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Background: Successful cardiopulmonary resuscitation after drowning or avalanche is 
often attributed to hypothermia-induced decrease in metabolism, which adapts the oxygen 
demand to the amount supplied under cardiac compression. Four decades ago, we speculated 
if oxygen-sparing mechanisms like those found in marine mammals, may improve cerebral 
oxygenation during acute airway blockade in humans. We investigated hemodynamic 
changes during steady state ergometer cycling with intermittent periods of apnea and face 
immersion (AFI) in ice-cold water. During AFI, heart rate (HR) dropped by 58% whereas 
average blood velocity (ABV) determined by means of a Doppler ultrasound velocity meter 
(UNIDOP University of Oslo, Oslo, Norway) fell by 85% in the radial artery and rose by 
67% in the vertebral artery. Similar changes occured in radial artery ABV, albeit more 
slowly, when the test subject only held his breath while cycling. When he breathed via 
a snorkel during face immersion, HR remained unchanged while radial artery ABV fell 
transiently and subsequently returned to its pre-immersion level. These findings later were 
confirmed by other investigators. Moreover, a recent study revealed that the seal even has 
a system for selective brain cooling during the dive.
Conclusion: Our research has confirmed prioritized cerebral circulation during AFI in cold 
water. We hypothesize that these changes may improve brain oxygenation due both to greater 
blood flow and possibly also to faster brain cooling, as demonstrated in diving seals.
Keywords: apnea, breath-hold, cardiopulmonary resuscitation, diving response, 
hypothermia

Introduction
Throughout more than half a century, physicians have reported successful cardio
pulmonary resuscitations after lengthy periods of asphyxia and cardiac arrest 
following drowning and avalanche.1,2 Most authors ascribe their success to 
hypothermia-induced decrease in metabolism, which adjusts oxygen consumption 
to the supply being delivered during cardiac compression. According to Fodden 
et al, trained personnel using standard cardiopulmonary resuscitation techniques 
were able to obtain cardiac output (CO) values consistent with those observed 
during rest in human.3

In 1980, we speculated whether oxygen-saving mechanisms of marine mam
mals, that had been demonstrated in noninvasive experiments on humans, possibly 
could contribute to prevent anoxic brain injury under conditions of inhibited 
breathing in man.4,5 In a heart catheterization study, while exercising at constant 
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workload on an ergometer cycle, two male subjects under
went periods of apnea and face immersion (AFI) as long as 
they could endure (30–45 seconds) in a basin filled with 
ice-cold water.

During AFI, heart rate (HR) fell from maximums 
obtained during steady state cycling of 160 and 150 
beats/min, to nadirs of 40 and 50 beats/min, respectively. 
Concomitantly, CO fell by approximately 50% from 24 
and 18 L/min, respectively. Despite a rise in systemic 
vascular resistance by nearly 200%, myocardial oxygen 
demand, determined as the HR pressure product, 
decreased by 42%.6 These findings inspired us to perform 
a hypothesis-forming experiment during ergometer cycling 
with periods of AFI at which we compared blood flow 
patterns in a radial artery and a vertebral artery, as repre
sentatives of a peripheral artery and an artery supplying 
the brain. Due to reasons explained below, publication of 
this pilot experiment was postponed until now.

Case Presentation
When we carried out the heart catheterization study and 
the present pilot experiment in 1980, research ethical 
committees did not exist in our country and ethical 
approval was not required.6,7 A 39 years old male with 
good knowledge of the study protocol, consented to act as 
test person. We used the same ergometer bicycle set-up as 
employed in the heart catheterization study. A pulsed 
Doppler ultrasound velocity meter (UNIDOP, University 
of Oslo, Oslo Norway), was used to determine average 
blood velocity (ABV) in meter per second (m/s) in a radial 
artery and a vertebral artery, respectively, as described 
previously.8 When the test person cycled at the same 
constant workload (163 Watt) as in our previous study, 
we determined ABV in the right radial artery by means of 
a 6 MHz hand-held pulsed Doppler ultrasound transducer, 
and correspondingly, with a 1.5 MHz transducer in the 
vertebral artery.6,8,9 The transducers were positioned in 
right angle towards the respective arteries; first while the 
test subject breathed freely and subsequently while he held 
his breath and immersed his face into a basin filled with 
ice cubes in water (AFI). We registered HR from the 
electrocardiogram (ECG) signals with electrodes placed 
on the shoulders and the left iliac crest. The test person 
rested his right forearm on an arm board while one of the 
investigators searched up the optimal Doppler-ultrasound 
signals from the radial artery. Without moving his forearm, 
the test person carefully bent his upper body and started 
AFI, which lasted as long as he could endure (30–45 

seconds), until he carefully withdrew his face and resumed 
breathing. The ABV measurements were repeated while 
the test person cycled with the same workload and held his 
breath without immersing his face, and finally, while 
breathing via a snorkel during the face immersion.

When assessing the right vertebral artery ABV, the 
examiner positioned the Doppler ultrasound transducer as 
described previously.9 While the test person cycled at the 
same constant workload as in the afore mentioned study, 
velocity meter signals were obtained both before he care
fully bent his upper body forward for AFI, during AFI, 
and shortly after he cautiously withdrew his face from 
water.6

During ergometer cycling with constant workload, the 
radial artery ABV presented with respiration-synchronous 
changes, as shown during the first half a minute in 
Figure 1A. When steady state was obtained, as judged by 
HR of 150–160 beats/min, the test person began AFI 
(arrows indicate start and end), whereupon radial artery 
ABV signaling fell by 85%, in parallel with a 58% decline 
in HR (Figure 1B), as compared with the preceding period 
when he breathed freely. Subsequently, the test person held 
his breath without face immersion while cycling at the 
same workload. This resulted in similar patterns of 
decreased ABV (Figure 2A) and HR (Figure 2B), although 
developing at a slower pace. Of note, we observed sudden 
bursts in HR during the bradycardia periods both in 
Figures 1B and 2B. We also wondered if exposure to ice- 
cold water alone would trigger the decreases in radial 
artery ABV and HR. During exposure to the same work
load, the test person underwent a new period of cold water 
face immersion while breathing through a snorkel. 
However, this time radial artery ABV fell only transiently 
and returned to the preceding level before he had with
drawn his face from water (Figure 3A). We observed no 
concomitant drop in HR (Figure 3B). Finally, we investi
gated right vertebral artery ABV at the same workload as 
used above (Figure 4). During the ergometer cycling, ABV 
increased from 0.24 m/s to 0.40 m/s (67%) during AFI, 
and subsequently returned to 0.20 m/s after AFI. Thus, 
even during strenuous muscular exercise, AFI appears to 
redistribute blood flow from the periphery to the brain 
circulation.

Discussion
When the test person cycled at constant workload, radial 
artery ABV dropped by 85% and vertebral artery ABV 
increased by 67% during AFI in ice-cold water. 
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Concomitantly, HR fell by almost 60%. The fall in radial 
artery ABV is consistent with reduced forearm blood flow, 
as determined by venous occlusion plethysmography dur
ing breath hold and whole body immersion at rest.5 When 
the test person performed breath holding without immer
sing face in cold water, both radial artery ABV and HR fell 
more slowly. Moreover, when he breathed through 
a snorkel during face immersion in cold water while main
taining unaltered workload, his radial artery ABV dropped 
only transiently with no concomitant fall in HR. This 
indicates that despite cycling at a relatively high muscular 
workload, the “cold shock response” potentiates redistri
bution of arterial blood from the periphery to the brain, as 
recently reviewed by Shattock and Tipton.10

We cannot argue that the AFI-associated redistribu
tion of blood flow was entirely due to the so-called 

diving response. In the heart catheterization study, we 
measured end-expiratory (Alveolar, A) partial pressures 
of carbon dioxide (PACO2) and oxygen (PAO2), by mass 
spectrometry following AFI (as median and range) to 
10.0 (9.1–10.2) kPa and 5.6 (5.4–5.7) kPa, respectively, 
when exercising at the same workload.6 Since PACO2 

increased by nearly 100% at the end of AFI, the increase 
in vertebral artery ABV might have resulted, from 
increased PACO2, as reported by Hauge et al some 
years ago.9 In addition to the effect on vertebral artery 
ABV of almost a doubling of PACO2 as compared to 
normal, the concomitant effect of a more than 50% 
decrease in PAO2 also might have contributed to the 
increase in vertebral artery ABV, since a decrease in 
PAO2 below 6.7 kPa has been suggested to cause cerebral 
vasodilation.11,12

Figure 1 Average blood velocity in right radial artery (A) and heart rate (B) vs time of a test person during steady state ergometer cycling. Arrows indicate start and stop of 
a period of apnea and facial immersion (AFI) in ice-cold water.
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We found no study similar to the present one until 2009 
when Kjeld et al reported nearly a 180% increased ABV in 
the middle cerebral artery (MCA) during periods of apnea 
at rest. Concomitantly, arterial PCO2 (PaCO2) increased 
from 4.2 to 6.7 kPa. While the investigators cycled at 
a workload of 100 Watt, ABV in MCA increased by 
105% during breath holding, and by a further 9% during 
AFI in water of 10 °C.13 This finding is consistent with the 
present observation of increased ABV in the vertebral 
artery during AFI in ice-cold water while the test person 
cycled at a slightly higher workload.

It is an interesting thought that the central blood redis
tribution, as demonstrated here, might lead both to 
increased cerebral oxygen supply, and possibly also contri
bute to more rapid cooling of the brain in conditions with 
impeded respiration. In victims of drowning or burial by 

avalanche, redirecting oxygenated blood to the brain, which 
is the most sensitive organ to lack of oxygen, probably 
increases the chance of surviving. Moreover, a faster brain 
cooling, as demonstrated during experimental dives in seals, 
might reduce local metabolism, thereby making the oxygen 
supplied during the cardiac compression to last longer and 
protect the brain more efficiently against anoxic injury.14 

Although we consider the duration of AFI as being too 
short for a brain cooling effect during this experiment, the 
mechanism might have played a role for the outcome of 
a 40 year old man, who fell into a ditch without being able 
to rescue himself. He suffered cardiac arrest when the 
paramedics lifted him into the ambulance and was subjected 
to cardiac compression for 4 ½ hrs during transfer (by 
ambulance helicopter) to a tertiary hospital where he was 
successfully resuscitated with cardiopulmonary bypass 

Figure 2 Average blood velocity in right radial artery (A) and heart rate (B) vs time of a test person during steady state ergometer cycling. Arrows indicate start and stop of 
an apnea period without face immersion in ice-cold water.
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(CPB) from a body core temperature of 25 °C. He was 
weaned off CPB nearly seven hrs after CA and recovered 
without sequela.15

Our findings have limitations aside from the fact that 
we performed the experiments only on one person more 
than 40 years ago. Initially, we interpreted the outbreaks of 
increased HR during AFI (Figures 1B and 2B) as technical 
errors. However, when the test person was examined for 
paroxystic atrial fibrillation (year 2002), he presented with 
episodes of ectopic ventricular beats on the electrocardio
gram (ECG) during ergometer bicycling. In 2012, 
Shattock and Tipton introduced the concept “autonomic 
conflict”, which is a potential mechanism of arrhythmia 
and a frequent cause of unexpected deaths in cold water. 
A variety of arrhythmias have been reported, such as 
atrioventricular blocks, atrial fibrillation, ectopic 

ventricular beats and prolonged QT times. Therefore, in 
retrospect, we have reason to believe that ectopic ventri
cular beats due to “autonomic conflict”, rather than tech
nical errors, might have contributed to the outbreaks of 
tachycardia.10

Limitations associated with conversion from ABV to blood 
flow were thoroughly studied by previous investigator.8,9,11,16 

However, we cannot exclude the possibility that a Valsalva 
maneuver might have contributed to reduce venous return, and 
consequently, also to decrease CO and lower radial artery ABV 
during breath-holding since the test person changed position 
from sitting half upright to bending horizontally during AFI. 
Moreover, a change in arterial transvascular pressure cannot be 
excluded. However, since central venous pressure also might 
have increased correspondingly, the driving pressure gradient 
should remain (grossly) unchanged. This applies particularly to 

Figure 3 Average blood velocity in the right radial artery (A) and heart rate (B) vs time of a test person during steady state ergometer cycling. Arrows indicate start and 
stop of a period of facial immersion in ice-cold water during which the test person breathed via a snorkel.
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the vertebral artery since hydrostatic pressure changes second
ary to positioning changes expectedly were more pronounced 
in that vessel as compared with that of the radial artery. Since 
mean cerebral perfusion pressure, determined as the difference 
between mean systemic arterial pressure and right atrial pres
sure varied between 93 mm Hg and 128 mm Hg (during 
ergometer cycling and AFI) for the same experimental person 
in the heart catheterization study, we assume that cerebral 
perfusion pressure remained within the limits of cerebral 
blood flow autoregulation also in the present study.6,17 We 
also admit as limitations that we neither determined vertebral 
artery ABV during AFI in thermo-neutral water, nor during 
breath hold without face immersion, nor during face immer
sion while breathing via a snorkel. Previous investigators have 
shown that cerebral perfusion is maintained and even enhanced 
during cold stimulation of the face.18

Remaining in a position enabling free breathing while the 
body gradually cools until the heart stops, would seem advan
tageous for successful reanimation after drowning or ava
lanche. However, when breathing is inhibited, our findings 
suggest that apnea combined with exposure of the face to cold 
water will contribute both to decreased HR and redistribution 
of blood from the periphery to the central circulation, as 
shown in diving mammals. Our findings are supported by 
a report of young victims of drowning who were successfully 
resuscitated despite the fact that they were found floating with 

their faces submersed and time to first contact with emergency 
service was median 121 (108–169) minutes.19

Conclusion
We suggest that the “diving response” combined with cold 
water stimulation of facial cold thermo-receptors and 
emerging hypercapnia and hypoxia increases cerebral 
blood flow during AFI. These mechanisms may well con
tribute to maintain cerebral oxygenation, and possibly, also 
induce faster brain cooling before cardiac arrest occurs in 
conditions of sudden airway blockade, thus, increasing the 
chances of surviving without neurological sequelae.

Ethics and Consent
When we carried out the heart catheterization study6 and 
the present pilot experiment in 1980, medical ethics com
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approval was not required.7

Consent for Publication
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