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Freiberger JJ, Derrick BJ, Natoli MJ, Akushevich I, Schi-
nazi EA, Parker C, Stolp BW, Bennett PB, Vann RD, Dun-
worth SA, Moon RE. Assessment of the interaction of hyperbaric
N2, CO2, and O2 on psychomotor performance in divers. J Appl
Physiol 121: 953–964, 2016. First published September 15, 2016;
doi:10.1152/japplphysiol.00534.2016.—Diving narcosis results from the
complex interaction of gases, activities, and environmental conditions.
We hypothesized that these interactions could be separated into their
component parts. Where previous studies have tested single cognitive
tasks sequentially, we varied inspired partial pressures of CO2, N2,
and O2 in immersed, exercising subjects while assessing multitasking
performance with the Multi-Attribute Task Battery II (MATB-II)
flight simulator. Cognitive performance was tested under 20 condi-
tions of gas partial pressure and exercise in 42 male subjects meeting
U.S. Navy age and fitness profiles. Inspired nitrogen (N2) and oxygen
(O2) partial pressures were 0, 4.5, and 5.6 ATA and 0.21, 1.0, and 1.22
ATA, respectively, at rest and during 100-W immersed exercise with
and without 0.075-ATA CO2. Linear regression modeled the associ-
ation of gas partial pressure with task performance while controlling
for exercise, hypercapnic ventilatory response, dive training, video
game frequency, and age. Subjects served as their own controls.
Impairment of memory, attention, and planning, but not motor tasks,
was associated with N2 partial pressures �4.5 ATA. Sea level O2 at
0.925 ATA partially rescued motor and memory reaction time im-
paired by 0.075-ATA CO2; however, at hyperbaric pressures an
unexpectedly strong interaction between CO2, N2, and exercise
caused incapacitating narcosis with amnesia, which was aug-
mented by O2. Perception of narcosis was not correlated with
actual scores. The relative contributions of factors associated with
diving narcosis will be useful to predict the effects of gas mixtures
and exercise conditions on the cognitive performance of divers.
The O2 effects are consistent with O2 narcosis or enhanced O2

toxicity.
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NEW & NOTEWORTHY

N2, CO2, and O2 affected cognitive performance differently.
Attention, memory, and planning were more affected by N2

than CO2. Motor tasks were nearly unaffected by N2. O2 at
0.925 ATA partially rescued motor and memory reaction time
impaired by 0.075-ATA CO2. However, 1.22-ATA O2 with
4.5-ATA N2, 0.075-ATA CO2, and exercise caused incapacita-
tion with amnesia. O2 narcosis or enhanced O2 toxicity is
postulated. Perception of narcosis was not correlated with
actual scores.

DIVING NARCOSIS IS A REVERSIBLE condition of cognitive impair-
ment that occurs when gases are breathed at higher than
atmospheric pressures. At barometric pressures �3 atmo-
spheres of pressure absolute (ATA; 1 ATA � 1.01325 bar, 760
mmHg), air breathing consistently causes euphoria, impaired
neuromuscular coordination, delays in auditory, visual, and
tactile responses (84), diminished memory, and impaired con-
centration (3, 7, 9). Narcosis was initially recognized in caisson
workers in the 19th century (9) and has been extensively
researched by many contributors to the field of diving medicine
(7, 10, 16, 30, 31, 44, 54, 65, 68, 83, 87). The narcotic
potencies of individual gases have been attributed to their
chemical characteristics, primarily lipid solubility (7, 13, 65).
More recent studies suggest that pressure-dependent confor-
mational changes occur from gas-protein binding, particularly
at N-methyl-D-aspartate (NMDA) and GABA (A) receptors in
the substantia nigra pars compacta (74, 75, 86), supporting a
protein-binding theory of narcosis (73, 74). CO2-sensitive
GABAergic neurons may also play a role in central CO2/pH
chemoreception(53). Evidence exists suggesting hyperbaric
nitrogen toxicity after repetitive episodes of nitrogen narcosis
(57, 58, 73, 74).

The signs and symptoms of diving narcosis change depend-
ing on the partial pressures of the component gases of the
breathing mixture, the environmental conditions at which they
are inspired, and the unique characteristics of the diver. The
impairing effects of elevated partial pressures of nitrogen (PN2)
are well recognized; however, this is less true for carbon
dioxide (CO2) and oxygen (O2). CO2 narcosis is substantially
different from that of N2 in its threshold dose, its principal
effects, and its ability to increase the risk of central nervous
system O2 toxicity (4, 20, 21, 35, 36, 49, 56, 64, 78, 88). Divers
risk elevated arterial partial pressure of CO2 (PaCO2

) from
hypoventilation due to gas density-related increased work of
breathing, increased physiological dead space, O2 inhibition of
the hypercapnic ventilatory response (28, 33, 34, 59, 66, 76,
82), and malfunction of CO2-absorbent technologies in re-
breathing systems. CO2 is reported to slow cognitive perfor-
mance rather than disrupt processing accuracy, in contrast to
N2 (35, 36), and may cause sudden (16), unexpected, and
unrecognized (36) impairment that is independent of the effects
of other inspired gases. The slope of the hypercapnic ventila-
tory response curve has also been reported to decrease in
response to the narcotic action of N2 on respiratory control
centers (28).

Although O2 is metabolically consumed, it is toxic to the
central nervous system (CNS) when breathed at partial pres-
sures �1.3 ATA while immersed (5, 85). O2 is also 1.6 times
more lipid soluble than N2 and has been postulated to cause
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N2-like cognitive impairment (2, 9, 38). High inspired partial
pressure of oxygen (PO2) values have been associated with
performance impairment during evaluation of psychomotor
performance in humans (38) and with delayed auditory induced
cortical evoked potential responses in cats and humans (8). In
1967, Fenn found that raising the PO2 from 0.21 to 1.0 ATA
increased both the toxicity and narcotic potency of N2, CO2,
and other inert gases in a Drosophila survival model (30, 31).
In 1978, Hesser et al. observed that narcosis was not decreased
when they substituted O2 for N2, concluding that O2, N2, and
CO2 had narcotic properties in humans (49). Linnarsson et al.
concluded that CO2 cognitive impairment was fundamentally
different from that caused by the other two gases (60), a finding
later supported by Fothergill et al. in 1991 (35).

In spite of prior work the factors influencing diving gas
narcosis are insufficiently quantified where exercise, immer-
sion, environmental conditions, and gas partial pressures inter-
act. However, we hypothesized that with the proper method-
ology this interaction could be broken down into its component
factors. Past attempts to quantify the factors influencing diving
narcosis (3, 7, 22) have been limited by less realistic experi-
mental settings, a lack of multitasking assessment tools, and
individual variation in susceptibility and learning (37, 46).
Moreover, no human studies have measured narcosis in the
same subjects while changing inspired PO2 under otherwise
identical experimental conditions. Therefore our study sequen-
tially varied the inspired partial pressures of CO2, N2, and O2

in immersed exercising divers while continuously assessing
cognitive performance. The testing methodology, gases, gas
delivery devices, immersion setting, and exercise levels were
selected to simulate divers in a physically and cognitively
challenging, multitasking environment. Gas exposures were
measured by continuous mass spectrometry and confirmed by
arterial measurements of O2 and CO2 tensions at each stage of
the trial.

MATERIALS AND METHODS

After Duke University Medical Center institutional review board
approval, and written informed consent, the National Aeronautics and
Space Administration (NASA)’s Multi-Attribute Task Battery II
(MATB-II) flight simulator was used to evaluate performance and
each subject’s perception of their performance under 20 experimental
combinations of gas partial pressures and exercise.

Test environment and safety. Forty-two male subjects were selected
according to U.S. Navy age and fitness profiles (14) and tested during
head-out immersion in 31.5°C [88.7°F; target value � 31.5°C; actual
readings 32.3 C � 0.8°C (SD)] water inside a 10 � 18-ft hyperbaric
chamber while seated on an underwater, resistance-controllable cycle
ergometer. For safety they were tethered to the chamber ceiling by a
climbing harness and attended by a study team member and an
in-chamber physician with full authority to stop the trial if danger to
the subject was perceived. Audio and video communication was
continuously maintained with the outside control, and electrocardio-
gram, radial arterial blood pressure, heart rate, respiratory rate, tidal
volume, and end-tidal partial pressure of CO2 (PETCO2), O2 (PETO2),
and N2 (PETN2) were monitored. Hemodynamic and respiratory data
were digitally captured using ADInstruments’ LabChart 7 Pro soft-
ware (Colorado Springs, CO) using an analog-to-digital data acquisi-
tion board connected to a dedicated study computer. Gas analysis was
performed with a PerkinElmer MGA 1100 mass spectrometer (refur-
bished by MA Tech Services, St. Louis, MO) calibrated using three
primary standard, premixed gases of known O2, Ar, N2, and CO2

concentrations. Test and calibration gases were blended by Airgas

(Durham, NC), and certificates of analysis were provided for each
precision mix. Mouthpiece pressure was measured with a Validyne
Engineering (Northridge, CA) pressure transducer and calibrated at
pressures from �10 to �10 cmH2O using a Sper Scientific (Scotts-
dale, AZ) electronic manometer. A Fleisch pneumotachograph and
another Validyne pressure transducer were used to measure tidal
volume, and calibration was performed using a Hans Rudolph 3-liter
calibrated syringe (Kansas City, MO). The inspired PO2, PCO2, and
PN2 were confirmed using mass spectrometry during the first 15 s of
each experimental stage. Immersed exercise was targeted to �100 W
at 50 revolutions of the cycle ergometer per minute (rpm) and adjusted
according to subject comfort. An outside observer counted the rpm
using a video monitor, and subjects were coached when necessary to
maintain the proper speed and cadence. Arterial blood samples were
taken 4 min into each experimental stage to confirm the gas exposures.
The maximum inspired PO2 was limited to 1.22 ATA to remain within
the 1.3-ATA recommended upper limit for the U.S. Navy Mk 16
closed-circuit mixed gas breathing apparatus (85). At the end of the
experiment all subjects and staff underwent poststudy transthoracic
echocardiography to check for the presence of venous and left heart
gas emboli. Subjects and staff were asked to limit physical activity
and remain in telephone contact for a 24-h “bends watch” period after
all hyperbaric exposures. See Appendix D of the supplemental mate-
rial (available in the online version of this paper) for a description of
the decompression procedures.

All subjects were tested for their intrinsic sensitivity to inhaled CO2

by determining their hypercapnic ventilatory response (HCVR) before
the experiment. HCVR was expressed as the slope of the expired gas
volume in liters per minute vs. PETCO2 when the PETCO2 ranged from
55 to 65 mmHg. HCVR test procedures with O2 as the background gas
have been published elsewhere (39, 67). Before the trials all subjects
reported the following: their recreational, commercial, or military dive
training (yes or no), their number of lifetime dives, and their current
frequency of video game play (	1 or �1 game each week) (18).

Performance tests. Performance data were generated using the
MATB-II flight simulator software, a JavaScript personal computer-
based program created by NASA in 1992 and revised in 2014 (77).
The MATB-II has four simultaneously administered and indepen-
dently scored tasks plus a built-in workload rating survey to measure
perceived performance. Multitasking is required to detect and correct
eight possible out-of-range values while listening for and responding
to call sign-specific radio frequency-tuning requests. By varying the
timing, number, and composition of the MATB-II’s tasks the intensity
and difficulty of the trial were configurable to purpose. The MATB-
II’s four tasks are as follows: 1) TRACKING, 2) SYSMON (system
monitoring), 3) COMM (communications), and 4) RESMAN (re-
source management). TRACKING tests visual motor performance
and manual dexterity using a joystick to simulate ordinance targeting
or three-axis vehicle piloting. The second-by-second, root-mean-
square distance in pixels from the target center to the cursor location
generates a continuous TRACKING score. The SYSMON task tests
attention and impulsivity by requiring the subject to attend to the
status of red and green “warning” lights and four continuously moving
scales. SYSMON queries requiring a response were as follows: a red
light on, a green light off, and an out-of-range scale. Both the number
of correct responses as well as extraneous keystrokes were recorded
for each stage and scored using a methodology derived from the Test
of Variables of Attention (T.O.V.A.) clinical manual (43) and adapted
to the MATB-II. The T.O.V.A. is a well-validated continuous perfor-
mance test used for the diagnosis of attention-deficit/hyperactivity
disorder that compares a subject’s errors of omission and commission
to normative data. The T.O.V.A. defines errors of omission as mea-
sures of inattention or distraction. An example of an error of omission
would be to fail to respond to a target before the time-out period has
elapsed. Errors of omission were calculated as the number of queries
minus the number of “true” responses as a percentage of the number
of queries for that experimental stage. Errors of commission are
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defined as measures of impulsivity or disinhibition. An example of an
error of commission would be to inappropriately respond with a
keystroke to a nontarget. Errors of commission were calculated as the
number of “false” or incorrect keystrokes as a percentage of queries.
Extremely frequent errors of commission indicate a noncompliant
gaming strategy where a subject strategically responds with multiple
keystrokes to randomly obtain a higher number of correct responses.
This biases scoring because excessive commission errors decrease
omission errors, shorten response times, and increase variability (43).
Subjects employing noncompliant strategies were identified from
repetitive programmatic keystroke patterns with excessive numbers of
“false” responses, and those scores were not analyzed.

The COMM task tested working memory and auditory discrimina-
tion using an aircraft control tower communications scenario where a
specific aircraft call sign must be recognized and both radios and
frequencies must be remembered and selected. Errors of omission
were also calculated for the COMM task as they were for the
SYSMON task; however, because of the constraints of the joystick
and software interface, calculation of errors of commission was not
possible for the COMM task. The RESMAN task tested planning and
problem solving using an aircraft fuel management scenario with
failing fuel pumps. The normalized absolute value of the mean
deviation from the target fuel level for the two virtual fuel tanks was
calculated each 15 s and reported for each stage. The Workload Rating
Scale (WRS) surveyed the subject’s perceived performance after each
experimental stage. Six questions assessed the subject’s perceived
degree of performance impairment, level of effort, frustration, and
mental, physical, and temporal demands imposed by the previous
stage. The questions were asked by the in-pool safety diver during the
first 30 s of the subsequent stage. Subjects responded using hand
signals showing one to four fingers for “none,” “mild,” “moderate,” or
“severe,” respectively.

An external computer ran the MATB-II software, recorded the
MATB-II data, projected the flight simulator screen through a cham-
ber viewport, and operated the subject’s joystick-controller and head-
set through an electrically isolated USB chamber penetrator and radio
frequency communication device. A pressure-tolerant underwater
joystick housing was designed and constructed by the Duke Hyper-
baric Chamber engineering staff to allow use of the MATB-II under-
water and to reduce the confounding effects of water viscosity on
reaction times (23). A second external computer recorded the mass
spectrometer and physiology data. An Apple iPad running Filemak-
erGo version 11 (filemaker.com) provided a detailed script for each
individual experiment and recorded the precise time of each experi-
mental event. A FilemakerPro version 11 database collected, stored,
and synchronized the subject’s personal information with his perfor-
mance and physiology data during the experiment’s multiple gas,
pressure, and exercise conditions. All devices were synchronized to an
Internet-obtained time signal (see Appendix A of the supplemental
material for calculation formulas and software details).

MATB-II software configuration trials. Pilot trials were conducted
to rehearse procedures and configure the MATB-II software to avoid
learning and ceiling effects. These trials revealed that a performance
plateau could be reliably reached using a pretrial familiarization
protocol and that a high-workload configuration that employed the
complete suite of MATB-II tasks was required to avoid ceiling effects
(Appendix B of the supplemental material). After pilot subject 8 the
final MATB-II software configuration was fixed, and the same
MATB-II events file was used for all subjects to ensure an identical
sequence of MATB-II task queries. The final file contained �180
TRACKING events, 42 SYSMON events, and 35 combined COMM
and RESMAN events per data stage. We assumed that the nearly 500
MATB-II events presented over the course of the experiment pre-
cluded significant subject memorization and anticipation of event
order.

Experimental stages (gas and exercise conditions). Twenty 5-min
experimental stages were tested. Stages were defined by their gas

partial pressures and exercise status. Gas mixtures and barometric
pressures were varied to achieve inspired N2 partial pressures (PIN2) of
0.0, 0.79, 4.5, and 5.6 ATA, oxygen partial pressures (PIO2) of 0.21,
1.0, and 1.22 ATA, and carbon dioxide partial pressures (PICO2) of
0.004 and 0.075 ATA. When 0.075-ATA CO2 was added at sea level,
the PIN2 or PIO2 were reduced by 0.075 ATA as needed. All subjects
were tested at eight sea level stages where O2, CO2, and exercise were
varied. The 12 hyperbaric stages were divided into 4 protocols
(protocols A-D) to increase safety and reduce decompression time.
Subjects were randomized to their protocols by blinded selection of
paper labels from a hat at the time of consent.

Figure 1 shows the number of subjects in each protocol and the
exercise and gas partial pressure conditions tested during each proto-
col stage. Table 1 shows composition of each gas and the pressure at
which it was breathed. Figure 2 shows the events that occurred within
each 5-min stage.

Statistical analysis procedures. Linear regression was used to
model the association of arterial CO2 (PaCO2) and O2 (PaO2) partial
pressures, end-tidal N2 partial pressure (PETN2), and exercise with the
MATB-II tasks while controlling for HCVR, diving experience, video
game frequency, and age. For the noncontinuous SYSMON, COMM,
and RESMAN tasks, impairment was expressed as the difference in
percent error between the trial condition and a baseline reference
condition, stage 1, “air breathing at 1 ATA without CO2.” Stage
percent error was calculated for the SYSMON and COMM tasks by
subtracting the number of correct responses from the number of
queries and expressing that number as a percentage of the queries. For
the RESMAN task the absolute value of the 15-s mean deviation from
the target value was calculated and normalized using each subject’s
reference stage. The percent change from reference error was used as
the dependent variables in a series of linear regression models that
assessed the effects of gas partial pressures and exercise while
controlling for individual covariates (Fig. 4). Z scores were used as
the dependent variable for the continuous TRACKING task. The
regressions employed directly measured end-tidal values for N2 and
arterial blood values for CO2 and O2. No automated procedures such
as backward or stepwise elimination were used, and no attempt was
made to combine the scores from the four different MATB-II tasks.
The standardized regression coefficients for the factors PaCO2, PETN2,
and PaO2, age, HCVR, video frequency, and dive training were plotted
to illustrate the relative effects of each factor on task performance
while simultaneously controlling for the effects of the other gases and
conditions of the experimental stage. PETCO2 and PaCO2 were com-
pared with Pearson correlation. To test for appropriate learning or
residual gas effects, stage sequence was reversed for subjects 32–38,
41, and 42, and the mean TRACKING values were compared for
reversed vs. standard stage sequences using ANOVA.

If a subject became too narcotized to continue a specific stage,
MATB-II data were analyzed up to the point of stage discontinuation.
If the subject recovered and verbally consented to continuing the
experiment, the remaining trial stages were attempted. Stages were
excluded for MATB-II computer failure, mass spectrometer or joy-
stick failure, or inability to clear ears requiring termination of a dive.
Stages exhibiting signs of subject noncompliance such as surreptitious
breathing around the mouthpiece or the strategic use of multiple
anticipatory keystrokes were excluded from regression models; how-
ever, they were included in the univariable analyses (Appendix A of
the supplemental material) to maintain intention to treat. Arterial-to-
end-tidal differences were not temperature corrected (62). Software
employed was SPSS v23 (IBM, Armonk, NY) and SAS v9.0 (Cary,
NC). P values of 0.05 were considered statistically significant. Data
storage was conducted in accordance with a Duke University Depart-
ment of Anesthesiology-compliant and Duke Medical Center institu-
tional review board-approved data management plan. All raw data and
experimental notes were archived for future retrieval in individual
subject folders on a firewall-protected server at Duke University
Medical Center.
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RESULTS

Forty-two subjects, aged 29 � 8.0 (SD) yr (range 19–48 yr),
were studied from April 2014 through January 29, 2016. There
were no significant differences among protocol assignments for
the following: age, body mass index (BMI; 24.2 � 2.0),
percentage of subjects who had ever received dive training
(51%), HCVR slope (1.39 � 0.56), or percentage of subjects
who reported weekly video game practice (18%). A total of
216 practice stages and 572 trial stages were attempted. Five
hundred sixteen trial stages were completed and analyzed.
Thirteen stages were excluded for equipment failure or ear-
clearing difficulty. Eleven stages were discontinued because of
unsafe levels of narcosis. Subject noncompliance was observed
in 32 stages from evidence of breathing around the gas delivery
mouthpiece or evidence of strategic multiple random key-
strokes identified by obvious repeating patterns of time adja-
cent responses throughout the stage. Stage order was not a

significant predictor of mean TRACKING scores (P � 0.05,
ANOVA) indicating the absence of ongoing subject task learn-
ing or residual gas effect. There was no statistical difference in
mean HCVR between subjects with and without dive training.
No bubbles were observed in subjects or staff on transthoracic
echo �20 min after ending O2 decompression (Appendix D of
the supplemental material).

Arterial to end-tidal CO2. The mean PaCO2
and PETCO2

values for rest and exercise conditions with and without added
CO2 are shown in Table 2. Arterial and end-tidal gas partial
pressures at rest and exercise were correlated with arterial
values (R2 � 0.802, P 	 0.001 Pearson; Fig. 3). In stages
without added CO2, exercise PETCO2

values exceeded their
arterial counterparts by 3.5 mmHg [95% confidence interval
(CI): 1.44, 5.54] as expected (41). When 0.075-ATA CO2 was
added to the breathing gases, the mean PETCO2

values exceeded
PaCO2

by 4.02 mmHg (95% CI: 2.57, 4.56) at sea level and by

Fig. 1. Protocols, stages, inspired gas partial
pressures for each stage, and barometric pressure
and number of subjects in each protocol. For the
fractional composition of each gas and the depth
at which it was breathed, see Table 1. Stage
numbers refer to the initial design order of the
stages, and their conditions are unique to each
protocol. TTE, transthoracic echocardiography.

Table 1. Stage descriptions: gas composition and barometric pressure by experimental stage

Gas Composition
Pressure,
ATA Verbal Description of Gas

Sea level
All protocols stages 1 and 5 79% N2, 21% O2 1 Air
All protocols stages 2 and 6 100% O2 1 Surface O2

All protocols stages 3 and 7 71.5% N2, 21% O2, 7.5% CO2 1 Air with CO2

All protocols stages 4 and 8 92.5% O2, 7.5% CO2 1 Surface O2 with CO2

Hyperbaric pressures
Protocols A and B stage 9 79% N2, 21% O2 5.8 Air at 158 fsw
Protocols A and B stage 10 77.7% N2, 21% O2, 1.6% CO2 5.8 Air at 158 fsw with added CO2

Protocols A and B stage 11 95.5% N2, 4.5% O 4.7 158 fsw EAD N2, normoxic PIO2

Protocols A and B stage 12 93.9% N2, 4.5% O2, 1.6% CO2 4.7 158 fsw EAD N2, normoxic PIO2, added CO2

Protocols C and D stage 9 96.4% N2, 3.6% O2 5.8 200 fsw EAD N2, normoxic PIO2

Breathing gases administered during each experimental stage are shown by fractional composition of each component gas and the overall barometric pressure
at which it was administered.
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1 mmHg (95% CI: �2.09, 3.66) at hyperbaric pressures.
During normoxic exercise at hyperbaric pressures without
added CO2, the mean PaCO2

exceeded mean PETCO2
by 2.79

mmHg (95% CI: �7.1, 1.5) as previously reported by Cherry
et al. (17). Exercise significantly increased PaCO2

with and
without added CO2 (P 	 0.001, ANOVA). Exercise and added
CO2 independently worsened whereas dive training and video
game practice improved performance (Table 3). Table 3 shows
the mean percent change from baseline MATB-II error scores
when the experimental stages were grouped by exercise, added
CO2, diver training status, and video game frequency as com-
pared by ANOVA.

Multiple-regression model for combined gas effects. Stan-
dardized regression coefficients illustrate each factor’s relative
contribution to error for the indicated MATB-II task. Figure 4
shows the standardized regression coefficients and P values
when PaCO2

, PaO2
, PETN2

, exercise, HCVR slope, dive training,
video game frequency, and age were regressed against the
MATB-II scores for the individual tasks. All regression

ANOVA P values were 	0.001. Because PaO2
and PETN2

were
inversely correlated at sea level pressures (P � 0.01, Pearson),
a significant interaction was found between PaO2

and hyper-
baric pressure for motor performance (TRACKING) and the
attention (SYMON) and memory (COMM) reaction times;
therefore stratification by sea level and hyperbaric pressures
was performed for these tasks.

Figure 4A shows that N2 and exercise were strongly and
significantly associated with errors of omission (attention)
while the other factors tested, including CO2, were not. Figure
4B shows that increased age, N2, and video game experience
were associated with errors of commission (impulsivity)
whereas increased sensitivity to CO2 as indicated by HCVR

minute 1 minute 2 minute 3 minute 4 minute 5 

SYSMON 
COMM 
WRS 

SYSMON 
COMM 

begin RESMAN 
at 90 sec 

SYSMON 
COMM 

RESMAN 
TRACKING 

SYSMON 
COMM 

RESMAN 
TRACKING 

SYSMON 
COMM 

RESMAN 
TRACKING 

ask WRS 
(perception) 
questions 

draw ABG 

Stage Events 

Fig. 2. Events that occurred within each 5-min stage. At both sea level and
hyperbaric pressures the stages ran consecutively. To allow time for test gas
wash-in and for the subjects to respond to the six WRS questions, the
TRACKING task was not performed during the first 2 min, and the RESMAN
(fuel tank scenario) was programmed to reset all tank levels to baseline during
the first 90 s of each stage. The SYSMON and COMM tasks ran continuously.
At minute 4 an arterial blood sample (ABG) was collected to confirm CO2 and
O2 washout and wash-in. There was a 1-h, out-of-the-water lunch break
between the sea level and hyperbaric stages.

Table 2. End-tidal compared with arterial CO2 by added CO2 (absorbent failure scenario), barometric pressure, exercise,
and inspired O2 partial pressure

Conditions PaCO2, mmHg PETCO2, mmHg

Absorbent
Failure

(�0.075-
ATA CO2)

Barometric
Pressure,
ATA Exercise PIO2 Mean n SD Mean n SD ET-Art CO2

0 1 0 0.21 31.99 65 5.17 34.11 71 5.57 2.12
0 1 0 1 30.89 36 4.25 36.80 39 3.90 5.91
0 1 1 0.21 35.02 36 4.13 39.71 39 3.80 4.69
0 1 1 1 36.22 36 4.24 42.67 38 4.54 6.45
0 �4.69 0 0.21 35.76 18 4.52 36.50 20 6.05 0.74
0 �4.69 0 1.22 33.15 10 3.96 36.14 12 3.26 2.99
0 �4.69 1 0.21 40.09 14 6.31 38.10 15 4.94 �1.99
0 �4.69 1 1.22 37.50 10 3.55 37.65 12 2.88 0.15
1 1 0 0.21 48.61 34 4.09 52.72 37 2.27 4.11
1 1 0 1 47.56 34 4.99 51.87 37 2.30 4.31
1 1 1 0.21 54.95 35 6.78 59.77 37 3.60 4.82
1 1 1 1 55.08 35 6.39 59.37 37 3.93 4.29
1 �4.69 0 0.21 50.76 17 4.76 53.86 20 5.32 3.10
1 �4.69 0 1.22 54.91 9 4.00 53.15 12 2.81 �1.76
1 �4.69 1 0.21 61.13 13 11.49 62.07 14 6.56 0.94
1 �4.69 1 1.22 57.99 11 9.91 61.75 12 4.07 3.76

Arterial (PaCO2) and end-tidal CO2 (PETCO2) are compared at different conditions of added CO2, barometric pressure, exercise, and inspired O2 partial pressure
(PIO2). ET-Art CO2, difference between mean PETCO2 and PaCO2.
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Fig. 3. Arterial to end-tidal CO2 correlation. Stage PaCO2 (x-axis) drawn at
minute 4 of the 5-min experimental stage by the mean of all PETCO2 values
recorded within 15 s before and after the precise time of the blood gas sample
(y-axis). Values clustered to the upper right are from the absorbent failure
scenarios where 0.075-ATA CO2 was added to the test gas mix.
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was associated with a decrease in error for that task. Attention
(SYSMON) reaction times are shown in Fig. 4, I and J. At sea
level pressures, video game practice and CO2 sensitivity
(higher HCVR) were associated with shortened reaction times.
At hyperbaric pressures, increased age was associated with
longer reaction times whereas dive training shortened them.
Reaction times for the attention task (SYSMON) were not
associated with breathing gases or exercise at either pressure
condition.

Figure 4C shows the strength of factors associated with
working memory (COMM) error. N2 is the only factor associ-
ated with memory errors, yet the association was strong. In
contrast, dive training and video game experience were
strongly associated with a decrease in memory-related errors.
Figure 4, G and H, shows memory-related (COMM) reaction
times under sea level and hyperbaric conditions. Prolonged
memory-related reaction times were associated with CO2, ex-
ercise, and age at sea level pressures. At the hyperbaric
pressures, N2 further prolonged memory-related reaction times.
As was seen with the decrease in sea level motor performance
error, at sea level pressures both dive training and O2 were
associated with shorter reaction times.

Figure 4D shows the relative strengths of factors associated
with errors of strategy and planning (RESMAN). N2 and CO2

were strongly associated with impairment. Reaction time is not
a meaningful measurement for this task.

Figure 4, E and F, shows the relative strengths of factors
associated with motor performance errors (TRACKING) at sea
level and hyperbaric pressures. Under both pressure conditions,
dive training was significantly associated with a decrease in
motor error whereas CO2 and exercise increased it. Age was
also associated with increased motor error at hyperbaric pres-
sures, but the small coefficients for N2 and HCVR indicate that
they were relatively unimportant influences on the performance
of this task. The effect of N2 was the smallest of all factors
influencing motor error at hyperbaric pressures. O2 was asso-
ciated with a decrease in motor error at sea level, yet at
hyperbaric pressures, error was increased.

Figure 4K shows relative strength of factors associated with
the subjects’ perception of their own performance (WRS).
CO2, O2, exercise, age, and video game practice were associ-

ated with higher perceived error scores. N2 and dive training
were associated with a decreased perception of error by the
subjects.

Table 4 summarizes the results of the regression analysis.
Impairment of memory, memory-related reaction time, atten-
tion, and planning were all associated with N2. In contrast, N2

did not impair motor performance. Impaired motor and plan-
ning performance was associated with elevated CO2 and O2,
yet O2 improved motor performance and memory reaction
times at 1 ATA. CO2 was not associated with impairment of
memory or attention confirming findings of earlier studies (35).
Increased diver age was generally associated with slower
reaction times and attention errors whereas dive training and
recent video game practice were associated with improved
scores.

Comparison of subjective vs. objective measures of perfor-
mance (WRS vs. TRACKING). When the subjects’ perception
of their own performance (WRS) scores were analyzed by rank
order, significant differences in the different experimental
stages P were observed (P 	 0.001, Kruskal-Wallis). How-
ever, the rank orders of the perceived and actual scores were
not correlated [not significant (NS), Spearman]. Figure 5 illus-
trates and compares the rank order for perceived vs. actual
stage performance on the motor task. The gas and exercise
conditions of the 20 experimental stages are ordered from best
to worst by the subjects’ perceived (top to bottom, column at
left) vs. their actual performance (column at right). Lines
connect perceived vs. actual motor performance for the same
stages.

DISCUSSION

The MATB-II simulator simultaneously tested multiple cog-
nitively demanding tasks. Motor performance, attention, im-
pulsivity, memory, and planning were simultaneously mea-
sured during exercise and at rest in an immersed setting. PaCO2

,
PETN2

, and PaO2
were directly measured as opposed to implied

from inspired gases.
Gas effects on motor performance. Motor performance was

more influenced by CO2 and PaO2
than by N2 (Fig. 4, E and F).

As long as neither hypercapnia nor hyperoxia were present, 5.6

Table 3. Percent change from baseline errors by exercise, added CO2, diver status, and video game frequency

Attention Memory

Factor

Motor:
TRACKING

Error

SYSMON
Omission

Error

SYSMON
Commission

Error

SYSMON
Reaction

Time

COMM
Omission

Error

COMM
Reaction

Time

Strategy:
RESMON

Error
Perception:
WRS Score

Exercise �
% change 23% 2% �7% 0% 4% 0% 29% 1%
P value 0.000 0.055 0.310 0.604 0.084 0.002 0.419 0.000

Added CO2 �
% change 27% 1% 0% 0% 2% 0% 162% 0%
P value 0.00 0.23 0.99 0.39 0.47 0.00 0 0

Is diver �
% change �7% �3% 6% 0% �10% 0% 53% 0%
P value 0.06 0.01 0.39 0.68 0.00 0.86 0.128 0.516

Video weekly �
% change 1% 0% �11% 0% �13% 0% 76% 0%
P value 0.86 0.79 0.19 0.90 0.00 0.28 0.064 0.367

Mean percent change from baseline MATB-II error scores is shown when the experimental stages were grouped by exercise, added CO2, diver status, and video
game frequency and compared by ANOVA. Exercise and added CO2 independently increased error whereas dive experience and video game practice improved
performance.
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ATA of N2 was surprisingly well tolerated at both rest and
exercise. This finding agrees with past authors including
Abraini, Adolfson, Behnke et al., Case and Haldane, and
Hesser et al. (1, 3, 7, 16, 48, 49), who reported that skills
requiring higher-level reasoning were generally more impaired
than manual dexterity during deep air dives. CO2-associated
motor impairment differed from that of N2 in both threshold
dose and principal cognitive effects. We found that acute
exposure to 0.075-ATA CO2 1) was sufficient to impair motor
function on its own, 2) was significantly more impairing during

exercise than at rest, and 3) was better tolerated with hyperoxia
at sea level, but not at hyperbaric pressures where both N2 and
O2 were elevated, similar to what was reported by Fenn in 1967
(30, 31) and Linnarsson et al. in 1990 (60). At sea level
pressures there were no statistically significant differences
among initial resting, exercising, or postdive resting motor
performance (TRACKING) scores when the subjects breathed
either room air or 1-ATA O2. However, when CO2 was added,
motor error increased by 8% at rest and 43% during exercise
(P 	 0.001, ANOVA). Substituting 0.925-ATA O2 for air

Fig. 4. Regression models for MATB-II tasks (1). A: SYSMON error of omission (attention). B: SYSMON error of commission (impulsivity). C: COMM error
of omission (memory). D: RESMAN (strategy). E: TRACKING at 1 ATA (motor). F: TRACKING at hyperbaric pressures (motor). G: reaction time (RT)
COMM at 1 ATA. H: reaction time COMM at hyperbaric pressures. I: reaction time SYSMON at 1 ATA. J: reaction time SYSMON at hyperbaric pressures.
K: perception of performance.
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partially corrected the CO2-induced performance decrement
and limited the increase from baseline to 8% at rest (P � NS)
and to 18% during exercise (P 	 0.001, ANOVA). Linear
regression of inspired gas partial pressures against motor error
while controlling for exercise, HCVR, and dive and video
game experience confirmed this finding (Fig. 4E). These data
support the findings of Gill et al., who studied resting and
exercising divers at 1.3-ATA O2 and found that it appeared to
counteract CO2-associated impairment (42). Scholey and col-
leagues also found that O2 selectively improved cognitive
performance and memory consolidation (80, 81).

Like Frankenhaeuser et al.’s 1963 study (38), our study
inverted Hesser et al.’s 1978 design (49) to test for O2 narcosis.
We held PIN2

constant at 4.5 ATA while changing PIO2
to 0.21

from 1.22 ATA. Where O2 modestly improved sea level
performance under hypercapnic conditions, at hyperbaric pres-
sures where PIN2

was also elevated, 1.22-ATA PIO2
signifi-

cantly contributed to motor task error. In subjects performing

normocapnic exercise at a constant PIN2
of 4.5 ATA, changing

PIO2
from 0.21 to 1.22 ATA was associated with an increase in

motor error of 7% over baseline (P � 0.003, ANOVA). When
added CO2 and exercise were present, the O2 effect was
amplified. During normoxic exercise at either 4.5- or 5.6-ATA
PIN2

the addition of 0.075-ATA PICO2
increased motor error by

35 and 97% above baseline, respectively (P 	 0.001,
ANOVA). The triple combination of exercise, hypercapnia,
and hyperoxia during a 4.5-ATA PIN2

dive caused profound
and near-catastrophic loss of consciousness with amnesia.
These subjects experienced a 138% increase over baseline in
motor error (P 	 0.001, ANOVA) at a PIO2

of 1.22 ATA
compared with a 35% increase over baseline at a PIO2

of 0.21
ATA while holding all other conditions constant. This stage
was also associated with a 38% completion failure rate and a
fuguelike state of verbal unresponsiveness requiring physical
intervention by the in-pool safety staff to remove the gas
delivery mouthpiece. Although our subjects recovered within

Fig. 4—Continued
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45 s of breathing chamber air, all reported some amnesia for
this stage. This observation recalls the “semi loss of conscious-
ness” described by Phillips in 1932 in 17 of 58 deep dives
[210–330 ft of sea water (fsw)] (69). We hypothesize that the
experimental conditions of our study may have lowered the
threshold for CNS O2 toxicity. As suggested by Lambertsen et
al. in 1955 (56), the cerebrovasodilator effects of 0.075-ATA
PICO2

and exercise may be sufficient to overcome the cerebro-
vasocontrictive effects of the hyperbaric O2 at 1.22 ATA and
allow increased O2 delivery to the brain permitting the devel-
opment of CNS O2 toxicity at lower than expected O2 partial
pressures. Evidence for this interpretation exists from Fenn’s
work on Drosophila (30, 31), Demchenko and colleagues’
work on O2 toxicity and CNS blood flow (24–27, 40, 45), and
Pilla et al.’s reports on hyperoxic hyperpnea (70). Matott et al.
suggested that the increased firing rates of CO2-sensing neu-
rons in the caudal solitary complex of the brain stem (63) could

be a preconvulsive signal. The adverse cognitive changes we
observed could be another early sign.

Gas effects on attention, impulsivity, memory, and planning.
In contrast to the non-N2-sensitive motor performance task, atten-
tion-requiring tasks and working memory were highly N2 sensi-
tive, yet tolerant to elevations in CO2 and O2. This is consistent
with the findings of Fothergill and colleagues, who reported a
slowing of performance with CO2 rather than a disruption of
processing accuracy compared with N2, which produced impair-
ment in both speed and accuracy (34, 35). We also found this to
be true for planning tasks (RESMAN), impulsivity measurements
(SYSMON errors of commission), and memory (COMM)-asso-
ciated reaction time. The attention- and memory-related errors of
omission showed significant impairment at 5.6-ATA PIN2

in the
regression analysis. Moreover, this impairment occurred both
with and without added CO2 or exercise (Fig. 4, A and C).
Memory errors were also significantly increased during the lower,

Table 4. Impairment profiles of breathing gases by MATB-II task

MATB-II Task

Contribution to Error

PaCO2 PET{2N2} PaO2 Exercise Diver Age HCVR Video

Motor errors (sea level) �� � �� �� 0 0 0
Motor errors (hyperbaric) ���� 0 ���� �� �� 0 0 ��
Reaction time, attention (sea level) 0 0 0 0 �� ���� ���
Reaction time, attention (hyperbaric) 0 0 0 0 ���� ������ 0 0
Reaction time, memory (sea level) ���� ��� ��� ���� ������ ���� ��
Reaction time, memory (hyperbaric) 0 �������� 0 0 ���� ������ 0 0
Attention omission errors 0 ������ 0 ��� 0 0 0 0
Impulsivity commission errors ��� 0 0 0 0 ���� ������ ��
Memory omission errors 0 ������ 0 0 �� 0 0 ������
Strategy combined error ���� ������ 0 0 0 0 0 ��

Summary of regression findings showing the relative strength of each predictor variable’s contribution to error based on their standardized regression
coefficients. Diver, subject had prior dive training; HCVR, hypercapnic ventilatory response; video, played video games at least weekly.

Fig. 5. Perception vs. performance of TRACKING
task. The two columns of experimental stages
were ordered from best (top) to worst (bottom) by
the subjects’ perceived performance as obtained
from the Workload Rating Scale (column at left)
and their actual performance from the MATB-II
TRACKING task (column at right). Stage naming
convention: exercise state_PIO2_PIN2_CO2. Pink
lines indicate actual performance better than, blue
lines the same as, and green lines worse than
perceived performance.
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4.5-ATA PIN2
stages. For staff safety reasons, 5.6-ATA PIN2

was
not tested at 1.22-ATA PIO2

; however, at 4.5-ATA PIN2
the error

scores for both the attention and memory tasks were increased
by �100% at the higher PIO2

when PIN2
and PICO2

were held
constant. Similar to what was observed for motor performance,
the triple combination of exercise, hypercapnia, and hyperoxia
during a 4.5-ATA PIN2

dive was associated with highest recorded
univariate impairment scores for both attention and memory
(Appendix A of the supplemental material). Planning was also
sensitive to CO2 and N2 (Fig. 4D). Greater diver age was associ-
ated with impairment in motor performance, impulsivity, and
reaction times. Age was not associated with increased errors in
memory or strategy (Fig. 4). N2 was associated with slowed
reaction time for tasks requiring memory, yet not for the simple
attention-requiring task of responding to a warning light or scale.

Factors affecting perception of impairment. Although a
recent study suggests that self-assessment may not be impaired
in the depth range of 108–137 fsw (33–42 m) (50), we found
that the subjects’ perception of their performance did not match
actual multitasking performance as measured by the MATB-II.
This finding is in agreement with past findings regarding
subjective reports of narcosis adaptation (11, 46, 47, 54).
Narcosis is known to blunt the perception of pain (55) and to
affect arousal-related emotional responses to events during
hyperbaric exposure (37, 61). Figure 5 shows that although
exercise, O2, and CO2 were perceived as impairing, elevated
PETN2

decreased the perception of impairment, an assumption
not supported by the actual scores. If narcosis adaptation is
subjectively perceived but performance remains impaired, then
both mission success and diver safety will be compromised (9).

Future directions. Future work should define the lower
threshold for CO2-related impairment. In this study, 0.075-
ATA PICO2

in air was well tolerated for short periods of time
with less impairment of memory- and attention-related tasks
than for motor performance. However, a test of the acute
effects of PICO2

in the 0.01–0.4-ATA range is needed along
with an evaluation of the effects of temperature, exercise (34,
36), and medications (72). Hypercarbia is recognized earlier
and perceived to be greater during cold water immersions
compared with warm water (36). The observation that high PO2

impaired performance is also intriguing. Whether this is due to
narcosis or O2 toxicity remains unanswered and warrants
further investigation using independent measures of O2 toxicity
such as heart rate variability (24) and electroencephalography.
Novel neuroscience techniques that employ detailed signal
processing and mathematical modeling of EEG signals (12, 19,
71, 79) may improve the measurement, the prediction, and
ultimately the control of diving gas narcosis.

Study limitations. Longer experimental stages may be indi-
cated. Subjects can overcome impairing effects of sleep depriva-
tion on the MATB-II within short-duration testing periods, and a
similar adaptive response may be present for narcosis testing (29).
For this reason the results of our acute testing should not be
compared with research on chronic indoor CO2 levels (78).
Furthermore, although diving narcosis should not last beyond the
actual exposure time, studies show that even subtle residual
effects may be carried forward from one condition to the next (6).
These residual effects may induce bias from stage order, and
although we saw no effect of stage order on the TRACKING task,
this source of bias remains a possibility. Finally, although all of
our subjects were tested at approximately the same time of day,

circadian rhythms influence cognitive testing (15, 52). Correlation
of test scores with physiological indexes that more accurately
monitor mental workload may be helpful (51, 78).

Conclusions. 1) A PIN2
of 5.6 ATA [200-fsw nitrogen

equivalent air depth (EAD)] is well tolerated for the motor
tasks. Piloting a vehicle or performing a well-learned motor
sequence may be resistant to N2’s impairing effects at these
pressures or less.

2) Impairment of memory, attention, and planning is seen at
4.5-ATA PIN2

. Attention to detail, remembering commands, or
plotting a new course of action in an emergency will be
adversely affected.

3) At sea level pressures an inspired PCO2 of 0.075 ATA
impairs motor and planning performance, but not memory or
attention. The threshold for PICO2

-related motor impairment
should be obtained. Adverse effects of CO2 on motor function
and planning at sea level are attenuated at 0.925-ATA PIO2

.
4) At hyperbaric pressures both O2 and CO2 are associated

with additional impairment where the PIN2
is 4.5 ATA or greater.

An inspired PCO2 of 0.075 ATA additionally impaired all tasks
when PIN2

was held constant. When both PIN2
and PICO2

were held
constant, a PIO2

of 1.22 ATA was associated with severe psy-
chomotor and cognitive impairment compared with a PIO2

of 0.21
ATA. Characterization of this interaction requires further in-
vestigation to determine if this finding represents O2 narcosis
or potentiation of CNS O2 toxicity.

5) A positive training effect is apparent. Under hyperbaric
conditions, experienced divers performed better than nondiv-
ers.

6) Diver perception of impairment did not correlate with
objective measurements and may lead to overconfidence. Dive
training and N2 were significantly associated with a perception
of decreased error.
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