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The aim of our study was to research the effect of cold water on the cognition of
Finnish technical diving population using the Critical Flicker Fusion Frequency
(CFFF) -test. We also studied the effect of breathing gases containing helium on
cognition, subjective feeling of cold and on measured temperature of skin. There
have not been any CFFF-studies in arctic conditions with a study-setup
comparable to ours. Most of the CFFF-studies pertaining to hyperbaric medicine
have been conducted in pressure chambers and there are only a handful of
studies in open water.

23 subjects performed an identical dive with a controlled trimix gas in an ice-
covered water filled quarry. The subjects assessed their thermal comfort at four
time points during the dive. In addition, their skin temperature was measured at
5-min intervals throughout the dive. The divers performed the CFFF test before
the dive, at target depth, and after the dive.

The CFFF-values showed a statistically significant increase to 111.7% during the
dive compared to the pre-dive values (p<0.0001). The values returned to pre-
dive values after the dive. In previous studies, a similar profile of CFFF-values has
been noted. The divers’ skin temperatures showed a statistically significant
decrease during the dive (p<0.001). The subjective temperature also decreased
during the dive (p=0.01). The results of our study seem to indicate that cold
water environment, or breathing gases containing helium have no effect on the
profile of the CFFF-values.

Asiasanat: Sukellusladketiede, anestesiologia, Critical Flicker Fusion Frequency,
arktinen ymparisto
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Introduction: Cold water imposes many risks to the diver. These risks include
decompression illness, physical and cognitive impairment, and hypothermia. Cognitive
impairment can be estimated using a critical flicker fusion frequency (CFFF) test, but this
method has only been used in a few studies conducted in an open water environment.
We studied the effect of the cold and a helium-containing mixed breathing gas on the
cognition of closed circuit rebreather (CCR) divers.

Materials and Methods: Twenty-three divers performed an identical dive with controlled
trimix gas with a CCR device in an ice-covered quarry. They assessed their thermal comfort
at four time points during the dive. In addition, their skin temperature was measured at
5-min intervals throughout the dive. The divers performed the CFFF test before the dive,
at target depth, and after the dive.

Results: A statistically significant increase of 111.7% in CFFF values was recorded during
the dive compared to the pre-dive values (p < 0.0001). The values returned to the baseline
after surfacing. There was a significant drop in the divers’ skin temperature of 0.48°C
every 10 min during the dive (p < 0.001). The divers’ subjectively assessed thermal comfort
also decreased during the dive (p = 0.01).

Conclusion: Our findings showed that neither extreme cold water nor helium-containing
mixed breathing gas had any influence on the general CFFF profile described in the
previous studies from warmer water and where divers used other breathing gases.
We hypothesize that cold-water diving and helium-containing breathing gases do not in
these diving conditions cause clinically relevant cerebral impairment. Therefore, we conclude
that CCR diving in these conditions is safe from the perspective of alertness and
cognitive performance.

Keywords: inert gas narcosis, mixed gas diving, thermal control, technical diving, arctic diving
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INTRODUCTION

It is known that diving in cold conditions imposes an increased
risk of decompression sickness (DCI) for the diver (Gerth,
2015; Pendergast et al., 2015). It impairs physical and cognitive
performance (Davis et al., 1975; Bridgman, 1990) and can
lead to hypothermia or, if the exposure is prolonged, major
health impairment or even death (Hayes, 1991). The diver’s
body reacts to cold through peripheral vasoconstriction and
diving responses, such as the trigeminocardiac reflex, lowering
the heart rate (Konishi et al., 2016). These mechanisms impair
the washout of nitrogen which can in turn affect the cognitive
state of the diver. These changes can be monitored via a critical
flicker fusion frequency (CFFF) measurement test.

The CFFF test is an acknowledged method for assessing
subjects’ attention and alertness (Kahlbrock et al., 2012; Lu
et al., 2012), which are influenced by the activation and
depression of different parts of the central nervous system.
The method has been used in various fields of medicine related
to diving, spaceflight, internal medicine (Curran et al., 2004;
Kowacs et al., 2005; Torlot et al., 2013; Barone et al., 2018),
and psychology/toxicology. It has been found that stimulants
increase CFFF and that alcohol, sedatives, and hypnotics decrease
the value (Smith and Misiak, 1976, Hindmarch, 1982). It is
an easy, noninvasive, objective, and relatively fast way of
measuring attention and alertness (Lafere et al., 2010;
Balestra et al., 2012, 2018; Hemelryck et al., 2013).

Most of the studies conducted in diving medicine in regard
to CFFF have been conducted in pressure chambers or by
breathing normobaric oxygen (NBO; Scki and Hugon, 1976;
Hemelryck et al., 2013; Kot et al., 2015; Tikkinen et al., 2016;
Lafere et al., 2019; Vrijdag et al.,, 2020) and only a select
handful of studies have been done in pools or open water
environments (Balestra et al., 2012; Lafére et al., 2016; Rocco
et al., 2019). The results in these studies have varied or even
been contradictory, most likely due to differences in the study
set ups. In these studies, it has been found that the effect of
oxygen on neuronal excitability is dose dependent, which has
thought to be due to intertwined CFFF and oxygen poisoning
transduction pathways (Kot et al., 2015). In fact, even NBO
increases nerve conduction, this is probably related to reactive
oxygen species (ROS; Brerro-Saby et al., 2010). This facilitation
of nerve conduction has been shown to lead to better cognitive
performance, such as memory, visuospatial, and verbal abilities
(Moss and Scholey, 1996; Moss et al., 1998; Scholey et al.,
1998, 1999; Chung et al., 2006). This excitation is thought to
be a result of oxygen affecting GABA neurotransmission in
multiple ways. Oxygen modulates the synthesis, secretion,
and recapture of GABA (Radomski and Watson, 1973;
Schwartz-Bloom and Sah, 2001).

Nitrogen and oxygen alone, or in combination, can produce
neuronal excitability or depression in a dose-related response (Kot
et al., 2015). There seems to be a complex competitive effect of
both gases during hyperbaric exposure (Rocco et al., 2019), and
that nitrogen narcosis does not dissipate instantly after surfacing
(Balestra et al., 2012). It has been suggested that cold water may
increase the narcosis phenomenon, but no objective proof has

been unveiled on this topic. This may indicate that the narcosis
phenomenon is more prevalent during uneventful dives than
previously thought (Lafere et al., 2016). High nitrogen partial
pressure (pN,) or a sudden increase in pN,, for example when
rapidly descending during a dive, has been noted to be the most
significant cause of inert gas narcosis (Bennett and Rostain, 2015).
The exact mechanism and site of nitrogen narcosis is however
still debated. One hypothesis for the mechanism of nitrogen
narcosis is that pressure-dependent conformational changes occur
due to gas-protein binding, particularly N-methyl-D-aspartate
(NMDA) and gamma-aminobutyric acid (GABA) receptors in
the substantia nigra (Rostain et al., 2011; Rostain and Lavoute,
2016). It is important to understand the factors affecting inert
gas narcosis, since feared and possible effects of gas narcosis in
diving include hallucinations and loss of consciousness. Therefore,
it hampers the subject’s motor ability, and these factors could
be detrimental to a diver’s own and their diving buddy’s life.
In this study, we aimed to examine, whether cold-water
closed circuit rebreather (CCR) diving with helium-containing
breathing gas would cause a different CFFF profile compared
to results from earlier studies from warmer conditions and
from divers using other breathing gases. Also, we aimed to
examine if diving in our Arctic study conditions would cause
changes in the diver’s cognitive function and alertness.

MATERIALS AND METHODS
Subjects

The subjects were recruited from the Finnish technical diving
community and were all experienced CCR divers. All divers
participated voluntarily, and no financial benefit was received
by participating in this study, but the expenses for the helium-
nitrogen-oxygen gases used in these dives were compensated.
All the divers filled out a health survey and a diving physician
performed a fit-to-dive examination on the morning of the
dives. All divers were fit to participate in the study. The
demographics of the population are presented on Table 1.
Twenty-four divers, 22 males, and two females of age

TABLE 1 | Description of the population in the study.

Average (SD, range), when

Parameters "
applicable

Gender (Male/Female) (21/2)
Age 44.9 (£ 6.2, 31-57)

BMI (pre-dive) 27.6 (+3.9,23.4-39.8)
Fat% (pre-dive) 22.7(+7.7,12.6-46.8)
Muscle % 43.8 (+4.4,31.1-49.6)
Preexisting medical conditions (Yes %) 48%
Medication (Yes %) 22%
Previous DCI (Yes %) 30%

Lifetime max. depth (meters)
Lifetime number of dives
Experience of diving (yrs.)
Diluent He (measured after dive)
Diluent N2 (measured after dive)

109 (+ 33, 60-225)
845 (+ 413, 300—1950)
14 (+ 6, 6-30)
19.3 (£ 1.8, 16.2-24.1)
40.0 (£ 3.5, 27.1-45.1)

Average, SD and range shown when applicable.
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(31-57 years) and experience level (300—1950 dives) participated
in the tests. We excluded one diver from the analysis because
his dry suit started to leak before the start of the dive, causing
him to interrupt the test.

The study was done in accordance with the Declaration of
Helsinki. Ethical permission (HUS/976/2019) has been granted
by the Ethical Committee of Helsinki University Hospital and
a Research permit (HUS/44/2019, §21, 8.8.2019) was granted
by the Helsinki University Hospital. In addition, every diver
signed an informed consent form to participate in this study.

Diving Equipment and Breathing Gas

All subjects used their own diving equipment, including their
regular dry suit and undergarments. The subjects were allowed
to wear an electrical heating vest under the dry suit, but the
use of the vest was limited to emergency cases only, since the
skin temperature was being measured during the dive, and
the vest would influence the body temperature and would
cause false readings for the temperature. Divers used CCR
with a standardized diluent trimix of 20% helium and 40%
nitrogen and the oxygen controllers maintained a constant
oxygen partial pressure in the breathing loop (pO. 70 kPa at
the beginning of the dive and pO, 120 kPa at the bottom
depth and during ascent). The CCR units in this study were
as follows: JJ CCR [number of divers (n) = 14], Megalodon
(n = 1), TEVO (n = 4), AP inspiration evolution (n = 2),
Sentinel (n = 1), and T-Reb (n = 1). These CCR devices all
work according to the same principals and are similar in terms
of function. Regardless of CCR device, all divers used the
same set points in their device, which means that in practice
all divers breathed the same gas composition during the dives.

Critical Flicker Fusion Frequency Device
and Measurement Procedure

A water-resistant device specially produced for diving medicine
research, courtesy of DAN Europe Diving Safety Laboratory,
Roseto, Italy, was used for the assessment of the CFFF. The
prototype device was built by the Human Breathing Technology
(HBT Technology, Trieste, Italy) and consisted of a cylindrical
water-resistant plastic housing with a rotating ring that was
used to operate the machine. A flickering LED light that could
be seen through a plastic housing at the end of a watertight
cable was used for measuring the CFFF. This cable was attached
to the device. An LCD screen is located in the center of the
rotating ring, which shows a number indicating the frequency
that the LED is flickering at. The device was attached to a D-
ring on the divers’ harness with a bolt snap, and it was taken
off during the measurements. The device is shown in
Figure 1.

The divers were taught to operate the CFFF device and all
subjects performed the test on one another in groups of three,
with the same divers that they were planned to dive with.
Diving gloves were used during training, so that differences
in handling the device would not differ from when taking
surface measurements and taking the measurements during
the dives.

FIGURE 1 | The critical flicker fusion frequency device that was used in the
study to evaluate the divers’ level of alertness.

After training, two test performances were done in the
way that one diver operated the CFFF device while one
diver was assessed, the operator turned the ring clockwise
to increase the frequency of the flickering LED light. When
the test-performing diver no longer saw the LED light
flickering but saw a stable light he/she signaled to the
operator by lifting a hand and the operator then stopped
the increase of the light by turning the ring counterclockwise
by one stop. The operator then showed the result to a third
diver who wrote the value on a piece of wet note paper.
The divers then changed roles so that everyone was
assessed twice.

The divers repeated the test two times during the dive at
the bottom (45 meters) and again at the surface directly after
ascent. All performances were done in the same groups of
three and with the precisely same procedure.

Subjective Warmth Assessment

The divers were also asked to assess their subjective feeling
of warmth on a scale from 1 to 10, where 1 indicated being
freezing cold, 5 being neutral, and 10 being burning hot.
We asked the subjects to assess the warmth in three regions
of their body, their hands, feet, and torsos. The divers assessed
their warmth four times during the dive, after 30 min, 40 min,
50 min, and 60 min of immersion. They wrote the assessed
scores in their wet notes.
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Objective Temperature Measurement

The divers’ skin temperature (Tskin) was measured and recorded
with the ACR Smart Reader Plus 8-system (ACR Systems Inc.,
Vancouver, BC, Canada) at four standardized skin sites: the
neck; scapula; hand; and shin, every 5 min throughout the
dives (The International Organization for Standardization, 2004).
Water temperature was monitored during the dives with the
Suunto EON Core and the Suunto D5 dive devices.

Preparation and Diving Procedure

The tests were done in January over the course of two weekends
in a water-filled, thin ice-covered quarry at Ojamo in Lohja,
Finland. The water temperature was 2°C at the decompression/
safety stop and 4°C at the bottom. The divers were briefed
on the diving protocol and safety issues as they arrived at
the diving site. Their diving gear was prepared and the preliminary
CFFF measurements were taken indoors at constant room
temperature near the ice hole in which the divers later submerged.
The divers were instructed not to use alcohol for 24 h before
the tests. On the day of the dive, they were told to hydrate
according to their normal routines until 2 h before the dive,
thereafter 5 dl of a sports drink (Gatorade, PepsiCo, Nordic
Finland Ltd., Helsinki, Finland) was consumed. To study the
demographics of the diver population, the body mass index
(BMI), fat % and muscle % were measured with an InBody
720 composition analyzer (Biospace Ltd., Seoul, South-Korea).
These are described in Table 1.

The divers did the first set of CFFF tests at the surface
as discussed earlier in the methods section. To ensure identical
dives, a pre-set line from the surface to the target depth of
45 meters was set. The dive plan was instructed to all divers
and all divers followed it successfully resulting in a maximal
depth of 45.5 + 0.7 meters, dive time of 67.4 + 3.9 min.
Temperatures were ranging from 4.3°C in the bottom to
3.1°C on decompression stop indicating reverse thermocline
typical in winter/arctic conditions. Water temperature was
measured by the dive computer. The dive plan was as follows:
immersion with face out of water (5 min), face in the water
at the surface (5 min), and start of dive and submersion
to a 6 meters depth (5 min). After this, the divers followed
the pre-set line down the slope to the depth of 45 meters.
At the bottom depth, the divers spent approximately 18 min
and performed the CFFF tests. Decompression was done
with the following profile: Suunto Fused RGBM 2 with
personal adjustment + 2 (Suunto EON Core and Suunto D5
dive computers). Immediately after surfacing, the divers took
the final set of CFFF tests. Thus, the measurements were
taken three times: before the dive at the surface, during the
dive at the target depth (45 meters), and a third measurement
at the surface after the dive.

STATISTICS

A statistical analysis of the CFFF and subjective warmth
data were performed with JMP(), Version 15.1.0 (SAS Institute
Inc., Cary, NC, 1989-2019). All continuous measurement

outcomes passed the Shapiro-Wilk test allowing us to assume
a normal distribution and thus use a one sample #-test for
analysis. [...] The analyses were performed to the mean taken
from both CFFF measurements in each time point. We excluded
three bottom CFFF measurements and five of the post-dive
CFFF measurements due to unclear readings. The cause was
found to be insufficient voltage of the batteries. For these
reasons, 20 measurements were used for the pre-dive and
during-dive statistical analysis and 17 measurements were
used for pre-dive and post-dive analysis. After normalizing
the pre-dive measurements to 100%, the relative change in
CFFF was calculated as a percentage from the baseline
measurement at each time point. This allowed us to consider
the magnitude of change instead of absolute values. Therefore,
each diver acted as his/her own control in CFFF measurements.
We also excluded one diver’s subjective warmth assessments
in the 30, 40, 50, and 60 min time points and two more
were excluded in the 60 min time point due to
missing reporting.

Data with ordinal scales were analyzed using the Bowker’s
test since Wilcoxon/Kruskal-Wallis test was not applicable to
this case. The feeling of cold was measured from the same
subjects in different time points and thus, the variables
are dependent.

Values of p of 0.05 or below were considered statistically
significant. All data are presented as means (+ SD, range)
when applicable, if not, they are presented as percentages.

For the temperature data, the values of p were calculated
using the Satterthwaite’s method of approximating the degrees
of freedom. The analyses were done with R version 4.0.4 using
packages ggplot2 for visualizations and Ime4 for the modeling.

The estimation of the decrease in temperature during the
dive was made by noting the area-weighted Tskin
between each diver. The Tskin was calculated using the ISO9886

weighting coefficients (The International Organization for
Standardization, 2004).

RESULTS

Diver Population and the Dive

Table 1 shows the demographics of the study population. The
mean age of our population was 44.9 years. The mean fat
percentage was 22.7% (£ 7.7, 12.6-46.8) and the mean muscle
percentage was 43.8 (+ 4.4, 31.1-49.6). The mean BMI in our
population was 27.6 (£ 3.9, 23.4-39.8). 48% (11 divers) of
the divers had preexisting medical conditions and 22% of our
population had some medication for these conditions. The
medical conditions in our population included arthrosis, allergies,
asthma, hypertension, impingement, discus prolapse, celiac
disease, obesity, migraine with aura, and treated supraventricular
tachycardia. None of these medical conditions were considered
to be a contraindication for diving. 30% of the subjects had
a case of previous DCI and the mean diving experience in
years was 14 (£ 6, 6-30). Mean depth of the research dive
was 45.5 £ 0.7 meters, and the dive time was 67.4 = 3.9 min.
Water temperatures were 3.1-4.3°C.
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Critical Flicker Fusion Frequency

The change of CFFF values is shown in Figure 2. Compared
to the pre-dive measurements, there was a statistically significant
increase in the CFFF readings when the subjects reached the
target depth of 111.7% (£ 6.8108.5-114.9%; p < 0.0001) of
the control values. The post-dive values showed non-significant
differences compared to the baseline values, at 98.2% (+ 4.3%,
91.4-105.0%; p = ns).

Subjective Warmth Assessment

The subjective warmth assessment results are shown in Figure 3.
There is a statistically significant difference between the 30-min
and 40-min assessments (p = 0.02) and between the 30-min
and 60-min assessments (p = 0.01). A significant difference
was not found between the 40-min and 50-min (p = ns) or 50-
min and 60-min assessments (p = ns). We did not find a
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FIGURE 2 | Percentage variation of CFFF during and after the dive to
45 meters with CCR (low set point 0.7 and high set point 1.2, the diluent
being trimix 19/40) in relation to pre-dive measurements. The pre-dive
measurements are marked as the 100% reference line. Each subject is
compared to his or her own measurements. The box plot represents
quantiles, and the diamond represents the 95% confidence interval
(***p = < 0.0001, ns = not significant). Sample size is 20 in the pre-dive
analysis and 17 in the pre-post analysis.

statistically significant correlation between the BMI or fat
percent and a change in the subjective temperature assessment

(p = ns).

Objective Warmth Measurements

The linear mixed model estimated the Tskin to drop by
0.48°C per 10 min during the dive (0.43-0.52 95% CI,
p < 0.001).

As shown in Figure 4, for the Tneck values, the same
model estimated a drop of 0.63°C per 10 min (0.53-0.73 95%
CI, p < 0.001); for the Tscapula values, the model estimated
a 0.36°C drop per 10 min (0.33-0.40 95% CI, p < 0.001); for
the Thand values, the model estimated a 1.15°C (1.07-1.24
95% CI, p < 0.001); and for the Tshin values, the model
estimated a 0.09°C for 10 min, respectively (0.03—0.15 95°C,
p < 0.001).

ST Body 30 min

ST Body 40 min ST Body 50 min ST Body 60 min

ns
| |

FIGURE 3 | The subjective warmth assessment for four time points at 30,
40, 50, and 60 min after the beginning of the dive. The scale is from 5 to 1,
where 5 stands for neutral warmth and 1 for freezing cold. The boxes
represent the percentage of answers in each category. There is a statistically
significant drop in the “5” category and a statistically significant increase in the
“3” category. The sample size is 22 in the ST body 30 min, ST body 40 min
and ST body 50 min categories, and 20 in the ST body 60 min category.
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DISCUSSION

To our knowledge, this is the first study where CFFF is measured
on a large group of CCR divers in open-water Arctic conditions.
Moreover, this is the first study where the influence of measured
skin temperature on the CFFF results is assessed in divers.

In our study, we showed a significant drop in skin temperature
as well as a subjective decrease in thermal comfort in the
divers. This mild change did not have an effect on diver’s
alertness or cognitive performance. Divers used a CCR device
that allowed them to breath circulating pre-warmed gas.
Therefore, heat loss may have been less than when using an
open circuit diving system where heat is lost with every breath.
However, we cannot exclude the possibility that greater heat
loss could have had an effect on diver’s alertness, and therefore
potentially jeopardize diver’s safety.

Our study was conducted in water temperatures ranging
from 3.1 to 4.3°C. But even though the temperature differed
a lot from earlier studies, the CFFF profile was in line with
results from the previous studies (Seki and Hugon, 1976; Balestra
et al., 2012; Hemelryck et al., 2013; Kot et al., 2015; Lafere
et al., 2016, 2019; Tikkinen et al., 2016; Rocco et al., 2019;
Vrijdag et al., 2020), which would indicate that at least in
this study setting, a cold environment and a decreased in skin
temperature were not major factors to influence the CFFF
profile. The increase in CFFF results at diving depth was very
similar to the two studies conducted in otherwise similar study
settings—in one earlier study, the increase in CFFF was in
fact 111% compared to the pre-dive control values (Rocco
et al., 2019; Vrijdag et al., 2020), which is very similar to our
study results (111, 7%). Even though our subjects wore dry
suits, the divers experienced subjective cold during the dives
(Figure 3) and their skin temperature decreased significantly
(Figure 4).

In our study, the CFFF values increased during the dives,
and as the divers surfaced, the CFFF values were normalized
to the same level as they were before the dive or even to
a slightly depressed level, although this was not statistically
significant. This post-dive depression of the CFFF has been
noted in other studies before (Balestra et al., 2012) but is
still a relatively newly described finding and is not fully
understood yet. In this aforementioned study, there was a
significant depression of CFFF values for at least 30 min
after surfacing. This requires more attention in our opinion
and possibly modifications to diving guidelines, since the
subjective feelings of narcosis are essentially nonexistent but
there is objective evidence of cerebral impairment. This
might indeed be a problem in situations requiring fast
and accurate judgment, especially in military or
industrial diving.

The dives in our study were also much longer than the
dives in other studies [60 min compared to 5-25 min in
other studies (Seki and Hugon, 1976; Balestra et al., 2012;
Hemelryck et al., 2013; Kot et al., 2015; Lafere et al., 2016,
2019; Tikkinen et al., 2016; Rocco et al., 2019; Vrijdag et al.,
2020)]. The effect of this in regard to CFFF is unclear;
however, since according to the lipid theory (Jibu, 2001;

Wilodarczyk et al., 2006), it has been advised that in case
of nitrogen narcosis, a diver should ascend a few meters
for the narcosis effect to dissipate, which would mean that
the amount of narcosis is dependent of the depth, not the
length of the dive. The persisting CFFF depression might
have affected our results too, but the amount of this persisting
depression is, however, unclear. Since our dive was longer
than in other studies, there was a substantially higher nitrogen
load (our dive being a decompression dive) but the extent
to which this affects our results is debatable.

Closed circuit rebreather diving with a trimix (19/40) did
not have a greater influence on the CFFF profile compared
to other studies with compressed air. The findings concerning
breathing gases and CFFF have varied in other studies, but
taking into account the composition of these gases, some
deductions can be made. In one study by Rocco et al. (2019),
one of the groups used a gas quite similar to ours their
gas being trimix 21/35 and our being trimix 19/40. Of course,
the gases are not fully comparable, but the amount of nitrogen
in these gases was similar (they had 44% and we had 40%
N3), and not surprisingly, the CFFF values were similar too.
The rough profile of the CFFF values is very similar compared
to other studies too, which would indicate that helium in
these quantities and depths does not have neuromodulatory
effects, which is an expected finding due to the lipid theory
(Jibu, 2001; Wlodarczyk et al., 2006). The amount of oxygen
must be taken into account when comparing our study to
others. It has been shown that even NBO increases nerve
conduction, and this is likely to be related to ROS (Brerro-
Saby et al., 2010). There has also been shown a dose-dependent
effect of oxygen on neuronal excitability using CFFF (Kot
et al., 2015). Furthermore, there is also a sedating, narcotic
effect of oxygen which was hypothesized as early as in the
1970s (Thomas, 1974; Smith and Paton, 1976; Hesser et al.,
1978), but has been widely accepted and proved only in
recent years. Thus, it is hard to ascertain the extent of the
effect that oxygen had in our study. It is undoubtedly a
factor to be taken into account, but in our study setting,
it is hard to differentiate between effects of different gases
in our data.

Our subjects had a larger BMI than subjects in other
studies (Balestra et al., 2012; Hemelryck et al., 2013; Lafere
et al., 2016, 2019; Tikkinen et al., 2016; Rocco et al., 2019).
In most of the studies conducted on divers, the subjects
have usually been very fit due to the nature of the sport
and strict criteria by which people are selected for the
studies. This did not seem to influence the CFFF results.
Additionally, there does not seem to be a correlation between
the subjective sensation of cold and BMI in our population.
This is counterintuitive but might be explained with our
small sample size and unstandardized diving gear that the
divers used. Since everyone used their own diving gear,
those who tend to get cold more easily may have had
thicker undergarments. There has, however, been noted a
diminished thermogenesis response in overweight men
during cooling which might explain our findings (Claessens-
van Ooijen et al., 2006).
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There are some limitations, albeit also strengths, in our
study. Firstly, the number of measurements conducted for
each diver in each time point is limited. It would have
been very hard to facilitate numerous measurements in our
study, as it would have significantly increased the dive time
and therefore the decompression stress in this deep and
cold dive. However, our study was planned to include only
CCR divers to have an exceptional large cohort for
this subgroup.

Secondly, because of the sex distribution of the technical
diver population in Finland, we were only able recruited two
female divers, but no earlier studies have shown significant
differences in physiological responses for these stimuli between
women and men. This could also be a strength of our study,
since in many comparable studies (Kot et al., 2015; Lafere
et al.,, 2016; Fernandez et al., 2019) there were solely male
divers. Our study did not reveal differences in CFFF between
female and female divers, although with only two females
participating no conclusions can be made.

Thirdly, our results cannot be generalized to all divers, as
we recruited only very experienced divers due to the demanding
conditions and the requirement to dive with a CCR device.
Hence, all beginners and recreational divers were excluded.
However, the increasing popularity of technical diving, and
especially CCR diving, among recreational divers in the last
1015 years is an important reason to study more this subgroup
of divers, as they tend to perform more demanding dives with
higher risk profile, and therefore, cognitive functions play a
critical role.

Fourth, there may have been a possibility that the learning
could have influenced the CFFF results. The CFFF values
elevated at the second time point, i.e., at arriving at the target
depth. On the other hand, the CFFF values returned to the
baseline when the divers surfaced, which would speak against
the possibility of learning.

Fifth, the underwater CFFF measurement was taken in a
different environment than the other two surface measurements.
On the other hand, we estimate that this did not influence
the results since the divers used gloves in all testing situations
and the same testing protocol was conducted in all
measurements. Additionally, it is unlikely that temperature
would have influenced the subjects’ dexterity during the
underwater CFFF. From the measured skin temperatures,
we can see that the underwater measurements were taken
at a time point at 25-30 min when all divers had a hand
skin temperature within acceptable limits.

CONCLUSION

Our findings indicate that a cold environment and a significant
drop in skin temperature together with a decrease in subjective
thermal comfort do not influence CFFF results on experienced
CCR divers. Our study also suggests that the usage of CCR
devices or trimix gases does not affect the general CFFF profile,
or the hyper-alertness of oxygen, which has been seen in other
comparable studies.

We hypothesize that a cold-water environment does not
change the magnitude of cerebral impairment observed in
diving. From that reason, we conclude that, at least in this
study setting, CCR diving is safe from the perspective in
alertness and cognitive performance. Cold water might, however,
affect the ability to perform work which requires concentration
or precise motor abilities for long term as the hypothermia
increased toward end of the 60-min dive.

Complicated theories to describe changes in CFFF during
diving have been suggested, and more research should still
be done as the narcotic/excitatory effects of the gases breathed
in commercial and technical diving are still not
fully understood.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethical Committee of Helsinki University Hospital
(HUS/976/2019). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

WP, RL, LT, and AR-S planned the study and participated
in the data gathering and processing. WP and RL were the
main writers of the manuscript and participated in data
analysis. LT and AR-S participated in the writing of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

The Finnish Defense Forces Center of Military Medicine and
the Finnish Society of Diving and Hyperbaric Medicine (Suomen
sukellus-ja ylipaineldketieteellinen yhdistys ry) have both given
financial support for breathing gas and other expenses at the
data gathering phase of the study.

ACKNOWLEDGMENTS

The authors would like to thank Harri Maikitalo, RN of
the Diving Medical Centre, the Finnish Defense Forces and
Davide Bastiani of the DAN Europe Diving Safety Laboratory
for their invaluable technical support in this study. Research
support was received from the Finnish Society of Diving
and Hyperbaric Medicine and the Finnish Defense Forces,
Helsinki, Finland.

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 722915


https://www.frontiersin.org/journals/physiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Piispanen et al.

Critical Flicker Fusion Frequency in Divers

REFERENCES

Balestra, C., Lafére, P., and Germonpré, P. (2012). Persistence of critical flicker
fusion frequency impairment after a 33 mfw SCUBA dive: evidence of
prolonged nitrogen narcosis? Eur. J. Appl. Physiol. 112, 4063—4068. doi:
10.1007/s00421-012-2391-z

Balestra, C., Machado, M. L., Theunissen, S., Balestra, A., Cialoni, D., Clot, C.,
et al. (2018). Critical flicker fusion frequency: a marker of cerebral arousal
during modified gravitational conditions related to parabolic flights. Front.
Physiol. 9:1403. doi: 10.3389/fphys.2018.01403

Barone, M., Shahini, E., lannone, A., Viggiani, M. T., Corvace, V., Principi, M.,
et al. (2018). Critical flicker frequency test predicts overt hepatic encephalopathy
and survival in patients with liver cirrhosis. Dig. Liver Dis. 50, 496-500.
doi: 10.1016/j.d1d.2018.01.133

Bennett, P. B., and Rostain, J. C. (2015). “Inert gas narcosis,” in Bennett and
Elliott’s Physiology and Medicine of Diving. eds. A. Brubakk and T. S. Neuman.
5th Edn. (London: Saunders), 300-322.

Brerro-Saby, C., Delliaux, S., Steinberg, J. G., and Jammes, Y. (2010). The
changes in neuromuscular excitability with normobaric hyperoxia in humans.
Exp. Physiol. 95, 153—159. doi: 10.1113/expphysiol.2009.049460

Bridgman, S. A. (1990). Thermal status of Antarctic divers. Aviat. Space Environ.
Med. 61, 795-801.

Chung, S. C., Iwaki, S., Tack, G. R., Yi, J. H,, You, J. H., and Kwon, J. H.
(2006). Effect of 30% oxygen administration on verbal cognitive performance,
blood oxygen saturation and heart rate. Appl. Psychophysiol. Biofeedback 31,
281-293. doi: 10.1007/s10484-006-9023-5

Claessens-van Ooijen, A. M., Westerterp, K. R., Wouters, L., Schoffelen, P. F.,
van Steenhoven, A. A., and van Marken Lichtenbelt, W. D. (2006). Heat
production and body temperature during cooling and rewarming in overweight
and lean men. Obesity 14, 1914-1920. doi: 10.1038/0by.2006.223

Curran, S., Wilson, S., Musa, S., and Wattis, J. (2004). Critical flicker fusion
threshold in patients with Alzheimer’s disease and vascular dementia. Int.
J. Geriatr. Psychiatry 19, 575-581. doi: 10.1002/gps.1134

Davis, F. M., Baddeley, A. D., and Hancock, T. R. (1975). Diver performance:
the effect of cold. Undersea Biomed. Res. 2, 195-213.

Fernandez, F. A., Martin-Martin, R., Garcia-Camacha, 1., Juarez, D., Fidel, P.,
and Gonzalez-Ravé, J. M. (2019). Medium term effects of physical conditioning
on breath-hold diving performance. Respir. Physiol. Neurobiol. 259, 70-74.
doi: 10.1016/j.resp.2018.07.013

Gerth, W. A. (2015). On diver thermal status and susceptibility to decompression
sickness. Diving Hyperb. Med. 45:208.

Hayes, P. (1991). Diving and hypothermia. Arctic Med. Res. 50, 37-42.

Hemelryck, W., Rozloznik, M., Germonpré, P., Balestra, C., and Lafére, P. (2013).
Functional comparison between critical flicker fusion frequency and simple
cognitive tests in subjects breathing air or oxygen in normobaria. Diving
Hyperb. Med. 43, 138—142.

Hesser, C. M., Fagraeus, L., and Adolfson, J. (1978). Roles of nitrogen, oxygen,
and carbon dioxide in compressed-air narcosis. Undersea Biomed. Res. 5,
391-400.

Hindmarch, 1. (1982). Critical flicker fusion frequency (CFFF): the effects of
psychotropic compounds. Pharmacopsychiatry 15, 44-48. doi: 10.1055/s-
2007-1019549

Jibu, M. (2001). Theory of cell membrane organizers and pressure reversal of
anesthesia. Med. Hypotheses 56, 26-32. doi: 10.1054/mehy.2000.1104

Kahlbrock, N., Butz, M., May, E. S., Brenner, M., Kircheis, G., Haussinger, D.,
et al. (2012). Lowered frequency and impaired modulation of gamma band
oscillations in a bimodal attention task are associated with reduced critical
flicker frequency. Neurolmage 61, 216-227. doi: 10.1016/j.neuroimage.2012.
02.063

Konishi, M., Kawano, H., Xiang, M., Kim, H. K., Ando, K., Tabata, H., et al.
(2016). Diurnal variation in the diving bradycardia response in young men.
Clin. Auton. Res. 26, 135-140. doi: 10.1007/s10286-016-0342-1

Kot, J., Winklewski, P. J., Sicko, Z., and Tkachenko, Y. (2015). Effect of oxygen
on neuronal excitability measured by critical flicker fusion frequency is
dose dependent. J. Clin. Exp. Neuropsychol. 37, 276-284. doi:
10.1080/13803395.2015.1007118

Kowacs, P. A., Piovesan, E. J., Werneck, L. C., Fameli, H., Zani, A. C., and
da Silva, H. P. (2005). Critical flicker frequency in migraine. A controlled

study in patients without prophylactic therapy. Cephalalgia 25, 339-343.
doi: 10.1111/1.1468-2982.2004.00861.x

Lafére, P., Balestra, C., Hemelryck, W., Donda, N., Sakr, A., Taher, A., et al.
(2010). Evaluation of critical flicker fusion frequency and perceived fatigue
in divers after air and enriched air nitrox diving. Diving Hyperb. Med. 40,
114-118.

Lafére, P., Balestra, C., Hemelryck, W., Guerrero, F., and Germonpré, P. (2016).
Do environmental conditions contribute to narcosis onset and symptom
severity? Int. J. Sports Med. 37, 1124-1128. doi: 10.1055/s-0042-110573

Lafere, P., Hemelryck, W., Germonpré, P., Matity, L., Guerrero, F., and Balestra, C.
(2019). Early detection of diving-related cognitive impairment of different
nitrogen-oxygen gas mixtures using critical flicker fusion frequency. Diving
Hyperb. Med. 49, 119-126. doi: 10.28920/dhm49.2.119-126

Lu, S., Cai, Y., Shen, M., Zhou, Y., and Han, S. (2012). Alerting and orienting
of attention without visual awareness. Conscious. Cogn. 21, 928-938. doi:
10.1016/j.concog.2012.03.012

Moss, M. C., and Scholey, A. B. (1996). Oxygen administration enhances
memory formation in healthy young adults. Psychopharmacology 124, 255—
260. doi: 10.1007/BF02246665

Moss, M. C., Scholey, A. B., and Wesnes, K. (1998). Oxygen administration
selectively enhances cognitive performance in healthy young adults: a placebo-
controlled double-blind crossover study. Psychopharmacology 138, 27-33.
doi: 10.1007/s002130050641

Pendergast, D. R., Senf, C. J., Fletcher, M. C., and Lundgren, C. E. (2015).
Effects of ambient temperature on nitrogen uptake and elimination in humans.
Undersea Hyperb. Med. 42, 85-94.

Radomski, M. W., and Watson, W. J. (1973). Effect of lithium on acute oxygen
toxicity and associated changes in brain gamma-aminobutyric acid. Aerosp.
Med. 44, 387-392.

Rocco, M., Pelaia, P., Di Benedetto, P., Conte, G., Maggi, L., Fiorelli, S.,
et al. (2019). Inert gas narcosis in scuba diving,  different  gases
different reactions. Eur. J. Appl. Physiol. 119, 247-255. doi: 10.1007/
500421-018-4020-y

Rostain, J. C., and Lavoute, C. (2016). Neurochemistry of pressure-induced
nitrogen and metabolically inert gas narcosis in the central nervous system.
Compr. Physiol. 6, 1579-1590. doi: 10.1002/cphy.c150024

Rostain, J. C., Lavoute, C., Risso, J. J., Vallée, N., and Weiss, M. (2011). A
review of recent neurochemical data on inert gas narcosis. Undersea Hyperb.
Med. 38, 49-59.

Scholey, A. B., Moss, M. C., Neave, N., and Wesnes, K. (1999). Cognitive
performance, hyperoxia, and heart rate following oxygen administration in
healthy young adults. Physiol. Behav. 67, 783-789. doi: 10.1016/ S0031-
9384(99)00183-3

Scholey, A. B., Moss, M. C., and Wesnes, K. (1998). Oxygen and cognitive
performance: the temporal relationship hyperoxia  and
enhanced memory. Psychopharmacology 140, 123-126. doi: 10.1007/
5002130050748

Schwartz-Bloom, R. D., and Sah, R. (2001). Gamma-aminobutyric acid(A)
neurotransmission and cerebral ischemia. J. Neurochem. 77, 353-371. doi:
10.1046/j.1471-4159.2001.00274.x

Seki, K., and Hugon, M. (1976). Critical flicker frequency (CFF) and subjective
fatigue during an oxyhelium saturation dive at 62 ATA. Undersea Biomed.
Res. 3, 235-247.

Smith, J. M., and Misiak, H. (1976). Critical flicker frequency (CFF) and
psychotropic drugs in normal human subjects-a review. Psychopharmacologia
47, 175-182. doi: 10.1007/BF00735818

Smith, R. A., and Paton, W. D. (1976). The anesthetic effect of oxygen. Anesth.
Analg. 55, 734-736. doi: 10.1213/00000539-197609000-00027

The International Organization for Standardization (2004). Ergonomics —
Evaluation of thermal strain by physiological measurements, B.2 Measurement
of skin temperature, Table B.1 — Measuring sites and weighing coefficients.
ISO 9886:2004(E).

Thomas, J. R. (1974). Combined effects of elevated pressures of nitrogen and
oxygen on operant performance. Undersea Biomed. Res. 1, 363-370.

Tikkinen, J., Wuorimaa, T., and Siimes, M. A. (2016). A comparison of
simple reaction time, visual discrimination and critical flicker fusion
frequency in professional divers at elevated pressure. Diving Hyperb.
Med. 46, 82-86.

between

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 722915


https://www.frontiersin.org/journals/physiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1007/s00421-012-2391-z
https://doi.org/10.3389/fphys.2018.01403
https://doi.org/10.1016/j.dld.2018.01.133
https://doi.org/10.1113/expphysiol.2009.049460
https://doi.org/10.1007/s10484-006-9023-5
https://doi.org/10.1038/oby.2006.223
https://doi.org/10.1002/gps.1134
https://doi.org/10.1016/j.resp.2018.07.013
https://doi.org/10.1055/s-2007-1019549
https://doi.org/10.1055/s-2007-1019549
https://doi.org/10.1054/mehy.2000.1104
https://doi.org/10.1016/j.neuroimage.2012.02.063
https://doi.org/10.1016/j.neuroimage.2012.02.063
https://doi.org/10.1007/s10286-016-0342-1
https://doi.org/10.1080/13803395.2015.1007118
https://doi.org/10.1111/j.1468-2982.2004.00861.x
https://doi.org/10.1055/s-0042-110573
https://doi.org/10.28920/dhm49.2.119-126
https://doi.org/10.1016/j.concog.2012.03.012
https://doi.org/10.1007/BF02246665
https://doi.org/10.1007/s002130050641
https://doi.org/10.1007/s00421-018-4020-y
https://doi.org/10.1007/s00421-018-4020-y
https://doi.org/10.1002/cphy.c150024
https://doi.org/10.1016/S0031-9384(99)00183-3
https://doi.org/10.1016/S0031-9384(99)00183-3
https://doi.org/10.1016/S0031-9384(99)00183-3
https://doi.org/10.1007/s002130050748
https://doi.org/10.1007/s002130050748
https://doi.org/10.1046/j.1471-4159.2001.00274.x
https://doi.org/10.1007/BF00735818
https://doi.org/10.1213/00000539-197609000-00027

Piispanen et al.

Critical Flicker Fusion Frequency in Divers

Torlot, F. J., McPhail, M. J., and Taylor-Robinson, S. D. (2013). Meta-analysis:
the diagnostic accuracy of critical flicker frequency in minimal hepatic
encephalopathy. Aliment. Pharmacol. Ther. 37, 527-536. doi: 10.1111/apt.12199
Vrijdag, X. C., van Waart, H., Sleigh, J. W., Balestra, C., and Mitchell, S. J. (2020).
Investigating critical flicker fusion frequency for monitoring gas narcosis in
divers. Diving Hyperb. Med. 50, 377-385. doi: 10.28920/dhm50.4.377-385
Wilodarczyk, A., McMillan, P. F., and Greenfield, S. A. (2006). High pressure
effects in anaesthesia and narcosis. Chem. Soc. Rev. 35, 890-898. doi: 10.1039/
b517771p

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2021 Piispanen, Lundell, Tuominen and Rdisdnen-Sokolowski. This is
an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

10

August 2021 | Volume 12 | Article 722915


https://www.frontiersin.org/journals/physiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1111/apt.12199
https://doi.org/10.28920/dhm50.4.377-385
https://doi.org/10.1039/b517771p
https://doi.org/10.1039/b517771p
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Assessment of Alertness and Cognitive Performance of Closed Circuit Rebreather Divers with the Critical Flicker Fusion Frequency Test in Arctic Diving Conditions
	Assessment of Alertness and Cognitive Performance of Closed Circuit Rebreather Divers with the Critical Flicker Fusion Frequency Test in Arctic Diving Conditions
	Introduction: Cold water imposes many risks to the diver. These risks include decompression illness, physical and cognitive impairment, and hypothermia. Cognitive impairment can be estimated using a critical flicker fusion frequency (CFFF) test, but t...
	Results: A statistically significant increase of 111.7% in CFFF values was recorded during the dive compared to the pre-dive values (p < 0.0001). The values returned to the baseline after surfacing. There was a significant drop in the divers’ skin tem...
	MATERIALS AND METHODS
	Diving Equipment and Breathing Gas
	Critical Flicker Fusion Frequency Device and Measurement Procedure
	Subjective Warmth Assessment
	Objective Temperature Measurement
	Preparation and Diving Procedure
	STATISTICS
	RESULTS
	Critical Flicker Fusion Frequency
	Subjective Warmth Assessment
	Objective Warmth Measurements
	DISCUSSION
	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


