

0.490847 30.67853 52.86937 172.33 13 

Source DF Tvpe III SS M a n  Sawc F Value P-Value 

SEX 1 3260.3 13248 3360.3 15348 1 . 1  7 0.2984 
HBTOT 1 86 1 .223723 56 1 225723 0 . 3  1 0.5876 

Dcpcndent Variable: INTERCEPT 

Sum of 
Source DF Sauares Mean Square F Value P-Value 

R-Souarc Coc ff Var Root MSE M R C E P  blcan 

Source DF Type III SS Mean Square F Value P-Value 
SEX 1 15.36749322 15.36749322 1.54 0.2347 
HBTOT 1 58.43736241 58.43736241 5.86 0.0296 




