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Thesis Abstract 

A potential risk that workers face when commuting to offshore oil platforms is the 

helicopter ditching or crashing in cold ocean water and inverting. This happens if the 

helicopter's flotation bags fail to deploy. In this scenario a person's chance of survival 

appears to depend ·on their ability to make a successful breath hold swim from the sunken 

fuselage to the surface. Since each passenger should be wearing full body immersion suit, 

only the face is exposed to the cold water during a breath hold swim. As such, the two 

studies in this thesis examined if water temperatures (between ooc and 20°C), gender and 

exercise can affect a typical sized person's maximum breath hold time (BHTmax) 

following a sudden facial immersion. In the studies the typical size males were 

significantly taller (p ~0.05) and heavier (p ~ 0.001) than the typical size females. The 

first study examined the effects of water temperature and gender on BHT max for 

participants at rest with a sudden facial immersion. The second study examined the same 

effects on BHT max during moderate intensity upper body exercise. For resting 

participants, lower water temperatures resulted in significantly shorter BHT max and 

females had shorter BHT max than males. In study 2 during moderate intensity upper body 

exercise, BHT max was not affected by water temperature but males continued to have 

significantly longer BHT max than females. During the exercise condition the males had a 

BHT max of- 25s across all breath hold conditions, and the females had a BHT max of -ISs 

across all immersion conditions. In conclusion, the effect of water temperature on breath 

holding is evident for resting but not in exercise conditions. Although in both studies 
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males had significantly greater BHT max than females, it remains to be established if this is 

an effect of gender or physical size. 
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1.1 Introduction and Overview of Thesis 

Workers traveling in helicopters to the North Atlantic offshore oil platforms are 

dressed in survival suits that provide a large degree of thermal insulation from the cold 

ocean water but leave the face exposed. These passengers can become suddenly 

immersed in cold water during a helicopter crashing or ditching, and subsequent sinking 

if the flotation bags fail to deploy. When the face is exposed to cold water either a cold 

shock response (CSR) or a dive response (DR) could occur (8, 15). Either of these 

responses can influence their maximum breath hold time (BHT max) that would be needed 

for their subsequent swim to the surface. A review of literature in Chapter 2 of this thesis 

has been conducted on both the CSR and the DR and their affects on BHT max· The 

literature reviewed was found to support that both responses can possibly occur in these 

conditions (1, 2, 7, 9-11, 13, 16). It was not clear which of these responses would 

predominate after a sudden face immersion. Compared to the temperatures found in the 

North Atlantic Ocean, the majority of the work on the dive response cited in the literature 

review (1, 11-13) used relatively warm water temperatures (-25- 26°C) for face 

immersion studies. In addition breath holding in these studies did not examine whether or 

not gender affected BHTmax· Gender was examined since: (i) longer breath holding 

durations have been related to larger pulmonary capacities (6), (ii) since pulmonary 

capacities are a height dependent (5) and (iii) since height varies by gender. Further 

review showed little work has focused on breath holding, face immersion and exercise (3, 

4, 14) as would be needed for such underwater swims or egress. As such the research 
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hypothesis and testable questions for this thesis are stated at the end of Chapter 2 based 

on this existing evidence in the literature. 

The first study we conducted is given in Chapter 3 and it examines the effects of 

varying water temperatures from 0 to 20°C on BHT max and minimum heart rate (HRmm) 

across gender after a sudden, resting face only immersion. Our goal was to try to 

replicate the face immersion conditions of a resting person wearing a full body 

immersion suit with their face immersed in cold water. The second study in Chapter 4 

added upper body submaximal exercise to a similar protocol as that employed in Chapter 

3. This was to more closely replicate the exercise the person may perform while trying to 

make a breath hold swim from the sunken helicopter fuselage. With this we asked what is 

the affect of this added exertion on BHT max , HRmin and hemoglobin oxygen saturation 

(SaOz) across gender. 

Chapter 5 gives summaries, conclusions and responses to the research hypothesis 

and testable questions stated in Chapter 2. Chapter 5 concludes with a brief statement of 

the practical implications of the results from these experiments. 

1.2 Co-authorship statement 

1) Design and ldt;!ntification of the research proposal: 

The design and identification of my two part research proposal was a 

collaborative effort between Dr. Matthew White, and myself. Between September 2001 
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and May of 2002, myself and Dr. White discussed ideas of possible topics for my 

research proposal. We both decided to further build on the stationary face immersion 

portion of my proposal by adding exercise to the protocol. 

2) Practical Aspects of the Research 

The implementation of the equipment and fine-tuning the protocol for the first 

part of my research project was a collaborative effort between myself, Erin Bradbury and 

Lise Petrie after consultation with Dr. White. The first part of the thesis data collection 

was completed by both Erin Bradbury and myself. The practical implementation of the 

protocol for the second part of my research project was a joint effort between Lise Petrie 

and myself, with Dr. White providing the necessary input. Data collection for the second 

part of the project was done by Lise Petrie and myself. Both experiments were conducted 

in Dr. White's laboratory. 

3) Data Analysis 

The data analysis for the first part of my research project was a collaborative 

effort between Erin Bradbury and myself with supervision and guidance given by Dr. 

White. The data analysis for the second study was completed by Dr. White and myself. 

4) Manuscript Preparation 

For both studies in this thesis, I prepared first drafts of both manuscripts and I also 

prepared the first draft of the review of literature. Dr. White provided the necessary 

feedback, comments and corrections as they were needed for all components of my thesis 
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writing. There were numerous exchanges of the thesis between Dr. White and myself and 

these were most at our weekly meetings. 
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2.1 Introduction 

In the province of Newfoundland, many people work in or near cold water 

environments. Until about 11 years ago, one ofthe main occupations for many people in 

the province was fishing. With two offshore oil platforms operating approximately 300 

km off of the coast ofNewfoundland, many people in the surrounding Atlantic Provinces 

are now employed on these two drilling platforms. One danger of working in the offshore 

oil industry is the possibility of becoming accidentally immersed in open water and 

drowning. In 2001, 34 people died in Canada due to falling into natural water (1). It was 

not reported if these drownings occurred close to shore or not, but capable swimmers 

have been known to drown relatively close to safety (37). While it is generally thought 

that these drowning victims succumbed to hypothermia, they were not in the water long 

enough to develop such a decrease in body temperature (3 7). 

When people suddenly become immersed in cold water a series of responses is 

thought to occur that may ultimately cause them to drown. These sudden cold water 

responses are an important area of study because they have applications for those who 

work in offshore environments. Understanding why and how a person can drown in the 

water close to safety is studied with the view to help prevent deaths due to accidental 

immersion. This area of study would be very beneficial to people who work in or near 

cold water such as North Atlantic Ocean fishers or people who work on oil platforms on 

the ocean. In Newfoundland, the offshore oil installations can only be reached by taking a 
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two hour helicopter ride over the ocean (Cougar Helicopters- Personal Communication). 

If the helicopter was to suffer a malfunction and crash and/or ditch in the open ocean 

water and the floatation bags failed to inflate, the crew would experience a sudden cold 

water immersion (7). In a retrospective study by the UK Civil Aviation Authority (CAA) 

-83.1% of the military passengers survived a helicopter crash or ditching in the offshore, 

but 82.6% of these survivors subsequently drowned (12). This suggests that these deaths 

are preventable. 

When the body is suddenly immersed in cold water two major different responses 

occur: the cold shock response (CSR) and the diving response (DR) (3 7). This review of 

literature will focus on the nature and mechanisms of these two responses and why it is 

relevant to understand these responses on breath holding with sudden face immersion in 

cold water. It is thought that the CSR and the DR both have the potential to influence the 

length of time people can hold their breath (21, 24, 29). 

2.2 Cold Shock Response 

Overview of the Cold Shock Response 

Upon sudden immersion in cold water, the first response observed is the CSR, 

and it is this response that is thought to cause the majority of the offshore drownings (37). 

The CSR is a series of physiological responses that are known to include tachycardia 
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( 13 ), peripheral vaso-constriction (3 0), a large inspiratory gasp (29, 31 ), and 

hyperventilation (29, 31 ). The respiratory components of the CSR pose the greatest threat 

to survival to a person who becomes suddenly immersed in cold water because they are 

likely to involuntary inhale water as they gasp or hyperventilate, and subsequently drown 

(13). 

Cold Shock Response and Its Components · 

The effects of cold water on respiratory responses have received considerable 

attention in the scientific literature. An early study by Keatinge et al. (29) suggested that 

cold water can have a significant effect on ventilation. This was one of the first studies of 

human responses to cold water that helped develop a better understanding of the CSR. 

The experiment involved ice chips and water being placed in a bucket above a seated 

subject. In order to control for lung compliance, straps were fitted tightly around the 

subject's chest to prevent deep breathing. The participants were first showered with 

water at a comfortable temperature of 34°C, and then abruptly switched to a random 

shower temperature between ooc and 46.5°C. The investigators found that lower water 

temperature showers increased ventilation significantly more when compared to warmer 

temperature showers. In the same study, through the use of decerberate cats, Ke.atinge et 

al. concluded that the cerebrum did not affect ventilation. When the decerberated cats 

were sprayed with cold showers, hyperventilation also occurred. The speed at which the 

hyperventilation occurred indicated that it was a reflex rather than a conscious response 
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(29). This early research suggested that hyperventilation occurred when the body came 

into contact with cold water and suggested it limits the ability for a person to hold their 

breath. 

In a subsequent study by Hayward et al. (24) 10 lightly clothed males and females 

conducted a full body immersion in 0°C water. The goal of this study was to determine 

the effects of full body cold water immersion on thermal, metabolic, heart rate and 

ventilatory responses (24). Hayward et al. found that that there was a 426% and 442% 

increase in ventilation (l·min-1
) over their pre-immersion values for males and females, 

respectively. The researchers also concluded that the responses observed upon immersion 

in water at 0°C were similar in magnitude to immersion in water ranging from 5 to 15°C. 

An increase in ventilation after immersion in water at 1 0°C was also found by Tipton and 

Golden ( 40). Twelve healthy males performed three 10 min head out immersions in water 

at 1 0°C. During the first few minutes of immersion, the average ventilation increased by 

more than 1000%, and at the end of the immersion ventilation was still twice that of 

normal resting conditions ( 40). Tipton et al. (38) expanded on these findings, when they 

examined the effect that different water temperatures had on the initial responses to cold 

water immersion. Eight healthy males performed simulated underwater helicopter 

escapes in both 10°C and 25°C water. The mean BHTmax was reduced in time for 10°C 

water condition compared to 25°C. For Tipton et al (41)., in a later experiment, eight 

healthy males performed three, two minute head out immersions at water temperatures of 

5, 10 and 15°C. A fourth immersion was performed at 1 0°C, in which the subject 
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hyperventilated prior to immersion. The participants' mean ventilation were found to be 

higher at water temperatures of 5 and 1 ooc compared to l5°C water. A difference in 

ventilation was found between 5 and 10°C, but only after 20 and 30 seconds of 

immersion ( 41 ). Ventilation at 5 and 1 0°C, also took longer to decrease and stabilize to 

levels that were still higher than pre-immersion values, when compared to immersions at 

l5°C (41). Of the three immersion water temperatures, the largest breath on immersion or 

inspiratory gasp was seen at 15°C, with an average of2.7 liters across of the subjects. 

The gasps at 5 and l0°C produced values of2.0 and 2.3 liters, respectively (41). The 

results of this study also suggested that hyperventilation prior to any full body immersion 

will not have any effect on respiratory responses to cold water (41). 

Another study on the same topic by Mekjavic et al. (31) looked at how respiratory 

responses are affected by cold water immersion, but instead of using ventilation as an 

indicator of the magnitude of the response, the investigators used mouth occlusion 

pressure. The investigators deemed that this would be a more accurate measurement of 

respiratory changes and respiratory effort (31 ). The rationale behind this choice was that 

it was thought hydrostatic pressure put on the chest wall during full body immersion in 

combination with a shift in blood to the thorax, may hamper mechanical movements 

during ventilation (31 ). Mouth occlusion pressure was measured with a pressure 

transducer (Pa) and an oscillographic recorder. Each subject breathed through the mouth 

piece and the shutter closed at 100 ms, and then re-opened. While the shutter was closed, 

the pressure was measured from the subject's inspiratory efforts. Five participants 
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performed five head out immersions in 1 0°C water while wearing shorts as a control test, 

then immersed again in four different protective garments designed for helicopter pilots. 

The four different compositions of the suits included: (A) Gortex, (B) Cotton Ventile, (C) 

Nomex/insulate and (D) Nomex/Neoprene (31). Suits A and B were designed to be 

somewhat water tight, while C and D operated on the principle of a wet suit, and allowed 

some water to enter the suit and cool the skin through contact (31 ). The results indicated 

that upon initial immersion in water, the mouth occlusion pressure was significantly 

positively correlated to the peak rate of skin temperature decrease following immersion 

(31 ). The shorts-only immersion showed the greatest response to immersion. All of the 

protective suits gave similar results with each of them decreasing the gasp response by 

similar amounts when compared to the shorts-only immersion. The study illustrated 

another means of quantifying respiratory effort following an immersion in cold water. 

The potentially detrimental effect that the large inspiratory gasp followed by acute 

hyperventilation has in cold water immersion is an increased risk of aspirating water, 

which can lead to drowning (3 7). Another danger associated with the acute 

hyperventilation is the possibility of becoming hypocapnic (27, 3 7). When 

hyperventilation occurs, the body's C02 levels can rapidly fall. When blood C02 

concentrations reach a low enough level, hypocapnia forms in sensory and motor cells 

which can result in a decrease in their activation threshold ( 15). Large falls in blood C02 

concentrations can also lead to a cerebral hypoxia which is thought to occur due to a 

reduction in cerebral blood flow and a shift to the left in the hemoglobin dissociation 
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curve ultimately reducing the supply of oxygen to the brain (37). This cerebral hypoxia is 

thought to cause the disorientation and a clouding of consciousness seen in participants 

immersed in cold water (13). It has also been noted that hyperventilation in people seems 

to be greater in rough, choppy water compared to calm, still water at the same 

temperature in laboratory conditions (13). This supports the view that emotional factors 

may also play a part in increasing the rate of respiration when people experience a sudden 

immersion in cold water (13). 

Cold Shock Response and Tachycardia 

Tachycardia is also one of the components of the CSR (37). Hayward et al. (24) 

found that the participants experienced a sharp increase in heart rate when immersed in 

cold water. After a two-minute immersion the resting heart rates of the male participants 

increased by 42% and the females increased by 49%. Even after twenty minutes of 

immersion, the male heart rate remained about 15% greater than resting and females 

remained at a heart rate 20% greater (24). Similar results were reported by Tipton (41) 

who compared the effects of three different water temperatures on human physiological 

responses. It was found that the subject's heart rate increased by 25% upon immersion 

and remained higher than resting values during the course of the immersion ( 41 ). It was 

noted though that the heart rate was much lower for 15°C during the course of the 

immersion as compared to 5°C and 1 0°C ( 41 ). 
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Cold Shock Response and Peripheral Vasoconstriction 

Tachycardia is not the only cardiovascular effect seen when exposed to cold 

water. A peripheral vasoconstriction and a decreased peripheral blood flow are known to 

occur with cold immersion (30). These responses coupled with the increase in heart rate 

can place a great degree of strain on the cardiovascular system. In addition to this, the 

surfaces responsible for the CSR are not similar across the surface of the body. 

Cold Shock Response and Regional Surface Sensitivity 

Another aspect to consider is certain areas on the body surface have a greater 

contribution to the initiation of the CSR response (8, 29, 40). Keatinge found that, while 

cold showers to the extremities and to the lower back gave an increase in ventilation, they 

were only small increases when compared to showers given to the trunk (29). Tipton et 

al. (40) covered selective areas of the body and protected them from cooling by cold 

water to measure the cardio-respiratory responses when different body areas were 

immersed in cold water. Twelve males performed three immersions in water at a 

temperature of 1 0°C wearing three different clothing assemblies. The first assembly 

consisted of swimming trunks, the second consisted of the torso being covered in a 

waterproof survival suit and the third consisted of the limbs being covered with sections 

from a survival suit. It was found that the results for the torso protected conditions (TPC) 

and the limb protected condition (LPC) did not differ significantly except for heart rate, 
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in which the TPC gave a higher heart rate when compared to the LPC ( 40). Ventilation 

for the two protected conditions were roughly similar, as was the frequency of the breaths 

(beats·min-1
). The standard control condition of just swimming trunks produced responses 

much greater than either protected condition ( 40). This study contradicted the findings by 

Keatinge who showed that different areas of the body gave different ventilatory responses 

to cold water (29). Keatinge proposed that the extremities of the body had a habituation 

effect because they were exposed to the cold, air or water, on a more frequent basis than 

the trunk (29). It is thought that variations in cold receptor distribution, sensitivity and the 

degree of facilitation and inhibition make it extremely hard to identify where differences 

lie in the regions exposed with TPC and LPC ( 40). Tipton et al. concluded that more 

detailed investigation is needed to determine if different areas of the body trigger more 

pronounced reactions to the CSR ( 40). 

More detailed research was carried out by Burke and Mekjavic (8). Using a 

protocol similar as Tipton et al. ( 40), different areas of the body were selectively cooled 

and measurements of the gasp response were used to determine what areas might give a 

more pronounced CSR than others. Seven males performed ten head out immersions, five 

in cold, 15°C water, and five in luke warm or, 34.4°C water. There were five different 

exposure conditions, 1) whole body, 2) arms, 3) upper torso, 4) lower torso and 5) legs. A 

custom made segmented dry suit was used to cover the different areas of the body while 

leaving the tested region exposed. The suit was water-proof and prevented the covered 

areas of the body from being cooled. For this experiment mouth occlusion pressure 
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(measured in Pa) was used again to estimate the magnitude of the respiratory effort as an 

index of the CSR. When tile participants performed the immersions, it was found that 

there was a greater gasp r~sponse seen at water of l5°C than at 34.4°C (8). The upper 

torso gave the largest incr-ease in mouth occlusion pressure (8), the lower torso gave a 

response at about half of t:he upper torso, while the legs and the arms gave much lower 

responses (8). The author~ calculated a cold sensitivity index (CSI) which represented the 

variability in the gasping t:"esponse between regions. The CSI in each condition took into 

account differences betwe-en conditions in exposed surface area of the body and the rate 

of temperature decline, gi ven in Pa ·sec· cm-2 
• 

6C-1 (8). The results suggested that the 

upper torso had the greate st cold sensitivity when compared to the whole body, the arms, 

lower torso and the legs. 'lbe upper torso had a cold sensitivity almost three times greater 

than that for the whole bo-dy (8). The lower torso also ha~ a higher cold sensitivity value 

than the whole body. The authors concluded when the upper torso was suddenly cooled it 

gave the largest CSR com:pared to other areas of the body (8). They suggested that proper 

covering and insulation of the upper torso may help reduce the large inspiratory gasp of 

the CSR if a person were l:o suddenly experience a sudden cold water immersion (8). 

Mechanism of the Cold Shock Response 

Burke et al. (8), suggested that the upper torso is the area that will give the largest CSR 

upon sudden cold water, but the question remains what causes the CSR? Up to this point 

it has just been observed that cold water making contact and cooling the skin will trigger 

the response, but what is t he underlying mechanism behind the triggering of the CSR? It 
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has been reported in numerous studies that the respiratory and cardiovascular effects of 

the CSR occur almost instantly upon submersion in cold water (13, 29, 31, 40). Keatinge 

reported, the speed at which the respiratory responses occurred indicated that 

hyperventilation may be a reflex response to stimulation of cold receptors (29). In the 

same study, decerebrate cats also experienced an increase in ventilation when exposed to 

cold showers (29). They concluded that the reflex respiratory response to cold showers 

must be mediated at the mid brain level for cats and that their cerebrum is not essential 

for the response (29). It is possible that the same reflex may hold true for humans, in that 

the responses seen in cold water immersion may be mediated at the mid-brain level as 

well. The lack of release of adrenal catecholamines reported by Keatinge et al. (28), 

coupled with the speed of the response, is more evidence that the responses are reflexive 

in nature. Mekjavic observed that increases in respiratory drives were found when 

changes in skin temperature occurred, and not deep body temperatures as measured by 

rectal probes (31 ). The authors hypothesized that the cold receptors ( 6) in the skin, 

through sensory nerves, may stimulate the central nervous system which then stimulates 

the alpha motor neurons that innervate the diaphragm causing it to contract (31 ). Cooper 

et al. (13) provided support to the hypothesis that it is cold receptor stimulation that 

triggers the CSR when they saw similar results for subjects immersed in cold water baths. 

Cooper et al. examined the effects of heating the skin prior to cold water 

immersion (13). Twelve healthy volunteers, 6 male and 6 female, performed head-out 

immersions in water ranging from 8.7°C to 21 °C and compared against control 
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immersions in water at 34°C. Each subject performed two immersions: one without any 

prior heating and one with prior heating in a sauna. Heating in the sauna allowed for just 

the skin temperatures to increase with very little change in core temperature (13). The 

order in which the participants performed the immersions with heating or without were 

randomized in order to circumvent a habituation effect (13). When the participants had no 

prior heating to immersion in the sauna their mean ventilation was 55 L·min-1 upon initial 

immersion in the water (13), however when they were heated prior to immersion to an 

average skin temperature of 40°C, the mean ventilation was only 35 l·min-1 upon initial 

immersion (13). The results showed that sauna heating greatly reduced the initial 

respiratory responses to cold water immersion (13). It is possible that the reduction in 

ventilatory responses was due to the cold receptors containing more heat, thus taking 

longer to cool. When the participants were pre-heated and immersed, the observed skin 

temperature initially fell quickly from 40°C to 20°C, but then a more gradual decrease 

was reported (13), so that skin temperatures were found to be higher in preheated 

conditions as compared to no prior preheating at the end of the immersion. Subcutaneous 

fat levels were also measured and no correlations were found between the values and 

those of respiratory responses. This suggests that subcutaneous fat will not offer any 

protection in the form of insulation from the CSR in part because the cold receptors that 

trigger the response are located very close to the surface of the skin and are not insulated 

from the cold by adipose tissue (13). 
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2.3 The Diving Response 

Overview and Components of the Dive Response 

The second main response to sudden immersion in cold water is known as the 

Dive Response (DR). The dive response is defined as a pattern of respiratory, cardiac and 

vascular responses triggered by breath hold diving (21 ). Diving animals, such as the seal 

and the duck, have a pronounced DR which allows them to remain under the water for 

extended periods of time (20). Currently it is thought that all air-breathing mammals 

posses a DR, including humans, however, it is much less pronounced as compared to a 

seal (16, 21). The DR consists of a marked bradycardia (3), vaso-constriction (2), apnea 

(21) and an elevated blood pressure (22), all of which are thought to help conserve 

oxygen stores and prolong BHTmax (21). Much like the CSR, the DR is triggered by cold 

water immersion; however the DR is triggered by cold water making contact with the 

facial region and the voluntary or involuntary cessation of breathing (21). 

Dive Response and Bradycardia 

The bradycardia component of the DR was investigated by Arnold (3). Twenty 

seven participants performed face only immersions at two water temperatures, ice water 

ranging from 0°C-2°C and room temperature water, 23°C-25°C. Five of the participants 

from the twenty seven were taken and studied further by performing 45 s breath holds at 

a variety of water temperatures ranging from ooc to 35°C (3). When the twenty seven 
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participants performed the breath holds at 0°C it was observed that after thirty seconds of 

immersion the heart rate fell from a mean of72.1 beats·min-1 to 46.4 beats·min-1 (3). 

Some extreme results were reported during the course of the experiment. One subject's 

heart rate dropped to less than 30 beats·min-1
, another dropped to less than 20 beats·min-1 

while another on one occasion had their heart rate drop from 72 to 7.2 beats·min-1
• Arnold 

noted in the study that the colder the water temperature used for face immersion produced 

the lower heart rates (3 ). 

The observations of Arnold et al (3) were supported by a Tipton et al. who examined the 

effect of clothing on diving bradycardia (36). The participants performed full body 

immersion in three different clothing arrangements, even though the authors 

acknowledged that a face immersion was the "classical method" for triggering the DR 

(36). The first was a cotton overall assembly consisting of swimming trunks, cotton long 

johns, a woollen pull pullover, woollen socks and a one piece cotton overall (36). The 

second arrangement was a wet suit worn over the cotton overall assembly, and the third 

consisted of a dry suit worn over the cotton overall assembly. This study also found that 

bradycardia increased as the degree of cold stress increased for all the different kinds of 

clothing (36). 

Dive Response and Hemoglobin Saturation 

As previously stated, the proposed purpose of the DR is to help conserve oxygen 

and prolong BHT max (21 ). Andersson et al. (2) examined oxygen saturation of 
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hemoglobin to investigate if breath holding while performing a face immersion would 

help to augment the DR compared to breath holding in the air (2). Eight healthy males 

performed different thirty second apneas, some in the air, and the others with their face 

immersed in 1 0°C water. ·While performing each apnea in air and water, the participants 

pedaled on a cycle ergometer with a constant resistance of 100 W (2). The results 

suggested that the DR was augmented by facial immersion (2). A breath hold in the air 

decreased the heart rate to 75% of control values, whereas a breath hold in water caused 

it to decrease to 67% of control values (2). Skin blood flow also exhibited a similar trend; 

when participants performed a breath hold in air, the skin blood flow decreased to 71% of 

control values, whereas a breath hold in water caused a reduction to 61% of control 

values. Saturation percent was employed as an indicator of how much oxygen remained 

bound to hemoglobin in the blood. Andersson et al. found that, when participants 

performed a breath hold with the face immersed in the water, the Sa02 levels dropped to 

94.8% of control values, while apnea in the air caused the levels to drop by a significantly 

greater amount to 93.2% (2). These results suggested that during the breath hold in the 

water with exercise, the DR was more pronounced than for the same breath hold 

conditions in air. This was reasoned to allow for a greater oxygen conservation effect in 

the body (2). Skin blood flow, heart rate, and oxygen consumption were also all lower 

with facial immersion, breath holding and exercise than in air. This experiment supports 

the view that cold water making contact with the face is one of the components of the DR 

(21 ). Also apparent from the study was that a DR was evident with breath holding in air, 

as indicated by the decreased heart rate and .skin blood flow. However, when the 
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participants performed the facial immersion this gave a more marked decrease in heart 

rate and skin blood flow indicating a stronger DR during exercise with face immersion in 

cold water is evident, as compared to an apnea for the same exercise and breath holding 

conditions in air (2). 

Dive Response and Apnea 

Another component ofthe DR is a reported apnea (21). Ifthe function ofthe DR 

is to create an oxygen conservation effect, then in theory we should be able to have an 

extended BHT max due to the oxygen conservation effect and the enhanced apnea. A study 

by Hayward et al. (25) examined the effect ofvarying water temperatures on BHTmax of 

totally submerged individuals and related it to the intensity of their diving bradycardia 

under the same circumstances. The experiment involved 20 males and females, wearing 

one piece bathing suits, who were assigned to one water temperature from a range of 0 to 

35°C in 5°C intervals. The participants were positioned above an immersion tank on a 

slide that had a collapsible chair. This chair could be collapsed suddenly at any time, 

dropping the subject into the immersion tank. The subject held their breaths prior to 

immersion to determine what their BHT max was prior to immersion. As well, base line 

heart rates were established prior to immersion while the participants were seated on the 

slide. When asked the subject was instructed to hold their breath and the chair was 

collapsed to given a sudden immersion in the water. The participants floated face down in 

the water while still holding their breath to the point of breaking, for a second BHT max 

during full body immersion. There were no significant differences reported between 
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males and females for any measured variable, consequently the findings of the study had 

both sexes put into one group. The average BHTmax for no submersion was reported to be 

60.5 seconds and any submersion in water reduced this time significantly (25). 

Immersion in water at a temperature of 0°C reduced BHT max to 15 seconds, 5°C to 27 

seconds, 1 0°C to 18 seconds and l5°C to 25 seconds. At the warmer water temperatures 

(30 and 35°C), the breath hold times were 40s and 48 s respectively. From the reported 

results, 0°C water reduces a person's BHTmax by 75% from their non-immersion values, 

while 35°C reduced the value by only 20%. The mean heart rate observed upon 

immersion dropped drastically from those of pre-immersion values. The average heart 

rate before immersion was 102.5 beats·min-1
• Immersion in water at 0°C caused the 

average heart rates to drop to 51 beats·min-1
, at 5°C to 55 beats·min-I, l0°C to 54 

beats·min-1
, and 15 to 52 beats·min-1

• At the warmer water temperatures of30 and 35°C, 

there was not much difference in HRmin, compared to the cold temperatures, with 30°C 

producing a HRmin of 55 beats·min-1and 35°C producing 57 beats·min-1
• The results 

showed a strong effect of water temperature on BHT max (25). Their results clearly show 

colder water temperatures decreased BHT max r~lative to warmer water temperatures. This 

is in contrast to other studies reviewed by Gooden (21) that supported colder water 

temperatures with face immersion prolong maximal breath hold times. This reduction in 

BHT max could be caused by the CSR response (8, 31, 41) which may trigger a gasping 

reflex and acute hyperventilation, shortening the mean breath hold times. Since the CSR 

is thought to be initiated by cold water making contact with cutaneous cold receptors on 

the torso {8, 29) it is possible that during the whole body submersions in the Hayward et 
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al. study (25) the full body immersions triggered the CSR and possibly overrode any 

potential benefit of the DR. 

Later work on the ·csR has shown that full body immersion in colder water 

temperatures should produce a tachycardia upon initial immersion ( 40, 41 ). However 

Hayward et al. (25) saw a decrease in heart rate during immersion in cold water 

temperatures as soon as the participants were immersed. Even at a temperature of 5°C, 

they saw a decrease in heart rate from 102 beats·min-1to 52 beats·min-1
• A later study by 

Tipton et al. ( 40) found that on immersion in water at 1 0°C, an increase in heart rate was 

seen. It is possible that the bradycardia component of the DR overrode the tachycardia 

component of the CSR enough to cause a decrease in heart rate. The respiratory 

responses of the CSR may have overridden any prolonged BHT max the DR may have 

produced (21 ). It would appear that there is contradictory evidence in the literature 

regarding whether a CSR or a DR is seen upon sudden immersion in cold water. 

Mechanism of the Dive Response 

When water makes contact with the face it stimulates the ophthalmic branch of 

the trigeminal nerve. The trigeminal nerve innervates the area around the forehead, eyes 

and nose (22). The cardio-vascular changes that result from the DR are produced from 

stimulation from the brain stem to the heart and peripheral arteries (19). The resulting 

bradycardia is thought to be due to parasympathetic activity via the vagus nerve which 

attenuates the cardiac pacemaker and slows the heart rate (21 ). It is suggested that the 
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peripheral vasoconstriction component ofthe DR is a result of increased activity ofthe 

sympathetic nerve system which supplies the blood vessels in the arms and calf, causing 

them to constrict and reduce blood flow (17). The developing apnea from the DR is 

thought to be caused by the slowing ofbeats·min-1 nerve impulses to the diaphragm and 

intercostal muscles, which may result in the reduction of inspiratory efforts and this helps 

prolong the subsequent breath hold (21 ). The general view in the diving physiology 

community (21) is that colder water temperatures with face immersion can give an 

increase in BHT max· Sterba et al. (3 3) examined the effect of flushing of the face with 

both warm and cold water, however, showed no effects on breath hold time. A diving 

mask was setup to allow the continuous movement of water across the face at a desired 

temperature. The two water temperatures employed were 35°C for the warm- and 20°C 

for the cold-condition. It was evident that the cold condition did not change the BHTmax 

significantly with respect to the warm condition (33). This may possibly be the result of 

the cold-condition employing a water temperature of20°C that was too high to trigger a 

pronounced DR. Other components of the DR, including bradycardia and vaso

constriction, were reported which indicated that the DR occurred, albeit with a smaller 

magnitude (33). 

2.4 Exercise, Facial Immersion and the Dive Response 

In addition to the literature discussing the dive response for resting participants, 

are studies of participants exercising with their faces immersed in water. These studies 
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are relevant to a helicopter egress that would most likely involve a swim to the surface 

and are discussed below in the context of the DR. Several studies have looked at the 

heart rate of water immersed, exercising participants (5, 14, 26, 35) while others have 

studied exercising participants who were submerged (9, 32) or just had their faces 

immersed (5). 

Whole Body Immersion Studies 

Scholander (32) found that, in two out of twenty one Australian aboriginal pearl 

divers, a larger bradycardia occurred when the divers were swimming to the surface of 

the water as compared to when they sat quietly in the water and held their breath. These 

results could be interpreted that exercise may increase the magnitude of the DR and 

breath hold duration; however the choice of participants in this experiment may have 

influenced the outcome. All participants for Scholander's study were trained divers, who 

dived for pearls and shells for a living. It is possible that these individuals possess more 

developed DR components and breath hold abilities than an untrained diver. As a result, 

the magnitude of the bradycardia that developed in these individuals may be a result of 

years of training to dive, rather than simply swimming to the surface. Also, out of a total 

subject size of twenty one, the larger bradycardia during active swimming was only seen 

in two participants (32). Whether or not these two participants were the only ones to 

produce these results, or they were the only two measured for it, is unclear. As a result of 

only seeing a greater exercise induced bradycardia in two participants, it is difficult to 

conclude from the study that the greater bradycardia was a result of exercise (32). 
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Butler and Woakes (9) examined the effect ofunderwater swimming (-28°C) on 

minimum heart rates during a series of apneas. The investigators found that when the 

participants performed a stationary apneic full immersion, the heart rate dropped from 

resting level of 67 beats·min-1 to 48 beats·min-1 during the full immersion. When the 

participants performed an apneic underwater swim, their heart rate increased to 106 

beats·min-1
, but then fell rapidly to 48 beats·min-1(9). The BHTmax was also affected by 

the exercise condition. While the participants were sitting, completely immersed in the 

water, the mean breath hold duration was 59 s. When the participants swam under water, 

the mean breath hold duration was reduced to 33 s (9).While it has been previously 

reported that a heavy workload would reduce breath hold times and as a result reduce the 

bradycardia ( 4 ), Butler and W oakes suggested, based on their heart rate responses, that a 

moderate intensity workload could benefit the DR. This is due to their observation that if 

exercise precedes apnea, there was a faster reduction in HR (9). Although a faster 

reduction in HR would be beneficial in conserving oxygen, the HR had to fall from a 

higher rate in the exercising participants, due to the initial increase in HR from exercise. 

A similar study was conducted by Stn;ymme et al. (35) in which thirty male and 

ten female participants performed a series of apneas both in air and with face immersion 

in water during both resting conditions and exercising conditions. They found that during 

exercising conditions with facial immersion, there was a greater bradycardia observed 

than during apneic facial immersions during rest (35). The lowest HR observed during 

the exercising conditions was approximately 45 beats·min-1and that during resting was 50 
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beats·min-1
• The initial heart rate at the start of the facial immersion apnea during the 

exercising condition was 110 beats·min-1
, compared to 90 beats·min-1during the resting 

condition (35). This result is similar a study by Bergman et al. (5) showing even though 

the exercising condition produced a larger bradycardia, the lowest HR observed was not 

much lower compared to the resting condition. This indicated that exercising during an 

apneic facial immersion starts with a higher initial heart rate but is followed with a 

subsequent greater drop resulting in a bradycardia of a much larger magnitude compared 

to resting conditions. Again the absolute HR remained higher in the exercise condition 

compared to the resting condition with face immersion and breath holding. Str0mme et 

al. concluded that there is no clear relationship between an individual's work intensity 

and the magnitude of the bradycardia they may develop during an apneic facial 

immersion (3 5). 

Face Only Immersion And Exercise 

Bergman et al (5) studied the effects of both isometric and dynamic exercise 

during apnea both in the air and with facial immersion. Ten men of normal height and 

weight who were not trained athletes performed a series of apneas in air and water during 

varying intensities of dynamic exercise or during sustained isometric contraction. When 

the participants pedaled on a cycle ergometer at 600 kpm·min-1 (5934 N·m·min-1
) and 

performed an apnea with a facial immersion in water at 15°C, a mean drop in heart rate of 

-52 beats·min-1occurred, compared to 44 beats·min-1 when they pedaled at 300 kpm·min-1 

(2941 N·m·min-1
) (5). The drop in heart rate during rest with face immersion was 24 
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beats·min"1 (5). While the exercise conditions in this study produced a larger breath-hold

induced reduction in HR during face immersion compared to resting, neither condition 

yielded an absolute lower HR than the resting condition. The lowest HR observed for the 

resting condition with apnea was 53 beats·min-1 whereas for the exercise conditions of 

300 kpm·min-1 (2941 N·m·min-1
) and 600 kpm·min-1 (5934 N·m·min-1

) the lowerst HR 

were 55 beats·min-1
, and 81 beats·min·I, respectively. Both exercise conditions started 

with higher heart rates (300 kpm·min-1 (2941 N·m·min"1
) = 99 beats·min-1

, 600 kpm·min· 

1(5934 N·m·min"1
) = 133 beats·min-1

) than the resting conditions (77 beats·min-1
). Based 

on Bergman et al. study ( 5), it appears that exercise creates a higher initial heart rate and 

the bradycardia with face immersion during exercise was of a larger relative magnitude, 

compared to resting conditions with face immersion. 

2.5 Offshore Safety Applications 

Sudden Face Immersion: Cold Shock Response or Dive Response? 

It remains to be determined for sudden face immersions if a DR or a CSR is the 

predominant response. Through either the triggering of the CSR or the DR, a person's 

BHT max duration can be affected. A major impact this would have is on people traveling 

to and from offshore oil platforms who find themselves trapped underwater in a crashed 

helicopter, as their BHT max would appear to be the most important factor to their survival. 

Tipton et al. (38) had eight male participants perform a simulated escape from a 
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helicopter passenger seat. The participants were strapped to a chair that was lowered and 

then inverted in a pool at a temperature at either 25°C or 1 0°C. Once they were lowered 

and inverted, the participants had to detach themselves from the seats, and climb hand 

over hand on a ladder attached to the bottom of the pool (38). When the participants 

performed a breath hold in I ooc while resting, the mean BHT max was 30.4 s. When the 

participants performed a breath hold while also releasing themselves from the chair and 

climbing hand over hand on the ladder, the BHT max dropped to 17.2 s (3 8). 

Cheung et al. (II) examined the BHT max of participants who worked in the 

offshore oil industry performing a breath hold while floating face down in the prone 

position dressed in a survival suit in 25°C water. Out of the 228 participants tested, I 07 

were currently working in the offshore oil industry, 25 worked in the military and the rest 

were people training to work in the offshore oil industry. The large sample size used in 

this study of offshore oil workers allows for an excellent representation of the offshore 

workers in general. The mean BHT max for the offshore oil workers in the air was found to 

be 58.9 s, which dropped down to 40.5 s when they held their breath while floating face 

down in the water. The mean breath hold times of both I7.2 s. (38) and 40.5 s. (II) are 

not sufficient for people to perform a successful underwater breath hold escape in all 

conditions (7). Brooks et al. (7) investigated the amount of time required for 18 

participants to successfully escape from a simulated helicopter fuselage submersion in 

24°C pool water. The minimum breath hold time required for the last subject to escape 

from the simulator was found to be between 32.09 to 92.I4 s in normal lighting 
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conditions (7). When the participants performed the escape with no lighting at all, the 

minimum time for the last person to escape was found to be 3 7. 7 5 s (7). When we 

compare the BHT max times found by Tipton et al. (3 9) and Cheung et al. ( 11) to Brook's 

findings, it is evident that there is a large difference between the breath hold times and 

the time required to escape from a submerged helicopter. The escape times in Brook's 

study are a best case scenario, as the participants performed the escapes in calm, warm 

water ( ~25°C), and controlled laboratory conditions. The participants were also fit, 

highly qualified, highly practiced and prepared themselves both mentally and physically 

ahead of time for the breath hold (7). The participants also knew that if they could not 

evacuate the simulator through the windows (as in a real underwater escape), there was 

an emergency escape they could go out through, which some participants did (7). 

In a real-life situation after a helicopter sinking, the water will undoubtedly be 

colder and the participants may experience a great degree of fear and anxiety from the 

crash and disorientation of a possible inversion of the fuselage, which can also increase a 

person's chance of aspirating water (37). It is, therefore, possible that the escape times 

from Brook's study (7) are optimistic and that if people were to find themselves in a real 

underwater escape from a sunken fuselage, the times could be much longer. If this was 

the case, it would seem based on the reported mean BHT max of people performing breath 

holds in cold water conditions (11, 25, 34, 39, 42), that the passengers trapped 

underwater may need a supplementary breath source, such as a compressed air bottle or a 

re-breathing device, to ensure a successful escape. 
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2.6 Gender Comparisons 

An extensive literature review did not reveal any studies that directly compared 

mean breath-holding times of males and females. Some studies that examined breath 

holding times did use both genders, but the data was collapsed into one set (11, 35). 

Several studies have looked at the differences in cardiovascular responses to cold 

between gender (10, 18, 23, 43, 44). Men have been shown to have a greater decrease in 

HR compared to females when exposed to cold air (43), while women have shown a 

greater decrease in skin blood flow compared to men when undergoing body cooling 

( 1 0). Women have also shown to be able to maintain a greater core body temperature 

than men when cooled in cold air (18) indicating that women may be more insensitive to 

cooling (23). Females are generally smaller in physical height, and as result have smaller 

lung sizes, which may affect BHT max and total body oxygen content possibly leading to 

shorter breath hold times than males. These studies suggest a comparison of gender 

responses for breath holding during face immersion is needed. 

In conclusion, this literature review summarized the physiological responses to 

human face immersion. It was evident little research has focused on the face immersion 

conditions expected for passengers that are attempting an egress from a sunken, inverted 

helicopter fuselage. As such the experiments included in this thesis examined different 

conditions that could be typical of the helicopter egress environment. Although it is 
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recognized breath holding may vary as a function of body size, in this thesis males and 

females of typical size and weight were included to assess their breath holding 

capabilities. This was to help answer the practical question: can they hold their breaths 

long enough to escape a helicopter in which conditions? 

2. 7 Research Hypotheses 

Study 1: It was hypothesized that in subjects performing stationary face immersions, 

lower water tempe~ature would reduce maximum breath hold times and increase 

minimum heart rate as a consequence of a greater cold shock response and a reduced dive 

response. It was also hypothesized that gender will affect maximum breath hold times 

and minimum heart rate. Finally it was hypothesized that pulmonary capacities, 

irrespective of gender, will positively correlate with maximal breath holding times. 

Study 2: It was hypothesized for subjects performing face immersions with upper body 

sub-maximal exercising, that lower water temperature would reduce maximum breath 

hold times, minimum heart rate, and oxygen saturation concentrations as a consequence 

of a greater cold shock response and a reduced dive response. It was also hypothesized 

that gender will affect maximum breath hold times and minimum heart rate during upper 

body exercise with face immersion. 
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2.8 Testable Questions 

When participants are performing a stationary facial immersion in varying water 

temperatures: 

i) Do BHT max and HRmin differ between gender with sudden face only immersion? 

ii) Do BHT max and HRmin differ between water temperatures of 0, 5, 10, 15, 20°C and air 

temperature of24°C with sudden face-only immersion? 

When participants are performing a facial immersion with moderate intensity upper body 

exercise in varying water temperatures: 

i) Do BHT max, HRmin, and Sa02 differ between gender with a face immersion during 

exercise and breath holding? 

ii) Do BHT max, HRmin, and Sa02 differ between water temperatures of 5, 10 and 20°C and 

air temperature of24°C, with face immersion during exercise and breath holding? 
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Chapter 3 

Breath Holding After Sudden Face Immersion in Water: Influences of Gender and 

Water Temperatures 
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3.1 Abstract 

The purpose of this study was to determine if gender and water temperatures 

would affect on maximum breath hold time (BHT max) following a sudden face 

immersion. Six males and six females of college age and normal physique volunteered to 

participate in this study. The subject lay in the prone position and rested for 10 min prior 

to breath holding trial in the air (-24°C) or with face immersion in water at 0,5,10,15 and 

20°C. Males in the study were significantly taller (p<O.O 1) and heavier (p<0.05), but had 

the same age and body mass index as the females. Across 6 breath hold conditions, 

males had a significantly longer breath hold time (0.00 1 < p<0.05) than females. With 

breath holding in air and with face immersion in 10, 15 and 20°C water there were 

similar HR responses between gender, but at 0 and 5°C females HRmin were significantly 

greater (p <0.01). For the entire group of 12, positive and significant correlations (p 

<0.05) were found between inspiratory capacity and BHT max at water temperatures of 0, 

10, 15, 20°C. In conclusion, the results showed as BHTmax decreased at lower water 

temperatures and males had longer BHT max than females in all conditions. It remains to 

be established if this is a gender or size dependent effect. The best predictor of a longer 

BHTmax in these conditions was a larger inspiratory capacity. 
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3.2 Introduction 

Helicopters have a high center of gravity and after a ditching or crashing in open 

water will rapidly invert and sink if the floatation bags fail. Survivors of the helicopter's 

impact and submersion appear to need to subsequently perform a breath hold swim to the 

surface. Brooks et al (1) demonstrated for highly experienced participants that the 

minimum egress time from a submerged 15 to 18 passenger Super Puma 18 fuselage 

ranged from 28 to 92 seconds. For several of their participants in 25°C water (1) and for 

34% ofthe participants in a complementary study (4), breath hold times were insufficient 

to reach the surface. In an epidemiological study the survival rate of the initial impact for 

military passengers travelling in a helicopter that crashed or ditched in the ocean was 

83.1% (5) but 82.6% of the initial survivors appeared to have drowned (5). Together 

these studies (1, 4, 5) support that these passengers may have performed an unsuccessful 

underwater breath hold swim from a submerged helicopter. As such, any factors 

influencing ventilation and maximal breath hold times (BHT max) in these conditions need 

to be identified to help prevent such drownings. 

Two such factors influencing ventilation and maximal breath hold times (BHT max) 

are gender and water temperature. An extensive literature review did not reveal studies 

comparing breath-holding times across gender. Several studies have looked at the 

differences in cardiovascular responses to cold between gender (2, 8, 12, 17, 18). While 

males have also been shown to have a greater decrease in HR than females when exposed 
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to cold air (17), women have shown a greater decrease in skin blood flow compared to 

males when undergoing body cooling (2). Females are also generally smaller in physical 

height, and as result have smaller lung sizes, which may affect BHTmax (4) leading to 

shorter breath hold times than males. Together these studies suggest a comparison of 

gender responses for breath holding during face immersion is needed. 

Lower water temperature during face immersion has been shown to lengthen the 

BHTmax in conditions that produced a dive response (10). However, it is not clear if this 

relationship holds during a sudden face immersion, such as during an underwater 

helicopter egress. Some studies indicate absence of a dive response in anxious/stressed 

individuals (20, 21 ), such as individuals in an underwater helicopter egress scenario As 

such it remains to be established if this relationship between BHT max and water 

temperature holds across gender for a condition of sudden face immersion. 

The present study investigated BHT max and HR responses across gender during 

face-only immersion in water temperatures from 0 to 20°C. Males and females of normal 

height and weight were studied to assess if there was a gender dependence ofthe dive 

response and BHT max in these conditions. The first questions asked were if water 

temperature or gender affected BHT max after a sudden face only immersion. Also 

associations between pulmonary capacities and BHT max values were evaluated to 

establish if the same predictors of breath holding times evident at water temperature of 

25°C (4) were also evident across this lower range of water temperatures. 
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3.3 Methods 

3.3.1 Participants: 

Six healthy males and six females volunteered for this experiment and their 

physical characteristics are given in Table 3 .1. The sample size was determined with a 

power calculation. This calculation was based on a difference worth detecting of 15%, an 

alpha level of 0.05, a beta value of 0.8 and the standard deviations of each group at 7% of 

the estimated means. The protocol received clearance from the appropriate institutions' 

human ethics committees and participants gave a signed informed consent prior to 

participation. 

3.3.2 Instrumentation: 

Participants lay on a cushioned table in the prone position when they immersed 

their faces into a stirred face bath (49.5 em x 35 em x 23 em) that was insulated by 

Styrofoam. The water flowed to and from the face bath and a LA VDA K-2/R 

chiller/heater unit (Brinkmann Instruments) with an adjustable set-point (range 0 to 40°C) 

in insulated polyethylene tubing. Forehead and chest temperature were measured using 

copper constantan thermocouples secured to the skin surface with adhesive tape. 

Temperature signals were acquired by a National Instruments (USA) data acquisition 

system controlled by Labview Software on a personal computer. Heart rate (HR) was 

3- 46 



recor-ded by telemetry (Polar, USA) at two min intervals for a ten min period prior to 

each breath hold and every five seconds during a breath hold. All participants wore the 

sam~ garments during the experiments with a clo value of -1. 

A 13 litre Spirometer (Collins, USA) was employed to measure pulmonary 

capac:;ities. The measures taken included Inspiratory Capacity (IC), Expiratory Reserve 

Volu,me (ERV), Vital Capacity (VC), Forced Expired Volume in 1 sec (FEVl.O) and 

Forc~d Vital Capacity (FVC). The typical breath holding size (or volume) 

reprQ>ducibility of the seated participants was assessed by measuring typical breath hold 

volutmes with the spirometer on three trials. The typical breath hold volume values were 

obtaLned by having the participants perform a breath hold as if they were going to 

imm~rse their faces in the face bath while connected to the spirometer. The amount of air 

inhal.ed and held by each subject was recorded as the volume for their typical breath hold. 

For ~ach subject the IC was also compared between the prone and seated position and the 

mean difference between the two positions was less than 5 mi. 

3.3.3. Protocol: 

Maximum breath hold times (BHT max) were collected for each subject in six 

cond_itions. Five breath hold conditions were with the face immersed in water at either 

oo, 5 o, 10°, 15° or 20°C. The sixth breath hold condition was without face immersion in 
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room temperature of24 ± 1 °C. Each subject had three successive trials in each breath 

hold condition and the subject's mean value for the 3 successive trials was employed in 

the subsequent analyses. The recording of the time started when the subject's face made 

contact with the water, and ended when the participants pulled their head up out of the 

water. The participants were instructed not to hyperventilate before holding their breath 

and not to breathe out while under water. The orders of breath hold conditions were 

presented in randomized order so as to eliminate any possible training or cumulative 

effect resulting from repetitive face immersions. The subject was informed beforehand 

of the water bath temperature for each trial. Between each face immersion trial, at each 

water temperature, the subject rested until their forehead temperatures returned to pre

immersion values before the next face immersion and breath hold. All BHT max were not 

revealed to the subject until all three trials ended in a given breath hold condition. As 

such the subject was not informed ofhow much time was passing for each BHTmax· This 

approach was employed so the subject would not be trying to beat a previous BHT max· 

3.3.4 Statistical Analyses: 

An ANOV A model was employed with a repeated factor of water temperature 

(0°C, 5°C, l0°C, l5°C, 20°C and Air) and non-repeated factor of gender (Male, Female). 

Means comparisons across gender were made in each of the six breath hold conditions. 

The reproducibility of breath hold size/volumes were evaluated with an intraclass 
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correlation coefficient and a one way ANOV A comparing means of breath hold volumes 

between three trials. The level of significance for the comparisons was set at 0.05. 
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3.4 Results 

The subject's physical characteristics and resting heart rates are given in Table 

3.1. The males were significantly taller (p =0.005), weighed more (p =0.02) but their 

age, body mass index and resting pre-immersion heart rates were not significantly 

different than the females. 

Except for the ERV, all pulmonary capacities (Table 3.2) for males were 

significantly greater than for the females (0.0001 < p < 0.001). The reproducibility of 

volitional breath holds volumes by the participants were assessed in three trials. The 

breath hold volumes in each trial were 1620 ± 261 ml, 1679 ± 278 ml and 1575 ± 244 ml 

were not significantly different. The intraclass correlation coefficient (R) between the 3 

breath holds trials was significant (R= 0.98, p <0.0001) indicating a high reproducibility 

ofbreath hold size/volume of the participants. The mean voluntary breath hold volume 

for these participants was 52± 7% of their IC. 

Positive and significant (p < 0.05) correlations were evident for the group of 12 

participants between IC and BHT max at face bath temperatures of 0, 10, 15 and 20°C 

(Table 3.3). There was also a trend for a positive significant correlation between IC and 

BHT max at the face bath temperature of 5° C. For other pulmonary capacities including, 
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VC, FEV1.0 and FVC, there were also some positive significant correlations to BHTmax 

(Table 3.3). 

For BHT max with faces immersed in water there was a significant main effect for 

water temperature (F=4.0, p=O.Ol) and gender (F=9.0, p=0.03). Across all face bath 

temperatures (0° to 20°C) and in 24°C in the air, the mean BHT max at each water 

temperature was significantly (0.001 < p < 0.05) for males than for females (Fig. 3.1). At 

face bath temperatures of 0°, 10° and l5°C the males more than doubled the females 

BHT max, while at temperatures of 5°C, 20°C and in air the BHT max for the females was a 

little more than halfthat of the males (Fig. 3.1). After adjusting for pre-immersion 

conditions (air BHT max - water temperature BHT max), it was found that there were no 

longer any significant differences between male and female BHT max across all water 

temperatures (Fig. 3.1). 

There was no main effect of water temperature or gender for heart rates. Heart 

rates during face immersion only showed significantly greater values for females than 

males at the face immersions of0°C and soc (Fig. 3. 2). At all other face bath 

temperatures there were no significant differences across gender for heart rate during 

immersion and breath holding. After adjusting for pre-immersion differences (air HRmin 

- water temperature HRmin), there were no longer any significant differences between 

male and female HRmin at the lower water temperatures. There were significant 

differences in HRmin at the air- l5°C and air- 20°C conditions (Fig 3.2). 
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There were no significant differences across gender for forehead skin 

temperatures (Fig. 3.3). The average values of forehead skin temperatures for both males 

and females decreased from approximately 32 °C with breath holding in air to 

approximately 14 °C with face immersion in the 0°C water bath. 

The levels of significance and correlation coefficients between pulmonary 

capacities and BHTmax for males and females combined are given in Table 3-3. Figure 3-

4 gives scatter plots of inspiratory capacity and forced vital capacity expressed as a 

function of BHT max for males and females combined. 

3- 52 



3.5 Discussion 

This is the first study to our knowledge that compares the effect of cold-water 

face immersion on maximum breath hold time (BHT max) across gender. It was clear that 

the males were able to hold their breath for a greater amount of time when compared to 

females in air and at all face bath temperatures (Fig. 3.1). Face immersion with breath 

holding in water temperatures lower than 15°C gave the greatest decrements in BHT max· 

However, this decrement from non-immersed values was more apparent for males than 

females (Fig. 3.1 ). 

The second main finding of this study was that for males at all temperature face 

immersions gave a bradycardia of approximately 15 beats·min"1relative to their pre

immersion heart rates resting HR of~ 74 (Table 3.1, Figure 3-2). However, for both 

genders as face bath temperatures decreased, there was no trend for a greater bradycardia 

and there was decreased voluntary apnoea or BHT max· This is in contrast to the review of 

Gooden ( 1 0) who summarized a series of face immersion studies that clearly indicated 

face immersion in lower water temperatures gave a more pronounced bradycardia and 

apnea as indicative of a more pronounced Dive Response (DR). In agreement with our 

results, however, Hayward and colleagues (13) saw no influence of water temperature on 

HR level after a sudden facial and whole body immersion of their participants in water 

from 0 to 35°C. Also Hayward et al's participants, similar to the participants in the 
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current study (Fig. 3-1), had shorter breath-hold times at lower water temperatures. It 

appears that the literature is equivocal in regard to the influence of decreasing water 

temperature on DR bradycardia and voluntary apnoea. 

It is thought that the main purpose of the diving response (DR) is to allow for a 

greater BHT max through a series of physiological responses including a bradycardia, 

peripheral vasoconstriction and smaller decreases in oxygen saturation (9, 10). The DR 

is thought to be triggered through cold water making contact with the face and 

stimulating the ophthalmic branch of the trigeminal nerve ( 10, 11 ). The stimulation of 

the nerve will trigger responses in the CardioInhibitory center (CIC), Vasomotor Centre 

(VMC) and the Respiratory Center (RC) (6, 7, 10). The CIC sends a signal through the 

vagus nerve giving a decrease in HR, while the VMC initiates impulses that cause a 

constriction in peripheral arterioles (10). The stimulus to the RC will cause the 

diminution of nerve impulses to the diaphragm resulting in a prolonged voluntary apnoea 

( 1 0). An inverse relationship exists between the DR and water temperature, resulting in 

more pronounced BHT max or HRmin responses seen at lower temperatures in a calm lab 

condition (10, 14, 15, 19). The present results (Fig. 3.1) contradict this expected 

prolonged BHT max normally seen with a DR. This suggests the CSR predominated with 

face immersion as is evident for whole body immersions (2). The input that initiates the 

CSR is thought to be from surface temperature sensitive neurons. It follows that a strong 

correlate of the CSR was shown to be the rate of skin temperature cooling following a 

sudden whole body immersion in cold water (2). Since human beings are not diving 

3- 54 



mammals, we appear to have a more developed CSR than DR, even though the DR ha~ r.s a 

survival advantage. It is also possible that the unpleasant sensation of immersing one's ; 

face in the water may cause a sense of fear and anxiety. This could possibly trigger the ~ 

fight or flight response, which would result in an increase in heart rate and an urge to 

hyperventilate, both of which may decrease the apnoea and the bradycardia associated 

with the DR. Anxious participants demonstrating a fight or flight response were also 

shown not to demonstrate the DR, even in quiet lab conditions ( 10, 20, 21 ). 

It appears to follow that the significantly taller males and females (Table 3.1), 

who as a function of their height (3) had a greater pulmonary capacity, were able to ho•lold 

their breath longer across all water temperatures examined. The results support taller 

individuals both in air and with face immersion are able to hold their breaths for Ionge' l~r 

periods of time as previously reported for breath holding with face immersion in 25°C 

water ( 4). Greater pulmonary capacities, principally the IC, acted as a significant 

predictor of longer BHT max in our participants in the current conditions (Table 3.3, Fig ·g. 3-

4). This positive association between BHTmax and pulmonary capacities was more 

pronounced for the entire group of 12 participants than for the within gender correlaticDons 

(data not shown). This suggests a larger variance in pulmonary capacities is needed 

before a relationship is evident with BHT max· The results also indicated the females \¢vere 

significantly shorter (Table 3.1) and have significantly lower pulmonary capacities (TI~able 

3.3) than the males. Although lower pulmonary capacities were shown to give shorter 

BHTmax after face immersion (4), it is difficult to immediately assume that thedecreas!l;ed 
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BHT max our females showed was an affect of gender. To establish if the difference in 

BHT max is an effect of body size or an effect of gender a future study of BHT max and face 

immersion is needed that includes groups of tall and short participants within each 

gender. That study could help affirm or refute the current finding of a gender difference 

in the DR as indicated by males having a more pronounced bradycardia than females 

during face immersion. 

When we adjusted for pre-immersion differences in breath hold time (.6BHT max) 

(Fig 3.1) there are no longer any significant differences between males and females. This 

lends support to the hypothesis that breath hold times may be more dependent on size 

rather than gender since these results suggest that males may have a larger capacity than 

females which may be a size dependent factor. Also after adjusting for pre-immersion 

differences in heart rate (.6HRmin) there were also no longer any differences between 

gender at the lower water temperatures (0°and 5°C), but significant differences became 

evident at the higher temperatures of 15° and 20°C with the females having a higher 

HRmin than males (Fig 3.2). It may be that the higher temperatures were not cold enough 

to trigger a bradycardia of the same magnitude in the females as seen in the males, 

however previous studies (13, 16) have not reported a differences in HRmin between 

gender during facial immersions. 

In conclusion, the results of this study indicated that water temperature had a 

significant affect on BHT max· At lower water temperatures there was a decreased BHT max 
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with respect to both breath holding in higher water temperatures or to breath holding with 

no facial immersion in air. Although the results support that there was an affect of 

gender on BHTmax, it remains to be established if this is a gender or size dependent effect 

since BHT max is a function of stature and stature differed significantly across gender. 

Finally the results support that the best predictor of a longer BHT max in these conditions 

was a larger inspiratory capacity. 

3- 57 



3.6 References: 

1. Brooks CJ, Muir HC and Gibbs PN. The basis for the development of a fuselage 
evacuation time for a ditched helicopter. Aviat Space Environ Med 72: 553-561, 2001. 

2. Cankar K, Finderle Z and Strucl M. Gender differences in cutaneous laser doppler 
flow response to local direct and contralateral cooling. J Vase Res 37: 183-188., 2000. 

3. Cherniack RM and Raber MB. Normal standards for ventilatory function using an 
automated wedge spirometer. Am Rev Respir Dis 106: 38-46, 1972. 

4. Cheung SS, D'Eon NJ and Brooks CJ. Breath-holding ability of offshore workers 
inadequate to ensure escape from ditched helicopters. Aviat Space Environ Med 72: 912-
918,2001. 

5. Clifford WS. Helicopter Crashworthiness, A Review of U.K. Military and World Civil 
Helicopter Water Impacts from 1971-1992. In: CA Reports 96005, 1996. 

6. Fagius J and Sundlof G. The diving response in man: effects on sympathetic activity 
in muscle and skin nerve fascicles. J Physio/377: 429-443, 1986. 

7. Finley JP, Bonet JF and Waxman MB. Autonomic pathways responsible for 
bradycardia on facial immersion. J Appl Physio/47: 1218-1222, 1979. 

8. Glickman-Weiss EL, Cheatham CC, Caine N, Blegen M and Marcinkiewicz J. 
Influence of gender and menstrual cycle on a cold air tolerance test and its relationship to 
thermosensitivity. Undersea Hyperb 
Med27: 75-81.,2000. 

9. Gooden BA. The evolution of asphyxial defense. Integr Physiol Behav Sci 28: 317-
330, 1993. 

10. Gooden BA. Mechanism of the human diving response. Integr Physiol Behav Sci 29: 
6-16, 1994. 

11. Gooden BA, Lehman RG and Pym J. Role ofthe face in the cardiovascular 
responses to total immersion. Aust J Exp Bioi Med Sci 48: 687-690, 1970. 

12. Graham TE. Thermal, metabolic, and cardiovascular changes in men and women 
during cold stress. Med Sci Sports Exerc 20: S 185-192, 1988. 

3- 58 



13. Hayward JS, Hay C, Matthews BR, Overweel CHand Radford DD. Temperature 
effect on the human dive response in relation to cold water near-drowning. J Appl Physiol 
56: 202-206, 1984. 

14. Kawakami Y, Natelson BH and DuBois AR. Cardiovascular effects of face 
immersion and factors affecting diving reflex in man. J Appl Physio/23: 964-970, 1967. 

15. Song SH, Lee WK, Chung YA and Hong SK. Mechanism of apneic bradycardia in 
man. J Appl Physio/27: 323-327, 1969. 

16. Stromme SB, Kerem D and Elsner R. Diving bradycardia during rest and exercise 
and its relation to physical fitness. J Appl Physio/28: 614-621, 1970. 

17. Wagner JA and Horvath SM. Cardiovascular reactions to cold exposures differ 
with age and gender. J. Appl. Physio/58: 187-192, 1985. 

18. Wagner JA and Horvath SM. Influences of age and gender on human 
thermoregulatory responses to cold exposures. J. Appl. Physio/58: 180-186, 1985. 

19. Whayne TF, Jr. and Killip T, 3rd. Simulated diving in man: comparison of facial 
stimuli and response in arrhythmia. J Appl Physio/22: 800-807, 1967. 

20. WolfS, Schneider RA and Groover ME. Further studies on the circulatory and 
metabolic alterations of the oxygen-conserving (diving) reflex in man. Trans As soc Am 
Physicians 78: 242-254, 1965. 

21. Zbrozyna AW and Westwood DM. Cardiovascular responses elicited by simulated 
diving and their habituation in man. Clin Auton Res 2: 225-233, 1992. 

3- 59 



Table 3.1: Participants' physical characteristics, age and resting heart rates over 
the 10 minutes period prior to face immersions. Values in the table are mean ± 
Standard Error (SE), * = p <0.05, ** = p <0.01) 

Age Height Weight Body Mass RestingHR 
(y) (m) (kg) Index 

{kg • m-1} 
Females 26.8± 1.62 ± 62.4± 23.7 ± 1.5 77±4 

3.7 0.04 5.4 
Males 23.0± 1.76 ± 79.4± 25.6 ± 0.9 74±4 

0.8 0.02 3.2 
p NS ** * NS NS 
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Table 3.2: Resting pulmonary capacities (mean± SE) for 6 male and 6 female 
participants. (Inspiratory Capacity (IC); Expiratory Reserve Volume (ERV); Vital 
Capacity (VC): Forced Expired Volume in 1 sec (FEVl.O) and Forced Vital 
Capacity (FVC)). (*** = p = 0.001, **** = p<0.001, NS =Non Significance) 

IC ERV vc FEVl.O FVC 
(ml) (ml) (ml) (ml•s-1) (ml) 

Male Mean 3650 2683 5183 3900 5092 
Male±SE 177 246 177 106 147 

Female Mean 2267 2142 3358 2600 3383 
Female±SE 182 322 266 234 275 

**** NS **** *** **** 
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Table 3.3: First order correlation coefficients between BHT max at 0°, 5°, 10°, 15°, 
20°C and in air with pulmonary capacities in all participant s. For a sample size of 
12 participants an r value of 0.58 was significant at a p = 0 .05. Abbreviations in 
Table are given in the title of Table 3.2. (* = p<0.05) 

IC ERV vc FEV1.0 FVC 
(n) (12) (12) (12) (12) (12) 
BHTmax ooc 0.59* 0.57 0.38 0.3 9 0.39 
BHTmax soc 0.57 0.18 0.44 0.40 0.44 
BHTmax 10°C 0.59* 0.17 0.57 0. 6 1 * 0.59* 
BHTmax 15°C 0.59* 0.08 0.46 0.4 9 0.90* 
BHTmax 20°C 0.59* 0.17 0.57 0. 6 1 * 0.59* 
BHT Air {24°C} 0.24 0.26 0.51 0.4 3 0.51 
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Figure 3.1: Upper Panel: Male and female BHTmax for water temperatures of 0°, 5°, 10°, 
15° and 20°C and room air (~24°C) during a resting face immersion. Lower Panel: 
rBHTmax are adjusted for pre-immersion differences in BHTmax that were measured in 
room air(*= p< 0.05, t = p < 0.001, NS =Not Significance) 
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Figure 3.2: Upper Panel: Male and female HRmin in beats·min-1during a resting face 
immersion with breath holding at water temperatures of0°, 5°, 10°, 15° and 20°C and 
room air (~24°C). Lower Panel: rHRmin values are adjusted for pre-immersion 
differences in HRmin that were measured in room air(*= p<0.05, t = p<0.01, NS =not 
significance). 
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Figure 3.3: Male and female minimum mean forehead skin temperatures observed pre
immersion (Air) and during immersion at water temperatures of0°, 5°, 10°, 15°, and 
20°C. (NS =Not significance) 
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Figure 3.4a: Inspiratory capacity (IC) correlations with maximum breath hold time in 6 
males and 6 female participants at face bath temperatures of 0°, 5° and 1 ooc (* = two 
data points). 
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Figure 3.4b: Forced Vital Capacity (FVC) correlation with maximum breath hold time in 
6 males and 6 female participants at face bath temperatures of 0°, 5° and 1 0°C (* = two 
data points). 
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Chapter 4 

Breath Hold Duration and Heart Rate Responses Across Gender During Moderate 

Intensity Exercise After A Sudden Face Immersion 
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4.1 Abstract 

It was investigated if gender, water temperature and exercise influence BHT max, 

HR minimum (HRmin), and hemoglobin saturation (Sa02) during moderate intensity 

upper body exercise. Six males and six females who were all healthy and college aged 

(25 ± 2 y.o.a., mean± SE) participated in the study. Males were significantly taller 

(p<O.OS) and heavier (p<0.0001) than the females. Participants lay in a prone position 

while resting or while exercising on an arm crank ergometer. In 3 trials the subject's face 

was suddenly immersed at the start of exercise, and breath holding in a water bath at 5°C, 

1 ooc or 20°C. In one trial there was no face immersion during exercise and participants 

held their breath in room air during exercise (-24°C). On average the participants 

exercised at 76.2 ± 0.6% of their maximum HR and this level of exertion was not 

significantly different between gender. During exercise in air and in the 3 breath-holds a 

significantly greater BHT max by males was evident compared to females 

(0.000l<p<0.001). Irrespective ofbreath holding condition, the average BHTmaxduring 

exercise was 25. 6 ± 1.6 s for males and 14.9 ± 0.9 s for females (p<0.001). After 

adjusting for pre-immersion differences in breath holding ability, there was no effect of 

gender or water temperature on BHT max· The HRmin during breath holding was 

significantly (0.000 1 :::; p :::; 0.05) lower for males than females in air and across the 3 

water temperatures. After adjusting for the higher resting pre-immersion heart rates of 

females, males had significantly greater HRmin during breath holding only in air (p<O.OS). 

In conclusion, results support males had longer BHT max and lower HRmin than females 
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during face immersion with exercise. Also, it may be that exercise override the affect of 

water temperature on BHT max and HRmin· 
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4.2 Introduction 

Work in the offshore oil industry often requires travel to and from the oil rigs over 

rough open ocean water in a helicopter. In the event the helicopter was to crash or ditch 

while travelling over water, a person's survival may depend on their maximum breath 

hold time (BHT max) while they perform an underwater escape from the submerged 

fuselage. A study published by Clifford in 1996, found that in 273 of the people that were 

involved in a helicopter crash in the UK, the survival rate was 83.1% ( 11) and of the 46 

fatalities, 38 people, or 82% drowned (11). Brooks et al. found that it took 28 to 92 

seconds for 15 to 18 people to escape from a submerged Super Puma helicopter simulator 

(7), while Cheung et al. found that 34% of228 trainees (47% of which worked in the 

offshore industry), could not hold their breath long enough for Brook's proposed 

minimum escape time of28 seconds (10). 

Passengers travelling in a helicopter over open water in Atlantic Canada are 

required to wear full body immersion suits, which leave only a small area of the face 

exposed. If the helicopter was to crash and the passengers become submerged 

underwater, only their face would be exposed to the cold ocean water. It has been shown 

that cold water immersion can alter BHT max and minimum heart rate (HRmin) (8, 17, 20, 

23, 24). It has also been suggested that a stronger dive response (DR) is evident with 
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colder water temperatures (16) and that the DR can be further augmented with exercise 

(6, 22). 

The DR activates both the sympathetic and parasympathetic nervous systems, 

while the Cold Shock Response (CSR) is mediated only via the sympathetic nervous 

system. It is unknown during sub-maximal exercise with face immersion if the DR or the 

CSR response will be evident. Exercise is known to trigger an increased sympathetic 

nervous system activity, potentially suppressing the DR. Previous work has suggested 

that increased workload while exercising with the face immersed will decrease BHT max, 

even though other components of DR may be heightened (6). This apparent contradiction 

of a heightened DR with shorter breath hold times remains to be resolved. It has also 

been shown that there are gender differences in cardiovascular and thermoregulatory 

responses to body cooling (9, 15, 27) and these may further influence the DR and 

possibly BHT max· To this end we previously investigated the effects of gender and water 

temperature on BHT max (28) and found that gender and water temperature both 

influenced breath hold time. 

To build from this previous result (28) the present study added sub-maximal, 

upper body exercise to the face immersion protocol to more closely simulate conditions 

for a person trying to escape from a submerged helicopter. We asked in these conditions 

if water temperature of 5°, 10° and 20° and gender would affect components of the DR 

response including BHT max, HRmin, and hemoglobin (Hb) saturation. 

4-72 



4.3 Methods 

4.3.1 Participants: 

Twelve healthy adults volunteered for this experiment, 6 males and 6 females, 

ages 20-44 with a mean age of25.3 ± 1.94 years of age. The participants were fully 

informed regarding the procedure and all questions were answered to the best of the 

investigator's ability. This study received ethical approval from the Human Investigation 

Committee at Memorial University and the Office of Human Research Ethics and 

Integrity at Dalhousie University. 

4.3.2 Instruments: 

A flat horizontal tilt table was used to allow the participants to lie in the prone 

position with minimal difficulty for all procedures. The water bath consisted of a basin 

measuring 49.5 em x 35 em x 23 em insulated by 2 inches of Styrofoam. Water was 

circulated through the bath with the use of a Polyscience VWR Chiller/Heater (Model 

1.196, Bostol CT, USA), where the water was chilled or heated as needed and then 

flowed to and from the basin through insulated tubing. The unit relied on a digital 

controller to set the water temperature, which prevented any large variance in water 

temperature from occurring. 
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The subject's forehead and chest temperature were recorded using copper 

constriction thermocouples attached using waterproofElastoplast plastic adhesive tape. 

Temperature values were acquired by a National Instruments data acquisition system 

controlled by a personal computer using Labview software. The subject's heart rates were 

collected by telemetry (Polar, USA). Oxygen saturation values were measured using a 

Radical Massimo SET (Model: Radical) pulse oximeter placed on all participants earlobe. 

Values were recorded from the pulse oximeter using the National Instruments data 

acquisition system controlled by the computer using the Labview software. During the 

upper body V 0 2PEAK trials, participants were dressed in shorts and T -shirts, as well as 

the face immersions. A V 0 2PEAK is a measurement of peak 02 uptake which will fall 

between 66% and 86% of a person's maximal value for 02 uptake ( V 02MAX) (19). 

V 0 2PEAK trials were performed on a Monark fly wheel, mechanically braked, arm only 

cycle ergometer with the participants lying prone on the tilt table. Participants were 

secured to the table across the lower back and on the knees to prevent them from moving 

forward on the table. Metabolic measurements were made with a MMC Horizon System 

metabolic cart by Sensor Medics calibrated against 100% nitrogen and 16% oxygen/4% 

carbon dioxide/balanced nitrogen. The V 02PEAK values were calculated as the total 

amount of oxygen consumed ml·kg-1·min-1 of body weight of the subject. 
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4.3.3 Protocol: 

The participants performed a V 0 2PEAK test on a separate day prior to any facial 

immersions. The participants were positioned and secured on the tilt table and rested for 

3 min. After the rest period participants began to pedal at a rate of ~30 rpm with no initial 

resistance. Every minute during the V 0 2PEAK, resistance on the wheel was increased by 

0.5 kp ( 4.9 N). The participants pedaled until the point of exhaustion or until they could 

not maintain the required load at 30 rpm, at which point the trial was terminated. This 

protocol was modified from the Bar-Or et al. upper body V02MAX protocol {5). Heart 

rates were recorded every thirty seconds during the course of the V 0 2PEAK up until 

termination. 

The participants performed facial immersions at temperatures of 5°, 10° and 

20°C, with three trials done at each temperature. A BHT max was performed at an ambient 

temperature of 24 °C in the air for three trials. These trials were before any face 

immersion conditions. During each of the breath hold trials, in the water and in the air, 

participants pedaled on the arm only ergometer at a set workload of 50% of their 

calculated vo2PEAK at a cadence of30 rpm. The order ofthe temperatures in which the 

participants performed the breath holds were randomized, but they were informed before 

the beginning of each immersion what the temperature would be. Prior to performing any 
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immersions, the participants rested in the prone position on the tilt table for 10 minutes to 

allow for a baseline heart rate to be recorded every two minutes during the period. 

Participants performed three successive immersions at each bath temperature, with the 

participants resting in between each trial until their fore-head temperatures returned to 

pre-immersion values. The participants were instructed not to hyperventilate before the 

immersions and not to breathe out while underwater. The duration of each immersion was 

withheld from the participants until all three trials were completed for the given 

temperature to prevent the participants from trying to beat a previous immersion time. 

During the course of the immersions, the participants had a snorkel in their mouths as a 

safety precaution in case they accidentally inhaled water while immersed. While the 
J 

participants were immersed in the basin, they were kept unaware of how much time had 

passed to again prevent them from trying to beat a previous time. The duration of the 

breath hold began when the subject's face entered the water and ended when the 

participants pulled their face up from the water. Heart rates were recorded every five 

seconds during the face immersions or air breath holds. 

4.3.4 Statistical Analyses: 

An ANOV A model with repeated factors of breath hold conditions of air ( -24 °C) 

and water (5°C, l0°C, 20°C) and non-repeated factors of gender (M,F). Post hoc tests 

were completed with one-way ANOV A tests across gender. The level of significance or 

alpha was set at p ~ 0.05. 
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4.4 Results 

The subject's physical characteristics are given in Table 4.1, with the males being 

significantly taller (p ~ 0.005), heavier (p ~ 0.001) and having a greater BMI, than the 

females (p ~ 0.001) but there was no significant difference between the age of the groups 

(p = 0.466). The subject's resting heart rates 10 minutes prior to any breath holding are 

given in (Table 4.2). During the course of the breath holds, there was no significant 

difference between the male's and female's resting heart rate. 

The male's average BHT max was significantly greater than the females in all 

experimental conditions (Fig. 4.1) (0.001 < p <0.05). However within each gender, there 

were no significant differences in BHT max across water temperatures. Irrespective of 

immersion condition, the males had a significantly greater (p = 0.008) average BHTmax of 

25.6 ± 2.8 s than the female average BHTmax of 14.9 ± 1.7 s (Fig 4.2). After adjusting for 

pre-immersion conditions (air BHT max- water temperature BHTmax), it was found there 

was no longer any significant difference in BHT max between males and females across all 

water temperatures (Fig. 4.3). 

Across all breath hold conditions, the males had a significantly lower (0.001 < p 

<0.05) observed mean HRmin then females (Fig. 4.4). However there were no significant 

differences in HRmin across all breath hold conditions within each gender (Fig 4.4). 

Irrespective of immersion condition, the males had a significantly lower (p = 0.01) 
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observed average HRmin of 103.S ± 2.0 beats·min-1than the females average of 12S.9 ± 4.7 

beats·min'1 (Fig. 4.5). After adjusting for pre-immersion conditions (air HRmin- water 

temperature HRmin), the only significant differences in MlRmin between gender was at 

20°C (Fig. 4.6). 

There were no significant differences between male and female mean Sa02 values 

(Fig. 4.7a) and minimum Sa02 values (Fig 4.7b) across all breath holding conditions. 

Also, there were no significant differences for minimum Sa02 values within each gender 

across all breath holding conditions. The male's mean Sa02 values ranged from 97.0 ± 

0.6% (10°C) to 95.5 ± 0.5% (Air), and the minimum values ranged from 9S.4 ± 0.9% 

(10°C)to 92.7 ± 1.5% (Air). The female's mean Sa02 values ranged from 95.4 ± 0.8 (Air) 

to 94.4 ± 1.4% (S°C), and the minimum values ranged from 93.92 ± 1.20% (Air) to 93.39 

± 1.S1% (S°C). There was no apparent trend in the mean or minimum Sa02 values across 

the different breath holding conditions. 

There were no significant differences between gender across all breath holding 

conditions for forehead skin temperature (Fig 4.8). There were no significant differences 

across breath holding conditions irrespective of gender for BHT max, HRmin, Sa02 and 

forehead skin temperature. 
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4.5 Discussion 

This is the first study to our knowledge that compares the maximum breath hold 

times (BHT max) across gender during facial immersions at different water temperatures 

with submaximal upper body exercise. Across all breath holding conditions, the males 

had a significantly greater BHT max than the females (Fig 4.1 ), but there was no difference 

in BHT max within each gender from the lowest to highest temperature face immersion 

(Fig. 4.1 ). When we compared the male and female BHT max irrespective of the breath 

hold condition, the males had a significantly greater value than the females (Fig. 4.2). 

However, when we adjusted for pre-immersion values, there were no longer any 

significant differences between the male and female BHT max at each water temperature 

(Fig. 4.3). The average BHT max times for both males and females observed in this study 

are lower than those suggested to successfully escape from a submerged helicopter (7). 

A supplementary breathing aid may be required to assist passengers to extend their 

BHT max and successfully escape from a submerged helicopter 

The second main finding of this study is that at each given breath hold condition 

the males had a significantly lower HRmin than the females (Fig. 4.4). Also the minimum 

heart rate (HRmin) was not affected by breath hold condition (Fig. 4.4). Across all breath 

hold conditions, the observed HRmin did not change significantly between breath holding 

conditions. For the mean male and female HRmin irrespective of breath hold condition, the 
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male value of 103.5 ± 2.0 beats·min·1was significantly lower than the females' value of 

125.9 ± 4.7 beats·min-1 (Fig. 4.5). 

The third main finding of this study was that mean Sa02 percentage levels did not 

differ significantly between gender at each breath hold condition (Fig. 4.7a). There was 

also no significant difference in minimum Sa02 levels across all breath hold conditions 

between males and females (Fig 4.7b). 

Brooks et al. found under calm lab conditions that the minimum egress time for 

participants to escape from an inverted, submersed helicopter was dependent on ambient 

lighting conditions. The escape times ranged from 28 to 92 seconds, with longer times 

observed in dark conditions, compared to normal lighting (7). Cheung et al. found in 

breath holding trials that out of a sample of228 trainees (47% of who worked in the 

offshore oil industry) 34% did not have a BHT max of at least 28 seconds that would be 

needed for this helicopter egress (10). When we compare the BHTmax results of the 

current study, we find that the male average of ~25 seconds is just slightly below the 

minimum time to escape successfully from a submerged inverted helicopter. The female 

average of -14 seconds is roughly only half of the time needed to ensure a successful 

escape based on Brook's 28 second value (7). Clearly with a moderate exercise and 

breath holding, even in calm lab conditions, breath holding duration is inadequate for a 

successful submerged helicopter egress. 
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Earlier studies have looked at the effects of exercise on HR during face 

immersion (4, 6, 8, 13, 14, 18, 21, 25), and more recent studies have looked at the effect 

of the DR on Sa02 values during breath holding (1, 2). Previous studies have reported 

that exercise during a face immersion can possibly increase the magnitude of the 

bradycardia seen in the DR (6, 21, 25). These studies found that if the participants 

exercised before and during an underwater breath hold, the heart rate dropped at a much 

faster rate than if just performing a resting underwater breath hold ( 6, 21, 25). Even 

though the heart rate dropped at a much faster rate, it never reached an absolute lower 

heart rate as compared to the stationary face immersion. In the current study, we did not 

find that a bradycardia developed during the course of the face immersion with exercise. 

Each subject experienced the expected increase in HR as expected for submaximal 

exercise with no face immersion (Fig. 4.4). It is possible that the breath holds were not 

long enough for a marked bradycardia to develop at any given water temperature or that 

the level of exertion of the participants created a tachycardia that overrode any slowing of 

the heart rate induced by face immersion. 

The DR may be able to extend an individual's BHTmax through a series of oxygen 

conserving mechanisms ( 16). Many earlier studies have examined the effect of apneic 

facial immersions on BHT max and HR (3, 20, 22, 23), but in these studies breath holding 

was at rest and not during exercise. Two of the studies found very little difference in 

BHTmax (22, 23) between resting breath holding in the air and in the water. Another study 

(20) found that facial immersion increased a person's BHT max, however the participants 
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in this study breathed a mixture of gas that contained 50% Oz, which was also 

humidified. This increase in 0 2 concentration may have helped to offset breath hold 

induced hypoxia, thus artificially increasing the subject's BHTmax. Hyperoxia is also 

known to induce a bradycardia (25). 

A recent study conducted by Andersson et al. (2) examined the effect of apneic 

facial immersions on Sa02 levels. The investigators found that when their participants 

exercised on a seated, cycle ergometer and performed 30 second breath holds in water 

( 1 0°C), there was less of a reduction in Sa02 levels as compared to when they performed 

breath holds with exercise with no face immersion (2). In an earlier study conducted by 

Andersson et al. (1), similar results were found in stationary participants, in that apnea 

with a face immersion resulted in less of a decrease in Sa02 as compared to breath holds 

performed with no face immersion. In the current study, it was found that there was no 

significant difference in either the observed minimum or mean SaOz values between 

breath holds in the air or at any water temperature. It is possible that the participants did 

not hold their breath long enough for the DR to activate and trigger an oxygen conserving 

mechanisms. The male BHTmax of -25 sec and the female's of -14 sec (Fig. 4.1) are of 

shorter duration than those reported in Andersson's study when they found a reduction in 

the rate of decrease in Sa02 during breath holding with face immersion. 

The results of this study are in disagreement with previous works (2, 6, 8, 25) that 

suggest exercise can heighten the DR in similar conditions to those employed presently 
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by producing a more marked bradycardia but in agreement with others ( 6). In previous 

studies (8, 25) the level of exertion in each subject was not controlled. As such some 

participant's levels of exertion may have been low enough to allow the DR to be 

triggered producing the bradycardia. In the present study, all of our participants worked 

at 50% oftheir OWn VQ2PEAK, therefore they exerted themselves to the same relative level 

while performing the breath hold trials. This level of exertion may have possibly 

overridden the cardiac impulses arising from the cardio-inhibitory center which would 

trigger the expected bradycardia ( 16), resulting in the absence of a decreased heart rate. 

Because the participants were also exercising at a moderate intensity, it is also doubtful 

that peripheral vaso-constriction had occurred, as normally seen with the DR. During 

exercise the active muscles would cause an increased blood flow to the arms (26). The 

absence of the bradycardia, increased blood flow to the working arm muscles, and the 

increased use of 0 2 stores may have lead to a decreased DR and to the shorter breath hold 

times seen in this study. 

Contrary to our previous study (28), we found no effect of water temperature on 

BHT max· It is possible that while the participants were exercising and increasing 

cutaneous blood flow, heat production was also increased, resulting in the participants 

having a higher mean forehead skin temperature. It has been shown that heating of the 

skin can reduce the body's responses to sudden cold water immersion (12). Our 

participants may have had enough heat produced in their faces that the DR may have not 

been triggered resulting in BHT max and HRmin being unaffected by water temperature. 
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In conclusion, when participants performed moderate intensity upper body 

exercise at 50% of their VQ2PEAK after a sudden face immersion, water temperature did 

not affect BHT max, HRmin, or Sa02• The results also suggested that there is a gender 

difference between BHT max and HRmin during these conditions. When participants 

perform apneic facial immersions, moderate intensity upper body exercise may influence 

BHT max and HRmin more so than water temperature .. 
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Table 4.1: Participants' physical characteristics and age(*= p < 0.05, ** = p< 
0.001) 

Age Height (m) Weight (kg) BMI 
Male 23.8 ± 0.8 1.77 ± 0.02 84.5 ± 2.8 26.9 ± 0.5 

Female 26.8 ± 3.9 1.63 ± 0.03 57.6±3.1 21.5 ± 0.8 

NS * ** ** 
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Table 4.2: Mean resting heart rates of participants for 10 minutes with , prior to 
breath holding with submaximal upper body exercise. Each subject was lying in 
the prone position. Each column in the table is the data for one subject (M =Male, 
F=female). 

Subject# and Heart Rate ( beats·min-1
) 

1 2 3 4 5 6 7 8 9 10 11 12 
Time M M M M M M F F F F F F 
Elapsed 

_l!!!in 
2 76 76 69 76 59 77 85 89 70 81 66 78 
4 70 71 71 70 64 77 83 90 71 82 68 84 
6 68 75 68 76 63 74 83 85 73 79 70 84 
8 67 76 74 75 62 76 80 85 75 80 66 83 
10 79 75 74 74 66 77 85 87 76 76 75 82 

Average 72 74 71 74 63 76 83 87 73 80 69 82 

4-89 



Figure 4.1: Mean male and female maximum breath hold time (BHTmax) for water 
temperatures of 5°, 10° and 20°C and room air (-24°C) during submaximal upper body 
exercise(* = p <0.05). 
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Figure 4.2: Mean male and female maximum breath hold time irrespective of breath hold 
condition during submaximal upper body exercise(*= p <0.05). 
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Figure 4.3: Maximum delta breath hold times (.6.BHTmax) across gender at water 
temperatures of 5°, 10° and 20°C during submaximal upper body exercise with face 
immersion. The .6.BHT max values are adjusted for pre-immersion differences in BHT max 
that were measured in room air (24°C) (NS =not significant). 
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Figure 4.4: Mean minimum heart rate (HRmin beats·min-1
) across gender during resting 

conditions, and in breath hold conditions with exercise and face immersion in 5°, 10° and 
20°C water and in room air (24°C) (* = p <0.05, t= p<O.OOl, NS= not significant). 
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Figure 4.5: Mean minimum heart rate (HRmin, beats·min-1
) across gender during face 

immersion and submaximal upper body exercise irrespective of breath hold condition (* 
= p<0.05) 

140 I * I 
120 

- 100 -I 

r::: 
E • 80 en 

• Male -co 
Q) 

o Female .c 60 -c e 
0:: 

40 :I: 

20 

0 

Gender 

4-94 



Figure 4.6: Minimum delta heart rate values (6HRmin beats·min-1
) across gender at 

temperatures of 5°, 10°, and 20°C during submaximal upper body exercise with face 
immersion. The 6HRmm values are adjusted for pre-immersion differences in HRmin that 
were measured in room air (24°C) (* = p< 0.05, NS =not significant) 
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Figure 4.7a: Mean oxygen saturation (Sa02) during face immersion and submaximal 
upper body exercise in breath holding conditions of 5°, 10° and 20°C water and in air 
(24°C) (NS =not significant). 
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Figure 4.7b: Minimum oxygen saturation (Sa02) during face immersion and submaximal 
upper body exercise in breath holding conditions of 5°, 10° and 20°C water and in air at 
24°C (NS =not significant). 
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Figure 4.8: Male and female mean forehead skin temperature pre-immersion (Air -24°C) 
and during immersion at water temperatures of 5°, 10° and 20°C. (NS =No significance) 
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Chapter 5 

Summary 
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5.1 Responses to Research Hypotheses 

In Chapter 3 it was hypothesized that in subjects performing stationary face immersions, 

lower water temperature would reduce maximum breath hold times and increase 

minimum heart rate as a consequence of a greater cold shock response and a reduced dive 

response. It was also hypothesized that gender will affect maximum breath hold times 

and minimum heart rate. Finally it was hypothesized that pulmonary capacities, 

irrespective of gender, will positively correlate with maximal breath holding times. 

In Chapter 4 it was hypothesized for subjects performing face immersions with upper 

body sub-maximal exercising, that lower water temperature would reduce maximum 

breath hold times, minimum heart rate, and oxygen saturation concentrations as a 

consequence of a greater cold shock response and a reduced dive response. It was also 

hypothesized that gender will affect maximum breath hold times and minimum heart rate 

during upper body exercise with face immersion. 

The study in Chapter 3 showed cold water during resting, face only immersions 

gave reduced BHT max, but did not during the exercising conditions in study in Chapter 4. 

As such the hypothesis of temperature reducing BHTmax was supported for study 1 but 

not for study 2. Gender affected both BHT max and HRmin during both resting and 

exercising conditions, with the males having a greater BHT max and lower HRmin for both 

studies. As such the the hypothesis that gender affected BHT max and HRmin was supported 
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by both studies. These gender differences observed, however, need to be verified with a 

study matching males and females for pulmonary capacities. 

The results of these studies suggest that mean breath hold times may be 

insufficient to perform a successful underwater escape from a sunken helicopter. If this is 

the case, the use of a supplementary breathing aid may be required to perform the 

underwater escape successfully. 

In the first study there was little indication that a DR of significant magnitude 

occurred. Lower water temperatures produced lower breath hold times compared to 

warmer temperatures which indicate the DR did not take effect and extend breath hold 

time even though HRmin decreased as the face bath temperature dropped. In a facial 

immersion, when the DR is evident, both the parasympathetic and sympathetic nervous 

systems are activated. Based on the results of the first study, the sympathetic nervous 

system seemed to pre-dominate, and may have lead to the observed reduced breath hold 

times and lack of a pronounced DR. The results of the second study suggest that the DR 

did not occur once again. Irrespective of gender, there was no significant difference in 

BHT max, HRmin and Sa02 indicating that the DR was no active. Since the subjects were 

exercising at a moderate intensity, the sympathetic nervous system should have been 

active suggesting a possible reason that the DR was not observed. The level of work the 

subjects were performing while breath holding may have caused the sympathetic nervous 
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system to dominate over the parasympathetic nervous system, resulting in an apparent 

absence of the DR. 

The participants of the second study had a greater mean forehead skin temperature 

compared to the stationary condition (Fig 5.1) which may have resulted in a DR of a 

diminished magnitude. Due to the increased forehead skin temperature, the participants 

of the current study may have had a reduced DR, resulting in BHT max being unaffected by 

water temperature. 

5.2 Answers to Testable Questions: 

When participants are performing a stationary facial immersion in varying water 

temperatures: 

1) Do BHT max and HRmin vary as a function of gender with sudden face only immersion? 

BHT max and HRmin did vary as a function of gender. The males had longer 

BHT max times and lower HRmm compared to females. 

2) Do BHT max and HRmin vary as a function of water temperature with sudden face only 

immersion? 
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BHT max and HRmin did vary as a function of water temperature. BHT max decreased as 

a function of water temperature and HRmm decreased as a function of water temperature. 

For study 2 in Chapter 4 when participants were performing a facial immersion with 

moderate intensity upper body exercise in varying water temperatures: 

1) Do BHT max, HRmin, and Sa02 vary as a function of gender with a face immersion 

during exercise and breath holding? 

BHT max and HRmin but not Sa02 varied as a function of gender. Males had a 

longer BHT max and lower HRmin than females. There was no difference between water 

temperatures in Sa02. 

2) Do BHT max, HRmin, and Sa02 vary as a function of water temperature with face 

immersion during exercise and breath holding? 

BHT max, HRmin, and Sa02 did not vary as a function of water temperature. 

4-103 



Figure 5.1: Participant forehead skin temperatures during immersion in water at 5°, 10°, 
and 20°C and in air (-24°C) during resting and exercising conditions. 2 way ANOVA of 
non repeated measures with factors of temperature and gender . (** = p ~ 0.01, t = p~ 
0.001, NS =no significance) 
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