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Abstract

Cold water submersion can induce a high incidence of cardiac arrhythmias in healthy volunteers.
Submersion and the release of breath holding can activate two powerful and antagonistic
responses; the “cold shock response” and the “diving response”. The former involves the activation
of a sympathetically driven tachycardia while the latter promotes a parasympathetically-mediated
bradycardia. We propose that the strong and simultaneous activation of the two limbs of the
autonomic nervous system (‘Autonomic Conflict’) may account for these arrhythmias and may, in
some vulnerable individuals, be responsible for deaths that have previously wrongly been ascribed
to drowning or hypothermia. In this review, we consider the evidence supporting this claim and also
hypothesise that other environmental triggers may induce Autonomic Conflict and this may be more

widely responsible for sudden death in individuals with other predisposing conditions.

Introduction: do all drowning victims drown?

In most countries of the world, immersion represents the second most common cause of accidental
death in children and the third in adults (Bierens et al., 2002). Internationally, there are about half a
million immersion-related deaths each year, about 500 of these occur in the UK where, on average,
we lose about one child a week. Historically, death in cold water was generally ascribed to
hypothermia, more recently, description of the initial “cold shock” response (Tipton, 1989b) to
immersion and other factors have refocused attention on drowning. Early summer is the most
dangerous time of the year in the Northern Hemisphere for immersion deaths, with air temperatures
rising in advance of water temperatures. In this review we describe a cardiac arrhythmogenic
response that we believe may account for some immersion deaths but, due to its nature, largely
goes unnoticed or detected. We have termed the trigger for this response ‘Autonomic Conflict'. It is
inherent in our hypothesis that such Autonomic Conflict, particularly in the presence of other
predisposing factors (see below), may provide the substrate for lethal rhythm disturbances and
hence may explain some of the more puzzling statistics relating to cold water immersion; namely,
67% of drownings occur in strong swimmers and 55% of these are within 3m of a safe-haven (Home
Office Report, 1977). These short-term deaths are usually ascribed to drowning and occasionally,

when no water appears to have entered the lung, to hypothermia or “dry” drowning, even though the
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period of immersion is too short (<30 mins) for dangerous levels of hypothermia to occur (Golden &
Tipton, 2002). Electrical disturbances to the heart are usually not considered as a cause of death,
primarily because they are undetectable post-mortem, and the incapacitation they cause may lead
to agonal gasping, aspiration of water and death as a result of what appears to have been drowning

(McDonough et al., 1987).

Autonomic Conflict

(i) The concept

Classically, the vagal and sympathetic drives to the heart are thought of as being exact opposites.
The dogma in most textbooks is that there is a reciprocal relationship in which sympathetic and
parasympathetic influences on the heart are not only in opposition, but are activated separately or
sequentially. In 1979, Kollai and Koizumi pointed out that “....since Langley’s time, reciprocal action
between sympathetic and parasympathetic outflows to the heart has been taken for granted” (Kollai
& Koizumi, 1979). However, in this paper, Kollai and Koizumi recognised that this ‘alternate’ control
is not the only pattern of autonomic outflow. In anaesthetised dogs, they simultaneously recorded
from vagal and sympathetic nerves and observed that the pattern of autonomic activation was
critically dependent on the nature of the experimental stimulus. For example, an acute rise in blood
pressure activates the baroreflex in the classic “yin and yang” reciprocal pattern; ie an immediate
decrease in sympathetic activity and increase in vagal tone. However, Kollai and Koizumi also
reported numerous instances in which simultaneous co-activation of the autonomic inputs to the
heart can be evoked. These triggers, reviewed by Paton et al (2005), include the activation of
peripheral chemoreceptors, mild prolonged hypercapnia, the occulocardiac reflex, the startle
response, somatic nociception and nasopharyngeal stimulation by formaldehyde. Paton et al (2005)
note that many of these triggers can generate cardiac arrhythmias and even, exceptionally, sudden

death.

(i) Sympathetic and parasympathetic drive during cold water immersion
Perhaps one of the most powerful and reproducible ways of inducing the Autonomic Conflict
described above is by rapid submersion in cold water (<15°C) with breath holding. This activates

two powerful autonomic responses (i) the Cold Shock response, and (ii) the Diving Response.
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The Cold Shock Response is a pattern of reflexes driven by cutaneous cold thermoreceptors, and
characterised by sympathetically-mediated tachycardia, a respiratory gasp, hyperventilation,

peripheral vasoconstriction and hypertension (Tipton, 1989b).

The diving response features a profound sinus bradycardia driven by excitation of cardiac vagal
motoneurones; an expiratory apnoea assisted by reflex inhibition of the central respiratory neurones
and excitation of the sympathetic vasoconstrictor neurones producing vasoconstriction mainly in the
trunk and limbs. As such, the primary function of the diving response is to conserve oxygen and
extend underwater time. The appearance of the primary cardiovascular responses is dependent on
there being no concomitant increase in activity of the lung stretch receptors; activation of these
receptors can evoke secondary tachycardia and vasodilatation. The apnoea also leads to arterial
hypoxaemia and hypercapnia and thus, after a delay, to the stimulation of the peripheral arterial
chemoreceptors which reinforce the more immediate cardiovascular effects. There is a negative
inotropic effect on the ventricles (Bert, 1870; de Burgh Daly & Angell-James, 1979). The response
occurs in all marine and terrestrial vertebrates thus far examined, including man. It appears to be
initiated partly consciously and partly by a reflex evoked by the cooling of the cold receptors of the
face innervated by the ophthalmic and maxillary division of the trigeminal nerve. Stimulation of vagal
receptors in pharynx and larynx can give rise to similar responses (Angell-James & de Burgh Daly,

1975).

In man, the bradycardia observed during breath holding in water is generally considered to be due
to a combination of “neural” and “mechanical” factors. Cold facial immersion activates a classic
diving response via the trigeminal innervation of the face while breath holding activates stretch
receptors in the lung (Paulev, 1968). Mechanical factors suggested to contribute to the bradycardia
include the cephalic redistribution of blood volume associated with immersion and changes in
transmural and thoracic pressures (Risch et al., 1978). While humans exhibit diving bradycardia and
vasoconstriction on breath hold immersion, it is attenuated and slower to develop compared to that

seen in diving mammals (Lin, 1988). Perhaps revealingly, arrhythmias are rarely observed in diving
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animals that, while possessing a strong diving response, may lack a significant cold shock
response. This would be consistent with our proposal that a combination of the two responses (as
occurs in man) is required for the occurrence of Autonomic Conflict and a consequent high

incidence of arrhythmias.

In most individuals, the response of heart rate to sudden total submersion is dominated by cold
shock, resulting in a tachycardia. However, in many circumstances a slight amelioration of the cold
shock response (due, for example, to clothing (Tipton, 1989a) cold habituation, breath-holding or
orientation on submersion) can, we hypothesise, bring the autonomic control of the heart into

conflict.

Cold water immersion and cardiac arrhythmias

(i) Studies in healthy volunteers

Cardiac arrhythmias have often been reported during breath hold diving, especially in cold water.
For example, the incidence of cardiac arrhythmias during dives undertaken by the Korean women
(Ama) increases from 43% in the summer to 72% in the winter (Hong, 1976). Wyss (1956) reported
the first rhythm changes, including nodal extrasystoles, in man during immersion and underwater
swimming. Olsen et al (1962) observed cardiac arrhythmias during breath holding in air and during
shallow submersions (1.4m). Greater bradycardia and incidence of arrhythmias were seen during
submersion (Olsen et al., 1962). With the exception of atrial, nodal and ventricular premature
contractions, the most common arrhythmias observed were inhibitory in nature (e.g. sinus arrest, A-
V nodal block). In general, the arrhythmias are thought to be associated with enhanced cardiac
vagal activity, but relatively little specific investigation of the mechanism producing these

arrhythmias has been undertaken.

Indeed, cardiac arrhythmias have probably not received the attention they deserve as a cause of
death on immersion because firstly, they can go undetected and secondly, the vast majority of
studies conducted on cold water immersion and submersion have examined young healthy
participants. When this cohort undertakes free-breathing head-out immersions in cold water
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laboratory tests, arrhythmias are seen in about 2% of immersions (Datta & Tipton, 2006). This
predominantly activates the sympathetically driven cold shock response. Away from the laboratory,
vagal arrest of the heart may occur in rare instances, for example by mechanical stimulation of
laryngeal and pharyngeal receptors, but is reversed with expansion of the lung during resuscitation
(Wolf, 1964; de Burgh Daly et al., 1979). Thus, both sympathetic and parasympathetic stimulation of
the heart can, independently, induce cardiac arrhythmias. However, co-incidental stimulation of both
divisions of the autonomic nervous supply to the heart, as occurs during cold water submersion,
with breath holding, produces a much higher incidence of arrhythmias (62-82%) in young, fit and
healthy participants (Figure 1). In other words, we argue that in such circumstances there is
‘Autonomic Conflict’: simultaneous and conflicting positive and negative chronotropic drives to the

heart (Tipton et al., 1994).

The arrhythmias that occur in such circumstances, when there is dual activation of the sympathetic
and parasympathetic drives, are predominantly supraventricular and junctional (Tipton et al., 1994;
Datta & Tipton, 2006). These include short bursts of ventricular tachycardia interposed between
periods of bradycardia, supraventricular ectopics and even A-V block. That they are usually
asymptomatic suggests they are haemodynamically effective. They are idiosyncratic in nature, with
the same person demonstrating the same ECG waveform on repeated exposures. The arrhythmias
are often linked to respiration and tend to occur when the heart rhythm changes between
tachycardia (sympathetic predominance) to bradycardia (vagal predominance) and within 10s of the

cessation of breath-holding (Datta & Tipton, 2006).

That arrhythmias are also observed on the cessation of breath holding on immersion without face
immersion (Datta et al.,, 2005) suggests that the release of breath holding is, in itself, an
arrhythmogenic trigger. It remains unclear if this is due to “mechanical” (changes in intrathoracic
pressure and venous return) or “neural” responses associated with the release of the stimulation of

the cardiac vagal neurones at the end of breath holding.
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Having seen arrhythmias (predominantly supraventricular and junctional) just after maximal breath
holding in 60% of their head-out cold water immersions, Datta et al (2005) concluded that the
arrhythmias were due to the interaction of release of breath holding in a cold milieu (Datta et al.,
2005). As in the earlier study by Tipton et al (1994), it was also notable that the arrhythmias were
often time linked to respiration; this was interpreted as suggesting that the arrhythmias were, in part,
due to a cyclical vagal stimulus to the heart (Tipton et al., 1994). Given that the central respiratory
rhythm appears to continue during breath holding (Cooper et al., 2004) it is interesting to speculate
whether the appearance of arrhythmias is related to the timing or magnitude of this rhythm in
relation to the cessation of breath holding. Certainly, evidence suggesting that afferents arising from
the diaphragm at the end of breath holding, and associated with the sensation of distress, are
transmitted in the vagus (Guz et al., 1966; Parkes, 2006) raises interesting possibilities, and
supports the contention that the arrhythmias seen post breath holding are neural rather than

mechanical in origin.

Alternative explanations for the arrhythmias seen on submersion have been offered, including
hypoxaemia, respiratory acidosis and hydrostatic changes associated with immersion and
consequent cardiac distension (Ferrigno & Lundgren, 2003). However, that the arrhythmias are
seen after short breath holds (Tipton et al., 2010), during horizontal immersion (Datta & Tipton,
2006) and in isolated hearts (see below) does not support a major role for chemical or hydrostatic
factors in their genesis. The present data suggest that arrhythmias are most likely to occur in a
situation where there is varying vagal stimulation to the heart against a background of sympathetic

stimulation i.e. Autonomic Conflict.

From a practical perspective cardiac arrhythmias typical of those seen with Autonomic Conflict have
recently been reported during helicopter underwater escape training (Tipton et al., 2010). This is
undertaken by organisations such as the military and oil industry employees and involves an
inversion into water (usually warm) and a short breath hold (approximately 10s). Interestingly, the
arrhythmias are more apparent in less aerobically fit individuals; it has been concluded that the

physiology of the cardiac vagus nerves are modified by fithess training (Arnold, 1985) and Bove et al
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(1968) suggested that fitness training augments diving bradycardia. In addition, facial immersion in
chilled water during breath holding has been reported to be the best method of identifying
individuals who later develop arrhythmias whilst diving (McDonough et al., 1987). Finally, as noted
earlier, analysis of reports of fatal immersions reveals that, in the absence of clear evidence to the
contrary, some deaths have been wrongly ascribed to hypothermia. Such mis-diagnoses of the
cause of death have resulted in inappropriate legal action and much upset. It is pertinent to note that

electrical disturbances to the heart that result in fatal arrhythmias are undetectable post-mortem.

(ii) Studies in vitro in isolated hearts

A crude form of Autonomic Conflict can be simulated in isolated hearts by the simultaneous
perfusion of autonomic agonists. The advantage of this approach is that it removes many of the
confounding factors previously suggested as contributing to the production of arrhythmias on
immersion, these variables include intrapleural pressure and hydrostatic pressure for example.
Figure 2 shows such an experiment. In this previously unpublished example, an isolated
Langendorff-perfused rat heart was subjected to a basal low-level of sympathetic tone (adrenaline
75nM+nor-adrenaline 313nM: Ad/NorAd). These concentrations were chosen to be similar to those
measured in conscious rats (Curtis et al., 1985) and are comparable to those measured in man
during moderate stress (Baumgartner et al., 1985; Ratge et al., 1986; Coplan et al., 1989). This
moderate level of sympathetic drive was sufficient to raise the basal heart rate from 298+2
beats.min™ to 394+15 beats.min™ but did not maximally stimulate the hearts. After stabilisation, and
in the maintained presence of Ad/NorAd, hearts were then exposed to 3 x 30sec pulses of ACh
(30uM) (to mimic bursts of parasympathetic drive as occur, for example, during break of breath-
hold) interspersed with 4mins washout in Ad/NorAd alone. Epicardial ECG was recorded throughout
and arrhythmias quantified using the Lambeth Conventions (Walker et al., 1988) and given an
arrhythmia score depending on the type and number of the arrhythmia observed. Figure 2 shows
that superimposing ACh on a background of sympathetic agonists (Ad/NorAd) induces a wide range
of arrhythmias including AV block, tachycardia, bradycardia, extrasystoles and, most surprisingly, a

rhythm resembling torsades de pointes.

Figure 2 demonstrates two striking features of these in vitro observations: (i) the pattern of
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arrhythmias recorded in the rat heart, alternating brady- and tachycardia, AV block etc, is similar to
that induced during cold water immersion in human participants (see Figure 1), and (ii) to our
knowledge this is the first report of a model which induces torsades de pointes in an isolated rat
heart. As can be seen in Figure 3, the arrhythmia scores were consistently increased in hearts that

were exposed to repeated bouts of simulated Autonomic Conflict.

Predisposing factors

(i) QT hysteresis and cold water immersion

The QT interval of the ECG approximates to the underlying ventricular action potential duration.
When heart rate increases (ie the RR interval of the ECG decreases), both action potential duration
and the QT interval decrease and, conversely, when heart rate slows the action potential and the
QT interval are prolonged. We have recently observed a phenomenon that may predispose
individuals to arrhythmias during rapid changes in heart rate such as occur during Autonomic
Conflict. Figure 4A shows heart rate recorded in healthy human volunteers during the activation of a
diving response by facial immersion in water at 12°C. Heart rate falls from a baseline of an average
(SEM) 96 (7) beats.min™ to 56 (3) beats.min™ within 30secs. However, despite this bradycardia,
there is no concomitant prolongation of the QT interval (Figure 4B). Although an RR/QT hysteresis
has been described before, (Arnold et al., 1982; Lau et al., 1988) in the example shown in Figure 4
there is a striking failure of the QT interval (action potential duration) to prolong in response to the
significant bradycardia even after 30 seconds. Figure 4C shows a linear nomogram relating the QT
to the prevailing RR interval under steady state conditions and the deviation from this relationship

after 30 seconds of facial immersion in cold water (Wong et al., 2009).

That the vagally-induced bradycardia associated with activation of the diving response in humans is
not accompanied by a prolongation of the QT interval has also been observed by others
(Davidowski & Wolf, 1984). There may be two explanations for this. First, the latency of QT/RR
hysteresis — that is, during the early period of the diving response (ie the first 30 seconds) the QT
interval (action potential duration) does not have time to ‘catch-up’ with the prevailing heart rate
(Arnold et al., 1982; Franz et al., 1988; Lau et al., 1988; Carmeliet, 2006). Eisner et al (2009) review
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the mechanisms underlying the slow response of the action potential duration/QT interval to abrupt
changes in rate and describe 3 phases - (i) an early phase (milliseconds) - due to restitution of ion
channels; (ii) a slower phase (seconds to minutes) — due to changes in transmembrane ion
gradients; and (iii) a very slow phase (hours to days) - the so-called cardiac memory (Eisner et al.,
2009). Thus, while the QT interval may take many minutes or even hours to respond to completion,
the very rapid early phase changes in QT interval should have been seen during a 30 second facial
immersion. Extrapolating from the data of Lau et al (1988) suggests that an abrupt pacing-induced
change in rate from 110 to 50 beats.min™ (comparable to that seen during the diving response)
results in approximately a 20% (80msec) prolongation of QT interval within 30 seconds (Lau et al.,
1988). This prolongation should have been easily detectable in the data shown in Figure 4 but was
not observed. The second possible explanation for the failure of the QT interval to prolong within 30
seconds of a diving response is that facial immersion may exert some unique effect that differs from
a pure pacing-induced heart rate change. Indeed, Davidowski et al (1984) have suggested that this
failure of the QT interval to prolong in response to an abrupt change in heart rate may be a general

feature of vagal activation (Davidowski & Wolf, 1984).

Whatever the mechanism of the failure of the action potential to adapt to an abrupt change in rate,
this phenomenon may seriously predispose to ventricular arrhythmias during periods of Autonomic
Conflict. If the action potential remains long following a rapid increase in heart rate, then the
myocardial cell will spend a greater proportion of the cardiac cycle depolarised. This, in the face of a
rate-dependent increase in calcium influx, will increase the likelihood of cellular calcium overload — a
known trigger for ventricular automaticity and arrhythmias. Conversely, on a rapid reduction in heart
rate, if the action potential duration remains short as the diastolic interval prolongs, then the relative

refractory period will decrease leaving the heart more vulnerable to re-entrant arrhythmias.

(ii) Heterogeneity of cardiac innervation
The pro-arrhythmic potential of Autonomic Conflict may be exacerbated by the heterogeneity of
autonomic innervation to the heart. While parasympathetic nerves are found predominantly in the

atria (and patrticularly the SA and AV nodes) ventricular innervation is dominated by sympathetic
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neurons (Kawano et al., 2003). Even within the left ventricle it is clear there is a gradient of
sympathetic innervation which becomes increasing sparse from base to apex (Kawano et al., 2003).
This heterogeneity is also seen post-synaptically with an uneven distribution of myocardial
adrenergic and muscarinic receptors. Muscarinic receptors are, for example, relatively poorly
expressed in the ventricular myocardium but are strongly expressed in atrial and nodal tissues
(Brodde et al., 2001). Beta-adrenergic receptors, on the other hand, are reported to be either evenly
distributed (Brodde et al., 2001) or more strongly expressed in the ventricle with a decreasing
gradient from apex to base (Mori et al., 1993). These regional variations are likely to compound
electrical inhomogeneity in circumstances where both limbs of the autonomic nervous system are
strongly co-activated. It is therefore possible that the strong activation of the parasympathetic inputs
will exert its effects predominantly supraventricularly, that is it may cause a strong bradycardia
without significant effects on the ventricle. Conversely, the simultaneous activation of sympathetic
inputs to the heart may have little chronotropic effect (when the vagal inhibition is strong) but may
have strong effects in the ventricle. Kollai and Koizumi have suggested that these reciprocal
autonomic inputs are actually physiologically beneficial and synergistic allowing for increased
ventricular filling (mediated by the vagally-induced bradycardia) and increased ventricular inotropy
(mediated by the activation of ventricular beta-receptors). Similarly, Paton and colleagues have
suggested that during a vagally mediated bradycardia, a concomitant sympathetic stimulation of the
ventricle may counteract the rate-dependent decrease in cardiac contractility mediated by the

Bowditch effect (Paton et al., 2005).

Since, at rest, atropine increases and beta blockers decrease heatrt rate, it is clear that the heart is
subject to simultaneous and tonic inputs from both limbs of the autonomic nervous system. That is,
the heart normally functions with one foot gently on the brake with the other gently on the
accelerator. As argued by Paton et al (2005), this is proposed to be the normal state of affairs for
autonomic control of cardiac function. In this review we propose that in extreme situations, such as
rapid cold water submersion, the proverbial cardiac accelerator and brake are vigorously and
simultaneously applied - the accelerator being strongly pressed while the brakes are cyclically
‘pumped’! This strong co-activation of both limbs of the autonomic nervous system may precipitate

arrhythmias as a consequence of increased regional electrical heterogeneity. In the presence of
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other predisposing factors (such as those noted below), these arrhythmias may be lethal (see

Figure 5).

Little is known about the neural pathways that might be involved in the production of Autonomic
Conflict. Using c-fos protein immunohistochemistry we have identified in the rat the neuronal cell
groups activated by cold shock in the nucleus tractus solitarius, area postrema and dorsal motor
nucleus, that is, areas known to process cardiovascular and respiratory afferents (Datta & Tipton,
2006). The fact that arrhythmias are often linked to changes in respiration or lung inflation and occur
when the heart changes between vagally-dominated bradycardia and sympathetically-dominated
tachycardia indicates that they reflect complex interactions between central respiratory neurones,
cardiac vagal neurones and sympathetic pre-motor neurones supplying the heart. However, it
seems likely that it is distally, at the level of the heart, that efferent pathways converge to induce

arrhythmias.

(iii) Heritable and acquired LQTS

There is a strong association between swimming and sudden cardiac arrest in children with
heritable long QT syndrome (LQTS) (Brookfield et al., 1988; Ackerman et al., 1999; Batra & Silka,
2002; Choi et al., 2004). Ishikawa et al (1992) reported that 51 of 64 children with known LQTS
developed significant arrhythmias while swimming or diving. Furthermore, in children with a high
probability of sporadic LQTS, cold water face immersion results in a much longer QT interval than in
control children (Yoshinaga et al., 1999). Interestingly, a recent post-mortem study using DNA
sequencing has revealed nearly 30% of the victims of seemingly unexplained drowning had cardiac
ion channel mutations (Tester et al., 2011). Certain drugs may also prolong QT interval e.g.
antihistamines (terfenadine, astemizole), class la antiarrhythmics (quinidine, procainamide), class IlI
antiarrhythmics (amiodarone, sotalol) antibiotics (erythromycin, clarithromycin), gastrointestinal
prokinetics (cisapride, domperidone) and antipsychotics (chlorpromazine, haloperidol, thioridazine,
mesoridazine) and all may predispose patients to lethal arrhythmias, particularly torsades de
pointes. We would hypothesize that either heritable or drug-induced QT prolongation may

predispose to the pro-arrhythmic effects of Autonomic Conflict.
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(iv) Ischaemic heart disease

During sympathetic/parasympathetic conflict, periods of sympathetic activation and associated,
transient tachycardia will increase oxygen consumption. In the normal heart, although vasodilation
occurs with increasing rate, myocardial blood flow per beat is reduced (Tanaka et al., 1990; Colin et
al., 2004). In patients with atherosclerosis, this rate-induced mismatch between oxygen demand and
supply is exacerbated by the failure of the diseased vessels to dilate appropriately (Nabel et al.,
1990). In cold water immersion, and most of the other complex responses described above, the
relative decrease in myocardial perfusion will be associated with an increase in peripheral
vasoconstriction and an increase in mean arterial blood pressure. This in turn will increase cardiac
afterload and, in the specific case of cold water immersion, the hydrostatic effects will transiently
increase venous return, pre-load and cardiac output. Furthermore, the associated hyperventilation
and consequent hypocapnia may lead to coronary vasoconstriction. This combination is likely to

exacerbate ischaemia and may thus amplify any concomitant pro-arrhythmic stimulus.

Autonomic Conflict: a mediator of sudden cardiac death?

While cold water immersion may be a strong trigger for Autonomic Conflict other environmental
triggers may, when in unfortunate combination, also trigger this scenario. Sudden cardiac death
(SCD) out of hospital accounts for a large nhumber of premature deaths per year in the UK and
~460,000 deaths per year in the USA (Zheng et al., 2001). Drugs and lifestyle changes have had
some impact on the overall heart disease death rate over the last 20 years, but death from lethal
cardiac arrhythmia (the most likely terminal event in the majority of SCD victims) has proven
resistant to prophylaxis. Since SCD is often the first symptom of heart disease, this is a major
outstanding area of therapeutic need. A link between Autonomic Conflict and SCD risk in the human
is difficult to examine and impossible to prove by clinical investigation alone. Nevertheless there are
several pieces of evidence that make the link plausible. It has long been known that there is a
circadian peak in SCD and life-threatening arrhythmias in the early morning (Muller et al., 1987;
Willich et al., 1987; Lampert et al., 1994; Williams & Zipes, 2003). More recently, Muller et al (2003)
and others (Beard et al., 1982; Douglas et al., 1991), have shown there is also a profound seasonal

variation with a peak in life-threatening arrhythmias in December - January. This ‘winter peak’ is
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apparent in both patients with and without ischaemic heart disease.

Although it is well established that a link appears to exist between SCD and ‘stress’ triggers
including anger, sex, grief and fear, the nature of the link is unexplained (Kloner, 2006; Taggart et
al., 2011). In general, however, chronic increased sympathetic outflow has been considered to be
pro-arrhythmic while increased parasympathetic activity has been considered protective (Schwartz
& Zipes, 2004). However, the situation is likely to be more complex. As reviewed recently by
Taggart et al (2011) different types of emotional stress may differentially affect the two limbs of the
autonomic nervous system. Anger, for example, activates an increase in sympathetic tone in the
face of a maintained parasympathetic tone and is the emotion most associated with ventricular
fibrillation (Lampert et al., 2002; Rainville et al., 2006). Other less dangerous stresses (such as fear,
happiness and sadness) are associated with an increased sympathetic tone in the face of
decreased parasympathetic activity. In this review we hypothesise that strong and changing vagal
stimulation, which with more moderate activation may be cardio-protective, may be pro-arrhythmic

when combined acutely with a strong and co-incident sympathetic activation.

Increased SCD risk is notably linked with stress that is “unplanned”. Thus, sudden waking from
sleep is recognised as one of the most well-established triggers of SCD (Kloner, 2006).
Interestingly, the border between sleep and wakefulness is also marked by an autonomic shift from
parasympathetic to sympathetic dominance (Baharav et al., 1995). A link between SCD and
unplanned stress is also indicated by the observed increase in local SCD rate during the SCUD
attacks by Irag on Israel in 1991 (Sapolsky, 1999). Conversely, “planned” stress, i.e. exercise
training, makes the heart less prone to arrhythmogenesis, as demonstrated elegantly in an animal
model of SCD in which VF is triggered by acute ischaemia (Billman et al., 2006). Overall, these
observations lead us to propose that a sudden interplay of sympathetic and parasympathetic control
(i.e. Autonomic Conflict) is a more likely candidate mechanism for ‘stress’-related SCD than the

maintained level of sympathetic or parasympathetic drive alone.
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Conclusions

The co-activation of the sympathetic and parasympathetic divisions of the autonomic nervous
system can reproducibly produce cardiac arrhythmias (Figure 5). During cold water immersion, this
powerful pro-arrhythmic stimulus occurs at a time when the QT interval does not match the
underlying heart rate, further increasing the likelihood of problematic cardiac arrhythmias. The
release of breath-holding appears to be significantly involved; with many arrhythmias occurring
within ten seconds of the cessation of breath-holding (81% in both Tipton et al (1994) and Tipton et

al (2010)).

One can only speculate at the number of immersion-related deaths caused by Autonomic Conflict.
We believe that the importance of cardiac problems on immersion tends to be underestimated
because only young, fit and healthy individuals are usually studied in the laboratory and even if the
primary problem on immersion is a cardiac one, aspiration of water during the terminal period is
likely to mean a death is ascribed to drowning or, if fluid is not present in the lung “dry drowning”. It
seems clear, however, that Autonomic Conflict is a common cause of cardiac arrhythmias on
immersion and it is entirely possible that these arrhythmias could result in death, but be
undiagnosed post-mortem. Thus, in situations where hypothermia, drowning and other cardiac
problems have been excluded due to circumstantial or pathological evidence, Autonomic Conflict

and cardiac arrhythmia should be considered as a potential cause of death.

Finally, we suggest that this concept, that is exemplified and perhaps amplified by cold water
immersion, may not be unique to cold water. While it is clearly difficult to test, it is possible that
Autonomic Conflict may be a common occurrence and may trigger SCD in association with a wide
range of environmental factors: a large lunch, a narrow coronary artery, a breath of cold air, anger, a
sudden shock, waking from sleep, an antihistamine, an undiagnosed sub-clinical channelopathy or
cardiac hypertrophy, may all combine in such a way as to turn this usually benign autonomic co-

activation into a life-threatening arrhythmia.
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FIGURE LEGENDS

Figure 1: ECG trace during submersion. The end of breath hold is indicated by the arrow:
supraventricular extrasystoles (A), run of supraventricular tachycardia (B) and premature ventricular

complex (C) (reproduced with permission from Tipton et al (1994)).

Figure 2: An example of an epicardial ECG recorded from an isolated rat heart during simulated
Autonomic Conflict. The heart was perfused with a constant background concentration of adrenaline
(75nM) and nor-adrenaline (313nM) and a one-minute period of acetylcholine (Ach: 5uM) was
superimposed as indicated. The top trace shows a slow time-base recording and the arrhythmias

recorded at the points marked a-f on this trace are expanded below.

Figure 3: Total arrhythmia score for 3 successive periods of simulated Autonomic Conflict in
isolated rat hearts. Hearts were perfused with a constant background concentration of adrenaline
(75nM) and nor-adrenaline (313nM) and then 3 one-minute periods of acetylcholine (ACh) were
superimposed separated by 3 min of ACh washout. Arrhythmia scoring: (1) AV Block, (2) Ventricular
Premature Beats, (3) Bigeminy, (4) Salvo, (5) Ventricular Tachycardia, (6) Ventricular Fibrillation, (7)
Torsades de Pointes. *P<0.05 when compared to the immediately preceding adrenaline/ nor-

adrenaline perfusion period. Data are means + sem (n=6).

Figure 4: Heart rate changes (A) and QT interval (B) measured during the activation of the diving
response elicited by a 30 sec facial immersion in cold water (12°C) with breath-hold. Participants
were young, healthy volunteers (n=4). C: Relationship between the QT interval of the ECG and
prevailing hearts rate (RR interval) in healthy male participants during mild and moderate exercise,
while sitting, supine or after 30s of facial immersion with apnoea (Diving Response). The homogram
described by the filled symbols is fitted with a straight line: QT (ms) = (0.14*RR)+225. Data are
expressed as means+SEM (n=10) and r? for the regression line is 0.9592. Panel C reproduced with

permission from Wong et al (2009).
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Figure 5: Autonomic Conflict. Cold water immersion activates two powerful reflexes — the Diving
Response (on facial immersion) and the Cold Shock Response (on the activation of cutaneous cold
receptors). The magnitudes of these responses can vary with a range of factors including water
temperature, clothing and habituation). Individually, the Diving Response triggers a
parasympathetically driven bradycardia while Cold Shock activates a sympathetically driven
tachycardia. We hypothesise that together these conflicting inputs to the heart can lead to
arrhythmias - particularly at the break of breath-hold which increases parasymypathetic tone that
varies with respiration. The substrate for arrhythmias is enhanced by various predisposing factors
including the failure of the QT interval to match the rapid and transient changes in heart rate. In
circumstances other than cold water immersion these may additionally include awakening, anger,

stress, arousal etc.
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